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Lay Abstract

With a demanding market of electric vehicles, battery technologies have grown rapidly

in recent years. Among all the battery research topics, the development of ultra-

fast charging, that can fully charge the battery pack within 15 minutes, is the most

promising direction to address the range anxiety and improve the social acceptance

of electric vehicles. Nevertheless, the application of ultra-fast charging has many

challenges. In particular, an e�cient thermal management system is signi�cant to

guarantee the safety and prolong the service life of the battery pack. This thesis

contributes to study the fundamentals of the battery �eld, and design liquid cooling

systems to observe the thermal behavior of a battery prototype module under fast

charging and general use. FEA thermal modeling of the battery module is developed

to provide a guide for further test validation.
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Abstract

Traditional vehicles with internal combustion engines have resulted in severe envi-

ronmental pollution, which motivates the development of electric vehicles and hybrid

electric vehicles. Due to the low energy density and long refueling time of the battery

pack, it is still hard for electric vehicles and hybrid electric vehicles to be widely

accepted by consumers. As the batteries with a better ultra-fast charging capability

are massively produced, the range anxiety issue is somewhat alleviated.

During a charging with a large current magnitude, the battery generally has a

great amount of heat generation and evident temperature rise. Therefore, a thermal

management system is necessary to e�ectively dissipate the battery loss and minimize

the degradation mechanisms caused by extreme temperature. The motivation of this

thesis is to study the discipline of the battery thermal management system as an

application for electric vehicles. The design methodologies are presented in both

experiment tests and numerical simulation.

For the comparative study between active liquid cooling methods for a lithium-

ion battery module using experimental techniques, two battery modules with three

Kokam Nickel Manganese Cobalt battery cells connected in parallel are developed.

One has liquid coolant 
owing along the edge of the model, and another with liquid

coolant 
owing between the cells. Several characterization tests, including thermal
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resistance tests, fast charging tests up to 5C, and drive cycle tests are designed and

performed on the battery module. The inter-cell cooling module has a lower peak

temperature rise and faster thermal response compared to the edge cooling module,

i.e., 4.1�C peak temperature rise under 5C charging for the inter-cell cooling method

and 14.2�C for the edge cooling method.

The thermal models built in ANSYS represent the numerical simulation of the

inter-cell cooling module as a comparison with the experiment. A cell loss model is

developed to calculate the battery heat generation rate under ultra-fast charging tests

and a road trip test, which are further adopted as the inputs to the thermal models.

The simulation of the 5C ultra-fast charging test gives the peak temperature rise just

0.47�C lower than the experimental measurement, it indicates that the FEA thermal

models can provide an accurate temperature prediction of the battery module.
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Chapter 1

Introduction

1.1 Background and Motivation

An elaborate transportation network has brought incredible mobility convenience to

human being and good, whereas the transportation system takes the largest part of

the total energy consumption. Among all the transportation means including road,

railway, ships, and aviation, road transportation especially automobiles holds most

of the energy spent (Singhet al., 2019). Considering that vehicles with an internal

combustion engine (ICE) are still the mainstream in the automobile industry, the

resultant emission pollution of greenhouse gases, NO2, NO, CO, etc. have caused

increasing environmental degradation and harm to human health (Thomas, 2009).

With the increasing awareness of environmental issues, the advantages of hybrid

electric vehicles (HEVs) and electric vehicles (EVs) have drawn unprecedented public

attention. The automotive industry is undergoing a revolution from traditional vehi-

cles with ICEs to sustainable vehicles with new energy storage systems. For EVs and

HEVs, lithium-ion (Li-ion) chemistry batteries are considered the most viable energy
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storage device for these electri�ed powertrains (Spotnitz, 2005). Battery technology

plays a key role in developing clean, fuel-e�cient HEVs and EVs (Chalk and Miller,

2006), with high speci�c energy and power density batteries enabling the development

of longer range and faster charging vehicles.

However, EVs and HEVs are still confronted with many challenges that prevent

them from a wide social acceptance. A vehicle with the battery as a power source gen-

erally has a high capital cost, although the running cost is low (Andwariet al., 2017).

More importantly, range anxiety is an indelible barrier: an EV usually has a lower

cruise range than a conventional vehicle, and charging the battery takes quite a while.

Consequently, the customers have the fear of pulling over during their trips. Besides,

an insu�cient charging infrastructure aggravates this problem (Andwariet al., 2017;

Kumar and Revankar, 2017).

Many researchers and battery suppliers endeavor to develop battery technology

with a higher energy and power density, longer cycle life (Luet al., 2013). One

important character of the battery that can address the range anxiety is ultra-fast

charging. The Society of Automotive Engineers in the US de�ned standard J1772

with direct current charging as 200-450V and up to 80A and 200A for levels 1 and

2, respectively, which can provide a maximum power of around 50kW to extend the

EVs by 60-80 miles of driving range by charging for 20 minutes (Doll, 2021; Liuet al.,

2019). The Tesla Supercharger has 480V DC o�ering a charging rate of 120kW so

that Tesla vehicles can be refueled for 200 miles driving range in less than 30 minutes.

The US Advanced Battery Consortium sets up the goal for charging the low-cost/fast-

charge EV batteries to 80% of the pack capacity within 15 minutes in 2023 (Liuet al.,

2019).

2
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The automotive industry has been putting the priority of work into the develop-

ment of EVs and HEVs, as the core technology of the electri�ed powertrain, battery

applications have been making burgeoning progress. For the demanding applications

to EVs and HEVs, the batteries are vulnerable to many physical e�ects like pressure,

vibration, and temperature (Wu et al., 2019). Although pressure and vibration is-

sues can be handled by the well-designed housing of vehicle chassis, the temperature

control requires a critical system design considering both housing con�guration and

parasitic power consumption. In fact, the temperature is the key factor that a�ects

battery performance.

In general, a low temperature will increase the charge transfer resistance of the

graphite and cathode so that the charging of a battery at a low State of Charge

(SOC) becomes di�cult, hence the power and energy of batteries are depressed at low

temperature (Zhanget al., 2003). In addition to an elevated temperature, the battery

ohmic impedance increases rapidly by the ununiform solid electrolyte interface (SEI)

and the electrolyte decomposition, thus resulting in a signi�cant capacity fading (Shim

et al., 2002). Moreover, for a battery pack application, the maldistribution of the

temperature across the batteries will result in asynchronous electrochemical reactions,

which further causes cell unbalancing (Wuet al., 2019).

Under ultra-fast charging, a battery has a large current and polarization reactions,

a high rate of heat generation is usually observed. Therefore, an e�ective thermal

management system (TMS) needs to be designed and developed to control the bat-

tery temperature within the desired range. The purpose of this thesis is to study the

thermal behavior of a battery module with ultra-fast charging capabilities. Subse-

quently, a liquid cooling system both in the experiment and numerical simulation is

3
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designed to validate practical applications of daily driving and ultra-fast charging.

1.2 Contributions

The signi�cance of this thesis is to present experimental and modeling methodologies

for a battery module. The thermal management module is designed to investigate

the battery temperature behavior under high C rate charging and emulation of drive

cycles.

This work begins with the concept from relevant literature review regarding degra-

dation mechanisms of ultra-fast charging, and the research of battery TMS. Then

three commercial pouch cells connected in parallel are characterized and used for

cooling modules design. Two liquid cooling modules are designed with di�erent heat


ow con�gurations, their cooling performance are compared in the experiments under

a series of ultra-fast charging tests and road trip test. Furthermore, a heat genera-

tion model is applied to simulate the cell loss as the input to the thermal modeling.

The thermal model of one liquid cooling module is built, the experimental tests are

replicated on the thermal model to compare the thermal modeling accuracy.

The innovative contributions of this thesis include developing, testing, and com-

paring two liquid cooling battery modules since there is not much experimental dis-

cussion and investigation of the battery applications on EVs. In addition, the cor-

responding FEA thermal models can give an accurate temperature estimation of the

battery module, thus they are bene�cial to serve as guidance for further experimental

validation.

4
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1.3 Thesis Outline

This thesis consists of three main objectives: fundamental and literature review of

EV batteries, experimental development, and validation of two liquid cooling battery

modules, thermal modeling and comparison of the inter-cell cooling battery module.

The outline of the content is composed as the following:

The present chapter as Chapter 1 de�nes the background of the battery applica-

tions on EVs and HEVs, which leads to the motivation of this thesis to study battery

TMS. The main contributions and outline of the thesis are presented at the end of

the chapter.

Chapter 2 discusses the battery fundamentals, de�nitions, and management sys-

tem. This chapter states the basic knowledge in the �eld of battery and lays the

foundation for the following battery research.

Chapter 3 conducts the literature review of battery ultra-fast charging state of art,

fast charging infrastructure, and three main degradation mechanisms are introduced.

Then battery TMS state of art is presented by summarizing involved research work

and providing relevant industrial examples.

In Chapter 4, the details of developing two liquid cooling battery modules and

experimental apparatus are shown. The description of electrical and thermal charac-

terization tests is presented. By carrying out these tests on the edge cooling module

and the inter-cell cooling module, the cooling performances of the two modules are

compared and discussed.

Chapter 5 is the development of the thermal modeling of the inter-cell cooling

battery module. Initially, the theoretical basis of heat generation and battery loss

model is given by considering both reversible and irreversible loss. With all the

5
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measured data and cited entropic heating coe�cient map, the losses of ultra-fast

charging and road trip tests are calculated. Secondly, the CFD-based steady state

model and thermal-only transient state model are established in ANSYS, a mesh

sensitivity study is performed on the thermal models to check the meshing quality.

The thermal models of the inter-cell cooling module are validated in Chapter 6

by replicating the tests from the experiment. Afterward, the simulation results are

benchmarked against the experimental measurements to assess the thermal modeling

accuracy.

Eventually, conclusions are drawn in Chapter 7. The thesis work is summarized

by compiling the �ndings and results of each chapter. Moreover, the recommendation

and future work as the extension of this thesis are pointed out.
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Chapter 2

Battery Fundamentals, De�nitions,

and Management System

2.1 Battery Fundamentals

2.1.1 Battery Operation

A Battery is an electrochemical device that can achieve the energy conversion between

chemical energy and electrical energy. A battery is composed of three elements:

a cathode, an anode, and electrolyte as the catalyst (Battery University, 2018a).

The energy conversion occurs when the oxidation-reduction reaction between the two

electrodes takes place and an electromotive force is produced. When a battery is being

charged, the positive ions are generated at the cathode and electrolyte interface, which

results in a driving force of the electrons towards the cathode. As the electrons move

to the cathode, a voltage potential exists between the cathode and the anode. When

the battery is discharging, the voltage potential leads the current to 
ow from the
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cathode through the external loads and go back to the anode; when charging, the

current 
ows in the opposite direction. A typical schematic of the battery discharge

and charge is shown in Figure 2.1.

Figure 2.1: Battery electrochemical operation (BioLogic, 2021)

2.1.2 Battery Construction

Anode and Cathode

The anode is of a battery the electrode that releases electrons and the oxidation

reaction occurs during discharge; the cathode is the other electrode that absorbs the

electrons and the reduction reaction occurs. The conventional current is a result

of the electron 
ow, and it has the opposite direction of the electron movements.

Therefore, the anode is the electrode that the conventional current enters the polarized

battery, the cathode is the electrode that the conventional current leaves the battery.

Di�erent from the convention that the anode is the terminal that current 
ows in to,

as the battery is an energy storage system and provides electric power, the anode of a
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battery is always negative, while the cathode is always positive. Generally, the anode

of a battery is made of graphitic carbon, and the cathode is made of metal oxide.

The material of the cathode determines the battery chemistry, e.g., lithium cobalt

oxide (LCO) battery, lithium manganese oxide (LMO) battery, lithium nickel cobalt

aluminum oxide (NCA) battery, lithium iron phosphate (LFP) battery, lithium nickel

manganese cobalt oxide (NMC) battery.

Electrolyte and Separator

The electrolyte is an activator of the ion 
ow to support the electrochemical

reaction. When the electrolyte is dissolved in a polar solvent, they are separated

into cations and anions, an electrically conducting solution is produced. If an electric

potential is applied to the solution, the cations are drawn to the electrode that has

abundant electrons. A wet-cell battery contains a liquid electrolyte such as sulfuric

acid, the liquid electrolyte can move freely between the electrodes. In a dry-cell

battery, the electrolyte is added to the separator in a moistened form, the separator as

an insulating divider separates the two electrodes physically by allowing free positive

ion 
ow but preventing electron 
ow.

2.1.3 Battery Classi�cation by Function

When the function of a battery is concerned, the electrochemical battery has three

main categories as primary battery, secondary battery, and reserve battery (Wash-

ington Edu, 2021).

Primary Battery

A primary battery cannot be recharged and should be disposable after a single

discharge. Inside the primary battery, an irreversible chemical reaction is produced
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within the electrodes to generate electricity. The electrolyte of most primary batteries

is absorbent material or has a separator, therefore, they are mainly termed as dry

cells. Any attempt to recharge a primary cell will result in the leaking of hazardous

liquid or material.

Secondary Battery

A secondary battery is commonly referred to as the one that can be electrically

recharged after discharge and is able to return to its pre-discharge status. It involves

a reversible chemical reaction of charging that is opposite to discharging within the

battery. The secondary battery has two main intended applications. The �rst one is

to be used as an energy storage device to deliver power. In most cases, it is connected

to the primary power source to be charged, and it is used or discharged on demand.

Application examples include emergency lamp, aircraft system, and some propulsion

system for load leveling. The other type functions as the primary battery, but it can

be recharged for another usage. This type includes examples of portable consumer

electronics and EV power sources.

Reserve Battery

Di�erent from the primary and secondary battery, a reserve battery has the key

component such as the electrolyte isolated from the remaining components in the

battery, and it is activated prior to usage. This type of battery is widely used in

thermal batteries, where the electrolyte is not activated until the temperature reaches

its melting point, then the electrolyte transforms from the solid state into the liquid

state to allow for ionic conduction. Reserve battery is commonly used in the situation

where the self-discharge phenomenon needs to be signi�cantly minimized. There are

four main activation methods for the reserve battery: water activation, electrolyte
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activation, gas activation, and heat activation. Reserve battery is mostly used in

timing, temperature, and pressure sensitive military detonation system and life vest

applications.

2.1.4 Battery Classi�cation by Chemistry

Depending on the composition material of a battery, most secondary batteries are

lead-, nickel- and lithium-based. In electri�ed vehicles, there are three main types of

batteries applied: Lead-Acid, Nickel-Metal Hydride (NiMH), and Li-ion.

Lead-Acid Battery

In 1859, the lead-acid battery was invented by the French physician Gaston Plant�e,

it was the earliest commercial use of a rechargeable battery. With mature technology,

lead-acid battery is highly reliable and delivers bulk power as cheaply as other battery

chemistries cannot compete, it has a relatively large power to weight ratio thus can

supply high surge currents. However, the lead acid battery is heavy and not suitable

for deep cycling. A lead-acid battery has a faster depletion of the active material and

positive plates expansion, this phenomenon accelerates the aging problem, it can only

provide 200 to 300 deep discharge/charge cycles. In addition, a lead-acid battery is

not a proper candidate for fast charging, a full charge may take 14-16 hours (Battery

University, 2019a). Lead-acid batteries are mostly used in ICE vehicles as 12V batter-

ies to power accessories and start the engine. Due to its low cost, ease of replacement,

and well-established interaction with the low-voltage accessories, lead-acid batteries

are cost-e�ective for some automobile, forklifts, and standby applications.

Nickel-Metal Hydride Battery

Since early 20th century, nickel-cadmium (NiCd) battery has been mostly applied
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on portable devices with high cycle count, simple storage, various size, and perfor-

mance options compared to a lead-acid battery. But in the 1990s, NiMH batteries

with fewer toxicity problems and similar characteristics took over the share of NiCd.

With new hydride alloys discovered, NiMH can provide 40% higher speci�c energy

than that of an equivalent size NiCd, its energy density almost competes with Li-

ion battery (Wikipedia, 2021). However, NiMH has two major drawbacks, it has a

memory e�ect that causes capacity fade if not given a periodic full discharge cycle,

and it ranks among the highest self-discharge in the class. The electric powertrain

uses a modi�ed hydride material to lower the self-discharge and alloy corrosion with

robustness and long life span, but this leads to a sacri�ce of speci�c energy (Battery

University, 2019b). NiMH batteries have higher energy density than Lead-Acid bat-

teries, and cheaper than Li-ion batteries, it is better used on HEV than a pure EV

or plug-in hybrid electric vehicle (PHEV), where the energy density is less required.

Lithium-ion Battery

Lithium is the lightest chemical element and very active metal in the periodic ta-

ble, thus rechargeable battery with lithium metal on the anode has great electrochem-

ical potential and extraordinarily high energy density. In the mid-1980s, researchers

discovered that cycling the battery with lithium metal resulted in dendrites on the

anode which would penetrate the separator and cause an electrical short. In the late

20th century, a shift to a non-metallic solution using lithium ions brought Li-ion bat-

tery to the most promising battery chemistry. Although it lowers the speci�c energy

when compared with lithium metal battery, Li-ion battery provides a safe and higher

voltage and current limits. Improvements in the active materials can further boost

the energy density with a high cell voltage of 3.6V. In addition to high energy density,
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Li-ion had the advantage of less maintenance, no memory e�ect, less self-discharge,

simple pack design, with a 
at discharge curve, it can release the stored energy in a


at voltage spectrum (Battery University, 2018b). The drawbacks of Li-ion batteries

are obvious, abuse needs to be prevented by applying protection circuits, the cost to

manufacture the batteries is relatively higher than other battery chemistries.

2.1.5 Battery Classi�cation by Packaging Format

The battery material and chemistry play an important role in battery performance.

However, the battery package format is also a key that battery engineers should

consider. Di�erent package format has a great in
uence on the overall module or

pack performance in the end application, it has a direct connection with the system

and structure design. In the EV �eld, there are three main package formats for

the battery: cylindrical, prismatic, and pouch. The following schematics are three

formats' construction of a Li-ion battery.
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Figure 2.2: Three formats of a Li-ion battery: (a) cylindrical, (b) prismatic, (c)
pouch (TWAICE, 2019)

Cylindrical Cell

The cylindrical cell is one of the most popular formats used for primary and

secondary batteries. The cylindrical format is practically easy to be manufactured

with good mechanical stability since this structure can sustain a relatively higher

internal pressure. Many cylindrical cells have a positive thermal coe�cient (PTC)

switch as short circuit protection when the cell is exposed to a limit current. Some

cylindrical cells also use pressure relief mechanisms like a membrane seal that will

break when exposed to high pressure, and the charge interrupts device (CID) that

inactivates the cell physically (Battery University, 2019c). Most cylindrical cells have

high speci�c energy and good cycle performance with low cost, but this format rates

low at packaging density.
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Prismatic Cell

The prismatic cell is usually encased in aluminum or steel housing to sustain sta-

bility. There is no universal manufacturing design of the prismatic cell, some are

jelly-rolled, and some are stacked by layers. Because of the �rm housing for mechan-

ical stability, it is often designed to allow some swelling due to gas buildup inside,

and this distortion should be cared not to damage the battery compartment. The

prismatic cell has high e�ciency in packaging space but more cost for a manufacturer

to produce, it is di�cult to design the TMS and generally has a shorter cycle life than

the cylindrical format (Battery University, 2019c).

Pouch Cell

Rather than using a metallic cylinder or housing, the pouch cell is sealed in a

soft plastic aluminum bag with the conductive foil tabs welded to the electrodes.

Without the metal enclosure, the pouch cell can achieve high energy density and has

the most e�ciency in space and packaging it also has good thermal conductivity for

thermal design. However, this format is relatively vulnerable to damage, the battery

compartment should consider support and allowance for the format under swelling

due to gassing and avoid stacking with a sharp edge. Small pouch cells are popular to

provide high load current for portable applications, and large cell is widely applied in

an energy storage system with smaller cell quantity and simple pack design (Battery

University, 2019c).
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2.2 Battery De�nitions

2.2.1 Battery Basics

Cell, Module, and Pack

HEVs and EVs have the battery pack as a �nal shape of the high voltage battery

system. A battery pack is composed of many modules in series or parallel, and

control systems like the battery management system, thermal management system.

A module is generally many cells in series or parallel providing a frame avoiding

shocks, vibration, and heat. A cell is the basic format of battery that is discharged

or charged, it can be de�ned by functions as primary, secondary, or reserve, or by

chemistries as lead-acid, nickel-metal hydride, Li-ion, etc., or by package formats as

cylindrical, prismatic, pouch.

C- Rate and E- Rate

When describing a battery charge or discharge process, the current magnitude is

often normalized against the battery capacity and is denoted by C-rate. A battery

with a di�erent nominal capacity has a di�erent magnitude of current even with the

same charging or discharging C-rate. For a 1C discharge, it means the battery will be

discharged to empty in 1 hour, and it is 2 hours if discharged at 0.5C. For a battery

with a nominal capacity of 50 Amp-hours, a 1C discharge current is 50 Amps, and a

0.5C discharge current has a magnitude of 25 Amps.

Another rate to describe charge or discharge is E-rate. When a battery is given

with a nominal power, e.g., 500mWh, 1E rate discharge means the battery is dis-

charged with 500mW power and drained in 1 hour. Similarly, 0.5E discharge rate

indicates 250mW discharge power, and the battery will be drained in 2 hours.
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2.2.2 Battery Technical Speci�cations

Nominal Voltage (V) { The average voltage when a cell is charged, it is determined

by the chemical composition. Typically, a lead-acid battery applied on a vehicle is

12V, a Li-ion battery has a nominal voltage of around 3.6V.

Cut-o� Voltage (V) { The minimum allowable operating voltage, this voltage de-

�nes the empty state of the battery.

Capacity or Nominal Capacity (Ah) { The total available Amp-hours when a

battery is discharged under a certain C rate from 100% state-of-charge to the cut-

o� voltage. Capacity is calculated by multiplying the discharge current with the

discharge time, it usually decreases with the increasing C rate (Teamet al., 2008).

Cycle Life { The charging-discharging cycle number when the battery reaches the

minimum performance criteria. Cycle life is a function of temperature, DOD, C-rate,

etc. A high DOD will decrease the cycle life.

Speci�c Energy (Wh/kg) { The nominal battery energy per unit mass, it is a

characteristic of the battery chemistry and packaging. The speci�c energy determines

the battery weight required for a given electric driving range.

Speci�c Power (W/kg) { The maximum available power per unit mass, it is a

characteristic of the battery chemistry and packaging. The speci�c power determines

the battery weight required for a given performance target. Vehicle acceleration is

highly dependent on this factor.

Energy Density (Wh/L) { The nominal battery energy per unit volume, it is a

characteristic of the battery chemistry and packaging. The energy density determines

the battery size required for a given electric driving range.

Power Density (W/L) { The maximum available power per unit volume, it is a
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characteristic of the battery chemistry and packaging. The power density determines

the battery size required for a given performance target.

2.2.3 Battery Conditions

State of Charge (SOC) (%) { Equivalent to the fuel gauge in a conventional

vehicle, the battery needs an indicator to represent the energy state. SOC is the

battery current capacity as a percentage of the maximum capacity when it is fully

charged. It is calculated by integrating current over the battery capacity over time.

Depth of Discharge (DOD) (%) { DOD indicates the discharged capacity of a

battery, the equation holds: DOD = 100 � SOC. A deep discharge represents the

battery is discharged to at least 80% DOD.

Terminal Voltage (V) { The voltage between the battery terminals when the load

is applied to the battery. Terminal voltage is a function of SOC and charge/discharge

current.

Open-circuit Voltage (OCV) (V) { The voltage between the battery terminals

without load. OCV is a function of the battery SOC and temperature and is also

a�ected by battery aging. OCV curve is often used to predict SOC, or as a diagnosis

of battery state of health (Lei and Han, 2019).

Internal Resistance { The resistance within the battery, it is a function of SOC and

charge/discharge condition. An increasing internal resistance decreases the battery

e�ciency, more heat is converted from the charging energy, which results in thermal

instability.

State of Health (SOH) (%) { SOH is an indicator of the battery aging condition

compared to its ideal condition. A 100% SOH stands for a battery produced from the
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manufacture and meets the speci�cation. The battery capacity, internal resistance,

and self-discharge are indicators of SOH. SOH is commonly not provided by the

manufacture, and it decreases over time and use.

2.3 Battery Management System

2.3.1 Battery Management System Overview

The battery management system (BMS) is applied to provide battery safety and pro-

longed life span, give the user the state-of-function including SOC and SOH, remind

the user of any caution or necessary service, and indicate the end-of-life when the

battery capacity reaches the target. In particular, BMS is required to protect the

battery and o�er accurate SOC estimation.

Unlike the liquid fuel which has a physical dimension to measure, it is a chal-

lenge for BMS to predict the SOC of an electrochemical storage system. The read-

out of SOC is inaccurate without considering the battery capacity fade since each

charge/discharge causes a loss of the factory capacity. Capacity is a primary in-

dicator of battery SOH, and its estimation is a major part of BMS. However, the

capacity fade is di�cult to estimate due to that the voltage and internal resistance

are imperceptibly a�ected by aging. The capacity fade from 100% to 70% is notable,

even the capacity drops to 50%, the battery can still sustain some operation. But

a low capacity may lead to many anomalies including inaccurate SOC estimation,

voltage di�erences causing cell imbalances, drastic internal resistance rise (Battery

University, 2019d).
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The BMS plays a great role in protecting the battery when charging and discharg-

ing, it disconnects the battery when the limit condition is reached. Some BMS stan-

dards have been established such as system management bus (SMBus) for portable ap-

plications, and controller area network (CAN) bus, local interconnect network (LIN)

bus for automotive application. The basic of these systems is monitoring the individ-

ual cell voltage. Some advanced systems are also able to measure the temperature

and current of the cells (Battery University, 2019d).

2.3.2 Battery Modeling

BMS plays an important role in monitoring and controlling the battery pack of a

hybrid and EV, the main function of a BMS includes an accurate SOC and SOH

estimation, battery voltage, current, temperature measurements. Since some of these

parameters cannot be measured directly with an on-board vehicle control system,

a high-�delity battery model is required. While the accuracy of a battery model is

desired, its complexity cannot be excessive so that it is not feasible on a real-time BMS

application. When conducting the battery modeling, the designer is confronted with a

trade-o� between the model accuracy and computation e�ort. Many researchers have

investigated various battery models, they are mainly identi�ed into the following

categories: (i) equivalent circuit model, (ii) empirical model, (iii) electrochemical

model.

Equivalent Circuit Model

The equivalent circuit model (ECM) uses an equivalent circuit containing an OCV

source, internal resistance, and RC circuits to simulate the circuit characteristics

of the battery to determine the terminal voltage. It gains popularity due to low
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computational cost and successful simulation of all battery performances. This model

reduces electrochemical applications and only requires a few parameters that can be

easily obtained in experiments to achieve high-�delity battery predictions.

A typical ECM with one RC branch is shown in Figure 2.3. It consists of three ma-

jor parts: a static part as the voltage source indicates the thermodynamic properties

of the battery chemistry like the nominal capacity and OCV as a function of SOC;

a dynamic part with a parallel-connected resistor and capacitor as the RC branch

represents the kinetic performance such as internal impedance and overvoltage; and a

source or load with the terminal voltage completes the circuit for charge or discharge

regimes (Liawet al., 2004).

Figure 2.3: Equivalent circuit model schematic

Increasing the number of RC branches produces a higher-order ECM that can

capture more dynamics of the battery, but the computation cost goes up accordingly.

In addition, a hysteresis state can be incorporated into the terminal voltage estimation

to model the battery hysteresis behavior during charging and discharging (Huet al.,

2012; Ahmed, 2014). Table 2.1 presents the terminal voltage equations for the �rst,

second, third-order ECM with a hysteresis factor, wherehk is the hysteresis, OCV is

a function of SOC as a notation of z.
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Table 2.1: First, second, third order ECM equations with hysteresis

Model Terminal Voltage Equation

First-order ECM VT = OCV(z) � R0i � R1iR1 + hk

Second-order ECM VT = OCV(z) � R0i � R1iR1 � R2iR2 + hk

Third-order ECM VT = OCV(z) � R0i � R1iR1 � R2iR2 � R3iR3 + hk

Empirical Model

Empirical models are often considered as simpli�ed electrochemical models with

the essential nonlinear characteristics of the battery. The terminal voltage is repre-

sented as a mathematical function such as a reduced order polynomial (Menget al.,

2018). Similar to ECM, the empirical model can be implemented readily with few

e�orts on parameter identi�cation.

There are three classical empirical models in the literature: the Shepherd model

(Moore and Eshani, 1996), the Unnewehr universal model (Unnewehr and Nasar,

1982), and the Nernst model (Plett, 2004). The equations of these three models

are listed in Table 2.2, whereR0 is the internal resistance,E0 is the initial cell

voltage,K 1; K 2; K 3; K 4 are the polarization resistance, these parameters can be easily

identi�ed by experiment.

Table 2.2: Typical empirical models

Model Terminal Voltage Equation

Shepherd Model VT = E0 + R0i + K 1
SOC

Unnewehr Universal Model VT = E0 + R0i + K 2SOC
Nernst Model VT = E0 + R0i + K 3ln(SOC)+ K 4ln(1 � SOC)

In (Hussein and Batarseh, 2011), the author conducted research on these three
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models and compared the accuracy of terminal voltage and SOC estimation. The

result shows that the Shepherd model has better performance under the continuous

current test, and the Nernst model shows the best overall performance with more

parameters and correction factors. As a rule of thumb, a combined model based on the

aforementioned three empirical models can provide a more accurate estimation (Plett,

2004). The terminal voltage equation is as follows:

VT = E0 + R0i +
K 1

SOC
+ K 2SOC + K 3ln(SOC) + K 4ln(1 � SOC) (2.1)

Electrochemical Model

The electrochemical model is established to describe the inner chemical and phys-

ical reactions of the battery. Many physical laws are derived from the electrochemical

model, such as Faraday's �rst law, Ohm's law, Fick's law of di�usion, and the Butler-

Volmer equation (Menget al., 2018). The electrochemical model is generally complex

with partial di�erential equations to express lithium di�usion inside the electrodes

and electrolyte, and it requires numerous parameters like di�usion coe�cients and

electrode physical dimensions that add up the computation cost. However, the elec-

trochemical model is still a better candidate to model the physical phenomenon in

the battery to predict battery SOC and SOH. In most cases, model reduction is car-

ried out to reduce the computation cost and makes it possible to be implemented on

real-time application (Ahmed, 2014).

In (Smith and Wang, 2006b), the authors built a 1D electrochemical model based

on the processes inside a Li-ion cell. The mathematical expressions that govern

the charge and species conservation are given by solid and electrolyte phases. The
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electrolyte phase of the charge is given:
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The electrolyte phase of the species is given:
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where the boundary condition is:
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(2.9)

Ohm's law, i.e., Equation 2.2 and Equation 2.4, calculate the liquid electrolyte

and solid electrode potentials. Equation 2.6 and Equation 2.8 are the Fick's law of

di�usion to obtain solid-state and liquid-state transport of Li. The authors discretized

the 1D macroscopic domain into dozens of control volumes to get the numerical

solution. The �eld variables: lithium concentration in electrolyte phasece, lithium

concentration in solid phase at electrode/electrolyte interfacecs;e, volume-averaged

electrical potential in electrolyte phase� e, and in solid phase� s, are solved with

current as input. The cell terminal voltage is calculated:

VT = � sjx= L � � sjx=0 �
Rf

A
I (2.10)

whereRf is the contact resistance between current collectors and electrodes.

2.3.3 Battery State Estimation - Coulomb Counting

The Coulomb counting method is the most common way to estimate the battery

SOC. The nominal capacity of a battery can be regarded as a constant, the SOC

can be calculated as an integral of current on a time domain. Many battery man-

agement systems calculate SOC using this method or its enhancement. In these

approaches, the current entering and leaving the battery is multiplied by time, and

the SOC is estimated by subtracting (discharge) or adding (charging) the cumulative
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net charge (Zhaoet al., 2016):

SOC(t) = SOC(t0) �
1

Cnom

Z t

t0

� �I (t)dt (2.11)

where Cnom is the nominal capacity obtained from the manufacturer or laboratory

experiment. SOC(t0) is the SOC at the initial stage, which can be estimated by

mapping with OCV or the extended Kalman �lter based approach (Xinget al., 2014).

� is the coulombic e�ciency which is a function of charge and discharge condition,

temperature, SOH, and battery chemistry. I(t) is the current that is positive at

discharging and negative at charging.

The coulomb counting based on time-domain is simple to be implemented to all

battery chemistries. However, due to integration over time, the error caused by sensor

noise and inaccuracies will accumulate, thus regular calibration is required. An accu-

rate initial SOC is also very important to achieve high accuracy. When implemented

on a real-time application, a complete charge and discharge are commonly conducted

to perform the calibration.
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Chapter 3

A Review of Battery Ultra-Fast

Charing and Thermal Management

System

3.1 State of Art of Electric Vehicle Battery Ultra-

Fast Charging

While the automotive manufacturers are putting great e�ort to improve the covering

range and life span of EVs, the acceptance of pure EVs by consumers is still limited.

Due to the low energy density compared with gasoline fuel, EV battery is overshad-

owed by ICE because of range anxiety and much longer charging time. A gasoline

vehicle can refuel a 50-liter tank that holds a calori�c value of 600kWh in several

minutes, while it would be more than ten hours for an EV to charge the battery pack

with 100kWh of energy. To address the gap in charging time, ultra-fast charging
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capability has been a key feature of the EV battery.

3.1.1 Fast Charging Infrastructure

Either alternating current (AC) or direct current (DC) can be applied to charge an

EV, and DC is preferred by the EV industry due to a much higher charging speed.

Early in 2011, the Society of Automotive Engineers (SAE) proposed three DC charg-

ing levels starting from a 36kW charger that is able to charge an EV from 20%

SOC to 80% SOC in 1.2 hours, to the highest charging level with 240kW power

charger that can charge the EV from empty to 80% SOC within 10 mins (Pokrzywa,

2011). Since then, automotive manufacturers have been making progress in increas-

ing the EV chargers' power. There are three common DC fast charging posts that

provide a charging power of over 50kW: CHArge de MOve (CHAdeMO), Combined

Charging System (CCS), and GB/T standard connectors. CHAdeMO standard was

established by the partnership of Toyota, Nissan and Mitsubishi, a Nissan LEAF is

able to be charged from empty to 80% SOC in around half an hour (Vermaet al.,

2020). Tesla �rstly introduced 120kW charging posts with custom connectors, fol-

lowed by CCS standard, 150kW chargers were developed (Tomaszewskaet al., 2019).

In 2017, Porsche developed an ultra-rapid charger rated at 350kW by combining two

CCS charging posts. The �rst light-duty EV with this charger built by Porsche, the

Taycan, debuted in 2019.

However, the increasing power capability of the EV charger does not translate di-

rectly to faster charging, the actual charging power is normally lower than the rated

power of the charger under continuous operation and varies with the EV speci�cations
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and environmental conditions. Particularly, the charging speed is greatly reduced un-

der a low ambient temperature. In fact, the high-power fast charging part is only

achieved before 80% SOC, the battery is then charged by a constant voltage. This

standard constant current { constant voltage and commonly used fast charging proto-

col for Li-ion batteries tend to decrease the polarization losses and risk of overheating

at high SOC range (Mussaet al., 2017).

3.1.2 Degradation Mechanisms

Similar to the organ of a living body, the EV battery aging is the result of the op-

eration and the environmental conditions, e.g., charging or discharging SOC level,

charging speed, and temperature. While ultra-fast charging can bring much conve-

nience for EV usage, a high C rate charging usually increases the battery impedance

and narrows the capacity window in a long term. With respect to analyzing the

e�ect of ultra-fast charging, three degradation mechanisms by the physical material

dynamics are generally considered (Schindleret al., 2018).

Lithium Plating

For a Li-ion battery, metallic lithium tends to accumulate at the negative electrode

during a low-temperature charging, high SOC range, and large current operations.

Due to a large polarization force by the great potential di�erence between the elec-

trolyte and the solid negative electrode, lithium ions at the interface of electrode and

electrolyte deposits on the surface of the anode instead of intercalating back in the

anode particles (Hein and Latz, 2016). This process, lithium plating, results in a

large amount of cyclable lithium loss, thus reducing the durability and electrochemi-

cal cycling ability of the battery and causing safety hazard in the long run. As for the
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solutions to this phenomenon, active control can be taken to design a proper charg-

ing protocol by associating the charging current magnitude with battery SOC and

manage to charge at an appropriate temperature range. Furthermore, an excessive

anode particle capacity is often considered a passive control.

Electrolyte Decomposition

Electrolyte decomposition most likely happens when the electrochemical poten-

tial of an electrolyte system reaches the limit of instability, thus a surface �lm would

deposit on both positive and negative electrodes. Even worse, this unstable reaction

may generate gaseous products (Vetteret al., 2005). An increasing temperature is

a major cause to aggravate the unstable system and accelerate electrolyte decompo-

sition. To avoid the decomposition reaction, the charging protocol should maintain

the electrolyte potentials within a proper range. Meanwhile, optimized temperature

control plays a crucial role in slowing down electrolyte decomposition.

Particle Cracking/Transition Metal Dissolution

As the battery ages, the active materials of the battery would experience a me-

chanical disintegration, thus the intercalation reaction is in
uenced by the loss of

surface elements. This phenomenon is worse by the dissolution of the metal oxide in

practical electrolytes when the battery consists of Manganese spinel or has a layered

structure. The cracking particles or transition metals may spread through the cell

separator and have a reaction with the materials of the anodic SEI. Moreover, the

products of the reaction would accelerate the reduction of SEI since the protective

e�ect is broken. Particle cracking and transition metal dissolution usually occur at

high SOC and high potentials, they can be minimized by the selection of the ac-

tive materials and avoiding high cycling rates at high SOC range. In addition, this
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degradation mechanism is activated and accelerated by a high temperature, a proper

temperature control can mostly circumvent the negative e�ects (Wohlfahrt-Mehrens

et al., 2004).

3.2 State of Art of Battery Thermal Management

System

Prior sections explained some major degradation mechanisms from physical and chem-

ical points of view within the battery. These mechanisms describe how the battery is

aged, and ultra-fast charging could aggravate the phenomenon or even cause failure.

The conclusions of how to minimize the aging e�ects by ultra-fast charging were drawn

in two directions. Many researchers investigated the �rst way to optimize the fast

charging protocol by the combination of di�erent charging modes, e.g., applying DC

or AC, multistage constant current, or pulse current to the battery at di�erent SOC

range. This is because that the degradation mechanisms are sensitive to the electrical

potential and current magnitude. The other factor that the degradation mechanisms

are closely correlated with is the temperature. Therefore, a battery TMS is critical to

maintaining a desired temperature range under complicated operation conditions and

extreme ambient conditions. When the battery is charged or discharged by a large

current magnitude under fast charging or intense driving, a large amount of heat is

usually generated from the battery, this heat should be dissipated e�ectively to avoid

unexpected temperature rises. While the vehicle is in the northern area or winter un-

der -10°C, the battery TMS should be able to keep a mild temperature as the power

and energy of a battery are excessively reduced, therefore, limiting the driving range
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or performance under extremely low temperature (Zhanget al., 2002). In terms of a

battery pack, the battery TMS should ensure an even temperature distribution across

the battery modules, an uneven temperature distribution may lead to cell balance is-

sues and circumscribe vehicle performance. Typically, most of the batteries achieve

the best performance and life between 25 to 40°C, and the temperature distribution

between battery modules should be less than 5°C (Pesaran, 2002). As for an EV

application, the battery TMS should also consider the cost, compactness, reliability,

parasitic power consumption, etc.

In most cases, the cooling e�ect of a battery TMS is the key performance indicator

since temperature rise by the battery heat generation is signi�cant. Even though

operating under low ambient temperature requires the battery TMS to provide heat,

some changes can be made for the cooling system to heat the battery inversely. In

this work, the cooling e�ect of a battery TMS will be most considered. There are

many methods to classify battery cooling systems such as by medium, by energy

source, and by contact. First, also mostly referred to, a battery cooling system is

divided into air cooling, liquid cooling, or phase change materials (PCM) cooling by

the physical state of the cooling medium. Second, depends on the energy source,

passive cooling only takes energy from the ambient environment, while active cooling

consumes energy from the vehicle energy unit. Lastly, with the cooling medium in

contact with the batteries or not, the cooling system is categorized by direct cooling

and indirect cooling. In the following sections, the cooling systems with di�erent

mediums will be reviewed, and some industrial examples will be provided.
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3.2.1 Air Cooling Method

Using air to cool the battery pack may be the simplest approach, air cooling system

has the advantages of potential savings in parasitic power consumption and weight.

Heat transfer of an air cooling system is achieved by blowing the air across the battery

modules, several schematics are shown in Figure 3.1 (Pesaran, 2001). It is obviously

invalid to cool the battery by natural air convection, therefore, one or more fans are

required to blow the air
ow. Passive cooling is simply blowing outside air through

the battery pack as Figure 3.1A, but this layout cannot be practically applied as it

is impossible to heat the battery pack at low temperature. Generally, the outside

air passes through the vehicle heater and evaporator cores before blowing the battery

pack to reach the desired temperature as shown in Figure 3.1B, and the preconditioned

cabin air can join in the air
ow as a closed-loop temperature control. Furthermore, as

indicated in Figure 3.1C, the air can be partially circulated in the loop and conditioned

by auxiliary or vehicle heater and evaporator cores for enhanced active temperature

control. As a typical industrial example for this air cooling system, the Toyota Prius

supplies the cabin air to cool the battery pack in Figure 3.2.
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Figure 3.1: General schematics of air cooling method (Pesaran, 2001)

However, the air cooling method cannot provide the battery pack with uniform

temperature control. Even with an optimized layout with parallel and series vents,

the temperature di�erence between modules is hard to be controlled under 5°C. Fur-

thermore, if the ambient temperature is too high (above 40°C), and the battery is

under a stressful condition with a high operating temperature, it is impossible for

the air cooling method to cool down the battery under 40°C. When applying to a

high-power density battery pack, air cooling systems usually become prohibitively

large, thus limiting the feasibility on commercial vehicles (Giulianoet al., 2012).
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Figure 3.2: Air cooling battery thermal management system for the Toyota
Prius (Synergy Files, 2018)

3.2.2 Liquid Cooling Method

As an air cooling system is not e�ective to dissipate heat for a large-scale battery

under abuse conditions, a battery TMS using liquid could be more competent to

remove a large amount of heat by circulating coolant through discrete tubing or

water jackets around battery modules; directly submerging modules in a dielectric


uid; or placing heated/cooled plates as heat sinks between the battery modules or

cells (Pesaran, 2001). A liquid cooling battery TMS generally uses water, glycol, oil,

or even refrigerants as the heat transfer medium (Rao and Wang, 2011). Three typical

schematics of liquid cooling systems are shown in Figure 3.3 (Pesaran, 2001). The

liquid coolant is circulated by a pump, the heat is transferred by a heat exchanger.

Passive cooling only utilizes outside air to remove the heat from the coolant in the

heat exchanger, while active cooling uses liquid in the heat exchanger for improved
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e�ciency. If more heat from the battery needs to be removed or the battery needs to

be heated, an airconditioned heat exchanger is applied to transfer the heat from the

coolant to the refrigerant from the condenser or transfer the heat from the air of the

evaporator to the coolant.

Figure 3.3: General schematics of liquid cooling method (Pesaran, 2001)
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Many researchers have put the e�ort into developing liquid cooling systems for bat-

teries by FEA thermal modeling. In (Yeet al., 2019), two cooling plates were placed

in a module consisting of LFP batteries, orthogonal experimental design method was

carried out on the thermal model to optimize the geometry of the battery module

and the cooling plates. The conclusion was drawn that an optimized geometry of the

cooling system could evidently reduce the battery temperature rise and the pressure

drop of the coolant. Panchal, S. et al. (Panchalet al., 2015) performed an exper-

iment to observe the temperature distribution and the heat generation of a 20Ah

Li-ion pouch cell with dual liquid cooling cold plates, di�erent C-rate discharge tests

of 1C, 2C, 3C, 4C were conducted under di�erent boundary conditions with cooling

bath temperature of 5°C, 15°C, 25°C, and 35°C.

Compared with air cooling, liquid cooling has higher thermal conductivity, better

cooling e�ciency, and uniform temperature distribution control, it also occupies less

volume and is able to achieve both heating and cooling. Whereas sealing of the

coolant channels adds complexity to the liquid cooling system, the cooling system also

increases a great amount of weight to the vehicle and production cost. Nowadays,

liquid cooling methods, as the best option for attaining a su�ciently energy-dense

pack without too large of a temperature rise, are widely applied to mass-produced

automobiles. Several industrial examples applied with the liquid cooling method are

presented as follows. It is noticeable that the layout of the cold plates as heat sinks

makes a great di�erence in the e�ciency of heat dissipation, the con�gurations can

be generally classi�ed into two types depending on the position of the heat sinks.

Audi Q8 concept applies the heat sinks on the bottom surface of the battery modules

or pack, it is named as edge cooling method. While Tesla Model S and Chevy Volt
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have the heat sinks embedded between the cells, this layout is named as an inter-cell

cooling method.

Figure 3.4: Audi Q8 concept battery pack with edge liquid cooling method (Green
Car Congress, 2017)
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Figure 3.5: Tesla Model S battery pack schematic with inter-cell liquid cooling
method (Bower, 2015)

Figure 3.6: Chevy Volt battery pack schematic with inter-cell cooling
method (Bower, 2015)
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3.2.3 Phase Change Materials Cooling Method

The phase change process is isothermal, which is the most important characteristic

of PCM as its melting point can be used to maintain a desired operating temperature

range and uniformity across the cells in EVs and HEVs application (Maliket al.,

2016). A general schematic of the battery TMS applied with PCM is shown in

Figure 3.7. The cells of the battery pack are usually immersed in the PCM so that

all the generated heat by the batteries is absorbed by the PCM. The generated heat

leads to the temperature rise of the batteries and the PCM. As the temperature of the

bulk increases to the melting point of the PCM, the material will change phase and

maintain its temperature when absorbing more heat from the batteries. However,

a large amount of heat in the PCM still needs to be removed. It will consume

the energy from the batteries signi�cantly if the heat dissipation by a refrigeration

system is completely driven by the battery pack, therefore, the schematic in Figure 3.7

provides a possible solution with an external PCM tank. The PCM tank is attached

to the battery cooling system which circulates the hot PCM, and the heat in the tank

is transferred to the ambient environment by convection. This solution can greatly

reduce the load of the battery cooling system that saves the battery energy for more

driving range.

There are many types of research on PCM both in the experiment or numerical

simulation, but there are few industrial examples applying the PCM cooling method.

Jaguemont, J. et al. in (Jaguemontet al., 2018) gave an elaborated review of passive

cooling/heating systems for batteries, discussed the thermal properties of organic,

inorganic, and eutectic PCM. The PCM in thermal systems is modeled in both the

enthalpy method and the temperature method. Much literature about passive TMS
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with PCM was reviewed, some experimental results were summarized. Hybrid solu-

tions combining PCM with air or liquid cooling methods were also investigated to

ensure improved performance. In (Khateebet al., 2004), Khateeb et al. designed

an electric scooter with PCM battery TMS. A comparative study of the PCM with

aluminum foam and aluminum �ns was conducted to improve the low thermal con-

ductivity and natural convection. They also performed an experimental validation

in (Khateeb et al., 2005) and concluded that a PCM cooling method with aluminum

foam could o�er 50% reduction of the battery temperature rise compared with the

case of natural convection cooling. The PCM cooling method can provide a com-

pact, inexpensive battery TMS with less parasitic power needed to pump air or liquid

coolant. The major disadvantages of PCM though are ine�cient heat transfer due

to poor thermal conductivity, high initial costs and adding weight to the vehicle, and

volume expansion during melting (Maliket al., 2016; Khateebet al., 2004).

Figure 3.7: General schematic of PCM cooling method (Maliket al., 2016)
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Chapter 4

Experimental Comparison between

Edge Cooling and Inter-Cell

Cooling Battery Modules

4.1 Introduction

For ultrafast charging applications, where vehicle battery packs are charged in as

little as ten minutes, a large amount of heat is generated by the cells. A fast-response

and e�ective TMS is required to maintain the battery within an acceptable tempera-

ture range. Nowadays, automobile manufacturers are widely applying liquid cooling

methods to the battery TMS due to their high e�ciency. Whereas the con�guration

of a liquid cooling system makes a great di�erence in the battery temperature control.

Generally, there are two types of liquid cooling con�gurations that are frequently put

into production.
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The �rst con�guration is edge cooling, where a thermally conductive plate, typ-

ically aluminum, is placed between the cells. The thickness of the plate can be

designed according to the cell type, generated loss, and desired temperature rise (He

et al., 2018; He, 2018). A liquid cooling plate on the edge of the battery module

draws heat from the plates between the cells. This method is cost-e�ective, fairly

easy to implement, and is commonly used in EV battery packs. Large liquid cooling

plates are typically placed on the bottom of the pack with modules set on top and

cooled from one side. Typical industrial examples were the Audi Q8 concept shown

in Chapter 3 that applies with one edge cooling plate at the bottom, and the Chrysler

Paci�ca Hybrid that has two cooling plates on two sides of the batteries.

The second con�guration of the liquid cooling systems is inter-cell cooling, where

a liquid cooling plate is placed directly between the cells. This method is much more

e�ective at removing heat since the path from the cell to the liquid coolant is short. It

is more complex and expensive though since many more cooling plates are necessary

and the plates must be very thin to minimize pack mass and volume. Chevy Volt is

a representative of the inter-cell cooling method, the cooling schematic was presented

in Chapter 3. Another example is Tesla Model S, though it utilizes small format

18650 cylindrical cells, a ribbon-like coolant channel snakes through the battery cells

to improve the heat sink contact with the cells (Easy Electric Cars, 2019).

By directly comparing edge cooling and inter-cell cooling, this chapter aims to

provide insight into the e�ectiveness of both methods for ultrafast charging appli-

cations. A set of tests are designed and performed on two prototype modules, and

several results are presented including temperature rise for charging rates of up to
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5C, where a battery is charged to 80% SOC in about ten minutes. The thermal con-

ductivity of modules is also measured, and temperature is measured for a series of

repeated fast charges and drive cycles which emulate real-world use of the modules.

4.2 Experimental Apparatus and Module Design

The prototype liquid-cooled modules are designed for a Kokam NMC 31 Ah cell. Each

module has three cells connected in parallel, and an environmental chamber and a

chiller are used to maintain the desired test temperature. This section outlines the

battery speci�cation, module design, and test equipment.

4.2.1 Cell and Thermal Pad Speci�cations

A Kokam SLPB78216216H pouch cell is used which is capable of high C-rates with-

out compromising safety or cycle life (Kokam, 2016). More detailed speci�cations

are listed in Table 4.1, where the nominal resistance and power density are calcu-

lated at 50% SOC and 20� C from hybrid pulse power characterization (HPPC) test

data. To allow the pouch cell to expand during cycling and to improve the thermal

interface between the cell and cooling plates, the modules are designed with a layer

of compressed thermally conductive foam (Laird Technologiesr T
exTM HR440, 1.8

W/mK) that provides uniform pressure over the surface of the cell.

Table 4.1: Testing cell speci�cation

Manufacturer Kokam Nominal Resistance (mW) 0.9
Model SLPB78216216H Mass (g) 720

Chemistry NMC Power Density (kW/kg) 1.7
Capacity (Ah) 31 Voltage Limit (V) 2.7 - 4.2

Dimension (mm) 226Ö227Ö7.8
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4.2.2 Edge Cooling Module Design

The developed prototype edge cooling module aims to emulate designs that would

be used for a commercial application, while still being practical to design and build.

Structurally, the module must compress the cells and provide even pressure of around

8 PSI over their surface to ensure the cells do not expand and delaminate during

cycling. The module must also have excellent thermal connections between the cell,

plates between the cells, and cooling plates on the edges of the cells. The prototype

module, as shown in Figure 4.1, compresses the cells between two large plastic plates

and uses a series of components with machined 
at surfaces, thermal grease, and

thermal pads on the cell surfaces to ensure heat is transferred to the liquid cooling

plates as e�ectively as possible. Figure 4.2 is the schematic of the heat 
ow in the

edge cooling module as a half of the Computer-aided design (CAD) drawing. A design

more suitable for mass manufacture would typically make design compromises that

add thermal resistance to the module, so the results here represent the best case.

Figure 4.1: Con�guration of the edge cooling module

The cells are sandwiched between four aluminum plates. The two outer plates are

half the thickness of the 2 mm thick inner plates since they only have one contact

face with the cell. A one-inch-thick sheet of plastic is placed on the top and bottom
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Figure 4.2: Schematic of the heat 
ow in half edge cooling CAD

surfaces of the cell stack to prevent heat 
ow out of these surfaces and provide struc-

tural rigidity. The module design e�ectively emulates a symmetric three-cell stack

sliced out of a long stack of cells in a full-size vehicle battery pack. Thermal pads, as

mentioned above, are used between the aluminum sheets and the cells to achieve the

desired surface contact and enhanced heat transfer. At the two sides of the modules,

aluminum bars are used to �ll the gaps between the aluminum sheets and enhance the

thermal contact between the aluminum sheets and the cold plates. The liquid cold

plates on the two sides are manufactured by Wake�eld-Vette, part number 180-11-

12C, and utilize a 3/8 inch rolled copper tube attached to the aluminum base. These

cold plates are bolted to the machined 
at surface of the edge of the module, with

thermal grease placed in between, ensuring a very thermally conductive connection.
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4.2.3 Inter-Cell Cooling Module Design

For inter-cell cooling, liquid cooling plates which are just a couple of millimeters

thick would typically be used so that the volume of the pack is not too large. It is

very di�cult to manufacture such thin cooling plates though; a process of stamping

the cooling channel and bonding thin metal plates together would be needed. As a

compromise, thicker more easily manufacturable liquid cooling plates, as shown in

Figure 4.3, were designed and built.

Figure 4.3: Disassembling view of the inter-cell cooling plate

The cooling plates consist of a bottom 9.5mm thick aluminum sheet with a ser-

pentine cooling channel machined into it. The coolant 
ows in and out of threaded

holes at either end of the cooling channel. When assembling, a silicone gasket sealant

for use in mechanical assemblies, part number 038-3816-4, is applied on the mating

surfaces surrounding the coolant channel, and the 2mm thick top plate is screwed on

via several 
ush mount screws distributed across the surface. The con�guration of

the inter-cell cooling module is similar to the edge cooling module. Identical cells,

thermal pads, aluminum bars, and plastic sheets are used, but the four interlaid alu-

minum sheets are swapped with the newly designed inter-cell cooling plates. The

fully assembled module is presented in Figure 4.4, with the schematic of the heat 
ow

and the half CAD drawing in Figure 4.5.
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Figure 4.4: Con�guration of the inter-cell cooling module

Figure 4.5: Schematic of the heat 
ow in half inter-cell cooling CAD

4.2.4 Test Equipment, Data Logging, and Instrumentation

To regulate the temperature of the battery module, the cell modules are tested in a

Thermotron SE-3000-6-6 environmental chamber. All the tests are conducted with

an ambient and coolant temperature of 20‰ to emulate typical conditions. The
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cell is charged and discharged with a Digatron Power Electronics MCT 75-0/5-8ME

cell cycler. Temperature data logging is achieved by LabVIEW using a National

Instruments NI-9213 data acquisition module. A 6L, 200W, VWR 1160S refrigerated

heated circulating bath chiller is used to circulate the coolant for the cold plates of the

edge cooling module. The inter-cell cooling module uses a 1200W LS51MX1A113C

centrifugal pump chiller from PolyScience. Both chillers use a coolant of 50/50 glycol-

water solution. Even though the two modules use di�erent cooling systems, the

associated heat loss from both modules during the tests is observed to be less than

the rated power of the chillers, so the chillers are both able to maintain a constant

coolant temperature.

Figure 4.6: Thermotron SE-3000-6-6
environmental chamber, in which the
experiment apparatuses are placed

Figure 4.7: Digatron MCT cell cycler, 8
channels 75A current each, connecting
the battery module with channel cables
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