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Abstract

In this thesis, the electrochemical and thermal behavior of an LFP lithium-ion pouch
battery is modeled, within a finite elements method framework, in order to study
the fast charge procedure that is sought in most of the battery applications and to
assess the design process of the BTMS.

The simulation approach couples a 2D empirical electrochemical cell model,
based on a simple equivalent circuit model approach, with a 3D thermal model
that solves for the thermal activity and temperature distribution among the battery
volume.

The electrical performance of the battery under study is characterized experi-
mentally at different ambient temperatures. The open-circuit voltage curve of the
battery is approximated from both long relaxation time and continuous low current
measurements, and the associated battery impedance is determined from the oper-
ating voltage measurements under different continuous current charge and discharge
rates.

The thermal performance is experimentally measured by testing the battery
within an isothermal calorimeter, and the obtained data is employed to corrob-
orate the validity of the implemented model. The results from the developed
electrochemical-thermal model present good agreement with the overall battery ther-
mal measurements data.

The developed model is used, in the second part of the thesis, to study the
behavior and the design of the battery thermal management system. On one hand,
local battery cooling is analyzed, concluding that local cooling near the battery
current tabs can enhance the battery life expectancy. On the other hand, a novel
battery pack assembly design for automobile application is presented and modeled,
including simple lumped models for heat pipe and thermoelectric elements, and an

optimization methodology is set to find the optimal geometry for such design.
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Chapter 1

Introduction

According to the International Energy Agency (IEA), "new registrations of electric
cars (including both battery electric and plug-in hybrids) increased by 70% between
2014 and 2015, with over 550.000 vehicles being sold worldwide in 2015”, and China
overtook in 2015 the largest market for pure electric cars from the hands of the
United States, with over 200.000 new registrations [1].

The numerous government financial incentives, good examples of which can be
found in the Netherlands or Norway, and the increasing availability of charging in-
frastructure are positively correlated factors to the growth of electric vehicle market
shares [2].

Apart from the environmentally friendly position due to their zero greenhouse
gas emissions, one of the main advantages of electric cars as compared to internal
combustion engine vehicles is their much lower running costs, due to the huge price
difference between electricity and oil. On the other side, important barriers to a
greater and faster adoption of electric cars over the past recent years include range
limitations and vehicle purchase costs, both of which can be mostly attributed to

the high cost of the energy storage technologies.

With regard to the first big barrier, according to Energy Storage Updates Energy
Storage Cost and Performance Report published in 2015, the technology acknowl-
edgement, R&D, and mass production have led to rapid battery cost declines and
performance improvements in the past decade and hold the promise of continuing
to progressively reduce the battery technology costs up to 50% in the next five years
3].

Regarding the other main barrier, driving range parity does also not seem that
far anymore. Few years ago, the Daihatsu Mira achieved a world record for an
electric car running 1003 kilometres without a recharge [4], and on today’s market
different models can be found with a kilometer range over the 300-400km, including

the Chinese manufacturers BYD and Zonda Bus, and Tesla.



2 CHAPTER 1. INTRODUCTION

Lithium-ion batteries appeared as the technology that has the highest growth
among the battery market and that receives most of the industry investments, and
their production in MWh has been doubled from 2010 to 2015 [5]. Due to their
high energy density (up to 300Wh1~! [1]), low self-discharge rate, and good cycle-
life, lithium-ion has emerged as the prime candidate as a power source for battery
electric vehicles (BEVs) and hybrid electric vehicles (HEVs) for the short and mid
term [6, 7].

Currently, most research into lithium-ion technology focus on the material as-
pect (essentially focused in the cathode material) to improve the energy, power,
cost-weight ratio, and life-cycle performance, with relatively less attention paid to
thermal issues [8]. However, the thermal issues related to the batteries are one of the
main remaining barriers to the acceptation and mass deployment of lithium-ion as
the energy storage of vehicles, since safety is a priority and technology uncertainty
is a big barrier from the consumer perspective [9)].

Recent related battery safety issues include the fire that was caught in a Chevy
Volt in 2011, three weeks after a crash testing done by the National Highway Trans-
portation Administration [10], or the BYD taxi accident in 2012, which burned
after being hit by a speeding drunk driver [11]. To this list, the recent problems
in the Galaxy Note 7, which forced Samsung to recall 2.5 million devices globally,
has brought again to light the danger and importance of the thermal issues of the
lithium-ion batteries.

For that reason, the number of publications that have appeared in the last decade
with regard to this issue have increased greatly, and include the development and
investigation of new experimental tools [12, 13] and the derivation of new numerical
models for the investigation of battery failure modes [14, 15] and the investigation of
new materials with better thermal properties [16]. Analogously, a daunting number
of works have recently appeared with regard to new the development of new BTMS
design concepts [17, 18, 19, 7, 20, 21, 22, 132, 24, 25, 26, 27].

In relation to this topic, the main objective of the present thesis is to characterize
and develop a numerical model to serve as a tool within the design of the battery
thermal management system for an electric vehicle. This work is contextualized
within a research project from the European Commission, under Horizon2020 call,
the purpose of which is to study novel acclimatisation systems for electric vehicles
based on the combination of the thermoelectric and Joule effects.

To accomplish with this task, the sample of study is experimentally character-
ized and a suitable analytical method to study the thermal behavior of the battery is

determined and implemented in this work. A finite elements approach is chosen be-



cause of two main reasons. First, because non negligible temperature homogeneities
are known to develop in large size pouch batteries [28, 29, 30]; and second, because
modelling in a spatially-distributed fashion allows for a more detailed study of the
optimal design of the BTMS.

The thesis is organized as follows. In chapter 2, general background related to
lithium-ion technology is presented, including basic knowledge and definitions, basic
operation principles, and a detailed explanation on the thermal issues of lithium-ion
batteries. Chapter 3 gathers a literature review on the state-of-the-art modelling
strategies, with particular focus on the thermal aspects.

The conducted battery characterization procedures and results, including elec-
trical and thermal tests, are presented and discussed in Chapter 4. In chapter 5, the
details on the implementation of the numerical battery model are presented, while
chapter 6 gathers the analysis of the results of such.

In chapter 7, the novel BTMS concept design is presented, after reviewing the
most common thermal management systems that are presented in the literature and
that can be found in the today’s market. Afterwards, the implementation of the
presented BTMS design, making use of the previously implemented battery model,
is detailed in chapter 8, where some preliminary results are shown and analysed.

Finally, a summary of the present work is written in chapter 9, where the open

problems, the suggestions for further research, and the conclusions are also included.



Chapter 2
Background

This chapter is devoted to provide the essential background information to the topic
of the present thesis, and aims to facilitate the comprehension of the body of the
work even for the reader who is not familiar with battery research and battery
technology.

Trying to sort the information in ascending complexity (or concretion), in section
2.1 general battery definitions are presented, and the main battery types and the
material components are described.

Section 2.2 focuses on the operation of a battery, including: first, some opera-
tional terminology and the standard dis/charging methods introduction; then, the
electrochemical physics basics; and finally, the degradation mechanisms.

In the last section, 2.3, a detailed explanation on the main thermal influences
and issues on the performance of lithium-ion batteries is included, and can be un-
derstood as an extended motivational chapter for the development of the thermal-

electrochemical battery models of this thesis.

2.1 Introduction to Lithium-Ion Batteries

2.1.1 General Definitions
Electrochemical Cell and Battery

The characteristic feature of an electrochemical cell, also known as galvanic or voltaic
cell, is that the energy of the reaction from the chemical process during its opera-
tion, that undergoes at least two reaction partners, is available externally as electric
current at a defined voltage and time. Depending on the nature of the chemical reac-

tion of the materials of the electrochemical cell, it can be distinguished between: an
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irreversible or primary cell, which is a nonrechargeable single-use cell; or a reversible
or secondary cell, which can be recharged several times after discharge [46].

The term battery usually refers to a system consistent of an array of a certain
number of electrochemical cells, normally assembled in parallel to add up the energy
handling capacity of each cell. Assemblies in series are limited because they lead to

high and dangerous voltages between battery terminals.

Specific Energy and Specific Power Densities

The specific energy density defines the ratio between the battery capacity! and the
weight (Wh/kg) (gravimetric energy density), or between battery capacity and its
volume in liters (Wh/1) (volumetric energy density).

The specific power density indicates loading capability, hence it is related to the
speed of energy or power delivery capabilities. It is usually expressed as a gravimetric
magnitude (W/kg). The maximum power density of a battery is normally specified
by the manufacturers with indications on the maximum time duration that this high
power supply rate can be maintained without compromising the battery safety and

degradation.

Capacity

The capacity of a battery is specified as the energy that the battery delivers at
a specific discharge rate and temperature within the rated voltage range. It is
measured in ampere-hours [Ah], in SI units, and must not be confused with the
capacitance, in Farads [F], of a capacitor.

The theoretical capacity of a cell can be calculated by Gibb’s free energy relation
as Cpqt = x(nF'), where z is the number of moles of reaction associated with the
complete discharge of the cell, n is the number of moles of electrons exchanged, and
F' is the Faradays constant. Note, thus, that the more the electrode material that
a cell or battery contains, the greater its capacity is.

However, a direct characterisation of the cell capacity via direct measurement of
the amount of active materials is hard to realize, since some of the active materials
might be, in practice, unusable. Possible reasons might be degradation, electrical
disconnection, or an excess of active materials. In fact, excess of active materials
is usually sought by the manufacturers because of practical reasons. In addition,

the cell fully discharged and fully charged states are usually defined based on the

!See the following definition of Capacity.
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specified cut-off voltages, as explained above, which might differ from one application

to another.

The charge and discharge capacities are usually slightly different, and most of the
times depend on the discharging or charging rates and on the ambient conditions,
because of their influence on electrode kinetics phenomena. In general, the higher
the current rates the lower the capacity a battery is capable of handling or delivering

and, similarly, the capacity decreases with decreasing temperatures.

2.1.2 Types of Batteries

Batteries come in many shapes and sizes. Mainly, three different kinds of physical
battery arrangements or packaging styles exist in the market for power applications
(see Figure 2.1). The difference relies on how the electrochemical cell structures are

grouped and packed: there are cylindrical cells, prismatic cells, or pouch cells.
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Figure 2.1: Plot of the three main types of power batteries in the market. Image
adapted from [55].

Cylindrical cells are still very popular and have the advantages of a very good
mechanical stability and ease of manufacture. Prismatic cells and pouch cells make
a more optimized use of the space, by using a flat layered structure, and they are
normally preferred for larger energy cells. The pouch is the lightest and the most
efficient packaging style, because it gets rid of the metallic enclosure that is needed in
the other packaging styles, and carries other advantages like the possibility of using
a more effective thermal dissipation. On the other side, the main disadvantage is
the swelling that this cells experience during cycling, which has to be taken into

account when designing pouch battery packs.
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2.1.3 Electrochemical Cell Components

An electrochemical or galvanic cell consist of an alternation of layers, including the
active materials (such as the cathode, the anode, and the electrolyte), the separator,
and the current collectors.

In this section, each of the cell materials are described: their main functions are

outlined and the most common materials on today’s technologies are presented.

Cathode

The cathode, or positive electrode, is the active material that accepts electrons from
the external circuit during discharge processes, hence getting reduced.

It consists typically of a lithium transition metal compound, in whose crystalline
structure lithium ions can be inserted. Mainly, three classes of cathode materials
for lithium-ion cells exist in the market, which are classified according to their
molecular structure: layered oxides, such as the well-known LCO, NCA, or NMC
chemistries (LiCoOs2, LiNiCoAlOs and LiNiMnCoOs, respectively); spinels, LMO
being the main representative of this kind (LiMn2QOy,); and polyanions, such as the
so-called LFP (LiFePOy), which belongs to the family of the olivines or phosphates.

Anode

The anode, or negative electrode, is the active material that gives electrons to the
external circuit and gets oxidized during the electrochemical reaction in discharge
processes.

Metallic lithium was used in the beginning as an anode material because of
its high specific charge density and its very low galvanic electrochemical potential.
However, this material proved to be harmfully dangerous, due to its high reactivity
with air and water and the common apparition of internal short-circuits. The mod-
ern lithium-ion batteries use insertion materials for the anode. Thereby, the lithium
never exists as a metal inside the cell, but only in ionized form, while dissolved in
the electrolyte or bound within the electrodes insertion materials.

Graphite is a popular material for state-of-the-art anodes, thanks to the good
electrical conductivity and high specific charge density. Other appropriate properties
are its good mechanical surface stability, and good lithium insertion properties with
relatively low volume increase, which results in consistent safety properties through-
out the battery lifetime. Other materials, such as soft carbon, siliceous alloys, or

lithium titanate (Li4TisO12) are under development for future anode materials [5].
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Electrolyte

The electrolyte, or ionic conductor, acts at the same time as an electric isolating
substance between the active materials and as a transporting media for the lithium

ions traveling from anode to cathode, during discharge, or viceversa during charge.

The electrolyte is typically a liquid solution of lithium salts, such as Lithium
hexafluorophosphate (LiPFg), in an aprotic organic solvent [128], like propylene
carbonate (PC), dymethil carbonate (DMC), or ethylene carbonate (EC).

The electrolyte components are usually not totally stable against the cell po-
tential at the anode. For that reason, the electrolyte solvents tend to get reduced
near the anode forming a thin Nernst layer, or diffusion layer: the so-called solid
electrolyte interface (SEI). A controlled SEI layer of reduced electrolyte molecules
is a necessary component in lithium-ion cells. It electrically isolates the anode due
to its lower ionic conductivity, as compared to one of the electrolyte bulk solution,

and prevents the liquid electrolyte to get further reduced with the anode [47].

In the electrolyte composition design, it is sought, by use of some additives,
that the SEI is formed in a controlled and stable way: the ideal SEI would be
formed during the first cycles, stay completely stable afterwards, and be totally
non-conductive for electrons [34]. However, and as it will be covered more in detail
in section 2.3, the real SEI properties are not perfect. In fact, electrolyte reduction
near the anode cannot be avoided at all, which translates into a steady growth of
the SEI during the battery life. The attributed and well-known consequences in
the batteries are: first, the battery or cell capacity fades due to the consumption of
active materials in the SEI growth and, second, the power capabilities fade due to

the increase of the overall ionic resistivity.

Other Components

The separator, a thin layer of electrically isolating material but, at the same time,
permeable to the transport of ions. The separator is needed to avoid direct flow of

electrons between the electrodes, which would represent an internal short circuit.

The current collectors, in contact with the electrodes, gather and conduct the
electrochemical generated electrical currents to the external circuit via the so-called
current terminals or current tabs. Normally, the positive current collector is made

of aluminum, whereas copper is employed for the negative current collector.
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2.2 Operation of a Cell

2.2.1 Terminology
Open-Circuit Voltage

Under equilibrium conditions, and under no current flow, the potential difference of
the terminals of a lithium-ion cell corresponds to the so-called open-circuit voltage
(OCV). This equilibrium potential is also called metal-ion potential, since it exists
due to the coexistence in balanced phases of a metal and its ions. It can either
be measured or calculated as the difference between the oxidation potential of the
anode and the reduction potential of the cathode, which are determined by the
material they are made of, being the potential of half-cell determined by the Nernst

equation?.

C-rate

The name C-rate stands for a current rate which is adopted for determining the
current in the field of batteries by most of the studies. This terminology is em-
ployed hence as a current rate unit, rather than expressing the current amplitudes
in amperes, [A], in order to increase the comparability of different size or different
capacity batteries. The C-rate is defined as the current to discharge the nominal
capacity (see the definition below) in one hour. Thus, a C-rate of X implies that
the nominal capacity of the cell, in Ah, is delivered in (1/X) hours, e.g. for a 2Ah
cell, discharge at C/5-rate signifies a current of 0,4A, while 2C translates into 4A

current rate.

Cut-off Voltages

The terminal voltages of a battery must be maintained at any time between the
minimum and the maximum cut-off voltages, Ui and U,,qz, which are specified
by the manufacturer.

The minimum cut-off voltage is the voltage at which a battery is considered
fully discharged, beyond which further discharge could cause harm or irreversible
degradation of the battery. The maximum cut-off voltage is the maximum electric
potential at which the cell must be charged in order to avoid safety hazards. Thus,

this voltage usually determines the fully charged state of a battery.

2In electrochemistry, the Nernst equation relates the reduction potential of an electrochemical
reaction to the standard electrode potential, temperature, and activities or concentrations by:

Ucett = Uben — 2 In lpf
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In most of the applications, the batteries are not used at its low-end voltage
spectrum. Hence, the power of the battery is cut at a higher voltage than the value
of the minimum operating voltage, Up,;. In this case, the specified power shut down

voltage level is also denominated cut-off voltage.

State of Charge

The state of charge (SOC) is the equivalent to a fuel gauge for a battery or a battery
pack. It is defined as

SOC(t) = SOC(to) — % / )i (2.1)

0

where Cy; is the capacity of the battery, and is an indicator of the current state
of a battery and the remaining available energy or capacity. Usually expressed as a
per one (0-1) or percent(0-100%) magnitude. The SOC takes value 1, or 100%, in a
fully-charged state, and is 0, or 0%, when the battery is empty, or fully discharged.

The simplest methodology to determine the state of charge of a battery inte-
grates the direct measurements of the charge that is flowing inside and/or outside
the battery and assumes a constant battery capacity (Coloumb-counting). More
complex methodologies, complement the direct current measurements with a set of
indirect methods, such as, i.e., Kalman filtering, with the objective of accounting
for the variations of the capacity of the battery (that depend highly and variably

on the operating conditions).

Depth of Discharge

The depth of discharge (DOD) is an alternative indicator of the battery’s state of
charge (SOC). It is defined as the complement of the SOC indicator: takes value 1,
or 100%, when the battery is fully discharged, and 0, or 0%, when the battery is
full.

DOD(t) =1-50C(t) (2.2)
2.2.2 Battery Dis/Charging Procedures

The standard battery dis/charging methods include basically two different processes:

1. Galvanic or constant current (CC) dis/charge process, which is characterized
by a constant (input or output) current rate. From an external circuit, the

current which is supplied or extracted from the battery is maintained.
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2. Constant-voltage (CV) process, that corresponds to those in which the input
or output current is controlled in such a way that the battery terminal voltage
is maintained at a constant level. Normally, the magnitude of the external
current in CV phases decreases in an exponential fashion, due to the battery

relaxation kinematics.

Fast charging procedures make use of a high current CC charge, which is followed
by a CV charge when the upper cut-off voltage, Upqz, is reached. Commonly, the
CV charge at U,,q; is maintained until the current has decreased below some fixed
limits, i.e., below C/10 or C/20 current rates.

Since this procedure is quite standard, it is normally called CCCV procedure.
Analogously, the same terminologies (CC, CV, CCCV) are used for discharge pro-

cesses among the battery community and the literature.

Charge and Discharge Curves

Charge and discharge curves show the voltage of a battery or cell during a deep
charge or discharge, measured in the current tabs, usually under a galvanic regime
(or constant current rate, CC). The current-voltage charge and discharge curves are
one of the most important characteristics of batteries. Plots of cell voltage against
the current are usually referred to as polarization curves, whereas graphs of cell
voltage as a function of the capacity (or of the fraction of the completed dis/charge)

are known as discharge curves.

2.2.3 Electrochemical Principles
Dis/Charge Processes

The decrease of Gibb’s free energy? is the driving force of the oxidation-reduction
(redox) reactions occurring during discharge in an electrochemical cell, whereas the
charging process implies an increase of the free energy, which has to be supplied
from an external DC source.

During discharge, lithium ions spontaneously deintercalate from the graphite
layered structure because of the existing electrochemical potential between the elec-

trodes, thus oxidizing the negative electrode. The lithium-ions that have abandoned

3The Gibb’s free energy is normally expressed in thermodynamics as a function of the variations
of enthalpy, H, and entropy, S, as AG = AH — TAS. In electrochemical cells, the equation is
usually rewritten as AGY,,, = —nFE?,;,, where the decrease of the Gibb’s energy is a function of
the number of moles of reaction, n, the Faraday constant, F', and the theoretical potential of the
cell, E2,,, = ES — E?, related to the potential of the electrode materials the cell is made of.
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Figure 2.2: Graphical schematic of the operating principle of a lithium-ion cell.
Figure adapted from [56].

the negative electrode, or anode, are conducted by the electrolyte solution and are
eventually absorbed in the positive electrode, and get intercalated within the positive
electrode material structure causing reduction of this electrode. As a consequence,
electrons flow from the negative electrode to the positive electrode through the ex-
ternal circuit. The electric current can perform work at the external load, and the
cell acts as a power source.

Since, as we can see in the Figure 2.2, the lithium ions are ”rocked” between
the two insertion electrode materials during cycling, these electrochemical cells are
oftenly referred to as "rocking-chair” cells, or dual lithium-ion insertion cells [84].

The electrochemical reactions for the discharge of the LFP 4 lithium-ion battery

are described by the following reactions [88]

LiCy M98, 1 [i* + e~ + Liy—oCo (2.3)
wLit + ze™ + Liy_y FePOy 229 1iFe PO, (2.4)

being 2.3 the anodic reaction at the negative electrode, and 2.4 the chemical process
occurring at the positive electrode or cathode, and being x the number of moles of

lithium ions that are deintercalated from the anode and intercalated in the cathode.

4The electrochemical reaction is presented for the lithium iron phosphate cathode chemistry,
since this is the chemistry of the battery that is analysed and modelled in this work.
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During charge, the processes inside the cell (reactions 2.3 and 2.4) are reversed.
In this case, the processes do not occur spontaneously and are not driven by the
electrochemical potential anymore, but instead need to be stimulated from an exter-
nal electrical power supply connected to the positive and negative current collectors.
The external power supply, which must provide a higher voltage than that of the dis-
charge processes, enforces the reactions in the reversed direction because of charge
conservation.

Self-discharge must also be mentioned here. This phenomenon explains why
batteries reduce the stored charge, or energy, without any connection between the
electrodes due to internal chemical reactions. How fast self-discharge in a battery
occurs is dependent on the type and components of a battery, its state of charge,

and the ambient temperature inter alia.

Battery Overpotentials

When a current flows, either when charging or discharging the battery, a shift in the
potential of the cell in comparison to the equilibrium open-circuit voltage (OCV)
can be observed. This deviation is called overpotential, and is originated in general
in electrochemical cells from different physical sources. Hence, the overpotential
can be divided into many different subcategories, which are not all well defined and

distinguished in the literature. The most common distinction is:

1. Ohmic overpotential: It refers to the sum of all the effects that lead to an
instantaneous, and proportional to the current, drop in voltage when a cur-
rent is applied. This effects, which are appreciable without almost any time
delay after a current change, are contributed by the bulk ionic resistivity of
the electrolyte and the separator and by the ohmic resistance of the current

collectors. (ref? molaria)

2. Activation overpotential: This is the potential difference, above the equilib-
rium potential, which is required to produce a certain current. It is oftenly also
called charge-transfer overpotential, and depends on the activation energy of
the redox event within the cell. In general, a higher overpotential is generated
with higher charge transfer speed, following the Butler-Volmer and the Tafel
equations [43].

3. Concentration overpotential: Concentration overpotential spans a variety of
phenomena that involve the depletion of charge-carriers at the electrode sur-

face. The main contribution is the so-called diffusion overpotential: When high
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current densities at the electrodes exist, depletion of the reacting substances
at the electrode surface results in a concentration polarization. Therefore, in
these conditions, the reaction kinetics are determined only by the diffusion

processes within the electrode and the SEI.

Other physical sources of polarization, with much smaller contributions in the
total overpotential in most of the operating conditions, are usually grouped or at-
tributed to the three previous categories. For example, the so-called reaction over-
potential can be considered within the activation overpotentials, and is only relevant
when lithium adsorption and desorption in the electrode-electrolyte surface is the
reaction-rate limitant. Another example would be the crystallization overpotential,
which is only important during metal deposition occurs, normally during charging
at low temperatures, and can by analogy be understood as a source of concentration
overpotential.

Knowing and differentiating between the source of different electrochemical over-
potentials, and with the idea in mind that some of the physical phenomena behind
them act slower than others and, thus, different overpotentials can be detected at
different time scales, note that the dynamic response of the voltage of the battery
when applying a current pulse can give a deep insight into the internal electrochem-

ical processes of a battery.

2.2.4 Battery Ageing

The properties of batteries are known to change during storage (calendar or calendric
ageing) and operation (cycle ageing).

The degradation of a lithium-ion battery has been intensively studied during the
last few years, and several studies have been published to investigate the influence of
different battery operating or storage conditions ([31], [32]). The most pronounced
ageing effects are capacity fade and impedance rise [33], and the most important
attributed ageing mechanisms are the formation and growth of the solid electrolyte
interface (SEI), the consumption of electrolyte, and/or the mechanical degradation
of the electrodes or the current collectors [34].

The main factors that influence the battery cyclic ageing are the operating cur-
rent, the temperature, and the SOC interval within which the batteries cycle, while
in calendric ageing the biggest factors are the temperature and the SOC at which
the batteries are stored [35].

As explained in [36], the physico-chemical understanding for much of the ageing

phenomena is still incomplete. Due to the lack of necessity for the understanding
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the present work, and for concision, a deep revision of such mechanisms is kept
outside of the scope of this thesis. However, the effects of temperature on battery
degradation are explained in depth in the following chapter (2.3). For completion,
if the reader is interested in a deeper and more complete understanding of the
degradation mechanisms in lithium-ion batteries, the work of Vetter et al. [35] and
the complete reviews on the topic by Barre et al. [37] and Jalkanen et al. [32] are

recommended lectures.

State of Health

The state of health (from now on, SOH) is a figure of merit of the condition of an

electrochemical cell, battery, or battery pack. The SOH is the ratio between the

capacity of a battery at a given time, Cpq (), and the nominal capacity, Cper,n. It
is defined as

SOH (t) = % (2.5)

Cn
and is usually expressed as a percent magnitude. Typically, the battery manufac-
turers provide the products at 100% SOH or higher, and this will decrease over time

due to storage time (calendric ageing), and/or use of the batteries (cyclic ageing).

End of Life

The end of life (commonly shortened and written as EOL) of a battery is commonly
taken at about 80% SOH, since most of the commercially available batteries show a
very fast degradation behaviour after this point, approximately. Therefore, at this

stage the battery is considered not to be useful anymore for most of the applications.

2.3 Thermal Issues on Lithium-Ion Batteries

Despite the existence of numerous lithium-ion batteries types and formats, it has
been shown that, in general, temperature has a significant impact on duration or
life, on performance, and on safety and cost [38]. This is not only true for lithium-
ion technology but also for the vast majority among the rest of existing battery
technologies, like lead-acid or nickel-metal hybrid batteries [39].

In this sense, most of the batteries are like humans, since they last longer and
perform better in a reasonable and moderate ambient temperature. The ideal work-
ing temperature range to achieve a good balance between performance and life is

shown to be, by most of the existing studies within the interval of 20 to 40°C.
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In this section most of the effects of temperature on lithium-ion cells performance
and degradation are explained by reviewing several experimental studies on this
topic, in order to understand and motivate why thermal issues play a key role for
the deployment of this energy storage technology on the BEVs and HEVs market.
For a further insight, the critical review on thermal issues of lithium-ion batteries

presented by Bandhauer et al. [27] can be addressed.

2.3.1 Cold Temperature Effects

Improvement of low temperature performance is a priority for the development of
BEVs and HEVs batteries, since temperatures below 0°C have many negative con-
sequences on lithium-ion battery performance. Electric cars, however, must be able
to operate at cold temperatures, which might occasionally or frequently (depending
on the climate) be requested. In some extreme climates, even temperatures down
to -40°C must be tolerated.

The exact mechanisms leading to a poor performance of the cells are complex and
are still under debate, due to the overwhelming number of commercially available
and tested electrode and electrolyte materials [40]. Nonetheless, it is clear that
the performance of lithium-ion batteries is reduced at low temperatures for all cell
materials [36]. For example, Nagasubramanian reported that a commercial 18650
lithium-ion battery delivered, at -40°C, only a 5% of the energy density and a 1,25%
of its power density as compared to the values at 25°C [41].

The most important and reported causes of the deteriorated cold temperature
performance of batteries are presented in the following paragraphs.

Analysing electrochemical impedance spectroscopy (EIS) experimental data, An-
dre et al. related the observed strong mid frequency impedance changes at low
temperatures to the recession of chemical processes celerity. Particularly, to the
strong dependency on temperature of the diffusion and charge-transfer processes
[42]. Moreover, Zhang et al. concluded from EIS observations taken at sub-zero
temperatures that the performance of lithium-ion at low temperatures is mainly
affected by the charge-transfer resistance of the battery, accounting for the Faradic
reactions taking place on the electrode-electrolyte interfaces. They showed that the
charge-transfer resistance, and its relative double layer capacitance (related to SEI
growth), increased exponentially at temperatures below 0°C [40]. Reduced ionic
conductivity is attributed to SEI growth by other authors, in [44] and [45], since the
ionic conductivity of the SEI is much lower than that of the bulk electrolyte [47].

Besides, when the transport rate of lithium ions exceeds the rate on which they

can be inserted or diffused on the anode, the deposition of metallic lithium on the
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surface of the SEI is promoted. Lithium deposition breaks and pierces the SEI,
which causes a re-building and further increase of the SEI. Huang et al. [48] argued,
in this direction, that the SEI layer growth and the poor charge-transfer related to it
cannot explain the big difference between the discharge and charge capacities at low
temperatures. Therefore, the limiting factor at low temperatures must be the low
diffusivity of the electrode. Lithium deposition, or lithium plating, is mentioned as
one of the most degrading effects in cells with graphite anode [31], and occurs mostly
during charging processes. It implies an irreversible loss of active material and an
irreversible energy capacity loss. Pesaran, et al. also substantiate the increase of
plating at low temperatures by the changes of the viscosity on the bulk electrolyte
[38], which is also consistent with the sluggish ion transport attributed to the charge-
transfer resistance increase. The increase of electrolyte viscosity and its declining
ionic conductivity with decreasing temperature can be a source of severe mechanical
degradation in the negative electrode material: the insertion of lithium ions that are
still being surrounded by their shell of solvent molecules could cause exfoliation of the
graphite layers on the anode [49]. In any case, poor electrode kinetics, high SOC,
and high charging rates are known to be the main factors that promote lithium
plating [40]. For that reason, Fan and Tan, which studied the effect of different
charging procedures at -20°C, recommend avoiding high charge rates, even in short

pulses, to limit the irreversible capacity fade [50].

Furthermore, the deposition of solid lithium can lead, depending on the negative
electrode material, to dendrite formation, although, as explained by Waldmann et
al. [51], lithium dendrites have never been created or observed on lithium-ion cells
with graphite anodes, even if the models suggest that this may happen. Dendrite
formation would undoubtedly compromise the safety, since it may lead to an internal

short-circuit that can evolve to thermal runaway.

On the other hand, the heat generation rate at low temperatures of the batteries
is raised as a result of the internal resistance increase. It has been seen that self-
heating improves substantially the battery performance (i.e., in [52], the discharge
capacity increases from 100mAh, in isothermal conditions at -20°C to 2200mAh,
if the battery operates under adiabatic conditions). Although, sufficient warm up
for normal operation at cold conditions must be aided by some external or internal
heating system [53].

Summarizing, power capabilities are reduced under cold temperatures due to the
increase of the cell internal impedance due to SEI growth, whereas energy capacity
is irreversibly lost, mostly because of accelerated lithium plating (especially during

charging) and loss of active material related to the growth or repair of the SEI.
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Impedance increase raises internal heat generation, but self heating does not usually

sufficiently warm up the batteries for normal operation.

2.3.2 Hot Temperature Effects
Capacity and Power Fade

The charge and discharge capacities of a lithium-ion battery raise with increasing
temperature, as well as the operating voltage (related to the power capabilities),
due to the decrease of diffusion and charge-transfer resistances. However, capacity
and power irreversible degradation is proved by many studies to be accelerated if
the battery temperature increases beyond 40°C or 50°C, regardless of discharge rate
and/or cell chemistry [27].

For example, studies [54] and [57] from Ramadass et al., for repeated cycles of
a 18650 prismatic LCO cell between 0% and 100% SOC, showed that the capacity
faded 70.6% when maintaining the battery temperature at 50°C, while for the same
number of cycles and an operating temperature of 25°C, the capacity fade was
only 22,5%. They argue that the main factor explaining the huge capacity fade
at high temperatures is the degradation of the negative electrode. With similar
experimental cycling settings, Ehrlich [58] obtained a 44% and a 82% higher capacity
fade, for LCO and LMO chemistries, respectively, at 45°C, as compared to the values
obtained at 21°C. Still, full charge and discharge cycles, like the ones tested in the
above mentioned studies, are not commonly performed in BEVs and HEVs. Instead,
the batteries in such applications tend to operate in a narrower SOC range as near
the fully charged and fully discharge states the power capabilities of any battery are
limited. However, Choi and Lim [59], which cycled at 1C current rate LCO cells
at 25°C, concluded that there is no appreciable difference in capacity fade due to
changes in SOC cycle ranges. Belt et al. [60] prove again that the capacity fade is
not a strong function of DOD, but conversely conclude that power fade is a function
of DOD and attribute this to positive electrode breakage [27].

Using X-ray diffraction (XRD), nuclear magnetic resonance (NMR), scanning
electron microscopy (SEM), and X-ray photo-electron spectroscopy, Bodenes et al.
[61] attemped to give more information on the insights of the effects of high tem-
perature degradation mechanisms. They indicated that the formation of a binder
layer, similar to the anodic SEI, at the surface of the positive electrode led to poor
lithium re-intercalation, and they also showed that several changes in the compo-
sition of the SEI occur at high temperatures. Similarly, the study from Leng et
al. [62], analysing an LCO cell from 25°C to 55°C, concludes that the increase of
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degradation rate of irreversible capacity loss with temperature is due mainly to the
formation and modification of the surface films on both electrodes, but they also
argue that structural and phase changes of the LCO cathode have a great influence
on ageing. Amine et al. [63] presented similar conclusions for their studies of LFP
cells, observing deterioration of the cathode (more precisely, observing dissolution

of iron ions in the electrolyte) and also the effects of SEI repair and growth.

Thermal Runaway

Apart from capacity and power fade effects, the most dreaded and hazardous effect
in lithium-ion batteries is the so-called thermal runaway, which can occasionally lead
to fire or even an explosion of the batteries. Logically, this is one of the primary
reasons that delay the broad introduction in the BEVs and HEVs mass market,
since thermal runaway compromises the safety of the system, which mustn’t be
endangered at any point.

As stated in [64], thermal runaway might appear in batteries as a result of abu-
sive conditions, namely: overheating from maintained high current rates or from
excessive high ambient temperatures, or battery overcharging. Once the thermal
runaway starts, very exothermic chain side reactions may be triggered, building up
uncontrollably the temperature and the internal pressure due to gas outcasting, and
promoting even faster and more hazardous chemical reactions. More precisely, the
process starts when the SEI film that normally protects the lithiated carbonaceous
electrode from reaction with the electrolyte and contains both stable and metastable
components, starts decomposing, which occurs when the temperature reaches the
threshold between 90°C and 120°C. In consequence, the electrolyte and the electrode
begin to react exothermically (although the reaction might be limited due to the
soluted salts, as LiPFg) with a peaking temperature at around 200°C. As explained
by Yang et al. [12], after the SEI being decomposed, the electrolyte evaporates at
around 140°C and the separator is melted between 130°C and 190°C. This phe-
nomena, causes further problems, such as the possible combustion of the vaporized
electrolyte (which might be triggered when the positive electrode —i.e., a layered
oxide— casts oxygen and other gases). In addition, a melted separator can cause an
internal short-circuit which generates even more heat. All these chain reactions lead
eventually to fire or even a catastrophic explosion at around 400°C to 600°C.

For that reason, a great number of researchers have focused on the study of
these events, to achieve deeper knowledge on the vulnerability of the cells to the
main causes of this phenomenon. Recently, Finegan et al. [13] proposed a combined

in-operando and multi-scale X-ray computed tomography as a comprehensive ap-
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proach to understanding battery failure, and observed that with increasing SOC, the
chemical energy release of thermal runaway increased, too, posing the overcharge
as the most catastrophic and dangerous conditions for lithium-ion cells. Similarly,
Al Hallaj et al., who slowly heated up an LCO cell in 5°C increments to identify
the temperature onset of thermal runaway, found that the onset happened at lower
temperatures for higher battery voltages [14]. Spotnitz and Franklin [65] inves-
tigated the external short-circuit event using a 1D simplified model and observed
that, in this case, the ohmic loss heat raised the temperature so fast that the positive
electrode and electrolyte reaction started before the other reactions could progress
significantly. Kim et al. presented both lumped and three dimensional thermal
models that simulated various side reactions inside the battery under abusive con-
ditions [15], and extracted conclusions on the effect that the battery aspect ratio
(Area/Volume) has in relation to the thermal runaway onset.

Most of the current research on improving safety and prevention of this kind
of hazardous events in lithium-ion batteries is focused on current-limiting or pres-
sure releasing devices, safer positive electrodes and electrolytes investigation, special
electrolyte coatings and additives [16], and optimization of heat dissipation and tem-
perature control systems.

Knowing that the reaction between positive electrode and electrolyte is the most
dangerous of all, it is worth mentioning that the LiFePO, cathode material has been
shown to possess the best thermal stability and release the lowest amount of heat
when reacting with the common electrolytes as compared to the other available
cathode materials, since they contain quite unstable elements such as manganese,
cobalt, or nickel. For its inherent better thermal stability, the projection of this
cathode material for BEVs application has high expectations, even if its energy

density is considerably lower than other chemistries.

2.3.3 Storage Temperature Influence

The degradation of lithium-ion batteries in time, without any use of them, is de-
nominated calendar ageing, and is mainly related to the self-discharge of the cells
due to the non-ideal ionic isolation of the electrolyte, and to the steady SEI growth,
although the calendric steady SEI growth celerity is often negligible as compared to
the cycling one [34].

In general, the calendric capacity fade is described as a function of the time, the

temperature and the SOC at which the cell is stored:

AChy = f(t, T, SOCstorage) (26)
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At higher temperatures, faster ageing is expected due to accelerated surface
species (SEI) dissolution, increased electronic conductivity, and increased rate of
self-discharge. Thomas et al. announced that calendric power fade is primarily
dependent on temperature, especially in the first 4 weeks of life [66].

In most of the cases, the effects of T" and SOCiorqge are reflected in the function
f(t, T, SOCstorage) as a coefficient o, that multiplies a polynomial function of time.
This coefficient is often empirically related to an Arrhenius-like law as

Qcal(T) = ko - €t (2.7)
since this law can be related to the rate at which the side reactions take place. R is
the gas constant, E, is the activation energy, T' the absolute temperature, and kg is
an empirical constant. The effect of the SOCstorqge, Which is much smaller than the

effect of the temperature [67], is normally related to the activation energy, E,[34].

2.3.4 Other Effects of Temperature in Lithium-Ion Batteries
Electrical Imbalance

As can be deduced from the explanations above, battery capacity can be a strong
function of temperature, due to the strong influence that the temperature has on
the most important degradation mechanisms of the lithium-ion cells. Hence, cells
operating at different temperatures inside a battery pack may lead to electrical
imbalance of them.

When batteries with mismatched capacities are connected in series, the weakest
cell normally limits the performance of the serial battery pack. As shown by Kuhn
et al. in [68], charge equalization extends usable life, and because of that, thermal
gradients may affect considerably the degradation of battery packs.

Besides, charging a battery pack with imbalanced capacity cells connected in
series may cause the weaker cells to be overcharged (that is, over the maximum
cut-off voltage). As explained in the previous section 2.3.2, overcharging is not
tolerable in many of the existing lithium-ion chemistry technologies, as it may carry

side reactions that can lead to thermal runaway.

Effects on OCV

Both Thomas et al. [69] and Reynier et al. [70] established the existence of a linear
dependence of battery open circuit potential with battery temperatures between
20°C and 29°C.
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Thus, the effects of temperature on the OCV, U,. are usually approximated by

a first order Taylor series expansion as

8Uvoc
oT

where the term % is the so-called entropic coefficient, which has a relevant

Uoc(T) = Uoc(Tref) + (T - Tref)

(2.8)

importance in the batteries heat generation, as it will be covered in the following
section 3.2.1, and Ty is a reference temperature.

Other studies have concluded, too, that the entropic coefficient for LFP cells
is constant among the majority of the SOC range, having only slight variations
(nonlinearities in temperature dependency) near fully charged and fully discharged
states [71].



Chapter 3

Modeling Strategies for

Lithium-Ion Batteries

In most applications, a battery system consists of the battery, or battery pack, an
electronic battery management system (BMS), and a battery thermal management
system (BTMS).

The technologies related to electrified vehicles have a promising near future,
since, to this day, they are the best and most competitive alternative to replace fuel
vehicles. The projected mid and long term growth of the BEVs and HEVs market
will have a tremendous impact not only on the reduction of greenhouse gases but
also on the electricity distribution systems [72].

The deployment of BEVs and HEVs is closely related to the battery technology
development. In such applications, the battery system size must scale up to around
15kWh or more in order to offer driving ranges similar to those of gasoline cars (400-
600km) [64]. The design of such large battery packs presents a daunting number of
technical challenges for meeting the high reliability, durability, and safety standards
in the automotive sector.

Numerical simulation has contributed for decades in the automotive sector de-
velopment. However, batteries are very different from the products that automotive
manufacturers are used to work with, and deep and precise knowledge of its oper-
ation is required since slight deviations from the proper working margins can lead
to dramatically shortened battery life and even to serious safety hazards. Further-
more, the design and selection of an adequate simulation framework for lithium-ion
batteries is challenging, because a wide variety of models can be used to describe
different phenomena or physics.

Generally, the different simulation approaches can be classified by their objec-

23
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tives, which are usually related to the physics scale that is modeled. Hence:

i. Detailed models and submodels are necessary to simulate the electrochemical
and physical phenomena inside the cells to improve cell and battery design,
to give understanding on battery degradation phenomena, and to predict haz-

ardous effects.

ii. Precise system level models of battery modules or packs (which can comprise
hundreds of cells) are needed, i.e. for the design of battery thermal management
systems (BTMS).

iii. Finally, lumped or simplified system-level models need to be integrated within
the system model of the entire powertrain and vehicle to control and monitor

the battery state at real-time during operation.

Hence, in the simulation of batteries, it is very important to have a clear idea of
the objectives pursued, because ”the best possible physics-based model can depend
on the type of issue being addressed, the systems engineering objective, and on the
available computational resources” [36].

Apart from the required complex modeling tools, and as a validation tool for the
assumptions and the derivation of such, reliable experimental measurement tools are
necessary for testing and evaluating battery performance, degradation, and thermal
characteristics.

This chapter includes a wide overview on the state of the art of lithium-ion
battery modeling and experimental characterization strategies, covering the most
important fields related to the development of the BTMS.

First, a necessary overview on the state of the art of the modeling strategies of
electrical —or electrochemical- modeling of batteries (section 3.1) is included. The
next section is related to the theoretical and experimental characterization of the
battery heat generation rates, which are fundamental for the development of proper

thermal management systems for batteries (section 3.2.1).

3.1 Electrochemical Modeling of Lithium-Ion Batteries

Accurate modeling of the electrical behavior of a lithium-ion battery is important
for a proper integration and operation of the battery system within the external
electrical and electronic systems or networks.

The main objectives of electrical modeling are: first, to predict the terminal

voltage of a battery under any input conditions, which is needed to prototype,
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design and test complex electric and electronic systems; and second, to predict
battery lifetime, or degradation, needed for precise system costs estimation [73].
Thus, in practice, the main challenges are to estimate accurately the so-called state
of charge (SOC) and state of health (SOH) of the battery [74].

Many different mathematical models with those purposes exist, varying widely
in terms of abstraction, complexity, computational requirements, and reliability of
their predictions, although finding efficient ways of simulating battery systems is
still an active area of research [36].

The simplest approaches are ideal models or simple phenomenological mathe-
matical models (such as the Shepherd, Nernst, or Peukert models). Apart from
these, the applicability of which is infeasible in practice, since they are limited to
special operating conditions, mainly two SoA strategies for modeling the complex

electrochemical behavior of lithium-ion batteries do exist:

e Equivalent circuit (EC) models: An empirical approach that attributes the
different electrochemical overpotentials, caused by different physico-chemical
processes inside the cell, to different circuit elements in an equivalent circuit

topology.

e Physics-based electrochemical models: They intend to detail the basic, spa-
tially distributed electrochemical processes, which include mass transfer, fluid

mechanics, reaction kinetics, and thermodynamics physics

In the following sections 3.1.1 and 3.1.2, a brief overview on both alternatives is

depicted, trying to spotlight some of the major drawbacks and advantages of each.

3.1.1 Equivalent Circuit

The idea behind equivalent circuit (EC) models is to model and reproduce the bat-
tery behavior by an analogous electrical equivalent circuit. Considering the battery
as a black box, and through analysing the voltage response of the battery at its
terminals under different conditions, the internal processes of the battery can be re-
lated to a fictitious electrical network. Analogously to Thévenin’s equivalent ideas,
the EC battery models consist mainly of a voltage source, which corresponds to
the open-circuit voltage (OCV), and an impedance in series which determines the
overpotential of the battery under charge or discharge processes.

The spatial distribution of the real physical system is neglected and only the
battery overall voltage response is modelled (in a zero-dimensional space, thus),

by the use of finite differences numerical schemes for the time integration. This
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simplification reduces the computational effort immensely, as compared to physical
models with spatial resolution. It is due to its speed and versatility that EC models
are the prevalence choice for the BMS design for portable electronics, and are also
extended to the development of BMS systems for lithium-ion batteries in automotive
or energy storage applications, as we can see in recent publications [75, 76, 77, 78].

Equivalent circuits have a corresponding U-I characteristic only from the point
of view of the load, and Thévenin’s theorem is only valid for linear circuits. Hence,
in practice, the EC for modelling the behavior of lithium-ion batteries need to be
defined within small parameter intervals, as in linearization techniques [79], since
the battery behavior can only be considered as a linear circuit if small SOC (or

current rate, or ambient temperature) ranges are considered.

EC Impedance

The model impedance can vary from very simple schemes to very complex networks,
such as the extended Randles model shown in Figure 3.1, and a simple ohmic resistor
being the simplest model. In complex EC circuits, the different physical sources of

cell overpotentials (recall section 2.2) are attributed to different impedance elements.
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Figure 3.1: Equivalent-circuit topology of the extended Randles model. Figure
reprinted from [34].

The ohmic overpotential, or ohmic polarization, that causes a sudden voltage
drop proportional to the current, is represented by an ohmic resistor, Rs. Activation,
and concentration overpotentials, which result from more complex and transient
physical processes within the cell, are usually treated as a combination of resistive
and capacitive elements, since they are a combination of energy dissipative and
energy storage phenomena. Thus, they are modeled by a parallel combination of
a resistor and a capacitor: the so-called RC-circuit, the impedance of which is

determined by the Fourier’s transfer

R

= 1
14+ jwRC (3.1)

Zge(w)
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where w is the angular frequency, j is the imaginary vector unit, and R and C are
the parallel resistivity and capacitance that conform the RC impedance.

As suggested in [34] and [80], substituting the capacitor of such an impedance
(RC-circuit) by a constant phase element (CPE), which is a theoretical impedance
element with a more versatile transfer function, the impedance that can be observed
in batteries can be fitted or approximated more accurately. In this case, the parallel
circuit of a resistor and a constant phase element is oftenly called ZARC.

A characteristic parameter of such impedances (RC and ZARC elements), is their
time constant 7, which determines the time (or velocity) in which this impedances
reaches steady values. The time constant of such elements is therefore an indicator
of the time scale, or the celerity, of the time that the different impedance overpo-
tentials take to get established. For that reason, and knowing that the different
electrochemical overpotentials are manifested, or set at different velocities, each of
these complex impedances can be attributed to different physical processes, giving
some phenomelogical sense to each of the EC parameters. Usually, a first (and
faster) RC or ZARC impedance represents the surface diffusion layers on the anode
(the so-called SEI), and a second one (slower) represents the charge transfer and
the double layer resistances. Finally, the diffusion limitations can also be taken into

account by Warburg elements.

Parametrization of EC

For obtaining the impedance parameters for the EC mainly two different character-

ization techniques are reported:

1. Current pulse measurements: The battery or cell is subjected to current pulses
at different SOC, after each of which a sufficient relaxation time is set to lead
the battery to a relaxed state. The typical dynamic evolution of the voltage,
in time, due to the current pulses is shown in Figure 3.2. Different methods
(such as the current switch or the current-off methods [81]) can be used to
fit every EC impedance parameter in order to minimize the error of the EC

model voltage response to the obtained experimental data.

2. Electrochemical Impedance Spectroscopy (EIS): The electrochemical impedance
is obtained by applying different high frequency AC sinusoidal currents to the
battery and measuring the voltage between the terminals. Here, the complex

impedance spectrum is usually represented, by convenience, in a Nyquist plot!,

Tn a Nyquist plot, the Fourier transform of the transfer function of the impedance is represented
as a complex number by Z(w) = Zpexp j¢ = Zo(cos ¢ + j sin ¢)
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Figure 3.2: Voltage response of the battery of study under different magnitude
current pulses.

an example of which is shown in Figure 3.3.
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Figure 3.3: In black, Nyquist plot of the empirical impedance spectrum of a fresh
battery sample at 50% SOC, obtained by EIS measurements with a frequency range
of 2kHz-0.01Hz. In red, plot of the impedance of the extended Randles EC model
with fitted parameters.
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Shortcomings of EC Models

In EC modelling, the degradation effects are often considered empirically as well,
using a similar strategy than the one which is used to fit the EC parameters, based on
extensive databases that are obtained from battery testing under various operating
conditions and loads. However, the relationship between failure modes during the
test conditions and those during actual operating scenarios has not been clearly
established [36], and often the testing conditions cannot reproduce or cover the
overall real application conditions.

Regarding the degradation, many attempts have been made to relate the EC
parameters evolution to extract conclusions on the phenomenological aging phe-
nomena inside the battery cells. The degradation is generally attributed to the loss
of active materials and growth of SEI layer [82].

Linked to the previous point, however, one of the main drawbacks of EC models
is that the usage of complex equivalent circuits, which normally fit the battery’s dy-
namical response better, translates into replacing a complex electrochemical model
into a complex empirical model with a large number of parameters to fit. Hence,
the physical intuition behind the meaning of the impedance parameters is usually
lost, and the parameters turn into mere fitting parameters [79].

Another major shortcoming of this strategy is that, since the battery impedance
is a complex, nonlinear, and time dependent variable, it has been seen that the
measurement frequency and current amplitude affect the impedance estimations.
Therefore, the outcome of the internal impedances are also dependent of the data
gathering processes [83] and, for that reason, the applicability of the EC models is
limited to the current amplitude range that has been employed within the empirical
obtaining of the model parameters and to the time scales, or frequencies, at which

the pulses have been applied.

3.1.2 Physics-Based Models

Physics-based electrochemical engineering models for lithium-ion batteries, which
incorporate transport phenomena and chemical and electrochemical kinetics, were
pioneered from the University of Berkeley by Doyle [84], Rao and Newmann [85],
and Bernardi et al. [86], and have existed for more than twenty-five years now.
Normally, the physics-based models are solved in a finite elements formulation
within a one-dimensional domain (e.g., the models presented in [87, 88, 52, 89, 90]),
and the focus is usually the cell level. In most of the literature publications, the

aim of such models is to give a better understanding on the micro-scale knowledge
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of the battery processes.

Thanks to this modeling strategies, the knowledge on the sources of the battery
shortcomings that are observed and reported from the battery system perspective
(namely the SEI formation and growth, the loss of active lithium, the undesired side-
reactions, and the mechanical degradation of the electrodes) has recently been ex-
tended considerably thanks to the inclusion of some stress-strain models, molecular
dynamics, and different stochastic approaches to the basic electrochemical balances
(presented in the next section, State-of-the-Art Electrochemical Physics).

Besides, two and three-dimensional spatial resolutions have also been presented
recently [91, 92], and are expected to be a powerful tool for the improvement in the
design and energy density of the cells by the optimization of the electrode materials
composition, the active particle’s size, or the thickness of the cell components [7].
Another main application of the models with spatial resolution is the improvement
of the energy density of the batteries, i.e., to improve the battery design by the
optimization of the electrode materials composition, the active particles size, or the
thickness of the cell components ([92], [87]).

Last but not least, multi-scale multi-domain strategies are arising lately, such as
the models presented by Kim et al., in [93] and [94], and Kostetzer [95] and attempt
to couple the micro and macro-scales. These approaches seem promising since the
good resolution of the electrochemical physics models can be taken into account in

the battery stack level simulations.

State-of-the-Art Electrochemical Physics

Hereafter, and referring to the governing equations that dictate the electrochemical
processes inside a cell, the main State-of-the-Art (SoA) physics-based models are

presented. Sorted according to increasing complexity and predictability:

i. Single-particle models (SPM). The transport phenomena is taken into account
in a simplified form, considering a single reference particle of each electrode,
neglecting the concentration and potential effects in the solution phase between
the particles [96]. This is only valid for low current rates and thin electrodes
[97, 79].

ii. Ohmic porous electrode models. The porous electrode that is included accounts
for the solid and electrolyte potentials and current, and incorporates additional
phenomena such as the dependency of ionic conductivities as a function of poros-
ity. Usually linearizing or approximating the electrochemical kinetics equations,

this model has been employed to design separator and electrode thicknesses [98].
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iii. Pseudo-two-dimensional models. The derivation of the so-called pseudo-two-
dimensional (P2D) lithium-ion transport model was led by the research group
of Newmann et al., and implemented originally in FORTRAN by Doyle [84].
These models take account of the phenomena that occur inside lithium-ion cells
under discharge and charge conditions, as well as during relaxation periods, ex-
panding the porous electrode theory to treat the composite insertion electrodes
as a surface charge transfer (governed by the Butler-Volmer kinetics) and a dif-
fusion phase. Besides, concentrated solution theory accounts for the transport
processes in the electrolyte liquid phase. Its general character and versatility
made further battery understanding possible, and many similar models have
been derived [99]. The inclusion of many internal variables that allow for im-
proved predictive capability, despite of its greater computational cost, makes
this model the one that is used the most by battery researchers. Moreover, it is
adopted and implemented by most of the simulation software companies, such

as Ansys [64], Comsol [100] or CD-Adapco [101].

Shortcomings

Physics-based modeling is a very active area of research and many methods and
approaches are reported. However, there exist three major drawbacks that have
limited its usage from a wide range of applications.

First, the intrinsic physical complexity of the model describing the different
physics occurring within the electrodes and electrolyte, commonly lead to a big
number of nonlinear partial differential equations (PDEs), whose effective solution
requires advanced numerical techniques, even for the more simple models available
in the literature such as the SPM model or the porous electrode P2D model. Hence,
efficient ways of simulating battery models is an active area of research, and many
investigators have tried to reformulate the models using different mathematical tech-
niques and methods in order to speed up the physics-based models [102, 103].

Second, the model parameters correspond typically to microscopic material pa-
rameters, and are usually not directly observable or measurable during operation
of the battery. Its observation is expensive and requires expensive and complex
measurement tools and appropriate testing setups. Spectroscopic X-ray difraction
(XRD), nuclear magnetic resonance (NMR), or scanning electron microscope (SEM)
are common techniques [13], but require disassembling the battery sample compo-
nents, which is expensive in terms of money and time. In consequence, the model
parameters and the model assumptions have to be validated commonly by the com-

parison of operation experimental data and model predictions. Within this task, a
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trial-and-error determination of battery design parameters and operating conditions
is inadequate and has motivated the use of optimization techniques. Accordingly,
the model simplification cited in the previous paragraph are also necessary for these
tasks, and reformulated reduced models have lately enabled a greater use of common
optimization techniques for models validation [104].

Yet, the third major shortcoming is that, although much literature related to
capacity fade, SEI-layer formation, and other degrading processes exist, the physico-
chemical understanding is still incomplete for many of the phenomena that occur
inside a battery, and no existing model simulates all of the mechanisms for capacity

fade or battery failure.

3.2 Thermal Lithium-Ion Models

Since the temperature is one of the most influencing factors on the electrochemical
processes within a lithium-ion cell (recall section 2.3), accurate understanding of the
characteristics of the battery heat generation is essential both for the reliability and
predictability of the electrochemical models.

In the following sections, the theoretical principles and the derivation of the basic
formulations that are reported in the literature for characterizing the heat gener-
ation in lithium-ion batteries are described, at first. Then, different SoA coupled
electrochemical-thermal lithium-ion models will be reviewed to spotlight what are
the tendencies and the selected engineering strategies that are currently in use in

the field of the BTMS design.

3.2.1 Electrochemical Heat Generation

Heat production in electrochemical cells is related to each of the internal overpo-
tentials described in section 2.2, the fundamental of which are the following three:
activation or polarization —related to the interfacial kinetics, reaction and concentra-
tion —related to the concentration and diffusion of species within the active materials,
and ohmic overpotential —caused by ohmic losses due to the movement of charged
particles [86, 85, 27].

In the mid 1980s Bernardi et al. derived a general energy balance for a battery
system by utilizing the first law of thermodynamics over the battery control volume

[86]. The enthalpy changes of the active species within the cell were written as

deat
dt

= Gpat — IU (3.2)
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where dHpq/dt is the sum of the enthalpies of the different phases the term ¢
represents the rate of heat transfer with the surroundings, and IU the electrical
work.

Discrete phases interact with each other inside the battery. They assumed an
average composition for each of these phases, and applied Gibbs-Helmholtz relation
for each of the general species reactions, to obtain the rate of enthalpy change
associated with the electrode reactions, mixing effects, and phase change processes.

As a result, the previous equation 3.2 can be rewritten as

dUla'ug
o 2
bar — 1U = Z(IT dT)
Aij
_Zdt ZcmRT )\m}g dv;
[2¥}
d Ao\ dn
. 0 2 1,
j%;mzi:(AHZ o — RT?—In (Aavg> dt) (3.3)

drT
+E Zzndcﬁjg Z m F Acpz

dT
U (G- (nig —nly)

JiFEm i

where, regarding the terms on the r.h.s., the first term represents the enthalpy of
reaction (or, what is the same, the sum of producible reversible work) and is de-
rived from Gibbs-Helmholtz relation (assuming that there are several simultaneous
electrode reactions) and the theoretical open-circuit potential to a reference elec-
trode with average composition. The second and third terms account for the heat of
mizing, which is produced when concentration variations across the battery are de-
veloped as a result of non-uniform reaction rates. When the current is interrupted,
the concentration gradients relax causing heat to be absorbed or released. The two
last terms reflect the heat energy that is related to the active material phase changes
[85] [27].

The previous energy balance, however, is mostly employed in the literature (e.g.,
used in [105, 87, 88, 90, 6, 106]) in a simplified form which assumes an average heat
capacity and isothermal operation conditions, and neglects the effects of enthalpy
of species mixing, the ohmic heat in the current collectors and phase change terms.

Due to this simplifications, the electrochemical heat generation rate can be rewritten
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as a simple function of the operating current, voltage and temperature, (I, U and
T'), the open-circuit voltage (U,.), and the entropic factor (OU,./0T) as

1
%at

q (I(U — Use) + IT%ZT) (3.4)

where Uy is the volume of the active materials in the battery.

Some key features for the previous equation (eq. 3.4) are:

1. The first term is interpreted as the irreversible or polarization heat, and is
indicative of all the irreversibile electrochemical processes, such as inner ohmic
losses, charge-transfer phenomena, and diffusion of mass transfer limitations
[7]. Note that this contribution is always positive since, for a positive current,
I > 0, the working potential of the battery is higher than its open-circuit
voltage (thus, (U — U,.) > 0); for a negative current, I < 0, the overpotential
is negative, (U —U,.) < 0, since the operating voltage under discharge regimes
is lower than the OCV, U < U,..

2. The second term is acknowledged as the reversible or entropic heat effect, and
is related to the reversible electrochemical processes. Taking into account the
sign of the current, this term takes positive sign during charge, and negative
sign during discharge. However, the sign of the overall reversible heat genera-
tion is always conditioned by the sign of the entropic factor, OU,./dT, which
in a lithium-ion battery has typically negative values at low SOC, and positive
values at high SOC.

Regarding the assumptions or simplifications for the previous equation 3.4, it is
here worth to mention that all the cited assumptions have been empirically demon-
strated to lead to very small heat generation prediction differences in the case of
small batteries. On the other side, the ohmic heat in the current collectors and the
enthalpy of mixing terms can be considerable in big size prismatic or pouch batteries
and, as recommended by Taheri et al. [30] and Lai et al. [89], should be taken into

account for precise heat and temperature estimations.

3.2.2 Coupling electrochemical and thermal models

Reliable electrochemical-thermal models for battery systems are a must for the ap-
propriate development and success of the imperatively needed battery thermal man-
agement systems (BTMS) [107], in order to enhance the security and the battery
life of the battery packs. Besides, as stated by Latz and Zausch [108], multi-scale
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coupled electrochemical-thermal models play a key role in the success of the ac-
knowledgement of the battery degradation phenomena, since most of the battery
processes are highly dependent on the temperature.

In most of the cases, and as we can see in Figure 3.4, a 0D or 1D electrochem-
ical model is coupled with a 2D or 3D thermal model, and the interplay pf the
two models is resolved in a dual-directional way: the average temperature of the
thermal model is used in the electrochemical model, and the heat generation from
the electrochemical model is applied to the thermal model in order to compute
the next time-step temperature distribution. This is true regardless of the electro-
chemical model strategy that is selected, and recent publications show that thermal
battery models are being developed to this end by the coupling of both empirical
equivalent-circuit (EC) based ([95, 28, 109, 105]), and physics-based electrochemical
models ([110, 108, 89, 88, 111}).

: Electrochemical current and
Electrochemical Cell Model (0D SR S

EC model or 1D physics-based
electrode model) l

T 2D or 3D Thermal Cell/
Battery Model
(+ electrical model}

Lumped ar average temperature =T
[+ electrodes Vp \Vn distribution)

Figure 3.4: Conceptual diagram of the most common modelling strategy and cou-
pling approach for electrochemical-thermal battery models.



Chapter 4

Battery Characterization

In this chapter, the experimental tools and procedures that have been used to char-
acterize the electrical and thermal performance of the battery under study are pre-
sented, as well as the relevant results and their analysis and discussion.

Within the context of this thesis, the main objective of the electrical character-
ization of the battery sample is to found an electrochemical-thermal model for an
acceptable prediction of the battery heat generation and temperature distribution.
On the other hand, the thermal behavior of the battery sample is also experimen-
tally studied in this chapter by calorimetric measurements and, in this case, the
experimental data will serve as a validation tool for the developed numerical model
of the battery.

In section 4.1, the battery which is studied in this thesis is presented, as well as
its main characteristics, including some of the relevant data sheets and some weight
and geometry measurements.

Section 4.2 presents the tests that were conducted for the characterization of
the electrical magnitudes of the sample, including the OCV and the overpoten-
tial characterization, that are needed for the development of the empirically-based
electrochemical-thermal battery simulation model.

In the last section, 4.3, the procedures for the conducted calorimetric tests are

described and the obtained results are presented and discussed.

4.1 The Battery of Study

The battery of study is a pouch battery (or pouch cell) of A123 Systems, with
a nominal capacity of 20Ah, and a lithium iron phosphate (LFP) based cathode
material (Nanophosphate®). More precisely, the so-called AMP20m1HD-A, which

36
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is designed for application in BEVs, HEVs, or long duration grid energy storage

systems.

oz RS

Figure 4.1: Picture of the lithium-ion pouch cell studied in this work.

The selection of this concrete cell for the development of this project has to be

attributed to the market research work previously done by Ritter in [112].

4.1.1 Data Sheet Characteristics

The nominal capacity is 20Ah, and the nominal voltage is 3, 3A. The allowed current
operation range from the provided data sheet, which is the range comprised in
between the maximum and minimum recommended current rates, is shown in Figure
4.2. We can see that this battery has a high power density, since it admits discharge
pulses up to 30 C-rate for periods of 10 seconds, which is unimaginable in lithium-ion
cells of other chemistries.

Some of the specified influences of the temperature provided by the battery
manufacturer are shown in Figure 4.3. In this figure, it can be observed that the
optimal ambient temperature for the battery operation is around 20°C, especially
regarding its cycling life: the red line plot shows that the total number of equivalent
full cycles (EFC) that the battery can perform before loosing 25% of the initial
nominal capacity (or, what is usually the same, reaching its end of life (EOL)),
decreases linearly with increasing temperature, from around 6000 EFC at 20°C to
only 1100 EFC at 55°C. Note that this can be translated into a decrease of 140 EFC
for every degree Celsius of an temperature increase above 20°C. In BEVs or HEVs
applications, normally no more than one or two EFC per day are expected, so the
increase of degree Celsius of operating temperature above 20°C is translated into a
depreciation of more than two months of the battery life.

In Figure 4.4, the influence of the storage temperature is shown, with data
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Figure 4.2: Graphical representation of the battery current operation limits. ”Max
ch” and "Mazx dis” represent the limits for continuous full charge and discharge
procedures, and "I_ch (10s)” and "I_dis (10s)” are the mazimum allowed current of
pulses for a duration of 10 seconds. Graph data from A123 systems data sheet.
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Figure 4.3: Effects of the ambient temperature on: battery discharge capacity at a
constant current of 19,5A (black); battery associated internal resistance (blue); and
equivalent number of EFC to EOL (red). Graph data from A123 Systems data sheet.

covering almost three years. It can be observed that temperature is a significant
factor in calendar aging of the battery. Storage of the battery at high temperatures
produces a very high capacity loss, which might be taken into account in the BTMS
design.

4.1.2 Weight and Size

A total of 30 battery samples have been measured and weighted, and the average

values of the weight and the geometrical measures are gathered in Table 4.1. The
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Figure 4.4: Battery capacity loss as a function of storage time (calendar aging) at
different temperatures. Graph data from A128 Systems data sheet.

mass of the battery is mp.:. The total height, width, and thickness of the pouch
battery are, respectively, Apas, Wpar and zpq¢. The thickness of the enveloping pouch
material is Zpoyuch, and the current tabs thicknesses are 24, for the positive alu-
minum tab and 2, for the copper negative tab. Both current tabs measure w;qy,

width, and hyqp height from the active materials surface to its free-end.

Table 4.1: Weight and geometry measurements of the battery of study.

Mpat 493 g Wiy | 45 mm
Rpat 155,6 mm Riab 50 mm
Wpat 205,5 mm Ztabp | 0,3 mm
Zbat 7,1 mm Ztabn | 0,25 mm
Zpouch | 0,3 mm

4.2 Electrical Characterization

In this section, the test procedures that have been used to obtain the electrical oper-
ating magnitudes that characterize the electrochemical battery model are presented.
Basically, and as we can see from equation 3.4, the objectives are to characterize
the battery open-circuit voltage (section 4.2.2) and the battery operating potential
(section 4.2.3).

For completeness, and since in all the following sections almost all of the figures
are plotted against SOC, it is here necessary to detail that the SOC the plots are

based on is obtained from the capacity measurements that are performed before
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every test!.

4.2.1 Experimental Setup
Battery Tester

The battery tester that has been employed in this work for the electrical character-
ization of the cell is the ACT0550 from PEC. All the channels within this battery
tester have a sampling frequency of 1ms and an operating range for the voltage of
0 to 5V, and for the current of -50A to 50A. The high accuracy of +0,05% of Full
Scale Deflection (FSD) for the voltage control, and of +0,03% of FSD for the cur-
rent control, is thus translated into a maximum fluctuation, or error, of the voltage
and current control of 2,5mV and 15mA. The measurement accuracy is +0,005%
of FSD for voltage; the maximum resolution for the current depends on the current

range (see Table 4.2).

Table 4.2: Current measurements resolution of the battery testing equipment.

Current Range | 50mA  500mA 5A 50A
Resolution 1pA 10uA  100pA  1mA

Cell Setup

Every PEC battery tester channel consists of four cables: two cables for the power
supply, and two sensor cables for the temperature and the voltage sensors. Every
sensor cable is composed of four cables. In the case of the temperature sensors, the
four sens cables are welded to the four terminals of the sensor. In the case of the
voltage sensor, only two cables are used, and are connected to the positive and the
negative current tabs of the battery.

In order to connect the power cables to the batteries, and for ease of reuse, the
batteries are placed onto a flat surface which incorporates two copper clamps that
are fixed by screws to the battery terminals, ensuring a proper electrical connection
between the power supply and the battery tabs. The copper clamps are prepared by
the incorporation of a plug connector, which is also prepared in the power cables of
the battery tester. This facilitates the connection with the battery tester for both
the power and the voltage sensor cables (see Figure 4.5).

Three different test channels have been used for testing at different climate

chambers, whose temperature is set to the values that are defined in Faperimental

'In this work, the dis/charge capacity is always measured by standard CCCV procedures at 1C.



4.2. ELECTRICAL CHARACTERIZATION 41

Figure 4.5: Picture of the battery setup for the characterization tests in the climate
chambers.

Matriz in section 4.2.3.

4.2.2 Open-Circuit Voltage Characterization

As explained in section 2.2, the OCYV is usually dependent on the SOC, the temper-
ature, and the pressure. Normally, the effects of the pressure and the temperature
are neglected in the OCV characterization, because their influence in OCV varia-
tions is some orders of magnitude lower as compared to the influence of the SOC.
Besides, OCV measurements are usually performed at a controlled temperature,

inside a climate chamber, and at a constant pressure.

Characterization Methods

In the literature are mainly two methodologies for characterizing the OCV as a
function of the SOC:

1. One method consists of measuring the operating voltage at a very low current
rate, assuming hence that the conditions during charge and discharge at a very
low current are very similar to the equilibrium conditions. Thus, the measured
terminal voltage is assumed to be close to the OCV. In this procedure, the
battery is at first fully charged using a CCCV charging procedure and, then,
discharged at low current (usually lower than C/10-rate) until the minimum

cut-off voltage is reached. Subsequently, it is charged at the same rate until
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fully charged. The measured voltage is plotted against SOC using the mea-
sured values of energy supply or extraction to the battery sample, by Coulomb
counting —measurements of input or output ampere-hours [Ah]. The OCV is
plotted as a function of SOC taking 100% SOC at the initial full charge state
and 0% SOC at the lower cut-off voltage.

2. The other common method consists of setting the cell or battery to different
SOC states, by controlled CC charge or discharge processes, and letting the
voltage relax (for about 4 hours) at every desired SOC and at open-circuit
conditions. The values of the voltage at the terminals after the voltage re-
laxation time period are taken as the OCV points at the given SOC. The
voltage measurements obtained with this method are undoubtely closer to the
real OCV as compared to the first method, since the values are taken after
a long relaxation time. However, this method is very expensive in time, and
provides only a discrete distribution of OCV values —normally, the relaxation
is performed with 5 or 10% SOC intervals. Fitting the obtained relaxed OCV
points with some analytical function can lead to inaccuracies in the OCV,
since the multitude of physical processes which contribute to the shape of the

OCYV curve are not necessarily represented by the fitting functions.

Besides, and as many authors have pointed out before, Barai et al. showed in
[73] that in the batteries with LFP cathode a clear path dependency of the OCV
can be observed, meaning that there exist two equilibrium voltage points at every
SOC: one is reached after a charge process, and the other after a discharge.

In this study, both methodologies were applied to several battery samples, and
after observing that the OCV variations between different battery samples was al-
most zero, the results of a single cell are taken as representative for all the batteries

of the same lot.

OCYV Results

The OCV obtained values of the representative cell are shown in Figure 4.6.
It can be observed that the OCV curves of the battery of study are very flat
among practically the whole SOC range, as it is expected in LFP-cathode cells.

Results Analysis

Analyzing the scatter OCV points obtained by the relaxation procedure (see the
scatter points OCV(6h), in Figure 4.6), it can be observed that, in the charge OCV,
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Figure 4.6: FExperimental OCV curves. The continuous lines show the pseudo-
OCV curves (OCV methodology 1.) obtained at C/20-rate. The scatter points are
voltage values taken after 6 hours of relaxation in open circuit conditions at different
SOC (OCVmethodology 2.).

a local minimum exists in the OCV at around 90% SOC, this meaning that the open-
circuit voltage at 90% SOC is lower than the values at 80% and 100% SOC. This
fact is interesting and counter-intuitive, since a higher voltage is always expected
at higher SOC. For a further understanding of this behavior, the voltage relaxation
phase at the different SOC stages is examined (see Figure 4.7), and the following

observations are noted:

e The derivative of the voltage in time is practically zero at all the SOC after 6
hours of open circuit conditions, and no appreciable differences are found in
the derivative values at different SOC.

e The magnitude of the total relaxation voltage within the 6 hours relaxation
time, which is taken as the difference between the last (relaxed) voltage value
and the voltage at the terminals at the instant in which the current source is

shut down, is observed to be dependent on the SOC. It can be seen that:

— In the case of the voltage relaxation after discharge processes (red curve
in the right figure of Fig. 4.7), the voltage drop is approximately constant
for the interval 100%-20%, but grows within the interval 0%-20%. This
growth on the voltage drop can be attributed to the diffusion limitations,

and the attributed charge-transfer resistance increase that is expected
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when discharging at low SOC for almost all kinds of lithium-ion batteries.

— The magnitude of the open-circuit voltage relaxation after charging (black
curve in the right figure of Fig. 4.7) is approximately constant for the
interval 0%-80% SOC, but drops non-monotonically at around 90% SOC.
This non-monotonical change in the voltage drop (linked to the flatness of
the OCV curve) is pointed out as the reason for the local OCV minimum
at 90% SOC to appear; it might be explained by some phase change or

transition in the LFP positive electrode.
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Figure 4.7: On the left, the recorded voltage relaxation within the relaxzation time
at different SOC stages is shown. At the right, the total voltage relaxation is plotted
at every stationary SOC point in which OCV wvalues are taken.

Apart from the counter-intuitive local minimum of the charge OCV at 90%
SOC, the obtained OCV shows a quite big hysteresis which observable even to the
naked eye in the case of the C/20-rate measurements (continuous lines in Figure
4.6). This OCV path dependency means that for a given SOC, temperature, and
pressure, many equilibrium potentials may exist, and it is well known to be present
in LFP-anode batteries, as well as for batteries with a nickel hydroxide cathode
([113, 114]). Barai et al. showed in [73] that the OCV is (current) rate independent,
and proposed a methodology for characterizing the hysteresis.

A further investigation on the battery hysteresis is kept out of the scope of the
work, but since noticeable differences are observed between the pseudo-OCV curves
and the relaxation method voltage points, and since the accuracy of the OCV curve
is important in the battery model implementation, it has been decided to use the
best characteristics of both characterization techniques.

Therefore, a fitting method is implemented in Octave to interpolate the C/20-

rate pseudo-OCV curve to fit the stationary points after voltage relaxation. The
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result (shown, for charge processes, in Figure 4.8) is a curve that matches all the
stationary scatter points, which are more reliable and accurate OCV points, and
maintains the shape of the continuous pseudo-OCV curve. Thus, the accused local
voltage gradients (OU,./0SOC'), which are known to be related to material phase

transitions, as explained in [115], are maintained within the final OCV fit.
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Figure 4.8: Obtained charge OCV curve with the mixed-fitting technique that
matches the experimental voltage relaxed values maintaining the pseudo-OCV curve
shape.
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Figure 4.9: Left, charge OCV obtained by using different polynomial fitting tech-
niques to the points of the voltage relaxation method. Right, square difference of the
polynomial fitting techniques compared to the applied mized-fitting technique shown
in Figure 4.8.

In order to compare the selected OCYV fitting technique to the common polyno-
mial fitting functions that are used in other studies, I have compared our result with

other function fitting techniques. A 6th order polynomial fit (labelled OCV-poly in
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Figure 4.9) and a piecewise cubic spline fit (labelled OCV-spline in Figure 4.9) have
been fitted to the stationary OCV points.

It is clear that the shape of the fitted curves is completely different than the
one obtained with the selected fitting technique, and it is concluded that conven-
tional polynomial fitting of the scattered OCV points can lead to appreciable OCV

mismatches.

4.2.3 Overpotential Characterization

Once the equilibrium voltage (OCV, or U,.) of the cell has been characterized, the
overpotential of the battery can be studied through the observation of the operating
voltage, Ueyp, under different operating conditions.

In the present work, and as detailed and justified in the following section 5.1, the
load case that is aimed to be modelled and studied is restricted to the fast charging
processes. With this in mind, and owing to the fact that the transient battery be-
havior does not have a big impact or influence in the overall galvanostatic process
during a full fast charge, the experimental characterization of the battery overpo-
tential has been conducted, in accordance, for continuous charging and discharging
processes.

Other common characterization techniques, which give a deeper insight on the
transient behavior of the lithium-ion battery, such as pulse tests and EIS measure-
ments (recall section 3.1.1), have also been conducted. Nonetheless, the results and

the analysis of such are not included in this thesis.

Experimental Matrix

The operating battery voltage, U = U, — U,, depends strongly on the SOC, the
ambient temperature, and the galvanostatic regime (applied current rate), at any
time. For that reason, full charge processes are experimentally tested at different
temperatures and different current rates. The matrix of the experimental charac-
terization is set to the discrete study of full battery cycles? under the following

parameter values:

e Galvanostatic currents: C/3, C/2, 1C, 1.5C, and 2C

e Operating temperatures: 0°C, 20°C, and 40°C

2Full cycles refer to cycles between the minimum and maximum cut-off voltages.
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Test Procedure

The experimental test consists of a preliminary CCCV charge at 0,3C-rate. Once
the CV charge is stopped, the current battery state is taken as fully-charged or, in
other words, the capacity of the battery at this stage is associated to 100% SOC.

After this preconditioning step, necessary for the repeatability and validity of the
following test procedures, a set of CC discharge and, subsequently, CCCV charge
processes are performed. The number of cycles corresponds to the number of current
magnitudes that are characterized, and a single cycle is performed for every current
magnitude value (from lower to higher C-rates).

In discharge processes, the limit voltage is set to the minimum cut-off voltage, in
this case 2V, while in the charge process, the CC phase is limited to the maximum
cut-off voltage, 3,6V. CV phase is only performed at the maximum cut-off voltage
during charge, and is stopped when the current has dropped below 10% of the

charging current during the CC process.

Obtained Voltage Curves

Since the experimental test matrix is quite wide, only some relevant results are
considered to be graphically appended.

In Figure 4.10, the experimental operating battery voltage curves at different
current rates for an ambient (climate chamber) temperature of 20°C are shown. It
can be observed that increasing current rate translates into higher values of overpo-
tential (that is, higher operating potential in charge processes, and lower operating
potential in discharge regimes).

In Figure 4.11 the charge voltage curves, at 1C-rate and different temperatures
are shown. Note that, as expected, the lower the operating temperature is, the
higher the operating battery voltage. As a consequence of the higher operation
voltages, the upper cut-off voltage (3,6V) is achieved at a lower SOC level, which
is translated into a longer CV charging phase.

Regarding the operating battery temperature, which is tracked by the tempera-
ture sensor that is attached to the surface of the battery under characterization (as
explained in the previous section 4.2.1), we can see in Figure 4.12 that the battery
temperature increase, during the galvanostatic full cycles, becomes higher as the
current rate increases.

These temperatures shown are hardly useful, in a quantitative way, for studying
or determining the heat generation rates of the battery with precision, since the

cooling power which is supplied by air convection inside the testing climate chamber
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Figure 4.10: FExperimental voltage curves obtained at 20° C and different current
rates.
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is unknown, and not constant. Nevertheless, the measured temperatures can give a

qualitative insight on the thermal performance of the batteries.
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Figure 4.12: Temperature sensor measurements during cycling at a 20°C climate
chamber. Left, during CCCV charge processes. Right, for CC discharge phases.

In the left part in Figure 4.12, we can see that all charge processes are endother-
mic at SOC lower than 10%, which has to be necessarily explained by the reversible
or entropic effects. Besides, it is observable that at low currents, the temperature
evolution resembles the shape of the entropic coefficient, OU,./IT (shown in the
next Figure 4.26), whereas at higher currents the temperature increase is more lin-
ear, due to the increase of the influence of the irreversible heat sources, that grow
faster than the reversible contributions when the current increases (recall equation
3.4).

Analysis of the Results

By completing a further analysis of the obtained data, it can be observed that during
continuous charge or discharge processes, the dependency of the operating battery
voltage on the current rate is approximately linear at any SOC, as shown in Figure
4.13. At increased DOD —this meaning high SOC during charge, and low SOC states
during discharge—, the linear fit of the voltage against current experimental points,
shown in Figure 4.13, seems to be less accurate. Nonetheless, an analysis of the
performed fitting, performed in origin, shows that the coefficient of determination,
R? of the linear fitting is higher than 0,95 for the whole SOC range.

The relationship between the operating voltage and the decreasing temperature
shows a non-linear correspondence, which causes the voltage to grow faster as the
temperature keeps decreasing. In this figure, this trend is shown at 10%SOC and

under currents, however, the trend is observed to be similar for all other SOC during
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Figure 4.13: Linear fitting of the battery polarization (voltage versus current)

curves, during CC charge (left) and discharge (right) processes, at different SOC
stages. All the results pertain to tests at 20°C.

charge and also during discharge processes.
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Figure 4.14: FEzperimental charge capacities using the same standard CCCV
charge procedure at different operating temperatures.

At last, a similar analysis is adopted to observe how the battery temperature
increase evolves. As shown in Figure 4.15, the total temperature increase of the
cells (after the tested deep CCCV charge, or CC discharge) grows linearly with
increasing currents. Besides, it can be observed for the present battery that full dis-
charge processes conduct to approximately two times greater temperature increase

as compared to the temperature increase of deep charging processes.
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Effects on the battery capacity

As mentioned in section 2.1.1, the charge and the discharge capacity of a battery is
subject to the operating conditions.

From the present characterization test results, the influence of the temperature
and the current rates in the charged and discharged battery capacity can be ob-
served. In agreement with the manufacturer specifications and as shown in Figure
4.16, the lower temperature the lower the charge capacity of the battery (an anal-
ogous figure for the discharge capacities has not been included here because the

behavior was exactly identical as in the charging processes.
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Figure 4.16: FEzxperimental charge capacities using the same standard CCCV
charge procedure at different operating temperatures.

It can also be observed that at moderate or hot temperatures (20-40°C) the

current rate has no appreciable influence on the charge capacity, whereas at low
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temperatures, the charging capacity is clearly higher when low current rates are
applied. However, and conversely to what is argued in the literature (detailed in
section 2.3.1), the charge and discharge capacities do not show a significant difference
in our experiments. This points out that lithium plating does not have a severe
influence in the tested battery at 0°C, at least not in the fresh state in which the

battery was characterized.

4.3 Thermal characterization

There exist mainly two families of instruments that are actually employed for the
characterization of the thermal behavior of batteries: accelerated rate calorimeters
(ARC) and isothermal heat conduction calorimeters (IHC) [27].

ARC instruments attempt to provide adiabatic conditions to the battery un-
der testing, by the use of some heating and cooling elements that ensure that the
temperature of the sample envelope is very similar to that of the test sample at
any time. The battery heat generation is estimated then, indirectly, through the
recorded temperature evolution, since in adiabatic conditions the thermal energy

balance reads:
dT’
:— e L
=T
On the other hand, in IHC tests the battery is placed inside a chamber which

is submerged and in direct contact with a huge amount of a surrounding thermal

(4.1)

bath. The temperature of the thermal bath is maintained constant by the use
of any heating and cooling elements, and normally stirring motors are included
for improving temperature homogeneity by the bath liquid convection. When the
battery is therein operated, a heat flux is established from the inside of the chamber
to the isothermal bath, and high precision thermoelectric heat flux gauges, embedded
in the chamber walls, measure directly the heat flux magnitude.

Note that IHC is a much better choice if the effects of the temperature on the heat
generation rate want to be precisely determined, since, while in ARC measurements
the temperature increases considerably during experimentation (to ensure adiabatic
conditions), in IHC the test chamber temperature is almost maintained constant
during all the test procedure. Another advantage of IHC is that the heat capacity
of the battery does not need to be estimated. Conversely, the heat flux is measured
explicitly.

For that reason, an IHC instrument that was recently installed in the laboratory
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facilities of FhG-ISE? is employed in this work to characterize the battery thermal
behavior. Besides, in the context of this work, in which an electrochemical-thermal
model is developed for the battery under study, the results of the calorimetric mea-

surements will be used, as well, as a model validation tool (in chapter 6).

4.3.1 Experimental Setup
Calorimeter Specifications

The THC calorimeter that is employed is the Netzsch IBC284, was developed in
collaboration with the National Renewable Energy Laboratory (NREL). It consists
of a large volume analysis chamber submerged in an isothermal bath of a 50/50
mixture of glycol and deionized water that permits the reach of lower temperatures
without freezing.

The instrument offers the possibility to characterize the efficiency of batteries
over different temperature ranges and states of charge with a high accuracy, thanks
to a very stable bath temperature control of £0,01°C, and with a high heat flux
sensitivity detection of 30mW.
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Cooling system

Flexible heater

Cut-away of the IBC 284

Figure 4.17: Cut-away of the isothermal calorimeter. Image from Netzsch User’s
manual.

The temperature control of the thermal bath consists of a cooling plate, placed
underneath the thermal fluid bath, and a silicone/rubber heating element, the power
delivery of which is controlled by an internal PID controller. The temperature of
the bath is homogenized by convection with the use of some stirring motors that
constantly mix the thermal bath.

The calorimeter has four different measurement modules:

3Fraunhofer-Institut fiir Solare Energiesysteme (ISE)
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. First, and most important, a measurement module for the heat flux, consisting

of 60 high sensitive heat flux gauges that measure the heat flow from the inner
box to the bath. The heat flux gauges are type K thermocouples. They can
measure from 100mW to 50W of heat, and the final enthalpy measurements
(or dissipated heat energy in a period of time), are ensured to have an accuracy
of £2%.

. Voltage and temperature measurement sensors are incorporated inside the

experimental chamber to track the voltage of different batteries (a total of
four sensors, in case of testing more than one battery at a time), and/or to
track the temperature at different spots within the chamber. The accuracy of
the data acquisition is of ImV for the voltage, and of 0, 1K for the temperature
measurements. Furthermore, an additional voltage sensor tracks the voltage
at the busbar. This serves to distinguish the electrical power that enters
the chamber (or system), and the power that is introduced on the samples,
which eventually differ due to the contact resistance of the electrical power

connections from the busbar to the battery.

. The external input or output current is measured through the potential drop

in a shunt resistor. The maximum allowed current is 300A and the sensor

resolution is of 5mA.

. At last, a temperature measurement module, consisting of two separate probes

with a readability of 0,01K and reproducibility of 0, 1K, is used to track and

control the bath temperature.

Calorimeter and Battery Tester Setup

The main external connections to the calorimeter are:

1. A computer system is connected by two USB ports, for data acquisition and

for regulation of the temperature control.

. Two gas network connections are needed: inert gas (Nitrogen or Argon) for the

calorimeter chamber, and compressed air for level management of the liquid

within the calorimeter bath.

. A commercial battery tester to be employed to control the charge and discharge

of the battery or pack is connected by an Anderson SB175 port.
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4. The exhaust of the IBC must be connected to an evacuation vent duct. The
gases of the calorimeter inner chamber will be evacuated when the pressure

exceeds Hpsi.

The battery cycler that is employed for the tests is the Digatron MCT 300-
05-3 ME, with a maximum current of 300A and a voltage range of 0 to 5V. It is
connected to the power input plug connection of the IHC calorimeter to conduct the
experimental procedures within the calorimeter chamber. A scheme of the setting

of the instruments is shown in Figure 4.18.
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Figure 4.18: Scheme of the experimental setting for the isothermal calorimetry
measurements. Adapted image from the IBC284 user’s manual.

As usual, the Digatron cycler control precision is given in the data sheet as a
function of the working point. If the set-point is comprised within 0-10% of the
maximum voltage/current, the precision is of £0,5% of the working point, whereas

for higher power working states, the precision is given as +0,05%.

Cell Setup

The cell is located on the surface of the analysis chamber of the IBC284, as we
can see in Figure 4.19. The connection of the battery to the copper busbaris set
with thick cables of @ = 8mm and some copper clamps to ensure a good electrical
conductivity (thus, lowering ohmic losses) between the battery current collectors
and the electrical power input busbar.

A voltage sensor is placed on the current collectors, and four temperature sensors
are placed at different locations on the upper battery surface, to gather possible

information on battery surface temperature gradients.
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Figure 4.19: Picture of the cell setup inside the IBC analysis chamber.

Test Matrix

The objective of the IHC measurements is to give the maximum information on the
thermal characteristics of the battery. This includes the thermal properties of the
battery (the heat capacity, Cp, and the thermal conductivity, ), but, most impor-
tantly, the battery heat generation rate, ¢, under different operating conditions.

In isothermal calorimetry measurements, the heat flux measurements at a fixed
time are not quantitatively relevant, but only the integration of the total measured
heat flux in a period of time (corresponding to the total released thermal energy),
that starts and ends up in equilibrium conditions, should be taken into account as
a quantitative value.

Equilibrium conditions are defined for such an instrument as a constant bath
temperature and a stable heat flux with an approximately zero baseline. These
conditions ensure that the complete system, (both inside the experimental chamber
and within the surroundings) is in isothermal conditions.

Before starting any experimentation, isothermal equilibrium is a required condi-
tion, and after any test measurement, equilibrium has to be reached again in order
to neglect the temporal derivatives in the thermal energy balance:

pCpaa:tF +V-.qg=4g (42)

This implies that the battery heat generation can not be characterized at con-
crete SOC levels. Conversely, the released thermal energy during a current pulse
test has to be attributed to the average SOC of such period.

Moreover, and for the previous reason, IHC calorimetric measurements require

long periods of relaxation time. Based on previous experiences, the relaxation time
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to reach equilibrium after a heat generation pulse (of course depending on the mag-
nitude of the generated heat) is foreseen to last for about 6 hours. Logically, this
constrains the amount of test measurements that can be conducted.

The matrix of experimental measurements to characterize the relevant thermal

aspects of the sample under study is, therefore, decided to consist of:

e A heat capacity measurement (repeated three times) is going to be conducted

to estimate the heat capacity of the battery sample.

e Battery heat generation rates, with a resolution of 10% SOC current pulse
intervals, under different temperatures and current rates. Precisely, the ther-
mal investigation under a 1C current rate will be conducted at 0°C, 20°C, and
40°C; and 2C will be conducted at 20°C.

The heat conductivity of the cell is kept out of the measurements matrix, since
the experimental setup for such measurements (which ought to be based on some
standard procedures for heat conductivity measurements, such as the ASTM-C177
or IS08302%) cannot be easily set with this kind of instrument.

4.3.2 Battery Heat Generation Rate
Theoretical Basics

The temporal integration of the thermal energy balance (equation 4.2), taking an
interval of time in which both the initial and the final time, ¢; and ts, are in equi-

librium conditions, allows to rewrite

to 8T to to
/ pcpadt =0 — V. qdt = / qgdt (4.3)
t t1

1 t1
since, by the definition of the equilibrium isothermal conditions, T'(t1) = T'(t2).
Hence, the temporal integration of the directly measured heat flux, correspond-
ing to the term V - ¢, provides the desired information: the energy (in J) that the
battery has dissipated in the period (t1,t2).
Just as an illustrative example, the typical output that is measured in the

calorimeter when current pulses are applied to a battery sample is shown in Figure
4.20.

*ASTM-C177 (american standard) and ISO8302 (European standard) establish very similar
procedures for heat conductivity measurements.
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Figure 4.20: Plot of the obtained wvoltage, current, temperature, and heat flux
when testing a battery under 10% SOC discharge current pulses. Image obtained
from Proteus.

Test Procedure

By experience, it has been observed that after a heat generation pulse, and of course
depending on the magnitude of the heat generation within the calorimeter chamber,
the gauges that measure the heat flux require approximately four to six hours to
reach equilibrium again. Therefore, after any current is applied to the battery from
the battery tester, a pause of six hours is scheduled.

The test procedure, that is programmed for the Digatron battery cycler, com-

prises:

1. First, a preconditioning CCCV discharge to achieve 0%SOC. This step is
needed for the repeatability and consistency of the test, since the SOC of

the battery is not necessarily known before starting the test.

2. Subsequently, a full CCCV charge is performed, with a cut-off maximum volt-
age of 3,6V, and the capacity value is set to 100%SOC.

3. Afterwards, a set of 10% SOC CC discharge pulses at 1C (and/or 2C), are
scheduled. For the last pulse, and in order to reach the fully-charged state, a
CV phase is performed too.

4. Similarly, ten 10% SOC CC charge pulses follow the test.

5. Finally, a full CCCV discharge is performed, from 100 to 0% SOC, with a

minimum cut-off voltage of 2V.
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Results

The obtained results were initially analysed with the data analysis software Proteus,
which includes a set of tools for a functional evaluation of the recorded data.

However, for convenience and with the aim of saving time, a Python script has
been developed for the automatic evaluation of the measurement data. Apart from
being more time efficient, the automated data evaluation is more consistent, since it
averages the heat energy values for every current pulse phase, by recursively iterating
within the heat power energy of every pulse by using different (random dependent)
time intervals. This way, the errors that could arise by the improper selection of
the time integration interval, which was done manually in Proteus software, are
minimized.

The results for the battery heat dissipation power in all the conducted experi-

ments are shown in the following Figures 4.21 and 4.22.
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Figure 4.21: Average heat dissipation power rate obtained by the calorimeter using
10% SOC charging current pulses.

Note that the heat generation rates are clearly path dependent: under all the
tested conditions, the maximum discharging heating power is higher than the charg-
ing one.

Besides, we can observe that, as expected, the battery heat generation rate
increases as the temperature gets reduced and as the current magnitude grows.

From the obtained data, the energy efficiency of the battery is computed as

P
Mbat = <1 - Ph> 100 (4.4)

e
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Figure 4.22: Average heat dissipation power rate obtained by the calorimeter using
10% DOD discharging current pulses.

where P, is the electrical power going in or out the battery, and P} is the heating

power that the battery dissipates; the obtained results are shown in Table 4.3.

Table 4.3: Average of the battery energy efficiency under the different tested con-
ditions.

Test 1C, 0C 1C, 20C 1C, 40C 2C, 20C
Efficiency | 91,52% 93,55%  97,59%  95,42%

4.3.3 Battery Heat Capacity
Theoretical Basis

When integrating within a temporal interval (¢/,t,) and assuming that the battery
temperature at ¢} is different than the one at t}, the first term of the energy balance
(equation 4.2) can be approximated as:

9T

ﬂ7M%aﬁ:m@(ﬂ@—T%D (4.5)
1

Thus, the heat flux gauges from the calorimeter can be used (which explicitly
measure the heat flux conducted from the analysis chamber to the surrounding
thermal bath, V - q) to estimate the heat capacity of the battery.

To do so, the sample needs to be introduce at a higher temperature than the
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one of the isothermal bath and ensure that ¢ = 0 is zero within the interval (¢}, t})

Experimental procedure

The calorimeter bath level is set to a lower level, so that the analysis chamber can
be opened without necessarily draining any liquid.

The battery is heated up to 40°C, in an external climate chamber, while the
isothermal bath setpoint is fixed to 20°C. Once the calorimeter reaches isothermal
equilibrium conditions, the chamber is rapidly opened and closed again, placing
quickly, in between, the hot battery inside the calorimeter analysis chamber.
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Figure 4.23: Plot of the registered heat flux and battery temperature sensors in the
heat capacity calorimetric measurements.

The output obtained for one of the conducted measurements, from Proteus soft-
ware, is included in Figure 4.23.

Results

The experimental procedure has been checked by measuring the heat capacity of

known substances: a cup of water and paper, and the procedure has shown, after 3
repetitions, an accuracy of +5%.

The estimated battery heat capacity is, obtained as the average heat capacity of
three measurements using the exact same procedure described above:
Cppat = 1230T kg 1 K™! (4.6)

The results are reasonable as compared to those that were recently reported by
Lai et al. [89], and by Vertiz et al. [83].
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4.3.4 Entropic Coefficient Estimation

Analysing the empirical data from the battery heat generation rates, and by the
use of the heat generation equation derived by Bernardi et al. (equation 3.4), the
reversible and the irreversible heat contributions can be distinguished, or approxi-
mated, from the total measured heat.

With this in mind, and by the post-process analysis of the obtained dissipated
heat areas and the voltage and current curves, the entropic coefficient value can be

estimated for every test pulse as:

anc i fttlz Qbatdt - ‘Lttf Iezp-(Uexp - Uoc)

4,
aT Loop. T (4.7)

In Figure 4.24, the obtained irreversible and reversible heat contributions are
shown for the 1C experiment at 20°C, the estimation of the battery entropic coeffi-

cient by the use of this method is shown in Figure 4.25.
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Figure 4.2/4: Plot of the reversible and irreversible heat contribution estimations,
that are obtained by the processment of the obtained calorimetric data for the 1C,
20° C test.

The most common and precise method to obtain the entropic coefficient fac-
tor, OU,./OT, is the so-called potentiometric method, which consists in the direct
measurement of the battery OCV under different temperatures, at a fixed SOC
([116, 117]).

Taking advantage of the fact that a high-precision hardware setup was designed
and built at our institute by Hukan in [118], the entropic coefficient estimations
obtained in this work have been compared with the ones that the high fidelity setup

can provide. Hukan characterized the entropic coefficient for the same cell that is
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cessment of the calorimetry heat rate measurements.

studied in the present work, and his results are shown in Figure 4.26).
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Figure 4.26: Plot of the measured entropic coefficient, OU,./IT, by the so-called
potentiometric method. Results from [118].

A deep analysis on the comparison of both methodologies is not included here.

It was concluded that, althought the method based on calorimetric measurements

shows a good estimation of the entropic coefficient and can obtain the entropic

coefficient estimations in much less time than the potentiometric-based method, the

results obtained by Hukan are more consistent and precise.



Chapter 5
Battery Model Implementation

In this chapter, the implementation of the simulation model for the electrochemical
and thermal behavior of the pouch battery of study is explained.

In section 5.1, the modeling strategy or formulation framework is determined.
Choosing from the different SoA simulation approaches reviewed and presented in
chapter 3, the decision of the simulation strategy is based on the precise objectives
of the simulation and the limitations that exist for the development of this work.

Section 5.2 gathers the model implementation, including the dimensions and
domains definitions, the material properties, and the formulation of the governing

equations.

5.1 Modeling Strategy

5.1.1 Objectives

The development of the present work is contextualized within the JOSPEL project,
a European Union (EU) research project under Horizon 2020 call, the main aim of
which is the development of novel energy efficient climate systems for the optimiza-
tion of interior temperature control management in electrical vehicles.

More concretely, and as stated in the definition of the project objectives, the
application and combination of Joule and thermoelectric elements is sought to be
studied in order to design and improve the existing thermal conditioning systems,
both for passenger comfort and for the battery pack thermal conditioning. In this
context, the present model implementation arises to serve as a development tool for
the design and optimization of the BTMS system, with the objective to enhance the
battery life as a side effect of an optimized thermal management.

In order to study and optimize the thermal performance of the battery pack,

64
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a wide variety of load cases and ambient conditions can be analysed or studied.
However, one of the major thermal demands in the EVs battery packs is a load case
that can be simply described: the fast charging process. Since the heat generation
rate grows with increasing current in an approximately exponential fashion, it can be
deducted that fast charging can be one of the most demanding conditions regarding
the thermal performance of the battery pack.

In the present project context, a fast charge current of 1C is sought (that is,
charging the complete car battery in one hour). Therefore, and after analysing a
real driving profile obtained in a previous project with the Stromos EV (see Figures

5.1 and 5.2), fast charging is set in this work as the priority load case.
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Figure 5.1: Battery voltage and current driving profile, recorded during a mized
trail with the Stromos EV.

The driving profile was recorded in a mixed trail (city, mountain, and highway
drive) from Mannheim to Heidelberg, and after analysing the data, it was observed
that high magnitude current rate demands appeared in a very low frequency, and

lasted for very short time-periods (see Figure 5.2) [112].

5.1.2 Limitations

The selection of the modeling strategy for the electrochemical and thermal perfor-
mance of the battery has to be consequent both with the testing tools that are
available for the execution of the present work and with the modeling objectives
described above.

On one hand, the experimental testing tools that are available are limited. For
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Figure 5.2: Duration of the total sum of battery current rates recorded from a
driving profile with the Stromos EV. The battery charging process is not included,
and negative C-rates appear because of regenerative breaking.

example, an internal inspection of the inner battery active materials is not feasi-
ble, and as shown in the previous section 4.2, the characterization is restricted to
electrical battery cycling and calorimetry tests.

On the other hand, the objective of the simulation of the BTMS poses a con-
siderable limitation in terms of the model computational cost, since many batteries
have to be solved at a time within a thermal model and the geometrical configura-
tion has to be optimized (which involves irredeemably the recursive computation of
the simulation model several times). Besides, and due to the software license lim-
itations, the computational power in this work is limited and restricted to a single

CPU.

5.1.3 Modeling Strategy Determination

With both the modeling objectives and the technical limitations in mind, and recall-
ing the overview given in the previous section 3.2.2 (in which different electrochemical-
thermal simulation strategies for lithium-ion batteries were reviewed) the final mod-
eling strategy is selected. Following the conclusions suggested by Allu et al. in [119],
who compared the two major electrochemical modelling approaches (empirical and

physics-based) for the thermal modeling of lithium-ion battery packs, an equivalent-
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circuit based model has been chosen to account for the electrochemical phenomena.

The adopted modeling strategy is based on some recent publications. More
precisely, on the works of Gu and Wang [120], Kim et al. [29, 121], Kwon et
al. [109], Taheri [30], and Yazdanpour [28], and the strongest point of such an
approach is that it combines the simplicity and speed of the EC representation of
the electrochemical processes with the main complexities and spatial singularities

of the large size pouch cells phenomena.

5.2 Cell Model Implementation

5.2.1 Outline
Cell Domain

The A123 AMP20m1HD-A battery, as any other pouch battery, is conformed by a
certain number of electrochemical cells connected in parallel. Although the exact
internal structure has not been observed, neither any battery sample has been in-
ternally examined in this work, the internal disposition of the elements conforming
each electrochemical cell is composed in most of the pouch batteries as shown in
Figure 5.3.

Current, Icenl
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Tab /
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— — Cufoil  Electrode
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e Separator  Electrode
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— Alfoil Electrode
: 'Y Positive
S Electrode
eparator

Sheet

Figure 5.3: Scheme of the internal assembly of the electrochemical cells, the stack
of which conforms the core of a lithium-ion pouch battery. The arrows from negative
to positive electrodes represent the lithium tonic transport, and the arrows within
the z-y plane (in each current collector) represent the electrical current streamlines
during a discharge process. Figure reprinted from [30].

As it can be observed in the previous figure, and by the internal symmetrical
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structure of the battery, the domain of the simulation can be restricted to a single
electrochemical cell, including a single pair of electrodes, one electrolyte and sepa-
rator layer, and considering half of the thickness of each current collector (as they
are double-sided).

Since no battery has been internally examined in this thesis, the thickness of each
cell material layer is taken from the measurements performed in [83] by Vertiz et
al., in which a 14Ah LiFePQy4/graphite pouch battery was studied and characterized
using different existing electrical and thermal analysis procedures. The adopted

thicknesses of each material layer are specified in the following Table 5.1.

Table 5.1: Thickness of the LFP cell active materials that are adopted within the
model implementation. The presented values were measured in [83].

positive electrode Zp 98um
pos. current collector | zecp, | 20um
electrolyte/separator | zg 25um
negative electrode Zn 67um
neg. current collector | zecn | 13um

Note that adopting the cell material thicknesses depicted above, and recalling
that the battery and pouch film thicknesses was measured (Table 4.1), it is possi-
ble to estimate the number of electrochemical cells that are packed within a A123
AMP20m1HD-A pouch battery, N, by

Zbat — szouch

N =
Zp + Zeep/2 + 25 + 2n + Zeen /2

= 31,48 (5.1)

Model Couplings

The model, implemented in finite elements in Comsol Multiphysics (version 5.0),

couples and solves for three different governing conservation equations:

i. A first order ODE governs the state of charge (SOC) as a local quantity among
the electrochemical cell surface. The local current density (from the electrical

charge conservation model) influences every region SOC locally.

ii. Electrical charge conservation is employed for modeling the electrical current,
potential distribution and ohmic heating source within the positive and the
negative current collector domains. The electrochemical activity is accounted
in this model as an electrical current generation source, applied in the whole

cell domain and governed by a simple EC model.
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iii. Thermal energy conservation governs the heat distribution in the whole battery
domain, given different magnitude heat sources among the surface of the cell and

given some lumped thermal properties of the aggregate cell material properties.

On top, an empirically-based electrochemical model interacts with all the above
mentioned conservation equations through some boundary conditions (explained in

detail in the next section 5.2.2).

Dimensional Simplifications

Due to the high conductivity of the aluminium and copper current collectors in com-
parison to the electrode materials, it can be considered that the surface distribution
of the electrochemical reactions is driven solely by the current collectors voltage dif-
ferences (in the z-y plane), and therefore, the Li™ transport is considered to be held
only in the z-axis direction during charge and discharge processes, as it has been
presented in the literature [30]. Observe that this assumption was also intrinsically
adopted in Figure 5.3.

Adding up to this ionic transport simplification, there are three other main
reasons that make the dimensional simplification to a 2D representation for the cell

model reasonable, namely:

e First, the aspect ratio of the electrochemical cell is considerably big, since the

surface of the cell is several orders of magnitude bigger than its thickness.

e In the case of the thermal aspects, the cell thermal conductivity is anisotropic,
and several orders of magnitude bigger in the x and y directions in comparison

to the z-axis conductivity.

e Last, and most important, the electrochemical processes are modelled within
an EC model, which conversely to the physics-based models, does not capture

the z-axis electrochemical differences.

On the other side, it is desired to obtain a 3D thermal model of the whole battery
(including N cells and the pouch binder), since this is the model that can be used
for the spatial optimization of the BTMS.

For all the reasons explained above, the final model couples both a 2D and a
3D domain, thus providing a 2D resolution of the cell performance (SOC, current
density, voltage distribution, and other cell variables), and a 3D resolution of the

battery temperature distribution.
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5.2.2 Formulation
Electrochemical EC Model

The local electrochemical activity, or lithium transport, which is interrelated with
all the above mentioned governing equations, is governed by the so-called NTG
expression (derived by Newmann, Tiedemann [122] and Gu [123]), which is vastly
employed in the literature to reflect the distribution of the electrochemical current
and heat generation in large size lithium-ion cells, both for physics-based and empiri-
cally resolved electrochemical models [119]. The NTG linear polarization expression

is written as

J = Yoo (U — Un) ~ Uoe) (5.2)
where Y. and U, are respectively the battery electronic conductivity, in [Smm~2],
and the battery OCV, in [V]. U, and U, are the electrical potential values governed
by the current collectors charge conservation model, in [V]. J is the total electrical
current generation due to electrochemical reaction and ionic transport within the
active materials, in [A mm™2].

Observe that the use of this expression corresponds to the adoption of a very
simple EC model consisting of a voltage source, U,., and a single serial resistor, Re,

which represents the so-called battery internal resistor.

Uezp - Uoc

Rec =
Iexp

in [Q)] (5.3)

A simple EC model is adopted because the simulation objective concentrates in
galvanostatic processes, in which the transient battery performance does not have a
relevant influence. Besides, the conducted experimental observations (recall Figure
4.14, from the battery characterization section) corroborate that, at a fixed SOC,
the charge and the discharge battery voltages, (U,—U,,), reflect approximately linear
dependency on current. Nonetheless, observe that this simple EC model is adopted
in a surface distributed fashion, since Y. is expressed in [Smm™2], thus incorporat-
ing complex electrochemical phenomena that can occur in large surface cells, like
concentration gradients and mixing effects. For that reason, this EC approach can
be categorized as a pseudo-2D empirically-based electrochemical model.

To account for the electrochemical EC model, which governs in the coupled model
framework the boundary conditions for the local electrochemical current generation
(equation 5.5) and the reaction heat rates at every time step (equations 5.14 and
5.15), three look-up tables are built for the OCV, the entropic factor, and for the
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associated battery electrical conductivity, Upe, OU,e/IT, and Ye., in order to replace
the run-time computation of such EC.

The voltage source of the EC model is governed by the look-up tables U,. =
Uoe(SOC) (from the fitted OCV measurements in section 4.2.2), with units of [V],
and 0U,. /0T = 0U,:/0T(SOC) (measured by Hukan, and shown in section 4.3.4),
in [VK~!]. Considering the SOC influence within both empirical data sets, the effect
of the temperature in the battery OCV for the EC model is taken into account by
the first order Taylor series expansion of the U,. in temperature (equation 2.8).

In the case of the electronic conductivity, Yee = (1/Rec)-(1/(wpat. hvat)), expressed
in [Sm~2], the look-up table consists of three variable columns, namely the tem-
perature, T', the operating current, I, and the SOC. A graphical representation of
the Y. look-up table, including the whole set of battery cycling experimental data,

presented in section 4.2.3, is shown in Figure 5.4.
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Figure 5.4: Surface plots of the battery conductivity, erpressed in [Smm™2], and
obtained by the experimental polarization characterization. In figures a) and b),
the effect of the temperature can be observed at the maximum and minimum tested
currents. In Figures c), d), e), the effect of the current rate can be observed at
different temperatures.

As a general tendency, observable in all the plots (a-e) gathered in the previous
Figure 5.4, the SOC dependency of the conductivity is highly non-linear, showing
three local maxima, at approximately 10, 30 and 70% SOC. The shape of the con-
ductivity against SOC is approximately constant under all the tested conditions,

and the global maxima can be related to the material phase changes, according to



72 CHAPTER 5. BATTERY MODEL IMPLEMENTATION

the literature and to the experimental measurements, as it was observed that local
peaks in 9U,./0SOC appear in the same SOC levels.

Besides, and conversely to what was concluded by Culcu et al. in [124], who
observed a battery resistivity growth whenever the current rate was changed, it
can be seen that in general the associated conductivity becomes higher at higher
current rates, even though the experimental characterization started with the lowest

currents and ended with the highest operating current values.

Current Collectors Electrical Model

As it can be observed in Figure 5.3, the electrochemical Li* transport generates, by
charge conservation, electrical current density in the aluminium and copper current
collectors when the battery is operated. Therefore, an electrical model is imple-
mented to solve for the current collectors current, voltage distribution, and ohmic
losses.

The IR imaging in [125, 29] have shown that significant temperature inhomo-
geneities can develop among the surface of large size pouch batteries during its
operation, especially at high currents. The main source of those temperature inho-
mogeneities has been concluded to be the ohmic dissipation that is produced within
the current collectors [30, 29]. Therefore, the electrical model of the current col-
lectors is important for a good thermal approximation of the real operation of the
battery, since it permits to capture these phenomena without adding much to the
model complexity.

As depicted in Figure 5.5, two 2D domains are drawn in Comsol (see Figure 5.5),
with height and width according to the battery measurements, gathered in Table
4.1, corresponding to the positive and the negative current collectors of a cell unit
2, and Q.

Two different domains are needed because the material properties and the thick-
ness of each current collector are different, as well as their boundary conditions. Of
course, the potential distribution is, hence, different in each current collector, and
two different conservation equations need to be solved separately in Comsol, one
corresponding to each domain. Conversely, the electrochemical reaction current and
the SOC models are solved uniquely in the subdomain €., delimited in a yellow
pointed line in Figure 5.5, since both current collectors sandwich a single pair of ac-
tive materials, and therefore a unique electrochemical reaction and SOC distribution
solutions exist.

The governing energy balance equations (from FElectrical Currents Comsol physics

interface) that are applied to solve for electrical charge conservation in €, and €2,
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Figure 5.5: Scheme of the 2D simulation domains for the cell model. Delimited in
dashed lines: in yellow, Qe, in red, €y, and in green, .

are

V-J=Q
J=0E+92+17J, (5.4)
E=-VU

where, in the first equation, which stands for charge conservation, J is the current
density, in [Am™2], and Q; is an external volumetric current source, in [Am™3].
In the second equation ~Ohm’s law— o is the electrical conductivity (Sm~1), E is
the electric field intensity [Vm™!], D is the electric displacement or electric flux
density, in [Cm™2], and J. is an externally generated current density, in [A m~2].
In the third equation, U is the scalar electric potential, in [V].

As explained above, the electrochemical ionic transport in the electrodes gener-
ates a current density on the current collectors surface in contact with the electrodes,
and this current flows out (or in) through the current collector tabs to the external
electrical circuit. This is modeled through the boundary conditions in the current

collectors.

1. First, in the positive electrode, €2,,, a volumetric body current source is applied
to the subdomain corresponding to €2.., accounting for the electrochemical

activity:
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V- J=Qjp; on Qe (5.5)

where the source term @), is related to the value of the electrochemical ionic
transport J that is determined from the empirically based EC model by the
expression 5.2, by taking into account the appropriate volumetric factor (or
specific length). Thus, Q;, = ap - J in the positive current collector, where

Qeep = 1 / Zee,p 18 the specific area of the positive current collector, in [mfl].

2. On the other side, a Newmann boundary condition is applied at the posi-
tive current tab extreme, 91,y , to specify the normal current density which
is introduced /extracted (charge/discharge) to the battery from the external

circuit:

n-J=—J, ; at 0Qqpp (5.6)

where n is the unit outward normal vector, and the current density, J, =
I/ Atapp- Here, Ayqpp, is the transversal area of 044 5, and the cell current
is Icell = Ibat/N-

At the other boundaries, (92, — 084 ), electric insulation is prescribed, since

all the current flows inside/outside the current collector via the current tabs.

n-J=0; at (02, — 0ap) (5.7)

The boundary conditions on the negative current collector domain, €2,,, are sim-
ilar to those described above. The only differences are: first, that the sign of the
electrochemical current source is reversed (Q;, = —Q);p); and second, that the con-
dition in the negative tab edge is set, in this case, to a Dirichlet boundary condition
instead of a Newmann one. The voltage at the negative current tab is set to zero

(ground)

Up=0; at dVapn (5.8)

Observe that a Dirichlet boundary condition is needed for preventing the Elec-
trical Current physic interfaces of having infinite solutions, and is sufficient for both
positive and negative current collector domains to have a single solution since they
are coupled through the source term @;;;7 = p,n.

The initial conditions are U, = U(SOC(ty),Tp), on €, and U, = 0, on Q,,
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where, again, U(SOC(ty), Tp) refers to the experimental values described in section
4.2.3.

Note that in order to evaluate (Q; it is necessary to define two linear extrusion
mapping functions that can map the solution of the positive current collector voltage,
Up, to the negative current collector domain, and viceversa: ¢, and ¢,,. Thus, for

example,

Opn = Qp = Oy (5.9)

Regarding the geometrical definition of the current collectors simulation model,
the thickness of each of the current collector’s domain is taken from the values z,
and z,, presented in Table 5.1. However, the thickness of the domain corresponding

to the current collector tabs, €2, and €2, is taken as

_ Rece,j
RQuab,; — N

for j =p,n (5.10)

as it has to be taken into account that the model solves for a single cell within

the N cells inside a pouch battery.

In order not to cause singularities, the transition between both domain thick-
nesses has to be smooth. Therefore, the thickness of the current collectors domains
is defined with a step function in Comsol, which ensures the thickness transition of
the domains with C? continuity. Note that the definition of this thickness transition
is completely arbitrary, and that this may affect considerably the amount of local
ohmic losses in the thickness transition zones. In practice, this current collectors
thickness transition may also be very difficult to characterize, as it may rely on the
quality of the welding process between the different current collectors within the

pouch battery.

Regarding the material properties of the electrical current collector domains,
some known material properties are adopted, from the Comsol material library. The
electrical conductivity of the positive current collector (aluminium) is of 2.326e7Sm ™1,

and of 5.998¢7Sm~! for the negative collector (copper).

SOC Model

The state of charge is determined in the model subject to the local through-plane
lithium ion transport density J. The SOC is governed then, locally, with a first
order ODE, defined in a Coefficient Form PDE Comsol physics interface, as
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Qbat 6(‘900)
_ = 11
Ao 00 7 (5:11)

2 and

where Apq; is the surface area of the active materials of the battery, in m
corresponds to the domain Q..

The boundary conditions for the SOC governing ODE model are set to zero flux
at any boundary. The initial condition, or initial SOC of the simulation, is fixed by

a user parameter which serves to specify SOC(tp).

Thermal Model

A 3D thermal model of the cell is coupled with the previously described models to
solve for the temperature distribution of the battery. To this end, the electrochemical
heat sources (that depend on the 2D cell models above) are applied to the 3D thermal
domain as a distributed heating source power, and the external battery boundary
conditions (including the pouch film and the external heat convection or conduction)
are set to the model to estimate the temperature distribution of the battery of study
under operation regimes.

The governing equations of the Heat Transfer in Solids physics interface in Com-
sol, which are applied to a simple cubic domain (whose volume corresponds to the
battery volume, wxhxzp,), read

pCp%+V'q:q (5.12)

where all the terms result into volumetric energy units, [Jm~=3]. By Fourier’s

law, the conductive heat flux within the cell domain is written

q=—-kVT (5.13)

Recalling the thermodynamic balances that were described in section 3.2.1, the
battery electrochemical heat generation is computed in the simulation by the adap-
tion of equation 3.4. In this case, the volumetric irreversible heat contribution can

be written as

Jirrev = asJ((Up - Un) - Uoc) (514)

where as = is the specific area of the cell active materials, J corresponds

1
Zpt+zntzs
to the electrochemical current density, in A m~2, U, and U, are the positive and

negative voltages (corresponding to the solution, at every time step, of the electrical
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current collector models), and U, is the empirical battery OCV.

Similarly, the volumetric reversible heat source is

Grev = s J (Ta;]T"”) (5.15)

where (%) is the empirical entropic factor.

Apart from the electrochemical heat sources, the ohmic losses which are gener-
ated in the current collectors (equation 5.16) are also mapped to the 3D thermal
model as a volumetric heating source by the addition of the Flectromagneting Heat-

ing coupling physics interface from Comsol.

Gohm = apapAUp + an0, AU, (516)

The mapping function that is used to project all the heat sources from the 2D
mesh to the 3D battery domain, @oq4 34, projects any point from the cell surface to

the battery volume independently of the z-coordinate:

©2d—3d : Sec = Qpar

5.17
(z,9,0) = (2,9, 2) (547

Since in the conduction of this project no battery has been opened to examine
the properties of each of the components, the material properties that have been
adopted for the battery thermal model in this work are based on the properties
which were recently reported for LFP cathode batteries by Lai et al., in [89], Vertiz
et al., in [83], and in [90] by Saw et al.

Considering that the electrochemical cell is composed by a stack of different
material layers, the density can be averaged by taking into account the volume, V;,

and the density, p; of every layer conforming the cell, by

p= Z@szz
> Vi

The previous equation was used with the data provided in [89], [83], and [90]

(5.18)

to estimate the total weight of the battery. Each layer volume V; was computed as
the product between the surface of the cell (measured) times the thickness of every
layer provided in the previous papers. As compared to the measured weight, the
lowest weight estimation error was obtained with the parameters from Vertiz et al.
([83]), whereas the highest divergence was obtained with the parameters provided

by Saw et al. For that reason, the thickness z; and the density p; of every layer are
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taken from [83], and correspond to the values gathered in Table 5.2. The final value
of the lumped cell density in the model is, then

peetl = 2045, 38kg.m ™3 (5.19)

Table 5.2: Adopted thickness and density of every layer component of the electro-
chemical cell model. Data from [83].

Component Thickness ([um]) | Density ([kgm ™))
Graphite Anode 67 2660
Copper 13 8900
LFP Cathode 98 1500
Aluminum 20 2700
Separator 25 492
Pouch Binder 150 2038

For the heat capacity, a similar expression can be used

> i PiViChpi
e AT

and in this case an average of the reported heat capacities in the three previously

(5.20)

mentioned papers are employed. Using the thickness of every layer already selected

before, finally the heat capacity for the present model is

Cp =1235,192 Jkg ' K™! (5.21)

Moreover, our heat capacity measurements (section 4.3.3), confirm this battery
property approximation.

Regarding the thermal conductivity, and considering the layered nature of the
electrochemical cell, it is clear that this property is not isotropic, because when, i.e.,
two different elements in a layered structure with thermal conductivities k1 and ko
are in parallel (Figure 5.6 A), the resultant thermal conductivity must be computed
by

oA A
TA A T A+ AR

and, on the other side, when the elements are connected in series (Figure 5.6 B),

(5.22)

the thermal conductivity is determined as

L+ Lo
"= Tfm) + (L)) (5:23)
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Figure 5.6: Schematic of the effective thermal conductivity for a layered config-
uration of two materials, in parallel (A) or in series (B). Figure reprinted from

[6].

Using an average of the thermal conductivities presented in the above stated
papers, and the selected thickness of every layer, the thermal conductivities £, = Ky
and k, are obtained by equations 5.23 and 5.22, respectively. However, analysing the
results, and as observed by Vertiz et al., who measured the through-plane thermal
conductivity using a standard ASTM procedure, showed that the obtained value
for k., when using equation 5.22, is much bigger than what is reported in other
studies in which the through-plane thermal conductivity has been measured. The
explanation of such a difference must be that the contact resistance in between every
cell layer might not be negligible. Thus, finally, the thermal conductivities for the
model k; = Kk, are computed by equation 5.23, whereas the value for x. is taken
directly from the measurements in [83], instead of the value that can be computed

from equation 5.22. Finally, the thermal conductivity values in the model are:

Ky = Ky = 193,185 Wm 1K™ (5.24)

K, =0,284 WmtK! (5.25)

Apart from the electrochemical cells sandwich, a pouch battery is packed within
a pouch binder material. Since the definition of such a thin domain would require to
refine drastically the mesh, the pouch material is introduced in the model as a Thin
Thermally Resistive Layer boundary condition, in Comsol, which is characterized
by a thickness zpoyen, = 150mm (Table 5.2) and a thermal conductivity of Kpouch =
0.249Wm— 1 KL

The flux across the pouch binder film can be written as:

—ng - (=£aVTa) = —Kpouch :ZF:;Z:? (5.26)
—n, - (—/{',uVTu) = —Kpouch ’Zzﬂz;ﬁzﬂ:

where the subscripts u and d respectively refer to the upside and the downside
of the slit.
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This boundary condition is applied to all the boundary surfaces of the 3D model,
and other heat flux boundary conditions (like external heat conduction and convec-
tion) can be applied on top of the resistive film boundary condition depending on

the desired case of study.



Chapter 6

Battery Model Results

6.1 General Features

6.1.1 Pouch Cells Phenomena

In Figure 6.1, which gathers different model plots at 15% SOC during a deep 1C
charge process, can be observed that the model replies to the phenomena belonging
to large pouch cells that has been also reported in [28, 29, 30].

In small cylindrical cells, the surface of the current collectors is relatively small,
and due to their very high electrical conductivity properties, the potential drop
among the surface of the current collectors can usually be neglected. However,
in large pouch cells the non-ideal electrical conductivity of the current collectors
generates a slight but non-negligible potential drop among its surface, especially
near the current collector tabs, where the constriction/spreading of the current
during charging and discharging generates higher voltage spatial gradients, VV'.

As depicted in Figure 6.1, several consequences arise from this consideration:

1. Larger overpotential (U, — Uy,) near the positive and negative current tabs,
generated by Ohm’s law and electrical constriction, promotes faster electro-
chemical reaction rates. Equivalently, higher localized overpotential results in

a higher electrochemical production near the tabs.

2. A higher electrochemical activity near the current tabs leads to a higher heat
generation rate (equations 5.14 and 5.14) and, hence, to a higher localized tem-
perature. As a consequence, since the electrochemical activity Y. (or ionic
transport) rises with increasing temperature, a further and faster electrochem-

ical reaction is promoted in these regions.

81
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Figure 6.1: Graphical explanation of the internal cell imbalance that reproduces
the model. All the plots are obtained at 15% SOC during 1C charge (starting at 0%

SOC) at 20°C.

3. On the other side, higher electrochemical activity near the current collector
tabs lead to a faster discharge (or charge) celerity, which translates into elec-
trical imbalance within the battery. Normally, at a certain operation point
(under continuous charging or discharging, but also for any other operational
regime), the ionic conductivity of the region near the tabs decreases due to

diffusion limitations, consequently counter-balancing the electrical imbalance.

6.1.2 Convergence and Accuracy
Solver and Time Stepping Methods

Two different time-stepping methods have been compared for the solution of the de-

rived transient model: the generalized alpha and the Backward Euler (BDF) method.
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Both methods are implicit and, hence, unconditionally stable. The use of an
explicit time stepping method is discarded because the coupled model is a non-linear
PDE system with convective terms and high non-linearities in time dependence
within the look-up tables. Therefore, an explicit method would require impractical
small time steps to keep the error bounded and the solution stable.

Comparing the solutions of both methods with the same mesh, it is observed that
the BDF, as compared to the generalized alpha, tends to considerably damp any high
frequency variations. Smoother gradients are shown, i.e., in the distribution of the
electrochemical reaction rates or the reaction heat source rates near the current tabs.
In the case of the generalized-alpha solution, different gradient instabilities appear
near the current collector tabs. This is not related to any physical phenomena
but seems to occur rather due to numerical instabilities that would require local
mesh refinement. As a consequence of the sharp gradients, the generalized alpha
method requires much more computational time, the ratio being approximately of
18:1, which would even be greater if the mesh for the generalized alpha was refined
near the tabs.

For that reason, and as suggested in the documentation of Comsol [147] in the
case of dealing with applications which require of extra numerical robustness, the
time stepping method that is selected to solve the implemented model is the Back-
ward Euler (BDF) method. The BDF implementation in Comsol is of variable order,
and a maximum integration order of 2 is set. By default, a free time step selection
is defined in this software, but different time step intervals can also be fixed, as it
is investigated in the next section.

In the case of the solver selection from the pre-defined Comsol algorithms, it
has been observed that both the MUMPS and the PARDISO solvers performed
well, and much better than the SPOOLES, which might suggest that the system

has proven some reliability.

Time Step Convergence

As explained above, an implicit time stepping method has been selected for the
solution of the system of PDEs to allow for large time-step sizes. However, stability
is one issue but accuracy is a different one. It has been observed that slight violations
of the current conservation law appear when integrating the current density which
has been generated in the surface of the current collectors (due to electrochemical
transport) and comparing it to the input current through the current collector tabs.

This can be explained because of the high non-linear dependency of the elec-

trochemical look-up tables with respect to the SOC or, what is equivalent (during
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charging process), with respect to time. It has been observed that the charge con-
servation problems are localized in the SOC where the U,. and Y., tables present
non-linearities.

Figure 6.2 shows how the integration of the through-plane current generation
due to the cell electrochemical activity begins to oscillate when the current regime
starts (¢t = 0), and requires approximately 200 to 500 seconds to reach equilibrium

(equation 6.1 is satisfied accurately).

1
Ibattery - N . 0 ;Q],de - N . 0 JdQ (61)
ec p ec

Running the simulation for different time step sizes, it can be observed (as de-
picted in Figure 6.3) that the surface integration of the through-plane current den-
sity, J, as well as the local maximum difference of it (max(J) — min(.J)), converge
linearly as the solver time step size is set to a smaller value. On the other side,
smaller maximum step sizes carry obviously longer computational costs. Therefore,
the maximum step size is optimized in the simulation model for the case of 1C-rate
full charge (basic simulation target, as explained in 5.1). Consequently it becomes

smaller in the SOC regions (or time, ¢) in which the current oscillations appear.
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Figure 6.2: Plot of the surface integration of the electrochemically generated cur-
rent during a simulation where a current pulse of Iyaitery = 20A was applied, begin-
ning at t = 0s.

Mesh Convergence

Different finite element meshes have been tested both for the 2D and the 3D sim-
ulation domains in order to observe and prove the accuracy and the convergence
of the derived model. On the left graph of Figure 6.4, it can be observed that the

solution of the temperature near the current collector tabs, which correspond to the
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overall surface integrated current and the prescribed value of Ipuiiery tend to zero
with decreasing time step sizes.

domain regions where sharpest gradients appear, converges as the number of degrees
of freedom (DOF) of the mesh increase. On the other side, the computational effort,
or time, which is required to solve for the simulation model increases sharply, as it
can be seen in the logarithmic plot on the right.
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Figure 6.4: Plot of the effects of the model mesh refinement. On the left, conver-
gence logarithmic plot of the model local temperature solution with increasing number
of DOF. At the right, effect of the mesh refinement on the computational cost (time).

As observable, the local temperature solution (Figure 6.4) converges fasterthan

This can be
explained by the automatic mesh refinement that is implemented in Comsol, that

the usual linear convergence that is obtained in logarithmic plots.

updates and refines the mesh in the regions where sharper gradients appear within
the solution.

Once convergence has been proved with a very fine mesh, the final selection of the
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mesh is a compromise between the accuracy and its computational cost. Whereas in
the 2D current collector domains, a triangular mesh has been chosen. A hexahedral
mesh has been used in the 3D battery domain in order to optimize the computational
cost. Since the battery’s aspect ratio is big and sharper temperature gradients are
expected within the z-axis, due to the very lower battery thermal conductivity in
this direction. The use of this mesh permits decreasing the number of DOF without
altering the accuracy of the model (recalling that the element quality is not as
relevant in the case of a hexahedral mesh, as compared to a tetrahedral elements

mesh).

6.2 Battery Simulation Results

6.2.1 Electrical Performance

In the following Figure 6.5, the potential difference between the potential distribu-
tions at €2, and €, which can be written as U = U(£,) — U(2,), is shown for an
arbitrarily selected SOC (or simulation time) during a 1C-rate charge simulation.
Note that the surface plot corresponds to the electrochemical cell domain, Q..
Hence, this is the potential distribution that governs the electrochemical activity

distribution (by equations 5.2 and 5.5).
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Figure 6.5: Surface plot of the electrical potential difference between the two cur-
rent collectors, [U () —U(2y,)], at 30% SOC for a simulation of 1C-rate charge.

It has been observed that the maximum surface voltage differences depend on
the current rate of the simulation, as it can be expected by the acknowledgement of
the underlying governing equations (Ohm’s law). Moreover, and in agreement with

the previous statement, it is observed that the dependency on SOC of the voltage
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distribution of the positive and the negative current collectors is negligible. This
means that the voltage distribution shown in Figure 6.5 is qualitatively constant
among the whole charging progress.

The minor potential distribution differences, among the current collector sur-
faces, cause some local variations in the electrochemical reaction current density
(recall equations 5.2 and 5.5). Thus, a higher electrochemical current rate genera-
tion near the current tabs is driven for almost the whole charge process because of
the major electric potential difference.

However, at around 70-75% SOC (during charge processes), the electrochemical
conductivity Y. decreases continuously, and substantially as compared to its varia-
tions among the range 0-70% SOC, shifting the maximum electrochemical current
production zone to the regions that possess a slightly lower SOC. This regions cor-
respond to the opposite regions of the current collectors position, as it can be seen
Figure 6.6.
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Figure 6.6: Distribution of the reaction current density production, J, at different
SOC during a 1C-rate charge simulation.

Voltage Curves Validation
From the obtained numerical voltage distribution within the 2D current collector
domains, the model battery voltage can be calculated by

Ubat = Utab,p - Utab,n (62)

where Utab,j is the average voltage of the current collector tab boundary, which can

be written as:
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1

Wtab

Viabj = / Vdx for j =p,n. (6.3)
8Qtab,p

Here it is worth recalling that, even if the simulation corresponds to a single
electrochemical cell, the voltage from equation 6.2 corresponds to the battery voltage
as the N cells composing the pouch battery are assembled in parallel.

Hence, the obtained voltage response of the battery model Uy under different C-
rate constant current charge conditions is plotted in Figure 6.7 (scatter points) and
compared to the experimental values (solid lines), showing a very good agreement

for all the tested conditions.
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Figure 6.7: Model voltage curve predictions for CC charging processes at 20°C
and different current rates (scatter points) and comparison to the experimentally
obtained values (solid thin lines).

6.2.2 Thermal Performance

A surface plot of the model heat generation rate distribution is shown in Figure 6.8,
where the left and the right plots refer to exactly the same numerical data and differ
only on the colour label scale.

The volumetric ohmic heat generation due to current constriction, localized in
the current tabs and its vicinities, proves to be of a much larger order of magnitude
than the one of the electrochemical processes. In the case of the present model, it can
be concluded, hence, that even if the thickness and volume of the current collector

tabs is much lower than the cell volume, the localized ohmic heat dissipation might
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Figure 6.8: Surface plot of the battery volumetric heat generation rate distribution,
at 30% SOC, undergoing a 1C-rate charge simulation.

be one of the most important factors causing temperature gradients across the cell,
as it was also presented in other publications ([38, 30]).

The total battery heat generation can be obtained from the derived single-cell
model by integrating all the volumetric sources (including electrochemical and elec-
trical heating sources) along the cell domain volume and multiplying by the number
of cells, N, that conform the battery.

qba,tte'ry =N- (/Q (Qirrev + (jrev)dQ + /Q QOhm'dQ + /Q QOhm'dQ> (64)
ec P n

In Figure 6.9, the total battery heat generation predictions, in [W], are shown
for different current rate runs (considering isothermal operation conditions).

As explained in the model formulation, the battery heat dissipation sources can
be decomposed in: irreversible reaction heat, §j ey, reversible entropic heat, ¢rey,
and ohmic heat, gonm (recall equations 5.14, 5.15, 5.16).

In order to obtain a comprehensive picture of the influence that has each of the
heating sources in the total battery heat generation rate, a plot of the decomposed
heat sources, for a 1C charge at 20°C, is included hereafter (Figure 6.10).

From the observation of the previous figure, it can be observed that, during a
1C-rate charge, the reversible and the ohmic heat sources have a big relevance in
the overall battery heat dissipation. This demonstrates that, at least in the case
of the battery of study, the computation of all the heat source terms is crucial for
obtaining accurate heat generation predictions.

Besides, it can be observed that, since the adopted EC model consists of a
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Figure 6.9: Integrated model heat generation rate predictions for one battery, in
[W], for CC charging processes at different current rates and isothermal operating
temperature of 20° C.
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Figure 6.10: On the left, plot of each decomposed source of the integrated battery
heat generation, including the reaction heat and the ohmic dissipation. On the right,
plot of the relative influence of each of the heat source terms on the overall battery
thermal dissipation power.

simple resistor and, thus, the transient evolution of the battery overpotentials is not
properly accounted, the irreversible reaction heat source in the model is probably

overestimated.

Ohmic Heat Analysis

The numerical information that is plotted in Figure 6.10, shows that the ohmic heat

prediction from the model corresponds, in average, to the 20% of the total battery
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heat dissipation during a 1C full charge process at an ambient temperature of 20°C.

However, note that the ohmic heat dissipation rate arises from the solution of
the electrical model within the current collectors and is clearly dependent on the
geometry definition of the aluminium and copper collectors. Since the internal con-
figuration of the battery sample has not been examined in this project, the geomet-
rical definition of the current collectors, which relies on some literature parameters
and the definition of some arbitrary corner radius approximations, might drive to
an inaccurate prediction of the real magnitude of the ohmic heating power.

The definition of the arbitrarily smoothed corners parameters is mandatory in
order not to generate singular solutions, as it is well known that sharp corners will
cause a singularity in the derivatives of the dependent variables for all elliptic partial
differential equations [126]. This is here specifically mentioned because this consid-
eration has been overlooked in other publications [109, 30], in which the convergence
of the model is never discussed, and in which the domain and boundary conditions
definition might lead to unbounded singular and mesh size dependent solutions.

In order to quantify the influence of different arbitrarily-defined model parame-
ters, some parametric sweep simulations have run to observe the effect of the vari-
ation of the main influential factors. Figure 6.11 shows that the number of cells
that conform a pouch battery, IV, has a large impact on the total amount of ohmic

dissipation power as compared to the influence that the Smoothing parameter! has.
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Figure 6.11: Plot of the influence of the number of cells N (left) and the ”Smooth-
ing” parameter from Comsol on the amount of the (average) battery ohmic heat
dissipation, in W, undergoing a 1C galvanostatic charge at 20° C.

The number of cells N affects the ohmic heat generation because it directly

!The ” Smoothing” parameter defines the amplitude of the thickness transition at y = 155, 6mm
(e.g., for the positive current collector domain, from zcc, (see Table 5.1) to ztabp (See equation
5.10)).
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affects the electrical constriction/spreading due to the thickness reduction of the
current collectors when they merge in the battery tabs (see equation 5.10). It has
been proved to be, in the case of the present model, the most influential factor in
the total amount of ohmic heat dissipation.

Whereas the number of cells N, as well as the radius could be analyzed by
the internal examination of the battery, the real physical sources behind the ohmic
dissipation might be of difficult analysis. For example, the manufacturing process
of the battery core or, more precisely, the welding between the different current
collectors of the cell which conform the parallel connection between the different
cells conforming a pouch battery, may result in localized microscopic gaps between
mating tabs in the stack. These gaps decrease the effective area for current flow,
even if advanced welding techniques such as ultrasonic metal welding or laser beam
welding are employed, and increase the ohmic losses [125].

However, an overall analysis through IR imaging or distributed temperature
sensing, would suffice to properly estimate the concrete amount of ohmic heat dis-
sipation without needing deeper insights on the microscopic level.

According to the argumentation presented by Zhao et al. in [7], from the left plot
in 6.11 it can be clearly observed that thicker electrode batteries (with fewer number
of cells within a pouch battery, N) promote higher ohmic dissipation. Therefore,
thicker electrodes with higher energy density (due to larger ratio of active materials)
are often compromised with a higher temperature homogeneity, which translates
into higher capacity fade rates especially at high discharge rates. On the other side,
thinner electrodes (with fewer energy density) are shown to hold better thermal
response, and thus allow for better cyclability at high current rates. Hence, this
plot illustrates one of the main differences between energy and power batteries.

Last but not least, and to conclude with this section, it is worthwhile mentioning
that the ohmic heat source in the current tabs is predicted to be higher in any kind
of application due to the contact resistance between the tabs and the rest of the
batteries or the electric or electronic system, even if the battery connectors are

properly welded.

The Effect of External Convection

As explained in detail in the introductory chapter, section 2.3, the temperature
is with no doubt one of the most influencing factors on the battery performance.
For that reason, the boundary conditions of the 3D battery model affect the bat-
tery temperature and, hence, the heat generation predictions, as well as any other

magnitudes. To illustrate the effect of the battery heat dissipation, the model heat
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generation rate results are shown in Figure 6.12 for different air convection coeffi-

cients, h.
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Figure 6.12: Average temperature (left) and integrated model heat generation rate
predictions (right) for a 1C charging process at an ambient temperature of 20° C and
different external air convection coefficients, h.

As it can be seen on the right, in Figure 6.12, whereas the influence on the heat
generation rate (in W) is not excessive, the model battery temperature changes

drastically, from isolated conditions (h = 0) to high forced air convection (h = 60).

Validation of the Heat Rates

The model average temperature predictions for 0,5C and 1C are qualitatively com-
pared to the experimental data obtained from the electrical and the thermal charac-
terization processes in Figure 6.13: the dashed lines correspond to the model results;
the continuous lines, to the temperature sensor measurements within the climate
chamber cycling measurements; and the scatter dot points refer to the temperature
increase measured within the calorimeter chamber.

As explained above, the air convection coefficient that determines the heat dis-
sipation of the battery model affects drastically the temperature predictions of the
model. For that reason, a quantitative comparison of the model predictions to the
measurements in the climate chamber and in the calorimetric chambers, where the
convection coefficients are unknown and variable in time, is not feasible. However,
the qualitative comparison of the different measurements, or predictions (Figure
6.13), shows a good agreement in terms of the shape of the temperature evolution
in time.

By selecting a convection coefficient of h = 15, which shows a good agreement

between the model predicted temperature and the temperatures measured in the
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Figure 6.13: Battery temperature under 0,5C and 1C at an ambient temperature
of 20°C. Dashed lines: model results, using a convection coefficient of h = 15;
continuous lines: temperature sensor measurements within climate chamber testing;
scattered dot points: measured temperature increments within the calorimeter tests.

calorimeter, the heat generation rate predictions and the calorimetric measurements
for 1C charge processes are compared in Figure 6.14.

A very good agreement of the heat generation rates can be observed for the
CC charge at 0°C and 20°C, whereas at 40°C, higher model imprecision can be
attributed to the lack of experimental data at higher temperatures than 40°C.

6.3 Local Cooling for Battery Life-Enhancement

In this section, the effects of a local cooling action in the battery current tabs are
studied through the execution of the derived simulation model and by the application
of a localized constant cooling power in the 3D battery domain. The local cooling
power is applied as a constant power, up to 0,5W, in the zone corresponding to the
current tabs during the fast charge of the battery.

First, and as expected, the first effect of a local cooling power applied in the
current collector tabs consists of a locally lower temperature in those regions, as
shown in Figure 6.15.

However, this local temperature differences derive other effects on the electro-
chemical processes. As explained in section 6.1.1, in general, the regions that are

near the current collector tabs tend to generate higher electrochemical current rates,
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Figure 6.14: Comparison of the battery model heat generation rate predictions
(scatter and line) with the calorimetric experimental data (scatter points) for 1C-
rate charging processes at different ambient temperatures.
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due to a higher electrical potential and a higher temperature because of concen-
trated ohmic losses. This effect is only counterbalanced when a sufficient SOC
surface difference is achieved and the electrochemical conductivity, Y., decreases
monotonically.

However, and as it can be seen in Figure 6.16, the distribution of J is also highly
dependent on the temperature. In this figure, it can be seen that the transition of
the current density location from the regions next to the current tabs to the regions
on the bottom of the battery, which appears at around 75% SOC (undergoing 1C
charge simulations), is smoothed when a local cooling power is applied to the battery

tabs, as a consequence of a lower temperature near the tabs.
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Figure 6.16: Plot of the evolution of the model current density surface distribution,
and effects of the local cooling power for a 1C-rate fast charging process.

As a consequence, and recalling that the SOC model distribution (equation 5.11)
is based on the distribution of the electrochemical current density, J, and its evo-
lution in time, it arises the observation that the cell SOC distribution homogeneity

can be improved by the introduction of some local cooling power near the current
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collector tabs. This is demonstrated by the numerical results, and depicted in Fig-
ure 6.17, where the maximum and minimum SOC cell surface values are shown for
different local cooling power values, under a 1C-rate fast charging process.

Hence, maximizing SOC homogeneity might imply the enforcement of some tem-
perature inhomogeneities, which might counteract the inhomogeneity of the current
collectors overpotential distribution. In this sense, the analysis of the local cooling
on the effects of battery heat generation has also been experimentally investigated
by Bazinski et al. in [125].
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Figure 6.17: Plot of the model mazimum and minimum SOC' cell surface values
during a simulation of a 1C-rate fast charging process, subject to variable battery
tab cooling magnitudes.

Note that, as shown in Figure 6.18, the effect of a moderate local cooling near the
current collector tabs region might as well imply an improvement in the overall bat-
tery temperature homogeneity, accounted as the difference between the maximum
and the minimum cell surface temperatures.

By looking at the two previous figures, it can be seen that the SOC homogeneity
improves from 0 to 0,5W of local cooling power, in an approximately linear fashion.
On the other side, the best overall temperature homogeneity is observed at g5 =
0,3W, as compared to qiqps = OW and g = 0,5W. This enlightens that increasing
the local cooling action downgrades the homogeneity of the temperature, after a
certain local cooling value.

Here it is worthwhile to explain that, even if in this work the effects of tem-
perature on battery degradation have been explained and reviewed in much greater
detail (section 2.3) than those of the operating current, in most of lithium-ion bat-

tery chemistries the influence of both factors can be of similar orders of magnitude
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Figure 6.18: Plot of the model maximum and minimum cell surface temperature
deviations (from the average temperature) during a simulation of a 1C-rate fast
charging process, subject to variable battery tab cooling magnitudes.

[40, 33].

Therefore, and since the homogeneity of the SOC is clearly a sign of the uni-
formity of the electrochemical activity, the model results show that an equilibrium
between temperature and SOC homogeneity might exist in order to optimize the
battery performance and to minimize its degradation.

Regardless of more insights into the influence on the degradation, and as a
conclusion for this section, it can be stated that the model results point out that the
effect of a moderate local cooling power in the current tabs region can be beneficial
for the homogeneity of both the electrochemical activity rates and the overall battery
temperature. Last but not least, note that this conclusion differs slightly from the
guidelines that are given in most of the literature related to the design of the BTMS
for battery pack life-enhancement, where the battery temperature homogeneity is

in most cases the only objective pursued [39, 33].



Chapter 7

BTMS Concept Design

The thermal issues are one of the main barriers of the mass deployment of lithium-
ion power batteries. This problem is assessed from two different technical branches,

from which several publications have appeared in the last few years:

1. The first seeks to reduce some of the thermal issues as a result of the mod-
ification of the internal materials. This includes the study of the effects of
doping or coating the active materials through different techniques [127], the
reduction of the electrodes particle size (which intends to reduce the diffusion
distances of the lithium ions) [128], or the study of new anode materials with

better thermal properties [129].

2. The second provided that lithium-ion batteries may be manufactured without
considering the thermal performance and investigates the usage of different
thermal conditioning strategies for the development of the most efficient, com-

pact, cheap and secure battery thermal management system (BTMS) design.

The first of the above listed points being essential for the development of future
and improved lithium-ion cells, the development and dimensioning of a customized
BTMS is one of the most important steps in the development and design of large
battery packs for applications such as BEVs, HEVs, or energy storage systems,
where high electric power is used in relatively short periods.

In this regard, this chapter gathers, first, a brief review on existing technology,
solutions and research directions for the development of lithium-ion BTMS (section
7.1). After this review, a novel BTMS design for the battery box of a BEV is

presented and described in section 7.2.
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7.1 State-of-the-Art of BTMS

The narrow desirable operating temperature range that lithium-ion batteries de-
mand for an optimal performance, the high effect that the temperature has on its
performance and the complex prediction of the battery heat generation rates pose a
significant engineering challenge on the development of an appropriate and efficient
BTMS.

As extensively justified by the literature review presented in section 2.3, the main
objectives for the design of an optimal BTMS system can be stated to be: first,
to maintain the battery temperature within the appropriate temperature range,
which is usually between 20°C and 40°C; and second, to minimize the maximum
temperature difference across the different batteries within the pack.

In this section, a brief review on the existing solutions and on the research di-
rections and methodologies for the design of thermal management for high density
power battery modules and packs for BEVs and HEVs is given. Different approaches
can be found in the literature and a number of acclimatisation systems show inter-
esting potential for its application in BTMS. In the short review presented hereafter,
some interesting and promising cooling systems might have been overlooked. Only
the most common systems are covered, including forced convection (both air and
liquid cooling systems) and phase-change materials or devices (heat pipes and phase

change materials).

7.1.1 Convective Cooling
Air Cooling

The use of air may be the simplest approach for the BTMS, and was the selected
methodology adopted for the first HEVs in the market: the Insight (2000) and the
Prius (2001). In most of the cases, in BEVs and HEVs, the high energy and power
density of the battery pack forces the adoption of forced convection systems, since
natural air convection does not provide sufficient thermal dissipation.

Usually, the conditioned air for the BTMS is supplied from the cabin and ex-
hausted to the ambient [39]. The air flow is normally conducted through the stack
of the battery pack, or module in a parallel fashion (see Figure 7.1). CFD sim-
ulation is used in several works to optimize both the geometrical arrangement of
the batteries and the flow rate for a maximum energy efficiency [18, 19]. Besides,
complex systems have been investigated, such as two-directional flow configurations
or systems that involve variable flow paths by recursively reciprocating the air flow

direction, such as the one presented by Yu et al. in [17].
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Figure 7.1: Scheme of a typical configuration for air convective cooling over the
battery pack. Figure reprinted from [39].

However, air cooling is nowadays often discarded for the BTMS of large battery
packs due to its limited dissipation capabilities, owing to the fear of the hazardous
effects of a possible thermal runaway and to the acknowledgement of the importance

of the temperature homogeneity on the life and performance of the battery pack.

Liquid Cooling

Compared to air, liquid cooling works both in a convective and conductive way,
since the conditioning fluid (water, glycol, acetone, or other refrigerants) has a
much higher heat capacity. On the other side, liquid cooling generally involves a
much complex circulatory system with higher price and technical requirements. Be-
sides, caution is crucial when using ionically conductive fluids, since they decompose
when in contact with both electrodes of the battery forming hydrogen gas which,
eventually, can lead to an explosion.

Therefore, the BTMS using liquid cooling is normally materialized by the de-
sign of a tubing system that circulates the refrigerant around the different battery
modules, such as the design developed in [20], where the tubing design is optimized
based on 3D numerical simulations. Nonetheless, similar parallel flow configurations
as in the air cooled systems have also been investigated, i.e., in [21], who studied
the effect of the channel’s size and configuration for both pouch and cylindrical bat-
tery modules. When it comes to the actual application, Tesla, e.g., makes use of a
liquid cooling system based on a ribbon shaped metallic cooling tube that stretches
through the pack of cylindrical cells.

Besides, a lot of attention has lately been paid to the so-called cold plate con-

cept, which consists of a plate with embedded mini-channels through which the
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refrigerant circulates [7]. Systems including such elements have also been adopted
in the industry, i.e., in the battery pack of the Volt (2011) plug-in hybrid electric,
or the i3 BEV (2013), which uses the same coolant for the BTMS as for the cabin

conditioning.

7.1.2 Phase Change Methods
Heat Pipes

Thanks to their extremely high thermal conductivity, which can reach up to 10°
Wm~! K™!, these devices have been widely employed in electronic cooling systems,
such as laptops, and have centered more attention in the recent years on their
application in large battery packs. With even higher heat transfer capabilities than
liquid cooled systems, heat pipes have the advantage of being a passive elements
whereas its versatility is generally minor. Copper and aluminium being the most
common materials for the manufacturing of the heat pipe envelope, and water and
ammonia the usually employed fluids, one of the most important aspects in the
design in such cooling systems relies on the thermal contact between the pipes
themselves and the heating or cooling surfaces. Normally, thermally conductive
plates are introduced on the hot side to enhance the contact between the heat
sources and the heat pipe, and a liquid or air cooled heat sink is attached to the
cold side of the heat pipes [130].

A lot of different heat pipe devices are available on the market and have been
investigated for the application in BTMS. For example, a BTMS design based on
pulsating heat pipes (PHP), which do not require a wick internal structure and,
hence, are cheaper to built, have been presented in [131]. Besides, flat heat pipes
(also known as vapor chambers) can also be manufactured, and due to their similar
characteristics to the previously introduced cold plates with liquid mini-channels,
their adoption for promoting temperature homogeneity has also been experimentally
investigated for BTMS in [22, 132].

Most of the studies for BTMS which include heat pipes are experimental, be-
cause considering accurately the transient thermal characteristics of a heat pipe is
challenging due to the complexity of appropriate modelling of the physic phenomena

occurring inside the heat pipes and its thermal transfer characteristics [24, 22, 25].

PCM

A phase-change material (PCM) is a substance that has a high fusion heat coefficient,

which when melting and solidification occurs (at a specific, selectable temperature),
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is capable of storing and releasing large amounts of energy. The most common
BTMS assembly consists in placing the battery module in a liquid/solid PCM, such
as it can be observed in Figure 7.2, and the study of such assemblies is today
an active area of research due to its promising characteristics: PCM cooling is a
passive and compact method with proper cooling effects, can be used as thermal

energy storage, and possess very good safety properties [26, 27].

Figure 7.2: Schematic of the most common PCM cooling system architectures for
lithium-ion battery packs. Figure reprinted from [7].

Nonetheless, some drawbacks have also been acknowledged, such as their bad
thermal conductivity (which, i.e., would complicate the pack warming that is nec-
essary in cold environments extremely) and the volume change and capillary forces
that arise when the PCMs melt [7, 26].

The most commonly studied PCM for lithium-ion battery cooling is paraffin wax,
in which composite metal matrices are normally introduced in order to enhance its
bad thermal conductivity [27].

7.2 Concept Design

Once the most common BTMS systems and simulation studies have been reviewed,
and recalling that one of the main objectives of the project under which this work
is contextualized is the development of a novel and energy efficient climate system
for electrical vehicles, an innovative acclimatization system concept is presented in
this section. The presented system design arises from the project guidelines, which
specify that the application and combination of Joule and thermoelectric elements
has to be studied in order to redesign and to improve the existing thermal systems
both for the car interior cabin and for the battery pack thermal conditioning.

The creative phase and the necessary discussion that came through the design
process of the configuration of the battery thermal management system (BTMS)
that is presented hereafter is kept out of the present work. Conversely, only the

final design is presented and described here, explaining its working principles and



104 CHAPTER 7. BTMS CONCEPT DESIGN

characteristics, and briefly comparing it to the existing technologies that have been

previously reviewed.

7.2.1 Battery Box

The battery pack for the EV application that is studied in this project has a nominal
energy of 34,6kWh and a nominal voltage of 340V and, as it can be observed in
Figure 7.3, it is divided into 7 battery modules. Each of the battery modules is
conformed by 75 battery units connected in a 5P15S! array, which have an energy
capacity of 100Ah and a nominal energy of 4, 8kWh at 48V. Every battery module
is conformed by five sub-modules connected in series, each of which consists of a
5P3S battery array (100Ah, 9,6V).

EV Battery Pack Battery Module

Battery
Module
BMS

(5P155)
100Ah
a8v

=
5 Thermoelectric
Sub- elements

(5P3S) N
7 :

| | BTMS Model
¥ | Computational I
L:iomain

) Sub-module
symmetry

Figure 7.3: Scheme of the battery pack box distribution and BTMS design.

The 15 pouch batteries conforming every sub-module are placed one after an-
other separated by a thin metallic fin, and are pressurized from both ends, where a
thicker metallic fin is placed. A gauge pressure of 10psi is set by the manufacturer
as the optimal working pressure. The pressure is applied by the use of some metallic
stripes that enclose the battery sub-module and which are designed to maintain the
pressure almost constant independent of the battery expansion (which can reach up

to 5% of the original thickness during the whole operation life of the batteries).

'5P15S is the short form for referring to a 5 parallel - 15 series battery connection (consisting
of a total of 5*15=75 batteries)
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7.2.2 Thermal Management System

The metallic fins that are placed in between every battery unit conforming the bat-
tery sub-modules serve as a thermal conductor, in order to promote the temperature
homogeneity among the batteries surface plane and to facilitate the rejection of the
heat that each of the batteries generate during its operation. As it can be observed
in Figure 7.4, the metallic fins are bended at the lateral part of the sub-module to
improve the thermal contact with the lateral heat distribution plate and the heat
pipes that transport the heat energy from the batteries to the exterior of the battery
box, or vice versa. However, and as depicted in Figure 7.3, between the heat pipes
and the exterior of the battery box (which is properly thermally-insulated from the
exterior), a set of thermoelectric devices is placed in order to control the heat flux
coming in (or going out) of the pack.

Thus, note that the system to control the temperature of the batteries and,
hence, the heat fluxes from the inner to the outer part of the battery box, integrate
a serial combination of heat pipes and thermoelectric devices.

The BTMS design proposal, a sketch of which is depicted in Figure 7.4, is similar
to the novel cooling system design that is presented in [133], where Saengchandr et
al. studied and simulated a system based on the combination of a heat pipe’s array
with thermoelectric modules. In that case, the cooling system objective was the
thermal control of a computer microchip, and it was concluded that the proposed
system was more efficient than a system based on any of its components on their

OWIl.

Cooling and Heating Modes

In order to cool down the battery pack, the Peltier thermoelectric devices (TED)
are powered through a DC-DC controller to cool down the internal side (in contact
with the heat pipe), while the heat that is generated by the TED operation is
evacuated from the hot side throughout an external heat sink. Similarly, when the
battery needs to be heated up, the TED are powered inversely, generating a hot
temperature in the inner side (inside the battery box) that creates a heat flow rate
that, conducted through the heat pipes and the aluminium fins, heats the batteries

up to the desired operating temperature.

Sleeping Mode

The TED are known to have a bad cooling performance (or COP), and this is
the major reason that has limited its application for BTMS [39]. Moreover, a bad
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Figure 7.4: Scheme of the thermal management design of one battery sub-module,
including heat distribution plates between each pouch battery and the lateral area of
the sub-module, and heat pipes for the heat transport to the exterior of the battery
boz.

cooling efficiency translates into a rejection of a big amount of heat on the hot side,
when power is supplied in order to absorb a heat flux power on the cold side.

One of the major reasons for this fact is that the effective heat conductivity
through the TED is very poor, due to the low thermal conductivity of the semicon-
ductors that conform its body (such as bismuth telluride, BipTeg) [134].

However, in the presented BTMS design, the bad thermal conductivity of the
TED serves as an insulation mechanism for the resting mode, which is extremely
important when the BEV is eventually parked in cold ambient. Besides, since the
TED are placed on the walls of the insulated battery box, the actual design ensures
that the heat production of the TED during operation cooling mode is directly
rejected outside of the battery box and, thus, does not sum up to the heat generation
of the batteries.



Chapter 8

BTMS Optimization

In order to optimize the geometrical configuration of the battery stack, regarding
thermal aspects, a framework for linking an external optimizer to Comsol parametric
models is developed here. The development of this framework permits, furthermore,
the usage of any kind of optimizer which is programmed in Python or any other
programming language to optimize any parametric model implemented in Comsol,

and can be used for a wide variety of different applications.

8.1 BTMS Model Implementation

Making use of the experimental-based electrochemical thermal model for the pouch
battery under study, described and implemented in chapter 5, a parametrized 3D
configuration of the BTMS design is drawn in Comsol to simulate the performance
of the system, and to evaluate the influence of each of the design parameters.

In the following sections, the simplifications that have been adopted in order to
simplify the BTMS model will be presented first (section 8.1.1). Then, the thermo-
electric devices (TEDs) and the heat pipe models implementation, caused through
the imposition of some boundary conditions, are explained in section 8.1.2. Finally,
the concrete targets of the optimal design of the BTMS are explained in section
8.1.3.

8.1.1 Domain Definition
Simplifications and Assumptions

Since all the walls of the battery box depicted in Figure 7.3 are properly insulated,

and since all the batteries always operate under the same load and thermal condi-
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tions, a negligible heat flux can be expected to flow in between the different battery
sub-modules. This allows for the simplification of the simulation domain, from the
whole battery box to a single battery sub-module. Besides, and as shown in Figure
7.4, every battery sub-module conformed of 15 batteries is symmetric along the z-
axis (the axis across the pouch cells). This permits a further simplification of the

computational domain to just the half of the battery sub-module.

Due to these simplifications, the boundary conditions of the model are set to
thermal insulation on all the boundaries, with the only exception of the surface
boundary that is in contact with the TEDs.

Since the temperature differences across the simulated battery sub-module are
not expected to be very big, and because of the necessity of simplification due to
the high computational cost that requires every 2D electrochemical-thermal cell sub-
model, all the batteries in this model are considered to be operating under the same

conditions (temperature, current and SOC).

This is done by the use of the same simple mapping function that was used in

the battery model, ¢o4_34 (recall expression 5.17).

Model Parameters

The definition of the BTMS model geometry, presented in the previous section 7.2.2,
relies in its implementation in Comsol on the parameters that are gathered in Figure
8.1.

Thickness of the Al fins
within the battery stack

Thickness of the heat
distribution plate

Height/position of the /ﬁ_ Bamr";:f:tk;;:T'"'um
P

lower heat pipe KAl

Distance between both h
heat pipes dishpipes  f
Heat pipe array settings

Radius of the heat pipes radpipes and dimensions

Length of the heat pipes f_"a |.;,qu.s L
i hof b TEC power and external
eng_t oheonacthetieen ,._f Liac L ambient conditions
heat pipes and TEC elements il

Current applied to the
thermoelectric elements

Temperature of the exterior
side of the TEC elements

Number of TEC connected
to every heat pipe.

Figure 8.1: Sketch of the BTMS model parameters.

By varying these parameters, the optimal design for the presented BTMS design

configuration is sought as the final objective.
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8.1.2 Thermal Management Elements
Thermoelectric Devices

A thermoelectric device (TED) is an element that makes use of the thermoelec-
tric effects, namely the Peltier, Thomson, and Seebeck effects, which govern the
temperature gradients that are caused due to electrical potential difference between
dissimilar metals, or vice versa. For that reason, TED can typically be used for
both, heating and cooling purposes, as well as for power generation (from thermal

to electrical power).

A typical cutaway of a TED is presented in Figure 8.2.

N7

Heat Absorbed

Figure 8.2: Typical cutaway of a Peltier Module. Figure reprinted from [135].

Modeling the TED in Finite Elements from the governing equations of the ther-
moelectric effects (the derivation of which can be found, i.e., in [136]) shows the main
inconvenience that is to be solved for the 2D or 3D solution within a complicated
internal geometry (and its associated complicated mesh), as depicted in Figure 8.2.

Due to that, and given that the concrete TED sample that is going to be adopted
for the current BTMS design is provided by a project partner, the TED is replaced
in the numerical simulation model by a surface boundary condition. This condition,
applied to the outer end of the heat pipes, governs the heat flux that the Peltier
element rejects from the system (see the left plot in Figure 8.3).

The surface of the chosen TED measures 30 x 42mm, and the thickness of the
devices 3mm. As we can see in Figure 8.3, the cooling capacity Q.rrp and the
operating voltage Uprgp of the TED sample have been tested by the manufacturer
at different hot side temperatures, T}, and are linearly dependent on the temperature
differences between the cold and the hot sides of the TED, T}, — T..

Thus, given the data shown in Figure 8.3, a Neumann boundary condition is

applied to the surface of the heat pipes which are in contact with the TEDs. On
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Figure 8.3: Plot of the main empirical characteristics of the thermoelectric element
sample, adopted for the BTMS.

the other side, the heat rejection on the hot side of the TED is computed as

Qn = Qcrep(IteD, T, Th) + ItepUrep(ITED, T, Th) (8.1)

where the TED current and the hot side temperatures, ITgp and T}, are model
parameters, and the cold side temperature of the TED, T, is governed by the ther-
mal energy conservation equations that are solved along all the batteries, aluminum

case and heat pipes array.

Heat Pipe

Using a lumped thermal resistance network model,which is a common engineering
strategy for characterizing the different heat transfer phenomena ocurring within a

heat pipe, the overall thermal resistance of the heat pipe can be written as [130]

Leq — Leq
AT ~ RegAq

(8.2)

Req = —Q

where Aqq = T pipe/4 is the cross sectional area, and L, is the effective length of

the heat pipe, corresponding to

L L
Leg = =5 + Laa + =5 (8:3)

and being Leyqp the length of the evaporation section, L,q the length of the adiabatic
section, and L.y,q the condensation section length.

The overall resistance of the heat pipe, R4, is normally presented in the litera-
ture as a combination of serial and parallel thermal resistances [137, 138], as shown

in Figure 8.4, which can in general be modeled as
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Figure 8.4: Thermal network scheme of the heat pipe equivalent thermal charac-
teristics.
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- orrl ’ Rogial = H7A (84)

where 7.z and i, are the external radius, and L and A are the length and cross-

Rradial =

sectional area of every zone.

Most of the thermal resistances depicted in Figure 8.4 can be computed by the
use of the equations in 8.4 and the use of tabulated material properties of the wall
(copper or aluminum) and the working fluid (water or ammonia). In the case of
the wick structure, different expressions appear in the literature for computing its
effective thermal conductivity due to the existence of different wick structure types.
E.g., in [139], Ferrandi et al. present different correlations for wrapped screen and
sintered wick heat pipes; in [140] further models are presented. The most common
expression for the effective thermal conductivity of the liquid-wick structure is the

expression, derived by Zuo and Faghri [141], which can be written as:

ri (R + Fw) = (1 = €)(K1 = Fw))
(R + Fuw) + (1 = &) (K1 = Kuw))

where k; and K, are the thermal conductivity of the working fluid and the envelope

(8.5)

Req,wick =

metallic material, and ¢ is the porosity of the wick structure.

The thermal resistance of the vapor flow is determined by

Tv (Pv,eva - Pv,cond)
pohfea

R, = (8.6)

where P, cyq and P, conq are the saturation vapor pressures at a corresponding vapor
temperature at the evaporator and condenser, respectively, and whose values are

introduced to the model within a look-up table.
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Thus, at the end, the heat pipe is modeled in the BTMS model in Comsol as a
solid. It has a variable thermal conductivity, k¢4, which is computed from equation
8.2 and the results of the thermal resistances given in equations 8.4, 8.5 and 8.6. The
material properties that are needed for computing each of the thermal resistances
are adopted from [137], which are invoked as a function of the model temperature
solution at every time step. In this regard, it has been observed that the thermal
conductivity of the heat pipe has to be defined as a variable instead of a parameter,
since Comsol permits the variables definition to depend on time and on the existing

dependent variables that the governing equations are solving for [147].

External Heat Dissipation

The presented BTMS concept design might release a considerable amount of thermal
energy to the outer part of the battery box when the TED are powered in cooling
mode. The heat dissipation on the hot (external) side of the TED results as the sum
of the sum of the battery heat dissipation power plus the thermal energy released
because of the TED operation. The appropriate temperature control and, thus, the
heat rejection of the outer surface of the TEDs is very important for the performance
of the cooling mode: if the outer surface of the TED gets hot, its cooling performance
decreases considerably, and linearly (see Figure 8.3).

However, the thermal treatment of the external side of the battery box can be
very complex in itself, since it may involve different solutions and strategies for
permitting, i.e., the option of using the dissipated thermal energy to warm the car
cabin, if it is required.

Therefore, the treatment of the external side of the BTMS is simplified at this
stage, and a further development of the model is kept open for this side. Finally,
the simplest approach possible is adopted in the model, setting the external temper-
ature to a fixed ambient value. This is done through the application of a Dirichlet
boundary condition, assuming an infinite thermal dissipation on the external side

of the Peltier elements.

8.1.3 BTMS Targets

The key question regarding optimal design is the right measure of what makes a
design good and desirable. Before looking for optimal designs it is important to
identify characteristics that contribute the most to the overall value of the design.
Therefore, this section focuses on the description of the objectives and load cases
that have been set for evaluating the design of the BTMS.
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Multiple Objectives

One of the most complex tasks within the present optimization process is the cor-
rect definition of the objective that the optimal BTMS design ought to accomplish,
because different objectives and a variety of load cases have to be involved. Nonethe-
less, a clear definition of the multiple objectives that the BTMS has to fulfill, or

meet, is possible:

1. First of all, and as stated as the first priority in all the works that discuss
the design of BTMS, the battery temperature has to be maintained within
the appropriate temperature range. This translates into different objectives.
Basically, Thatt, maz has to be minimized during operation at hot ambient con-
ditions, and the heating mode has to increase Tpqs1,avg as fast as possible in

the case of battery pre-heating after parking in cold ambient.

2. Besides, the battery temperature and SOC homogeneity have to be maximized,
by minimizing (Tbatt,max - Tbatt,min) and (SOCbatt,max - SOObatt,min)a as the
temperature and the cycling DOD have shown to affect the degradation of the
electrochemical cells, and non-uniform degradation causes electrical imbalance

and bad battery performance.

Apart from the two major objectives presented above, the energy efficiency ought
to be maximized, both in cooling and heating modes. In this concern, the energy ef-
ficiency can be quantitatively evaluated by computing the coefficient of performance

(COP), which can be written during cooling phases as

Qcold
Qhot - Qcold

where, for the given system, Q.4 is the rejected heat from the batteries and Qpo

COPeooling = (8.7)

is the heat that is rejected outside the battery box from the external (hot) side of
the TEDs. In the case of heating conditions, which can become necessary if the car

is parked or operated in cold ambient, the COP can alternatively be computed by

Qhot
Qcold - Qhot

Last but not least, the weight and the cost of the BTMS components and man-

COPheating - (88)

ufacturing process have to be minimized. In the case of weight, this is rather easy
to evaluate, since it is clearly the aluminium case holding the batteries which is

responsible for their heavy weight. The manufacturing costs, however, are more
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difficult to evaluate. Thus, this objective is kept out of the optimization routine at

this preliminary stage of the BTMS development.

Load Cases

The most important load case corresponds to the fast charge process, as it was
already introduced in the section on the objectives of the battery electrochemical
model (section 5.1.1). Nevertheless, the BTMS heating mode, by the inverse power
supply on the TED, also represents a relevant load case for the evaluation of the
system, since this practise might be highly necessary in countries with cold ambient

temperatures.

The evaluation of the BTMS design objectives for the ”pre-heating” load case
would clearly differ from the objectives of the fast charging case (i.e., the average
battery temperature has to be maximized in this case). However, the same evalu-
ation data sets can be used, while only the objective function expression has to be
modified.

Last but not least, studying the ”sleeping” mode is necessary for evaluating the
overall performance and characteristics of the BTMS, and would give information
on the insulation efficiency of the BTMS. However, and as mentioned, the success of
the sleeping mode relies mostly on the thermal insulation of the battery box walls,
rather than on the parameters that govern the battery stack geometry. Therefore,

this load case cannot be studied together with the two stated above.

8.2 BTMS Model Results

In order to explore the effects that the different model parameters generate in the
different objective functions, defined in the previous section, several parametric

sweep simulations have been executed.

Whereas simulations for the pre-heating case have also been run, the result of
such is not included in this work due to the lack of time for the proper analysis of
the results. Instead, only the simulations for galvanostatic fast charge are presented.

In order to study the 1C charge current in a computationally more efficient
way, the simulation has been restricted to the interval 40% to 70% SOC, which
corresponds to the SOC region in which the battery is expected to generate the
highest heat rates (recall Figures 6.9 and 6.14).
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8.2.1 Computational Cost

After more than 300 runs for the study of 1C charge in the interval 40%-70% SOC,
the first conclusion that we can extract, analyzing the computational cost of the
simulations, is that the adopted model strategy is adequate for the dimensioning
and design of the BTMS.

The average computational cost for all the simulations is 196s (with a standard
deviation of 0,185), while the computational time or the time of the physical process
that is being simulated,which lasts the same, have a duration of 1000s.

The mesh that has been used for solving the numerical model in this chapter
consists of around 26.000 elements, and is presented in Figure 8.5. Here, analogously
to what was discussed in the implementation of the battery model, an hexahedral
mesh is generated along the batteries and aluminium fins, whereas a tetrahedral

mesh is generated for the rest of domains, which are geometrically more complex.

ﬁ

Figure 8.5: Computational mesh and domain of the BTMS numerical model.

8.2.2 Cooling Capabilities

The model results show that, as expected, when power is supplied at the external
end of the heat pipes, a temperature difference between the two heat pipe ends of
around 3-10°C develops. This temperature difference (AT},;p) activates the phase-
change transport in the heat pipes, and a heat flux along the pipes is established
quickly (see Figure 8.6).
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Figure 8.6: Surface plot of the temperature at t = 1000s undergoing o 1C charge at
an ambient temperature of 20° C and under different TED current supply conditions.

Besides, in the surface plots shown in Figure 8.7, the effects of the cooling power
on the surface temperature distribution can be more clearly observed under the

same conditions that are shown in Figure 8.6.
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Figure 8.7: Surface plot of the temperature at which the representative electro-
chemical cell is working, at t = 1000s and undergoing a 1C charge at an ambient
temperature of 20° C.

As we can see in the left plot of Figure 8.8, when the 4 TEDs that are placed
at every heat pipe end are powered with a current of 2A, the maximum battery
temperature undergoing a 1C charge from 40% to 70% SOC (at an ambient tem-
perature of 20°C) gets reduced from 23,6°C to 21,7°C. On the right plot, in which
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the TED current is maintained at a level of 1A, it can also be observed that the
effect of a higher external ambient temperature is also reflected in a lower battery

temperature decrease, or a lower effective cooling power.
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Figure 8.8: Plot of the average temperature within the battery sub-module, subject
to different cooling rates and external ambient temperature conditions.

In the next Figure 8.9, the effects of the TED current and the external ambient
temperature on the electrical power consumption of the cooling system are shown,

being the electrical power consumption computed as

P.jec = 2. (NrEp-(Urep-ITED)) (8.9)

where npgpp is the number of TEDs that are needed for the computational
domain battery module. The electrical power P, is, then, multiplied by 2 because
the computational domain consists only of one half of a battery sub-module.

Note that a power supply of 2A at the four TEDs supposes a cooling power of
approximately 180W. From the obtained model results, it is interesting to compare
the power demand of the cooling system to the power demand that the battery
charge requires. Being the battery box composed of 35 battery sub-modules, a
cooling rate of 2A per TED and 180W per sub-module implies a total cooling power
demand of the battery box of approximately 6kW. On the other hand, charging
the battery box (of 100Ah and 345V) at a current of 1C, translates into a power
demand of 34kW.

Thus, supposing that the cooling rate of 2A at every TED is powered directly
from the power supply station, it would suppose an increase of about 18% of the
power to the power consumption. Besides, and as it can be seen in the right plot
of Figure 8.9, if the temperature of the ambient gets increased to an extreme hot

temperature of 330K, the cooling power demand gets increased by 15% as compared
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Figure 8.9: Electrical power consumption of the TEDs of the BTMS under different
cooling rates and external ambient temperature conditions.

to the power demand at an ambient temperature of 300K.

Related to the electrical power demand from the BTMS system, in Figure 8.10
it can be observed that the cooling coefficient of performance (COP), determined
in equation 8.7, is bigger when lower cooling power is administrated. On the right
plot, the effect that the thickness of the lateral heat distribution plate, ;4¢, is shown.
This parameter is selected here, instead of the external temperature T}, since the
effect that this thickness has on the COP value of the overall system is clearly
(and interestingly) non linear, showing better results for ¢;,; = 4,5mm than for

tiqr = 3mm or t;,; = 6mm.
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Figure 8.10: Transient establishment of the BTMS cooling COP, under a 1C
charging current rate at an ambient temperature of 20° C, plotted against different
TED supply rates (left) and different values of the thickness of the lateral plate
(right).

A possible reason for the appearance of the bad COP when the lateral aluminum

plate is too thick, might be the heat accumulation of the aluminum. Thus, the COP
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may decrease due to the higher volume of the aluminum. A similar phenomenon
can be witnessed in the case of the thickness of the aluminum plates that are placed

between every battery, determined by t1,...,tN.

8.2.3 Effect of the Model Parameters

Some representative graphs are selected in this section to show the influence of some
design parameters in the evaluation of the objective functions corresponding to the
temperature and SOC homogeneity.

First, and qualitatively, in the isothermal contour plots presented in Figure 8.11
it can be observed that the temperature homogeneity of the battery pack is improved

when the lateral heat distribution plate thickness gets increased.
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Figure 8.11: Isothermal contour plot of the BTMS undergoing a 1C charging
current rate at an ambient temperature of 20° C, and with a current supply to the
TED of 1,5sA

Besides, Figure 8.12 shows that the heat pipe distance has only a faint reper-
cussion on the temperature and temperature distribution of the sub-module battery
stack. However, as the heat pipe length increases, the temperature drop along the
heat pipe, ATy;pe, increases rapidly, as well.

Note that a too high temperature drop along the heat pipe length can compro-
mise the effective operation of the heat pipe, as it is discussed in [88], because the
heat pipe might reach the so-called capillary limit, which results as a consequence of
a too high pressure drop between the evaporator and the condenser sections [137].
Although, this issue can be easily solved by increasing the radius or the number of
heat pipes.

In a quantitative manner, in the next Figures 8.13, 8.14 and 8.15, the influences of
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Figure 8.12: Surface plot of the temperature at t = 1000s undergoing a 1C charge
at an ambient temperature of 20°C and with different heat pipe length model values.

some design parameters on the maximum temperature and SOC differences across

the battery module are reflected. More precisely, the heat pipe length and their

radius, Lpipe and 7pipe, are the parameters whose influence is shown, as well as the

external ambient temperature. The selection of showing the graphs for these design

parameters, instead of any others, is completely arbitrary.
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Figure 8.13: Influence of the heat pipe length, Lpipe, on the mazimum temperature
(left) and SOC (right) gradients across the battery sub-module for the presented

BTMS concept design.
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Figure 8.14: Influence of the heat pipe radius, rpipe, on the maximum temperature

(left) and SOC (right) gradients across the battery sub-module for the presented
BTMS concept design.

—u—|_ted = 0A |
—e—|_ted = 1A
|_ted=2A| |

max(deltaT)

T T T T
300 305 310 315

T T T
320 325 330

T_hot (K)

0,0053

0,0052

.
—a—I_ted = 0A A~
—e—I_ted = 1A

I_ted = 2A

0,0051

max(deltaSOC)

0,0050

0,0049

0,0048

T
300

T
305

T T T T T
310 315 320 325 330
T_hot (K)

Figure 8.15: Influence of the external ambient temperature, Thot, on the mazimum

temperature (left) and SOC (right) gradients across the battery sub-module for the
presented BTMS concept design.

8.3 Optimization Framework

Given that the optimization of several design parameters under different load cases
is pursued, and since the evaluation of the influence of the different BTMS design
parameters has shown (previous section) to be complex, in terms of the ”fitness
function”, it has been concluded that an optimization framework has to be defined
for the optimal dimensioning of the BTMS design.
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8.3.1 Comsol Settings
Evaluation of Fitness Function

The available Comsol pre-defined post-processing tools make it very easy to evaluate
all the previously defined objectives from a solved Comsol model, by the creation
of some Data Sets and/or Derived Values, under the Results node in the Comsol
model tree. Besides, the definition of some surface or body selections and the so-
called Component Couplings under the Definitions node (which can include volume
or surface integrals and maximum or minimum body or surface values), also facilitate
the evaluation process of the simulation considerably.

The available Comsol pre-defined post-processing graphs, tables and other tools
make it very easy to evaluate the temperature and SOC homogeneity of the model,
because the volume (or surface) maximum and minimum values of any solution can
be easily evaluated at all the simulation time steps after the transient solution of the
model has been computed. Hence, e.g., a table can be obtained after the simulation
finishes, containing the following columns: simulation time, maximum and minimum
temperature (from all the batteries within the module), and maximum and minimum
SOC (from the 2D cell model). In the case of the energy efficiency and the weight,
and similarly to what was explained above related to the Comsol export features,
the COP and the weight values can be obtained for every time step and exported

as a table or graph.

Settings for Batch Execution

In the previous section, the procedure to create the tables or data sets contain-
ing the main terms that permit to evaluate quantitatively the objective function of
the BTMS design has been explained. Afterwards, when a parametric geometrical
model has been implemented in Comsol and such export data sets have been incor-
porated, an optimization algorithm can recursively run through the Comsol model
to automatically optimize the parameters that the model relies on.

With regard to this process, it is sought to link an external optimizer (which
could be coded in Matlab, Python, or any other adequate programing language) to
the multiphysics model that is solved in Comsol. With this objective, two require-

ments are set:

i. On one hand, the simulation job must be launched from an external program
in batch mode, and its execution call has to be susceptible to model parameter

modifications.
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ii. On the other hand, the results of the simulation that are needed to quantita-
tively evaluate the objective function must be automatically exported after the

simulation job has finished.

In order to meet those requirements, once a Comsol model has been generated
from the general user interface (GUI), several steps have to be sequentially followed.
The first steps have to be executed from the GUI:

1. A Batch Node has to be added in the model Study sequence, specifying the
desired path and file name of the batch job model !.

2. Then, the batch solution has to be executed from the GUI. When finished, the

recently created batch model file should be automatically opened.

3. Once the simulation job has been completed and the batch model file con-
taining the solution opens, the desired results to export (which comprise all
the data sets that are needed for the evaluation of the optimization objective
function, described in section 8.1.3), must be exported manually a first time.
This can include the generation of the desired data set tables or any kind of

figures or plots that can be generated and exported from the Comsol GUI.

Once this steps have been completed, the batch execution of the model is readily

set and can be performed from the command line by the use of the command:
$ sh comsol batch -inputfile ModelFile.mph

However, it is not possible to enable or set for the automatic export of any
defined data sets of a model run Comsol GUI. For that reason, it is necessary to
access and modify the Comsol’s model object.

The model object is a script file which makes use of a large number of Java
methods, specifically defined for Comsol interpretation, that include methods for
setting up a model creating geometries or meshes. Furthermore, it sets up the type
of studies or solvers for any model. A basic understanding of Java programing
language is required to fully appreciate how to work with the model object. In
general, though, the model object is easily comprehensible, since the methods are
structured in a tree-like way quite similar to the structure that is presented in the
Comsol GUI Model Tree [147].

I This step, although it might seem unnecessary, is required to allow the admission of parameter
inputs within the command line batch execution. In order to specify the batch process file name,
we have to activate Show-Advanced Study Options.
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After completing the three steps described above, and in order to access the
model object, the final batch model (in which the export data sets have already
been created) has to be saved with . java extension?. Then, the code that has been
generated when the model results have been generated from the GUI (step 3) has
to be localized in the Java code. E.g., the method that creates a table is:

model.result().table().create("tbl1l", "Table");

Finally, when the desired output data sets have been localized and identified,
a code line that contains a method for the automatic export of the data has to be
manually added. E.g., for the table "tbl1":

model.result () .export("tbl1l") .run()

Once this last step has been completed, the external batch execution of the

modified . java file can be performed after compiling the Java code by
$ sh comsol compile ModelFile.java -jdkroot /path-to-jdk-compiler
The compiled file (with extension .class) run can be started by the command
$ sh comsol batch -inputfile ModelFile.class

where, from the different flags that can be added. Most important for the work
are the flags -pname ParamNames and -pvalue ParamValues, with which the pa-
rameters ParamNames that are defined within the Comsol Parameters node can be
set to the values ParamValues for the present batch execution of the model.

Other flags can be added, such as -batchlog LogFile.log®, which is interesting
for tracking the batch execution of the Comsol model, or the tag —outputfile, that
serves to specify a name to store the executed model once the batch simulation
solution has been completed. Other interesting flags are -nn and -np, with which
the number of computational nodes and processors can be specified, in case, i.e.,
the numerical simulation is launched to a cluster or a High Performance Computer

(HPC). For the sake of completion, all the flags that are available can be seen by
typing:

$ sh comsol -h

2It is highly recommended to, before saving in .java extension, execute File-Compact History,
which will sort and compact the Java code of the model object

3This will create a text file with the information of the batch running process, and any error
that might arise would be reported in this logging file.
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This work aimed to cover all the information regarding the manipulation of the
Java-based Comsol model object. However, all the information can be found in the

reference guide [148].

8.3.2 Optimization Algorithm

Once the settings for the batch parametric execution and for the automatic results
export of the Comsol simulations are set (blue dialog boxes in Figure 8.16), the
numerical PDE model implemented in Comsol can be integrated to any external
optimization algorithm (green dialog boxes, Figure 8.16) for the optimization of the

design parameters.
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Figure 8.16: Scheme of procedure for linking an external optimizer to a Comsol
model.

In the present work, the optimization algorithm, described in the next section,
has been decided to be implemented in Python, because of its versatility, high-level

language, and its high execution speed.

Scalarized Problem

As there usually exist multiple Pareto optimal solutions in multi-objective opti-
mization problems, such as the one that is faced in this work, a solution for such
problems is definitely not straightforward. In order to reduce the complexity of the
optimization procedure, several methods convert the original problem with multi-
ple objectives into the so-called scalarized problem, which is then a single-objective
optimization problem.

As a first approach to test the optimization framework created in this work,
which links Comsol models to any external optimization algorithm (see following

section 8.3.1), a simple optimization routine is desired to be tested. For that reason,
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and given the multiple objectives and load cases that are desired to be included, it
has been decided to convert the multi-objective optimization problem into a single
objective fitness by the use of the Weighted Sum Method (WSM).

This method is the simplest approach and probably the most widely used clas-
sical method for multi-objective problems [142], and consists of adding the set of
objectives up into a single objective, by multiplying, or weighting, each objective
with a user supplied weight.

Through this method, the multi-objective optimization problem, which is gen-

erally posed as

mi,?eiﬁgze F(x) = [F1(x), ..., Fin(x)] (8.10)
is simplified to
migeilr@ize Qx) = ; wy, FY (x) (8.11)

where the weights wy,, corresponding to the different objective functions, satisfy the

following conditions,

m
dwp=1; wp>0fork=1,...,m. (8.12)
k=1

and FP(x) being the normalized objective functions. Obviously, the original objec-
tive functions Fi(x), ..., Fy,(x) might be represented in different scales and measure
units. E.g., corresponding to the objectives defined above, the temperature is given
in [K] and the SOC in %. Therefore, the normalization of the objective functions is

required, by

Fk<X)

R = =

(8.13)

Theorem 8.3.1 if x* is a Pareto-optimal solution of a convex multi-objective op-
timization problem (8.10), then there exists a non-zero positive weight vector w s.t.

*

x* is a solution of problem (8.11)

As suggested by theorem 8.3.1, any of the solutions pertaining to the optimal
Pareto front solution of problem 8.10 can be found using the adopted weighted sum
method [143]. However, it is clear that the optimum which can be found from

problem 8.11 is dependent on the selected weight coefficients, wy.
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Gradient Descent Algorithm

Since we have a quite big number of design parameters (at the moment there are
between 10 and 20 parameters, but with the projection of incorporating more param-
eters to the analysis) and the objective function computation is quite expensive in
terms of computational time (solution of the transient FEM simulation in Comsol),
a stochastic optimization approach, such as the evolutionary approach presented
in [144], might be prohibitive for this concrete case. Instead, and since the design
parameters that have to be optimized pertain to continuous geometrical values and
not to a discrete series of values, a gradient-based algorithm might be the most
appropriate strategy.

As a preliminary development of this BTMS design tool, a simple and classical
gradient descent optimization approach has been implemented in Python. The
implemented algorithm, starting from an initial parameter point, xg, search first
for a descent direction, pg, along which the objective function F'(x) gets reduced
near xg. Then, a line search approach is adopted to determine the step size, ag,
that determines how far x should move along the given descent direction [145]. The

iterative procedure to update the parameter vector x can, hence, be written as

xFHh = xF 1 oFpk (8.14)

where the superscript k refers to the iteration number.

Since the objective function depends, in this case, on the transient solution of
a complex PDE system, implemented in Comsol, the descent directions cannot be
computed explicitly. Instead, py is approximated by a finite differences approach of
the jacobian of the objective function, Jp(xx) = (0F/0x1,...,0F/0xy,).

Once the descent direction has been found, the Armijo rule condition is used as
an inexact line search stipulation. The inequality that determine, thus, the step size
of each iteration to ensure that the objective function F'(x) decreases ”sufficiently”

is written as:

F(x+a*p¥) < F(x) + ¥ (p*)" - p* (8.15)

where the free parameters 0 < ¢ < 1 are fixed to a small value (e.g., & = 1073).
Whenever this condition is not fulfilled, the stepping parameter « gets reduced by
a given ratio (which is also manually tuned).

The implemented algorithm has been tested with a very simple linear regression
given 20 random points. The results (Figures 8.17 and 8.18) show that the algorithm

behaves as expected and converges very fast. Besides, it can be observed that the
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Armijo condition forces the decrease of the parameter « at the iteration & = 10
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However, the tested example is clearly a convex function and is much simpler

than the objective function from the BTMS design.

Current Work Status

The optimization framework settings that have been described in the previous sec-

tions work at present without any problem, including the recursive external batch

execution and automatic data export of the simulation model. However, unfortu-

nately, no proper results for the optimization algorithm are available yet due to

different problem sources that keep arising to this end. For that reason, this task is

kept as an open problem in this thesis, and is set as the first priority for the author’s

future work.
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Nevertheless, several possible sources have already been investigated and solved.
For example, a number of run trials have been launched with no success by tuning
the arbitrary parameters of the algorithm, such as &, the initial parameters x°, or
the stepping value . Conversely, one of the main problems that have been detected
was related to the meshing algorithm in Comsol, which was unable to generate the
mesh when the model was called with some parameter variations. Once this has
been solved by fixing thinner intervals for each parameter space, other problems
persist.

Actually, the main problem source is believed to be either the optimization algo-
rithm itself (or its implementation in Python) or the bad definition of the objective
function F(x). In any case, this error is visible because in some of the run trials the
algorithm got stuck in a local minimum very near to the initial configuration, and
known not to be the optimal because of the data set that is already available from
the parametric sweep data.

Thus, the future development will focus on, and sequentially:

1. The validation of the implemented gradient descent algorithm and a precise
exploration of the objective function concavity, within a moderate parametric

space region, by the execution of several parametric sweep simulations.

2. In case it is necessary, afterwards, the implementation of more adequate op-
timization algorithms will be investigated (such as the e-constraint method
[143] or the multi-objective).
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Conclusions and Future Work

In this thesis, an empirically-based numerical model for the electrochemical-thermal
behavior of a pouch lithium-ion battery has been implemented with the purpose
of studying the design of the battery thermal management system (BTMS) for an
electric vehicle.

After studying the physical phenomena that are related to lithium-ion thermal
issues and after reviewing the modeling strategies that appear in the literature,
the implemented model strategy has been selected based on the concrete purposes
of this work. As a result, the final model implemented in finite elements method
(FEM) couples a simple equivalent-circuit representation for the electrochemical
phenomena, in a 2D spatially-distributed fashion, with a 3D thermal model of the
pouch battery with lumped material properties.

The focus for the thermal study has been set to the fast charge process that is
required to fully-charge the battery pack in one hour since, after analysing a driving
profile, is considered as the most demanding load case. Based on the study ob-
jectives and the available media, the tests for characterizing the relevant electrical
performance of the battery have been designed and conducted. This included the
characterization of the open-circuit voltage of the battery, where a new fitting pro-
cedure has been suggested due to hysteresis, as well as the obtaining of the battery
overpotential under different galvanostatic regimes and operating conditions.

Executing the electrical tests, reversible reaction thermal effects have been ob-
served to be considerable in the thermal behavior of the battery sample, and deter-
mine the S-shaped temperature evolution of the battery, especially at low current
rates. The internal resistance associated to the battery overpotential decreases with
increasing current rates and operating temperatures, and shows diffusion limitations

both for full charge and discharge processes.
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Aside, and as a validation strategy for the developed numerical model, calorime-
try measurements have also been carried out to characterize the heat generation rate
in a discrete number of SOC intervals. Other inputs for the model have also been
adopted from this testing tool, namely the heat capacity of the battery sample and
the entropic coefficient. The obtained heat capacity results are in good agreement
with the data presented in the literature. The estimation of the entropic coefficient
is obtained by a common analysis methodology from the calorimetric data, and
promisingly shows good agreement with the precise potentiometric measurements

(which are much more time costly).

The results of the model show good accordance with the averaged heat gener-
ation rates measured in the calorimeter. However, the validation of the transient
temperature evolution has been found to be more complex than expected, as it de-
pends on the operating temperature and the external conditions, including thermal
convection and conduction, which are unknown for both, the climate chambers and

for the calorimeter chamber experiments.

Besides, the present model allows for the consideration of the ohmic heat dissi-
pation, apart from the reaction heat generated in the cell active materials, which
characterizes some of the specific phenomena of large size pouch batteries. The
ohmic heat generation is observed to be dependent on the electrode’s thickness.
The amount of ohmic heat dissipation, which depends on the material parameters
that are adopted from the literature, is observed to account for up to 15% of the
total heat dissipation in a 1C constant current charge. A better approximation of
the magnitude of this heat source would require further investigation, either directly,
by the internal structure of the battery cells, or indirectly, by high quality thermal
imaging.

From the model results, a battery cooling strategy is suggested for enhancing
battery life and performance, consisting of the application of a reduced cooling power
in the region of current collector tabs. By this strategy, the surface temperature of
the battery and the cell’s electrical imbalance get reduced, which would lead to a
more uniform and slower degradation of the cell.

The implemented battery model still leaves room for improvement. One way
to enhance it would be a better representation of the transient behavior of the
battery, with the addition of a more complex equivalent-circuit formulation. Aside,
a suggestion for the future development of such a model would be to add an aging
model to the empirically-based electrochemical model. This would allow for the
study of surface distributed degradation which, to the best of author’s knowledge,

has not been presented in the literature yet.



132 CHAPTER 9. CONCLUSIONS AND FUTURE WORK

In the final part of the thesis, a novel BTMS design based on the combination of
heat pipes and thermoelectric elements has been presented. Making use of the de-
veloped electrochemical-thermal battery model, a model for the battery sub-module
pack has been implemented to assess the design of this BTMS, including simple
models of the thermoelectric and the heat pipe elements. From the solution of this
model, it can be seen that the temperature increase during fast charge (in the in-
terval from 40% to 70% SOC) can be reduced by more than 50% by the application
of a 180W cooling power to the thermoelectrics of each sub-module.

After defining a number of concrete objectives for an optimal design of the
BTMS, the analysis of the results of the thermal model of the battery sub-module
by the variation of some of the design parameters has brought to light the complexity
of the optimal design process. The improvement of one of the objectives for battery
life enhancement due to a parameter variation, (i.e., the reduction of the maximum
temperature) often turns into the deterioration of another battery "health” indicator
(i.e., the temperature homogeneity).

For that reason, a framework for the automatic optimization of the BTMS model
has been designed and developed. Once the framework has been set, the recursive
batch execution of the thermal model from the command line is allowed, which
permits the usage of any optimization algorithm, from any external software, for
the solution of the optimal BTMS design problem.

Finally, a scalarized formulation of the original multi-objectives optimization
problem is presented, and has been attempted to be solved by a simple gradient
descent algorithm, implemented in Python. Until today, the execution of the opti-
mization has not been successfully achieved. The main problem sources have been
identified as: the complexity of the meshing process, the lack of availability of mem-
ory and computational sources, and the inabilty of the proposed algorithm to tread
such a non-convex problem. This task, thus, and because of time constraints, is left
as an open problem. However, and still having a lot of place for improvement, the
development of the optimizer architecture can be useful for many other applications
in the future.

As a final conclusion, the implemented model has shown, overall, good appro-
priateness for the purposes of this work since it maintains a still affordable compu-
tational cost but at the same time permits to reflect or study some peculiarities of

the pouch cells in a better way than from a 0D or 1D system perspective.
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