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Chapter 1

I ntroduction

1.1 Theenergy chain

The demand for portable electronic consumer products is rapidly increasing.
Examples of fast-growing markets of portable products are notebook computers,
cellular and cordless phones and camcorders. Figure 1.1 shows the expected world-
wide shipment of cellular handsets until the year 2004 [1], with the total number of
handsets sold increasing dramatically. At present, ailmost half of the shipments of
cellular handsets are replacement sales, which means that people who aready have a
cellular phone buy them. By 2004, amost all cellular handsets sold will be
replacement sales.

900 ~
800
700 -
600

500

M pcs

400 -
300 -
200

100 -

0

1998 1999 2000 2001 2002 2003 2004
O Replacement sales 58 112 215 360 556 701 771
@ New subscribers 105 168 243 290 220 110 60

Figure 1.1: Expected world-wide shipments of cellular handsets in millions per type of sales
[1]

In view of battery costs and environmental considerations, the batteries used to
power these portable devices should preferably be rechargeable. The demand for
rechargeable batteries is increasing in line with that for portable products. Table 1.1
shows the sales of the most important rechargeable battery types in Japan in 1998
[2]. The mgority of the rechargeable batteries are manufactured in Japan. Table 1.1
shows that the number of batteries sold increased dramatically in 1998 relative to
1997. More information on rechargeabl e battery types will be given in chapter 3.

The energy yielded by a portable device in the form of, for example, sound or
motion, ultimately derives from the electrical energy supplied by the mains. The
conversion of energy from the mains to the eventual load inside a portable product
can be described as an energy chain [3], which is shown in Figure 1.2. The links of
the energy chain are a charger, a battery, a DC/DC converter and aload.



2 Chapter 1

Table 1.1: Sales of the most important rechargeable battery types in Japan in millionsin 1998
(2]

Battery type Salesin 1998 (1M pieces) Growth with respect to 1997
NiCd 588 85%
NiMH 640 112%
Li-ion 275 141%

1 ¢ r 3

’ monitor and control ‘

Figure 1.2: The energy chain symbolizing the energy transfers from mains to load in a
portable product

Electrical energy from the mains is fed to the battery through the charger during
charging. The charger uses electromagnetic components like a transformer or an
inductor. Here, electrical energy from the mains is first transformed into magnetic
energy and then back into electrical energy. The battery stores the electrical energy
in the form of chemical energy. During discharge of the battery, chemical energy is
converted back into electrical energy.

The DC/DC converter is an optional link. It is not to be found in every portable
product. There are two reasons for its presence. First of al, the battery might deliver
a voltage which is not suitable for operation of the load. Secondly, each circuit part
of the load should be operated from the lowest possible supply voltage for efficiency
reasons, because a surplus in supply voltage is often dissipated in the form of heat.
In both cases, the DC/DC converter powers the load with the lowest possible supply
voltage, irrespective of the battery voltage. The DC/DC converter uses an inductor,
which trandates the electrical energy from the battery into magnetic energy and
back into electrical energy again. In the load, the electrical energy from the DC/DC
converter is converted into sound, light, Electro-Magnetic (EM) radiation or
mechanical energy.

In order to make optimum use of the energy inside the battery, all conversions
of energy in the energy chain should be well understood and made as efficient as
possible. This is especially true when miniaturization of the portable product is
desired. Miniaturization is an important trend for many portable devices. Portable
phones, for example, are becoming smaller and smaller. When the volume of a
portable device decreases, the amount of dissipated power must also decrease. The
reason is that a smaller volume will yield a higher temperature when the amount of
dissipated power remains the same. There is also a trend towards increasing
complexity and functionality of portable products. An example is e-mail and internet
facilities added to the functionality of cellular phones. Adding complexity to the
total system adds to the total power consumption of the load. So assuring efficient
energy conversions becomes even more important. This can be achieved by
monitoring and controlling al the links in the energy chain. This is schematically
shown in Figure 1.2.
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There are algorithms that check and control the links in the energy chain. A first
example is a charging algorithm, which keeps track of the battery status and controls
the charger by interrupting the charging current when the battery is full. Charging
should not continue once the battery is full, because otherwise the battery
temperature will rise substantially and/or the battery might be damaged. This
decreases its capacity and usable number of cycles. Therefore, a proper charging
algorithm leads to a more efficient use of the battery and its energy.

A second example is an algorithm that determines the battery’s State-of-
Charge (SoC). This information can be used to make more efficient use of the
battery energy. For example, it can be used as input for charge control, indicating
that the battery is full. Also, it is more likely that the user will wait longer before
recharging the battery when an accurate and reliable SoC indication is available on a
portable device. Less frequent recharging is beneficial for the cycle life of the
battery.

A third example is an algorithm that controls a DC/DC converter to power the
load with the minimum required supply voltage, dependent on the activity of the
load. An example of such a load is a Power Amplifier (PA) in a cellular phone. In
the case of a PA, the supply voltage may be lower for lower output power. This
leads to better efficiency. This example will be elaborated in chapter 7.

1.2 Déefinition of a Battery Management System

Three terms apply to the implementation of monitor and control functions in the
energy chain. These terms are battery management, power management and energy
management. As a rough indication, battery management involves implementing
functions that ensure optimum use of the battery in a portable device. Examples of
such functions are proper charging handling and protecting the battery from misuse.
Power management involves the implementation of functions that ensure a proper
distribution of power through the system and minimum power consumption by each
system part. Examples are active hardware and software design changes for
minimizing power consumption, such as reducing clock rates in digital system parts
and powering down system parts that are not in use. Energy management involves
implementing functions that ensure that energy conversions in a system are made as
efficient as possible. It also involves handling the storage of energy in a system. An
example is applying zero-voltage and zero-current switching to reduce switching
losses in a Switched-Mode Power Supply (SMPS). This increases the efficiency of
energy transfer from the mains to the battery.

It should be noted that the implementation of a certain function may involve
more than one of the three management terms simultaneously. This thesis will focus
on battery management and its inclusion in a system. A definition of the basic task
of a Battery Management System can be given as follows:

The basic task of a Battery Management System (BMYS) is to ensure that
optimum use is made of the energy inside the battery powering the portable
product and that the risk of damage inflicted upon the battery is minimized.
This is achieved by monitoring and controlling the battery’s charging and
discharging process.

Keeping in mind the examples of algorithms given in section 1.1, this basic task of a
BMS can be achieved by performing the following functions:
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e Control charging of the battery, with practically no overcharging, to ensure a
long cycle life of the battery.

« Monitor the discharge of the battery to prevent damage inflicted on the battery
by interrupting the discharge current when the battery is empty.

e Keep track of the battery’s SoC and use the determined value to control
charging and discharging of the battery and signal the value to the user of the
portable device.

*  Power the load with a minimum supply voltage, irrespective of the battery
voltage, using DC/DC conversion to achieve a longer run time of the portable
device.

1.3 Motivation of theresearch described in thisthesis

As described in section 1.1, more efficient use of the energy inside a battery is
becoming increasingly important in the rapidly growing market for portable
products. Manufacturers of portable devices are consequently paying even more
attention to battery management. This is reflected in many commercial electronics
magazines, such as Electronic Design and EDN, containing examples of
implementations of battery management functions in a system. Many examples are
to be found of ICs that implement certain charge algorithms [4]-[7]. Adding
intelligence to batteries in portable products to enable e.g. SOoC monitoring is also
receiving a great deal of attention. The term ‘smart battery’ is a general buzzword
that pops up in many articles [5],[8]-[10]. However, no explanation of battery
behaviour is given in this kind of magazines. Therefore, the reason why one battery
management IC performs better than another is often not understood. Moreover, it is
hard to determine how the functionality of a BMS can be improved.

Besides in the magazines mentioned above, a lot of information on battery
management can also be found in the literature. For example, much attention is paid
to finding ways of accurately determining a battery’s SoC [11]-[13]. The battery
management functions described in these articles are derived from extensive battery
measurements, for example measurements of battery discharge curves under various
conditions. Most of these measurements are very time-consuming. The conclusions
are moreover often empirical.

In practice, battery management functions are implemented in portable devices
by electrical engineers. These engineers usually treat the battery as a black box. It is
usually assumed that the battery is a voltage source with some series resistance.
However, in order to improve the functionality of a BMS, at least some
understanding of battery behaviour in the system is needed. A prototype of (part of)
the portable device is needed for measurements of actual battery charge and
discharge behaviour. On the other hand, simulation is a helpful tool in obtaining a
better understanding of the behaviour of complex systems under a wide variety of
conditions. Simulations take less time than measurements and no prototype is
needed. Therefore, the availability of simulation models for batteries would be very
helpful for the development of BMS.

Simulation models of batteries are given a lot of attention in the literature.
However, some models have been constructed by researchers with an
electrochemical background and are very complex and based on many mathematical
equations [14],[15]. Consequently, such models are usually not very suitable for
electrical engineers who have to simulate a battery in a system. Other models have
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been constructed by electrical engineers [16]. These models can be readily used in
system simulations, but do not lead to a better understanding of battery behaviour.
Therefore, ssimulations with these models do usually not lead to better views on
battery management.

This thesis presents the results of research into battery modelling obtained by
combining the expertise of electrical engineering with that of electrochemistry. The
result is a method for modelling batteries that can be readily applied to al kinds of
batteries [17]-[24]. The models result from translating (electro)chemical theory into
equivalent-network models using the principle of physical system dynamics [25].
This enables the use of conventional electronic-circuit simulators that electrica
engineers are accustomed to. In addition to the battery voltage and current, the
internal gas pressure and battery temperature can also be simulated integrally and
coherently under a wide variety of conditions. Apart from the electrical interaction
with the battery’s environment, it is also possible to simulate the thermal interaction.
The modelling method even allows the simulation of effects such as venting under
high-pressure build-up inside the battery.

Obviously, close quantitative agreement between the results of simulations
using a battery model and measurements of battery behaviour is important. Part of
the research described in this thesis is devoted to optimizing this quantitative
agreement. The results of this research will be described in chapter 4.

As is revealed by the title of this thesis, the derived battery models will be
applied in the design of Battery Management Systems. The battery models can be
viewed as ‘transparent’, in which the course of the various reactions can be
investigated. For example, the charging efficiency can be easily plotted. Charging
efficiencies of different charging algorithms can be compared for optimization. An
example of an optimized charging algorithm that was found in simulations with a
battery model will be described in chapter 5 [24].

Internal battery behaviour that is normally hard to measure can be visualized
with the models. For example, overpotentials of all reactions inside a battery and
electrode equilibrium potentials can be easily plotted during the battery’s operation.
This makes the model a very useful tool in the quest for more accurate SoC
indication algorithms. The model can be used to gain insight into the combined
action of the various processes taking place inside a battery. Based on this insight,
compact descriptions of battery behaviour can be derived. The results of research
efforts in this field will be described in chapter 6.

Sometimes a designer is not interested in what goes on inside a battery, for
example when simulating the run time of a portable device. In such cases the
designer is merely interested in the battery’s discharge behaviour under various load
conditions. Part of the research described in this thesis is aimed at finding an
optimum method for powering a PA inside a cellular phone. As will be shown in
chapter 7, the battery models described in this thesis offer a simple way of
comparing the run times of various PA supply strategies in a cellular phone. In
addition to battery models, use will be made of simulation models of a DC/DC
converter and a PA to design the BMS.

1.4 Scopeof thisthesis

Chapters 2 and 3 provide general information required as a background in the
remaining chapters of this thesis. Chapter 2 describes the various parts of a BMS
and their functionality in more detail. Some examples of BMS in different portable
products are given to clarify the influence of several factors on the complexity.
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Chapter 3 deals with the central part of a BMS, which is the battery itself. Some
general information is given on the construction, types, operational mechanism and
behaviour of batteries.

The research results are described in chapters 4 to 7. Battery modelling forms
the core of this thesis. The construction of simulation models for rechargeable
batteries is described in chapter 4. Those who want to have a thorough
understanding of the background and construction of the models should read this
chapter. The adopted modelling approach is explained in detail and the model
equations for both a NiCd and a Li-ion battery model are derived. Further, the
efforts to improve the quantitative agreement between the results of simulations and
measurements are thoroughly discussed for the NiCd model. Chapters 5, 6 and 7
deal with the design of BMS. These chapters describe the use of the battery models
of chapter 4 and other models to find improved BM S schemes. One does not have to
read chapter 4 first in order to understand the content of these chapters.

Battery charging algorithms are discussed in chapter 5. It is shown that battery
models can readily be used in the development of new, more efficient charging
algorithms. Chapter 6 deals with the determination of a battery’s SoC. Several
possible methods are compared. In addition, a new SoC indication system is
proposed and tested, based on simulations using a battery model and knowledge
obtained in battery measurements. An optimum method for efficiently powering
PAs in cellular phones is described in chapter 7. This strategy is named efficiency
control [26]. As a DC/DC converter is necessary to implement efficiency control,
some basic information on voltage conversion techniques is given. Measurement
results are discussed to define the benefits of efficiency control in practice and to
make a comparison with simulation results. Conclusions are drawn in chapter 8 and
recommendations are made for further research in the exciting field of BMS in
general and battery modelling in particular.
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Chapter 2

Battery Management Systems

This chapter gives general information on Battery Management Systems (BMS)
required as a background in later chapters. Section 2.1 starts with the factors that
determine the complexity of a BMS and shows a general block diagram. The
function of each part in a BMS is discussed in more detail in section 2.2 and
examples of adding BMS intelligence are given. The BMS aspects of two types of
portable devices are discussed in section 2.3. This serves to illustrate the theory
presented in sections 2.1 and 2.2.

2.1 A general Battery Management System

The concept of the energy chain was explained in chapter 1. Essentially, the linksin
this energy chain already reflect the basic parts of a BMS. In more general terms, the
charger can be called a Power Module (PM). This PM is capable of charging the
battery, but can also power the load directly. A general BMS consists of a PM, a
battery, a DC/DC converter and aload.

The intelligence in the BMS is included in monitor and control functions. As
described in chapter 1, the monitor functions involve the measurement of, for
example, battery voltage, charger status or load activity. The control functions act on
the charging and discharging of the battery on the basis of these measured variables.
Implementation of these monitor and control functions should ensure optimum use
of the battery and should prevent the risk of any damage being inflicted on the
battery.

The degree of sophistication of the BMS will depend on the functionality of the
monitor and control functions. In general, the higher this functionality, the better
care will be taken of the battery and the longer its life will be. The functionality
depends on several aspects:

» The cost of the portable product: In general, the additional cost of a BMS
should be kept low relative to the cost of the portable product. Hence, the
functionality of the monitor and control functions of a relatively cheap product
will generally be relatively low. As a consequence, the BMS will be relatively
simple. An example of the difference in BMS between a cheap and an
expensive shaver will be given in section 2.3.

» The features of the portable product: This is closely related to the product’s
cost. A high-end product will have more features than a low-end product. For
example, a high-end shaver with a ‘Minutes Left’ indication needs more BMS
intelligence than a low-end shaver with no signalling at all.

e The type of battery: Some types of batteries need more care than others. An
example of the influence on the complexity of the BMS when moving from one
battery technology to a combination of two battery technologies will be given in
section 2.3.

*  The type of portable product: In some products, a battery will be charged and
discharged more often than in others. For example, a cellular phone might be
charged every day, whereas a shaver is charged only once every two or three
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weeks. The number of times a battery can be charged and discharged before it
wears out, together with the average time between subsequent charge cycles,
determines the lifetime of a battery in a device. So it is more important for this
number to be high in a cellular phone than in a shaver. This can be achieved by
making the BM'S more intelligent. Therefore, a more sophisticated BMS is more
important in a cellular phone than in a shaver.

The intelligence needed for the BMS can be divided between the various parts. This
partitioning of intelligence is an important aspect in designing a BMS. The main
determining parameter in this respect is cost. Dedicated battery management 1Cs can
implement intelligence. Useful background information with many examples can be
found in [1]-[15]. Measured variable and parameter values and control commands
are communicated between the parts of the BMS via a communication channel. This
channel can be anything from a single wire that controls a Pulse-Width Modulation
(PWM) switch to abus that is controlled by a dedicated protocol [16]-[18].

The structure of a general BMS is shown in Figure 2.1. The partitioning of
intelligence is symbolized by placing a ‘“Monitor and Control’ block in every system
part. The BMS shown in Figure 2.1 also controls a Battery Status Display. An
example is a single Light-Emitting Diode (LED) that indicates the ‘battery low’
status. It can also be a string of LEDs indicating the battery’s State-of-Charge (SoC)
or a Liquid-Crystal Display (LCD) that indicates the battery status, including the
SoC and the battery condition.

Communication channel
onitor
and
|charge Idischarge Control
—> —>
DC/DC
converter
h 4
MAINS Monitor Monitor Monitor
- PM and Gt and Battery Load | and
Control v Control Control
Battery
Status
Dlsplay |charge Idlscharge

<4+— | 4—

Figure2.1: A general Battery Management System (BMYS)

2.2 Battery Management System parts

221 ThePower Module (PM)

The basic task of the PM is to charge the battery by converting electrical energy
from the mains into electrical energy suitable for use in the battery. An alternative
for the mains might be other energy sources, such as a car battery or solar cells. In
many cases, the PM can also be used to power the portable device directly, for
example when the battery is low. The PM can either be a separate device, such as a
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travel charger, or be integrated within the portable device, as in for example shavers.
Especidly in the latter case, the efficiency of the energy conversion process has to
be sufficiently high, because the poorer the efficiency, the higher the internal
temperature of the portable device and hence that of the battery will be. Long
periods at elevated temperatures will decrease the battery capacity [19].

The monitor and control functions for the PM can be divided into two types.
First of al, the energy conversion process itself has to be controlled and, secondly,
the battery’s charging process has to be controlled. The Energy Conversion Control
(ECC) involves measuring the output voltage and/or current of the PM and
controlling them to a desired value. This desired value is determined by the
CHarging Control (CHC) on the basis of measurement of battery variables such as
voltage and temperature. Moreover, the current flowing into the battery can be input
for the CHC function.

The ECC function is situated within the PM itself, when the PM is a separate
device. The CHC function can now be divided between the PM, the portable device
and the battery, assuming that this battery can be removed from the portable device.
The partitioning of the CHC function will depend on cost, but also on the employed
charging algorithm.

A removable battery can be charged separately on a so-called DeskTop
Charger (DTC). In addition to the standard battery that comes with a product, some
users also buy a spare battery. Cellular phone users who make many phone calls
during the day sometimes charge the standard battery and the spare battery. It is
often possible to simultaneously connect a standard battery in a portable product and
a separate spare battery to a DTC. The priority of charging must then be fixed in the
system. When the CHC function is incorporated inside the portable device, it has to
be present inside the DTC as well. The reason is that the user of the portable product
should be able to charge only the spare battery in the DTC. The CHC function inside
the portable product can then not be used.

Three simple examples of different ways of partitioning the CHC function are
given below. A separate PM and a detachable battery are assumed. In the first
example, the CHC function is incorporated in the PM. It is incorporated in the
portable product in the second example and it is incorporated with the battery in the
third example. A dashed box in the examples denotes the DTC indicating that it is
optional. For simplicity, the intelligence needed in the DTC to determine charging
priority is ignored.

Partitioning of the CHC function: example 1

The first example is illustrated in Figure 2.2. A Negative-Temperature Coefficient
resistor (NTC) has been attached to the battery. This enables the measurement of the
battery temperature by contacting it through extra terminals on the battery pack. The
term battery pack will be explained in more detail in section 2.2.2. The battery
voltage can be easily measured, because the battery remains connected to the PM
during charging. Depending on the charging algorithm, the current that flows into
the battery will sometimes have to be measured. This can be done by measuring the
voltage across a low-ohmic resistor in series with the battery.

Based on the measured battery variables, the charging process is controlled
inside the PM using a suitable charging algorithm. The addition of a simple
identification means (ID in Figure 2.2) to the battery pack is desirable in case
batteries of different types and/or chemistries can be used with the portable product.
An example is the addition of a resistor to every battery pack, with one connection
to the battery minus terminal and another to an extra terminal on the battery pack.
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Each pack can then be identified by a certain resistor value, determined by the
manufacturer and programmed in, for example, the PM. Changing some parameter
values in the charging algorithm will often suffice in case batteries of the same
chemistry, but different capacities, can be used with the portable device. Different
charging algorithms often have to be used in case batteries of different chemistries
can be used. As al charge monitor and control functions are present inside the PM,
the DTC will only act as a mechanical and electrical connection between the PM and
the battery when it is used. Hence, no intelligence has to be added to it.

—— ]
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Figure 2.2: Incorporation of the charge monitor and control functions (CHC) inside the
power module (PM)

An advantage of this set-up is that no electronics have to be integrated with the
battery pack and no extra intelligence has to be added to the portable product.
However, the additional complexity of dealing with different types of batteries now
has to be added to the PM. A dedicated charge controller |C or a microprocessor can
accomplish the CHC function. A microprocessor offers the designer more flexibility
with respect to changes in the charging algorithm, for example when newer battery
chemistries will be used in future versions of the portable device.

Partitioning of the CHC function: example 2

The charge monitor and control functions have been incorporated inside the portable
product in the second example. This situation is depicted in Figure 2.3. As in the
first example, only an NTC and a simple identification means (ID) have been added
to the battery pack. The latter is only needed in case different types of batteries
and/or chemistries may be used with the same portable product. The measurements
of the battery voltage, temperature and possibly current are processed in the portable
product and a control signal is sent to the PM.

The set-up of Figure 2.3 is especially advantageous when a micro-controller or
microprocessor is present inside the portable device. This is for example the case in
cellular phones and notebook computers. The charging agorithm can be easily and
flexibly programmed in this controller or processor. Moreover, the presence of a
micro-controller implies the possibility of programming an SoC algorithm based on
the measured battery parameters.
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Figure 2.3: Incorporation of the charge monitor and control functions (CHC) inside the
portable product

A disadvantage of the set-up of Figure 2.3 is the presence of the CHC inside the
DTC. As discussed above, this DTC has to be able to charge a spare battery on its
own, without the presence of the portable device. Therefore, the same CHC as
programmed inside the portable product has to be added to the DTC, because no
charging intelligence is present inside the battery pack nor the PM.

Partitioning of the CHC function: example 3
The charge monitor and control functions have been added to the battery pack in the
third example. This situation is depicted in Figure 2.4.
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Figure 2.4: Incorporation of the charge monitor and control functions (CHC) inside the
battery pack

The measured battery voltage, temperature and/or current are processed inside the
battery pack in Figure 2.4. The battery pack controls the PM autonomously through
a control wire. This means that it can even be charged directly by the PM, without
the need to connect it to the portable device or DTC. An advantage is that each
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battery pack can now include its own charging algorithm. This obviates the need to
identify the battery to determine which charging algorithm should be used.

A disadvantage of the configuration shown in Figure 2.4 is that a considerable
amount of hardware has to be added to the battery pack, some of which is aready
present in the portable product itself. A good example is the micro-controller
mentioned above. Also, the user has to pay for the same hardware each time he/she
buys such a battery when the CHC function is added to each battery pack.

In practice, the examples shown in Figure 2.2 and Figure 2.3 are encountered
most. Combinations of the configurations shown in these figures are aso
encountered. Some practical examples will be givenin section 2.3.

2.2.2 Thebattery

A battery’s basic task is to store energy obtained from the mains or some other
external power source and to release it to the load when needed. This enables a
portable device to operate without a connection to any power source other than a
battery. Different battery systems with different chemistries and different
characteristics exist. Examples of some commonly encountered battery systems are
nickel-cadmium (NiCd), nickel-metalhydride (NiMH) and lithium-ion (Li-ion)
batteries. The characteristics of the various battery systems vary considerably, even
for batteries with the same chemistry, but, for example, a different design or
different additives. More information will be given in chapter 3.

The term battery pack is often used for detachable batteries. Depending on the
desired voltage and capacity of the battery, several batteries can be connected in
series and/or in parallel inside a battery pack. To avoid confusion, the basic battery
building blocks inside the battery pack are often referred to as cells. The series
connection of cells yields a higher total battery voltage at the same capacity in [Ah]
and the parallel connection yields a higher total battery capacity in [Ah] at the same
battery voltage. Apart from one or more cells, a battery pack may also contain other
components. Examples are the NTC and ID resistors mentioned in the previous
section. Moreover, some electronics might be present inside the pack. All is
included inside a plastic container with at least the plus and minus terminals of the
battery and possibly some other terminals for temperature measurement and/or
identification, as discussed in the previous section. In this thesis, the term battery
will be used for both bare batteries and battery packs.

It is important from a battery-management point of view to realize at this
moment that the various battery systems should be approached differently, for
example via different charging algorithms. Approaching different battery systems
differently is important in determining the electronics that has to be integrated with
the battery.

Electronic safety switch for Li-ion batteries

In the case of Li-ion batteries, an electronic safety switch has to be integrated with
the battery. The battery voltage, current and temperature have to be monitored and
the safety switch has to be controlled to ensure that the battery is never operated in
an unsafe region. The reason for this is that battery suppliers are particularly
concerned with safety issues due to liability risks. A voltage range, a maximum cur-
rent and a maximum temperature determine the region within which it is considered
safe to use a battery. The battery manufacturer determines these limits. Outside the
safe region, destructive processes may start to take place. Generally speaking, in the
higher voltage range these processes may eventually lead to a fire or an explosion,
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whereas in the lower voltage range, they lead to irreversible capacity loss of the
battery.

The maximum voltage is dictated by two factors, the maximum battery
capacity and its cycle life. The cycle life denotes the number of cycles the battery
can be charged and discharged before it is considered to be at the end of its life. A
battery’s life ends when the capacity drops below a certain level, usually 80% of its
nominal capacity. This is illustrated in Figure 2.5, which shows the maximum
battery capacity and the cycle life as a function of the voltage applied to the battery
during charging. The figure illustrates that the higher this voltage, the higher the
maximum battery capacity and the lower the cycle life will be. Around 4.1 to 4.2 V,
a 100 mV increase in battery voltage yields a 12% capacity increase, but a sharp
decrease in cycle life of 200 cycles.
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Figure 2.5: Maximum battery capacity and cycle life as a function of battery voltage for a Li-
ion battery (source: Panasonic)

The choice of the maximum voltage level for the electronic safety switch is a
compromise. The demands on the accuracy of this level are in the order of one
percent, because a certain maximum battery capacity and a certain minimum cycle
life have to be guaranteed. Obviously, the battery voltage should not reach the
maximum voltage level of the electronic safety switch during charging to prevent
the risk of current interruption during normal use. The demands on the accuracy of
the minimum voltage are less strict, as the voltage drops rather sharply when the
battery is almost empty. This means that a deviation in the voltage at which the
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battery is disconnected from the load by the safety switch does not influence the
usable battery capacity significantly. The minimum voltage needed to operate the
portable device should be chosen higher than the minimum voltage level of the
safety switch. Thisisto prevent the risk of the safety switch opening during normal
operation.

The maximum current specification resembles the specification of a fuse.
Below the maximum current level, which value is linked to the maximum capacity
of the battery, the safety switch should always conduct. Above this current level,
currents are allowed to occur for only a certain amount of time. How long that time
will be will depend on the thermal resistance of the battery to its environment and
the thermal capacity of the battery. The higher the current, the shorter the time it will
be allowed to occur to prevent the risk of the battery temperature becoming too high.
This means that the delay time between detection of the current and the opening of
the switch is smaller at higher current levels. A general set-up of an electronic safety
switch is shown in Figure 2.6.

+ Li-ion
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Control
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S Vil
Control » \ Safety
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Figure 2.6: General set-up of an electronic safety switch inside a Li-ion battery pack

The battery voltage and the voltage difference across the switch are measured. The
latter voltage difference can be used to measure the battery current. This voltage
difference also allows start-up of the IC when a charger is connected and the battery
voltage is lower than the lowest limit of the safety voltage range, which implies that
the switch is open. In that case, there will be a large voltage difference across the
opened switch depending on the maximum output voltage of the charger. This
voltage difference will allow the operation of some sort of start-up circuit inside the
safety-switch control 1C. The temperature is usually measured inside the control I1C,
but could also be measured using an NTC.

The maximum resistance of the electronic switch has to be of the same order of
magnitude as other series resistances in the current path. These other series
resistances include the internal battery impedance, the resistance of other passive
safety devices and the contact resistance between the battery and the load. An
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example of a passive safety device is a Positive-Temperature Coefficient resistor
(PTC). This device gradualy inhibits the current flow when the temperature
increases. In practice, values in the order of 100 mQ are found for the electronic
switch, for example an MOSFET. The cost aspect determines whether the switch is
realized in an |C process other than the control circuitry, or together with the control
circuitry on one IC. As the electronic switch is integrated with the battery, it is
important that the associated circuitry draws a negligible current from the battery. In
practice, values down to severa pA are found.

Charge-balancing and pack supervisory electronicsinside a battery pack
A different need for electronics arises when several cells are connected in series
inside a battery pack. This is for example often the case in notebook computers.
Because of differences between the individua cells inside the battery pack, a certain
imbalance in SoC may exist. For example, the cells might differ in the maximum
amount of charge that can be stored, or in their internal impedance. These
differences already occur due to manufacturing variance and will even increase
because of aging. Such aging effects may be worse for some cells than for othersin
a battery pack. A reason could be that some cells become substantially hotter than
others. The occurrence of large temperature differences between the cells in a
battery pack is largely influenced by the position of the cells relative to the
temperature sensor. The weakest cell always determines the characteristics of the
battery pack.

Several examples of battery-pack supervisory ICs and charge-balancing ICs
can be found in the literature [20]-[22]. The essence of these ICs is to extend a
battery pack’s useful lifetime by preventing major imbalances between the cells
inside the pack. A battery-pack supervisory IC measures each cell voltage
individually and interrupts the charge or discharge current when one of the voltages
exceeds or drops below a certain level. A charge-balancing circuit distributes the
charge applied to or drawn from the battery pack equally between the cells by
transferring charge from a cell with a high SoC to a cell with a lower SoC.
Alternatively, the cell with the highest SoC can be bypassed by a ‘bleeder” resistor,
until the other cell(s) reach(es) the same voltage. Although both battery-pack
supervisory and charge-balancing circuits prevent major differences between cells,
the differences that arise from manufacturing spread can never be eliminated.

Other functionsthat can be integrated within a battery pack

Especially when electronic circuitry, such as a safety device or a charge-balancing
circuit, is already present in a battery pack, it is relatively cheap to add extra
functionality. The addition of some intelligence to a battery itself is advantageous,
because each type of battery has to be approached in a specific way. This is
especially true for portable products that can be used with different battery systems.
This eventually leads to a so-called smart battery, which can be defined as a
rechargeable battery with a microchip that collects and communicates present,
calculated and predicted battery information to the host system under software
control [6]. Features that are included in a smart battery are self-monitoring
functions, charge-regime control, communication with the system’s host,
implementation of fault identification and protection and storage of information in a
memory. This includes information on the battery characteristics, present status and
the history of use. Hence, some of the information stored in the battery pack will be
fixed, whereas other information will be continuously updated.
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The fact that information is integrated with the battery makes it necessary to
standardize the format of the information to allow the use of batteries of
manufacturer A in a portable device of manufacturer B. Moreover, standardization
facilitates system design as it makes it possible to treat a battery as a standardized
system part, regardless of its voltage, chemistry and packaging. An example of this
will be presented in section 2.2.5, which deals with the communication channel.

2.2.3 TheDC/DC converter

The basic task of a DC/DC converter in a portable product is to connect a battery to
the various system parts when the battery voltage does not match the voltage
needed. The battery voltage may be either too low or too high. In the first case,
DC/DC up-conversion is of course needed. In the latter case, DC/DC down-
conversion is needed when the battery voltage is higher than the maximum allowed
supply voltage of the load. Apart from this however, from the viewpoint of
efficiency it is aways a good idea to convert the battery voltage into the minimum
supply voltage V,,in needed by the load for the following reason.

First of al, when a DC/DC converter is used, the design of the load can be
optimized for the minimum supply voltage instead of the whole voltage range of the
battery discharge curve. This will lead to a higher efficiency of the load in most
cases. Secondly, operating a system part with a higher supply voltage than necessary
implies a waste of energy. This can be inferred from Figure 2.7, which shows a
schematic representation of atypical discharge curve of a battery. Note that the area
under this curve represents V-I-t, which indeed expresses the energy obtained from
the battery in [J]. The minimum voltage Vi, heeded to operate the load is also
shown.

Vbat T
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Q —»

Figure 2.7: Schematic representation of a typical battery discharge curve denoting energy
loss (shaded area) when the battery voltage is higher than the minimum supply voltage Vi, of
the load

The shaded area above V,,, expresses the energy that islost in heat dissipation when
the load is directly connected to the battery due to the fact that the battery voltage
Vpa iS higher than V... Assuming that the battery voltage can be efficiently
converted into V,,,, the energy loss can be considerably reduced. More information
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on principles for converting battery voltages into other voltages will be given in
chapter 7.

224 Theload

The basic task of the load is to convert the electrical energy supplied by a battery
into an energy form that will fulfil the load’s function. Many different types of
portable products exist, and hence many different types of loads. Some general
remarks on the connection of the battery to the load and the implementation of
battery management functions will be given below.

Different supply voltages

Different supply voltages are needed in most portable products. These voltages are
constantly changing as the technology progresses. The maximum possible supply
voltage before an IC breaks down is decreasing, because the feature size of ICs is
becoming smaller and smaller. However, the supply voltage needed for some
analogue functions will remain higher than the supply voltage needed for digital
system parts, for example on account of a need for a specific signal-to-noise ratio of
the analogue function. Most IC processes offer the possibility of designing analogue
circuits with a higher supply voltage than digital circuits. This can be achieved by
using special transistors with a thick gate oxide.

Physical aspects also influence the IC process in which the analogue system
part is realized and the supply voltage needed. Examples of such aspects are the
need for higher voltages for backlighting LCD screens in notebook computers or the
need for negative bias voltages for some types of Power Amplifiers (PAs) in cellular
phones. In general, the supply voltages for the analogue system parts encountered in
portable devices show a larger variation in values than those of the digital system
parts. This means that for a given battery voltage a system designer has to provide
this variety of voltages from a single battery voltage using (a combination of) up-
conversion, down-conversion or up/down-conversion [23].

Power consumption of system parts

The power consumption of the various system parts of a portable device may vary
considerably. Take for example the PA in a cellular Global System for Mobile
communication (GSM) phone, which amplifies the Radio-Frequency (RF) signal to
the antenna. The PA transmits in bursts in such phones. Currents of up to 2 A can be
drawn from the supply pin, depending on the efficiency and supply voltage of the
PA. This of course leads to different demands on the design of the power supply
circuitry around the PA than in the case of a system part that draws a current in the
mA-range.

Use of existing components for BM S functions
The presence of a microcontroller or microprocessor in a portable product will ena-
ble the flexible implementation of many of the monitor and control functions needed
in a BMS. An example was shown in Figure 2.3.

2.25 Thecommunication channel

The basic task of a communication channel in a BMS is to transfer monitor and
control signals from one BMS part to another. The complexity of a communication
channel in a BMS depends on the complexity of the system and the partitioning of
the intelligence needed for battery management. For example, the only
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communication that takes place between the battery and the charger shown in Figure
2.2 involves the voltage across an NTC and the value of the identification resistor.
However, in the case of a smart battery, the batteries can communicate their status to
the system host and other system parts, such as the charger. The appearance of smart
batteries on the market resulted in a major trend towards standardization of the
information stored in batteries and the way it is communicated to other system parts.
Battery manufacturers teamed up with semiconductor and computer hardware
manufacturers to find a standard architecture for a communication bus between the
battery and the system host. The ultimate goal of standardization was to facilitate the
development of universal battery management solutions. In these solutions, each
battery, regardless of its type or chemistry, communicates information on its status
to other system partsin a defined way.

One of several ways of arriving at a standardized interface between a smart
battery and the rest of the system was suggested by Duracell in co-operation with
Intel in 1994 [5]-[7],[16]-[18]. This co-operation has resulted in the Smart Battery
System (SBS) specification. The SBS ownership is in the hands of severa
companies, including the battery manufacturers Duracell, Energizer, Toshiba and
Varta and the semiconductor manufacturers Intel, Benchmarg, Linear Technology,
Maxim, Mitsubishi and National Semiconductor. The SBS specification is generic,
which means that it is independent of battery chemistry, voltage and packaging. The
specification consists of four parts:

»  The System Management Bus (SMBus) specification.

»  The Smart Battery Data (SBD) specification.

»  The Smart Battery Charger (SBC) specification.

* The specification of the interface between the SMBus and the Basic Input
Output System (BIOS) in a portable computer.

Although the specification focuses specifically on the portable computer industry, it
was designed to be applicable to other portable products too, according to Duracell
and Intel. A block diagram illustrating the implementation of the specification is
givenin Figure 2.8.

SMBus interface

Smart Charger
System Host and/or Smart Battery

other SMB Devices

Figure 2.8: Basic block diagram illustrating the implementation of the SBS specification

SMBus specification

The SMBuUs uses a two-wire communication channel between the components and
an electrical layer according to the Philips I°C protocol with additional software.
Each SMBus component can be either a master or a slave, but there can only be one
master at atime. For example, the smart battery can signal a warning via the SMBus
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when the battery is approaching low capacity, or a disk drive can ask the smart
battery whether there is enough energy left to save data.

SBD specification

The SBD specification defines the data that flows across the SMBus between the
smart battery, the SMBus host, the Smart Battery Charger and other devices. In
addition to software definitions, error detection, signalling and smart battery data
protocols, it includes a data set of 34 values of battery information. This includes
voltage, current, temperature and device type and identification data as well as
calculated and stored values, such as:

Run Time To Empty: the predicted remaining run time at the
present rate of discharge
Remaining Capacity: in units of either charge or energy

Relative Sate-Of-Charge:  predicted remaining capacity as a
percentage of full charge capacity

Full-Charge Capacity: predicted pack capacity when fully
charged

Cycle Count: number of charge/discharge cycles of the
battery

SBC specification

The SBC specification defines three levels of chargers. A level-1 charger can only
interpret critical warning messages and cannot adjust its output. For example, it will
only interrupt its charge current when a short-circuit occurs. However, it cannot
adapt its charge current to the employed battery. This is done by a level-2 charger,
which isan SMBus slave device. It is able to dynamically adjust its output according
to the charging algorithm stored in the smart battery pack. This means that the
battery ‘tells’ the charger how it has to be charged. An example of such a set-up was
shown in Figure 2.4. A level-3 charger is an SMBus master device, which chooses a
stored charging algorithm by interrogating the battery. Hence, in the case of a level-
3 charger, the charger ‘decides’ by itself how the battery will be charged.

SMBus/BI OS interface specification

This part of the specification defines how the operating system and applications that
run on a portable computer can communicate with SMBus components, using the
BIOS layer as an intermediate. Software vendors Phoenix and SystemSoft have
developed software that supplies intelligent battery data to a computer user. This
enables the user to choose his/her own power management scheme interactively. For
example, the SystemSoft Smart Battery Software System and the Phoenix Smart
Battery Manager offer the computer users the possibility of choosing between better
economy and better performance by using a scroll bar. The software shows the
battery performance as a function of the power management scheme chosen by the
user. Moreover, the user may install his/her own critical warning messages.

Another example of a specification that defines the connection between
software and SMBus devices is the Advanced Configuration and Power Interface
(ACPI). It was developed by Intel, Microsoft and Toshiba and enables system
manufacturers to supply power management that is directed by the operating system.
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Examples are the automatic turning on and off of peripherals, such as hard-disk
drives and printers, and the activation of the computer itself by peripherals.

Acceptance of the SBS specification by portable product manufacturers

The SBS specification offers flexibility with respect to the amount of intelligence
that is added to a battery. For example, a system designer is free to use only a
portion of the battery information specified in the SBD specification. In fact, the
system designer can design his’her own tailor-made smart battery system. One can
choose from a variety of |Cs usable with the SMBus. The original vision of Duracell
was to manufacture standard smart batteries with fixed form factors and with al
intelligence, fulfilling the SBS specification, inside. This turned out to be too
limiting with respect to design freedom for system designers. A system designer
prefers to use custom-designed batteries and add intelligence in the form of specific
ICs. As a result, Duracell stepped out of the smart battery business for notebook
computers in 1997. However, the idea of using the SMBus and a specified interface
between the different building blocks has survived.

Although the SBS specification is claimed to be applicable to any portable
product, it is only used in notebook computers in practice. A microprocessor is
already at hand in this case and the inclusion of a communication protocol in the
BMS does not add too much to the cost of the portable product. The added cost of a
complicated bus and bus protocol might be too high in the case of other portable
devices. Dallas Semiconductor offers a cheaper alternative solution to smart
batteries that fulfil the SBS specification [17]. They have developed a range of
temperature measurement and identification | Cs intended for integration in a battery
pack. Information is in this case communicated from the battery to the host
processor via a proprietary one-wire interface. This enables the design of arelatively
cheap Battery Management System.

2.3 Examplesof Battery Management Systems

2.3.1 Introduction

Examples of the BMS implemented in two types of portable products, a shaver and a
cellular phone, will be given in this section. The examples have been derived from
existing Philips products. In both cases, a distinction will be made between the BMS
in two types of the product. A distinction will be made between a low-end and a
high-end shaver. This will illustrate the influence of cost and features of the product
on the complexity and functionality of the BMS. The impact on the BM S of moving
from the NiMH battery technology to a combined use of NiMH and Li-ion batteries
will be described for the cellular phone. This will illustrate the impact of the type of
battery on the complexity of the BMS.

2.3.2 Comparison of BMSin alow-end and high-end shaver

Figure 2.9 shows the BMS in alow-end shaver with strong emphasis on the cost of
the product. The shaver is powered by only one NiCd or NiMH battery, which has
been integrated inside the shaver. The PM has also been integrated in the shaver.
The battery has been connected to the motor via an ON/OFF switch.

Both the ECC and the CHC control functions have been included in a High-
Voltage IC (HVIC). This HVIC regulates the charge current by controlling a high-
voltage switch in a Switched-Mode Power Supply (SMPS) in a flyback



Battery Management Systems 23

configuration [24]. The control signals used by the HVIC are the output voltage of
the PM, the voltage across resistor R; and the voltage across the rectifying diode D.
The value of the output current depends on the mode of the HVIC. During charging,
the output current is high until ‘battery full’ detection. The output current is
switched to a low value after this detection. A voltage regulation mode exists in
addition to these two charge modes. This mode occurs when the motor is switched
on during charging. In this case, the PM maintains a constant battery voltage and
hence a constant supply voltage for the shaver motor.

Low-end shaver

| PM |
‘ I
Mains | | Mains ! ON/OFF
T - |
| Filter g—‘% :
! |
e | |
! | NTCpy NiCd
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| | NiMH
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| " NTCymp
‘ I
| J 1

Figure 2.9: Battery Management System inside alow-end shaver

A certain amount of power needs to be transferred to the motor to enable shaving.
When the user is shaving with the shaver connected to the mains, the output current
of the PM will be relatively high. The reason for this is that the battery voltage is
relatively low, as only one NiCd or NiMH battery is used. Current measurement by
means of a series resistor is not attractive, because the high current value would lead
to a too high temperature in the shaver given the shaver dimensions. Therefore, the
value of the output current has to be determined in other measurements. This is
achieved by measuring the time for which current flows to the battery through diode
D, when the high-voltage switch on the primary side of the transformer is open. This
time is obtained by measuring the voltage across diode D [24]. Moreover, the peak
current at the start of the current flow through diode D is obtained by measuring the
peak voltage across R; at the mains side of the transformer at the moment when the
high-voltage switch is opened. As the current through diode D will ramp down
linearly to zero, this peak current combined with the period of time for which
current flows and the total switching period time T can be used to determine the
average current.

One way of determining the ‘battery full” status of a NiCd or NiMH battery is
to measure the temperature rise of the battery at the end of charging. The difference
between the battery temperature and the ambient temperature is measured by two
NTCs in Figure 2.9. When the temperature difference between the battery and the
environment reaches a certain value that is included in the HVIC, the PM will
switch to a low current. This current will maintain the charge level of the battery by
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compensating self-discharge. Such a low current is commonly referred to as a
trickle-charge current.

The BMS for the low-end shaver has proven to be cost-effective. The simple
charging algorithm allows for enough charging cycles until the battery capacity
drops below an unacceptable level. However, the signalling of battery information to
the user is not implemented at al. This is an unacceptable situation for high-end
shavers. Therefore, a microcontroller is included in high-end shavers to provide all
sorts of signalling of information to the user through an LCD screen. As discussed in
section 2.1, the increased functionality will influence the complexity of the BMS.
The BMS of a high-end shaver is shown in Figure 2.10. The shaver is powered by
two NiCd or NiMH batteries in series. A Timer-Control Module (TCM) has been
included. Again, the batteries are connected to the motor via an ON/OFF switch.
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Figure 2.10: Battery Management System inside a high-end shaver

The ECC function has been included in the HVIC in the PM portion as in the
previous example. The HVIC controls the output current of the PM to the
appropriate value during charging, as communicated by the TCM module. The
HVIC switches to output voltage regulation when the motor is switched on during
charging. The current supplied by the PM in this mode is lower than in the similar
situation in the low-end shaver, which makes current measurement with resistor R,
attractive.

The CHC function has been included in the TCM. The microcontroller
communicates to the rest of the system through the Interface IC (I1IC). The IIC
measures the battery temperature and current. The temperature is measured through
an NTC that isin contact with both batteries. The battery current is measured via the
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voltage acrossresistor Rs. The 11C calculates the SoC of the battery by increasing the
value of a counter during charging and decreasing it during discharging at a speed
proportional to the value of the current. Hence, the charge flowing into and out of
the battery is measured, which is commonly referred to as coulomb counting. When
no external battery current is flowing, the counter is decreased at a programmed
speed to compensate for self-discharge of the battery. This speed is proportiona to
the measured battery temperature, which means that the speed is higher at higher
temperatures. This is in agreement with real battery behaviour, with the self-
discharge rate being higher at higher temperatures. The accuracy of the SoC
indication method has proven to be sufficient for use in shavers.

The 1IC will signa to the HVIC which charge current should be used
depending on the value of the counter. The I1C will signal the HVIC to switch from
the normal charge current to alower top-off charge current when the counter reaches
its 80 % full reference. Because the efficiency of the charging process drops at a
high current at the end of charging, lowering the charge current at that moment
keeps the charging efficiency high and will prevent a large increase in the battery
temperature. The 11C will signal the HVIC to switch to a low trickle-charge current
when the counter reaches its 100 % full reference. The microprocessor is used to
infer the Minutes Left or Shaves Left value from the SoC value determined by the
[1C. The lIC will signal the battery condition to the user through the LCD.

2.3.3 Comparison of BMSin two typesof cellular phones

The cost and features are the main drivers for the complexity of the BMS in the
shaver example. In the next example, moving from one battery chemistry to a
possible combination of two chemistries |eads to a complete redesign of the BMSiin
a cellular phone. The first type of cellular phone, which will be named type A
below, can only be powered by a NiMH battery pack. The second type, or type B,
can be powered by a NiMH battery pack or a Li-ion battery pack. Moreover, type B
is a newer model than type A. Therefore it is smaller and weighs less than type A,
which isin line with the trend towards smaller and lighter phones.

Figure 2.11 shows the BMS of a cellular phone of type A, which is powered by
a battery pack that includes four NiMH cells in series. This yields a total voltage of
the battery pack of 4.8 V. Other NiMH battery packs with higher capacities can be
used as accessories. The battery pack is detachable and can be charged separately
from the phone on a DTC. The arrangement for controlling the charging process is
depicted in Figure 2.11a. The power supply scheme for the various system parts
inside the phone is shown in Figure 2.11b. Unlike with the shaver, not al system
parts of the cellular phone are powered directly by the battery.

The PM of cellular phone A only includes the ECC. The V-I characteristic of
the power module is shown in Figure 2.11a. The output current during charging is
800 mA. The battery pack voltage will not reach the maximum charger voltage of
8.2V during charging. The charger output will only reach this maximum voltage
when an open-circuit occurs. The entire control of the charging process is located
inside the cellular phone itself. When the battery pack is connected, its type is read
from the value of the identification resistor (ID) inside the battery pack. This value
is looked up in a table stored inside the phone, which indicates the corresponding
type of battery pack. Depending on the capacity of the pack that has been connected,
the charge current of 800 mA that flows into the phone from the PM will be
controlled by the PWM switch inside the phone in such a way that the chargetimeis
one hour. So the resulting charge current will be higher in the case of a pack with a
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higher capacity, the maximum charge current being 800 mA. The NTC inside the
battery pack enables temperature measurement. The measured battery pack voltage
and temperature are fed to the microcontroller, which calculates the derivatives of
the measured values after some internal filtering. As is usualy the case with Ni-
based rechargeabl e batteries, use is made of the specific shapes in the battery voltage
and temperature curves at the end of charging to determine the full state of the
battery. The calculation of the derivatives yields information on the shape of the
measured voltage and temperature curves. After a ‘battery full’ detection, the duty
cycle of the PWM switch will be changed to obtain a trickle charge current that
maintains a full battery. As the trickle charge current has to be small, the duty cycle
of the PWM switch will be very low, which means that the switch will be closed for
only a small percentage of the time. The battery pack may also be charged separately
on the DTC. This is indicated in Figure 2.11a by means of the dashed lines. The
PWM switch and the CHC function for controlling this switch are also included in
the DTC.
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Figure 2.11: BMS of atype A cellular phone with a NiMH battery pack: (a) Control of the
charging process (b) Power supply scheme for the various system parts

A 4.8 V PA is used to amplify the RF signals to the antenna in cellular phone A.
Hence, this PA can be directly connected to the battery, as can be seen in Figure
2.11b. Because phone A is a GSM phone, this PA will draw current in pulses, as
previously mentioned in section 2.2.4. When the battery pack is viewed as a voltage
source with series resistance for simplicity, the maximum output power obtainable
from this voltage source is proportional to the square of the voltage and inversely
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proportional to the series resistance. The maximum power that can be supplied by
the battery pack will be relatively high, because the voltage is relatively high and the
series resistance in the current path from pack to PA is sufficiently low. As a result,
arelatively low value of the buffer capacitor C, of 100 uF is found to be sufficient
in practice to guarantee the correct supply voltage at the supply pin of the PA.
Hence, most of the peak current drawn by the PA during transmit bursts will be
drawn directly from the battery pack. The buffer capacitor serves mainly as a filter
that prevents the risk of high-frequency signals interfering with the PA operation.
Two Linear Regulators (LR) serve to power the remaining hardware inside the
cellular phone. More information on linear regulators will be given in chapter 7.

The BMS of a cellular phone of type B is shown in Figure 2.12. The phone is
supplied with a standard Li-ion battery pack that contains a single Li-ion cell of 3.6
V with an electronic safety switch, represented by the dashed box in Figure 2.12.
Moreover, a battery pack with three NiMH cells in series with a total voltage of 3.6
V can be bought as an accessory. No safety switch will then be included. The fact
that two different battery systems may be used with the cellular phone means that
the BMS will have to cover extra issues. The main issue is the difference between
charging algorithms for NiMH and Li-ion batteries. Again, the pack can be detached
from the phone and can be charged separately on the DTC, indicated by the dashed
lines. The arrangement for controlling the charging process is depicted in Figure
2.12a. The power supply scheme for the various system parts inside the phone is
illustrated in Figure 2.12b.

In addition to the ECC, the PM also includes part of the charging process
control. First of all, the V-I characterigtic is a function of the applied battery
chemistry. This can be seen in Figure 2.12a, where the maximum voltage limit is
lower for a Li-ion battery pack than for a NiMH battery pack. Secondly, the PWM
switch is now incorporated inside the PM. Thisis to avoid heat generation inside the
phone, as phone B is smaller than phone A. The partitioning of charge control will
depend on whether the battery pack is charged while connected to the phone or
separately on the DTC. Note that in addition to power line pair 1, through which the
charge current flows, two other wires are present. Wire 2 serves to control the PWM
switch inside the PM. Wire 3 is a battery voltage sense line. The use of wires2 and 3
will be explained below.

When a battery pack is connected to the phone, its type will first be determined
by reading the value of the identification resistor (ID). The CHC function is
performed in the PM when the battery pack is of type Li-ion. Switch S; will be
closed first. This will enable the PM to measure the battery voltage currentless via
wire 3. The PM will charge the Li-ion battery pack with a constant current of 650
mA until the battery pack voltage reaches the value of 4.1 V. Then, the PM will
continue to charge at a constant voltage of 4.1 V. The battery pack temperature,
measured by the NTC, will only be used as a safeguard. This means that the charge
current will be interrupted by the opening of the PWM switch when the temperature
exceeds a certain value. Wire 2 will be used for this.

Switch S, will be left open in the case of a NiMH battery pack. A maximum
voltage of 6.5 V will be used when the PM detects this on wire 3. The NiMH battery
pack voltage will not reach this value during normal charging. The charge current
will remain at 650 mA until the microcontroller inside the cellular phone detects a
full battery in the same way as in phone A. After this detection, the PWM switch
inside the PM will be controlled by the phone to charge the battery with a trickle
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charge current. This will take place via wire 2. More information on the charging
algorithms for both Li-ion and NiMH batteries will be given in chapter 5.
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Figure 2.12: BMS of atype B cellular phone with a standard Li-ion battery pack and optional
NiMH battery pack (a) Control of the charging process (b) Power supply scheme for the
various system parts

When the battery pack is charged on the DTC, its type will first be read. The voltage
sense line on wire 3 will be left open-circuit in the case of both types of battery
packs, because the DTC is equipped with a dedicated IC capable of controlling the
charging process of both NiMH and Li-ion batteries. As aresult, the PM will always
use the 6.5 V maximum voltage limit, irrespective of the type of battery connected
tothe DTC. All CHC functions will now be performed inside the DTC, unlike when
charging the pack on the phone. The PWM switch inside the PM will only be used
to derive the trickle charge current in the case of NiMH battery packs, to stop
charging a Li-ion battery pack or to interrupt the charge current in the case of afault
condition. Again, wire 2 will be used to thisend.

Phone B uses a 4.8 V PA. A DC/DC up-converter is used to boost the battery
voltage from 3.6 VV to 4.8 V. Figure 2.12b shows that the RF circuits have now been
connected to the output of the DC/DC converter through a linear regulator. This
linear regulator not only controls the battery voltage of 4.8 V to a4 V supply voltage
for RF circuits, but it also serves as afilter to prevent voltage ripple from the output
of the DC/DC converter from interfering with the sensitive RF circuitry. More
information will be given in chapter 7. The other digita and analogue signal
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processing circuits are connected to the battery pack through a linear regulator, as
was aso the case in phone A.

Apart from the inclusion of a DC/DC up-converter between the battery pack
and the PA, an important difference with respect to phone A is the value of the
buffer capacitor Cy. The battery pack voltage is lower in phone B and the series re-
sistance in the current path is alot higher. There are severa reasons for this. First of
all, the safety measures used in Li-ion batteries in the form of electronic safety
switches and passive safety devices such as PTCs yield extra series resistance.
Secondly, the internal series resistance of a Li-ion battery is higher than the
resistance of three NiMH batteries in series. Thirdly, the DC/DC converter
introduces some extra series resistance. As a result, the peak current drawn by the
PA during the transmit burst now has to be drawn from the buffer capacitor. This
resultsin a value of roughly 2 mF.
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Chapter 3

Basic infor mation on batteries

Some basic information on batteries is given in this chapter. A historical overview in
section 3.1 describes the developments in battery technology. The characteristics of
the most important types of batteries that can be obtained on the market today are
summarized in section 3.2. Finally, the basic operational mechanism of batteries is
described in section 3.3. The information in this section will be used in chapter 4.

3.1 Historical overview

Batteries have been around for a long time. Earthen containers that served as
gavanic cells dating from 250 BC have been found in Baghdad [1]. These
containers were filled with iron and copper electrodes, together with an organic
acidic solution. This yielded a cell capable of supplying 250 mA at a voltage of 0.25
V for approximately 200 hours. These cells were used to gild silver.

Two names are closely associated with the development of batteries and the
related science of electrochemistry. These names are Luigi Galvani and Alessandro
Volta[2]. Galvani performed an experiment in 1790, in which he suspended a frog
from an iron hook. With a copper probe he measured electric pulses, which he
believed originated in contractions of the muscles of the frog’s legs. Volta attributed
these contractions to the current flowing between the iron and copper metals. To
prove that current could flow between two metals with an electrolyte in between, he
built a “pile’ consisting of alternating silver and zinc plates interleaved with paper or
cloth, which was soaked with an electrolyte. Hence, Volta was the first person in
modern times to have built an actual battery. He patented this structure in 1800. In
1834, Michael Faraday derived the laws of electrochemistry based on Volta’s work.
This established a connection between chemical and electrical energy.

On the basis of Volta’s work, other scientists also developed batteries of
various designs. A recurring problem with these batteries was gas formation at the
electrodes. This limited the available capacity, because the energy used to form the
gas could not be recovered. Leclanché found the most successful solution to this
problem in 1866 [2],[3]. He used manganese dioxide for the positive electrode,
mixed with carbon to improve conductivity. This mixture was fixed around a
graphite plate, which served as a current collector. He used zinc for the negative
electrode, while ammonium chloride served as the electrolyte. He achieved an open-
circuit voltage of 1.5 V with this battery. It could supply a medium current and had a
good shelf life. Others later improved the so-called Leclanché cell. The present-day
non-rechargeable batteries based on this principle, zinc-carbon or zinc-manganese
dioxide (ZnMnO,) batteries, still dominate the household battery market on a world-
wide basis [4]. Their performance improved by 700% between 1920 and 1990.

The investigation of the behaviour of various metals in various electrolytes, in
particular diluted sulphuric acid, by Gaston Planté was another important event in
the development of batteries in 1859 [2],[3]. He constructed batteries as a sandwich
of thin layers of lead, separated by sheets of coarse cloth in a cylindrical container
filled with diluted sulphuric acid. The thin lead layers were connected as two
separate electrodes. He introduced a voltage difference between the two lead
electrodes, which charged the battery. By alternating this charge process with a
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subsequent discharge step, he eventually managed to form a positive electrode that
consisted of lead dioxide and a negative electrode consisting of finely distributed
lead. Repeated cycling could increase the thickness of these layers. After the
formation of the active layers, which eventually took some 24 hours, the charge
voltage of the lead/lead-dioxide coupleroseto 2.7 V.

In order to prevent breakdown of the lead plates, Planté later used thicker
plates, which led to quite heavy and bulky batteries that were used mainly for
stationary applications. One of the first applications of a battery of this type was in a
house-lighting installation with a dynamo, which served as charger, built by Henri
Tudor in 1882 [2]. The time-consuming formation process was later greatly
simplified by Camille Faure in France and Charles Brush in the USA in 1881 [2].
An important difference with respect to the Leclanché cell was that the cells
constructed by Planté were rechargeable. The so-called lead acid batteries are still
widely used nowadays, for example as car batteries for engine starting and vehicle
lighting, but they are used very little in consumer electronics.

Waldemar Jungner in Sweden and Thomas Edison in the USA laid the
foundation of the nickel-cadmium (NiCd) and nickel-iron alkaline storage battery
industry between 1895 and 1905 [2]. Like lead acid batteries, NiCd and nickel-iron
batteries are rechargeable. An important advantage of using alkaline solutions for
the electrolyte, instead of acidic solutions, is the possibility of using a wide range of
materials for the electrodes and containers; metals such as nickel would be affected
in an acidic electrolyte solution.

In 1839, William Grove carried out experiments to investigate the
decomposition of water into hydrogen and oxygen gas using platinum electrodes [2].
He observed that when the charging was stopped, a current started to flow in the
opposite direction due to the recombination of oxygen and hydrogen on the platinum
electrodes. These experiments laid the foundation for the development of fuel cells,
in which energy stored in fossil fuels is directly converted into electrical energy. The
active materials in a fuel cell are continuously supplied from a source external to the
cell and the reaction products are continuously removed from the cell. The work on
fuel cells also led to a better understanding of the behaviour of gas in porous
electrodes. This knowledge was later successfully applied to the development of
metal-air batteries, particularly with a zinc negative electrode and a porous air
electrode, based on carbon as positive electrode. These batteries are known as zinc-
air batteries.

In addition to the types of batteries mentioned so far, a wide variety of batteries
have been developed since Volta’s “pile’, both rechargeable and non-rechargeable.
The advances in the development of portable electronic systems have had a
significant effect on the development of new types of batteries. However, only fairly
little progress have been made in improving battery characteristics such as energy
density, shelf life and reliability in comparison to the advances made in electronic
circuits [4]. While existing types of batteries are continuously being improved, new
types keep appearing. The introduction of the nickel-metalhydride (NiMH) battery
in 1990 and the lithium-ion (Li-ion) battery in 1991 were of a great importance for
portable consumer products. Research at Royal Philips Electronics played an
important role in the development of NiMH batteries [6],[7]. Apart from the
continuous need for higher energy densities, environmental concerns have also
boosted the development of these new types of batteries.
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3.2 Battery systems

An important distinction that can be made regarding batteries is that between
primary and secondary batteries. Primary batteries are non-rechargeable, whereas
secondary batteries are rechargeable. Different battery systems are available for both
primary and secondary batteries. Each battery system is characterized by its
chemistry. Examples of primary batteries are zinc-carbon (Leclanché, also known as
zinc-manganese dioxide (ZnMnO,)), zinc-alkaline-MnO, (also simply known as
alkaline batteries), zinc-air, mercuric-oxide, and lithium batteries [2]-[4]. The focus
in this thesis will be on secondary batteries [1]-[17]. Examples of secondary
batteries are sealed lead-acid (SLA) [11], NiCd [8], NiMH [5]-[8],[16], Li-ion
[9].[14],[17], Li-ion-polymer, Li-metal, zinc-alkaline-MnO, [15], and zinc-air
batteries. Note that some battery systems are available in both a non-rechargeable
and a rechargeable form, such as zinc-alkaline-MnO, batteries. Some characteristics
of the most important secondary batteries available on the market today or still
under development will be given in the remainder of this section.

3.21 Definitions

Various specific terms are often used in the literature and data sheets to specify the
characteristics of different battery systems. These terms are defined below

[3],[4],[10].
A. General definitions:

Cdl: The basic electrochemical unit used to generate electrical energy
from stored chemical energy or to store electrical energy in the
form of chemical energy. A cell consists of two electrodes in a
container filled with an electrolyte. Definitions of these terms are
given below.

Battery:  Two or more cells connected in an appropriate series/parallel
arrangement to obtain the required operating voltage and capacity
for a certain load. The term battery is also frequently used for
single cells. This terminology will also be adopted in this thesis,
except where a distinction between cells and batteries is needed. A
good example is a battery pack, which consists of several cells
connected in series and/or parallel. The term battery pack was
explained in chapter 2.

B. Capacity-related definitions:

Energy Density:  The volumetric energy storage density of a battery,
expressed in Watt-hours per litre (Wh/I).

Power Density: The volumetric power density of a battery, expressed in
Watts per litre (W/I).

Rated Capacity:  The capacity of a battery, expressed in Ampere-hours
(Ah), which is the total charge expressed in [Ah] that can
be obtained from a fully charged battery under specified
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discharge conditions. These conditions are specified by
the manufacturer.

Specific Energy: The gravimetric energy storage density of a battery,

expressed in Watt-hours per kilogram (Wh/Kg).

Soecific Power: The gravimetric power density of a battery, expressed in

Watts per kilogram (W/Kg).

C. Design-related definitions:

Electrode:

Anode:

Cathode:

Electrolyte:

Separator:

Basic building block of an electrochemical cell. Each cell
consists of a positive and a negative electrode. The cell
voltage is determined by the voltage difference between the
positive and the negative electrode.

The electrode at which an oxidation reaction (see section 3.3)
occurs. This means that the electrode supplies electrons to an
external circuit. The electron flow reverses between charging
and discharging. Hence, the positive electrode is the anode
during charging and the negative electrode is the anode during
discharging. Usually, a cell’s anode is specified during
discharging and hence the name anode is commonly used for
the negative electrode.

The electrode at which a reduction reaction (see section 3.3)
occurs. This means that the electrode takes up electrons from
an external circuit. Hence, the negative electrode is the
cathode during charging and the positive electrode is the
cathode during discharging. Usually, a cell’s cathode is
specified during discharging and hence the name cathode is
commonly used for the positive electrode. To avoid
confusion, the electrodes will be named positive and negative
in this thesis.

The medium that provides the essential ionic conductivity
between the positive and negative electrodes of a cell.

An ion-permeable, electronically non-conductive material or
spacer that prevents short-circuiting of the positive and
negative electrodes of a cell.

D. Application-related definitions:

C-rate:

A charge or discharge current equal in Amperes to the
rated capacity in Ah. Multiples larger or smaller than the
C-rate are used to express larger or smaller currents. For
example, the C-rate is 600 mA in the case of a 600 mAh
battery, whereas the C/2 and 2C rates are 300 mA and 1.2
A, respectively.
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Cycle Life: The number of cycles that a cell or battery can be charged
and discharged under specific conditions, before the
available capacity in [Ah] fals to meet specific
performance criteria. This will usually be 80% of the rated
capacity.

Cut-off voltage: The cell or battery voltage at which the discharge is
terminated. Also often referred to as End-of-Discharge
voltage. The symbol Vgop Will be used for this voltage
throughout thisthesis.

Self-Discharge: Recoverable loss of capacity of a cell or battery. This is
usually expressed in a percentage of the rated capacity lost
per month at a certain temperature, because self-discharge
rates of batteries are strongly temperature-dependent.

Conditions have to be specified for certain definitions in order to be able to quantify
them. For example, the rated capacity is strongly dependent on the discharge
current, battery temperature and cut-off voltage. In general, the capacity obtainable
from a battery will be lower at higher discharge currents, lower battery temperatures
and higher cut-off voltages. Usually, the rated capacity is specified at a current of
C/10 and at room temperature for secondary batteries. The specified cut-off voltage
is strongly dependent on the battery chemistry.

3.22 Battery design

Besides on operational conditions, such as discharge rate and battery temperature, a
battery’s actual rated capacity will strongly depend on its design. In general, the
theoretical energy density, which depends on the battery chemistry, will be much
larger than the energy density specified in a battery’s data sheet. This is due to the
presence of non-reactive components inside a battery, such as the current collectors
to which the electrodes are attached, the separator, the electrolyte and the container.
These components add to the battery weight and volume, but they do not contribute
to its energy density. For example, the energy density of a battery decreases when its
volume decreases, because the percentage of ‘dead’ volume of containers, seals and
other structural parts is larger in the case of smaller batteries. The energy density
and specific energy of every battery can be found by integrating the voltage-
dependent charge Q(V) over the applicable voltage range, similar to what was shown
in Figure 2.7, and dividing the result by the battery volume or weight, respectively.

A distinction can be made between cylindrical and prismatic batteries [3],[4].
The electrodes will be thin strips in most secondary cylindrical batteries. These
strips are rolled with the separator in between and placed in a cylindrical can.
Rolling the electrodes like this yields a relatively large surface area, enabling the
battery to supply larger discharge currents. However, this is achieved at the expense
of battery capacity, because the percentage of active material is lower than in a
design in which the electrodes are shaped like two concentric cylinders. This is due
to the fact that a current collector required to support the thin electrodes takes up
volume in a wound structure. A design with concentric cylinders maximizes the
amount of active material and is used mainly for primary batteries, e.g. zinc-carbon
and Zn-alkaline-MnO..
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In a prismatic battery, rectangular electrodes are stacked in flat rectangular boxes
with the separator in between. Prismatic batteries have a better form factor, because
they alow better utilization of the volume available inside a portable device. The
shapes and sizes of batteries are subject to standardization described in e.g. the IEC
(International Electrotechnical Commission) standard [3].

Most battery systems available on the market, whether cylindrical or prismatic
and irrespective of their size, are available in different types [3],[8]. These types
have been optimized for use in specific applications. Examples are high-rate
batteries, which allow relatively large discharge currents of up to severa times the
C-rate, high-temperature batteries, which allow operation at higher temperatures,
high-capacity batteries and fast-charge batteries, which enable a very quick
recharge. These characteristics have been obtained by changing the design of the
electrodes or by adding compounds to the electrodes. For example, the use of so-
called sintered electrodes in batteries greatly decreases the internal impedance of the
cells. This allows the withdrawal of larger discharge currents.

An example of adding compounds to the electrodes of a NiCd battery will be
given in chapter 4. This is done to protect the battery during overcharging and
overdischarging. Overcharging means the continuation of charging when the battery
is full, whereas overdischarging means the continuation of discharging when the
battery is empty. The latter situation may occur when cells are connected in seriesin
a battery pack. In that case, the cell with the lowest capacity will be the first to reach
its empty state. The empty cell will be the first to be overdischarged when the total
battery pack voltage is still high enough to power the load. This is attributable to
manufacturing spread in characteristics, e.g. in capacity, of cells of the same type.

3.23 Battery characteristics

The main characteristics of the most important secondary battery systems are
summarized in Table 3.1 [1],[3],[4],[10],[15]. Ranges are given for the energy
density, specific energy, self-discharge rate and cycle life of amost all of the
systems in the table, because so many different types of battery systems are
available on the market.

NiCd batteries

The NiCd battery is commonly known as relatively cheap and robust. It is universal
and can ill be found in many portable devices today. Most NiCd batteries can
supply large currents. It is possible to charge NiCd batteries in a relatively short
period of time because of their robustness. Charge times of only 10 minutes have
been reported [1]. The average cell voltage is 1.2 V. The characteristics of high
power delivery and short recharge times make NiCd batteries very popular for
power tools. Other applications include cordless phones, shavers, camcorders and
portable audio products. The positive nickel electrode is a nickel hydroxide/nickel
oxyhydroxide (Ni(OH),/NiOOH) compound, while the negative cadmium electrode
consists of metalic cadmium (Cd) and cadmium hydroxide (Cd(OH),). The
electrolyte is an agueous solution of potassium hydroxide (KOH). Magjor
improvementsin energy density and specific energy have been obtained with respect
to earlier designs by using high porosity nickel foam instead of the original sintered
nickel as substrate for the active materials [4].
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Table 3.1: Overview of the main characteristics of the most important secondary battery
systems

Battery system:| NiCd | NiMH | Li-ion |Li-ion-polymer| SLA Rechargeable
alkaline

Average 12 12 36 36 2.0 15

operating

\voltage [V]

Energy density] 90..150 |160..310| 200..280 200..250 70..90 250

[Whl]

Specific  energyl 30..60 | 50..90 | 90..115 100..110 20..40 20..85

[Whkg]

Self-discharge | 10..20 | 20..30 5..10 1 4.8 0.2

rate [%/month]

at 20°C

Cyclelife 300..700(300..600| 500..1000 200 200..500 15.25

Temperature -20..50 | -20..50 | -20..50 ? -30..60 -30..50

range[°C]

Although very suitable for, for example, power tools, NiCd batteries have some
drawbacks. First of al, their energy density and specific energy are relatively low.
Secondly, NiCd batteries suffer from the so-called memory effect [1],[3],[4],[10].
This effect can be defined as a decline in effective capacity with repeated partia
charge/discharge cycles. As partia cycling continues, the battery will eventualy
only be able to supply the capacity retrieved from the partial cycling. The battery
voltage drops significantly after this capacity has been removed and most portable
devices will stop functioning at that moment. However, putting the battery through
one or more compl ete charge/discharge cycles can restore full capacity. Most battery
experts attribute the memory effect to the Cd electrode. Although the effect is hard
to reproduce in laboratory experiments, it seems to result from the growth of large
crystals on the Cd electrode, which reduces the effective area [10]. As a find
drawback, the use of cadmium in NiCd batteries involves serious environmental
problems.

NiMH batteries

In response to the relatively low energy density and specific energy as well as the
environmental concerns associated with NiCd batteries, Sanyo Electric in Japan
introduced the first NiMH battery in 1990 [16]. A lot of useful research was
performed at Philips Research in the early seventies [6]. Table 3.1 illustrates that
NiMH batteries offer the same average operating voltage as NiCd batteries, with the
great advantage of a higher energy density. Applications include notebook
computers, cellular phones and shavers. In NiMH batteries a metalhydride (MH)
alloy has replaced the cadmium electrode. The positive electrode and the electrolyte
are more or less the same asin NiCd batteries.

The MH alloy is capable of storing hydrogen in a solid state. Two classes of
metal alloys are generally used in NiMH batteries, AB, and ABs alloys [3],[5],[6].
The AB, class of aloys consists of titanium and zirconium, while the alloys of class
ABs include rare-earth alloys based on lanthanum nickel. Almost 100% of the
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commercially available NiMH batteries are based on the AB;5 class of alloys [5],[6].
These alloys possess better rate capability and better stability characteristics, at the
cost of a lower specific energy than AB, aloys [3]. Although the chemistry of a
NiMH battery is similar to that of a NiCd battery, there are differences between the
two:

¢ NiMH batteries have a better energy density than NiCd batteries. Thisis due to
the fact that the MH electrode has a higher energy density than the Cd electrode
in NiCd batteries [3].

e The self-discharge rate of NiMH batteries is somewhat higher than that of NiCd
batteries. One of the factors that influence the self-discharge rate of a NiIMH
battery is the ability of the MH electrode to retain the stored hydrogen under
storage conditions. The more hydrogen will be released under storage
conditions, the higher the self-discharge rate will be.

*  Most manufacturers claim that NiMH batteries do not suffer from the memory
effect known from NiCd batteries, although examples can be found in literature
of the occurrence of the memory effect in NiMH batteries [3],[10],[12].

¢ In general, NiMH batteries are less robust with respect to overcharging than
NiCd batteries. This means that the charging algorithm of NiMH batteries
should be more accurate to prevent overcharging, especially when the charge
current is higher.

» A difference between the charging process of NiMH batteries and that of NiCd
batteries is that the net charging reaction in a NiMH battery is exothermic. This
means that heat is generated continuously during the charging. On the other
hand, the net charging reaction of a NiCd battery is endothermic. This means
that heat is consumed during the first phase of charging [3]. In the case of a
NiMH battery, this means that the battery temperature rises continuously during
charging, with a steep rise at the end of the charging. However, in a NiCd
battery the temperature remains relatively constant for most of the charging
process, with a steep rise at the end of the charging.

» Another difference between the charging process of NiMH and NiCd batteries
concerns the battery voltage profile, which is less pronounced in the case of
NiMH batteries than in the case of NiCd batteries at the start of overcharging.
This makes it more difficult to detect of the ‘battery full’ condition. More
information on differences between the charging algorithms of NiMH and NiCd
batteries will be given in chapter 5.

Li-ion batteries

The first Li-ion battery was introduced by Sony in Japan in 1991. The chemistry of
Li-ion batteries differs significantly from that of Ni-based batteries [3],[9],[14]. Li-
ion cells offer the advantage of a high average operating cell voltage of 3.6 V,
because of the very negative standard potential of lithium with respect to the
standard hydrogen reference electrode (SHE). Moreover, Li-ion batteries have a
relatively high specific energy, which results in batteries that are lighter than Ni-
based batteries at the same capacity. Applications include palmtop and notebook
computers, cellular phones and camcorders. The electrodes in a Li-ion battery are
intercalation electrodes. Intercalation electrodes have a lattice structure in which
guest species may be inserted and extracted without any great structural
modifications in the host material. The operation of Li-ion batteries is based on the
transfer of lithium ions from the positive electrode to the negative electrode during
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charging and vice versa during discharging. This is generaly referred to in the
literature as the ‘rocking chair’ principle [3],[10],[14].

The positive electrode of a Li-ion battery consists of one of a number of
lithium metal oxides, which can store lithium ions. The oxides encountered most
frequently in commercially available batteries are lithium cobalt oxide (LiC00O,),
lithium nickel oxide (LiNiO,) and lithium manganese oxide (LiMn,0,). LiCoO, and
LiNiO, offer the advantage of a slightly higher capacity. LiMn,O, is less toxic and
less expensive than the other materials [3]. The negative electrode of a Li-ion battery
is a carbon electrode, with the maximum ratio of the number of lithium ions and the
number of carbon atoms in the lattice being 1:6. The carbon electrode can be made
from graphite or petroleum coke. The use of graphite results in a higher capacity and
a flatter discharge curve than the use of petroleum coke [3].

The electrolytes used in Li-ion batteries are non-aqueous, as opposed to the
aqueous electrolytes used in Ni-based batteries. A salt dissolved in an organic
solvent serves as the electrolyte in Li-ion batteries. The choice of the organic solvent
is limited to those based on ethylene carbonate when graphite is used for the
negative electrode. Other solvents such as diethylene carbonate and propylene
carbonate can also be used when petroleum coke is used [10]. A popular choice for
the salt is lithium hexafluorophosphate (LiPFg). Important concerns with respect to
the electrolyte are compatibility with the chosen electrode materials, good ionic
conductivity and thermal and electrochemical stability. In general, the conductivity
of the mixtures used as electrolytes in Li-ion batteries is some two orders of
magnitude lower than the conductivity of the aqueous electrolytes used in Ni-based
batteries [3],[10].

Table 3.1 shows that, apart from a higher specific energy, Li-ion batteries also
have considerably lower self-discharge rates than Ni-based batteries. Moreover, Li-
ion batteries do not suffer from the memory effect. In applications, Li-ion batteries
have to be approached differently than Ni-based batteries, as far as both charging
and discharging are concerned. First of all, Li-ion batteries need a different charging
algorithm than Ni-based batteries. More information will be given in chapter 5.
Furthermore, Li-ion batteries are less capable of delivering large currents, expressed
in C-rate, than Ni-based batteries. Overdischarging Li-ion batteries leads to a
decrease in cycle life. Without further precautions, overcharging Li-ion batteries
leads to dangerous situations and may even cause a fire or an explosion of the
battery. Hence, it can be generally stated that overcharging and overdischarging of
Li-ion batteries is not allowed. This is an important difference from NiCd and NiMH
batteries. Therefore, strict control of the charging and discharging of the battery is
essential for safety reasons and for retaining a long cycle life. As described in
chapter 2, this leads to an increase in electronics for implementing the necessary
monitor and control functions in the form of an electronic safety switch. Combined
with a Positive-Temperature Coefficient (PTC) resistor used as a passive safety
device and a lower conductivity of the electrolyte, the total battery series resistance
of a Li-ion battery, including safety measures, can add up to around 300 mQ in
practical consumer batteries. When this series resistance is compared with the
relatively low series resistance of around 20 mQ in practical consumer Ni-based
batteries, the fact that the discharge capability of Li-ion batteries is lower than those
of Ni-based batteries is partly explained.
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Li-ion-polymer batteries

As a successor of the Li-ion battery with a liquid organic electrolyte, the ‘solid-state’
Li-ion battery started to appear on the market at the end of 1997. The basic
difference with respect to Li-ion batteries is that the electrolyte consists of a solid
ion-conducting polymer material [3],[4],[10]. The polymer electrolyte also serves as
a separator. Batteries of this type were referred to as Li-ion-polymer batteries in
Table 3.1.

The conductivity of polymer electrolytes is even lower than that of liquid
organic electrolytes [3]. Most liquid organic electrolytes have a conductivity in the
order of 10 (Qcm)™ at 20°C. A polymer electrolyte, such as the commonly used
polyethylene oxide (PEO) electrolyte, has a conductivity in the order of 10® (Qcm)™
at 20°C. As a result, the polymer electrolytes have to be kept very thin to achieve a
reasonable conductivity. Operation of the battery at higher temperatures also leads to
an improved conductivity of the polymer electrolyte. This is impractical for use in
many portable products. Improvements in conductivity at room temperature have
been obtained by adding liquid plasticizers, such as polypropylene carbonate. This
increases the conductivity to 10 (Qcm)™ at 20°C. Another approach involves the
use of so-called “‘gelled’ electrolytes. These electrolytes are obtained by trapping a
liquid solution of a lithium salt in an organic solvent in a polymer matrix. Using
such “gelled” electrolytes, conductivities of up to 10° (Qcm)™ at 20°C have been
obtained.

Polymer electrolytes are less reactive with respect to lithium than liquid
electrolytes. This is beneficial for the safety of the battery. However, adding liquid
plasticizers or using ‘gelled’ electrolytes to increase the conductivity of the polymer
electrolyte leads to an electrolyte that is more reactive with respect to lithium and
part of the safety benefit is consequently lost. The fact that the polymers have to be
made very thin to have a reasonable conductivity moreover makes them vulnerable
to mechanical stress and pin-hole defects.

The use of a polymer electrolyte offers the possibility of fast production of the
cells using web equipment and the fabrication of thin cells [4],[10],[17]. The
electrodes, electrolyte and current collector are simply stacked in a sandwich
structure. Because the polymer keeps the structure together, no outside pressure of a
can is needed to form a battery. Instead, the housing can be made from a thin
laminated foil material. The Li-ion-polymer cells can be configured in many
possible dimensions, because they can be made with a flexible width, length and
thickness. This increases the energy density for a given battery cavity in a portable
product. Some battery manufacturers, such as Ultralife, have recently introduced Li-
ion-polymer batteries on the consumer market. The Ultralife batteries are based on
the use of a ‘gelled’” type of electrolyte. The technology of such batteries must
however still be substantially improved for them to acquire a significant market
share. The numbers cited in Table 3.1 are consequently subject to change.

Li-metal batteries

A further development of lithium-based batteries that is still in the research phase is
the replacement of the carbon negative electrode by a metallic lithium electrode.
Such batteries are commonly referred to as Li-metal batteries. The literature gives an
example of Li-metal batteries under development by the battery company Tadiran
[12],[13]. The biggest advantage of storing lithium in its metallic form, instead of its
ionic form surrounded by carbon atoms in the maximum ratio of 1:6, is a gain in
energy density and specific energy. However, the use of metallic lithium introduces
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the severe problem of its very high reactivity. For example, metallic lithium will
react with any liquid electrolyte and forms a passivation film on the electrode after
every charge/discharge cycle. This process consumes a lot of lithium. Therefore,
lithium has to be present in excess amounts, which lowers the energy density and
specific energy.

Research was initiated into the possibility of using a polymer electrolytein Li-
metal batteries, because lithium reacts less with polymer electrolytes than with
liquid electrolytes. However, a problem that still arisesin this case is the build-up of
surface irregularities on the lithium electrode during charging of the battery. These
irregularities are known as dendrites. There is arisk of short-circuiting by dendrites
that puncture the solid polymer film, because the solid-polymer electrolyte has to be
rather thin to ensure sufficient conductivity. At best, such short-circuiting shortens
the battery’s cycle life. The substantial increase in temperature as a result of the heat
generated by the short-circuit current however also implies safety problems such as
flaming. Extensive research will have to be carried out to solve such safety problems
and increase the cycle life of Li-metal batteries.

SLA batteries

A relatively old battery technology, which can still be found on the secondary
battery market today, is that of the SLA battery [3],[4]. The chemistry of an SLA
battery is basically the same as that of an ordinary car battery. SLA batteries are
however maintenance-free. This means that the electrolyte does not have to be
replaced. SLA batteries contain only a limited amount of electrolyte, which is
absorbed in the separator or a gel. The positive electrode of an SLA battery is
formed by lead dioxide (PbO,), while metallic lead (Pb) in a high-surface-area
porous structure is used for the negative electrode. A sulphuric acid (H,SO,)
solution is used for the electrolyte. The average operating voltage of an SLA cell is 2
V.

Advantages of the SLA battery are its good rate capability and relatively low
self-discharge rate; see Table 3.1. Moreover, SLA batteries do not suffer from the
memory effect. They can be used under a continuous float charge. The reason for
this is that a starved electrolyte and an excess amount of material in the negative
electrode are used in the design. This facilitates the recombination of oxygen that is
formed during overcharging. As a result, large pressure build-up inside the battery is
prevented [3]. Moreover, the batteries are manufactured with a pressure valve. This
valve is resealable and opens only under extreme pressure build-up. The valve
prevents the introduction of ambient oxygen. The possibility of withstanding long
periods of float charge is advantageous for use in a back-up system. A final
advantage is that SLA batteries are low in costs.

A major disadvantage of SLA batteries is their low energy density and specific
energy. Especially when compared with Li-ion batteries, SLA batteries are heavy
and take up a large amount of space. An additional disadvantage is the problem of
irreversible capacity loss under deep discharge conditions. The deep discharge
condition may even occur due to self-discharge of the battery. This means that the
cycle life of an SLA battery drastically decreases when it is not frequently recharged

[1].

The term SLA is generally reserved for cylindrical batteries. The term Valve-
regulated lead-acid (VRLA) is used for prismatic types. VRLA batteries generally
vent at lower pressures. An example of an ultra-thin VRLA battery was introduced
by the company Bolder [11]. This battery is manufactured using a thin-metal film
technology. The rate capability is extremely high and these batteries can be charged
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in short times of only several minutes, because the technology results in a very low
battery impedance. However, as the technology is based on lead acid, the energy
density and specific energy of such batteries are relatively low. This limits wide-
spread use in portable devices.

Rechargeable alkaline batteries

Secondary zinc-akaline-MnO, batteries based on the same chemistry as their
primary counterpart have become available on the market [3],[15]. Batteries of this
type were introduced by the Renewal company in the USA in 1993 [4]. As with the
primary type, the positive electrode consists of manganese dioxide (MnQO,), the
negative electrode of zinc (Zn), and KOH is used for the electrolyte. An increase in
the capacity of the Zn electrode, a change in the separator design and additives to
both electrodes allow recharging [3]. Hence, although some charger manufacturers
claim to be able to recharge ordinary akaline batteries, only the specialy adapted
secondary types are really rechargeable.

The average operating voltage of a rechargeable akaline cell during practical
use is 1.3 V. The rechargeable akaline battery offers the advantage of a low self-
discharge rate and low cost. Disadvantages are the poor cycle life and the fact that
the initial capacity is lower than that of primary alkaline batteries. For example, the
initial capacity at 20°C is about 70% of the capacity of the primary battery [3].
Twenty discharge cycles can be realized before the capacity drops to 50% of the
initial capacity when the battery is discharged and subsequently charged from a
completely discharged state. This means that the avail able capacity decreases rapidly
with cycling. The achievable recharged capacity moreover decreases when the
battery has previously been deeply discharged.

Zinc-air batteries

In addition to the secondary battery systems described so far, various other systems
can be found in the literature. An interesting new development is the secondary zinc-
air battery [3],[10]. This battery system is till in the pioneering phase. Its chemical
structure is the same as that of its primary counterpart. The positive electrode is
made of carbon, the negative electrode consists of Zn, while KOH is used as the
electrolyte. The carbon electrode is exposed to the air and is only used as a reactive
surface, which is why it is known as an “air’ electrode. The voltage of a zinc-air cell
ranges from1Vto 1.2 V.

The simplest way of ‘recharging’ a zinc-air battery is by replacing the Zn
negative electrode when all the Zn has been consumed. In a practical consumer
situation the battery should however be recharged electrically. The carbon ‘air’
electrode then produces oxygen during charging and consumes oxygen during
discharging. An air-management system is needed for proper operation of a
secondary zinc-air battery. This system ensures the flow of air into the battery
required to supply current. On the other hand, the flow of air from outside is blocked
when no current is drawn. This prevents crystallization of carbonate in the porous air
electrode caused by carbon dioxide absorbed from the air. Such crystallization could
impede the introduction of air. Also, blocking the airflow prevents dehydration of
the cell or the opposite situation of flooding of the air electrode pores. It also reduces
the self-discharge rate of the battery.

Obviously, the air-management system adds to the volume and weight of the
battery. This decreases the resulting energy density and specific energy. The present
zinc-air batteries are moreover very sensitive to electrical abuse. To overcome this
problem, zinc-air batteries have built-in monitoring and charging circuitry. Some
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manufacturers aim at the portable computer market, but no commercial battery has
so far been introduced.

3.3 General operational mechanism of batteries

3.3.1 Introduction

The general operational mechanism of a battery will be discussed in this section. In
its simplest definition, a battery is a device capable of converting chemica energy
into electrical energy and vice versa. The chemical energy is stored in the electro-
active species of the two electrodes inside the battery. The conversions occur
through electrochemical reduction-oxidation (redox) or charge-transfer reactions
[2],[3],[18],[19]. These reactions involve the exchange of electrons between electro-
active species in the two electrodes through an electrical circuit external to the
battery. The reactions take place at the electrode/electrolyte interfaces. When current
flows through the battery, an oxidation reaction will take place at the anode and a
reduction reaction at the cathode. The oxidation reaction yields electrons to the
external circuit, while a reduction reaction takes up these electrons from the external
circuit. The electrolyte serves as an intermediate between the electrodes. It offers a
medium for the transfer of ions. Hence, current flow is supported by electrons inside
the electrodes and by ions inside the electrolyte. Externally, the current flows
through the charger or load.

The charging and discharging of a battery are schematically illustrated in
Figure 3.1a and b, respectively. In both cases, the negative electrode (-) is shown on
the left and the positive electrode (+) on the right. Figure 3.1 shows that oxidation
occurs at the positive electrode during charging, whereas reduction occurs at the
negative electrode. The reverse takes place during discharging.
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- ’7 —‘ + - ’7 —‘ +
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Figure 3.1: Electrochemical operation of a battery during charging (a) and discharging (b)

The charge-transfer reactions taking place at the positive and negative electrode can
be represented in asimplified form by:



44 Chapter 3

Positive electrode (+):

I%‘+
ARed, —— BOx.+ne (Eq. 3.1)

L+

Negative electrode (-):

Ke.
COx + me <T—’ D Red. (Eq. 3.2)

where Ox and Red denote the oxidized and reduced species, respectively, and kg ..
and k., denote the reaction rate constants for the anodic and cathodic reactions,
respectively, whoses dimensions depend on the reaction equation. In each electrode,
oxidized and reduced species are present, which form aredox couple. Note that (Eq.
3.1) and (Eg. 3.2) have been simplified for convenience. Other species will often be
involved, resulting in more complex reactions. During the charging of the battery, A
molecules of the reduced species Red, are converted into B molecules of the
oxidized species Ox. at the positive electrode, yielding n electrons (€). At the same
time, C molecules of the oxidized species Ox. are converted into D molecules of the
reduced species Red. at the negative electrode, taking up m electrons. The reactions
at both electrodes are reversed during discharging. The net reaction can be found by
adding (Eqg. 3.1) and (Eq. 3.2). When n = mis assumed, thisyields:
ch
ARed, + C Oxd<:> B Ox, + D Red. (Eq. 3.3)

3.3.2 Basicthermodynamics

The battery is in a state of equilibrium when no external current flows and the
reaction rates of the electrode reactions given by (Eg. 3.1) and (Eg. 3.2) in the right
and left directions are the same. The equilibrium potential (E*) of each electrode
can be obtained with Nernst’s equation [2],[3],[18].,[19]:

B

n A (Eq. 3.4)
nF (aRem )
for the positive electrode and
C
o, RT 8o
M (a)

for the negative electrode, where Eio is the standard redox potential of electrode i in
[V], R is the gas constant (8.314 J/(mol.K)), T is the temperature in [K], n and m
denote the number of electrons involved in the charge-transfer reactions, F is
Faraday’s constant (96485 C/mol), and g is the activity of species i in [mol/m?].

The activity a is linearly proportional to its concentration (¢;) and molar
amount (m) according to:



Basic information on batteries 45

__ym
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(Eq. 3.6)

where yis the dimensionless activity coefficient, which will be assumed to be unity
throughout this thesis, ¢; denotes the concentration of speciesi in [mol/m?], m is the
molar amount of species i in [mol] and the Volume in which species i resides is
given in [m®]. From (Eq. 3.4) and (Eq. 3.5) the following expression is obtained for
the equilibrium potential of the complete battery:

RT (a0, ) (B ) o am
F (8, ) (Bor )| -

where again n = m has been assumed for simplicity. (Eq. 3.7) shows that the value of
the equilibrium potential of a battery depends on the ratio of the activities of the
oxidized and reduced species in the two electrodes. Therefore, the value of the
equilibrium potential depends on the State-of-Charge (SoC) of the two electrodes
and hence on the battery’s SoC.

The Gibbs free energy change (4G°) of the battery under standard conditions is
the driving force enabling a battery to supply electrical energy to an external circuit.
AG® in [J/mol] is given by [3],[19]:

Em =EX-EX=E}-E°+

AG® = -nF(E} - E?) = -nFE, (Eq. 3.8)

The expression AG°=+nFE°, is also encountered in the literature, depending on the
convention that is used. This sign confusion is due to the fact that the sign of AG°
depends on whether the reaction is an oxidation or a reduction reaction and the sign

of E°bat is fixed [19]. More information will be given in chapter 4.

3.3.3 Kinetic and diffusion overpotentials

Electrical energy is supplied to or taken up from an external circuit in a non-
equilibrium situation. The rates in the left and right directions of the electrode
reactions of (Eq. 3.1) and (Eg. 3.2) are then not the same. For example, the reactions
from left to right prevail at both electrodes during the charging. The actual battery
voltage differs from the equilibrium value dictated by (Eq. 3.7) when current flows
through the battery. This is due to polarization at the electrode/electrolyte interfaces,
resulting from the charge-transfer reactions. The difference between the actual
electrode potential E during current flow and the equilibrium electrode potential E™
of each electrode is denoted as the overpotential 7% of the charge-transfer reaction
[2].[31.[6].,[18],[19]. Hence,

7% = E - E® (Eq. 3.9)

where the sign of the overpotential 7” depends on the direction of the current that
flows into or out of the electrode. An oxidation reaction results in a current I, which
means that electrons flow out of the electrode. A reduction reaction results in a
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current |, which means that electrons flow into the electrode. These currents are
equal and opposite in direction in a state of equilibrium, resulting in a zero net
current; see Figure 3.2. In a state of non-equilibrium however, one current is larger
than the other. For example, a net oxidation reaction will occur when |, is larger than
l.. A net current | -1, will then flow into the electrode and the overpotential will be
positive. A net reduction reaction will occur when 1, is smaller than |, and a current
Il will then flow out of the electrode. The overpotential will then be negative. For
example, the overpotential will be positive at the positive electrode and negative at
the negative electrode during charging.

The overpotential can be seen as the driving force of the electrode reaction.
Both kinetic aspects and mass transport phenomena contribute to its value. Kinetic
aspects result in a kinetic overpotential (7) and mass transport phenomena result in
adiffusion overpotential (7%). This means that

n*=n+n (Eqg. 3.10)

The Butler-Volmer equation is valid for the relation between 77 and the net reaction
current | for each charge-transfer reaction [2],[3],[18],[19], i.e.

0 nF nF
=1, -1, = 1°Fexpr o n* - exp- (1- @) - Eq. 311
ot oot -a o s

where |° expresses the exchange current for the charge-transfer reaction in [A] and a
denotes the dimensionless transfer coefficient, 0 < a < 1. In a state of equilibrium, |
and 77 are both zero and I, = -l = I°. The exchange current IS of a charge-transfer
reaction j is given by [6],[19],[20]:

15 = nFAlk 7 k., F (280" (@) (Ba3.12

where A expresses the surface area of the electrode at which the reaction occurs in
[m?, a° stands for the bulk activity of speciesi in [mol/m?| and x and y express the
dimensionless reaction orders of the Ox and Red species. For example, assuming
that the reaction given in (Eq. 3.1) is the rate-determining reaction occurring at the
positive electrode, the values of x=B and y=A have to be used for obtaining 1° from
(Eq. 3.12). The bulk activity is equal to the surface activity a® at the
electrode/electrolyte interface in the case of al species when the reaction rate is not
limited by mass transport processes. Hence, the concentration of each species that
takes part in the reaction is uniformly distributed throughout the electrode or the
electrolyte. (Eq. 3.12) shows that the value of the exchange current depends on the
values of the bulk activities of the oxidized and reduced species, and hence on the
electrode’s SoC.

The current-voltage relations for both electrodes of the battery of Figure 3.1 are
shown in Figure 3.2. It is assumed that no mass transport limitation occurs, so 1% is
zero. The arrows for |, Vi and 77, denote the situation during charging. Figure 3.2
shows that the net reaction current, represented by a solid line, results from currents
I, and |, represented by dashed curves, at each electrode. This is in agreement with
(Eq. 3.11). The overpotential is indeed positive at the positive electrode and negative
at the negative electrode when | flows in the directions indicated for the charging.
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The battery voltage Vpy equals the difference between the positive electrode
potential E. and the negative electrode potential E.. This means that, during the
charging, Vpa is larger than the battery equilibrium potential E¥,5. The direction of |
at both electrodes is reversed during discharging. In that case, Vi Will be smaller
than E*,,.. The net reaction current and the overpotentials are zero at both electrodes
in astate of equilibrium. Vy,, then equals E%,.

The exchange current 1.° was chosen to be smaller than 17 in the example
shown in Figure 3.2. As a result, the overpotential r7+k is larger than /7.k. This aso
follows from (Eq. 3.11), where 77* has to be larger at smaller 1° values to allow a
certain value of | at a constant temperature T. This means that in this example, the
kinetics of the reaction at the positive electrode are worse than at the negative
electrode. The battery voltage V,, depends on the battery’s SoC, because E™y
depends on the battery’s SoC through (Eq. 3.7), and r7+k and n_kdepend on the SoC of
the respective electrodes through (Eq. 3.11) and (Eq. 3.12).

Eot

bat

Vbat

Figure 3.2: Current-voltage relation for the positive (+) and negative (-) electrode without
mass transport limitations, 7°=0 [6]. The battery voltage Vi, current | and kinetic
overpotentials /7%,,. during charging are shown

If the value of the overpotential 7*in (Eq. 3.11) is large enough, either I, or I can be
neglected. In that case, the equation can be rewritten by taking the In-form. This way
the Tafel relation is found, which is often encountered in the literature [3],[19].
When |, >> | the Tafel relation reads:

. _RT RT , .
=——In(l)———In(l
U~ (1) o= (1°) (Eq. 3.13)

The value of a can be inferred from the slope and the value of 1° is found by
extrapolating the plot to 7“=0 when 7 and | are plotted according to (Eqg. 3.13) and
n is a known quantity. In principle, this makes it easy to derive these values from
measured overpotentials and electrode currents.

So far it has been assumed that the bulk and surface concentrations are the
same. In practice, mass transport limitations may lead to a difference between the
surface and average concentration of reacting species. The reaction rate is influenced
when the electrode surface becomes depleted of or accumulated with species



48 Chapter 3

consumed in or generated by the reaction, respectively. Mass transport of species to
and from electrode surfaces can occur in essentially three processes [3],[18],[19]:

(1) diffusion asaresult of aconcentration gradient;
(2) migration as aresult of an electrical field;
(3) convection.

Both charged and uncharged species can diffuse. Typically, species will diffuse
from a region with a high concentration to a region with a low concentration. Only
charged particles can migrate. The potential change across a medium and so the
electrical field will be low when the medium through which the charged species is
transported is highly conductive. So migration then contributes little to mass
transport of the species. Convection occurs in, for example, zinc-air batteries, where
the air- management system ensures the circulation of air through the system.

One-dimensional diffusion in the x direction can be described using Fick’s first
and second law [3],[18],[19]:

& (%, t)
Ji(x,t)=-D, ——— o
|(X ) 5 (Eq. 3.14)
and
2

& X

where Ji(x,t) denotes the flux of the diffusing species i in [mol/(m%s)] at location x
[m] and time t [s], D; is the diffusion coefficient of the diffusing species i in [m?s]
and ci(x,t) is the concentration of the diffusing species i in [mol/m? at location x and
time t.

Initial and boundary conditions have to be defined for each diffusion problem.
The initial condition specifies the concentration of the diffusing species at t =0 at all
locations x. For example, a species can be uniformly distributed throughout the
medium through which diffusion occurs at t = 0. The boundary conditions specify
the concentrations or concentration gradients at certain positions x for all times t. For
example, boundary conditions can be valid at an electrode/electrolyte interface or for
x approaching infinity. The solution of the diffusion equations will depend on the
initial and boundary conditions. Consider the situation depicted in Figure 3.3, where
the diffusing species i is extracted at x = 0, for example at the electrode surface, in a
charge-transfer reaction. After some time t, ¢ may become close to zero, as
indicated in the figure, and the concentration profile becomes linear.

The species is supplied from the bulk through diffusion. The concentration of
the diffusing species is constant and equal to the bulk concentration c” at a distance x
larger than the diffusion layer thickness . An expression for the diffusion flux J can
be easily derived from Fick’s first law (Eq. 3.14) when the concentration profile is
stationary. This occurs when the concentrations at x = 0 and x = J, as well as Jitself
remain constant. The maximum diffusion flux J; occurs when c® approaches zero:
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Figure 3.3: Concentration c;(X) of a diffusing species i during stationary diffusion in the x
direction

Because the flux is negative, it will flow from right to left in Figure 3.3. So, the
species indeed diffuses from a high to alow concentration.

The concentration profile of a species that takes part in a charge-transfer
reaction will give rise to an overpotential 7% in addition to the overpotential 7“. This
additional overpotentia is given by [19]:

d RT S
F b% ( )

When the concentration of a reacting species approaches zero at the electrode
surface, the reaction rate becomes limited by diffusion and hence by the speed at
which the species is supplied at the electrode surface. Therefore, the current levels
off to a maximum value in the current-voltage characteristic of a reaction for which
diffusion is important, for example proportional to the maximum flux in (Eg. 3.16)
in the case of stationary diffusion. The current-voltage relation described by (Eqg.
3.11) will then no longer be valid. Thisis schematically shown in Figure 3.4, where
the anodic reaction is assumed to be limited by diffusion. The dashed curves denote
currents I, and | according to (Eq. 3.11). As can be clearly seen in the figure, the
anodic current levels off to a diffusion-limited current I g max.

Taking a closer look at Figure 3.4, we see that the overpotential 7 may
approach infinity when the anodic reaction becomes diffusion-limited. In practice,
this will not be the case, because different charge-transfer reactions may take place
a each electrode. The competition between these charge-transfer reactions is
determined by the thermodynamics and kinetics of these reactions. For example,
when the rate of an oxidation reaction decreases because of kinetic or diffusion
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limitations, a different oxidation reaction that involves different species will start to
compete with this oxidation reaction. Such competition between charge-transfer
reactions is very important in determining the characteristics of aqueous battery
systems. Thiswill be described in chapter 4 for NiCd batteries.

T A Vid I d,max

ot

Figure 3.4: Current-voltage relationship for an electrode reaction in which the anodic reaction
isdiffusion-limited at higher anodic reaction currents

The diffusion problem shown in Figure 3.3 can be easily solved because of its
stationary nature. However, it will often be impossible to solve diffusion egquations
(Eq. 3.14) and (Eq. 3.15) anayticaly, for example because the diffusion layer
thickness cannot be considered constant. In such cases, the diffusion equations can
be solved numerically by taking the appropriate initial and boundary conditions into
account. Examples of ways of solving the diffusion problem for different diffusing
species can be found in the next chapter.

3.34 Double-layer capacitance

Charge separation will occur at the electrode/electrolyte interface when an electrode
isimmersed in an electrolyte [3],[19]. The electrical charge present on the electrode
surface will attract ions of opposite charge in the electrolyte and will orient the
solvent dipoles. This will result in an electrical double-layer, described by the
Helmholtz theory in its ssimplest form. In this theory, the potential changes linearly
from the electrode potential ¢° to the electrolyte potential ¢ in a thin layer with
thickness dy. Inits simplest form, & equals the radius of the adsorbed hydrated ions
in the electrolyte. Thislayer is commonly referred to as the Helmholtz layer and can
be described by a constant capacitance Cy.

In a more detailed approach, a layer consisting of ions of both positive and
negative charges exists in addition to the Helmholtz layer. This layer is denoted as
the Gouy-Chapman diffuse layer and forms a space-charge layer with a charge
density that decreases gradually into the electrolyte. This layer is wider for more
dilute solutions. The Helmholtz and Gouy-Chapman theories are schematically
illustrated in Figure 3.5.

The electrostatic potentia in the Gouy-Chapman layer changes exponentialy
with the distance from the electrode/electrolyte interface. As a result, the
corresponding capacitance is voltage-dependent, and hence non-linear. This non-
linear capacitance Cg.c is connected in series with Cy. In addition to the Helmholtz
and Gouy-Chapman theories, other more complicated theories concerning the
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electrical double-layer can be found in the literature [18]. These theories are
however beyond the scope of thisthesis.
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Figure 3.5: Helmholtz model (&) and Gouy-Chapman model (b) of the electrical double-layer
a an electrode/electrolyte interface. The electrode is assumed to be positively charged and
hence to attract negative ions from the electrolyte in this example. The electrode potential is
@ (s=solid) and the bulk electrolyte potential is ¢ (I=liquid)

The charging of the electrical double-layer with a current |4 can be described by:

1y =5 (AQ) =Q(B) T+ A Q(E) (€319

where Q denotes the electrical charge stored in the double-layer per unit area in
[C/m?, A represents the surface area of the electrode/electrolyte interface in [m?]
and E is the electrode potential in [V], which equals ¢ - ¢. When, as in the simple
Helmholtz theory, the double-layer capacitance is considered to be constant, and
hence independent of the electrode potential, and the surface area of the electrode in
contact with the electrolyte does not change, (Eq. 3.18) reduces to the simple
equation of charging a capacitor, i.e.:

dE

l4 = ACY
dl dt

(Eg. 3.19)

where C?, the double-layer capacitance per unit area, is equal to dQ/dE. The double-
layer capacitance is amost entirely determined by Cy in the case of concentrated
el ectrolyte solutions commonly encountered in battery systems[2]. The value of the
double-layer capacitance is found to be in the order of 0.2 F/m? in the case of a
smooth electrode/electrolyte surface [2],[18].
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3.35 Battery voltage

To summarize the theory presented in this section, the total battery voltage Vi is
given by the difference between the electrode potentialsE, and E,, i.e.:

V,. =E, -E_= (Ef@I +nX ifyf)—(Efq Tk $l7f)i | z R, (Eg.3.20)

The overpotentials /7 and ;° are positive at the positive electrode and negative at the
negative electrode when the battery is charged. This situation is reversed during
discharging. As a result of ohmic resistances in the electrodes and the electrolyte
(2Ry), the battery voltage increases with | 2R, during charging. This ohmic voltage
drop is subtracted during discharging. The potential development from the positive
to the negative electrode during charging is shown in Figure 3.6.

| e
——~—— Charger — :
E. | 1
i + - |
Erz,+¢ @2 }
ESt+ns +n! |
¢. ¢ 3
EQ,ert¢ \ :
Eeq-nk-n_dI ¢°
Eo . ¢ = :

E.

Figure 3.6: Potential development inside a battery during charging; see (Eg. 3.20)

Figure 3.6 shows an ohmic voltage drop E, . in the positive electrode, Egqy across
the electrolyte and E,. in the negative electrode. The equilibrium and overpotentials
exist across the electrode/electrolyte interfaces.
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Chapter 4

Battery modelling

This chapter describes the development of simulation models of rechargeable
batteries. Battery behaviour is a result of a complex interaction between various
electrochemical and physical processes. Therefore, simulation models based on the
mathematical description of these processes are a useful tool in optimizing the
Battery Management System (BMS) used in portable devices. By applying all sorts
of external electronic and thermal stimuli to the model during simulations, the
designer of a BMS can not only investigate the development of the battery voltage
and temperature, but also the course of each of the various reactions that take place
inside the battery. This chapter discusses the development of battery models of this
type, which have not yet been reported in the literature in this form.

The general approach to modelling rechargeable batteries adopted in this
thesis is based on the theory of physical system dynamics. This theory is based on
the analogy between the definition of energy and power in several physical domains,
such asthe electrical domain, the chemical domain and the thermal domain [1]. The
general approach is described in section 4.1. On the basis of this approach, the
development of a simulation model of a rechargeable NiCd battery and a
rechargeable Li-ion battery is described in sections 4.2 and 4.3, respectively. It is
shown that these models are based on a wide variety of parameters. Finding the
correct values for all the parameters that occur in the battery models is an
important task, because a close quantitative agreement between simulated and
measured battery characteristics is essential. The approach adopted for this task
and its application to the parameters of the NiCd model is described in section 4.4.
Some simulation examples based on the NiCd and Li-ion models are described in
section 4.5. Finally, conclusions are drawn in section 4.6.

4.1 General approach to modelling batteries

Modelling rechargeable batteries based on a mathematical description of the
processes that occur inside the battery has often been reported in the literature. Apart
from electrode models, such as Ni-electrode models [2],[3], complete battery models
that are based on the mathematical description of electrochemical and physica
processes can be found for SLA [4], NiCd [5],[6], Li-ion [7] and Li-polymer
batteries [8]. No use is made of an equivalent network and these models only
describe the batteries’ voltage characteristics. None of these models considers the
battery temperature and internal gas pressure development during operation of the
battery and the interaction between these characteristics. In fact, the battery voltage,
pressure and temperature are closely linked in a sealed rechargeable battery and their
mutual influence is considerable. For example, both the internal partial oxygen
pressure and the battery temperature influence the rate of oxygen production and
recombination in NiCd batteries. These reactions do not contribute to effective
energy storage inside the battery. Therefore, the internal partial oxygen pressure and
the battery temperature influence the charging and discharging efficiency.

Besides purely mathematical models, battery models in the form of equivalent
electronic networks can also be found in the literature [9]-[12]. Three approaches
can be distinguished:
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(0] The equivalent electronic network may consist of linear passive elements,
such as resistances, capacitances and inductances, to account for the
impedance of a battery [9]. However, these models generaly fail to
describe the most important battery characteristics due to the complex non-
linear behaviour of batteries.

(i) The equivalent electronic network may consist of linear passive elementsin
combination with voltage sources, which describe the battery behaviour by
means of look-up tables [10],[11]. In this approach, the simulated battery
characteristics can only be realized through interpolation of the tabulated
data. Moreover, the accuracy of this type of model depends strongly on the
amount and reliability of the tabulated data.

(iii) An equivalent electronic-circuit model for a NiCd battery based on non-
linear passive and active elements configured around a PIN-diode model
has been reported [12]. Again, this model does not take into account the
influence of the internal partial oxygen pressure and battery temperature on
the battery’s behaviour. Also, many parameters in this model do not have
any electrochemical meaning.

An advantage of these models is that they can be simulated together with
surrounding electronic circuits, such as a charger, using a conventional electronic-
circuit simulator. This enables a system designer to simulate a battery, together with
its surrounding BMS. However, the electronic-network models above have some
drawbacks. Therefore, a new approach will be presented in this chapter.

An electrochemical/physical model for rechargeable batteries will be derived
first in the approach of battery modelling adopted in this thesis. This model
describes the thermodynamics, charge-transfer Kkinetics and mass transport
limitations of the various reactions. It also describes the physical processes that
occur during (over)charging, resting and (over)discharging. All reactions and
processes will be described in the form of mathematical equations. Then, the
mathematical equations will be clustered for each process and each cluster will be
represented by linear and/or non-linear equivalent network elements. These network
elements are combined in a single network.

On the basis of the principles of physical system dynamics [1], three domains
are distinguished, notably the electrical, chemical and thermal domains. These
domains are coupled, which enables the transfer of energy from one domain to
another. The electronic-network elements, electrical resistance Ry in [Q] and
electrical capacitance Cq in [F], form the electrical domain, where voltage in [V]
and current in [A] determine the battery behaviour. The (electro)chemical-network
elements, chemical resistance Ry, in [Js/molz] and chemical capacitance Cg, in
[mol?J], form the chemical domain, where battery behaviour is based on chemical
potential in [J/mol] and chemical flow in [mol/s]. Key factors in this domain are, for
example, diffusion profiles inside an electrode and the amount of oxygen present
inside an aqueous battery. This amount can evidently be translated into a partial
oxygen gas pressure. Finally, the thermal-network elements, thermal resistance Ry,
in [K/W] and thermal capacitance Cy, in [J/K], form the thermal domain, where
battery behaviour is dictated by temperature in [K] and heat flow in [W]. The battery
temperature development is determined in this domain in conjunction with the
electrical and chemical domains. A similar approach has also been successfully
applied to model transformers, taking into account the electrical and magnetic
domains [13].
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The advantage of the modelling approach adopted in this thesis is the possibility of
simulating a battery in its electronic and thermal environment. The battery voltage,
temperature, internal gas pressure, the state of all the charge-transfer reactions and
the mutual interaction between all these variables are taken into account. This as
opposed to the electronic-network models found in the literature mentioned above,
which only describe electrical battery behaviour. The origin of specific battery
behaviour can be examined for example by studying the rates of the various battery
reactions, because the models developed in this thesis rely on electrochemical and
physical battery theory. In simple terms, the models act as ‘transparent batteries’,
enabling us to view the course of all relevant processes that take place under various
user conditions. An advantage is that all the parameters in the models have an
electrochemical meaning and can therefore, in principle, be determined in
experiments, obtained from the literature or in some cases estimated within
reasonable limits. This section deals with the general principles applied in modelling
batteries on the basis of the principles of physical system dynamics. The basic
building blocks that can be used to build the equivalent network of a complete
battery are described [14]. Examples in which these building blocks will be used to
model specific battery systems will be given in later sections for NiCd and Li-ion
batteries.

The basic principle of physical system dynamics is that several domains can be
distinguished in physics, in which an analogy exists between the definitions of
energy and power. An effort and a flow variable can be defined in each domain, the
product of these variables expressing power in [W]. Energy can be stored in each
domain or exchanged with other domains. The analogy between energy and power
definitions in the three relevant domains in batteries, the electrical, chemical and
thermal domains, is clarified in Table 4.1. The effort variables of these domains are
given in the first row, the flow variables in the second row. The power variables are
shown in the third row. The displacement variables in the fourth row of Table 4.1
are defined as the integral of the flow variables over time. The energy, capacitance
and resistance variables are listed in the fifth, sixth and seventh row, respectively.

Table 4.1: Analogy between the electrical, chemical and thermal domains

Electrical domain Chemical domain

Quantity Symbol Unit Quantity Symbol Unit
Voltage \ V | Chemical potential H J mol
Current I A Chemical flow Jn mol/s
Electrical power Py=VI W | Chemical power Pern=tJden W
Charge Q=It C | Molar amount m=Jept mol
Electrical energy Eq=Pqt J Chemical energy Egn=Peit J
Electrical capacitance | Cy=Q/V F | Chemica capacitance | Cy=m/p | mol%J
Electrical resistance Re=V/I Q | Chemica resstance | Ry=p/Jy, | J¢ mol?

Thermal domain

Quantity Symbol Unit
Temperature T K
Heat flow Jn W
“Thermal power” Pir=Tdn WK
Heat Qu=Jdmnt J
“Thermal energy” Ey=Pint JK
Thermal capacitance Ci=Qu/T JIK
Heat resistance Rin=T/n K/W
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Note that with the choice of heat as the displacement variable in the thermal domain,
the terms “thermal power” and “thermal energy” do not have any physical
meanings. The product of effort and flow indeed has the unit [W], as in the other
domains, when the entropy Sis used as the displacement variable and hence the flow
variable becomes the entropy flow rate dS/dt. However, it is common practice to use
heat as the displacement variable, as is shown in Table 4.1, because it is generally
not practical to use entropy as the displacement variable. The analogy with other
domains is in this case more mathematical than physical [1].

4.1.1  Chemical and electrochemical potential
The chemical potential g of an uncharged species i in [J/mol] is defined as

[15],[16]:
[ =1 +RT |n%ﬁ (Eq. 4.1)

where ££ denotes the standard chemical potential of species i in [J/mol], R is the gas
constant (8.314 J/(mol.K)), T stands for temperature in [K], a denotes the activity
of species i in [mol/m® and &™ is the activity of species i in the reference state in
[mol/m?].

A similar definition holds for the chemical potential of a charged ionic species
i. Then the term electrochemical potential is used, with symbol 7z . An extra term
that involves the electrostatic or Galvani potential ¢[16], valid in the place where
the ionic species i is present, is added to the normal chemical potential definition in
this case [15],[16].

a :,Ui°+RT|n%E+ZiF¢:M+ZiF¢ (Eq. 4.2)

where z denotes the valence of ionic species i. For example, z = +n for a positive
ion A™ and z = -m for a negative ion B™. F is Faraday’s constant (96485 C/mol)
and @is the electrostatic potential in [V].

The activity of a species is linearly proportional to its concentration, and hence
to its molar amount, in a certain volume; see chapter 3. On the basis of the analogy
of Table 4.1, both the chemical potential of an uncharged species i and the
electrochemical potential of a charged ionic species i can be modelled by means of a
chemical capacitance, where the ‘charge’ on the capacitance corresponds to the
molar amount m of the species and the ‘voltage’ across the capacitance amounts to
the species’ chemical potential £ The potential of the bottom plate of the
capacitance with respect to ground equals the term zFg@in (Eq. 4.2) in the case of a
charged species. The chemical capacitance models the storage of energy in the
chemical domain for both uncharged and charged species. The chemical
capacitances that store uncharged and charged species are shown in Figures 4.1(a)
and (b), respectively.
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@ (b)

Figure 4.1: Chemica capacitance representing (a8) chemical potential and storage of
uncharged speciesi and (b) electrochemical potential and storage for charged ionic speciesi

An expression for the inverse of both capacitances in Figure 4.1 can be inferred
from the derivative of the chemical potential with respect to the molar amount, i.e.

(Eq. 4.3)

As can be inferred from (Eq. 4.3), the capacitances in Figure 4.1 are non-linear and
have the unit [mol?J], which isin accordance with Table 4.1.

4.1.2 Modeling chemical and electrochemical reactions

In addition to the electrochemical reactions involving the exchange of electrons
between electroactive species described in chapter 3, chemical reactions may also
take place inside a battery. These reactions involve uncharged species only.
Consider, for example, the following chemical reaction:
ke
A+B <_T C+D (Eq. 4.9)

where ki denotes the forward and k, the backward reaction rate constant,
respectively. The unit of both constants depends on the details of the reaction
equation.

The reactions in both directions take place at the same rate in a state of
equilibrium and the net molar amounts of species A, B, C and D remain unchanged.
The sum of the chemical potentials of species A and B equals the sum of the
chemical potentials of species C and D in this case. However, one reaction takes
place at a higher rate than the other in a non-equilibrium situation and the net result
is a chemical flow from the two species with the highest total chemical potential to
the species with the lowest total chemical potential. The chemical flow for the
chemical reaction in (Eg. 4.4) in non-equilibrium situationsis given by [15]:
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J,, =kiaa; —ky,aca, (Eq. 4.5)

The chemical reaction of (Eg. 4.4) can be represented by a network model by
combining four chemical capacitances, described by (Eg. 4.3), with a chemical
resistance. The “‘charges’ on the chemical capacitances represent the molar amounts
m, of the four species taking part in the reaction and the chemical resistance
represents the chemical flow Jg, according to (Eq. 4.5). This is shown in Figure 4.2.

Jch
—
L
+ | IR
Ha B ma Mc B Hc
1 1-
Hp Mg mp

Figure 4.2: Simulation model in the chemical domain of a chemical reaction according to
(Eq. 4.9)

The chemical resistance is defined by t&/Js, Where ik is the chemical potential
across the resistance and Jg, is the chemical flow through the resistance, see Table
4.1. Therefore, the chemical resistance in Figure 4.2 depends on k;, k, and the molar
amounts of all the reacting species, which makes it non-linear. The chemical flow
Jon is directed from left to right in Figure 4.2 when the sum of the chemical
potentials of species A and B is higher than the sum of the chemical potentials of
species C and D. The molar amounts of species A and B will decrease in this case,
whereas the molar amounts of species C and D will increase. The chemical flow Jg,
is directed from right to left in the opposite situation. The relation between k; and ki
can be inferred from the state of equilibrium, when the activities g of all the species
are equal to their equilibrium or bulk activities a® and the chemical flow J, is zero.
Hence,

oo

aga
aca

k
k,abal =k,acay [ k—f = (Eq. 4.6)
b

W o

Moreover, the following equation holds for the chemical potentials in equilibrium:

(o]

Ha+ Uy = He + Hp O p13 + pg = HE = Hp

b Ab ref 4 ref

a a
=RTInE= E%Rﬂn%m rDefE

A8g A 8

(Eq. 4.7)

and hence:
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ki _aZ ZE? expEHat He ~ He ~ Ho E (Eq. 48)

The ratio kik, is constant at a constant temperature. This means that the ratio of the
activities of C and D and A and B, as shown in (Eg. 4.6), remains constant when the
reaction isin equilibrium and the temperature remains constant.

A chemical reaction will take place in the chemical domain only. As described
in chapter 3, electrochemical reactions enable the conversion of electrical energy
into chemical energy and vice versa. Hence, interaction between the electrical and
chemical domains is realized through an electrochemical reaction. Therefore, the
electrical and chemica domains must be coupled in a network model of an
electrochemical reaction.

Consider the following simple electrochemical reaction that takes place at the
surface of awell-conducting electrode, immersed in an electrolyte solution:

ke
ox™ + ne ? Red (Eq. 4.9)

Consider, for example, that the Ox speciesis present in the electrolyte, while the Red
species is present in the electrode. An example is an iron electrode (Fe) that is
immersed in an electrolyte containing Fe** ions. Consider a net reduction reaction
(R), with the reaction directed to the right prevailing. Electrons are consumed by the
reaction in this case, which results in a cathodic electrode current. lons Ox™ from
the electrolyte transform into Red atoms in the electrode by taking up n electrons
from the electrode. Adopting the sign convention proposed by Vetter [16], the
change in free energy AGg for the reduction reaction R equals -nFE™ in this case,
with E* being the equilibrium potential of the electrode. By definition, the value of
AG can be inferred from 2y for both the reduction reaction R and the oxidation
reaction O, with v, being the stoichiometric factors for species i in the reaction
equation [16]. By definition, these factors v; are positive for reaction products and
negative for reactants. The Red species is the reaction product and Ox™ and
electrons are the reactants in the case of a reduction reaction. AG depends only on
chemical potentials and not on electrochemical potentials.

It also holds that ~V, [ =0 for any electrochemical reaction in a state of
equilibrium [16]. In the literature, the summation =V, i, is defined as AG , which
is the change in free electrochemical energy [15],[16]. The electrochemical
potentials and hence also the electrostatic potentials are taken into account in this
term. In a state of equilibrium, k,=k. and an expression for the equilibrium potential
can be found by considering either the reduction reaction or the oxidation reaction.
In the case of the change in free electrochemical energy A@R (in [Jmol]) for the

reduction reaction of (Eg. 4.9) thisyields:
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DGy, = flney — (o + NFL)
= Hess = (Hox *+ ZoiF @ + N, +NZ,F ) (Eq. 4.102)
=l = (Hou + TF G + 11, =) =0
where ¢/= @ is the electrostatic potential of the electrode in [V], i.e. the electrostatic
potential valid for the electrons, @= @, is the electrostatic potential of the electrolyte
in[V], i.e. the electrostatic potential valid for the Ox™ ions, zo,=+n is the valence of

the OX™ ions and z= -1 is the valence of the electrons. The change in free energy
AGg (in [Jmol]) can now beinferred from:

AGg = Uy = How = N,

= Hre +RT|nE i E
Red
(Eq. 4.10b)
—Eugx +R‘F|n%%ﬁﬂu§ +nRTIn%%
( ) E‘i‘r’d
= Wpea — Hox — NG )+ RT InE24 XE
i © aReefdan

= nF(qa' —(ps)

where (Eg. 4.10a) was used in the last step. The activity of electrons has been
assumed equal to a'® in (Eq. 4.10b), because the activity of electrons does not
change noticeably in an electrode with a very good electronic conductivity [15]. An
expression E* can now be found from (Eg. 4.10b):

e = ~OGq _ Mg, + UL ~ fhp +E|nEa£f;a0x E
ref
nF nF NF - DBre Aoy (Eq. 4.100)

RT , [aia,
E°+—In%’*ﬁd “H=¢*-¢) =E
nE Redage; E ¢S ¢I electrode

(Eg. 4.10c) shows that the electrode is indeed in equilibrium, because the electrode
potential Egerode €9UAS the equilibrium potential E*. The expression for E¥ is in
agreement with Nernst’s equation given in chapter 3. In addition, it can be inferred
from (Eqg. 4.10c) that:

AGR = Uy — Mo — NS (Eq. 4.11)

The signs of 4G and AG reverse for the oxidation reaction of (Eq. 4.9), in which
case the reaction directed to the left prevails, which means that the changes in free
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energy and free electrochemical energy become AGy = o, + N, — Ureq = —AGR
and AG,, = fl,, + N, = Hrey =—AGy . In that case, AGo equals nFE™, because the
sign of E¥ is fixed. Hence, the same expression for E* in (Eq. 4.10c) is found when
the oxidation reaction is considered. The sign convention of AG may lead to
confusion when reading the literature. The sign convention proposed by Vetter and
aready used above will be adopted throughout this thesis[16].

The chemical flow associated with the electrochemical reaction in (Eq. 4.9) is
given by [15]:

3o = Alk, (k) (@5, (0% ) O

o ahG, - expd” (1-a)aG, ne (Eq.4.12)
o oRT o o RT [0

where A denotes the electrode surface area in [m?] and k, and k. denote the reaction
rate constants for the anodic (O) and cathodic (R) reactions, respectively. Their unit
will depend on the reaction equation. a denotes the transfer coefficient, which is
dimensionless, and O<a<1. It will be shown later in this section that (Eq. 4.12) isin
fact the Butler-Volmer equation, expressed in the chemical domain. Note that when
ke>k,, the absolute value of AG, is larger than that of AG,. When k>k, the
reverse situation occurs and the direction of Jy, reverses. Neither the change in free
electrochemical energy AG nor the chemical flow Jg, can be measured directly.

However, they can be derived from the el ectrode potential and current, respectively.

The coupling between the electrical and chemical domains can be modelled by
means of an ideal transformer that couples the electrical effort variable voltage V to
the chemical effort variable chemical potential i and the electrical flow variable
current | to the chemica flow variable chemical flow Jy; see Table 4.1. The
transformer coefficient is 1/nF, where n is the number of electrons involved in the
electrochemical reaction that couples the two domains.

v="*H
nF (Eq. 4.13)

| =nFJ,,

The transformer is assumed to be ideal, which means that no energy is stored in the
transformer. This means that VI=yJ,,. The idea transformer is a purely
mathematical component used to link different physical domains [1]. The network
model for an electrochemical reaction can be found using the ideal transformer. This
is shown in Figure 4.3. The direction of the current | gecroge and chemical flow Jg,, as
well as the sign of /7* and the relation between AGo and E® are shown for ks>k; in
(Eq. 4.9). This means that the oxidation reaction is assumed to prevail.

The electrical and chemical domains separated by an ideal transformer can be
clearly recognized in Figure 4.3. The coupling between the equilibrium potential E™
in the electrical domain and the change in free energy 4G, in the chemical domain
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through the transformer coefficient 1/nF is indicated in the figure. Moreover, the
coupling between the electrode current | and the chemical flow Jg, isindicated. The
direction of Igeurose ad chemical flow Jg, and the signs of AG and r* are reversed
for the reduction reaction.

The electrode and equilibrium potentials are denoted by the symbol E in the
electrical domain, the kinetic overpotential by the symbol 77 and the electrostatic
potentials of the electrode and electrolyte by ¢ and ¢, respectively. The
electrode/electrolyte interface is represented by a linear capacitance C*, which
denotes the double-layer capacitance. The electrode potential Eqeciroge= (ﬁ-gb occurs
across this double-layer capacitance, as described in chapter 3. The anti-parallel
diodes O and R model the exponential relation between the electrode current | and
the kinetic overpotential 77* according to the Butler-Volmer equation, while the
electrical port of the ideal transformer models the equilibrium electrode potential E™
as defined in (Eq. 4.10c).

_ Eelectrode N
@ a ¢
v c v
|1
1
Electrical domain
+ nk - e
— o + E®= AGy/(nF) -
electrode _
4[21 e —> I=nFJ
0000, N = 1/(nF)
R {0000
*’ AGo
-—
Chemical domain Jen = 1(NF)
nZeF(pe ZOXF(pOX
— A=

Nl Hox HRed

+ A

SVl = AGg = nFE®

Figure 4.3: Simulation model in the electrical and chemical domains for an electrochemical
reaction according to (Eq. 4.9). The definition of E®, the signs of AG and ¥ and the direction
of the current and chemical flow hold for an oxidation reaction (O)

Each capacitance in the series connection in the chemical domain corresponds to a
species that takes part in the charge-transfer reaction; see (Eq. 4.9). The polarity of
the capacitances depends on whether the species appear on the left side or the right
side of (Eg. 4.9) and the chemical potential of the electrons is multiplied by n, in
accordance with (Eg. 4.10a). The chemical flow J., is given by (Eqg. 4.12). In
accordance with Figure 4.1, the potential at the bottom plate of the capacitance that
stores the molar amount of electrons is nz.F @ and the potential at the bottom plate
of the capacitance that stores the molar amount of oxidized species is zoF @ From
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Figure 4.3, the change in free energy AGo at the chemical port of the ideal
transformer isinferred to be:

AG, = -AGg =Nl + Uo, — Hpy
AG, _ —AGy (Eq. 4.14)
nF nF

0O E%™=

This means that the network shown in Figure 4.3 is in accordance with the sign
methodology discussed earlier for both the oxidation and the reduction reaction. An

expression for 7%in terms of Aéo can be inferred from Figure 4.3:

K AG
= E —_ Eeq ) —_ —_ (6]
,7 electrode (05 ¢ nE
s 1 (= Eq. 4.15
=@ —qf—E(AGO—nF(qi -¢) (Eq. 4.15)
__AG,
nF
Inasimilar way, it can be found for the reduction reaction that qk = AiR .
n

(Eq. 4.12) can be easily transferred to the electrical domain by realizing that
I=nFJs and using (Eq. 4.15). The resulting equation links | and 7 and is in
accordance with the Butler-Volmer equation defined in chapter 3. The analogy
between the various parameters in the electricdl and chemical domains is
summarized in Table 4.2.

Instead of modelling an electrochemical reaction in the chemical and electrical
domains, it is aso possible to represent all the elements of the model in the electrical
domain only. This can be accomplished by transferring the model equations from
the chemical domain to the electrical domain. An example was given above for (Eg.
4.12). Chemical capacitances can be represented by electrical capacitances with a
voltage p/nF across them and an electrical charge g=nFm on them. The following
equation is then obtained for the voltage across each capacitance:

v=H o4 RTHap
(A~ [

nF nF nk
RT m
=V° +—InB—
nF @ (Eq. 4.16)

cver e
nF

where y has again been assumed to be unity.
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Table 4.2: Analogy between variablesin the electrical and chemical domains shown in Figure
43

Electrical domain Chemical domain Relation
Description | Symbol | Unit | Description | Symbol® | Unit
Current I A Chemica Jen mol/s | I=nFJy,
flow
Equili- E™ \Y Change in | AG, = | Jmol AG
brium free energy y E® =—""0
potential .Z iHi nF
_-AG,
nF
Standard E° Y, Changein AG® = | Jmol AG?
redox standard o E° = ©
Potential free energy Z Vi nF
(o]
_- AGL
nF
Kinetic - Y, Change in | AG, = | Jmol -AG.
over- free . ,7" = 0
potential electro- .Z iHi nF
chemical =
energy - AG;
nk

Notel:j=OorR,iisspeciesin reaction equation

The same result as that obtained in transferring equations from the chemical to the
electrical domain is obtained when using the simulation model presented in Figure
4.3 when all circuit elements in the chemical domain are “shifted” through the ideal
transformer to the electrical domain. Series and parallel connections of elements in
the chemical domain remain series and parallel connections in the electrical domain,
respectively. The impedances of circuit elements in the chemical domain have to be
multiplied by N? with N=1/nF, as can be understood by dividing the top by the
bottom equation in (Eq. 4.13). Hence, it can be found for the electrical capacitances,
using (Eg. 4.3) and g=nFm:;

1 ., 1 _ RT _RT
= N2 = —=
Cq (9) Cix(m (nFm  nFq

(Eq. 4.17)

where Cg(m) is inferred from (Eq. 4.3). (Eq. 4.17) can also be found by calculating
dVv/dg from (Eq. 4.16). The representation of the simulation model of Figure 4.3 in
the electrical domain only is shown in Figure 4.4.
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Figure 4.4: Simulation model of Figure 4.3 in the electrical domain only
Figure 4.4 illustrates that the transformer has now vanished from the model.

4.1.3 Modeling masstransport

Mass transport to and from the electrode surfaces inside a battery can influence the
rate at which the electrochemical reactions take place, as was described in chapter 3.
In electrochemistry, it is quite common to model mass transport of species by means
of electronic-network models. For example, the low-frequency behaviour of the
battery impedance is described by the Warburg impedance in most textbooks that
deal with basic electrochemistry [17],[18]. As early as 1900, Warburg derived an
equation for the impedance of diffusion-controlled processes at a planar electrode.
The Warburg impedance is basically an RC-ladder network or transmission line,
which describes the diffusion of species to and from the electrode surface. An
expression for the Warburg impedance can be found under certain limiting
conditions, using expressions for the non-linear capacitances and resistances in the
RC-ladder network [19].

An example of an approach to modelling ionic mass transport under the
influence of joint diffusion and migration using eguivalent network models can be
found in the literature [20]. However, this approach is not based on the principles of
physical system dynamics. Therefore, a different approach is presented in this
section, which is based on the theory of physical system dynamics. It will be shown
that the expressions derived for the resistances and capacitances in the RC-ladder
network, which describes the one-dimensional diffusion of species, yield the same
RC time as the RC time calculated in [20]. The approach adopted in the derivation is
the same as that employed in arriving at a numerical solution to the problem.
Diffusion in one dimension is considered and the system is divided into spatial
elements of the thickness Ax. Unlike in efforts aimed at arriving at a mathematical
numerical solution to the problem, it is not necessary to use discrete time steps
because time discretization has already been performed by a circuit simulator during
the simulation of the network model. The division into spatial elements of a
chemical system in which mass transport takes place in the x-direction only is
clarified in Figure 4.5.
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Figure 4.5: Division of a chemica system into p spatial elements with a thickness Ax and a
volume A4x between x=0 and x=1

The activity a, of the species in element 4 is shown as an example in Figure 4.5,
where the activity coefficient y has again been assumed to be unity for simplicity.

Mass transport law

The driving force behind the movement of a species is a gradient in the
electrochemical potential. Mass transport by convection will not be considered in
this thesis. The direction of the resulting chemical flow is from aregion in which the
electrochemical potential is high to aregion in which the electrochemical potentia is
low. For an uncharged species, an expression for the chemical flow J(X) at position
x can be inferred from [15]:

ADC(X) Of _ _ ADc(x) du

o0 == o RT  ox
_ _ADc(x) 0 +RTIn (x)
RT ox Elu ECFEH (Eq. 4.18)
_ _ ADc(x) RT adc(x) Ez _AD ac(x)
RT (xX) ox 0Xx
Y
R (X)

where J(X) denotes the chemical flow of the transported species at position X in
[mol/s], as defined in Table 4.1, Ry(X) is the associated chemica resistance at
position x in [J¥mol?], see Table 4.1, ¢(X) is the concentration of the uncharged
species at location x in [mol/m®], ¢ is the reference concentration in [mol/m® and
D denotes the diffusion coefficient of the transported species in [m?/s]. (Eq. 4.18)
shows that a chemical potential difference Au across a chemical resistance Ry, yields
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a chemical flow Jq,. This is in fact Fick’s first law, which was introduced in chapter
3. For a charged species, (Eq. 4.18) becomes:

3 (X):_ADC(X) aﬁ:_ADc(x) RT ac(x)+zF 0¢(X)
ch RT 0x RT (x) ox 0X % (Eq. 4.19)
—pp ) T pp 000~
ox RT ox  Ry()

(Eg. 4.19) is known as the Nernst-Planck equation [15]. It expresses the mass
transport of a charged species by combined diffusion and migration. Using (Eq. 4.2),
the term Az can be rewritten as:

Afi :d_ﬁmx = EQT LM+ zF m%xx (Eq. 4.20)
dx a(x) dx dx

A similar expression can be found for Au using (Eq. 4.1). In that case, the term that
contains @is zero. Using (Eq. 4.20) for Az or a similar equation for Ay, both (Eq.
4.18) and (Eq. 4.19) yield the same expression for R.,(x) at position x. It should be
realized that chemical resistance is defined as a positive variable, which means that a
positive chemical flow is directed from the terminal with the highest electrochemical
potential to the terminal with the lowest electrochemical potential. Suppose a species
flows from x; to X;, where x;>x; and 7, > f,. The gradient in electrochemical
potential from x; to X, is negative, whereas the associated chemical flow is positive.
By definition, Auzand A are negative in this case.

- A = R, (X) 34, (X)
Rch(x)BADaC(X) o= ADc(x)‘w(X)H

_ _EQT 1 da(x) s dex(x)
a(x) dx dx

(Eq. 4.21a)

in which (Eq. 4.19) was used in the second line with consideration of the sign and
(Eqg. 4.20) was used in the third line. The activity a will now be introduced in the
second line, with again y =1, while the third line will be re-arranged such that a
similar term appears as in the second line. Realizing that the second line equals the
third line in (Eq. 4.21a), the following expression is then obtained:
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R 00faD 20 200 4 2 Apa(x) 224X i

(Eq. 4.21b)
_ BA aa(x) ADa( )ago(x)H RTAX
RT 0x [JADa(x)
Now, an expression for Ry(x) can be inferred from (Eq. 4.21b):
R, (X) = RTAX _  RTAX RTAX?
" ADa(x) (X)H m(x)D (Eq. 4.21c)
AD
OAAX [

Mass transport at position x through a chemical resistance Ry(X) described by (Eq.
4.21c) isindicated in Figure 4.6.

Ap or Ap
- » +

—>
. X

‘]ch(x)

Figure 4.6: Representation of mass transport at position x by a chemical resistance Ry (),
using the analogy of Table 4.1

Conservation of mass
The conservation of massis expressed by the following equation:

d_m =AJ,, (Eq. 4.22)
dt

In Figure 4.5, conservation of mass means that the change in time of the molar
amount my in aspatial element i, between locations (i-1)Ax and i4x, is determined by
the net chemical flow Alg,'. This flow is the difference between the chemical flow at
location x=(i-1)Ax and that at location x=idx. Using the analogy between the
electrical and chemical domain of Table 4.1, the conservation of mass can be
described by a chemical capacitance Cg,' for each spatial element i, as shown in
Figure 4.1, where the amount m denotes the molar amount in spatial element i. This
is visualized in Figure 4.7. An expression for the chemical capacitance Cy, was
derived in (EqQ. 4.3).

Initial and boundary conditions

Initial and boundary conditions have to be defined for each mass transport problem
to enable its solution. For example, aninitial condition could be that the activity, and
hence the molar amount under the assumption that )=1, of the transported species is
uniformly distributed throughout the system and is the same for all x at t=0.
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Figure 4.7: Representation of mass conservation law in spatial element i (see Figure 4.5) by
means of achemical capacitance

Two surface boundaries occur for the chemical flow in a chemical system in which
one-dimensional mass transport is considered, for example at x=0 and x=1 in Figure
4.5. The transported species can either be able to cross the boundary to a
neighbouring system or be restricted to the chemical system through which it is
transported. In the first case, the chemical flow across the boundary usualy will
depend on the concentration gradient across the boundary, whereas in the second
case the flow across the boundary will be zero.

Mass transport in the absence of an electrical field

Transport by migration will not occur when no electrical field is present. Fick’s law
can then be used for mass transport; see (Eq. 4.18). Combining Fick’s law, the
condition of mass conservation of (Eq. 4.22) and initial and boundary conditions,
one-dimensional mass transport of a species in the x-direction in the absence of an
electrical field can now be described with the aid of an RC-ladder network. This is
shown in Figure 4.8 for the considered chemical system of Figure 4.5.

2 2
Ren (AX) = n}?(-x())(D Ren (P — 1)AX) = %
x=0 X = AX X = (p-1) Ax X =pAx =1
Jen (BX) Jen (28x) Jen (P — 1)AX)

spatial spatial spatial spatial
element 1 element 2 element p—1 element p

Figure 4.8: Simulation model in the chemical domain describing one-dimensional mass
transport of a speciesin the x-direction in the absence of an electrical field
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The molar amounts m; in spatial elementsi are present in chemical capacitances C,
in Figure 4.8. A chemical potential, described by (Eq. 4.1), is present across each
chemical capacitance. A differencein chemical potentials between two neighbouring
spatial elements will give rise to the transport of the species by pure diffusion from
one chemical capacitance to its neighbour through a chemical resistance Ry,. With
Ren, defined in (Eq. 4.21¢), and Cg, defined in (Eq. 4.3), an RC time of 4D is
found for each spatial element. This is indeed in agreement with the derivations of
Horno et al., where R=4x/D and C=4x [20].

As an example, the boundary conditions have been taken so that the species is
injected from a neighbouring system in the form of a chemical flow J;(0) at the
surface at x=0. The species is not allowed to cross the boundary at x=I. The
system’s initial condition can be enforced by the initial values of m at t=0.

Consider again the electrochemical reaction given by (Eg. 4.9). When both the
oxidized and the reduced species can diffuse through the system and no electrical
field is present, the network model of Figure 4.3 changes into the network model of
Figure 4.9. As in Figure 4.3, the directions of currents and flows as well as the
polarities of AG and r* are shown for an oxidation reaction. The directions and
polarities reverse for a reduction reaction. An RC-ladder network, as shown in
Figure 4.8, has been added in the chemical domain in Figure 4.9. The boundary at
x=0 is the electrode/electrolyte interface at which the electrochemical reaction takes
place, while the boundary at x=I is the electrode/current-collector interface. The
molar amounts on the capacitances in the RC-ladder network represent the molar
amounts of the oxidized and reduced species throughout the electrode, respectively.
Spatial element 1 starts at x=0, spatial element p ends at x=1. A difference between
the molar amounts in spatial element 1 and those inside the electrode will give rise
to mass transport by diffusion through the electrode. The chemical resistances R (X)
are given by (Eg. 4.21c), in which Dgy is used for the oxidized species and Dgeg for
the reduced species. Neither the oxidized nor reduced species can cross the boundary
at x=I. At the boundary at x=0, the species are allowed to cross the boundary by
means of the electrochemical reaction. The bulk activity of electrons is assumed to
be equal to the surface activity. Therefore, no ladder network is used for electrons.

Figure 4.9 shows that the chemical potentials across the capacitances that
represent spatial element 1 at x=0 are denoted as surface chemical potentials . As
a result, the potential across the transformer winding in the electrical domain is now
obtained from the following equation. Again, the activity of electrons is assumed to
be equal to the reference activity a;® as in (Eq. 4.10b). In addition, the chemical
potential of electrons is assumed uniform throughout the electrode, which means
that L= L.

ger = 8Co _ MU + o, ~ Hr
nF nF
0o s ref
_AGy  RT In aOXaRe;
nF nF  ai,a;,

(Eq. 4.23)
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The equilibrium potential now depends on the surface activities a® of the oxidized
and reduced species, according to (Eq. 4.23). This potential can be denoted as the
apparent equilibrium potential E. The difference between E*" and the true
equilibrium potential E*, which was defined in (Eg. 4.10c), is the fact that E¥ is
related to the bulk activities a° of the reacting species. Bulk activities are the same as
surface activities in a state of true equilibrium. The difference between E* and E™
is the diffusion overpotential 7%, which can be found by rewriting (Eq. 4.23).

Eeq* = AGS + RT |n a(s)xa;gd agxaged

NF o NF aS,al aban,
o b ,ref s ob
— AGO + RT In anaRSd + RT In anaRed (Eq 424)

nF nF  a,ay nF a)ay,

s Ab
- Eeq +E|n agxalzed - Eeq +,7d
nF anaRed

The expression for the diffusion potential is in agreement with the general
expression for a diffusion overpotential given in chapter 3; see (Eq. 3.17). E¥ equals
E*" and 17%is zero, when a” equals a° for the Ox and Red species.

It is not possible to discern between E* and 7 when the simulation model is
shown in the form of Figure 4.9, because both variables are present in E*. It is
sometimes convenient to make this distinction. It becomes possible to distinguish
between E* and 1 when the definition of the chemical capacitances is altered. This
is shown in Figure 4.10, in which the model has also been represented in the
electrical domain as additional illustration. As was discussed in section 4.1.2, the
representation of the complete network in the electrical domain can be achieved by
“shifting” the elements in the chemical domain through the ideal transformer to the
electrical domain.

The electrical capacitance C,yx represents the series connection of three
capacitances which store the bulk molar amounts of all species that take part in the
reaction. Only one capacitance has been drawn for simplicity. The voltage across
this capacitance equals E™, as defined in (Eq. 4.10c). By definition, the voltage
across each capacitance in the RC-ladder network is proportional to the difference
between the chemical potential in the applicable spatial element and the bulk
chemical potential 4. This bulk chemical potential is the same for all spatial
elements. The chemical potential will be ¢ in all the spatial elements at true
equilibrium. As a result of this definition, the capacitances describe the amount of
material in spatial element i relative to the bulk amount of material. The following
equation illustrates this for the voltage across the surface capacitances C;, where |
can be Ox or Red.

1 RT, aj RT, _m
V. =—(u-p?)=—In—L =—|n—L (Eq. 4.25)
= e H T H) = a nFom
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Figure 4.9: Simulation model for an electrochemical reaction according to (Eg. 4.9) in the
electrical and chemical domains, where mass transport of the Ox and Red species takes place
in the electrode in the absence of an electrical field. The definition of E*, the signs of AG and
n* and the directions of the current and chemical flow hold for an oxidation reaction

It can be easily verified that the diffusion overpotential defined by (Eg. 4.24) is
present across these two surface capacitances:

4 = Ho = Hox _ Mres = Mren _ RT | 85,80
nF nF nF adas,

n (Eqg. 4.26)

For the Ox and Red species, p=/f in al the spatiad elements in a state of
equilibrium. Therefore, the voltage across all capacitances in the RC-ladder network
is zero and % is zero in a state of equilibrium. The value of each resistance Ry, has
been multiplied by N?=(1/nF)? because of the transition from the chemical to the
electrical domain. Likewise, the value of each capacitance C,, has been divided by
N? in the electrical domain.
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Figure 4.10: Adapted simulation model of Figure 4.9 with atered definitions of the
capacitances to allow distinction between the true equilibrium potential E™ and the diffusion
overpotential 7. The model is represented entirely in the electrical domain

Mass transport in the presence of an electrical field

Mass transport of a charged species will take place by combined diffusion and
migration when an electrical field is present. An expression for the electrical field is
needed to describe this mass transport, which can be found by solving the Poisson
equation. Assume that the transported species are positive and negative ions with
equal and opposite charges, for example ions of a fully dissociated binary salt
A™B™. In aspatial element with volume A4Xx, the Poisson equation reads [15]:

d’p _

F _ nF
o ee, 2T eeam ™™ G4

where &, is the electrical permittivity in free space (8.85.10™2 C%/(N.m?), & is the
dielectric constant of the medium through which the ions are transported, z denotes
the valence of the transported species, z=+n for the A™ ions and z=-n for the B™
ions. m. and m denote the molar amounts of A™ and B™ ions in volume A4x,
respectively.

The basic building block for modelling the Poisson equation for a fully
dissociated binary salt A™'B™ is shown in Figure 4.11 for both the chemical and the
electrical domain. The model describes a spatial element with a volume A4x, as
introduced in Figure 4.5, and its connection to the neighbouring spatial elements. It
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consists of four capacitances connected together in a centra node point. The
capacitances C’ to the left and right of the central-node point denote geometric
parallel-plate capacitances with a surface area A and a thickness Ax. The electrostatic
potential ¢ is valid at the centre of the spatial element, whereas ¢ is valid at the
centre of the neighbouring spatial element to the left and ¢ is valid at the centre of
the neighbouring spatial element to the right. The geometric capacitances denote the
capacitances between the centre points of the spatial elements, because the distance
between the centres of the spatial elementsis Ax.

—ij_ B g <« l,an,
nF
Mo = Moo +RTIna - %— (pc\_\_‘ v =He
o, 1+ & nkF
%wa% LI
Cih CZI =
nF@ - @
/— R ——
vV, =—F2—
— A =
M- = Hiee _ Q. =NFM,,.
+ e
nF
[ R— sDSI'A L — EOSI'A
" AX(nF)? o7 Ax

@) (b)

Figure4.11: Simulation model of the Poisson equation in (a) the chemical domain and (b) the
electrical domain

The ratio of the capacitances in the chemical and electrical domains is N? as
discussed before. The ‘charge’ on the capacitance above the central-node point in
Figure 4.11a denotes the molar amount of negative ions B™, while the ‘charge’ on
the capacitance below the central-node point represents the molar amount of positive
ions A™. The unit of these capacitances is [mol%J], whereas it is [F] in Figure 4.11b.
It can be seen that the networks illustrated in Figure 4.11 indeed describe the
Poisson equation of (Eqg. 4.27). The mass conservation law of (Eq. 4.22) holds for
the central-node point for the network in the chemical domain. Hence, it can be
found from Figure 4.11a that:

(NFg —nF@) [T, +m,. =(NF@g —nFg) [T, +m,  (Eq.428)

This is in fact the equivalent of Kirchhoff’s current law in the electrical domain. (Eqg.
4.28) can be re-arranged, where the equation for Cy° in Figure 4.11a is used in the
second line of the following equation:



Battery modelling 77

(-nFg@ +2nFg -nFg)Cs =m,,. -m

0(-¢ +2q0c—(pr)nFL'A—

B"”

=m_, —m_._ (Eq. 4.29)
Ax(nFy A E
NFAX
O (-g +2¢. - = m., —m..
(Cq+2p-@)=__— (M. -m,)

o-r

The Poisson equation according to (Eq. 4.27) can be found from (Eq. 4.29), with the
aid of a basic mathematical equation for the second derivative of the electrostatic
potentia @in the centre of the spatial element:

, G ¢ ¢ ¢
Ao Ax AX 2 _

= O Ao=q@ —-2¢@. +
AX? AX P=h -4

nFAX (Eq. 4.30)
0 -Nyp=-g +2¢. - @ = m.,. —m..
¢ m ¢C ¢I’ SOErA( A B )

Ny nF
O =- m., —m.,.

AX? 50£,AAX( A B )

The Poisson equation in the electrical domain can be found in an anal ogous way.

Now that the basic building block for modelling the Poisson eguation has been
defined, the mass transport of charged species by combined diffusion and migration
under the influence of an electrical field can be modelled. As an example, consider
an electrochemical cell with two metal electrodes and an ideal solution of a binary
salt M™X™ that acts as electrolyte. Assume that only the metal ions M™ can react
with metal M at the electrodes and that the X™ ions do not react with any species.
M™ ions are injected into the ideal solution by an oxidation reaction at the positive
electrode, whereas M™ ions are withdrawn from the ideal solution by a reduction
reaction at the negative electrode when an externa voltage source is applied to the
cell. This is illustrated in Figure 4.12. Both M™ and X™ ions are transported by
combined diffusion and migration in the electrolyte.

The electrical field is directed from the positive electrode to the negative
electrode. The positive ions M™ will migrate in the direction of the electrical field,
whereas the negative ions X" will migrate in the opposite direction. The
concentration gradients of positive and negative ions are identical throughout the
electrolyte, because charge neutrality is sustained. The concentration gradient for
both ions is directed from the positive electrode to the negative electrode, because
positive ions are injected at the positive electrode and removed at the negative
electrode. Therefore, mass transport by diffusion is directed from the positive
electrode to the negative electrode for both ions. The model for mass transport in the
absence of an electrical field illustrated in Figure 4.8 can be combined with the
model shown in Figure 4.11 for modelling the Poisson equation. For this purpose,
the electrolyte is divided into p spatial elements, as shown in Figure 4.5. Thisyields
the model for one-dimensional mass transport in the x-direction in the electrolyte by
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combined diffusion and migration for a system such as that depicted in Figure 4.12.
This is illustrated in Figure 4.13. The network model of Figure 4.13 can also be
modelled in the electrical domain, as was discussed in section 4.1.2.

Vapplied
+ —_—
A
NI
+ —
Diffusion
e ————>
M %’
Migration
Diffusion
e —————>
X <«—-
Migration
x=0 x=1
M- M +ne M +ne - M

Figure 4.12: Schematic representation of an electrochemical cell with two meta (M)
electrodes placed in an ideal solution using a M™X™ binary salt as the electrolyte, with the
M™ and X ions being transported by combined diffusion and migration

The upper part of the network in Figure 4.13 describes the mass transport of the
positive ions M™, while the lower part describes the mass transport of the negative
ions X™. The molar amounts of the positive ions M™ in spatial elementsi are present
on the capacitances Cchi*“"m, while the capacitances Cchi'xn' store the molar amounts
of the negative ions X™. A chemical potential u is present across each capacitance.
The interface between the positive electrode (+) and the electrolyte is located at
x=0. Here, positive ions M™ are injected into the electrolyte by an electrochemical
reaction. This electrochemical reaction takes place at a rate of Jch“"n+(0). The
electrostatic positive electrode potential is @ .. The interface between the negative
electrode and the electrolyte is located at x=1. Here, ions M™ are removed from the
electrolyte by an electrochemical reaction. The rate at which this electrochemical
reaction takes place is Jch“"n+(l). The electrostatic negative electrode potential is @..
The negative ions X™ are not allowed to react at the electrode/ electrolyte interfaces.
The electrostatic potentials, multiplied by nF, at the centres of all the spatial
elements are present at the central node points, as indicated in Figure 4.13. The
electrostatic electrode potentials ¢, and ¢. are shown on the left and right,
respectively. The sum of the electrostatic potential at a certain location multiplied by
zF and the chemical potential y yields the electrochemical potential 77 at that
location, as described by (EqQ. 4.2). Note that for the positive ions, z=+n, whereas for
the negative ions, z=-n. Therefore, a positive z7, is present at the top node points,

whereas anegative f7_ is present at the bottom node points. Differences between the
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electrochemical potentials 77, of neighbouring spatial elements yield a chemical
flow through the chemical resistances in the upper part of Figure 4.13. In an
analogous manner, differencesin f/_ lead to a chemical flow through the chemical
resistances in the lower part of Figure 4.13. The chemical resistances were defined
in (Eq. 4.21c), in which the appropriate diffusion coefficients have to be used for
positive and negative ions, respectively. The expression for the geometric
capacitances Cg,° is given in Figure 4.11a. The distance from the centre to the
electrode surface in spatial elements 1 and p isonly Ax/2. Therefore, Ax/2 instead of
Ax should be used in the expressions of C,,&*%,

Spatial element 1~ Spatial element2  Spatial element p-1  Spatial element p
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Figure 4.13: Simulation model in the chemical domain for one-dimensional mass transport of
a charged species in the x-direction in the presence of an electrical field in, for example, the
system depicted in Figure 4.12

Figure 4.13 shows that the potential across the capacitances Cg,5* equals nF(¢7- @)
for both electrodes. The potential of the positive electrode ¢ equals @. and the
electrolyte potential ¢ in spatial element 1, which is directly adjacent to the
electrode surface, equals @. For the negative electrode, ¢=g,_ and = @. This
means that the capacitances Cq,*®® are actually the double-layer capacitances in the
chemical domain! As a result, the distance Ax/2 is actualy the thickness of the
Helmholtz layer; see chapter 3. It will be shown in section 4.3 how the network of
Figure 4.13 can be used to model an electrolyte and how it has to be combined with
the positive and negative electrode models.

The direction of migration and diffusion flows in the network of Figure 4.13
will now be considered. A complicating factor is that species with positive and
negative signs have to be considered in one network. Chemical flows are commonly
defined as a flow of positively charged particles. Therefore, al the species will be
considered to be positively charged for simplicity in the explanations below, which
means that chemical flows in the lower part of the network of Figure 4.13 express
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the flow of the ions X as if they were positive. In reality, the flow of the negative
ions X™ will be in the opposite direction. The electrostatic potentials ¢ will decrease
from x=0 to x=1, because the positive electrode potentia is higher than the negative
electrode potential. As aresult, a chemical migration flow from the left to the right
occurs in the upper part of the network, which means that positive ions migrate from
left to right under the influence of the electrical field. The chemical migration flow
in the lower part of the network is aso directed from the left to the right, which
means that negative ions will migrate from right to left in reality. At the same time,
the injection of positive ions at x=0 and their removal at x=I will lead to a
concentration gradient of positive ions from the left to the right. This will lead to a
diffusion flow of positive ions from the left to the right.

The electrostatic potentias in the spatial elements will be constant when the
electrical field throughout the electrolyte is stationary, which means that it does not
change in time. Hence, the flow through the geometric capacitances Cy,° will be
zero. As aresult, all chemical flow through the chemical capacitances in the upper
part of Figure 4.13 will flow through the capacitances in the same spatial element in
the lower part. Assume for the moment that this has been the case since t=0, which
means that the molar amount of the M™ ions is the same as that of the X™ ionsin a
spatia element. As an example, assume that nF¢ equals 10 Jmol in spatial element
1 and that the chemical potential across capacitances Cq,* for both the M™ and the
X" ionsis 1 Jmol. The latter statement implies that £ has been assumed equal for
both ions for simplicity. Furthermore, assume that nF¢g equals 9 Jmol in spatia
element 2, because the electrostatic potential decreases from the left to the right, and
that the chemical potential across both the capacitances Cal in spatial element 2 is
0.5 Jmol. This means that the concentration gradient will indeed be directed from
the left to the right. As aresult, 77, equals 11 Jmol and 7z,, equals 9.5 Jmol,

which can be inferred from applying Kirchhoff’s voltage law in the chemical
domain. This leads to a chemical flow from the left to the right of 1.5 mol/s when
Re is assumed to be 1 Js/mol® for simplicity. This flow can be separated in a
migration flow of 1 mol/s and a diffusion flow of 0.5 mol/s, which both flow from
the left to the right, which is in agreement with Figure 4.12. In the bottom part of the
network, an electrochemical potential of 9 J/mol is present on the left-hand side of
R, in spatial element 1, while an electrochemical potential of 8.5 J/mol is present at
the right-hand side in spatial element 2. Assuming the same value of 1 Js/mol® for
Ren, this leads to a chemical flow of 0.5 mol/s from the left to the right. This flow
can be separated in a migration flow of 1 mol/s from the left to the right and a
diffusion flow of 0.5 mol/s from the right to the left. This leads to a net chemical
flow by combined diffusion and migration of 0.5 mol/s from the left to the right. The
actual migration and diffusion flows of the negative ions will be in the opposite
direction, as stated above. Hence, the migration is directed from the right to the left
and the diffusion is directed from the left to the right. This is in accordance with
Figure 4.12. In summary, the migration part of the chemical flow will be caused by a
difference in electrostatic potentials between two spatial elements for each chemical
resistance in Figure 4.13, while the diffusion part will be caused by a difference in
chemical potential.

In the case described above, in which the concentration profiles of positive and
negative ions are the same, charge neutrality holds. This means that the molar
amounts of positive ions equal the molar amounts of negative ions. The Poisson
equation of (Eq. 4.27) shows that the second derivative of the electrostatic potential
is zero in this case. This means that the electrical field inside the electrolyte is not a
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function of the location x. Hence, the difference between ¢ and ¢ across each
geometrical capacitance Cq4! is constant, so a linear electrostatic potential gradient is
present across the electrolyte.

The second derivative of the electrostatic potential is not zero in the Gouy-
Chapman diffuse layer, as described in chapter 3. This means that, according to the
Poisson equation of (Eg. 4.27), there will be no charge neutrality in the spatial
elements present in this Gouy-Chapman layer. In order to avoid charge neutrality
inside a spatial element, the current through the geometrical capacitance Cg4f on the
left-hand side must have been unequal to the current through the capacitance on the
right-hand side for at least some time. This leads to a difference in molar amounts of
positive and negative ions and hence to the absence of charge neutrality. It has been
assumed above that a stationary situation occurred since t=0. In reality, the electrica
field has to be built up since t=0. Let us therefore consider the build-up of an
electrical field inside an electrolyte in some more detail. Starting at t=0, the current
that flows through the capacitance Cy on the left-hand side of a spatial element in
one of the two Gouy-Chapman layers at the electrode/electrolyte interfaces will
differ from the current that flows through the capacitance Cyf on the right-hand side.
The current flowing through the capacitances C4 on the left- and right-hand sides
will be equal for spatial elements outside the Gouy-Chapman layers. As soon as a
stationary situation occurs at t=t;, and the electrical field no longer changesin time,
the current through all capacitances Cg° will be zero. Because the current through all
capacitances C4° outside the Gouy-Chapman layers has been equal from t=0
onwards, the electrostatic potential across each capacitance will have the same
value. Therefore, the electrostatic potential gradient will indeed be linear. However,
this will not be the case for capacitances C4f inside the Gouy-Chapman layers.
Therefore, the second derivative of the electrostatic potential in these two regions
will not be zero. Moreover, although the current flowing through the upper chemical
capacitance will equal the current flowing through the lower chemical capacitance
from t=t; onwards, charge neutrality will never be attained in those spatial elements
inside the Gouy-Chapman layer. The reason for this is that the current through the
upper capacitance has been unequal to the current through the lower capacitance
fromt=0to t=t;.

The theory of mass transport presented in this section can be summarized as follows:

e The chemical resistance, defined in (Eg. 4.21c), models the general mass
transport laws of (Eq. 4.18) and (Eq. 4.19).

e The combination of geometric capacitances and chemical capacitances placed
around a central node point models the Poisson eguation; see (Eq. 4.27) for the
chemical domain.

e The principle of mass conservation is modelled by means of an RC-ladder
network, in which the difference between the chemical flows entering and
leaving a spatial element isintegrated in a chemical capacitance.

e Boundary conditions at the interface of the considered system through which
species are transported, such as an electrolyte solution, and neighbouring
systems, such as electrodes, can be modelled by means of chemical flow
sources at these interfaces. The chemical flow sources have a zero value and can
be omitted when the species cannot be transported across the interface.
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« Initia conditions of the mass transport problem can be introduced by placing
initial molar amounts on all the chemical capacitances at al locations in the
system.

4.1.4 Modeling thermal behaviour

Heat production or consumption of an electrochemical cell has not been considered
in the previous sections. A well-known thermodynamic law links the change in free
energy AG of acell to the change in enthalpy AH, the change in entropy AS and the
temperature T at which the reactions takes place [15],[16],[21],[22]:

AG = AH -TAS (Eq. 4.31)

A simple example will be given to explain the meaning of this law. Consider a
simple experiment in which a battery is charged from an equilibrium situation. The
charge current is chosen infinitesimally small. As aresult, the overpotentials can be
considered zero, and hence no losses occur in the system when the battery is
successively charged and discharged. This means that the amount of energy that has
been supplied during charging can be fully retrieved during discharging. The
equilibrium potentials of the electrodes can be considered constant, because the
current is so small that the equilibrium hardly changes. The battery can be regarded
as a system on which electrical work is performed by a current source that charges
the battery. The battery is to be considered to be in contact with a thermal reservoir
[21]. Heat transfer can occur between the battery and the thermal reservoir. As an
arbitrary choice, the charging reaction is considered to be exothermic, which means
that heat is transferred from the battery to the thermal reservoir. A similar derivation
as given below can be made when the charging reaction is assumed to be
endothermic. The situation is sketched in Figure 4.14a in which subscripts ¢ mean
charging. The battery is shown in contact with a thermal reservoir and a current
source that performs work on the battery. Besides signs indicating energy and
entropy changes, potentials and currents, the figure also shows the effect of the
thermodynamic law of (Eq. 4.31) on the values of AG, AH and (-TAS) of the battery.
Figure 4.14a shows that an oxidation reaction (O) occurs at the positive
electrode and a reduction reaction (R) at the negative electrode. Note that E*** >0
and E® <0. This has been chosen for simplicity, but of course the explanation
below will also hold for other polarities. The polarities simply depend on which
potential is chosen as a reference in the system. Positive electrical energy 4G is
supplied to the positive electrode, because both the electrode potential and the
current directed into the electrode are positive. Positive electrical energy AGg is aso
supplied to the negative electrode, because both the electrode potentia and the
current directed out of the electrode are negative. The changes in free energy AGo
and AGg are indeed positive when the sign convention described in section 4.1.2 is
adopted. This is shown directly below the battery in Figure 4.14a, with a plus sign
being used for an oxidation reaction and a minus sign for a reduction reaction. The
total electrical energy supplied to the battery is positive and equals AG=Eyxld,
which is simply the product of the supplied electrical power Epylc and time. It can
also be inferred from the summation of the energy 4Go supplied to the positive
electrode and the energy AGg supplied to the negative electrode, because zero losses
have been assumed. This leads to the expression AG.=nFE,, illustrated below the
battery in Figure 4.14a. This is in accordance with the sign convention adopted in
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this thesis, because AG=+nFE holds in the case of a non-spontaneous reaction in all
the electrochemical literature. This will indeed be the case in a charging reaction, as
work has to be performed on the battery to “force’ the charging reactions to occur.

lc Id
<« e
E'=E"">0 E=E""<0 E'=E"">0 E=E""<0
+ — + —
Heat Heat
Thermal |—TAS AH.>0 Thermal | —TAS AH4<0
reservoir WAAAIL ASc<0 reservoir \AAAAN ASq>0
Oxidation Reduction Reduction Oxidation
AGo=nFE*>0 AGRr=-nFE >0 AGRr=-nFE'<0 AGo=nFE <0
AG, = AGg + AGg = NF(E - E ) = nFE,, >0 AGy=AGg+ AGo = —NF(E —E) = —nFE,, <0
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Figure 4.14: (a) Charging a battery (subscripts ¢ mean charging) with an infinitesimally small
current, so that overpotentials are zero, so no losses occur and the equilibrium potential does
not change. The energy AG, supplied during charging can be fully retrieved (4Gy) (subscripts
d mean discharging) during discharging. Changes in free energy (4G), enthalpy (4H) and
entropy (A4S of the battery are shown. The charge reaction has arbitrarily been chosen to be
exothermic (4S<0) (b) Same as (&), but for discharging the battery with an infinitesimally
small current, the reaction is now endothermic (4> 0) by definition

The change in entropy in the battery during charging will be negative (4S<0),
which means that the entropy decreases, because of the arbitrary choice of an
exothermic charging reaction. This decrease in entropy in the battery must be
balanced by transfer of heat to the thermal reservoir [21]. This is shown in Figure
4.14a. The consequence of (Eq. 4.31) is depicted at the bottom of Figure 4.14a. The
change in free energy of the battery AG, supplied by the current source, is divided
between a change in enthalpy AH. and transfer of heat -TAS to the thermal reservoir.
Note that -TAS will be positive, because AS<0 and a positive temperature T have
been assumed. The numbers given in the figure are arbitrary and merely serve to
illustrate the principle of (Eq. 4.31). The battery’s free energy changes from 0 to 2
(4G=2>0), which leads to a change in enthalpy from 0 to 1 (4H~1>0) and a
change in heat from 0 to 1 (-TAS=1 >0), which is delivered to the thermal reservoir.

The battery will be discharged when the current source is replaced by a
resistor. Again, an infinitesimally small current is assumed. Now, a reduction
reaction will occur at the positive electrode and an oxidation reaction at the negative
electrode. Both AGo and AGg will now be negative, as indicated below the battery in
Figure 4.14b in which subscripts d mean discharging. The change in the battery’s
free energy during discharging 4Gy, which equals the work performed on the
environment, is again inferred from the summation of AGy and AGg, leading to
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AG4=-nFEuy. This means that the minus sign convention (AG=-nFE) that is often
encountered in the literature actually holds for the spontaneous reaction direction.
Note that AGy4=-A4G., which means that the energy supplied during charging will be
retrieved completely. This is in agreement with the assumption of zero losses. As
(Eq. 4.31) is of course still valid, the discharge reaction has to be endothermic, or
AS>0. This means that the battery’s entropy will increase. This can be seen at the
bottom of Figure 4.14b, in which the battery free energy changes from 2 to 0 (4G4
=-2<0) resulting from a change in enthalpy from 1 to 0 (4H, =-1<0) and a change in
heat from 1 to 0 (-TAS; = -1<0). This heat (-TAS) is obtained from the thermal
reservoir.

The above experiment merely served to give an idea of what happens with
respect to heat in an ideal case. In reality, losses will occur in a battery when it is
charged or discharged. The heat flow generated inside a battery by electrochemical
reactions i is given by [22],[27]:

-TAS

inelch _ 2 hmi
In T =Dy = I+ PRGS (Eq. 4.32)
I i I
where J;"®" is the heat flow in [W], generated by the battery, | the battery current

in [A], T the battery temperature in [K], 4S denotes the entropy change associated
with electrochemical reaction i in [J/(mol.K)], n; the number of electrons exchanged
in electrochemical reaction i, 7 the total overpotential due to Kinetic aspects and
mass transport associated with electrochemical reaction i in [V] and Reg®™°
denotes the total ohmic series resistance inside the battery in [Q].

The heat flows defined in the second and third terms of (Eq. 4.32) will always
be positive, directed from the battery to the thermal reservoir in Figure 4.14. Note
that in the second term, | and 7; will always have the same sign by definition. This
means that, in practice, the battery will always heat up because of these two terms,
irrespective of the direction of the current. This makes sense, as these two terms
represent the losses that occur inside the battery as a result of overpotentials and
ohmic series resistance, respectively. These heat flows can be seen as ‘one-way’
flows of heat from the battery to its thermal environment. These ‘one-way’ flows
occur during both charging and discharging, and hence the amount of energy
supplied during charging will never be fully retrieved during discharging.

The first term can be either positive or negative. It is positive when AS<0,
which is valid for an exothermic reaction. This means that the battery will heat up as
a result of all the exothermic reactions that take place. The battery will cool down as
a result of the endothermic reactions, for which 4S>0. This was explained in Figure
4.14. A reaction that is exothermic during charging is endothermic during
discharging and vice versa. The heat flow in the first term is defined as the amount
of heat, -TAS in [J/mol], multiplied by a chemical flow I/nF in [mol/s]. This is in
agreement with the theory presented earlier in this section. In a purely chemical
reaction, the second and third terms in (Eq. 4.32) will be zero, because no electrical
current | is involved. The first term will be a heat flow defined by -TAS],.

The temperature of a battery is determined by the net amount of heat inside the
battery and the thermal or heat capacitance of the battery, according to the analogy
between the electrical and thermal domains in Table 4.1. The net amount of heat is
built up by a net heat flow J;,"™® inside the battery, which is determined by the total
heat flow 5J,,™, generated internally by all the chemical and electrochemical
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reactions, and the heat flow J;,>" from the battery to the environment by means of
conduction, convection and radiation. Hence:

I =y I = Iy (Eq. 4.33)
|
The heat flow from the battery to the environment is given by [1]:

o 1
Jthm = athpbat (T _Tam ) = @ HT _Tarrb)
" (Eq. 4.34)
bat 1

U R, =
ath Axat

where J;,™" denotes the total heat flow from the battery to the environment in [W],
aw the battery heat transfer coefficient in [W/(K.m?)], A the battery surface areain
[M?], Tarp Stands for the ambient temperature in [K], and Rx™* denotes the thermal
resistance from the battery to the environment in [K/W]. This thermal resistance is
the sum of the conductive, convective and radiative thermal resistances that describe
the heat transfer from the battery to the environment.

The net heat flow from inside and outside the battery yields the accumulated
amount of heat inside the battery. This net amount of heat can be calculated using:

e = I J(t)dt =CX* [T (Eq. 4.35)

where Q™ is the net amount of heat inside the battery in [J] and C,,™ the thermal
or heat capacitance of the battery in [JK].

A simple first-order network model can be constructed that models the thermal
behaviour of a battery using the analogy between the electrical and thermal domains
in Table 4.1 and the equations described in this section. Thisisillustrated in Figure
4.15.

As can be seen in Figure 4.15, the net heat flow J,,"® inside the battery is
integrated in the thermal capacitance C™. The battery temperature Toy IS present
across the battery thermal capacitance. In a similar way, the ambient temperature is
present across the ambient thermal capacitance Ced™. A temperature difference
between the battery and the environment will give rise to a heat flow J,>" between
the battery and the environment, with the sign depending on the sign of the
temperature difference. Changes in the battery temperature will have virtually no
effect on the ambient temperature when the ambient thermal capacitance is much
larger than the battery thermal capacitance. Then the battery will not be able to heat
up the environment. Only a single battery temperature is calculated in this ssmple
thermal-network model. This means that the battery temperature is considered to be
uniform throughout the battery. More sophisticated thermal-network models could
take into account the changes in temperature occurring from one location inside the
battery to the other.



86 Chapter 4

Jin
e
bat
net R
Jth i th
+ +
in, i net — amb —
ZJth T( ) ch — Tbat ch Tamb
i
bat — amb —
Cth Clh

Figure 4.15: Simulation model in the thermal domain that describes the temperature
development in a battery

4.2 A simulation model of arechargeable NiCd battery

421 Introduction

The genera principles described in the previous section will be used in this section
to construct a network model for a rechargeable NiCd battery [23]-[28]. As many
different types of NiCd batteries exist, there is no single model that is valid for all
types.

A schematic representation of a mature design of a sealed rechargeable NiCd
battery is given in Figure 4.16. This design was chosen as the basis for deriving the
battery model in this section. An example of a NiCd battery based on this design is
the P60OAA manufactured by Panasonic. The three basic elementsin Figure 4.16 are;
the positive nickel electrode, the negative cadmium electrode and a concentrated
KOH electrolyte solution that provides ionic conductivity between the electrodes.
To prevent electrical contact between the positive and negative electrodes, the two
electrodes are separated by a thin porous layer of insulating material, the separator.

Main storage reactions that take place during charging and discharging

The electrochemical storage reactions are given in the region denoted as storage
capacity in Figure 4.16. The arrows pointing upwards denote the charging reactions,
while the arrows pointing downwards denote the discharging reactions. All reaction
equations have been arranged with the same amount of electrons for comparison. In
their simplest form, the main storage reactions are given by:

Kani
Ni(OH), + OH~ <—— NiOOH + H,O +¢& (Eq. 4.36)
Ni
for the nickel reaction and
Kecd
Cd(OH), + 2e <ka:> Cd+ 20H " (Eq. 4.37)
,Cd

for the cadmium reaction. During charging, Ni(OH), is oxidized to NiOOH at the
nickel electrode. At the same time, Cd(OH). is reduced to metallic Cd at the cad-
mium electrode. The reverse reactions take place during discharging. Current flow is
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supported by electrons inside the electrodes and by OH™ ions inside the electrolyte.
Externally, the current flows through the charger or load. K™ ions do not react at the
electrode interfaces. Their behaviour can be compared to that of the X™ ions in
Figure 4.12, i.e. the net current supported by K* ions can become zero.

nickel cadmium
electrode [] electrode
40H == 0y +2H0 +4e Over-
0, Cd(OH)2 charge
4:6;) 4OH™
2
2¢cd har
4NiOOH charge
storage  Qui vax charge Qcd, Max
capacity 40H"
discharge discharge
ANi(OH), % bedoHy g
777777777 40H" L de- 7777777;
Qcd(oH),, Ni| |cd(OH)2 Cd_|yQcdcd  Over-
0, discharge
u— 40H™ == Oy + 2H,0 + 4e”
Separator

+
KOH electrolyte

Figure 4.16: Schematic representation of a sealed rechargeable NiCd battery

Side-reactions taking place during overcharging and overdischarging

Besides the main storage reactions, electrochemical side-reactions also take place,
especially during overcharging and overdischarging. These side-reactions include
oxygen production and reduction reactions, schematically represented by the curved
arrows in Figure 4.16, and a cadmium side-reaction at the nickel electrode,
represented by the grey Cd(OH), area in the nickel electrode. All grey areas in
Figure 4.16 symbolize the excess material that is added to the NiCd battery to
protect it from excessive pressure build-up during overcharging and overdis-
charging. How thisis achieved will be discussed below.

Overcharging

An overcharge reserve of excess Cd(OH), is added to the cadmium electrode.
Hence, the nickel electrode is the capacity-determining electrode, which is reflected
by the fact that Quj max IS SMaller than Qcqmax iN Figure 4.16. As aresult, the amount
of Ni(OH), will approach zero before al the Cd(OH), has been consumed at the
cadmium electrode during the charging process. An aternative oxidation reaction
has to occur at the nickel electrode. This reaction is the production of oxygen,
according to:

e
4OH —3 O, + 2H,0 + 4e (Eq. 4.39)

Oxygen is produced at the nickel electrode through the oxidation of OH ions into
oxygen and water molecules. Metallic Cd is till formed at the cadmium electrode,
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because of the excess Cd(OH),. Oxygen molecules can diffuse to the cadmium
electrode when the amount of oxygen inside the battery increases. There, the
oxygen-reduction reaction starts to compete with the Cd-forming reaction. The
oxygen molecules can be reduced to OH" ions, according to:

ke
0, + 2H,0 + 46 —2» 40H - (Eq. 4.39)

The production of oxygen at the nickel electrode and removal of oxygen at the
cadmium electrode are schematically represented by the top curved arrow in Figure
4.16.

Overdischarging

An overdischarge reserve of excess Cd(OH),, generally denoted as a depolarizer, is
added to the nickel electrode in the amount Qcyion,ni: as indicated in Figure 4.16.
Moreover, some metallic cadmium is added to the cadmium electrode in an amount
Qcd,casmaller than Qcgony,ni- Thisis done to enforce similar oxygen production and
reduction processes as those occurring during overcharging. In this way, the
production of hydrogen gas at the nickel electrode is prevented and a hydrogen
recombination cycle is avoided [29]. This is important because of the poor electro-
catalytic activity of the cadmium electrode with respect to the H, oxidation reaction,
which would lead to an undesirable very high internal H, pressure. Overdischarging
takes place in two steps.

Because of the excess of metallic Cd in the cadmium electrode, the amount of
NiOOH in the nickel electrode will diminish before all the metallic Cd has been
consumed in the cadmium electrode. An alternative reduction reaction now has to
occur at the nickel electrode. The excess Cd(OH), in the nickel electrode will be
reduced to metalic Cd during the first overdischarging step and the reverse
oxidation reaction will still occur at the cadmium electrode. Hence, the following
reactions occur during the first overdischarging step.

koo
Cd(OH), + 26 ——» Cd+ 20H " (Eq. 4.40)
at the nickel electrode, and

Cd + 20H % Cd(OH), + 26 (Eq. 4.41)

at the cadmium electrode.

The second overdischarging step starts when discharging proceeds to the stage
at which all the metallic Cd has been consumed at the cadmium electrode. Oxygen
gas will be produced at the cadmium electrode in an aternative oxidation reaction.
This leads to an increase in the amount of oxygen inside the battery. As aresult, the
oxygen reduction reaction starts to compete with the Cd(OH), reduction reaction at
the nickel electrode and a similar situation as during overcharging occurs. The
reactions of (Eg. 4.39) and (Eq. 4.40) compete at the nickel electrode, while the
reaction of (Eq. 4.38) takes place at the cadmium electrode. The production of
oxygen at the cadmium electrode and the removal of oxygen at the nickel electrode
during the second overdischarging step are schematically represented by the bottom
curved arrow in Figure 4.16.

Figure 4.16 shows that three types of reactions can take place inside a NiCd
battery. More details on these reactions will be given in the next three sections, in
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which use is made of the theory described in chapter 3 and section 4.1. The activity
effects of electrons will be neglected, or a. and a.® will be assumed to be the same,
asdiscussed in section 4.1.2.

4.2.2  Thenickel reaction

The main storage reaction for the nickel electrode was given above in (Eq. 4.36). It
is assumed that the volume of the active material does not change during charging
and discharging and that NiOOH, which is the Ox species, and Ni(OH),, which is
the Red species, are the only species present within the region of the nominal storage
capacity. In other words, it is assumed that the sum of the mol fractions x; of the
speciesi is unity, or:

+ X 1 (Eq. 4.42)

XNiooH Ni(OH), —

where the mol fractions x; are defined by (y=1 assumed):

_ a
% = (Eq. 4.43)
Apioon T Ay (OH),

wherei is either NiOOH or Ni(OH),. This means that the electrode is considered to
be a solid-solution electrode, with the activities of the species being variable and
their sum constant. Mol fraction xyioon corresponds to the State-of-Charge (SoC) of
the NiCd battery, because NiOOH is the species that is formed during charging.

Thermodynamics of the nickel reaction

The change in free energy AGyo of the oxidation reaction (O) that occurs at the
nickel electrode during charging can be found in the same way as shown above in
(EQ. 4.10a); see also (Eq. 4.36):

AGy; o = Uyioon +tHuo T He ~ Hyicony, ~ Hoy-

— 4,0 0 o _,,0 _ 4,0
= Hyioon T Mo T M = Hyicony, ~ How-

ref ref
+RT InENiOOH aHanNi (OH), a'OH_ E (Eq 444)

ref ref
Ni(OH ), aOH - a'NiOOH aHZO

ref ref
“AG® +RT InHaNiOOH aHZOaNi (OH)zaOH* B
- Ni,O ref ref
HaNi (OH), aOH -8\iooH aHZO H

The a,,,. activity can be considered to be constant when, as a simplification, the
electrolyte concentration is considered to be constant and uniformly distributed
across the battery. Activity ay,o is aso constant, because of this simplification. The
simplification is reasonable when the currents applied to the battery are not too high.
The In term containing these constant activities can then be added to AG%; o. The
contribution of the a™ terms is constant and will also be added to AG° . The
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following expression is now found for the equilibrium potential of the nickel
reaction:

n,F

AGY, o +RT In%@
= oH” L, RT |nE;-NiOOH E
Ny F Ny F Ni(OH ),

:AG,C\"}’O + RT |n@?moon4 E
Ny F Ny F Ni(OH),

- E[c\)li + RT InE:NiOOH E
Ny F Ni(OH),

where ny=1, according to (Eg. 4.36). The same expression can be found for the
equilibrium potential when the reduction or discharge reaction of (Eq. 4.36) is
considered. This was shown in section 4.1.2. All activities are bulk activities, which
are equal to the surface activities due to true equilibrium, because (Eq. 4.45)
expresses the true equilibrium potential. As will be described below, H" ions are
removed from the nickel electrode during charging and inserted during discharging.
It has been found in experiments that electrical and elastic interaction between these
H* ions and between the H* ions and the nickel and oxygen atoms in the electrode
does not lead to a deviation from the Nernst-like behaviour of the equilibrium
potential in (Eq. 4.45) [30].

The value of E% in a strong alkaline solution has to be used, which is 0.52 V
vs the Standard Hydrogen Electrode (SHE) at 298K, because the electrolyte in the
NiCd bettery is a concentrated 8M KOH solution and the constant concentration of
the electrolyteis present in E%; through ag,- [31].

(Eq. 4.45)

Kinetics of the nickel reaction

The kinetics of an electrochemical reaction are determined by the value of the
exchange current through the Butler-Volmer relationship, as was discussed in
chapter 3. In agreement with this theory and (Eq. 4.12), the exchange current value
for the nickel reaction is determined by:

| En =Ny FANi (ka,Ni )H’Ni (kc,Ni )GYNi O (Eq. 4.46)
(8i00r)™ (@, )™ (85,0) ™ (85, )" ™

where Ay refers to the surface area of the nickel electrode, kyn and kg are the
anodic and cathodic rate constants of the nickel reaction, respectively, and Xi, Yni
and z,; denote the reaction orders of the corresponding species in the nickel reaction.
Again, the bulk activities of the reacting species are used in (Eg. 4.46), because the
exchange current is derived from the equilibrium situation.
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Diffusion limitation of the nickel reaction

The bulk activities of the reacting speciesin (Eg. 4.36) may differ from the activities
at the electrode surface. The nickel reaction is generally assumed to proceed through
diffusion of H* ions through the active electrode material. H* ions are formed during
charging, which diffuse to the electrode/electrolyte interface, where they recombine
with OH ions to form H,O. The opposite occurs during discharging. This is
described by the following reaction equations, which yield (Eqg. 4.36) by addition.

Kana
Ni(OH), =—— NiOOH + H" + & (Eq. 4.47)
Keni
ke
H* + OH —><kb_ H,0 (Eq. 4.48)

A schematic one-dimensional representation of the nickel electrode during charging
isshownin Figure 4.17. It is assumed that the positions of the nickel atoms are fixed
and that charge transport occurs by means of electrons and H* ions only. The
movement of electrons is considered to be much faster than that of H* ions, so mass
transport limitation is attributed to H* ions only. It is further assumed that the nickel
electrode is a perfect conductor. As a result, the electrical field inside the electrode
will be negligible and mass transport through migration can be neglected. Mass
transport through convection can also be neglected and hence only diffusion of H*
ionsis considered.

% <-g- Ht-> --e- H+—-><OH-

7 . HZO
NiZ* Ni3* Ni2*+ Ni3+
L] L] _F L]
<-g- HT->
Current collector Electrolyte
L] L]
Ni2*+ N3+
L] L]

A L H20

e H-= e H-=C
>.< . >.< O
Ni2*+ Ni3+

X = lyi x=0

N

Figure 4.17: Schematic one-dimensiona representation of the nickel electrode during
charging

Electrons are removed from the lattice at the nickel atom sites during charging and
H* ions are formed in the oxidation of Ni(OH), to NiOOH. The H" ions move
through the lattice from one nickel atom site to another, which leads to an apparent
flux of Ni(OH), and NiOOH species. Concentration profiles of Ni(OH), and NiOOH
arise in the electrode when the charge-transfer kineticsis fast in comparison with the
mass transport rate of H* ions. The H" ions eventudly arive at the
electrode/electrolyte interface, where they form H,O with OH " ions. The diffusion
of H* ions through the electrode in the absence of an electrical field, as shown in
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Figure 4.17, can be described as explained in section 4.1.3. An apparent equilibrium
potential En® can be defined, which is the summation of the true equilibrium
potential Ex®™, defined in (Eq. 4.45), and a diffusion overpotentia 77" according to
(Eqg. 4.26), when the surface activities of the NiOOH and Ni(OH), species differ
from the bulk activities. The apparent equilibrium potential can be inferred from
(Eq. 4.45) by using the surface activities for the NIOOH and Ni(OH), species.
Hence,

Eﬁi}* :E,?“ + RT |naniOOH

S
Ny F ?PNi(OH)Z
b
—E° + RT | aniOOH
= Eni = N=5
Ny ?@Ni(OH)Z

= EN +’7|C\in

S oaal Eq. 4.49
N RT lnEMOOH N|(0H)2H (Eq )

b s
Ny F NiOOH aNi(OH ),

4.2.3 Thecadmium reactions

The cadmium reaction equation was given in (Eqg. 4.37). The reaction can occur at
both electrodes, as described in section 4.2.1. Only the cadmium electrode will be
considered in the remainder of this section, for simplicity. The same equations aso
hold for the cadmium reaction that may occur in the nickel electrode.

The cadmium electrode is considered to be a heterogeneous system composed
of two separate phases, which are metallic Cd, the Red species, and an oxide layer
consisting of Cd(OH),, the Ox species. This as opposed to the nickel electrode,
where two species NiOOH and Ni(OH), co-exist in asingle phase. It is assumed that
electron transfer takes place at the interface of the Cd species and the electrolyte
only and not at the Cd(OH)./electrolyte interface. This assumption is based on the
fact that Cd(OH), is a poor electronic conductor [32]. The reaction of (Eq. 4.37)
takes place via a dissolution-precipitation mechanism [33]. This mechanism is a
two-step reaction according to:

ks
Cd(OH), + 20H " <= Cd(OH),*
ko (Eq. 4.50)
Keca
Cd(OH)* + 26 ———= Cd + 40H"
,Cd
Soluble intermediate Cd(OH),> ions are formed by a chemical reaction during
charging. Subseguently, these ions can be reduced at the solid-solution interface,
resulting in the formation of a Cd layer. The actual transfer of electrons takes place
at the Cd surface only, because electrons are only exchanged here. During
discharging, the reverse reaction sequence occurs.

Thermodynamics of the cadmium reactions

The change in free energy AGcqr in the reduction reaction (R) that occurs at the
cadmium electrode during charging can be found in the same way as for (Eq. 4.10b);
see also (Eq. 4.37).
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AGey g = Hoa T 2Hq, - ~ Heaony, ~ 2H,-

[o]

= gy + 213, - — Maom, ~ 2K
+RT lnHaf: (a?;)zag(omz E (Eq. 4.51)
%icd (aOH*) aCd(OH)Z O

o Hacd (aOH - )2 a(rlj(OH ) H
=AG: r +RTIn 2
S BV acon, B

The a,,,- activity will be considered to be constant, as described in section 4.2.2. In
addition, the activities of the solids Cd(OH), and Cd are equal to the corresponding
reference activities by definition. The In term containing a,,,- can now be added to
AGCqr, While the In terms that contain the activities of the Cd(OH), and Cd species

are zero. The following expression is then found for the equilibrium potential of the
cadmium reaction:

- AGE, - RT In%
E = _ AGg g _ oH- (Eq. 4.52)
“ NeyF Ny F
— B Ang R — o
Ne,F “

where nc4=2, according to (Eq. 4.37). Again, the same expression can be derived
from the oxidation or discharge reaction in (Eq. 4.37). Note that (Eq. 4.52) expresses
the true equilibrium potential, which means that the bulk activity a,,,. should be
used. The equilibrium potential for the cadmium reaction is constant, irrespective of
the state of the reaction, because al activities are constant. The value in a strong
akaline solution should be used for E°g, which is —0.81V vs SHE at 298K [31],
because the concentration of the electrolyte is present in E°cq through a,,,,..

Kinetics of the cadmium reactions
The kinetics of the cadmium reaction are described by the Butler-Volmer equation.
The exchange current value for the cadmium reaction is determined by:

184 = NeaFA (ka,Cd )l_aCd (kc,Cd )%d O

(Eqg. 4.53)
(agd(OH . )O'Cd Xcd (agH ) )(l—acd )Yeo (agd )(1‘%:1 )zeq

where kacq and k.cq are the anodic and cathodic reaction rate constants of the
cadmium reaction, respectively, Xcq, Ycg and zcq are the reaction orders of the
corresponding species and Acq refers to the free metallic cadmium surface at which
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the charge transfer takes place. All bulk activities in (Eq. 4.53) are constant. It is
assumed that during charging, the cadmium is first formed in the form of single
nuclei, which grow further into metalic particles, which eventualy form a layer.
The reverse process takes place during discharging. As a result, the free metallic
cadmium surface area Agq is a function of the amount of cadmium in the cadmium
electrode and hence of the SoC. It is further assumed that the time interval during
which the nuclel are formed is sufficiently small to alow us to consider the
nucleation process to be instantaneous. This means that al nuclei are formed when
the charging starts at time t,. During normal battery operation, Cd will aready be
present in the cadmium electrode at the beginning of the charging due to the
overdischarge reserve Qcqgcq; See Figure 4.16. This means that nuclei will indeed
aready be present at timet,.

Hemispherical nuclei are assumed, which grow or shrink at the rate at which
the reaction of (Eq. 4.37) takes place. Suppose that the formation of metallic
cadmium during the charging starts with N nuclei at t=t,. The ‘extended’ electrode
surface area @, of N hemispherical particles at any time t>t, can be inferred from
6,=N7Tr?(t), where the radius r(t) of each hemispherical particle can be inferred
from the particle’s volume. This is the area of the particle that is in direct contact
with the surface. It is assumed that the number of particles remains constant. Only
the size of the particles increases during charging or decreases during discharging.
In addition, it is assumed that all the particles have the same volume at each time t.
The volume of a hemispherical particle is half that of a sphere, or (2/3)77>. The total
volume V(t) of the deposited material can be obtained by taking N times the volume
of a hemisphere, i.e.

My
Pcd

t
V(t)=N %ﬂg(t) =V°+ [Jea et (Eq. 4.54)
t

where V/(t) is the total volume of the N hemispherical particles in [m?], N the number
of hemispherical particles, r(t) the radius of hemispherical particles in [m], V° the
initial volume of the N hemispherical particles at t=t, in [m3], Mcq4 the molecular
weight of cadmium in [kg/mol], ocq the gravimetric density of cadmium in [kg/m?]
and Jggq is the chemical flow associated with the cadmium reaction of (Eq. 4.37) in
[mol/s]. Jcq is positive during charging and the volume of the N hemispherical
particles increases. During discharging, Jcq is negative and the volume of the N
particles decreases.

An expression for the extended surface area 8 can be inferred from (Eq.
4.54). First, an expression for the radius r(t) will be derived:
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1

B 1R My H
r(t)—BZNn + o J:JCd(t)thH
1 (Eq. 4.553)
8

- Mea Gre. tJCdtdt@
P o [Pa0aly

where m°cq denotes the molar amount of the cadmium nuclei at t=t,. This amount
equals the molar amount of the overdischarge reserve Qcq cq (See Figure 4.16) during
normal battery operation, which means without the occurrence of deep discharges,

where part of the overdischarge reserve has been consumed. Surface area . is now
inferred from:

= an(t) = an EE M, Ca +jJCd (t)dt@
(N7)s BZ Pcq t EH

) (Eq. 4.55b)
M t
= (N77) H3 — S, + [Joq (D) a|
P A . H
The actual surface area covered by metallic cadmium Ay becomes smaller than 6.,
when the growing cadmium particles start to merge, because a correction has to be
made for the overlapping areas. The occurrence of overlapping areas is clarified in
Figure 4.18.

The relation between the actual surface area covered by metallic cadmium and
@ can be inferred from Avrami’s theorem [34]:

_ b

A, = n:jax (1-e @) (Eq. 4.56)

where Acq™> denotes the maximum surface area that can be covered by cadmium
particles, i.e. the surface area of the cadmium electrode in [m?].

Diffusion limitation of the cadmium reactions

The only species that can be depleted at the electrode/electrolyte interface in the case
of the cadmium reaction are OH" ions. It was assumed for the nickel reaction that the
surface activity of OH™ ions equals the bulk activity. This means that diffusion
limitation of the nickel reaction due to depletion of OH" ions was assumed to be
negligible. This is justified, because the diffusion of H" ions is dominant in
determining the diffusion overpotential for the nickel reaction. This is explained by
the diffusion constant of H™ ions, which is four orders of magnitude smaller than the
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diffusion constant of OH" ions [35],[36]. Diffusion of OH" ions has been considered
for the cadmium reaction for completeness, because OH™ ions are the only species
that can be depleted from the electrode/electrolyte surface in this case. This means
that the surface activity of OH™ ions may differ from the bulk activity. As was shown
in (Eq. 4.24), the apparent equilibrium potential Ec# can be written as the sum of
the true equilibrium potential of (Eq. 4.52) and a diffusion overpotential 77c4", which
depends on the difference between the bulk and surface activities of OH" ions.

Figure 4.18: Overlapping metallic cadmium nuclei growing on the el ectrode surface

-AG - RT In%
Eeq* — OH™

Cd nCd F
b (Eq. 4.57)
- AGY, , — RT In{o"
T )
= + In 70
Ne,F e, F EKa;H_) u

eq d _ o d
ECd +’70d - ECd +’7Cd

The mass transport through diffusion of OH™ ions can be similarly described by
means of an RC-ladder network, as described above for the mass transport of H*
ionsin the nickel electrode. However, a simplification can be made for OH™ ions by
considering stationary diffusion with a linear concentration gradient across a thin
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diffusion layer with a fixed thickness doy-. This assumption is alowed when the
time necessary to build the diffusion layer is much smaller than a typical battery
charge/discharge time. The diffusion layer thickness can be assumed to be in the
order of 1 pm for OH" ions, while the diffusion constant Doy- isin the order of 10™°
m?/s [36]. A general law relates the thickness of the diffusion layer to the diffusion
constant and the time needed to build the diffusion layer according to don/(7D o)
[37]. The time needed to build the diffusion layer in the case of OH" ionsis 0.3 ms,
using the numbers mentioned, which is indeed a lot smaller than normal
charge/discharge times. On the other hand, the diffusion constant for H ions Dy+ is
in the order of 10 m?s [35]. The time needed to build a diffusion layer of 1 um is
indeed 3 sec. Therefore, stationary diffusion cannot be assumed for H' ions and an
RC-ladder network should be used.

In the case of stationary diffusion, the diffusion current low®" can be inferred
from Fick’s first law, as described in chapter 3, with | = nFJand a= yc. Hence,

b
NFD,, - Acs@,,,-

(Eq. 4.58)
yOH_dOH’

dif  _ dif  _
IOH_ - nF‘JOH‘ -

where n=2 and the activity coefficient yon- will again be considered to be unity.
Area Acq defined by (Eq. 4.56) has to be used, because the charge transfer reaction
takes place at the cadmium surface only. The kinetic current |o4“" is described by the
Butler-Volmer equation for the cadmium reaction of (Eq. 4.37), with the exchange
current 1% being given by (Eg. 4.53). A simple way of including the effect of OH"
diffusion on the overpotential of the cadmium reaction is to find an expression for
the overall reaction current. This current is determined by the kinetic current for
small overpotentials and by the diffusion-limited current 1oy for large
overpotentials; see Figure 3.4. The overall reaction current can be found in [15],
assuming a mixed kinetic-diffusion controlled reaction:

I kinl dif
Cd oH"-
ca = T 4 o (Eq. 4.59)
Cd OH~
Of course, the effect of OH" ion diffusion on the cadmium electrode potential can
also be modelled by means of an RC-ladder network. This has not been considered
in the present NiCd model for simplicity.

4.24  Theoxygen reactions

The reaction equation for oxygen production was given above, by (Eg. 4.38),
whereas that for oxygen recombination was given by (Eg. 4.39). When oxygen
production occurs at one electrode, oxygen recombination will occur at the other
electrode and vice versa, as described in section 4.2.1. Where applicable, the
electrode at which the reaction takes place will be mentioned in the text.

Thermodynamics of the oxygen reactions
The change in free energy AGo,o in the oxidation reaction given by (Eq. 4.38),
which occurs, for example, at the nickel electrode during overcharging, is given by:
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AGo, o = Ho, + 20 + AU, — AU,
= Ho, + 2t 0 + A1 — AL,

+RT |nHaoz (aHZO )2 (aéefﬁ- )4 H

P (are:o i (a - )4 E (Eq. 4.60)

—_ [0} EK 4H+
=AGY , +RTIn E(a Tl FE RTIn%E

= AGS o +RT |nE%;E

Thea,,,- and a0 activities have again been considered to be constant for simplicity
and their reference activities have been taken the same. Hence, the In term that
contains these constant activitiesis added to AGOOZVO toyield theterm AGdOz,O' while

the In term that contains the reference activitiesis zero. The following expression for
the equilibrium potential of the oxygen reaction isinferred from (Eqg. 4.60):

AGo,0 _ 0G50, RT lnHao H

No, F No,F  NoF HaOZH

=E] + RT In%aza
©NoF ,

where no,= 4, according to (Eqg. 4.38). Again, the same expression can be derived by
considering the reduction reaction of (Eq. 4.39). The bulk activity of O, should be
used, which equals the surface activity in a state of true equilibrium, because (Eg.
4.61) expresses the true equilibrium potential. The value of E"o2 in a strong akaline
is0.40V vs SHE at 298 K [31].

The oxygen inside the battery is present in either the gas phase (g) in the free
volume inside the battery or dissolved in the electrolyte (). The oxygen dissolution
reaction can be represented by:

ky
O,(1) k<:> 0,(9) (Eq. 4.62)
2

ES =

(Eq. 4.61)

where k; and k; are the corresponding reaction rate constants. Henri’s law applies in
the case of an ideal gas [21]. This law relates the activity of oxygen dissolved in the
electrolyte to the oxygen pressure in the gas phase through:
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— ygk2

Fo, = Ko, P, (Eq. 4.63)

where (Eq. 4.63) aso holds for the activity in the reference state aozrEff and the
reference oxygen pressure Pozre‘, which is taken to be 1 atmosphere (=10° Pa).
Moreover, ; denotes the fugacity coefficient in [mol/(m®.Pa)] and Ko, the oxygen
solubility constant in [mol/(m*.Pa)]. Using (Eq. 4.63), the equilibrium potential Eozeq
of (Eg. 4.61) can be rewritten as:

RT P
In(—=2 Eq. 4.64
o F (chef) (Eq. 4.64)

2

5 =6 +

Kinetics of the oxygen reactions
The exchange current (I°oz)°Ni for the oxygen production reaction that occurs at the

nickel electrode surface Ay; during overcharging is given by:

(13,)% = No, FA, (ka'\fioz )HOZ (kch,"oz )aoz O (Eq. 4.65)

(agz )0’02 X0, (aazo )Ulo2 Yo, (agH i ) (1—002 )Zoz

where the bulk activities of OH" ions and water are again considered to be constant
for simplicity, ka,ozN' and kcyozN' are the anodic and cathodic reaction rate constants of
the oxygen production reaction at the nickel electrode, respectively, and xo,, Yo, and
Zo, again denote the reaction orders. In order to reduce the complexity of the
mathematical treatment, in the simple expression for the anodic branch of the
Butler-Volmer equation, which describes the oxygen evolution, it is assumed that
the surface coverage of oxygen molecules remains negligibly low and that the
concentrated KOH electrolyte behaves like an ideal solution. An expression similar
to (Eg. 4.65), but in which Ay; has been replaced by Ac4 and with different values for
the reaction rate constants, holds for the oxygen production reaction that occurs at
the cadmium electrode during the second overdischarging step. This was described
insection4.2.1.

The oxygen that has been formed at the nickel electrode during overcharging
will eventually be reduced at the cadmium electrode, as was explained in section
4.2.1. The oxygen can be transported to the cadmium electrode through the
electrolyte or through the gas phase. It is most likely that the oxygen will be
transported mainly through the free gas volume inside the battery [38], since the
solubility of oxygen in the highly concentrated KOH electrolyte solution is
relatively low, i.e. 4.10° mol/l in 8M KOH [39]. The presence of water is essential
for the recombination reaction, as can be inferred from the oxygen recombination
reaction of (Eq. 4.39). Therefore, the dissolution of oxygen in the electrolyte and its
transport to the electrode surface through the electrolyte is an important step in the
oxygen reduction reaction. The kinetics of the oxygen reduction reaction are
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described by the cathodic branch of the Butler-Volmer equation. The exchange
current of the oxygen reduction reaction that takes place at the free metallic
cadmium surface Acqduring overcharging isinferred from:

(1% = o, P (28, )% (st J o

b \aBxE b aBYR b (a8 )R (Eq. 4.66)
(aoz) 2 z(aHZO) 2 2(a.OH_) 2 /902

where the charge transfer coefficient aozR may have a different value than the charge
transfer coefficient ao, for the oxygen production reaction and the same remark
holds for the anodic and cathodic reaction rate constants ka,0,” and k;0,™" in relation
to those in (Eqg. 4.65). An expression similar to (Eq. 4.66) can be used for the
oxygen reduction at the nickel electrode during the second overdischarging step.
This reaction then competes with the cadmium reduction reaction of (Eq. 4.40) that
takes place at the surface of the exposed cadmium at the nickel electrode Acq.
Hence, the area of this cadmium should be used in the equation for the exchange
current of the oxygen reduction reaction that takes place during the second
overdischarging step.

Diffusion limitation of the oxygen reactions

For the oxygen reactions, water is assumed to be present in abundance. Therefore,
mass transport limitation can only occur as a result of depletion of either O,
molecules or OH" ions. The diffusion layer thickness is assumed to be equal for both
species and in the order of 1 um. The diffusion constant for both species is in the
order of 10™ m?/s [36],[39]. Therefore, stationary diffusion can be assumed for both
species, as discussed in the previous section. This leads to a diffusion limitation
current for OH" ions, defined by (Eq. 4.58), for which the appropriate area A; should
be used, which will depend on the electrode at which the O, reaction occurs. A
similar expression can be found for stationary diffusion of O, molecules through a
diffusion layer with a thickness do,. This diffusion occurs for the reduction reaction

of (Eq. 4.39):

. NFAD, a2
|g'2f :M (Eq. 4.67)

Yo,do,

where n=4, Do, is the diffusion coefficient of oxygen in [m?/s] and the activity
coefficient o, will again be considered to be unity. The appropriate area should be
used for A,.

(Eq. 4.58) and (Eg. 4.67) show that the diffusion limitation currents of OH"
ions and O, molecules depend on the bulk concentrations of OH™ ions and O,
respectively. As the bulk activity of OH" ions will be a lot higher than that of O,
molecules in the electrolyte due to the strong akaline electrolyte, only diffusion
limitation of O, moleculesis considered for the oxygen reactions in the NiCd model.
A difference between the oxygen bulk activity and the oxygen activity at the
electrode surface gives rise to a diffusion overpotentia 70,4 The apparent
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equilibrium potential Eozeq* can be written as the sum of the true equilibrium
potential Eq,™ of (EQ. 4.61) and 170,9, in accordance with (Eq. 4.24):

©_ o, RT 5
B TRt nozFln%H
_ o a, H+ RT intFe:
_EO + H
P [ F RS T

(Eq. 4.68)

:E32+’702

Whether or not diffusion limitation plays a role in the reaction will depend on the
value of the overpotential. This was shown in Figure 3.4, in which it was illustrated
that the electrode current levels off to the diffusion-limited current for large
overpotentials. The electrode current is however determined mainly by the reaction
kinetics at relatively low overpotentials. A mixed kinetic-diffusion-controlled
reaction takes place in the intermediate region, as considered before in section 4.2.3.
The values of the overpotentials for the oxygen reactions which take place at the
nickel and cadmium electrodes during overcharging and overdischarging differ
substantially.

Oxygen is produced at the nickel electrode during overcharging, as explained
in section 4.2.1. The reaction takes place at an electrode potential that is at least 120
mV more positive than the equilibrium potential for the oxygen reaction. This can be
understood by considering the difference between E°; of 0.52 V vs SHE and E°, of
0.40 V vs SHE. In this case it is assumed that the kinetics of the reaction can be
simply described by the anodic branch of the Butler-Volmer relationship. It is hence
assumed that the overpotential is generally not large enough for diffusion limitation
of oxygen to be alimiting factor. This means that the reaction current does not level
off to the diffusion-limited current at the usual values of the overpotential.

The oxygen reduction reaction during overcharging takes place at a very high
overpotential because the cadmium electrode potentia is very negative with respect
to E°02. Here, it is reasonable to assume that mass transport of oxygen through the
electrolyte to the free metallic cadmium surface becomes a limiting factor. Whether
the electrode current will equal the diffusion-limited current or be less will depend
on the parameter values of the oxygen reaction and the oxygen gas pressure through
the bulk activity of oxygen; see (Eq. 4.67). Therefore, as for the cadmium reaction, a
mixed Kinetic-diffusion-controlled reaction is assumed for the oxygen reduction
reaction. Hence, the reaction current for the oxygen reduction reaction is given by:

| k|n| dif

R —
|02 ——I i |2d|f (Eq. 4.69)

Again, the diffusion of oxygen can also be modelled by an RC-ladder network. This
has not been considered in the present NiCd model for simplicity.

Oxygen is produced at the cadmium electrode and reduced at the nickel
electrode during the second overdischarging step, as explained in section 4.2.1. The
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situation described for overcharging is now reversed. The oxygen evolution at the
cadmium electrode takes place at arelatively low overpotential. Therefore, only the
anodic branch of the Butler-Volmer equation is considered in the NiCd model. The
reduction reaction takes place at the cadmium surface at the nickel electrode at
relatively high overpotentials, like the oxygen reduction during overcharging. This
again leads to the use of a mixed kinetic-diffusion-controlled reaction in the model,
as described by (Eq. 4.69).

Oxygen gas pressure calculation
The relation between the oxygen gas pressure inside the battery and the molar
amount of oxygen is described by the general gas law [21]:

RT
p = o
Y

g

(Eq. 4.70)

where mo, denotes the molar amount of oxygen in the gas phase in [mol] and Vj is
the free gas volume inside the battery in [m®]. The solubility of oxygen in the highly
concentrated KOH electrolyte solution is poor, as described above. Therefore, the
contribution to Mo, of oxygen dissolved in the electrolyte is neglected [38]. The
amount of oxygen in the gas phase will depend on the difference between the
amount of oxygen produced at one electrode and the amount reduced at the other.
Therefore, the net molar amount of oxygen inside the battery can be found by
integrating the net chemical flow of oxygen inside the battery:

dm, . _
— Ni Cd R, Ni R,Cd
dt2 =Jo, +Jo, —Jo —Jo,
Ni cd R.Ni RCd (Eq. 4.71)
_lo, *lg —lo" ~ g
nozF

where the latter term is inferred from the relation between the chemical and
electrical domains, as explained in section 4.1.

425 Temperature dependence of thereactions

The temperature dependence of the reaction rate constants k; and diffusion
coefficients D; in the equations is described by the Arrhenius relation for all
reactions that take place inside the NiCd battery, which is given in a general formin
[15]:

a

-E
T) = ° — Eq. 4.72
par(T) = par® exp( RT ) (Eq )

where par(T) denotes a temperature-dependent parameter, which can be any reaction
rate constant k; or diffusion coefficient D;, par® denotes the pre-exponentia factor
and E°5 is the activation energy of par in [J/mol]. The temperature dependence of
the standard redox potentials ES of the reactionsi is given by [15],[31]:
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EP(T) = £° (208K + (T - 208K ) = o
q. 4.

= E° (298K ]) + (T - 298[K])%

where 4S denotes the entropy change associated with reactioni in [J(mol.K)]. It is
assumed that A4S is constant within the limited temperature range in which batteries
usually operate. The sign of A4S will depend on whether reaction i is endothermic or
exothermic, as explained in section 4.1.4.

426 Themode

The complete simulation model for a sealed rechargeable NiCd battery based on the
schematic representation given in Figure 4.16 is shown in Figure 4.19. This model is
based on the general principles described in section 4.1. Figure 4.19a represents the
equivalence of the electrochemical behaviour and Figure 4.19b that of the thermal
behaviour. In Figure 4.19a, the nickel electrode model is shown on the left side and
the cadmium electrode model on the right side. The electrodes are modelled by a
series resistance R that represents the electronic conductivity of the electrode
material, in series with a paralel connection of severa reaction paths and a
capacitance C* that represents the double-layer capacitance.

The electrodes are separated by a resistance R., which models the ionic
conductivity of the electrolyte and the separator. This is a simplification of the
model describing mass transport as a result of diffusion and migration in section
4.1.3 (see Figure 4.13) in which OH" ions have replaced the M™ ions, because both
ion types react at the electrode surfaces. K* ions have replaced the X™ ions, because
neither ions react at the electrode surfaces. The bulk activity of the OH™ ions in the
electrolyte is assumed to be constant and uniformly distributed, as described above.
This means that no diffusion profile is present for the OH" ions and, because of
charge neutrality, the same remark holds for the K ions. The bulk and surface
activities of the OH" ions are assumed to be the same for the nickel and oxygen
reactions, as described above. Only for the cadmium reactions is a difference
between the surface and bulk activities of the OH™ ions considered. This will be
modelled in the anti-parallel O and R diodes, as will be described below, and not by
two chemical capacitances describing the surface and bulk activities of the OH" ions,
respectively. This means that the molar amounts of the OH™ and K* ions are constant
in each of the spatial elements 1,2,..p in the network shown in Figure 4.13.
Consequently all these chemical capacitances can just as well be omitted from the
network. The resistance string for K* ions will then become floating and can also be
omitted. No current will flow through the geometric capacitances when the electrical
field is assumed to be stationary. Hence, these capacitances can also be omitted.
This means that transient effects in the electrolyte will not be considered. What
remainsis a string of resistances that describes the migration of OH™ ions from one
electrode to another. This string of resistances can be transferred to the electrical
domain and can be simply modelled by aresistance R, with a constant relatively low
value in the mQ-range. This gives rise to arelatively small voltage drop across the
electrolyte. This low voltage drop is due to the high concentration of the electrolyte.
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In section 4.3 it will be shown for a Li-ion battery model how the electrolyte can be
modelled taking into account mass transport as a result of diffusion and migration.
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Figure 4.19: Simulation model in the electrical, chemica and therma domains of a
rechargeable NiCd battery based on the schematic representation of Figure 4.16. (@)
Equivalence of electrochemical behaviour, (b) Equivalence of thermal behaviour

Three parallel reaction paths can be distinguished in the part of the model
representing the nickel electrode, which from top to bottom denote: (i) the nickel
storage reaction, (ii) the oxygen side-reaction and (iii) the cadmium side-reaction.
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Two paralel reaction paths can be distinguished in the part of the model
representing the cadmium electrode, which from top to bottom denote: (i) the
cadmium storage reaction and (ii) the oxygen side-reaction.

Two domains can be distinguished in Figure 4.19a, notably the electrical and
the chemical domain. Energy storage in the electrical domain is modelled by the
double-layer capacitances C¥, that in the chemical domain by chemical capacitances
C.', where i denotes the reacting species. The coupling between the electrical and
chemical domains is represented by ideal transformers, as described in section 4.1.
Each reaction path j is modelled as an idea transformer in series with two
antiparallel diodes D;, with one diode representing the oxidation (O) reaction and the
other the reversed reduction (R) reaction, as indicated in the figure.

Only changes in the activities of NiOOH and Ni(OH), are considered for the
nickel reaction, as discussed in section 4.2.2. Therefore, only the capacitances
Cen 9 and C,"©"2  are present in the chemical domain. The source AG°y; has
been defined in (Eq. 4.45) for an oxidation reaction. This means that this source
includes al ¢ values and hence the (£ term is omitted in the €electrochemical
potentials 4 across capacitances Cg,"°°" and C,,V"©™2. AG°\; also includes the
constant activities of water and OH" ions; see (Eq. 4.45).

The diffusion process of H* ions in the x-direction inside the electrode is
modelled by an RC-ladder network, as can be seen in Figure 4.19a. The electrode
has been divided into spatial elements as shown in Figure 4.5. A network similar to
that shown in Figure 4.8 is used, because no electrical field is present; see section
4.2.2. The capacitances on the left-hand side contain the molar amounts of the
NiOOH species in spatial elements i and the capacitances on the right-hand side
contain the molar amounts of the Ni(OH), species in spatial elements i. The top of
the RC-ladder network denotes the electrode/el ectrolyte interface at x=0, where the
actual electrochemical reaction takes place, whereas the bottom denotes the
electrode/current collector interface at x=Iy;. The diffusing H" ions can only cross
the electrode/electrolyte boundary due to the electrochemical reaction, whereas the
electrode/current collector boundary cannot be crossed. The chemical resistances
R "2 and R, V°°! are given by (Eq. 4.21c), in which the diffusion coefficient of

H* ions in the nickel electrode (Dy+) is used for both resistances. The resistances
have a value which depends on the position x (see Figure 4.8) because the value of
the resistances depends on the molar amount m of the corresponding species at
position X, according to (Eg. 4.21c).

A concentration profile of Ni(OH), and NiOOH species throughout the
electrode material leads to a change in chemical potential of both species throughout
the electrode. However, this change in chemical potential can only be measured in
electrical terms as an extra voltage drop 1° across the electrode/electrolyte interface,
as described by (Eq. 4.24). Hence, the apparent equilibrium potential Ey® for the
nickel reaction is present across the electrical port of the transformer. The current-
overpotential relation for the diodes Dy; is described by the Butler-V olmer equation,
with the exchange current 1°%; being given by (Eq. 4.46).

Only the change in the activity of oxygen is considered for the oxygen
reaction, as described in section 4.2.4. This is expressed by the capacitance Cy°2,

which contains the total molar amount of oxygen present inside the battery. The
contribution of oxygen dissolved in the electrolyte to the molar amount of oxygen is
neglected; see section 4.2.4. Therefore, capacitance CeX2 contains the molar amount

of oxygen present in the gas phase, which is directly linked to the internal oxygen
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pressure through (Eq. 4.70). The sources A\Gdo2 are defined by (Eq. 4.60). The net
chemical flow of oxygen production (see (Eq. 4.71)) is into Cy°2, whereas that of
oxygen reduction is out of Ca22. This has been redlized in the model shown in
Figure 4.19 by connecting C¢,°2 to the oxygen reaction path at both electrodes with

the signsindicated.

Only one capacitance describing the bulk molar amount of oxygen is present in
the model. Hence, no distinction is made between the surface and bulk activities of
oxygen in the chemical domain. This means that the voltage across the electrical
port of the ideal transformer is the true equilibrium potential; see (Eq. 4.61). The
diffusion overpotential /7° is taken into account in the current-voltage relation for the
anti-paralel diodes Do,. Hence, the overpotential n™ across the anti-parallel diodes

equals 7*+n°. No diffusion limitation of oxygen is to be expected for the oxygen
evolution reaction at either electrode; see section 4.2.4. Therefore, the anodic branch
of the Butler-Volmer equation is used for the oxidation diodes. Here, (Eq. 4.65) will
be used for the nickel electrode and a similar expression with different parameters
for the cadmium electrode. Diffusion limitation is to be expected in the oxygen
reduction reactions. Therefore, (Eq. 4.69) will be used to describe the current-
voltage relationship for the reduction diodes in the nickel and cadmium electrode
models, using the appropriate parameter values.

The activities of al the reacting species except OH™ can be considered to be
constant in the cadmium reaction, as mentioned above. The molar amounts of both
Cd and Cd(OH), have been modelled by a chemical capacitance in Figure 4.19 in
consistence with the rest of the model. However, it should be noted that in this case
the chemical potential across these capacitances is actually constant. Therefore,
these capacitances are actually sources with a constant chemical potential. The
molar amount of Cd and Cd(OH), can be found by integrating the chemica flow
through these sources.

No capacitance that describes the molar amount of OH™ ions is to be found in
the cadmium electrode model. The bulk activity of OH" ions has been taken into
account in source AG,; see (Eq. 4.52). The voltage across the electrical port of the
transformer is the true equilibrium potential for the cadmium reaction. Diffusion
limitation is taken into account in the current-voltage relationship for the anti-
parallel diodes D¢y, in a similar way as described for the oxygen reaction. The
current-voltage relationship is described by (Eq. 4.59) for both the oxidation and the
reduction diodes in the nickel and cadmium electrodes. The same value is used for
keg in the kinetic current 14" for both electrodes. However, the maximum surface
area Acg™ in (Eq. 4.56) is taken to be lower for the nickel electrode than for the
cadmium electrode for the dependency of Acq on the amount of cadmium, because
QCd(OH)z,Ni is much smaller than QCdmax"' QCd,Cd in Figure 4.16.

The thermal behaviour outlined in Figure 4.19b is modelled in the same way as
discussed in section 4.1.4. The contributions to the internally generated heat flow are
described by (Eq. 4.32). The calculated battery temperature is used in the model
equations to model the temperature dependence.

During current flow, the current divides itself over the available reaction paths
in each electrode. Which reactions will occur will depend on the value of the
equilibrium potential of each reaction and the rate at which each reaction can take
place. In principle, the redox reaction with the lowest value of the equilibrium
potentia will thermodynamically be more favourable than a redox reaction with a
higher value of the equilibrium potential. Applying Kirchhoff’s voltage law to two
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paralel reaction paths reveals that the thermodynamically favourable reaction has a
higher overpotential 7 across the antiparallel diodes. However, this does not
necessarily mean that this reaction will actually take place, because the reaction rate
might be too low, for example due to alow exchange current or diffusion limitation.
More information on the parameter values used in the NiCd model will be given in
section 4.4.

4.3 A simulation model of arechargeable Li-ion battery

43.1 Introduction

The genera principles described in section 4.1 will be used in this section to
construct a network model for a rechargeable Li-ion battery [40],[41]. Again, there
are many different types of Li-ion batteries. The CGR17500 Li-ion battery
developed by Panasonic will be modelled in this section. This battery consists of a
LiCoO, positive electrode and a graphite LiCg negative electrode. The electrolyte of
aLi-ion battery consists of a salt dissolved in an organic solvent; see chapter 3. The
dissolved sdlt is LiPFg in the case of the CGR17500 Li-ion battery considered in this
section, which yields Li* and PFg ions in the organic solvent. This solvent is a 1:3
mixture of ethylene carbonate (EC) and ethyl methyl carbonate (EMC). The use of
EC as aco-solvent is of mgjor importance for the performance of the Li-ion battery,
because it forms a protective layer on the graphite electrode [40]. This protective
layer is denoted as a Solid Electrolyte Interface (SEI) and it allows only Li* ions to
be transported to and from the graphite electrode. It prevents the risk of solvent
molecules entering the graphite electrode together with these ions [43]. The SEI is
electrically insulating and, when sufficiently thick, it suppresses the decomposition
of the electrolyte at the electrode surface. Besides the two electrodes and the
electrolyte solution, a separator is present inside the battery. A Positive-Temperature
Coefficient resistor (PTC) is also present inside the battery for safety reasons; see
chapter 3. The SEI will not be considered in the Li-ion model described in this
section. A PTC can be modelled by a series resistance. The CGR17500 is a
cylindrical battery, with a diameter of 17 mm and a height of 50 mm. An external
series safety switch has to be added in applications, as described in chapters 2 and 3.

The overall reaction during charging and discharging of the considered Li-ion
battery, in which x Li* ions are involved, is given by:

ch
XLiCoO,+XCg d<:> XCo0O,+xLiCq (Eq. 4.74)

Li* ions are moved back and forth between the electrodes, as expressed in (Eg.
4.74), which explains the frequently encountered term ‘rocking-chair battery’. The
Li* ions move from the LiCoO, electrode to the graphite electrode during charging.
They move in the other direction during discharging. Both electrodes are so-called
intercalation electrodes, with the Li* ions being guests that can be inserted into or
extracted from the host lattice. In an intercalation electrode, the host lattice does not
change significantly upon insertion of the guest atoms [44].

Unlike in the NiCd battery model presented in the previous section, no side-
reactions have been modelled. Side-reactions that could take place inside a Li-ion
battery include Li metal deposition and electrolyte decomposition. These side-
reactions could be responsible for aging effects leading to gradual capacity decrease
during the battery’s lifetime. So these side-reactions are important. However, they
will be left out of the model presented in this thesis, because of insufficient
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knowledge of their characteristics. Hence, in each of the electrodes only one reaction
isincluded in the model. The two electrode reactions will be described separately in
the next sections. Moreover, the behaviour of the electrolyte will be described.

43.2 ThelLiCoO, electrode reaction

Li* ions are extracted from the LiCoO, electrode during charging and inserted into it
during discharging. The extraction and insertion of Li* ions occurs through
oxidation and reduction, respectively, as described by the following basic reaction
equation for one Li* ion:

Ka pos

LiCoO, <—kc—’ CoO+Li*+e (Eq. 4.75)

pos

where Kapos @d K.pos @€ the anodic and cathodic rate constants of the LiCoO,
(pos=positive) electrode reaction, respectively. The electrode is modelled in a way
comparable with that used to model of the nickel electrode in section 4.2. The
electrode is considered to be a solid-solution electrode, with LiCoO, being the Red
species and CoO, the Ox species. The Ox species actually denotes the portion of the
electrode material from which Li* ions have been extracted. It is assumed that
LiCoO, and Co0, are the only species present in the electrode. As a result, the sum
of the mol fractions of LiCoO, and CoO; is unity. As in the NiCd model, volume
changes in the active material during charging and discharging are neglected. The
positions of the CoO, centres in the electrode lattice are fixed and the Li* ions are
transported through the electrode. Hence, the LiCoO, species can be compared with
the Ni(OH), species in the NiCd battery and the CoO, species with the NiOOH
species. The Li* ions can be compared with the H* ions in the NiCd battery. The mol
fraction of CoO, corresponds to the SoC of the Li-ion battery, because the CoO,
species is formed during charging. The mol fraction of LiCoO, equas the mol
fraction of Li* ionsinside the positive electrode, i.e. (y=1 assumed):

pos _ aLi CoO,

pos _—
X7 = X" =
Li LiCoO,
aLiCoO2 + a(:oo2

(Eq. 4.76)

In theory, the mol fraction x,;** can vary between 0, when &l the Li* ions have been
extracted, and 1, when all the lattice sites have been filled. In the latter case there are
no longer any vacancies for Li* ions. In practice, only part of this full capacity can
be used reversibly under normal operating conditions. How large this part will be
will depend on the material used for the positive electrode. For example, the
reversible range of x " isless than or equal to 0.5 in the case of the material used in
the CGR17500 Li-ion battery [18]. For the CGR17500 battery this means that the
LiCoO, electrode will only cycle between x.;** = 0.5 and x_;"* = 0.95 under normal
operating conditions. This means that the rated nominal capacity, derived from the
range 0.5< x.;"* <0.95, will be only half of the full capacity of the LiCoO, electrode
in this case. The mol fraction of the CoO, species can be derived in asimilar way as
pos

shown in (Eq. 4.76). This mol fraction equals 1- x;

Thermodynamics of the LiCoO, electrode reaction
The change in free energy AGyicoo,0 iN the oxidation reaction that occurs at the
LiCoO, electrode during charging can be found in a similar way as shown in (Eq.
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4.10). As discussed above, the LiCoO, electrode is modelled in a similar way as the
nickel electrode. The equilibrium potential of the nickel electrode can be described
by the Nernst equation; see (Eq. 4.45). However, in the case of the extraction and
insertion of Li* ions from and into an intercalation electrode, such as the LiCoO,
electrode, the electrical and elastic interaction between the intercalated Li* ions and
between Li* ions and the host atoms has to be accounted for [44],[45]. This
interaction can be described with the aid of an extra interaction energy term. The
change in free energy can be inferred from (Eqg. 4.75) asfollows:

AG,ico0,0 = Meoo, ¥ Hyw T My~ Hiicoo,
-RTU posxfio *+RT{ pos

aref

a . :
— ,,0 o o _,,0 00, 7Li* ~'LiCoO,
- 'uCOOZ +'uLi* +'ue‘ 'uLiCOOz +RT Inﬁt 2 Iref ar E
LiCoO, aCoo2 Lt (Eq. 4.77)

- RTU , X5® + RT{

=G g0, 0 + RT |nE_@E RTU o X[ + RT{
LiCoO,

where Uy denotes the dimensionless interaction energy coefficient in the LiCoO,
electrode, RTU,s is the interaction energy in [Jmol], x"* is defined in (Eq. 4.76),
and s denotes a dimensionless constant in the LiCoO, electrode, where RT (s is
an interaction energy term which does not depend on x_;**. As before, bulk activities
have been used in (Eq. 4.77) because the equilibrium condition is valid. All
reference activities 8 have been assumed the same in the last line, as in earlier
derivations, and the activity a + of Li* ions has been assumed to be the same as its
reference activity for simplicity. This has been done because the electrolyte
concentration is approximately 1M and no concentration profile is present in the
electrolyte in a state of equilibrium. As before, the activity of electrons has been
taken the same as the reference activity a.'. The following expression is then found
for the equilibrium potential of the LiCoO, electrode:

AG
EE?Coo2 - nLICIOZO =
Li
o D
— AGLICOOZ,O + RT HJnHaCOOZ B_U posxli)ios + ZposD (Eq 478)
n,F n,F H Picoo, B

- RT L [M-xpP*® O
= El_ic002 + 0 F %n@l XEOI; %U pOSxEOS +Zposg

where n;; = 1 (see (Eq. 4.75)) and the extra terms due to the interaction between the
intercalated Li* ions and between these ions and the host material are clearly
identifiable. The same expression can be derived by considering the reduction
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reaction of (EQ. 4.75). This was shown in section 4.1.2. Both activitiesin the In term
have been replaced by the corresponding mol fractions, as defined in (Eq. 4.76).

The expression for EeqLiCOOz in (Eq. 4.78) is in agreement with an expression
for the equilibrium potential for the LiCoO, electrode given in [45]. The expression
for the equilibrium potential is similar to the Nernst-like equilibrium potentials
derived in previous sections in this chapter when the interaction energy between the
intercalated Li* ionsis zero, or Upes= 0.

The equilibrium potential drops more steeply with increasing x,;** in the case
of repulsive interaction, which occurs when Ups >0. Repulsive interaction means
that if we place a Li* ion and an electron at one site in the lattice, the nearest
neighbour sites will be forbidden for the next ion that is inserted [45]. The repulsive
interaction can lead to the formation of a ‘superlattice’ inside the electrode, in which
the intercalated Li* ions are ordered at fixed distances, so that interactions are
avoided as much as possible, which means that maximum distance between nearest
neighbours is achieved [44]. One can easily imagine a repulsive electrical interaction
between ions of the same charge. If Li* ions are intercalated in layers, one can
imagine that repulsive elastic interaction will result when a Li" ion is present in layer
n, thereby leaving less space for intercalation directly above and below the ion in
layers n-1 and n+1.

The equilibrium potential will drop less steeply than with pure Nernst-like
behaviour with an increasing x** for attractive interaction, where Up.s<0. Attractive
interaction means that if we place a Li* ion and an electron at one site in the lattice,
the nearest neighbour sites will be preferred for the next insertion [45]. In an
extreme case, the equilibrium potential can become constant for a certain range of
X", Phase separation will then occur and the intercalated Li* ions will condense in
two separate phases [44],[45]. A phase is characterized by a certain lattice structure.
The energy of interaction between the phases is negligible in comparison with the
interaction energy within each phase [44]. In simple words, the Li* ions stick
together in two separate phases. Screening of the Li* ions by electrons present in the
lattice will occur, which prevents that the Li* ions show repulsive behaviour.
Therefore, attractive electrical interaction can take place. One can imagine attractive
elastic interaction in the above example in which the Li* ion was intercalated in
layer n in the lattice. As a result, more space will be created for the sites directly
next to this ion in the same layer.

When Li" ions are intercalated in a host lattice, phase transitions between
possible lattice structures may occur depending on the number of Li* ions present in
the host lattice [44]. Each possible lattice structure is characterized by a certain
amount of free energy, which will vary during intercalation. Depending on the free
energy values of each of the possible lattice structures, a first-order phase transition
will take place to the lattice structure with the smallest amount of free energy. The
two phases may exist together over a certain range of x;°* when attractive
interaction occurs. This was discussed above.

Two first-order phase transitions occur within the LiCoO, electrode at
approximately x.;"* = 0.25 and x;"* = 0.75 [46]. The phase transition at x ;"= 0.25
is not noticed during normal battery operation, because the battery is not cycled in
this region, as previously discussed. The other phase transition is noticed as a
change in the slope of the true equilibrium potential as a function of x_*. This
change in the slope of the equilibrium potential is realized in the present Li-ion
battery model by a change in the interaction energy between the intercalated Li* ions
from a value Uy in phase 1 to a value Uy in phase 2. The values of the
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dimensionless constants {jes1 and {pes2 in phases 1 and 2, respectively, are chosen so
that a smooth transition is achieved from the equilibrium potential in phase 1 to that
in phase 2. This modelling approach is similar to the one described in [45]. The two
equilibrium potentials in the different phases for the considered CGR17500 Li-ion
battery are described by:

. RT O - . 0
(Eficho2 )phasel = ELiCoOZ + nE %nEﬂ - %U pos,lei °+ Zpos,l% (Eq. 4.79)
Li

XEOS
I
for 0.75 < %7 < 0.95, and

0 RT O B XpiOS 0S O
(EI?iquO2 )phaseZ = ELiCoO2 + n|_- F %ngl XE—OI; %U pos,ZXIiJi + Zpos,ZI% (Eq 480)

for x;P* < 0.75. The equilibrium potential is found to be independent of x ;" in
phase 1, which means that this is a two-phase region and the interaction is attractive
[46]. Phase 1 and phase 2 actually co-exist in this region of x **. The slope of the
equilibrium potential is steeper than predicted by pure Nernst behaviour in phase 2.
Hence, the interaction becomes repulsive in phase 2. In order to obtain a smooth
transition of the equilibrium potential at the phase transition, the relation between
{oos1 aNd {2 1S defined as:

ZposZ = (U pos,2 - U pos,l)prr?:setransition + Zpos,l

= (U U yoe1) .75+

(Eq. 4.81)
pos,2 - pos,1

It should be noted that a smooth transition can also be obtained by assigning a
different value to the standard redox potential E°LicO02 in each of the two phases. The

terms {pos1 and {pos2 Can then of course be omitted in (Eq. 4.79) and (Eq. 4.80),
respectively [45].

Kinetics of the LiCoO, electrode reaction

The reaction kinetics of the charge-transfer reaction that takes place at the surface of
the LiCoO, electrode are described by the Butler-Volmer relationship. The exchange
current value for this reaction is determined by:

l I(_)iCoO2 = nLi FAJCOOZ (ka, pos )1_0Li(:002 (kc,pos )aucoo2 O (ECI- 4-82)

(ag o )aL|C002XL|C002 (aE'C o )(1_‘7L|<:002 )VL.Cuoz
00, iCo0,

where A;icoo, denotes the surface area of the LiCoO; electrode and X,icoo, ad Yiicoo,
the reaction orders. Again, bulk activities have been used, because an expression for
1° is dways derived under equilibrium circumstances. As asimplification, it isin the
present model assumed that the kinetics of the reaction can be described by the same
parameter values in both phases.
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Diffusion limitation of the LiCoO, electrode reaction
Diffusion of Li* ions is important in determining the rate at which the reaction of
(Eg. 4.75) occurs. Diffusion of Li* ions inside the electrode is important in
determining the reaction rate. The movement of electrons is again assumed to be
much faster than the movement of Li* ions and mass transport limitations inside the
electrode are therefore attributed to Li* ions only. Moreover, a negligible electrical
field is assumed to be present inside the electrode. Mass transport through
convection is neglected. Therefore, only mass transport due to diffusion of Li* ions
inside the electrode materia is considered. Concentration profiles of the LiCoO, and
the CoO, species arise because the Li* ions diffuse through the electrode material.
This can be modelled in the same way as described above for the nickel electrode.
Li* ions enter or are retrieved from the electrolyte in the same form, as opposed
to the situation at the nickel electrode described in section 4.2.2, where H* ions form
water molecules or are obtained from water molecules at the electrode surface. The
Li* ions are transported further in the electrolyte. Accumulation or depletion of Li*
ions can occur at the electrode surface, because Li* ions are not present in
abundance in the electrolyte, and a concentration profile can consequently be
formed. So, mass transport limitation of Li* ions in the electrolyte must be
considered. This influences the surface activity aj+ of Li* ions and hence also the
potential across the electrode/electrolyte interface. Rearrangement of the terms in
(Eq. 4.78) yields an expression for the true equilibrium potential EeqLicOoz and the

diffusion overpotential ndLicOoz, which in summation yield the apparent equilibrium
potential Ee“*ucgoz. The latter potential can be inferred from (Eq. 4.78) by using

surface activities instead of bulk activities. The activity a;+ of the Li* ions must now
be included, which was neglected in the equilibrium situation in (Eq. 4.78); see (Eq.
4.77).

The second term in the last line of (Eq. 4.83) describes the overpotential across
the electrode/el ectrolyte interface due to the mass transport of Li* ions through the
electrode material. The third term in the last line of (Eq. 4.83) expresses the effect of
aconcentration profile of Li* ionsin the electrolyte solution.
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43.3 ThelLiCg€ectrodereaction

Li* ions are inserted into the LiCy electrode during charging and extracted from it
during discharging. The insertion and extraction of Li* ions occurs through
reduction and oxidation, respectively, as described by the following basic reaction
equation for one Li* ion:
kc‘neg
Ce+ Li'+ e «——= LiCq (Eq. 4.84)
,neg
where Ky neg aNd k¢ eg @re the anodic and cathodic reaction rate constants of the LiCg
(neg=negative) electrode reaction, respectively. The electrode is modelled in the
same way as in the model of the LiCoO, electrode outlined in the previous section.
The electrode is considered to be a solid solution electrode, with LiCg being the Red
and Cg the Ox species. It is assumed that LiCg and Cg are the only species present in
the electrode and that the sum of their mol fractions is unity. The positions of the Cs
centres in the electrode host lattice are fixed and the Li* ions are transported through
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the electrode and can fill the sites intended for guest atoms. The mol fraction of LiCg
in this case corresponds to the SoC of the Li-ion battery, which equals the mol
fraction of Li* ionsinside the electrode, or (y=1assumed):

Aic,

X" = w9 —
aLic6 + ace

Li LiCs — (Eq. 4.85)

The mol fraction of the Cg species can be derived in a similar way and equals 1-
X.i"®. Unlike with the LiCoO, electrode, x ;" can be cycled from nearly zeroto 1in
the LiCs electrode, which means that the electrode can be completely filled by Li*
ions. The value of x;" will remain somewhat larger than zero after the first
charge/discharge cycle. This is because the SEI layer is formed during the first
charge/discharge cycle, as described in section 4.3.1. This means that the LiCq
electrode in the CGR17500 battery is cycled between x;"®=0.06 and x,;"® =1 under
normal operating conditions.

Thermodynamics of the LiCg €l ectrode reaction

As the LiCy electrode is an intercalation electrode, just like the LiCoO, electrode,
the interaction between the intercalated Li* ions and between these ions and the host
atoms has to be accounted for. Therefore, a similar expression holds for the change
in free energy AGyic4r Of the reduction reaction that occurs at the LiCs electrode
during charging:

AGyic, r = Huiic, ~ Mo, = My — My + RTU o X7 = RT{

ref 4 ref
EE ; a
= Ui, = M, ~ M. =+ RT In 5% % :
6 6 Li e HaCGaLi+aLiCG H (Eq 486)
+RTU X9 =RT{ neg

= AGY, x + RT i e jTU X = RT g

o [

where Uy denotes the dimensionless interaction energy coefficient in the LiCq
electrode, RTU, the interaction energy in [J/mol], x,;"® was defined by (Eq. 4.85),
and ¢y denotes a dimensionless constant in the LiCq €lectrode. Bulk activities have
been used, reference activities have been taken the same, the activity a+ of Li* ions
in the electrolyte has been assumed to be the same as the reference activity in a state
of equilibrium and the electron activity has been taken to be the same asits reference
activity, as before. This yields the following expression for the equilibrium potential
of the LiCg electrode reaction:
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_AGLiCG,R _ _AGEiCG,Red

E&. =
LiCg n _ F nLi F
0 O
RT H B_ U e X0 + e O (Eq. 4.87)

%UCG B E
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:ELiCG + F Hl E‘Unegxl_?g +Zneg|]

D 0

The same expression can be derived starting from the oxidation reaction in (Eq.
4.84). Mol fractions have been used instead of activitiesin the last line of (Eq. 4.87);
see (Eq. 4.85).

The so-called staging phenomenon occurs in the LiCg electrode [47],[48]. This
phenomenon implies that the Li* ions do not occupy all the available layers at the
beginning of the intercalation process. A number of k-1 empty layers exists between
layers in which Li* ions are present when the electrode is in the k™ stage. The phase
of the electrode is characterized by the stage or stages in which the electrode resides.
Only high stages are present when charging starts. A phase transitions will occur
each time a new stage arises. This is caused by empty layers that also start to be
filled. Four phase transitions that take place between five phases in the LiCg
electrode have been reported in the literature [47]. Two stages co-exist in most of
these five phases. The equilibrium potential is constant in these regions, as discussed
above. One stage might be present or two other stages might co-exist after a phase
transition and the equilibrium potential changes to a new value. For example, a
phase transition may occur from the co-existence of stages 2 and 3 to the co-
existence of stages 1 and 2. The magnitude of such a potential change depends
strongly on the inter- and intra-layer interaction energies [48].

A good example of a lattice-gas model for the staging phenomenon in the
graphite electrode can be found in [48]. However, only two phases and one phase
transition at x;"® =0.25 will be considered in the present Li-ion model as a
simplification. The reason is that measurements have shown that phase transitions at
other values of x;"® have only a negligible effect on the equilibrium potential
[40],[41]. The two phases have been modelled in the same way, as described for the
LiCoO, electrode. The two equilibrium potentials in the two different phases in the
considered CGR17500 Li-ion battery are described by:

X[ . 0
(El?iq(_‘,6 )Dhasel = EL'CG mnéll X E‘U neg,lXLieg + Zneg,l% (Eq 488)

for x;"® < 0.25 and



116 Chapter 4

0 RT O [-x® n O
(Efﬁca)phaSEZ = E'-ice * n,F %n@l xlr_‘_elg_ Eru”eg:le-?g +Zneg,25 (Eq. 4.89)

for x,;"¥ = 0.25. The dimensionless constants {neq.1 ad {heq2 ae defined in the same
way as for (Eqg. 4.81).

Kinetics of the LiCg electrode reaction
The reaction kinetics of the reaction that takes place at the surface of the LiCq
electrode are described by the Butler-Volmer relationship. The exchange current
value for the reaction is determined by:

I I(_)iC6 = nLi FALiC6 (ka,neg )l_am6 (kc,neg )gLIC6 D (Eq. 4.90)

(ag )aL|C6XL|C6 (aE'C )(1_‘7L|c6))’uc6
6 1Ce

where Aic, denotes the electrode surface area and X ic and Yiic, the reaction orders.

As a simplification, it is in the present model assumed that the kinetics of the
reaction can be described by the same parameter valuesin both phases.

Diffusion limitation of the LiCg €lectrode reaction

As with the LiCoO, electrode, diffusion of Li* ions both inside the electrode and in
the electrolyte plays arole in determining the rate of the reaction. An expression for
the apparent equilibrium potential Eeq*u% can be found in the same way as shown in
the derivation of (Eq. 4.83), using (Eq. 4.86) and (Eq. 4.87). This potentia is the
summation of the true equilibrium potential Eequc6 and the diffusion overpotential
due to diffusion limitation of the electrode reaction of Li* ions inside the electrode
and inside the electrolyte. For the latter diffusion, the activity of Li* ions in (Eq.
4.86) has to be taken into account. Thisis shown in the following equation.

. RT O [1-x7 0
e — o Li neg
ELic6 = ELi(:6 + n.F %nH X% %Un%XLi +Zn€g%

(Eq. 4.91)

s 4b
+ RT InEP-ESaLfG H'l- RT |nES E

Li*
n;F Eal_icaaceﬁ n;F -

Li*
RT
—_ eq d L
- ELic6 ""7Li<:6 + n F In r(lgf
Li Li*

Asin (Eqg. 4.83), the second term in the last line expresses the overpotential due to
mass transport of Li* ions inside the electrode. The last term expresses the
overpotential due to mass transport limitation of Li* ionsin the electrolyte.
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434 Theelectrolyte solution

Li* ions are formed at one electrode in the considered Li-ion battery and injected
into the electrolyte at the electrode/electrolyte interface. These Li* ions are removed
from the electrolyte at the other electrode and allowed to enter the electrode through
the electrolyte/electrode interface. The electrolyte of the considered CGR17500 Li-
ion battery consists of a LiPFg salt dissolved in an organic solvent, as discussed in
section 4.3.1. As aresult, Li* ions and PFgions co-exist in the electrolyte solution.
Both ions are transported inside the electrolyte under the influence of concentration
gradients through diffusion and under the influence of an electrical field through
migration. The influence of convection is neglected. The ionic conductivity of the
non-aqueous electrolyte used in Li-ion batteries is relatively low, as opposed to the
electrolyte in the NiCd battery considered in section 4.2. The conductivities of
typical non-aqueous electrolytes are in the range of 10° to 10 (Qcm)™?, whereas
typical conductivity values of aqueous electrolytes are in the range of 10" to 1
(Qcm)? [43]. Therefore, the eectrical field inside the electrolyte cannot be
neglected in the Li-ion model, as was done in the NiCd battery model.

The total current that flows through the electrolyte is the sum of the diffusion
and migration contributions of both ion types, as defined by (Eqg. 4.19) for the
chemical domain. The diffusion coefficient D, +* of the Li* ions in the electrolyte
should be used for the Li* ions and z;+= 1. Likewise, the diffusion coefficient of PFg

ions in the electrolyte DpF-G‘a'yt should be used for the PFs ions and zpr-, = -1. The

movement of theionsis such that the solution is electrically neutral anywhere inside
the electrolyte, except in the very thin Gouy-Chapman layers at the electrode
surfaces. Figure 4.20 illustrates the movement of ions in the electrolyte during the
charging of the Li-ion battery considered in this section.

Figure 4.20 illustrates the injection of Li* ions into the electrolyte at the
positive electrode and their extraction from the electrolyte at the negative electrode.
The injection occurs at the rate of the LiCoO, electrode reaction, as discussed in
section 4.3.2, whereas the extraction occurs at the rate of the LiCg electrode reaction;
see section 4.3.3. The PFg ions are not alowed to cross either of the
electrode/electrolyte interfaces. The net current supported by these ions can become
zero because the contributions to the total current of the PFgions by diffusion and
migration have opposite signs. In that case, a steady-state situation is reached and all
current in the electrolyte is supported by Li* ions.

The self-discharge rate of Li-ion batteries is considerably lower than that of
NiCd and NiMH batteries; see chapter 3. However, it cannot be neglected. The
origin of self-discharge in Li-ion batteries is not exactly known. It consists of a
reversible part, which implies a temporary capacity loss that can be recovered, and
an irreversible part, which is a permanent capacity loss that cannot be recovered.
The reversible part could be attributable to electronic conductivity of the electrolyte
solution, whereas the irreversible part could be attributable to electrolyte
decomposition.

In theideal case, the electrolyte solution would be a perfect electronic insulator
and current flow inside the electrolyte would be supported only by ions. However,
the electrical resistivity of the electrolyte is not infinitively large in practice. On the
basis of an average self-discharge rate of 5% per month at room temperature (see
chapter 3), a rated nominal capacity of 720 mAh and a battery voltage of 4 V, an
equivalent resistor Rey of 80 kQ is found to be present between the positive and
negative electrodes of the CGR17500 battery.
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Figure 4.20: Schematic representation of the charging of a Li-ion battery, in which Li* and
PFs ions are transported through the electrolyte by means of combined diffusion and
migration

435 Temperature dependence of thereactions

The temperature dependence according to the Arrhenius relation of (Eq. 4.72)
should be taken into account for the reaction rate constants k; and the diffusion
coefficients D;. The temperature dependence given by (Eq. 4.73) should be
considered for the standard redox potentials E°. Moreover, the temperature
dependence of self-discharge should be considered. The temperature dependencies
mentioned above have not yet been taken into account in the present Li-ion model
version.

43.6 Themode

The simulation model for a CGR17500 Li-ion battery is shown in Figure 4.21. This
model is based on the general principles given in section 4.1. No thermal network is
shown. A network similar to the one in Figure 4.19b can be easily included, as soon
as the temperature dependencies have been added to the model equations. The
LiCoO, electrode model is shown on the left-hand side in Figure 4.21 and the LiCq
electrode model on the right-hand side. The electrolyte model is shown in the middie
connecting the two electrodes. The self-discharge of the battery is modelled by R,
as described above. Thisresistor is connected between the positive electrode and the
negative electrode in the electrical domain.

The model of the CGR17500 battery shown in Figure 4.21 is built up almost
entirely in the chemical domain. The only components present in the electrical
domain are the ohmic series resistances Riicoo, and Riic, Of the electrodes and the
self-discharge resistor Rex. This has been done to clarify how the mass transport
model of Figure 4.13 has been included in a battery model. No side-reactions have
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been modelled, as stated in section 4.3.1, and hence only one reaction path is present
in each electrode.

~ Energy storage in the chemical domain is modelled by chemical capacitances
C's With i denoting the reacting species. The coupling between the electrical and
chemical domains is represented by ideal transformers, as described in section 4.1.
Both electrode reactions have been modelled in the same way. The kinetics of both
reactions have been modelled in the chemical domain. This means that the change in

free electrochemical energy AG is now present across the anti-parallel diodes Dj;

see Table 4.2. One of the anti-parallel diodes represents the oxidation reaction and
the other represents the reversed reduction reaction. This has been indicated in the
figure.
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Figure 4.21: Simulation model in the electrical and chemical domains of a CGR17500 Li-ion
battery

The species CoO,, LiCoO, and Li* ions take part in the reaction at the LiCoO,
electrode, as expressed by (Eq. 4.75), and therefore the chemical capacitances that
contain the molar amounts of these species are present in the LiCoO, electrode
model. All £ values have been omitted in the chemical potentials i across the
capacitances of the CoO, and LiCoO, species, because these values are already
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represented in source AGicoo,; See (Eq. 4.77). Moreover, the term (-Upos X"+ {pos)
has been added to the description of the capacitances of the CoO, and LiCoO,
speciesto obtain (Eq. 4.83).

The diffusion of Li* ions inside the electrode is described by an RC- ladder
network. The electrode has again been divided into p spatial elements each with a
thickness Ax. The thickness of the electrode is |.s. The capacitances on the left-hand
side contain the molar amounts of the CoO, species in the spatial elements and the
capacitances on the right-hand side contain the molar amounts of the LiCoO, species
in these elements. The top of the RC-ladder network denotes the
electrode/electrolyte interface at x=0, where the actual electrochemical reaction
takes place. The bottom denotes the electrode/current collector interface at x=lys.
The diffusing Li* ions can pass the electrode/electrolyte boundary only in the
electrochemical reaction; they cannot pass the electrode/current collector boundary.
The chemical resistances Ry -°°2 and Ry~°°2 are given by (Eq. 4.21c), with the
diffusion coefficient D,;+"* of the Li* ions in the positive electrode being used for
both resistances. Again, the value of the resistances depends on the molar amount m
of the Li* ions in the spatial elements according to (Eq. 4.21c), which equals the
molar amount of the LiCoO, species. This means that resistances Ry°°2 and
Ren©2 have the same values in each spatial element. Different spatial elements
will have different values for Ry,"°°2=Ry,"“°°2 when a diffusion profile of Li* ions
occurs. Such a diffusion profile will give rise to a diffusion overpotential ndLicOoz
across the electrode/electrolyte interface, as defined by (Eg. 4.83). The relation
between the change in free electrochemical potential AG across the diodes Dricoo,
and chemical flow Jg, is described by the Butler-Volmer equation in the chemical
domain; see (Eg. 4.12). The exchange current I°ucO02 isgiven by (Eq. 4.82).

The LiCq electrode has been modelled in the same way as the LiCoO,
electrode. The electrode has again been divided into p spatia elements for
simplicity, with the electrode thickness having been defined as |,o5. The number of
spatial elements does not have to be the same as in the positive electrode, because
the electrode thicknesses or grain sizes do not have to be the same. The diffusion
coefficient D+"® of the Li* ions in the negative electrode is used for the chemical
resistances. The exchange current for the anti-parallel diodesis given by (Eq. 4.90).

The electrolyte has been modelled in the chemical domain, as described in
section 4.1.3 and shown in Figure 4.13. The electrolyte has been divided into m
spatial elements, as shown in Figure 4.21, where the electrolyte thicknessis lgy.. The
electrolyte model comprises capacitances C,"'* and Cyy " 6, described by (Eq. 4.3),
as well as the geometric capacitances C,,° defined in Figure 4.11. The resistances
R and Ry™" 6 are described by (Eq. 4.21c), with the resistance values again

depending on the spatial element. The diffusion coefficients Dpr-,™"* and Dy+*" of
the PFgions and Li* ions in the electrolyte are used in the resistance expressions.
The resistances Ry"'" and Ry ¢ have different values in the same spatial element
when the diffusion coefficients of the ions differ. The top part of the network
describes the mass transport of the PFgions as a result of diffusion and migration,
while the bottom part describes the mass transport of the Li* ions as a result of
diffusion and migration. The Li" ions are allowed to cross the electrode/electrolyte
interfaces at both the LiCoO, electrode at x=0 and the LiCg electrode at x=|gy. This
is represented in Figure 4.21 by the connections between the capacitances Cy,-'" and
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the electrode reactions at x=0 and x=1g4,.. The PFgions are not allowed to cross these
boundaries because they do not participate in the electrochemical reactions.

The geometrical capacitances Cy,"*" denote the double-layer capacitances C*
in the chemical domain; see section 4.1.3. The chemical capacitance equals the
electrical capacitance C? divided by (nF)? as expressed by (Eq. 4.17). This is
indicated in Figure 4.21 for both electrodes. The electrostatic potentials at the
electrode/electrolyte interfaces at x=0 and x= |4y, expressed in the chemical domain,
are also indicated in the figure. A chemical electrostatic potential difference of
ﬂuF((fucOoz-CchOoz) is present across the chemical double-layer capacitance of the
positive electrode. This chemical potential difference is nuF((lfch-(/}uce) for the
negative electrode. The electrostatic potentials @i icoo, ad @iic, at the electrical
ports of the ideal transformers are present at the indicated nodes. The electrostatic
potential at the node at which the two ideal transformers are connected equals the
dectrogtatic potential ¢, ™® in the middle of the electrolyte, because the
electrolyte model is completely symmetrical. This can be easily envisioned by
splitting the battery in half. The voltage across the left-hand ideal transformer the
covers the positive electrode potential and half of the potential across the electrolyte.
The right-hand ideal transformer covers the potential across the other half of the
electrolyte and the negative electrode potential .

The direction of a charge current | garge iS indicated in the electrical domain in
Figure 4.21. The currents through the electrical ports of both ideal transformers will
always be the same because of the network’s structure. The direction of the chemical
flow Jgnarge in the chemical domain is shown for a steady-state situation. This means
that the electrostatic potentials and the diffusion profiles remain unchanged. Jeharge
then flows through the chemical capacitances of the CoO, and LiCoO, species at the
electrode/electrolyte interface at the positive electrode and the LiCg and Cg species
at the negative electrode. The molar amounts of CoO, and LiCg increase, as is
reflected by the polarity of these capacitances, whereas the molar amounts of
LiCoO, and Cg decrease. The current flows only through the chemical resistors Ry,
in the electrolyte because of the steady-state situation. No current flows through the
chemical capacitances containing the molar amount of Li* ions in the electrolyte at
the interfaces at x=0 and x= lq, because the diffusion profile of Li* ions in the
electrolyte remains unchanged in a steady-state situation.

As a further illustration of the theory presented in section 4.1, the model of
Figure 4.21 will be represented in the electrical domain only. This can be done as
described in section 4.1.2. In Figure 4.22, the network for the chemical domain has
been transferred to the electrical domain by ‘shifting’ it through the ideal
transformers. Therefore, all impedances have been multiplied by N*=1/F? as n;;=1.

Moreover, a distinction between the true equilibrium potential and the
diffusion overpotential due to diffusion of the Li* ions in the electrodes, as described
by (Eq. 4.83) and (Eqg. 4.91), will be made for both electrodes. This was illustrated
above in Figure 4.10. The results of this exercise are shown in Figure 4.23. A
capacitance describing the bulk activities of the Ox and Red species has been added
to the network in both electrodes (labelled 3 for LiCoO, electrode and 4 for LiCg
electrode). In addition, the RC-ladder networks describing the diffusion of Li* ions
inside the electrodes have been changed slightly by moving the chemical resistances
to one side of the RC-ladder network. This has been done to show that the electrical
potential inside the electrode hardly changes thanks to the good conductivity of the
electrodes. This can be inferred from the direct connection between the
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electrode/current collector interfaces at x=lps and x=ln, respectively, and the
electrode/electrolyte interfaces at x=0.

LiCoO; electrode electrolyte LiCs electrode
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Figure 4.22: Simulation model of the CGR17500 Li-ion battery in the electrical domain only.
The model is based on that shown in Figure 4.21, asindicated in the text

The networks shown in Figures 4.22 and 4.23 are identical, as can be understood by
applying Kirchhoff’s voltage law to the interface between two spatial elements in
the RC-ladder network. The circular arrows indicate this. Figure 4.23 shows that the
electrostatic potential inside the electrode is constant, which means that the same
potential is valid at x=0 and X=lps OF X=lney, and that it hence equals ¢. The
electrochemical potential may vary throughout the electrode due to concentration
gradients. The resulting diffusion overpotential can only be measured at the
electrode/electrolyte interface.

The application of Kirchhoff’s voltage law to both electrodes in Figure 4.23
illustrates that the voltage across the electrode/electrolyte interface, ¢-¢, equals the
sum of various contributions. They are the true equilibrium potential E*, the
diffusion overpotential due to diffusion of Li* ions inside the electrodes r° the
kinetic overpotential 7% across the diodes D; and the voltage across the capacitance
describing the activity of the Li* ions at the interface. This latter voltage is in
agreement with the last term in (Eq. 4.83) and (Eq. 4.91). The total battery voltage
can hence be obtained from:
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Vbat = IRLiCoo2 + |Ruc6 + ELiCoo2 + Eelyt - Euc6
= IR icoo, T IR, + ((/’l_SiCoo2 _@icOoz)
+ (¢LiC002 - (p||_ic6) - (¢’|_Sic6 - (0||_ic6 ) (Eq. 4.92)
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where Eqy is the electrostatic potential across the electrolyte.
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Figure 4.23: Alternative simulation model based on that shown in Figure 4.22 with modified
definitions of capacitances to alow a distinction to be made between the true equilibrium
potential and the diffusion overpotentia due to diffusion of Li* ions in the electrodes.
Moreover, the RC-ladder networks in both el ectrodes have been rearranged
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An expression for the overpotential due to diffusion of Li* ionsin the electrolyte can
be obtained from (Eg. 4.92):

deyt — Hy e _/”Im,Li+ — RT | Hal,Li+ H (Eq. 4.93)
;s n

n;F n;F n;F Ham,u* H

where a; i+ and a, i+ are the activities of the Li* ionsin the spatial elements 1 and m
of the electrolyte, respectively.

Until now the focus has been on the construction of electronic-network models
for rechargeable batteries in general (section 4.1) and NiCd (section 4.2) and Li-ion
batteries (this section) in particular. The parameters in these models have to be given
proper values before simulations can be performed. This will first be discussed in
the case of the NiCd model in the next section, in which simulation results will be
compared to measurement results. More simulation results with the NiCd model will
be described in section 4.5.1. The parameters of the Li-ion model described in this
section will be given in section 4.5.2, followed by a comparison between the results
of simulations and measurements.

4.4 Parameterization of the NiCd battery model

44.1 Introduction

The simulation results obtained with the battery models described in the previous
sections must of course agree as well as possible with results obtained in practice.
So the results of the simulations must be quantitatively compared with the results of
measurements performed under the same conditions. This section describes the first
results of research performed to obtain optimum quantitative agreement between the
results of simulations using the NiCd model and measurements [49].

The NiCd model described in section 4.2 is characterized by a chemical and
mathematical description of the processes involved, the structure of the simulation
model and a set of parameter values. In order to obtain close agreement between
simulated and measured battery behaviour, both the design of the model itself and
the values of the parameters should be considered. The iterative process for
optimizing the battery model to obtain close agreement between the results of
simulations and measurements is schematically outlined in Figure 4.24.

The first three parts on the left-hand side of Figure 4.24 represent the steps in
the model development outlined in previous sections. In the last two parts, the
results of simulations are obtained and compared with the results of measurements.
The quantitative agreement between the results of simulations and measurements
can be improved in several ways on the basis of the results of the comparison. This
is represented by the feedback loops shown on the right-hand side of Figure 4.24.

First of al, the chemical description can be modified, for example by adding to
the model the description of a process that was not considered before. This is
represented by the feedback loop that points at the first step in Figure 4.24.
Secondly, the mathematical description of the considered processes can be modified,
as represented by the second feedback loop. Both modifications can be said to
modify the model itself. Thirdly, the values of the parameters in the model can be
optimized, leaving the original structure of the model intact. This is represented by
the third feedback loop.
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Three approaches can be used to find parameter values for the battery model, as
indicated in Figure 4.24. In the first approach, the parameter values are obtained
from the literature, such as the number of electrons that take part in the reactions,
standard redox potentials, etc. In addition, some design-related parameters may be
obtained from battery manufacturers or data books. However, the values of some
parameters cannot be found in the literature or have been obtained under conditions
that do not hold for the batteries considered here. In that case, the second approach
may be useful.

Define chemical A
description of -
battery processes Modify chemical description

Y

Find mathematical
description of -
considered processes Modify mathematical description

Y

Translate processes
into equivalent
network model {

/

Y

Simulate -

Model modification

-~}

— -

Modify parameter values using:
1. Literature
+ 2. Parameter measurements
3. Mathematical strategy; see section 4.4.2

Compare the results
of simulations with
measurements ]

Parameter optimization

Figure 4.24: Set-up of the modelling strategy and iterative process of parameter optimization
and model modification aimed at improving the quantitative agreement between the results of
simulations and measurements

The parameter values are found by means of measurements in the second approach.
It should be noted that most measurements of battery parameters, such as exchange
currents and diffusion coefficients, take a considerable amount of time, because the
parameters have to be obtained from a series of voltage and current measurements,
which have to be performed on the separate electrodes. Some parameter values will
be difficult to obtain even by means of measurements.

A third approach will often have to be used, because not all battery model
parameters can be found viathe first two approaches. This third approach will be the
main focus of this section. It involves the application of a mathematical strategy,
based on the comparison of battery curves obtained from simulations and
measurements. In principle, the entire set of battery model parameters can be
obtained using this strategy. However, the complexity of the approach increases
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with the number of parameters to be obtained, so this number should not be too
high. The strategy will be explained in more detail in section 4.4.2.

Most parameter values in a battery will show a certain spread in practice. This
means that whichever of the three above-mentioned approaches is applied, a set of
parameter values obtained for a certain battery will not necessarily hold for all
batteries of that type. An optimized parameter set will be derived for a single battery
in this section.

The results obtained from applying the strategy of section 4.4.2 will be
described in section 4.4.3. The results of the simulations obtained with the optimized
battery model will be compared with results obtained in measurements in a charging
experiment using a single charge current, after which the optimized parameter
values will be listed and discussed. The applied mathematical optimization strategy
will aso be discussed. The quantitative agreement between the results of simulations
using the optimized battery model and the results of measurements at various charge
currents will be discussed in section 4.4.4. A change in the model based on these
results will be suggested in the form of a modified mathematical description, as
indicated in Figure 4.24. Finaly, in section 4.4.5, the strategy of section 4.4.2 will
again be applied at various charge currents using a modified model.

4.4.2 Mathematical parameter optimization

The battery model can be regarded as a black box in the mathematical strategy
described in this section. This interpretation of the battery model is shown in Figure
4.25.

Parameters

Input variables Output variables

Battery model

black box

Figure 4.25: Black box interpretation of the battery model

The black box processes a number of input variables and yields a number of output
variables. Parameters determine the relationship between the input and output
variables. The strategy comprises three main parts, notably (i) defining an
admissible parameter space, (ii) identifying a suitable sub-region within this
admissible parameter space and (iii) finding the optimum parameter set within the
resulting reduced parameter space. Although the battery model is primarily regarded
as a black box, knowledge of battery behaviour will be used in the strategy.
Examples can be found in the explanation of the three main parts of the strategy
below.

The strategy was used in simulated and measured charging experiments
involving the NiCd model and a Panasonic P6OAA NiCd rechargeable battery,
respectively. The design of the NiCd model was based on that of the type of NiCd
battery used in the measurements, as described in section 4.2. In the charging
experiment, the battery model and the real battery were charged at a 1 C charge rate
for two hours at 25°C; see chapter 3 for the definition of C-rate. The simulations
were performed using the electronic-circuit simulator PSTAR", developed at Royal
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Philips Electronics N.V. The pressure inside the battery was measured during the
experiments with a pressure transducer (Transamerica Instruments, type no. 4702-
10) mounted in a hole drilled in the bottom of the battery casing. The battery
temperature was measured with a Pt-100 thermocouple placed on the bare metal on
the long side of the AA-size casing. More information on the three parts of the
strategy is given below.

(i). Defining an admissible parameter space

The input and output variables and the parameters to be taken into account are
identified in the first part of the strategy. The input variables include the current
(Ieharge) that flows into the battery and the ambient temperature (Taw). The output
variables include the battery voltage (V), temperature (T) and internal oxygen gas
pressure (P), and the derivatives of these variables. The derivatives are included
because the V, P and T profiles show clear curvatures during overcharging. The
inclusion of derivatives in the output variables makes it easier to compare the results
of simulations with those of measurements. Another reason for including the
derivatives in the output variables is to minimize the number of extreme results
obtained in the simulations in the next two steps of the strategy.

As mentioned above, the number of parameters considered should not be too
large. Therefore, the parameters with fixed values, such as the number of electrons
that take part in areaction, or with only alimited influence on the output variablesin
the considered experiment are to be kept constant. They do not participate in the
optimization process. The influence of the parameters on the output variables was
determined in a sengitivity analysis. In addition, knowledge of battery behaviour was
used and, for example, parameters with no or only a negligible influence on the
charging behaviour were omitted. A certain range is defined for each parameter
considered on the basis of the assumed possible spread in each parameter’s value. 34
parameters were selected as variables in the present optimization process, yielding a
34-dimensional parameter space. Within this parameter space, 340 parameter sets
were generated by randomly but uniformly spreading the values for each of the 34
parameters throughout the specified range. This was done using the Latin Hypercube
method [50], which was improved by further spreading the points in the parameter
space with the aid of a simple dedicated software tool to minimize differences in the
distances between the neighbouring points.

The admissible parameter space was defined in a charging simulation for each
parameter set, as described above. The simulated V, P and T curves were visually
inspected and those parameter sets that yielded highly unrealistic results were
discarded. Roughly 10% of the original number of parameter sets were discarded
because of this reason. This is another example of using battery knowledge in the
mathematical process. The model behaviour thus obtained for parameter sets within
the admissible parameter space was already in fair agreement with the actual
battery’s behaviour.

(ii). Identifying a suitable sub-region / reducing the parameter space
In the second step, the simulated output variables of the battery model were
compared with the corresponding measured variables of the real battery. This was
done for each parameter set within the admissible parameter space defined in the
first step. The basic principle of the second step is illustrated in Figure 4.26.

Figure 4.26 illustrates that each simulated and corresponding measured output
variable, Var;, was compared using a cost function, CF;, given by:
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CF = i\/\/lj 6/ari,sim,j _Vari,meas,i)2 (Eq. 4.94)
E

where i ranges from 1 to 6, because six output variables are being considered. The
factor Wi ; denotes the normalizing and weighing factor for the output variable Var;.

Simulations Measurements
1. Perform simulation 2. Compare output
for each parameter variables for each
set in admissible = simulation with
parameter space measured output
variables

Par; Pary Parg,
Input :
variables

Output variables | Output variables Input

vari sim, i = 1...6 Vari meas, 1 = 1...6 variables
1

CF Vary meas
|charge 1 Var2 meas |charge
CF, [———=—=— [—————
Vars meas
Battery model Chs ar
CF4 4,meas
Vars meas Tamb
CF5 [ :
CFG - Var6,mea5
Var; =V A
Var, = dVv/dt 3. Find sub-region in admissible
Varg =T parameter space where all CF;
Var, = dT/dt have minimum values by limiting
Varg = P the original ranges of the parameter
Varg = dP/dt Par;...Parz, (see Figure 4.27)

Figure 4.26: Schematic representation of the second step in the optimization process

As can be seen in (Eq. 4.94), the cost function is a simple Least-Square Error (LSE)
function that is weighed and normalized for each of the six output variables. The
index j increases from 1 at the beginning of the charging curves to N at the end of
the charging curve. N was chosen to be 7200 and the points at which the
comparisons were made were each spaced 1 second apart. The use of a quadratic
cost function is important, because positive and negative differences are weighed
equally.

The output variables need to be normalized because of the large differences in
the absolute values of the six output variables. The cost functions need to be of the
same order of magnitude when the cost functions CF; are combined into a single
cost function in step (iii) below. The variables were normalized by dividing the
squared difference between the simulated and the measured values, shown in (EQ.
4.94), by the sguared difference between the simulated value and the average
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measured value. The average measured value is a single value that represents the
average of al the values measured along the entire curve.

The values were weighed so as to be able to concentrate on certain parts of the
curves. In the case of battery charging curves, the most pronounced behaviour in
terms of V, P and T occurs after one hour of charging. Therefore, we focussed our
attention on the points in the overcharging region in the case of each output variable
Var; by increasing the weight factor towards the end of the curve for each output
variable. This is yet another example of the use of battery knowledge in the
mathematical strategy. A consegquence of this, however, is that the battery behaviour
at the beginning of the charging will not be optimized to the same extent as the
behaviour during overcharging.

The ranges of the 34 parameters Par..Parz, were further reduced on the basis
of the comparison of the results of simulations and measurements for al parameter
sets in the admissible parameter space. This was done to reduce the size of the
original parameter space. The new ranges were chosen so as to minimize the cost
functions CF; in the new sub-region. The results of the simulations thus obtained for
the parameter sets in the new sub-region were consequently aready quite close to
the measurements. This close agreement was achieved for al six defined output
variables, as all cost functions CF; already have minimum values in this reduced
parameter space.

The basic principle of the reduction of the range of parameters Pary, k=1..34, is
schematically represented in Figure 4.27. Six cost functions, CF;, were calculated
for each parameter set. Supposing that there are M parameter sets, then in the end M
values of CF; are available, M values of CF,, etc. The values of CF; can then be
ranked, as can the values of CF,, etc. For each cost function, the parameter sets that
yield the lowest values for CF; can then be identified. This information can be used
for the actual reduction of the ranges of the 34 parameters. In the situation
illustrated, the five best parameter sets were selected for each cost function. The
values of parameter Pary in these parameter sets are shown along the horizontal lines
at the bottom of Figure 4.27. Note that the five best parameter sets of different cost
functions are not necessarily the same. This can be inferred from the fact that there
is no vertical line with six dots on it. The new range is defined as the region in
which the greatest number of parameter values for Pary are to be found, as shown in
the figure. Parameter values within the new range will now yield minimum values
for al six cost functions, CF;. The new range was obtained by considering the
uniform distribution of Par, within its original range.

(iii). Finding the optimum parameter set within the reduced parameter space

In the third step of the strategy, the optimum parameter set is found within the
reduced parameter space defined in the previous step. This is done via a standard
minimization of a cost function by means of the commonly used simplex method.
The cost function comprises the cost functions for the individual output variables as
follows:

6
Cost function = Z CF, (Eq. 4.95)
1=1

In our experiments, we performed the third step with the Optimize” optimization
software developed by Royal Philips Electronics N.V. Starting from a parameter set
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in the reduced parameter space obtained in the previous step, the software minimizes
the cost function in (Eq. 4.95) by performing many simulations involving different
parameter sets in an iterative process. The software stops when the cost function
changes remain within a certain preset window. Note that all six output variables are
considered simultaneously in this step.

Results of comparisons of the output variables of
simulations and measurements for each parameter set
in admissable parameter space (see Figure 4.26):

Par. set | Cost functions for each parameter set:

1 CF11|CFp1|CF31|CFs1|CF51|CFg1
2 CF12|CFyo|CF3, | CFyp | CF5, | CFg o

M CF1.m| CFom| CFam| CFam| CFsm| CFsm

Ranking cost functions for each output variable separately:

Ranked cost functions
(Lowest values at the top of the table)

CF, CFg B
Low: CF1’38 CF6,55

CF1 245 CFs,100

CF CF,

1,136 6,13 M rows

CFi15 CFs 210

CF178 CFs,101
High: CF1314 CFg28

{

Values of Pary in the five parameter sets yielding the five lowest
values of the cost functions CF;

Mingiqg + MaXojqg
Cost
functions:

CF, e oo o e -a— Example: Values of Par,

CF, LR B in the parameter sets

CF3 9—‘ 38,245,136,15 and 78

CF, ' o0 e '

CFs e e ]

CFg -a— Example: Values of Pary

in the parameter sets
New range 55, 100,13, 210 and 101
Minnew MaXpew

Original range

Figure 4.27: Simplified schematic representation of the definition of a new range for
parameter Pary. In the last step shown at the bottom, the values of Pary in five parameter sets
that yield the five lowest values of cost function CF; are shown on each horizontal line
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443 Resultsand discussion

Comparison of theresults of simulations with the results of measurements

The final results obtained with the mathematical strategy described in the previous
section are shown for the simulated and measured V, P and T curves in Figure 4.28,
Figure 4.29, and Figure 4.30, respectively. These figures all show the measured
curves, labelled meas, plus the curves obtained in the simulation in which the
optimum parameter set obtained with the strategy described in the previous section
was used. The latter curves have been labelled opt. The curves that were obtained in
the simulation using theinitial parameter set are aso shown. These curves have been
labelled start. These parameter values can also be found in [26], [27] and [28].

1.6

V[V] ——>

T
0.0 0.5 1.0 15 2.0
t [hours] —>

Figure 4.28: Simulated (Vgart [V] and Vo [V]) and measured (Viess [V]) battery voltage
versus time (t [hours]) for charging a NiCd P60AA Panasonic battery at a1 C rate for 2 hours
at 25°C ambient temperature. The battery model developed in section 4.2 was used in the
simulations. In addition to the quantitatively optimized simulated voltage (Vo). the voltage
curve at the time when the mathematical strategy was first applied using the parameter set
found in [26]-[28] is a so shown (Vgar)

Figure 4.28 shows that the results obtained in mathematical optimization represent a
significant improvement over the Vg, curve. For charging times larger than roughly
one minute, the maximum difference between the optimized simulated voltage curve
Vot @d the measured voltage curve Vs is only 18 mV, which amountsto 1.4 % in
the case of a nominal battery voltage of 1.25 V. The difference between the results
of simulations and those of measurements seems reasonable, because the measured
curve, Vs, Will show a certain spread in practice. There are severa reasons for
this. First of all, the measurement accuracy is finite. In this case, allowance must be
made for a voltage measurement resolution of 1 mV. This means that the difference
observable in Figure 4.28 is greater than can be explained by measurement accuracy
only. Secondly, the battery voltage measured during the charging of several NiCd
batteries of the same type will display a certain spread. Unfortunately, no reliable
statistical data is available on this spread. Therefore, it is at present not known
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whether the difference between Vines and Vo, observable in Figure 4.28 is within the
spread of battery behaviour in practice.

4.0

3.0

20 7] Pmeas
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0.0 T T T
0.0 0.5 1.0 1.5 2.0
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Figure 4.29: Simulated (Pgar [10° Pa] and Pgy [10° Pa]) and measured (Ppeas [10° Pal)
internal oxygen gas pressure versustime (t [hours]). See Figure 4.28 for conditions

The simulated and measured battery voltage curves Vo, and Viess are more or less
identical in shape, except for the parts representing the first 20 minutes. First of al,
it should be noted that weighing has been applied, which may have led to greater
discrepancies between the results of simulations and measurements at the beginning
of charging. This can be seen especialy in the first few minutes. This difference
may also be attributable to processes occurring in the measured battery for which no
allowance has been made in the model. A possible example of such a process is
hysteresis of the battery’s equilibrium potential. Measurements have shown that the
equilibrium potential of a NiCd battery depends on whether it is determined after the
battery has been charged or discharged [30]. In the latter case, the equilibrium
potential is lower than in the former case. As the battery was charged after a
discharging step in the measurements, its equilibrium potential will have changed
from a low value during the discharging to a higher value during the charging. This
could explain the differences between the simulated and measured voltage curves at
the beginning of the charging, because the battery model does not allow for any
occurrence of hysteresis yet. When we take a closer look at this difference we see
that the optimized curve obtained with the model is indeed higher than the measured
curve. No appropriate mathematical description of the hysteresis of the equilibrium
potential is as yet available. Further research will have to be carried out to check
whether the inclusion of hysteresis in the model will improve the quantitative
agreement between the results of the simulations and the measurements. Note that
this is an example of model modification, as shown in Figure 4.24.

Figure 4.29 shows that the Py curve represents a considerable improvement
over the Pgu¢ curve. The difference between the end values of the simulated
optimized curve Pgy and the measured curve Ppes is 18 kPa or 0.18 bar. This
difference amounts to 9 % of the measured end value of 200 kPa. As with the
voltage curves, the two potential causes of spread in the measured curve have to be
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taken into account. A resolution of 1 kPa holds for the measurement accuracy, so the
difference observable in Figure 4.29 cannot be explained by measurement accuracy
only.

60.0
Tstart
=
T 40.0 o
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0.0 T T T
0.0 0.5 1.0 1.5 2.0
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Figure 4.30: Simulated (Tgar [°C] and Toy [°C]) and measured (Tpeas [°C]) battery
temperature versus time (t [hours]). See Figure 4.28 for conditions

The difference between the optimized and measured pressure curves Poy and Prgss
during overcharging suggests that the equilibrium between oxygen production and
recombination was reached at different oxygen pressures in the simulations and the
measurements. Many parameters have to be considered in calculating a battery’s
behaviour in terms of oxygen production and recombination. It therefore seems
reasonable to assume that the observed difference is partly attributable to incorrect
parameter values. The Pres and Py curves are identical in shape and the point at
which the oxygen pressure starts to rise is the same in both curves. Moreover, the
shape of the simulated Pgy curve is much better than that of the Py, curve during
overcharging. Nevertheless, the discrepancy observable between the results of the
simulations and the measurements prompted further research into the kinetics of the
oxygen reactions taking place inside the battery [30].

Another improvement is observable between the simulated Tgar and Toy CUrves
shown in Figure 4.30. However, the difference between the Tqy and Treas curves still
amounted to 7°C at the end of the charging. This difference cannot be explained by
the accuracy of the measurements which is within 0.1°C. The present one-
dimensional model for the thermal battery behaviour is probably far too simple. The
battery temperature is assumed to be homogeneously distributed throughout the
entire battery in the present model. The thermal model involves only one heat
capacitance and one heat resistance to the outside world; see Figures 4.15 and 4.19.
Taking the parameters for heat capacitance and heat resistance into account in the
optimization process did not lead to further improvements. Further research is
needed to investigate the influence of using distributed networks on the quantitative
agreement between simulated and measured temperatures. For such a network, the
battery must be divided into several parts and each part must be able to have its own
temperature and will have to be modelled separately. It will then be possible to
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consider temperature gradients inside the battery, too. The difference between the
simulated and measured battery temperatures will also be partly responsible for the
observed differences between Vo, and Vies and between Pyy and Press, because V
and P are temperature-dependent both in the model and in practice.

Discussion of the parameter values

The parameter values of the NiCd model are summarized in Tables 4.3 and 4.4.
Some of the battery parameters shown in these tables were inferred from orthogonal
model parameters. Parameters are orthogonal when they can be varied
independently, which means that a variation in one parameter does not lead to a
change in another parameter. The battery parameters have been listed so that they
can be understood and compared with measured values more easily. An example is
the double-layer capacitance of the two electrodes given in Table 4.4. The values of
these double-layer capacitances have actually been calculated using the following
simple equation from the mode!:

cd :C;" A (Eqg. 4.96)

whertg C,Y denotes the capacitance per areain [F/m? and A the area of the electrode
in[m].

Table 4.3 lists the parameters that were not varied in the optimization process.
The values were obtained from the literature and from the supplier of the PEGOAA
NiCd battery. They include design-related and electrochemical parameters. As a
reference to earlier sections, the fourth column lists the equations or figuresin which
the parameters were used. There where parameters have been used in more than one
equation, the first equation in which they were used is referred to in the tables. The
appropriate section number is given there where a parameter was only mentioned in
the text. The parameter values given in Table 4.3 remained unchanged throughout
the simulations and therefore hold for both the start and the opt curves shown in
Figures 4.28, 4.29 and 4.30.

Table 4.4 shows the parameters considered in the application of the strategy
described in the previous section. For example, the double-layer capacitances C*
have been inferred from (Eq. 4.96). In the optimization process, the value of C,”
remained fixed at 0.2 F/m* for both electrodes [27], whereas the areas A were varied
separately for each electrode. Consequently, the ratios of the starting values and the
optimized values are the same for A and C* for each of the two electrodes. All the
parameters were orthogonal in the actual parameter sets used in the application of
the strategy.

The parameters given in Table 4.4 have again been split up into design-related
and electrochemical parameters. The second column shows the starting values.
These values are in accordance with those presented in previous publications on the
NiCd model [26]-[28] and were used for al the curves labelled start in Figures 4.28,
4.29 and 4.30. The third column shows the optimized parameter values used for all
the curves labelled opt in Figures 4.28, 4.29 and 4.30. For validation purposes, the
avalable measured values have been included in the fourth column. These
measurements were obtained with an 80AAS NiCd battery, which differs from the
type of battery considered in this thesis, but is based on the same battery system
[30]. However, the indicated values serve merely to place the optimized parameter
values in a realistic perspective. Finally, the sixth column lists the equations or
figures in which the parameters have been used, using the same procedure as for
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Table 4.3. It should be noted that al temperature-dependent parameters, which are
al Df, E’, and | parameters, are specified at 25°C. The temperature dependence of
these parameters is determined by the corresponding value of the activation energy
E* All 1P values are specified at 50% SoC, while all 1, values are specified at the

reference pressure of 10° Pa=1 bar.

Table 4.3: Fixed parameter values for the NiCd model described in section 4.2 which were
not considered in the parameter optimization process

Parameter | Value | unit | Reference
Design-related parameters
Aoat 2.710° m’ (Eq. 4.34)
CyP2 14 JK Figure 4.15
Qcd, Max 5000 C Figure 4.16
QCd(OH)z,Ni 1000 C Fi gure 4.16
Qcd, cd 800 C Figure 4.16
Ry 14 K/W (Eq. 4.34)
Rui 2 mQ Figure 4.19
Req 2 mQ Figure 4.19
Electrochemical parameters
(e’ 1010 A Section 4.2.4
(|O CdR 1.010° A (Eq. 4.66)
Mca 112.4 g/mol (Eq. 4.54)
Ny 1 - (Eq. 4.45)
Ned 2 - (Eq. 4.52)
No, 4 - (Eq. 4.61)
Peg 8.6:10° gm’ (Eq. 4.54)

Different exchange currents have been used in Tables 4.3 and 4.4 for oxygen
evolution and recombination occurring at the two electrodes, (|°02)CdR and (I"OZ)CdO in
Table 4.3 and (1%)n and (1) in Table 4.4; see Figure 4.16. This was explained in
section 4.2.4. In Table 4.3, the two exchange currents have been given the same
value, which remained constant in the simulations [27], whereas they have different
valuesin the starting and optimized parameter set given in Table 4.4 [27].

Not wishing to draw final conclusions from the optimized parameter values,
we would nevertheless like to make some general remarks. First of all, good
agreement with the measured parameter values is observable in the case of
parameters B2y, E""DO2 , E%q, E%i» 1%, 4Scq and A4Sy, in other words, seven of the

eleven compared parameter values. The difference of a factor of two observed for an
exchange current such as 1% is not that great, especially when the range of two
orders of magnitude used for this parameter in the optimization strategy is
considered. The optimized values of parameters E%;, EaDo2 and |1°; are particularly

close to the measured values given in Table 4.4, whereas the starting values differ
substantially from the optimized and measured values. This inspires great
confidence in the quality of the model and the approach that was used to find the
optimized parameter values.
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Table 4.4: The parameters of the NiCd model described in section 4.2 which were considered
in the parameter optimization process. Values presented in previous publications [26]-[28]
and the values obtained using a 80AAS NiCd battery [30] have been included to enable
comparison

Parameter | Valuein [26], Valuein M easured Unit Reference
an optimiz value
[27] and [28] imized al

parameter set

Design-related parameters
Ay 118 109 m? (Eq. 4.46)
Acq 23.3 32 m? (Eq. 4.53)
Cn® 2.4 2.2 F Figure 4.19
Ced® 47 6.4 F Figure 4.19
Qni, Max 3060 3724 c Figure 4.16
Re 10 9.1 mQ Figure 4.19
|Ni 5_5.10—6 58.3'10_6 m Fi gure 417
Ve 1510° 1.710° m’ (Eq. 4.70)

Electrochemical parameters
Lo 8.010° 6.8'10° mol/m® (Eq. 4.46)
do, 30107 54107 m (Eq. 4.67)
don- 1.010° 1.310° m (Eq. 4.58)
D°*1H+ 5.0-10°%4 169.9-10°4 m¥/s Section 4.2.6
D%+, - 80.8-10°1 m?/s Section 4.2.6
seenote 1

, 5010 9.610% mls (Eq. 4.67)
D%k 501010 4,010 m’/s (Eg. 4.58)
Ecq 40.0-10° 50.9-10° 36.210° | Jmol (Eq.4.72)
Ey 40.010° 24.810° 24310° | Jmol (Eq. 4.72)
anz 40_0.103 76.8'103 Jmol (Eq. 4.72)
Epy+ 9.6:10° 17.810° Jmol (Eq. 4.72)
E%o, 14.010° 9.2110° 9410° | Imol (Eq.472)
Eo 14.0-10° 8.7-10° Jmol (Eq.4.72)
E°q -0.81 -0.83 -0.81 V vs SHE (Eq. 4.52)
E% 0.52 0.53 0.55 V vs SHE (Eq. 4.45)
E%, 0.40 0.40 V vs SHE (Eq. 4.61)
e 2.310° 27.2:10° 0.52 A (Eq. 453)
n 36.0 0.82 0.33 A (Eq. 4.46)
(" 117.6:10° 1.810° 22102« | A (Eq. 4.65)
note 2
((RNIV 051073 18.810% A Section 4.2.4
Ocq 05 0.55 - (Eq. 4.53)
ay 0.5 0.39 - (Eq. 4.46)
o, 05 0.23 o.ost, i - (Eq. 4.65)
see note

ASq, senote3 | -204 -161.9 -191 J(mol .K) (Eq. 4.73)
ASy, senotes | 130.3 115.9 127.4 J(mol.K) (Eq. 4.73)
4, wenate | 649.0 702.7 J(mol.K) (Eq. 4.73)
4

Note 1: During the curve-fitting process, the diffusion coefficient D%+ was made dependent on the local
mol fraction of H* ions (Xy+) in the nickel electrode. The local value of xy+ inferred from capacitance Ci
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was used for each spatial element i in the RC-ladder network. The following dependence of D%+ on X+
was used [35]:

D2
D:* = D:} E%(H* + : [ﬁl_XH*)g

0l O
O D,;- O

Note 2: These values hold for sufficiently large current and overpotential values

Note 3: The sign holds for a reduction reaction, so during charging for the cadmium reaction at the
cadmium electrode [31]

Note 4: The sign holds for an oxidation reaction, so during charging for the nickel reaction and the
oxygen-production reaction at the nickel electrode [31]

Secondly, the parameters |°c and E?q differ significantly from the measured values.
A possible reason for thisis the fact that in the first step the range of 1°c4 was chosen
such as to ensure that the overpotential of the cadmium reaction would be relatively
small, or in the order of 1 mV. This means that it was assumed that the kinetics of
the cadmium reaction are much faster than those of the nickel reaction. This small
cadmium reaction overpotential, and hence the parameters affecting its value, had of
course little influence on the overall battery voltage. This made it more difficult to
find correct values for these parameters, as they do not influence the battery voltage
curve to any great extent. It seems reasonable to assume that this is the reason why
the optimization program failed to find an exact value for E%-. The measured value
of 1%y shows that the assumption that the kinetics at the cadmium electrode are
much faster than those at the nickel electrode is not correct in the case of the 80AAS
NiCd battery. The measured value of the parameter |1° is not even within the range
chosen for 1°c4 in the simulations. Therefore, further research will have to be done
into the parameter values of the cadmium reaction of the P60AA type of battery
considered here.

Thirdly, a mgjor difference between the optimized and measured values was
observed in the case of parameters (I"OZ)NiO and ao,. Ascan be seenin Table 4.4, the
optimized value obtained for (I°02)Ni° is lower than the measured value, whereas the
optimized value of ao, is higher than the measured vaue. These two parameter

values determine the amount of oxygen that is produced at the nickel electrode
during overcharging. We used the anodic branch of the Butler-Volmer equation to
express the production of oxygen at the nickel electrode during charging, which is
repeated here for reference:

(o, nFn, O
lo, = 15, eXpDMD (Eq. 4.97)
O RT O

As can be inferred from (Eq. 4.97), a high vaue of 1°, in combination with a low
value of ao, will mathematically yield the same value for 1, as alow value of 1%, in
combination with a high value of ao, at the same overpotential 770, and at a constant
temperature T. Using the values given in Table 4.4, the combination of the
optimized values of I°02 and ao, and the combination of measured values yield

values for 7o, of 378 mV and 377 mV, respectively, at the considered charge rate of
1 C and at a temperature of 318 K, which is the average temperature in the
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overcharge region. Although the discrepancy between the measured and optimized
parameters for the oxygen evolution at the nickel electrode can be explained by
basic mathematics, this discrepancy prompted a more detailed study of the kinetics
of the evolution of oxygen at the nickel electrode. More information will be givenin
the next section.

Discussion of the mathematical optimization strategy

Some remarks can be made on the applied mathematical strategy. First of al, the
low weight of the cost function at the start of the charging may have led to the
observed discrepancy between the simulation and measurement results. Further
research into the possibility of improving the quantitative agreement at the start of
the charging should shed more light on this matter. Including the occurrence of
hysteresis in the description of the equilibrium potential, as described above, could
also help if it should prove impossible to improve the agreement by means of
mathematical optimization only.

The mathematical parameter improvement method proved to be a good means
for focusing on certain parts of the model in which improvement is till needed. This
has sparked research in certain specific directions, such as the investigation of the
kinetics of the oxygen evolution reaction at the nickel electrode described above. So
al in all, the method has not only led to a significant improvement in agreement
between the results of simulations and measurements, but has also prompted further
research aimed at improving the model.

Although the model can primarily be regarded as a black box for mathematical
parameter improvement, as shown in Figure 4.25, (electro)chemical and battery
knowledge was used in several steps in the process. Using this knowledge is crucia
to prevent unrealistic results as much as possible. Moreover, several iterations were
performed to obtain the final results presented in this section. This means that some
guidance of the process is still needed. However, the mathematical parameter
optimization method can be readily applied to battery systems other than NiCd
systems.

The results presented in this section were obtained in a charging experiment
using one charge current only. In the next section, the quantitative agreement
between the results of simulations and measurements will first be investigated in the
case of the optimized parameter set given in Table 4.4 under various charging
conditions.

444  Quality of the parameter set presented in section 4.4.3 under different
charging conditions
Charging simulations have been performed at different currents in order to
investigate the quality of the model simulations using the optimized parameter set
presented in the previous section. The simulation results were compared with
measurements obtained at the same charge current. Figures 4.31 and 4.32 show the
simulated and measured V, P and T curves obtained after charging at a 0.1 C charge
rate at a 25°C ambient temperature. Figures 4.33 and 4.34 show sSimilar curves
obtained at a 2 C charge rate at 25°C ambient temperature. In both cases, a 100%
overcharge was applied, as in the case of the 1 C curves presented in the previous
section. As can be inferred from the figures showing the curves obtained at these
charge currents, the quantitative fit between the simulated and measured curves is
worse than that obtained for the charge rate of 1 C applied in the optimization
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process. Some remarks will be made on both cases below, concentrating on the most
prominent differences between the measurements and the simulation results.
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Figure 4.31: Simulated (Vo [V]) and measured (Vimess [V]) battery voltage plotted along the
left y-axis and simulated (Poy [10° Pa]) and measured (Ppess [10° Pa]) internal oxygen
pressure plotted along the right y-axis versus time (t [hours]) obtained in charging a NiCd
battery at 0.1 C at 25°C ambient temperature using the NiCd model described in section 4.2 in
the simulations using the optimized parameter values given in the third column of Table 4.4

The simulated battery voltage during overcharging is higher than the measured
voltage in Figure 4.31. The measured oxygen pressure started to rise early in the
charging process aready. In the simulation however, the oxygen pressure increased
quite abruptly after around 13.5 hours. The pressure levelled off to a steady-state
value of 21 kPa after approximately 15.5 hours. Figure 4.32 shows that the shapes of
the simulated and measured temperature curves are similar. However, the simulated
temperature at the end of the charging is somewhat higher than the measured
temperature, which was a so the case in Figure 4.30.

The shape of the simulated battery voltage curve differs significantly from that
of the measured battery voltage curve obtained in the 2 C charging experiment in
Figures 4.33 and 4.34. The main difference concerns the position of the peak, which
occurred earlier in the charging process in the simulation. As will be explained in
detail in section 4.5, the peak in the battery voltage curve marks the beginning of the
production of oxygen at the nickel electrode and the reduction of oxygen at the
cadmium electrode. This can also be seen in Figures 4.33 and 4.34, in which the
internal oxygen gas pressure and the battery temperature started to rise earlier in the
charging process in the simulation. The value of the simulated battery temperature at
the end of the charging was again higher in the simulation.

An explanation for the differences between the results of the simulations and
the measurements described above can be found by studying the measurement
results given in Table 4.4 more closely. For this purpose, a Tafel plot of the current-
versus-overpotential measurements of the oxygen-evolution reaction occurring at the
nickel electrode is shown in Figure 4.35 [30]. A Tafel plot is a convenient way of
plotting current-voltage relationships of electrochemical systems according to (Eq.
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4.97), because the value of a can be inferred from the slope of the plot, while the
value of 1° can be found by extrapolating the curve until the overpotential /7* is zero;
see chapter 3.
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1.5 - 35 T
- Vmeas
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1.3 ___— Tmeas | 55
12 T T T T T T T T T T T T T T T T T T 20
0.0 5.0 10.0 15.0 20.0

t[hours] ——>

Figure 4.32: Simulated (Vo [V]) and measured (Viness [V]) battery voltage plotted along the
left y-axis and simulated (Top [°C]) and measured (Tyes [°C]) battery temperature plotted
along the right y-axis versus time (t [hours]). See Figure 4.31 for conditions
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Figure 4.33: See Figure 4.31; the charge rate was 2 C in this case

Figure 4.35 shows that the kinetics of the oxygen production reaction can be
described as a two-step process, with the values of a and 1° differing for curves (a)
and (b). In fact, as mentioned in footnote 2 of Table 4.4, the measured values of
(I°02)Ni° and ao, in the table were derived at high current and overpotential values,
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i.e. from curve (b) in Figure 4.35 [30]. A value of 0.26 for ao, and avalue of 3.1-10°
[A] for (IOOZ)NiO can be obtained from curve (a). Curve (c) was obtained from curves

(@ and (b) in a calculation similar to that used for a mixed kinetic-diffusion
controlled reaction current; see (Eq. 4.59) and (Eqg. 4.69). This means that:

Il
o =—0 O (Eq. 4.98)
[
(b)

()

T[°C] ——>

1.2 T T T T T T
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t[hours] ——>
Figure 4.34: See Figure 4.32; the charge rate was 2 C in this case

As can be seen in Figure 4.35, the calculated curve (c) agrees very well with the
curve based on measurements at moderate currents. Note that the battery voltage has
been plotted along the horizontal axis. The overpotential for the oxygen evolution
reaction at the nickel electrode has to be used to infer 1° and o from the Tafel plots.
This overpotential can be found by subtracting the oxygen equilibrium potential
from the nickel electrode potential, i.e. 17o,=En-E™o,. The oxygen equilibrium
potential equals the standard redox potential E°, at the reference pressure of 1 bar,
hence E®,,=E°0,=0.40V; see section 4.2.4 and (Eq. 4.64). The nickel electrode
potential can be inferred from the battery voltage by the addition of the cadmium
electrode potential, i.e. EN=Enicqt Eco. Neglecting the relatively small overpotential
at the cadmium electrode, the cadmium electrode potential is the same as the
equilibrium potential Ec=E®¥-=E’c4=-0.81V; see section 4.2.3 and (Eq. 4.52). In
summary, this means that the oxygen overpotential can be inferred from the battery
voltage plotted along the horizontal axis by 77o0,= Enica-0.81-0.40= Eyicq -1.21 V.
Figure 4.36 shows the same measured Tafel plots as shown in Figure 4.35
along with the Tafel plot calculated for the anodic branch of the evolution of oxygen
in the NiCd model; see (Eq. 4.97). The optimized parameter values given for (I°02)Ni°

and ao, in Table 4.4 were used in the calculation of this curve.
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Figure 4.35: Measured Tafel plots representing the oxygen production reaction occurring at
the nickel electrode during overcharging at 20°C [30]. The voltage of the NiCd battery used
has been plotted along the horizontal axis, while the battery current | has been plotted on a
logarithmic scale aong the vertical axis. The marks were obtained in measurements. Curve
(a) isthe linear approximation at low currents, curve (b) at high currents and curve (c) is the
calculated transition from curve (@) to (b) for moderate currents, see (Eq. 4.98)

It can be inferred from Figure 4.36 that the measured (b) and calculated (d) Tafel
plots intersect at a current of approximately 600 mA. Thisisin fact the visualization
of the mathematical explanation based on (Eq. 4.97) that was given for the
difference between optimized and measured parameter values for (IOOZ)NiO and ao, in
section 4.4.3. Although the measurements in Figures 4.35 and 4.36 were performed
using a 80 AAS NiCd battery, it is reasonable to assume that a similar two-step
approach holds for the P6GOAA NiCd battery, too. Figure 4.36 will now be used to
explain the main differences between the simulation and measurement results
described earlier in this section.

For the low current of 0.06 A (0.1 C-rate), curve (d) predicts a larger
overpotential for the oxygen evolution reaction in the simulations than the value
predicted by curve (a) for the measurements. This means that in the simulations, the
rate of the oxygen evolution reaction was lower than in the measurements, resulting
in alater start of the oxygen evolution. Thisis indeed observable in Figure 4.31. As
the overpotential of the oxygen production was higher in the simulations, the battery
voltage was al so higher during overcharging. Thisis also observable in Figure 4.31.
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Figure 4.36: Same measured Tafel plots (curves (8)-(c)) as shown in Figure 4.35. Also
included is the Tafel plot calculated for the evolution of oxygen at the nickel electrode
according to (Eqg. 4.97) (d) as was included in the NiCd model presented in section 4.2, using

optimized parameter values for (IOOZ)NiO and ao,; see Table 4.4

At the high charge current of 1.2 A (2 C-rate), the measured battery behaved as
predicted by curve (b) in Figure 4.36, in which the region of interest lies to the right
of the intersection of curves (b) and (d), because of the high current value. The
overpotential for the evolution of oxygen was larger in the measurements than in the
simulations. The reverse situation as for 0.1 C occurred. The rate of oxygen
evolution was higher in the simulations than in the measurements. This led to an
earlier rise in the internal oxygen gas pressure and a lower battery voltage during
overcharging in the simulations than in the measurements. This is exactly what is
shown in Figure 4.33.

It can be concluded that the main differences between the simulation and
measurement results in the presented figures can be explained by the fact that the
evolution of oxygen in a NiCd battery seemsto proceed in two steps, whereas a one-
step process was included in the NiCd model described so far. A model modification
to include the two-step process and subsequent parameter value optimization will be
considered in the next section.
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445 Resultsobtained with a modified NiCd battery model and discussion

The modification of the mathematical description of the oxygen evolution reaction
that occurs at the nickel electrode suggested in the previous section is in fact an
example of the second feedback loop in Figure 4.24. It was shown in the previous
section that the anticipated improvement should occur at charge currents ranging
from small to large values. The mathematical strategy presented in section 4.4.2 was
applied in section 4.4.3 for one charge current only. In this section, step (iii) of the
strategy will be repeated using a modified NiCd model, taking into account the two-
step behaviour postulated for the production of oxygen at the nickel electrode, for
various charge currents simultaneously. In addition to using two different values for
(I°02)Ni° and ao, we also made both ao, parameters temperature-dependent in
accordance with the experimental results [30].

The considered charge rates in the simulations were 0.1 C, 1 C and 2 C. (Eq.
4.95) was used as cost function and the contributions of the different charge currents
were simply added. The different contributions of the different charge currents were
not weighed in any way. Step (iii) of the strategy was simply repeated for different
charge currents to obtain a first impression of the improvement that can be realized
with the modified NiCd model relative to the results presented in the previous
section. The ambient temperature was again 25°C. The same measured curves were
used as presented in section 4.4.4. The optimized parameter set of Table 4.4 was
used as a starting point for al the parameters, except for those describing the oxygen
evolution at the nickel electrode. The same ranges as determined in section 4.4.3
were used. The measured values inferred from Figure 4.36 were used for the newly
added parameters describing the two-step oxygen-production process [30]. The
ranges of these parameters were based educated guesses. The results obtained for a
charge rate of 0.1 C are shown in Figures 4.37 and 4.38.

Comparison of the simulated pressure curve shown in Figure 4.37 and the
simulated curve shown in Figure 4.31 shows that the repetition of step (iii) using the
modified model caused the simulated pressure curve to shift to the left. This is the
desired result, because the oxygen production started too late in the simulations in
Figure 4.31. So, the kinetics of the oxygen-production reaction at the nickel
electrode indeed improved in the simulations. The shape of the simulated curve did
not change significantly and the gradual increase in oxygen pressure indicated by the
measured curve was not observed. However, the moment at which the pressure
increased significantly in the simulation now coincided with the moment at which
the pressure increased more in the measurements. The improved kinetics of oxygen
production at the nickel electrode did not lead to a significant change in the
simulated voltage curve. Comparison of the simulated temperature curve in Figure
4.38 with the simulated temperature curve in Figure 4.32 shows that the repetition of
step (iii) using the modified model led to better agreement of the simulated and
measured end val ues.
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Figure 4.37: Simulated (Vo [V]) and measured (Vimes [V]) battery voltage plotted along the
left y-axis and simulated (Poy [10° Pa]) and measured (Ppes [10° Pa]) internal oxygen
pressure plotted aong the right y-axis versus time (t [hours]) for charging a NiCd P60AA
battery at 0.1 C at 25°C ambient temperature using the NiCd model described in section 4.2
with the modified mathematical description for the oxygen-production reaction at the nickel
electrode in the simulations. The parameter values for the simulated curves were obtained by
repeating step (iii) of the strategy presented in section 4.4.2 for charge rates of 0.1 C, 1 C and
2 C simultaneously
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Figure 4.38: Simulated (Vo [V]) and measured (Vimess [V]) battery voltage plotted along the

left y-axis and simulated (T [°C]) and measured (Tiess [°C]) battery temperature plotted
along the right y-axis versus time (t [hours]). See Figure 4.37 for conditions

The results obtained for a charge rate of 1 C are shown in Figures 4.39 and 4.40.
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Figure 4.39: See Figure 4.37; the charge rate was 1 C in this case; compare to Figures 4.28
and 4.29
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Figure 4.40: See Figure 4.38; the charge rate was 1 C in this case; compare to Figure 4.30

Comparison of the results presented in Figures 4.39 and 4.40 with those given in
section 4.4.3 shows that the agreement between the simulation and measurement
results changed. Thisis quite understandable, because the optimization considered in
this section was performed for three currents simultaneously. The difference
between the simulated and measured battery voltages has increased to around 30 mV
in the mid-region in Figure 4.39, which is still acceptable for a nominal battery
voltage of 1.25V.

The difference between the final simulated and measured pressures has become
2.6 kPa instead of 22 kPa in Figure 4.29. This is a significant improvement.
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However, the pressure-versus-time curve is steeper in Figure 4.39 than in Figure
4.29, where the curve shown in Figure 4.29 is in better agreement with the
measurement. Apparently the simulated oxygen-production process started more
abruptly as a result of the better kinetics of the oxygen-production reaction at the
nickel electrode.

Comparison of the quantitative agreement between the simulated and measured
battery temperatures in Figures 4.40 and 4.30 shows that the simulated end value has
improved significantly. The difference is 1.3°C in Figure 4.40, which is smaller than
the difference of 7°C in Figure 4.30. The results obtained for a charge rate of 2 C are
shown in Figures 4.41 and 4.42.

T T 0.0
0.75 1.0

T
0.0 0.25 0.5
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Figure 4.41: See Figure 4.37; the charge rate was 2 C in this case

Comparison of Figures 4.41 and 4.42 on the one hand with Figures 4.33 and 4.34 on
the other hand shows that in the case of V, P and T the quantitative agreement
between the simulation and measurement results has improved significantly. The
agreement is now good for the voltage curve during practically the entire charging
period. The maximum difference in value between the simulation and measurement
results amounts to 15 mV, or 1.2%, and occurred at the end of the charging. Thisis
comparable with the results presented in section 4.4.2 for achargerate of 1 C.

The difference between the simulation and measurement results in the final
value of the internal oxygen gas pressure is 7 kPa in Figure 4.41, which is a great
improvement over the value shown in Figure 4.33. The simulation and measurement
results obtained at the moment at which the oxygen production starts still differ
dlightly. In the simulation, the oxygen production started a little earlier than in the
measurement. Nevertheless, the shape of the pressure-versus-time curve is in close
agreement with that representing the results of the measurement.

The simulated battery temperature shown in Figure 4.42 is alot closer in shape
to the measured curve than the curve illustrated in Figure 4.34. The difference in the
final values between the simulation and measurement results is 4.6°C, which is
better than the agreement between the simulation and measurement results obtained
for the charge rate of 1 C; see Figure 4.30.
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Figure 4.42: See Figure 4.38; the charge rate was 2 C in this case

In summary it can be stated that for the low charge rate of 0.1 C, the model
modification has only partly resulted in the desired effect. The kinetics of the
oxygen-production reaction at the nickel electrode improved as expected and the
oxygen reaction began earlier in the charge process. However, the simulated
pressure curve is still too steep and the battery voltage during overcharging remains
too high. For a 1 C rate, the differences between the simulated and measured battery
voltages are a little higher than those presented in section 4.4.3, but they are still
acceptably small. The end values of the internal oxygen pressure and especialy the
temperature have improved. The improvement with respect to the results presented
in the previous section is evident for the 2 C charge rate. The quantitative agreement
between the simulation and measurement results has become even better for this
current than for the 1 C charge rate considered in section 4.4.2.

A possible explanation for the marginal improvement in the results at lower
charge currents could be the fact that the kinetics of the evolution of oxygen at the
nickel electrode are different in a PBOAA battery than as shown in Figure 4.35 for a
80AAS battery. Measurement of the Tafel plots shown in Figure 4.35 for the PEGOAA
battery should shed some light on this matter. Step (iii) was moreover performed
without considering possibilities of weighing the contributions of the various charge
currents in the cost function of (Eq. 4.95). Another reason could be the fact that the
optimum parameter set given in Table 4.4 was taken as a starting point. The strategy
presented in section 4.4.2 could be extended for various charge currents and the
process could be repeated from scratch. More investigations will have to be carried
out to find out whether applying weighing to the cost function or starting the process
described in section 4.4.2 again are useful ways of improving the results for lower
charge currents.

The optimized parameter set of Table 4.4 will be used in the simulations
discussed in the next section, because the experiments described in this section
merely served to give a first impression of possible further improvement of the
simulations. Therefore, the proposed two-step oxygen-production reaction at the
nickel electrode will not be considered in the next section.
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4.5 Simulation examples

451 Simulationsusing the NiCd model presented in section 4.2

In this section some simulation results will be presented that were obtained using the
NiCd battery model presented in section 4.2. The parameter values of the optimized
parameter set given in Table 4.4 were used. First, the results of the charging
simulation using a 1 C charge rate at 25°C ambient temperature, presented in Figures
4.28, 4.29 and 4.30 will be described in greater detail. For reference, the simulated
V, P and T curves have been plotted in asingle figure below.
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Figure 4.43: Simulated battery voltage (V [V]), internal oxygen gas pressure (P [bar]) and
temperature (T [°C]) as a function of time (t [hours]) during charging at 25°C ambient
temperature at a 1 C rate. The optimized parameter values given in Table 4.4 were used

The phenomena observable in the V, P and T curves shown in Figure 4.43 can be
understood by considering the simulation model of the NiCd battery shown in
Figure 4.19. The current will flow from the left (positive termina) to the right
(negative terminal) during charging. The charge current flows through the nickel
reaction path at the nickel electrode (Dy; and electrical port of the transformer), until
the moment when the oxygen pressure starts to rise. The molar amounts increase in
the chemical capacitances Cy "% and decrease in the chemical capacitances
CenV©2in the RC-ladder network. The current flows through the cadmium reaction
path (Dcq and the electrical port of the transformer) in the cadmium electrode. The
moIC%t[OHe)xmount increases in capacitance Cy.o and it decreases in capacitance
Cen 2,

The overpotential across diodes Do, for the oxygen reaction at the nickel
electrode is higher than that for the nickel reaction across diodes Dy;, because the
value of E%; is higher than the value of E, see Table 4.4. However, although the
higher overpotential for the oxygen reaction may predict a higher reaction current
than for the nickel reaction, according to the Butler-Volmer equation, a negligible
amount of oxygen is formed at the nickel electrode at the beginning of the charging.
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This is due to the relatively low reaction rate of the oxygen evolution reaction,
expressed in a low value for (IOOZ)NiO in (Eg. 4.65). No current flows through the
cadmium reaction path at the nickel electrode, because under normal charging
conditions only Cd(OH), is present in the nickel electrode and no metallic Cd, which
could be oxidized into Cd(OH),. No current flows through the oxygen path at the
cadmium electrode either, because only a negligible amount of oxygen gasis present
during the first stages of charging.

When the charging is continued, the decrease in the molar amount of the
Ni(OH), speciesin the nickel electrode will lead to alower value of 1% through (Eg.
4.46). As a result, a larger overpotential nkNi across diodes Dy; occurs at the same
value of the current, as can be inferred from the Butler-Volmer equation given in
chapter 3. At the same time, the apparent equilibrium potential E*"y; rises according
to (EQ. 4.49). The increase in both /7",\“ and E*'; results in a substantial increase in
the battery voltage. Consequently, the overpotential of the oxygen reaction across
diodes Do, in the nickel electrode model also rises, as can be understood by applying
Kirchhoff’s voltage law to the parallel combination of the nickel and oxygen
reaction paths. The equilibrium potential of the oxygen reaction remains unchanged
until the oxygen pressure starts to rise; see (Eq. 4.64). An increase in the
overpotential of the oxygen reaction eventually allows some oxygen to be formed.
This in turn leads to an increase in (IOOZ)NiO according to (Eq. 4.65), because the

activity of oxygen aboZ increases, and the oxygen reaction will gradually take over
from the nickel reaction. Overcharging now commences. The increase in aboZ leads

to an increase in oxygen pressure according to (Eq. 4.63).

Owing to the available oxygen, current may now also start to flow through the
oxygen reaction path at the cadmium electrode, which represents the reduction of
oxygen. As a result, the oxygen reduction flow in the chemical domain will have the
opposite direction of the oxygen evolution flow induced at the nickel electrode,
according to the signs associated with the transformer ports in Figure 4.19. This
prevents an unlimited increase in the internal oxygen pressure.

Table 4.4 shows that there is a substantial difference between the standard
electrode potentials E°y and Ec’oZ As a result, there is a substantial difference
between the equilibrium potentials of the cadmium and oxygen reactions.
Application of Kirchhoff’s voltage law to the parallel connection of the cadmium
and oxygen reaction paths at the cadmium electrode reveals that there will be a large
overpotential for the oxygen reaction across diodes Do, at the cadmium electrode. A
reaction with a large overpotential will generate a lot of heat according to (Eqg. 4.32).
Hence, the heat flow source Jy," in Figure 4.19b representing the heat generated by
the oxygen reduction reaction at the cadmium electrode will attain a large value. As
a result, the battery temperature will start to rise more in this overcharge region.
Both the overpotentials 77 and the standard electrode potentials E° are temperature-
dependent through (Eq. 4.72) and (Eq. 4.73), respectively. Therefore, the battery
voltage decreases, because of the rising temperature. This is due mainly to
decreasing overpotentials, as observed in simulations. This can be understood from
the fact that the exchange currents 1° increase with increasing temperatures, because
the reaction rate constants k; increase according to (Eq. 4.72).

The distribution of current between the nickel reaction path and the oxygen
reaction path is very important in determining a battery’s charging efficiency. Only
current that flows through the nickel reaction path leads to effective accumulation of
charge inside a battery. Current that flows through the oxygen reaction path leads to
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pressure build-up and oxygen recombination. Eventually, it leads to energy loss in
the form of heat dissipation. The charging efficiency is strongly influenced by both
the charge current and the battery temperature. More information on charging
efficiency will be givenin chapters 5 and 6.

The diffusion of H" ions becomes a limiting factor of increasing importance for
the rate of the nickel reaction when higher charge currents are applied. This means
that the apparent equilibrium potential E*"; starts to rise earlier in the charging
process, because of a higher value of the diffusion overpotential /7°y; see (Eq. 4.49).
This in turn leads to an earlier start of the production of oxygen in the charging
process, and hence to alower charging efficiency.

The ratio of the rates of the nickel and oxygen reaction decreases as the battery
temperature increases. Thisis due to the difference in the temperature dependence of
the two reactions, which is revealed by the difference in activation energies; see
Table 4.4. Figure 4.44 shows the simulated partia currents that flow through the
nickel and oxygen reaction paths in the nickel electrode during charging at a
constant rate of 0.1 C at ambient temperatures of 0 °C and 60°C. The sum of the two
partial currents equals the charge current. The oxygen reaction takes over a lot
earlier in the charging process at the higher ambient temperature of 60°C, which
leads to a poorer charging efficiency at higher temperatures. This has indeed been
confirmed in experiments.
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Figure 4.44: Simulated partial nickel (In; [A]) and oxygen (lo, [A]) currents as a function of

time (t [hours]) in the nickel electrode during charging at a rate of 0.1 C at 0 °C and 60°C
ambient temperature. The optimized parameter values given in Table 4.4 were used

When batteries are not used for some time, they will lose stored energy as a result of
self-discharging, especialy at higher temperatures. This phenomenon can be easily
understood by considering the simulation model of a NiCd battery in Figure 4.19
when no load is applied. The value of the apparent equilibrium potential E*'y; is
higher than that of the equilibrium potential E*, because E°; is higher than E%,

Therefore, a loop current will flow counterclockwise through the paralel
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combination of the nickel and oxygen reaction paths in the nickel electrode. This
leads to a decrease in stored energy at the nickel electrode and an increase in the
molar amount of oxygen and the internal oxygen gas pressure. The oxygen produced
is reduced at the cadmium electrode, which leads to a decrease in stored energy in
the cadmium electrode through a similar loop current. Figure 4.45 shows the
simulated SoC at different ambient temperatures. At 25°C, about 70% of the charged
capacity is lost after 100 days. This corresponds well to the reported self-discharge
of 60% of the charged capacity of atypical sealed NiCd battery after three months of
storage at 25°C [18]. At higher temperatures, the rates of all the electrochemical
reactions become higher through (Eg. 4.72) and consequently the loop currents in
the nickel and cadmium electrode models increase. As a result, the self-discharge
rate increases at higher temperatures, as can be inferred from Figure 4.45. A higher
self-discharge rate at higher ambient temperatures is commonly known from
practice and the literature. For example, a 100% loss of charged capacity through
self-discharge has been reported at 40°C for atypical sealed NiCd battery in a period
of alittle over 2 months [18]. This corresponds quite well to the curve simulated at a
45°C ambient temperature in Figure 4.45. The opposite situation occurs at lower
temperatures. A 20% loss of charged capacity after 3 months is reported in the
literature for a typical sealed NiCd battery at an ambient temperature of 0°C [18].
Again, this corresponds perfectly to the simulated curve shown in Figure 4.45.
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Figure 4.45: Simulated SoC as a function of time (t [days]) at different ambient temperatures.
The optimized parameter values given in Table 4.4 were used

Figure 4.46 shows the simulated V, P and T curves during discharging and
overdischarging at an ambient temperature of 25°C at a 1 C discharge rate. A 0 V
region is clearly recognizable in the voltage curve after approximately 1.5 hours,
followed by a region with a reversed battery voltage. In the latter region, both the
temperature and the pressure increase and level off to a steady-state value. This is
commonly encountered in practice when overdischarging NiCd batteries [18]. What
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happens during overdischarging can be understood by considering the simulation
model of a NiCd battery shown in Figure 4.19.
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Figure 4.46: Simulated battery voltage (V [V]), internal oxygen gas pressure (P [10° P4]) and
battery temperature (T [°C]) curves as a function of time (t [hours]) during discharging and
overdischarging at an ambient temperature of 25°C at a 1 C discharge rate. The optimized
parameter values given in Table 4.4 were used

The current direction in Figure 4.19ais from the right (negative terminal) to the left
(positive terminal) during discharging. During normal discharging, when the battery
voltage remains at a positive, relatively constant level, current flows through the
cadmium reaction path at the cadmium electrode and the nickel reaction path at the
nickel electrode. The battery is effectively discharged in this case. The molar
amount of Cd decreases in the cadmium electrode and the molar amount of Cd(OH),
increases. The molar amount of NiOOH decreases in the nickel electrode, while that
of Ni(OH), increases. The nickel electrode will run out of NiOOH before al the Cd
has been consumed at the cadmium electrode because of the excess amount of Cd at
the cadmium electrode, as explained in section 4.2.1. Consequently, the exchange
current 1°; of the nickel reaction will decrease at the end of the discharging. This
will lead to a larger overpotential 7. Moreover, the value of the apparent
equilibrium potential E*"\ Will decrease, mai nly because diffusion limitation of H*
ions leads to a high value of the diffusion overpotential 7°%y. As aresult, less current
flows through the nickel reaction path and a competing reaction will gradually take
over. No current can flow through the oxygen reaction path at the nickel electrode
because no oxygen is yet present to be reduced. Therefore, the current will start to
flow through the cadmium reaction path at the nickel electrode. The resulting battery
voltage will approach 0 V because identical reactions now occur at both electrodes.
This is the first stage of overdischarging. A lot of heat is generated in this reaction,
because the current through the nickel reaction path does not become zero
instantaneously and the overpotentia of the nickel reaction will have become very
large because the electrode potential has reversed. This is illustrated by the
temperature rise in Figure 4.46 during the period when the battery voltageisO V. As
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soon as al current has started to flow through the cadmium reaction path at the
nickel electrode the temperature will decrease again, because the overpotential of
this reaction will be substantially smaller than the nickel overpotential during
overdischarging.

When the amount of excess Cd in the cadmium electrode decreases to zero, the
current will start to flow through the oxygen reaction path in the cadmium electrode.
As a result, the molar amount of oxygen, and hence the oxygen gas pressure, will
increase. The potential of the cadmium electrode will now reverse because of the
difference in the signs of E°4 and EOOZ; see Table 4.4. The oxygen-reduction reaction

will start to compete with the cadmium-reduction reaction at the nickel electrode.
This is the second stage of overdischarging. The reverse situation as described for
the charging process will occur. The cadmium electrode will act as a positive,
oxygen-forming electrode, whereas the nickel electrode will act as a negative,
oxygen-reducing electrode. As a result, the oxygen pressure will level off, as can
indeed be seen in Figure 4.46. Again, this reaction in particular generates a lot of
heat because of the high overpotential for the oxygen reduction reaction at the nickel
electrode, which leads to a significant increase in temperature.

Voltage reversal may occur when several batteries are connected in series. It is
more correct to use the term cells in this case, as explained in chapter 3. Series or
parallel connections of cells in battery packs are often used in practice in order to
obtain a higher voltage at the same battery capacity in [Ah] or a higher battery
capacity in [Ah] at the same battery voltage, respectively. Figure 4.47 shows the
simulated battery pack voltage and the internal oxygen gas pressure of one of its
cells when six NiCd cell models are connected in series. The battery pack was
discharged in a simulation using a 1 C discharge rate at 25°C ambient temperature.
Two cases were simulated. In case (a), all six cells inside the pack were given the
same capacity as indicated in Table 4.4. In case (b), only one cell was given the
same capacity as in Table 4.4 and the others were given capacities decreasing in
steps of 10 % of the capacity indicated in Table 4.4 to reflect the spread in cell
capacity. This spread depends on the type, manufacturer, usage history and age of
the pack. The heat resistances between the six cells and between the cells and the
environment were taken to be zero for simplicity. In more advanced simulations,
thermal models of the heat flows between the cells in the battery pack or from
individua cells to the environment could also be considered.

Curves (@) in Figure 4.47 have the same shape as the V and P curves in Figure
4.46. All the cells will become empty at exactly the same moment because all the
cells have exactly the same capacity, and the battery pack voltage V(a) is simply the
sum of six identical voltage curves. The pressure curve P(a) is shown for only one
cell, but it is the same for all six cells. The oxygen pressure rises when all the cells
have reversed their voltages, which can likewise be observed for one cell in Figure
4.46. No pressure build-up will take place in practice in the case of identical cell
capacities because when the battery pack voltage decreases and approaches 0 V, the
electronic equipment will no longer operate and the discharge of the battery pack
will stop.

Curves (b) in Figure 4.47 clearly show the result of the different capacities
inside the battery pack. Curve V(b) shows the total pack voltage and curve P(b)
shows the pressure build-up inside the cell with the lowest maximum capacity. This
cell will be the first fully discharged cell and its voltage will approach 0 V. This can
be seen in curve V(b) as the first drop in the battery pack voltage. The battery pack
voltage is till high enough to power the load, and discharging will continue because
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the other cells still have a voltage of around 1.3 V. Subsequently, the cell with the
second lowest capacity reaches a voltage of approximately 0 V, which is represented
by the second drop in the battery pack voltage. Then the cell with the third lowest
capacity reaches a voltage of 0 V and a third drop in the battery pack voltage is
observed. The fourth drop in the battery pack voltage is due to voltage reversal of
the cell with the lowest maximum capacity. As a consequence, the oxygen pressure
inside this cell will increase, as can be inferred from curve P(b). A vertical line has
been added to the figure at that moment for convenience. The battery pack voltage at
this moment is still around 2.5 V, which may alow discharging to continue even
further. High pressure-build-up inside the cells may eventually lead to venting and
loss of electrolyte, which degrades the cell’s performance. The simulation clearly
shows that the battery pack is as strong as its weakest cell. Therefore, the capacities
of cells inside a battery pack should be as similar as possible and the load should be
shut off at an appropriate voltage level. The choice of this voltage level will be a
compromise between the run time of the load and the lifetime of the battery pack.
The simulation clearly shows the need for a Battery Management System as already
described in chapter 2.
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Figure 4.47: Simulated voltage (V [V]) and internal oxygen gas pressure (P [10° P4]) as a
function of time (t [hours]) of a battery pack with six NiCd cells connected in series during
discharging at a 1 C rate and at an ambient temperature of 25°C. Curves (a) represent the
situation when all six cells have the same capacity; see Table 4.4. Curves (b) represent the
situation when the six cells decrease in steps of 10% of the capacity indicated in Table 4.4

452 Simulationsusing the Li-ion model presented in section 4.3

Some simulation results obtained using the Li-ion battery model presented in section
4.3 will be presented in this section. The values of the parameters used in this model
were found in a simpler way than for the NiCd battery model. The number of
parameters used in the Li-ion model is considerably smaller than that used in the
NiCd model, mainly because of the absence of modelled side-reactions. The curves
simulated with the Li-ion model were fitted to measured curves obtained with the
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CGR17500 Li-ion battery from Panasonic [40]. As a starting point, many parameter
values relating to the battery’s design were obtained from the battery manufacturer
and other parameter values were, where possible, obtained from the literature. In
addition, the parameters used in the equations for the equilibrium potentials for the
positive electrode in (Eq. 4.79) and (Eq. 4.80) and for the negative electrode in (Eq.
4.88) and (Eq. 4.89) were found by curve fitting, using curves measured for the
equilibrium potentials of the separate electrodes.

The parameter values for the exchange currents I°ucO02 and I°Li06 were found in

impedance measurements performed with the CGR17500 battery [40]. Polar plots of
the real and imaginary parts of the impedance of a battery can be used to derive
parameters relating to the kinetic and diffusion processes occurring inside the
battery, as will be described in more detail in chapter 6. However, it is not possible
to distinguish between the contributions of the two individual electrodes to these
processes. Therefore, it has in this thesis been assumed that the kinetic parameters
inferred from the measured battery impedance can be assigned exclusively to the
LiCoO, electrode. This means that it is assumed that the kinetics of the LiCg
electrode are relatively fast in comparison with those of the LiCoO, electrode. The
value of the double-layer capacitance Cd'uc:ooz was also inferred from the impedance

plot under the assumption mentioned previously. The double-layer capacitance value
of C%,ic, was chosen identical to C*icoo,,-

The parameter values used in the simulations using the Li-ion model described
in this section are summarized in Table 4.5. As in Table 4.4, a distinction has been
made between design-related parameters and electrochemical parameters. The fourth
column of this table lists the equations or figures in which the parameters have been
used. Temperature dependence of the model equations has not been implemented
yet, as mentioned in section 4.3. Therefore, temperature-related parameter values
have not been included in Table 4.5 and all the parameter values are valid at 25°C.
The 15 values are specified at 50% SoC. A PTC has been included in series with the
battery for safety reasons (see chapter 3), which is also considered in the model by
means of a series resistance. Its value Reyc can be found in Table 4.5.

Some examples of simulations performed using the Li-ion model with the
parameter values of Table 4.5 will be described in the remainder of this section.
First, some charging simulations will be discussed and the simulation results will be
compared with measurements obtained with a CGR17500 Li-ion battery. A Li-ion
battery is charged in two modes, a constant current (CC) mode followed by a
constant voltage (CV) mode. More information will be given in chapter 5. Figure
4.48 shows the simulated and measured voltage and current curves for charging a
CGR17500 Li-ion battery at a constant rate of 1 C in CC mode and a constant
voltage of 4.1 V in CV mode. The charge time is two hours.

The CC and CV modes can be easily distinguished in Figure 4.48. The current
is constant in CC mode, while the battery voltage rises gradually to the value it
attains in CV mode. In the latter region, the battery voltage remains constant while
the battery current drops. As can be seen in the figure, the quantitative agreement
between the simulation results and the measurements is quite good. The largest
discrepancy between the simulation results and measurements is observable in the
voltage curves. As in the NiCd model, the simulated charging voltage is higher than
that measured at the beginning of the charging. A possible reason for this, apart from
incorrect parameter values, could again be the occurrence of processes in the
measured battery which have not been taken into account in the Li-ion model. The
change from CC mode to CV mode occurs somewhat later in the charging process in
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the simulations because the simulated voltage is lower than the measured voltage at
the moment when the battery approaches the maximum voltage level in CV mode.

Table 4.5: Most important parameter values of the Li-ion battery model described in section

43
Par ameter | Value | Unit | Reference
Design-related parameters
Clic 0.4 F Figure 4.21
Clicoo, 0.4 F Figure 4.21
Q™ licoo, 5184 C Seenote 1
Qmaxuce 3060 c -
|p0S 10.10—6 m Fi gure 4.21
Ineg 10-10°° m Figure 4.21
|e|yt 2810* m Figure 4.21
Rieak 80-10° Q Section 4.3.4
Retc 50-10° Q -
& 10 - Figure4.11
Electrochemical parameters
Agyt 20-10°3 m? See note 2
Dy+P® 15101 me/s Section 4.3.6
D+ 1510713 m¥s Section 4.3.6
D+ 2101 m/s Section 4.3.6
Dpe " 3101 me/s Section 4.3.6
E%coo, 3.89 V vsLi (Eq. 4.78)
E%cq 0.04 V vsLi (Eq. 4.87)
1°Licoo, 2511073 A (Eq. 4.82)
1°ice 15.3 A (Eq. 4.90)
ng 1 - (Eq. 4.78)
Upos1 -3 - (Eq. 4.79)
Upos2 20 - (Eq. 4.80)
Uneg 1 -10 - (Eq. 4.88)
Uneg2 -2 - (Eq. 4.89)
X% asetransition 0.75 - (Eq. 4.81)
X" hasetransition 0.25 - Section 4.3.3
Z +1 - Section 4.3.4
Zorg -1 - Section 4.3.4
Qlicoo, 0.4 - (Eq. 4.82)
Olicg 0.15 - (Eq. 4.90)
Zposl 0 - (Eqg. 4.79)
Goos2 17.25 - (Eq. 4.80)
dneg1 0 - (Eq. 4.88)
Zneq 2 2 - (Eq- 4-89)

Note 1: The rated capacity of the LiCoO, electrode, i.e. 0.72Ahx3600(sec/hour)=2592 C, is only half of
the full capacity, because x; is only cycled between 0.5 and 0.95, as described in section 4.3.2. Hence, the
value of the full capacity is a factor of two higher than the rated capacity and this value has been used in
the equations describing the behaviour of the LiCoO, electrode

Note 2: Surface area electrolyte, which is the area of spatial element in the electrolyte; see Figure 4.5
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Figure 4.48: Simulated (marked lines) and measured (solid lines) voltage (V [V]) and current
(I [A]) curves as functions of time (t [min]) for charging a Li-ion battery at a 1 C charge rate
in CC mode and a 4.1 V charge voltage in CV mode for two hours in total at a battery
temperature of 25°C

Figures 4.49 and 4.50 show the simulated and measured battery voltage and current
curves, respectively, for charging a Li-ion battery at different charge rates, ranging
from 0.1 C to 1 C. With each charge current, CC/CV charging is stopped when the
battery current drops below 10 mA in CV mode. This ensures that almost equal
capacities in [Ah] are reached for each charge current. This can be inferred from the
figures. The quantitative agreement between the measurements and the simulation
results is better for lower charge currents for both the voltage and current curves.
The voltage simulated during the initial stages of charging is higher than the
measured voltage, as observable in Figure 4.48, whereas this situation is reversed
later in CC mode. Therefore, the CV mode later takes over from the CC mode in the
simulations.

Figure 4.51 shows the charge time necessary to charge the battery to a capacity
of 770 mAh as a function of the current in CC mode when the charge voltage in the
CV region is 4.1 V. Charging is stopped when the battery current in CV mode
reaches the value of 10 mA.

The simulated and measured charge times in Figure 4.51 show an amost
perfect fit, as opposed to the simulated curves in Figures 4.49 and 4.50, which show
some deviations from the measured curves. Figure 4.51 indicates that the charge
time initially decreases strongly as a function of the charge current. However, the
charge time hardly decreases when the charge rate becomes larger than 1 C. Thisis
because the charge time is almost completely determined by the time at which the
battery is charged in CV mode at higher charge currents. In this mode, the charge
time is independent of the charge current. The overpotentials in the battery are much
higher than at smaller charge currents when higher charge currents are applied in CC
mode. As a result, the CV mode is reached much quicker in the charging process.
More information on the influence of the parameters I, and Vo ON the charge time
and other factors will be given in chapter 5.
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Figure 4.49: Simulated (marked lines) and experimental (solid lines) battery voltage (V [V])
curves as functions of the charged capacity [Ah] for charging a Li-ion battery with various
charge currents in the CC mode and a 4.1 V charging voltage in the CV mode at a battery
temperature of 25°C. The charge rate increases from bottom to top: (¢) 0.1 C, (¢) 0.5C, (¢) 1
C
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Figure 4.50: Simulated (marked lines) and experimental (solid lines) battery current (1 [A])
curves as a function of the charged capacity [Ah]. See Figure 4.49 for conditions

Figure 4.52 shows simulated and measured battery voltage curves as functions of the
discharged capacity during discharging at various discharge currents. The figure
shows that the quantitative agreement between the results of the simulations and the
measurements is quite good for discharge rates lower than 1 C. However, a
discrepancy is observable in the region from 0 to 0.3 Ah of discharged capacity for
the discharge rates of 1 C and 1.5 C. In this region, the simulated battery voltage is
higher than the measured battery voltage. This difference at higher discharge
currents could not be reduced in further optimization of the model parameters. This
suggests the absence in the model of a process which does occur in real life.
Alternatively, the mathematical description of a process included in the model might
be incorrect.
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Figure 4.51: Simulated (0) and experimental (m) charge time necessary to charge a Li-ion
battery to a capacity of 770 mAh (teage [hourg]) as a function of the charge current (Icharge
[A]) during CC/CV charging with V. = 4.1V in CV mode at a battery temperature of 25°C
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Figure 4.52: Simulated (marked lines) and experimental (solid lines) battery voltage curves
(V [V]) as functions of the discharged capacity [Ah] during discharging a Li-ion battery with
various discharge currents at a battery temperature of 25°C. The discharge rate increases from
top to bottom: (0) 0.1 C(J)0.25C (*)05C(A)0.75C(¢)1C(A)15C

The kinetics of the LiCoO, electrode were assumed to be much slower than the
kinetics of the LiCg electrode, as discussed previously. Therefore, the kinetics of the
LiCoO, electrode have far more influence on the battery voltage than the kinetics of
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the LiCg €electrode in the simulations. A possible explanation for the difference
between the simulation results and the measurements at higher discharge currentsin
the region from 0 to 0.3 Ah discharged capacity is that in the model, the kinetics of
the LiCoO, electrode have been assumed to be independent of the phase formation.
As discussed in section 4.3.2, a phase transition occurs in the LiCoO, electrode at
x;=0.75. This means that, starting from a fully charged battery, or x;=0.5 in the
LiCoO, electrode, the phase transition at x;=0.75 occurs at approximately 0.36 Ah
discharged capacity. This value of 0.36 Ah agrees more or less with the value at
which the discrepancy between the simulation results and the measurements occurs
in Figure 4.52. It seems reasonable to assume that the model predicts the battery
voltage during discharging quite well for x;>0.75 for all discharge currents, because
the kinetics modelled for the LiCoO, electrode apparently apply to this region.
However, a deviation occurs at higher discharge currents for x;<0.75, which could
be explained by a deviation in kinetics occurring in reality which has not been taken
into account in the model. It is aso possible that the kinetics of the LiCg €lectrode
play a more important role in determining the voltage in redlity.

Another remarkable feature that can be seen in Figure 4.52 is that the tota
discharged capacity is more or less the same for all discharge currents. This
behaviour differs from the behaviour of, for example, NiCd batteries, where the
discharged capacity varies more with the discharge current [18]. An explanation for
this difference is that the diffusion of H* ions in the nickel electrode of a NiCd
battery is limited due to the relatively large diffusion length in comparison with that
of aLiCoO, or LiCg electrode in a Li-ion battery. For example, SEM photographs of
anickel electrode of a80AAS NiCd battery have shown that the size of the grainsis
50 um [40]. This value corresponds well to the value of 58.3 um given for the
thickness of the nickel electrode Iy; in the optimized parameter set of Table 4.4. This
value is about five times higher than the grain size in a LiCoO, or LiCq electrode;
see |pos and |y in Table 4.5. Therefore, the influence of the diffusion of H* ions in
the nickel electrode of a NiCd battery is greater than the influence of the diffusion of
Li* ions in the electrodes of a Li-ion battery. Diffusion limitation within the
electrode causes part of the electrode material to become inaccessible during
discharging. This effect becomes stronger with an increasing discharge current,
which may explain the dependency of the discharged capacity on the discharge
current in NiCd batteries.

Figure 4.53 shows the simulated overpotentials that occur in the Li-ion model
during discharging at arate of 1.5 C. It can be seen in Figure 4.53 that, except at the
end of the discharging process, the diffusion of Li* ions in the electrodes hardly
contributes to the total overpotential. This means that the phenomenon that part of
the electrode material becomes inaccessible during discharging is not dominant in a
CGR17500 Li-ion battery. This explains the observed independence of the
discharged capacity with respect to the discharge rate between 0.1 C and 1.5 C. The
simulations show that the total overpotential is determined mainly by the reaction
overpotential of both electrodes (7%qa) in the considered Li-ion battery and the

overpotential across the electrolyte due to diffusion of Li* ions (7°%+). The
overpotential due to the diffusion of Li* ionsin the electrolyte is obtained from (Eq.
4.93).
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Figure 4.53: Simulated overpotentials for the Li-ion model during discharging at a 1.5 C rate
at a battery temperature of 25°C

46 Conclusions

In this chapter it has been shown that the general approach to battery modelling
based on physical system dynamics can be used to model basic building blocks that
can be used to model various battery system. The general approach has been applied
to two battery systems in this chapter, NiCd batteries and Li-ion batteries. The
application of the genera approach to NiCd batteries leads to a battery model with
which the battery voltage (V), current (1), temperature (T) and internal oxygen gas
pressure (P) can be simultaneously and coherently simulated under a wide variety of
conditions. The battery voltage and the behaviour of the electrolyte of Li-ion
batteries have been simulated. The chosen approach allows other processes to be
added to the models, as long as a mathematical description is available. Moreover, it
can also be applied to other types of batteries and battery systems. As long as the
basic structure of the battery in terms of, for example, electrode capacities and
volumetric characteristics, the types of reactions taking place, etc., as well as the
mathematical description of all the processes are known, the basic building blocks
described in this chapter can be used to develop a network model of the battery. An
advantage of the applied approach is that the parameters used in the model all have a
physical or chemical meaning.

To enhance the predictive nature of the models, a good quantitative agreement
between the results of simulations and measurements is important. Such agreement
depends on the design of the model, including such aspects as the considered
processes, the correctness of the mathematical descriptions of the considered
processes and the values of the parameters in the model. The emphasisin section 4.4
has been on parameter estimation. A method has been used that should increase the
chances of finding the optimum parameter set as much as possible, because the
estimation of many parameter values of a complex non-linear model is a
complicated process. The first results presented in section 4.4.3 show that it is
possible to find a good quantitative agreement between simulation and measurement
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results when the model is optimized for one operating condition. This good
guantitative fit holds for V, P and T simultaneously. Comparison of optimized and
measured parameter values, where available, shows that the chosen approach yields
parameter values close to the measured val ues.

The quantitative agreement between the simulation results and the
measurements decreases when other operating conditions are considered. A
modification in the mathematical description of one of the modelled processes has
been considered in a first attempt to improve the quantitative agreement for more
than one charging condition. Part of the iterative process has been repeated with this
modified model. The results are promising and the improvements realized so far
conform to our expectations. However, especially the oxygen pressure curves
observed in the simulations and the measurements still differ considerably in shape
for low charge currents. Hence, more iterations in the iterative optimization process
are needed to further improve the quantitative agreement. Even with simple manual
tuning of parameters quite good gquantitative agreement can aready be obtained for
the Li-ion model, mainly because it involves fewer parameters.

The simulation examples given in section 4.5 show that the models can be used
to gain insight into the processes that take place inside the batteries. The models act
as a ‘transparent battery’, in which, for example, the development of the
overpotentials of the individual reactions can be studied. The user can determine
which externally observable characteristics correspond to which process, as has been
illustrated in various examples. Besides for gaining insight into what happens inside
a battery, the models can also be used to generate V, |, P and T quickly and
repeatably. This offers the designer of a BMS a quick means for predicting battery
behaviour early in the design process. An example given in this chapter has shown
the effect of connecting cells with unequal capacities in series in a battery pack. A
possible mechanism for breakdown of the pack and ways of preventing it have been
described. More examples of using the model in various forms will be given in the
following chapters.

The quantitative agreement is not optimum in all situations, as has been
illustrated in some examples. Besides incorrect parameter values another reason
could be the omission of certain processes from the models. The lack of proper
physical or chemical and associated mathematical descriptions of some of these
processes is the reason for the omission. These processes can be readily included in
the model once the corresponding mathematical descriptions have been found.

As a first example of these omissions, aging effects, which lead to the gradual
loss of battery capacity when a battery ages, have not been included, because a good
physical or chemical description of this process is still lacking. One of the possible
reasons for capacity loss 