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Abstract

As lithium-ion batteries (LIBs) and their applications continue to grow, there is an in-
creasing need to control and monitor the internal state of the battery. Temperature is highly
affecting the performance, safety and longevity of LIBs in all applications. Thermal manage-
ment of the battery is therefore key to enable safe and optimal operation of the battery in
use. Currently, temperature measurements are typically done on the battery surface, which
do not reflect the true internal state of the battery. Therefore, internal temperature meas-
urements are valuable to improve knowledge on the thermal characteristics of lithium-ion
batteries. However, the internal environment of a LIB is chemically harsh and subject to
electromagnetic interference, which make internal measurements difficult to obtain. Fiber
bragg grating (FBG) sensors are however chemically inert and resistant to electromagnetic
interference, which enables them to accurately monitor the internal state of the battery.

In this thesis, commercial LIBs are implemented with FBG sensors to obtain internal
temperature measurements of the batteries in use. The batteries are characterised before
and after sensor implementation to evaluate the impact of the implementation process on the
battery performance. In addition, the batteries are put through a cycle aging schedule to
reveal changes in the thermodynamic properties and aging characteristics of the instrumented
batteries. The temperature tests revealed large temperature differences between internal and
external temperature measurements, peaking at 14.6°C at the end of discharge in an aged cell.
The elevated internal resistances of the batteries after sensor implementation gave a significant
temperature response, which increased at higher currents. The temperature tests gave a
detailed view on the temperature development in a LIB in use, emphasising the importance
of internal temperature measurements.
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1 Introduction

Lithium-ion batteries (LIBs) have gained popularity as energy storage devices in several applica-
tions, including portable electronics and hybrid/electric vehicles. Their success is in large due to
the high energy and power density, low self-discharge rate, long cycle life and low environmental
impact that is offered by them. As further transition from fossil fuels to renewable energy sources
is necessary in order to limit the effects of climate change, efforts are also being made to use LIBs
as electric energy storage in order to enhance wind and solar power integration to the grid.

The European Commission have targeted a reduction in the greenhouse gas emissions by 80%
to 90% in 2030, compared to the levels of 1990. As the transport sector produce ~25% of the
total greenhouse gas emissions, electrifying road transport is an important step in the process. To
meet the requirements of a growing electric car fleet, the European Commission have presented an
action plan to decrease the dependency on countries outside EU for critical materials in battery
production [1]. In addition, application of LIBs for energy storage is expected to grow intensively
[2]. This is pointing towards a significant increase in the production and applications of LIBs,
which in return demand lowering the environmental impact for the whole life cycle of the battery.
The environmental impact of a LIB is dependent on the different contributions from raw material
extraction, production, electricity used for charging and recycling. Reducing emissions in all life
cycle stages will be beneficial, however, increasing the lifetime of a LIB will ultimately decrease
the environmental impact equally.

To increase the lifetime of a LIB, the development of highly functional battery management systems
(BMS) is critical. The BMS is an integral part of all LIB applications, as it ensures safe and
optimal operation of the battery in use. Important metrics, such as State of Charge (SoC) and
State of Health (SoH) are determined by the BMS based on parameters such as voltage, current
and temperature that are monitored in the battery pack. The cycle life and ageing processes of a
LIB is highly dependent on these internal parameters of the battery during operation. Therefore,
the BMS should work to optimise these parameters, so that degradation processes in the battery
are minimised.
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Figure 1: The different aspects of a battery management system including the measured surface
temperature as an input for both state estimation and optimal charging strategies [3]

As a part of the BMS, a battery thermal management system (BTMS) is needed to operate the
battery within the optimal temperature range. The BTMS is monitoring the temperature of the
battery pack, and provides sufficient cooling or heating depending on the ambient conditions. This
involves thermal modeling from temperature measurements obtained in the battery pack. The




accuracy of the input sensors is therefore of great importance, as they affect the accuracy of the
thermal models. The sensors that are currently used in the BTMS rely mainly on external meas-
urements, although the internal and external temperatures of the battery can deviate substantially
[4]. Therefore, methods for internal temperature measurements are being developed, to increase
the accuracy and reliability of the BTMS.

For internal sensing in a LIB, the need for accurate, sensitive and minimal invasive methods for
fetching data is required. Several sensing methods that rely on thermocouples have been proposed
[5-7], although the size and invasiveness of these sensors may negatively affect the internal state
of the battery cell. Fiber optic sensors have shown promising results for internal cell-monitoring,
as they are minimally invasive, non-conductive and chemically inert. Moreover, fiber sensors have
multiplexing capabilities, which allows for distributed sensing inside the battery, or on battery
pack level [8]. These advantageous characteristics make fiber optical sensors well suited for LIB
sensing.

In the past decade, the applications of fiber optical sensors in LIBs have grown. Meyer et al.
showed how the use of FBG for temperature monitoring on a LIB can improve safety and give
grater sensibility compared to a thermistor [9]. Sommer et al. monitored electrode strain in the last
charge phase using a FBG strain sensor, and linked it to nonuniform lithium ion distribution in the
anode [10]. Nascimento et al. implemented a FBG in a LIB for internal temperature measurement,
and compared it to an externally attached FBG. The study showed how the internal temperature
had larger variations at a given current rate compared to the externally measured temperature
[4]. Bae et al. measured the strain of a LIB by implementing a FBG into the electrode material
[11]. Ganguli et al. showed how the internal strain measurements from a FBG sensor can be
used for accurate SOC estimation [12]. Recently, development in data-driven methods for state
estimation that rely on temperature and strain data from FBG sensors have also been researched
[13],[14]. The accuracy of the data-driven methods rely both on the quantity and the quality of
the test-data that is used for training and validation [15]. Hence, providing accurate and reliable
data by internal battery measurements can be valuable for further development in these areas.

In this thesis, FBG sensors are implemented into commercial LIBs to monitor the internal tem-
perature development during different charge and discharge cycles. In addition, the batteries are
cycled in order to induce aging effects that impact the performance and thermal behaviour of the
batteries. The batteries are characterised before and after sensor implementation and cycle aging
to reveal changes in internal resistance and capacity. The goal of the thesis is to reveal thermal
characteristics of the batteries in use, and evaluate the impact of the sensor implementation and
aging process on the battery performance. Firstly, relevant theory for lithium-ion batteries and
thermal characteristics is presented, in order to analyse the results with greater accuracy. The
impact of sensor implementation and cycle aging is analysed in terms of internal resistance and ca-
pacity. Lastly, the internal temperature measurements are evaluated and compared to the external
temperature measurements.




2 Theory

To enable good understanding and interpretation of the temperature measurements that is con-
ducted, a thorough theoretical knowledge of the chemical and thermal behaviour of LIBs is needed.
In this section, the basic working principles of a LIBs and fiber optical sensors are presented, as
well as relevant thermodynamic properties of LIBs in use. Some insight in battery performance
and aging will also be given, as this will be relevant for the experiments conducted later in the
study.

2.1 Working principle of a lithium-ion battery

A lithium-ion battery consists of two electrodes and current collectors, a separator and an electro-
lyte (Fig. 2). Secondary LIBs are based on intercalation anodes, which rely on flow of lithium-ions
to and from the anode and cathode materials to produce electricity. The flow of electrons is cre-
ated through redox reactions in the cathode and anode materials, which form the potential for
the magnitude of energy that a LIB can produce. During charging, Li-ions deintercalate from the
cathode material, move through the porous separator, then diffuse and intercalate into the anode
material. During discharge, the process is reversed, so that Li-ions deintercalate from the anode
material to produce free electrons, which move in an external circuit to produce electricity. The
free Li-ions move back through the separator and into the cathode material. The redox reactions
that occur during discharge of a LCO battery can be described by:

Li,C — C+xLi+xe"
Lil,xCOOQ + XLiJr +xe — L1C002

The upper reaction describes the oxidation reaction of the anode, which creates free electrons to
produce electric energy. The lower reaction describe the reduction reaction of the cathode, where
Li-ions intercalate back into the cathode material to form lithium cobolt oxide.

In the reactions, x represent the amount of Li-ions that are depleted from the cathode during
charging, and subsequently produce free electrons. The Li-ions are critical for the mechanical
stability of the cathode material, as they contribute to the atomic structure of the cathode. To
prevent permanent structural damage of the cathode, z is therefore limited to a value of 0.55 [16].
This limit places great emphasis on the cathode materials that are used in LIBs, as the amount
of energy that can be produced rely directly on the magnitude of Li-ions that can be safely stored
and removed from the cathode.

To aid electron transport, the cathode and anode materials are coated on thin current collectors,
which are made of copper for the anode, and aluminium for the cathode. The current collectors
have high electric conductivity and easily attract free electrons to move in the external circuit of
the cell.
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Figure 2: Schematic describing the main components of a Lithium-ion battery. During charging
the lithium ions deintercalate from the metal oxide of the cathode, moves through the separator,
and intercalate into the graphitic structure of the anode. The process is reversed during discharge
to produce a flow of electrons in the external circuit. [17].

The specific energy of the battery is highly dependent on the discharge-potential of the cell. This
is linked to the electrochemical potential of the oxidation and reduction reactions in the battery,
which rely on the chemical composition of the anode and the cathode materials. The operating
voltage window for a given battery chemistry sets a limit to the amount of lithium ions that can be
repeatedly removed from the cathode without causing structural damage to the material. Selection
of anode and cathode materials is therefore critical, as it highly influences the power and capacity
characteristics of a LIB battery.

2.1.1 Cathode materials

Because of the close relationship between battery performance and cathode chemistry, the topic
of cathode materials and structures have been intensively researched. Cathode materials inherit
different characteristics when it comes to capacity, operating voltage, cycleability, thermal stability
and safety. For instance, nickel rich chemestries give great energy/power characteristics, at the
expense of cycleability and thermal safety. Nickel rich cathodes are therefore often doped with Al or
Mg to enhance thermal stability and electrochemical performance [18]. When selecting the cathode
materials, a trade-off between stability and cycleability versus capacity and power characteristics
is often needed.
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Figure 3: Image showing the electrochemical potential of different cathode and anode materials.
E, represents the electrochemical stability window of the electrolyte. Operating outside this voltage
range will result in formation of the passive SEI layer, both on the anode an cathode surface. High
voltage cathodes operating outside the electrolyte stability window, such as LiNigsMn; 504 will
suffer from SEI formation. [19].

Cathode chemistries that are often used include lithium nickel cobolt aluminium oxide (NCA),
lithium nickel cobalt manganese oxide (NMC), lithium iron phosphate (LFP), and lithium cobolt
oxide (LCO).

Lithium cobalt oxide (LiCoOsz) was the first commercialised cathode chemistry for lithium-ion
batteries, and is made popular due to its high specific capacity and great power characteristics.
Main drawbacks for the LCO cathode include high cost and the political and ethical issues involved
with cobalt mining. In addition, LCO have relatively low thermal stability, which increase the
risk of thermal runaway. Despite these concerns, LCO remain one of the most popular cathode
chemistries due to its high discharge voltage (~ 4V).

Lithium manganese oxide (LiMnyQOy) is another common chemistry because of the low cost and
environmentally friendliness of manganese compared to nickel and cobalt. A disadvantage with the
LMO chemistry is the observed capacity fade after long term cycling as a result of Mn dissolution
and electrolyte decomposition [20]. However, the low toxicity and great safety performance make
LMO a considerable choice where long cycle life is not critical for the battery performance.

To increase the structural stability and specific capacity, nickel and cobalt have been added to
the LMO chemistry, to create lithium nickel cobalt manganese oxide (LiNizCo,Mn,O2). The
chemistry has become popular because of the cost reduction due to lower Co content, while achiev-
ing similar power to LCO. The most common mixing ratio for the transition metals is NMC111
(LiNip 33C00.33Mng 3302), and is used in a variety of applications including electric vehicles. To
further increase the specific capacity, Nickel rich NMC chemistries are being explored, which has
led to NMC811 (LiNig gCog.1Mng 103). However, these chemistries suffer from capacity fading and
low thermal stability compared to NMC111 [21].

As an alternative to NMC, lithium nickel cobalt aluminium oxide (LiNig gCog.15Alp.0502) is broadly
used, due to its high specific capacity. The addition of aluminium in the chemistry improves the
thermal stability and electrochemical performance [22]. NCA chemistries still suffer from poor
long-term cycle performance, similarly to NMC. Microcracking in the cathode particles have been
observed during cycling, which reduce the lifetime of the battery by increasing the cell impedance.
By limiting the depth of discharge (DOD), the extent of microcracking can be reduced, at the cost
of lower energy density.




Lithium iron phosphate (LiFePOQy4) have relatively low operating voltage and volumetric energy
density compared to other commercialised cathode chemistries. LFP in still a relevant chemistry
in applications where long cycle life, high power capacity and high safety level is needed. Due to
these characteristics, LEP chemistries are now widely used in ESS applications [23].

Table 1: Cathode chemistries

Theoretical Specific | Experimentally obtained [y,
Cathode Capacity Specific Capacity Voltage [V\?] Li/Li+ Sources
[mAh/g] [mAh/g]

LCO 106.5 - 160 3.8-4.3
(LiCoO2) 274 180 - 190 (coated) 4.5 - 4.7 (coated) [24-29)
LMO ; . 2029
(LiMn,0,) 148 120 - 130 3.8-42 [30-33]
NMC111

e 275 155 - 175 2.75-4.4 21, 30, 34-52
(LiNig.33C00.33Mng.3302) [ ]
NMC811 200 - 217
(LiNig.sCog Mng.; O) 275 266 (coated) <40 [21, 30, 34-52]
NCAS80

- 279 156.6 - 202.5 3.7-42 28, 36, 42, 52, 53
(LlNl(J.SCU(l.15A10.0502) [ ]
LEP 170 150 - 170 <3.75 [42, 54-58]
(LiFePOy) ) ’ ’

2.1.2 Anode materials

The anode material in a LIB should facilitate space-efficient and structured storage for lithium
ions, to prevent lithium metal plating and dendrite formation on the anode surface. Dendrite
formation is a safety issue that can cause metallic lithium to pierce through the separator and
effectively short circuit the cell, which can cause the battery to catch fire. The anode material
will also need high electrical conductivity and good transport kinetics for lithium ions. Anode
materials can take form of intercalation materials, conversion materials, alloys or lithium metals.

Graphite is the most used anode material, and can be considered an intercalation material. In a
graphitic anode, lithium ions intercalate to form LiCg. Graphite can be characterised by its low
cost, high availability, low delithiation potential and long cycle life, which have led it to be the
dominating anode material for the past decades [59]. Still, the relatively low capacity of graphite
(372mAh gfl) is insufficient to meet the energy density requirements of future batteries. In ad-
dition, lithium plating and dendrite formation on the graphite anode contribute to poor lithium
ion transport kinetics, which limits the rate capability, especially evident at low temperatures.
Graphite anodes also suffer from large volume change during fast charge/discharge cycles, forming
unstable SEI layer and causing capacity fading.

Another anode material that have been commercialised, is lithium titanium oxide (LTO). The
advantages of LTO anodes include high thermal stability, high rate capability and long cycle
life. The operating voltage of a LTO anode is inside the electrochemical stability window of the
electrolyte (Fig. 3), which effectively avoids electrolyte decomposition and SEI growth. As a result,
the impedance of the SEI layer is removed, which allows for faster lithium insertion and higher rate
capability. For the same reason, the common safety issues of graphite anodes including dendrite
formation and lithium plating is also absent for the LTO anode. The low volumetric change of
LTO during charge/discharge compared to other anode materials, give great cycleability for the
battery. The main disadvantage with LTO as anode material is the relatively low specific capacity
at (175mAh gfl). However, LTO can be used in applications where high rate capability and long
cycle life is prioritized over energy density.
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Figure 4: Schematic overview of the different anode materials (a), cathode materials (b) and
their specific capacity and voltages [18].

As an alternative to intercalation anodes, different alloying materials can be used. In alloy-based
anode materials, lithium will form an alloy with a metal or metalloid during the lithiation process.
A widely used alloy material is silicon. Silicon have a very high specific capacity (3580 mAh g_l),
low voltage vs. lithium, low cost and is highly available. Alloy materials suffer from large volu-
metric expansion during lithiation (up to 300%), which cause damage to the anode structure and
decomposition of the SEI layer. To stabilize the anode structure, reduce volumetric expansion, and
improve electrical conductivity, carbon particles can be distributed over the silicon oxide surface
[60].

In conversion type anode materials, lithium is stored with high capacity through reversible redox
reactions with transition metal oxides. The specific capacity for conversion type anodes is higher
than intercalation anodes, and can range from 500 to 1000mAhg ' [60]. The operating voltage
of conversion anodes is higher compared to intercalation anodes, making the cell potential lower,
which could hinder dendrite growth and SEI formation. Another benefit is the low production cost
of conversion type anodes compared to alloy materials, as many of them appear in their natural
form (FezOy, FeSy, MnOs) [61]. The disadvantages of conversion type anodes are large volumetric
expansions, electrolyte decomposition and poor electric conductivity.

Another anode material that have been extensively researched is lithium metal. Lithium metal
has high specific capacity and low electrochemical potential. However, lithium metal is prone to
dendrite formation during lithiation, which have been the main drawback for this type of anodes.
To prevent dendrite growth, research have been made to alter the anode surface and achieve a
more uniform distribution of the lithium ions during lithiation [62].

Table 2: Anode chemistries

Theoretical Specific | Experimentally obtained  rs
Anode Capacity Specific Capacity Voltage [‘S] Li/Li+ Sources
[mAh/g] [mAh/g]
Graphite 372 350 0.05-0.2 [61, 63-65]
Titanium
LTO Li, Ti;Ors 175 170 1.56 [61, 63]
Silicon
4200 3000 0.05- 0.6
Si-Alloys [64, 66]
Si-(M)-C 3580 525 - 3163 -
Lithium metal 3860 - 0 [61, 67]




2.1.3 Electrolyte and separator

In a LIB, a separator and a suitable electrolyte is needed for the battery to function properly. The
separator prevents electrical short circuiting between the electrodes. The separator is made up of
a porous polymeric membrane that allows for lithium transport between the active material of the
anode and cathode. Polypropylene (PP) and polyethylene (PE) are commonly used materials [68].
Separators are important components in terms of the thermal safety of a LIB in operation. The
separators should have a shutdown temperature, where the ionic transport through the separator
is reduced to inhibit further current flow. This occur by closing the pores of the separator [69].
In addition, the separator should have a high melting temperature exceeding 200°C, to improve
thermal stability of the cell. Although the separator is not seen as an active material in a LIB,
it has a clear impact on the cell performance by minimising the cell overpotential and assuring
uniform porosity and lithium deposition on the anode surface. For lithium metal anodes, modifying
the separator might contribute to inhibit dendrite growth during lithiation [51].

The electrolyte in a LIB works to reduce the overall resistance of the cell. In conventional batteries,
electrolyte is working as a transport medium for the ions to diffuse through the separator between
the electrodes. It is absorbed by the separator and the electrode active material to increase the ionic
conductivity. The electrolyte is important in terms of both safety and performance of the battery,
because of its electrochemical and thermal stability characteristics. The electrochemical stability
window of the electrolyte sets a limit to the operating voltage of a LIB (Fig. 3). Conventional
electrolyte solutions is unstable at voltages above 4.3V vs. Li/Li" [70], which is too low for
high voltage LIB batteries. Increasing the electrolyte stability window can therefore increase the
operating voltage of the battery, and hence improve energy density.

An important safety issue in LIBs is thermal runaway, which occur when the heat generation rate
overcome the heat dissipation rate of the battery. The thermal decomposition of electrolyte is
an important contributor to the exothermic reactions of thermal runaway. Therefore, improving
thermal stability of the the electrolyte is critical for the safety of the battery.

The most common electrolyte is the lithium salt (LiPFg) dissolved in organic carbonates such as
ethylene carbonate (EC), dimethyl carbonate (DEC), diethyl carbonate (DEC), propylene carbon-
ate (PC) or ethyl methyl carbonate (EMC). The electrolyte also play an important role in the
formation of a stable SEI layer, which is critical both in terms of battery performance, cycleab-
ility and safety. To improve the electrolyte performance, additives can be used to improve SEI
formation, thermal stability and enhance safety [71].

Aluminium current collector <30 um
g Cathode active material 90 - 130 um
S8
% Separator 20 - 25 pm
A

Copper current collector <30 um

Figure 5: Schematic of the physical construction and size of the different components in a LIB
[17].

2.1.4 Physical properties

To fit the application area of the battery, there exist several different physical constructions of
LIBs. The most common physical constructions include cylindrical, prismatic, and pouch cell
batteries (Fig. 6). When designing a battery system, the shape and size of the cell should be
considered to fit the mechanical and thermodynamic requirements of the system. Small cells have




better heat dissipation characteristics, and provide more uniform charge/discharge of the elec-
trodes. Large cells have greater volumetric and gravimetric capacity, because a grater amount
of the total volume or mass consist of active material that provides charge. Large cells however
produce a significant amount of heat that can be unevenly distributed, which leads to non-uniform
degradation processes that decrease SOH [5][72]. Cylindrical cells have an efficient and well es-
tablished manufacturing process that reduce the production cost. Pouch cells require additional
costs in cutting and compound assembly, but benefit from less packaging costs. Prismatic cells are
more difficult to assemble because of the careful insertion of the wound compound into the outer
hard casing [73]. Overall, the productions cost of cylindrical and pouch cells are lower compared
to prismatic cells. The shape and construction of the cell also influences the energy density on
both cell and module level. Pouch cells are superior to prismatic and cylindrical cells in terms of
energy density, due to the low weight of the battery housing. Pouch cells can also be stacked more
space efficient, which further increase the energy density on a module level. However, pouch cells
are considerably more fragile and therefore need more protection when used in a battery system.

heat seal

electrodes

electrodes

A

housing separator
d rigid housing aluminum/polymer pouch
(a) Cylindrical cell (b) Prismatic cell (c) Pouch cell

Figure 6: Schematic showing different physical constructions of LIBs [74].

2.2 Thermal behavior of LIBs

The thermal behavior of a LIB influenced by both the operation and mechanical properties of the
battery. The extent of heat generation in the battery is dependent on the rate of the chemical
reactions that occur during charge and discharge, as well as the internal impedance inside the
battery. Choice of battery material and packing greatly influence how heat is distributed inside
the cell as well as to the surrounding environment. This section will go through the theory of how
heat is produced and dissipated in LIBs.

2.2.1 Heat generation

In operation, heat is generated inside the battery during charge and discharge, and subsequently
dissipated to the surroundings. The magnitude of produced heat relates to the resistance to
movement of the ions and electrons inside the cell. The internal resistance is dependent on the
charge/discharge rate, State of Charge (SOC), State of Health (SOH), temperature and material
properties of the battery. Heat generation in a LIB can be divided into irreversible or reversible heat
generation. The reversible reaction heat results from the entropy change of the chemical reactions
inside the battery. Reaction heat is dependent on SOC, and is exothermic or endothermic as the
battery is charging or discharging, respectively. The irreversible heat is the dominant heat source
at higher C-rates, and is a result of the internal resistance of the battery [75]. The irreversible heat
can be described by:




Qn = Nbattery * 1 (1)

or alternatively
Qn=1 >R (2)

In the last equation, R represent the total internal battery resistance. It is clear that that the
internal resistance is an important contributor to the heat production in the battery, and should
therefore be minimised. In Eq. (1), Mpattery is the battery overpotential and I is the current
density. The overpotential is the difference between the electromotive force and the voltage at the
terminals of the cell:

Noattery = Ebattery - Efgttery = Net + Netl + Nd + Nohm (3)

In LIBs the battery overpotential can be seen as a measure of the cell efficiency. The overpotential
is made up of several thermodynamic losses that have different contributions at different SOC.
The different contributions to the battery overpotential include processes linked to charge transfer
at the electrodes (7.), diffusion and migration of Li-ions in the electrolyte (7;), diffusion and
migration of Li-ions in the electrodes (1ny) and the ohmic losses (onm) [76-78].

The reversible entropic heat generation can be described by:

T-AS

s=—1
@ n-F

where I is the Faraday constant, and AS is the entropy change. The irreversible heat generation
is dominant at high C-rates, however the entropic heat generation can be significant in some
situations and should be included in the thermodynamic model of the battery [76]. The total
internal heat generation in the battery can therefore be described by:
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Figure 7: Schematic of contributions from various heat sources in a LIB with different current
rates. At higher current rates, the overpotential and ohmic heat becomes dominant, while the
entropic heat is negligible [79].
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2.2.2 Thermal conduction

The internal distribution of heat inside the battery is determined by the conductive properties of
the battery materials. The conductive heat flux can be described by Fourier’s law:

q=—k-VT (5)

where k is the conductive heat transfer coefficient and VT is the temperature gradient. The
temperature gradient can be written out to evaluate the three dimensional heat flux:

orT oT oT

Studies have shown that the conduction heat transfer is around an order of magnitude larger in the
in-plane compared to the cross-plane direction [27]. Similar results have been shown for cylindrical
cells, as the conductivity is larger axially, compared to radially. The reported conductivity in
LIBs vary in literature, from measurements of 20 to 35 W/mK in the axial and in-plane direction,
compared to 0.15 to 1.4 W/mK in the cross plane direction [80]. It is of interest to improve
the low thermal conductivity in the cross plane direction in order to achieve a more uniform cell
temperature, especially at higher current rates.

The battery is constructed of several stacked layers of electrodes, current collectors and separat-
ors. The thermal conductivity is therefore considered anisotropic. To account for the conduction
properties of the different layers of material, the use of an effective heat transfer coefficient may
be used. In the cross plane direction, the conductive heat transfer coefficient can be evaluated by
[27, 81]:

dtota
kerr = 7
=5 n (7)

where dgo1q; is the total thickness of the battery, d; is the thickness of the battery components, and
k; is the thermal conductivity of the battery components. Fig. 8 shows how the use of isotropic and
anisotropic conductivities in thermal modeling can impact the heat distribution of a cylindrical
cell. It is clear from the figure that the high axial conductivity leads to a more uniform temperature
distribution in the cell. To improve the rate at which heat is transported from the centre of the
cell to the surroundings, it is important to strive for a high thermal conductivity in the battery
components. High conductivity will reduce the temperature gradients inside the cell, which can
lead to nonuniform battery degradation [82].

2.2.3 Thermal dissipation

Thermal dissipation is the process where heat is transported from the surface of the battery to the
ambient air. Controlling the dissipation rate is an important aspect of thermal management, in
order to optimise battery temperature and ensure safe operation of the battery pack. Dissipation
can be split into heat transfer by convection and radiation. The convection heat transfer can be
described by newtons law of cooling:

Qconvection =h- (Ts - Too) (8)

where h is the convection heat transfer coefficient, T is the temperature of the battery surface
area and T, is the temperature of the air surrounding the battery. The value of h is influenced
by the flow conditions (air velocity or free convection), air temperature and density, and surface
geometry of the battery. These parameters should be modified so that the battery is operated
within the optimal temperature range.
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The radiative heat transfer is also part of the heat dissipation from the battery. Thermal radiation
does not require a transport medium for heat transfer to occur, in contrast to convection and
conduction heat transfer. The radiative heat transfer can be described by:

Qradiation - EU(TS4 - Télo) (9)

where ¢ is the emissivity of the battery outer surface (0 < & < 1), o is the Stefan Boltzmann
constant (o = 5.67 x 1078W/m? - K*), T, is the temperature of the battery surface and T, is
the temperature of the surroundings. The radiative heat transfer can be improved by altering the
outer surface of the battery, and thereby changing the emissivity [83]. The total heat transfer from
the battery surface to the surroundings can be described by:

Qout = Qconvection + Qradiation =h- (Ts - Too) + €U(T54 - T;Lo) (10)

As can be seen from the above equation, the dissipation is a function of both the convection and
radiation heat transfer. In operation, the relative contribution from the radiation and convection
heat transfer can vary, depending on the battery temperature, flow of air and ambient temperat-
ure. For especially high temperatures, the heat dissipation by radiation can overcome the heat
dissipation by free convection [84]. However, the radiative heat transfer is rarely large enough to
cool the battery pack in use. Therefore, cooling by forced convection is commonly integrated as a
part of the thermal management system.

2.2.4 Thermal balance and modeling

The temperature of the battery can be determined by solving the thermal balance of the battery.
The thermal balance is the relationship between the generated heat inside the battery and the heat
dissipation to the surroundings. A simple heat balance of a LIB can be described by:

dr

m:- Cp . E = Qin - Qout (11)

where m is the mass of the battery, C}, is the specific heat capacity of the battery, Qs is the
internal heat generation and @, is the dissipated heat. This is called a lumped capacity model,
as the temperature inside the battery is considered uniform. The lumped capacitance model is
simple and requires a small amount of computational resources to solve, however it have limited
relevance for battery packs with large temperature gradients and anisotropic conductivities. To
reach acceptable accuracy for such models, the Biot number of the battery should be smaller than
0.1:

hL.
k

Bi = <0.1 (12)

where L. is the characteristic length, given by the ratio of the solid’s volume to cooled surface area
L.= ALS. At small Biot numbers, the rate of heat conduction inside the battery is high compared
to the surface cooling of the battery. This can be the case for small battery cells. However, in
many cases, high volume battery cells that is subject to significant convective cooling effectively
makes the model inapplicable.

A more comprehensive thermal model can be obtained by considering the internal temperature of
the battery in all three dimensions:

or o orT 0 orT 0 or
o = o () * oy (g ) + 3 (532 )+ "
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Where g;,, is the volumetric heat generation intensity. The thermal conductivity, k, the density, p,
and the specific heat capacity, C}, is now location dependent. Similarly to the effective conductive
heat transfer coefficient given by (7), the effective thermal capacity of the battery can be found
by:

S A7

(14)

The boundary conditions for the outer surface of the battery can be obtained by the following
equation:

kO b (T~ L) + (T~ T) (15)
where n represent the direction perpendicular to the boundary surface. The three dimensional
energy equation (13) can be solved and validated with the boundary conditions given by (15),
by obtaining specific battery parameters through experiments. However, the computational cost
related to this is high, and is not well suited for real time monitoring of the battery temperature.
The use of effective thermal capacities and conductivities as given by Eq. (7) and Eq. (14) will
lower the amount of computations.

2.2.5 Thermal gradients

In operation temperature gradients will develop inside the LIB due to the internal heat generation
and relatively low thermal conductivity of the battery. This is especially evident at higher C-rates,
as heat is generated faster than it is dissipated to the surroundings. The development towards high
volume energy dense cells with large amount of active material give larger temperature gradients,
because of the higher internal resistance [85]. To compensate for the internal heat generation,
intensive cooling from the thermal management system is needed. This is often done through con-
vection cooling on the surface of the battery, which in turn creates larger temperature gradients
between the surface and the inside of the cell (Fig. 9). As the battery kinetics is largely depend-
ent on the operating temperature, the temperature gradients will contribute to local degradation
processes on the electrodes of the battery. This is because the rate of the chemical reactions in
a battery have been shown to follow the Arrhenius law - increasing with increasing temperature
[86-88]. This in turn leads to enhanced Li-ion intercalation rates in areas with high temperature,
which creates local SOC differences at the anode. The local SOC differences cause acceleration of
local degradation processes, and therefore aging of the battery [89]. aging of the battery caused by
thermal effects is therefore not limited to the temperature itself, but also the internal temperature
distribution of the battery.
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Figure 8: Thermal modeling of a cylindrical LIB using isotropic (left) and anisotropic conduct-
ivities (right) [27].

2.2.6 Thermal management

In all battery systems, a battery thermal management system (BTMS) in needed to ensure safe and
optimal temperature of the LIBs in use. The BTMS should work to achieve a uniform temperature
distribution of the LIBs, in order to avoid the undesirable aging mechanisms caused by internal
temperature gradients. The common BTMS is mainly focused on cooling of the battery pack to
remove excess heat, although heating in cold ambient temperatures is also essential for optimal
operation of the battery pack. The cooling methods can be divided into air or liquid cooling,
internal or external cooling, passive cooling with use of phase change materials (PCM) or hybrid
cooling methods. Among these, external cooling by air convection have been popular, because of
its low cost and simplicity. The efficiency of this method is however limited, because of the low
thermal conductivity and heat capacity of air. Systems based on liquid cooling can be used to
improve he heat transfer efficiency. By circulation of a cooling medium such as water or glycol, a
large amount of heat can readily be absorbed.
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Figure 9: Plot of radial temperature gradient as a function of DOD in a cylindrical cell at a rate
of 3C [90].
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Liquid based cooling systems can be divided into direct contact, indirect contact and heat pipe
systems. Direct contact systems work by submerging the battery in a dielectric heat transfer fluid
to absorb the generated heat. The cooling efficiency of these systems is high, but the heavy weight
and impractical implementation is a disadvantage. In indirect contact systems, the heat transfer
fluid is guided through channels between the batteries to absorb heat. The channels can take
form of plates or tubes that are placed adjacently to the battery surface. Heat pipe systems take
advantage of the large heat transfer associated with the phase change of a circulating fluid to both
absorb and reject heat. The flow of fluid inside the pipes is regulated by pressure gradients that
evolve during evaporation and condensation of the circulating fluid. Wang et al. [91] showed that
the heat pipe systems successfully can be used in EVs for thermal management. An alternative
to liquid based cooling methods is systems based on phase change materials. In PCM based
systems, heat is absorbed at constant temperaure to induce a phase change in the material that
is surrounding the battery (Fig. 10). The PCM can absorb large amount of heat at a constant
temperature, which creates a uniform temperature distribution of the batteries. The amount of
heat that can be absorbed by the PCM before it is fully melted is however limited. Therefore, to
provide a continuous heat absorption, a coupling between the PCM and an external cooling system
can be advantageous [92].

Aluminum fins PCM

Battery cell

Figure 10: Schematic of a PCM system applied over a battery pack of cylindrical cells [93].
Cooling fins are attached to the PCM to increase heat transfer rate.

A good BTMS should also have the ability to provide heat to the battery in cold ambient conditions,
to avoid the negative effects that are observed in LIBs at lower temperatures. The heating methods
that have been proposed include use of PCM, alternating currents, convective heating, internal self
heating or liquid heating [94]. In a study performed by Yang et al. [95], internal self heating
with the use of a nickel foil could effectively eliminate the problem of lithium plating at lower
temperatures (Fig. 16).

2.3 Thermal effects on aging and performance

It is well documented that temperature have a significant impact on the performance and aging
processes in a LIB. In addition, controlling the temperature is essential to avoid safety issues
including thermal runaway and dendrite formation. The optimal operating temperature of a LIB
is shown to be in the range of 15°C-35°C [96], although some variations may occur in the different
battery chemistries.
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Figure 11: Plot of SOH curves as a function of time for cycling at different temperatures and a
rate of 1C. Excessive decrease in SOH is evident for both high and low temperatures [97].

2.3.1 Temperature and battery performance

The temperature of the battery have a large impact on the battery performance both in terms of
rate capability and specific capacity. A significant decrease in the capacity of a LIB is observed
already when lowering the temperature from 20 to 15°C, and is even more extensive at lower tem-
peratures (Fig. 12). In addition to loss of capacity, low temperatures is linked to poor intercalation
kinetics, especially at the carbon anode surface, which cause a lowered rate capability especially
during charging. At higher operating temperatures, an increase in capacity and rate capability is
observed, although as explained later in this section, battery degradation rates is also higher at
elevated temperatures.
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Figure 12: Experimental (dotted) and numerical simulations (solid line) for discharge capacity of
a LiFePO, battery at different temperatures. The loss of capacity and reduced discharge voltage
at lower ambient temperatures is evident. [98].

The poor low temperature performance have been linked to low ionic conductivity of electrolyte at
lower temperatures, reduced lithium diffusion in graphene layers, and an elevated charge transfer
resistance at the surface of the graphite anode/SEI layer [99]. All of the above mechanisms is
though to reduce the battery performance at lower temperatures.

At low temperatures the lithium concentration on the anode surface increases, which elevates the
risk of lithium plating and subsequent dendrite formation that can short circuit the battery [56].
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During charging of LIBs in cold temperatures, the current rate is therefore reduced to maintain
safe battery operation. This sets a limit for the further implementation of electric vehicles in colder
climates, as charging time increases rapidly.

At higher operating temperatures, the negative effects of low temperature operation is avoided,
although other issues regarding the safe operation of the battery is evident.

2.3.2 Aging and degradation

The temperature of a LIB is also affecting the extent and rate of the degradation processes inside
the battery. This is observed during charging/discharging, as well as when the battery is at rest. At
high temperatures, the rate of the chemical side reactions inside the LIB increases, which accelerate
the degradation processes and shorten the lifetime of the battery. The aging mechanisms that occur
at elevated temperatures is complex, and related to the chemical reactions in both the electrolyte
and the active material of the battery.
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Figure 13: Cycle aging at different temperatures and corresponding resistance increase. [98].

A well known aging mechanism in a LIB is the continuous growth and decomposition of the
SEI layer on the surface of the graphite anode. The SEI layer is created during the formation
stage of the battery production, to prevent exposure between the lithiated anode surface and the
electrolyte. The electrolyte is reductively decomposed upon contact with the lithiated carbon of
the graphite anode, which cause SEI formation (Fig. 3). The process of forming a stable SEI layer
is important to prevent further reaction between the graphite anode and electrolyte in the lifespan
of the battery. However, at elevated temperatures, degradation of the SEI layer is apparent, which
cause further electrolyte decomposition and loss of lithium ions (Fig.14). Also during charging, the
volumetric expansion of the anode upon lithiation can cause cracks in the SEI layer which expose
new carbon anode material to the electrolyte. The decomposition and subsequent growth of the
SEI layer negatively affect both the capacity and performance of the LIB due to loss of lithium
ions and increased cell impedance [100]. The rate at which the SEI layer is formed is showed
to follow the Arrhenius equation, thus increasing with temperature [101]. Therefore, to prevent
the negative aging effects of excessive SEI formation, the temperature should be kept within the
optimal temperature range.
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Figure 14: Schematic overview of the different aging mechanisms at the anode/electrolyte inter-
face. At elevated temperatures, the degradation rate of the SEI is higher. The subsequent rebuild
of the SEI cause depletion of Li-ions in the battery. At lower temperatures, poor diffusion rates in
the graphite anode cause lithium plating at the anode surface [77].

The degradation rate of the LIB is highly dependent on both temperature and the materials that
are used in the battery. For different cathode chemistries, the degradation rate when exposed to
higher temperatures can be highly variable. Fig. 15 shows the temperature dependent aging rate
for different cathode materials. The figure shows the number of cycles needed to reach a certain
SOH at an elevated temperature, relative to the cycles needed at 15 or 25°C. The negative slope
indicates that the cycles needed to reach a certain SOH is reduced as the temperature increases.
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Figure 15: Temperature sensitivity and aging rate for different battery chemistries. Capacity
fade is observed during cycling at increased temperature, as the number of fully equivalent cycles
(FEC) needed to reach the specified SOH decreased. In these results, NMC/Hard carbon chemistry
showed greater temperature sensitivity compared to NMC/LMO. [102]

The rate of degradation mechanisms in a LIB is also increased as the temperature go below the
recommended operating range. The most important aging process at low temperatures is lithium
metal plating. The risk of lithium plating is increased by poor lithium diffusivity into the graphite
anode and high charging rates at low temperature (Fig. 14) [103]. Lithium plating cause a decrease
in capacity, as some Li-ions are lost irreversibly in the process, and are subsequently unavailable
for charge transport in the battery [104]. Therefore, lithium plating is causing both an immediate
decrease in capacity and charging rate, and long term decrease in capacity due to loss of lithium.
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Figure 16: Cycle aging at different temperatures. The cell that represents the red dotted line,
was heated internally with a nickel foil to prevent lithium plating. The other cells, which were not
heated, showed significant capacity decay in comparison [95].

2.3.3 Safety issues

In addition to performance decrease and accelerated aging by temperature, there are also safety
concerns linked to thermal abuse of a LIB. A well known hazardous safety issue in LIBs is thermal
runaway. It can be induced by different abuse conditions, including electrical, mechanical and
thermal abuse. The abuse conditions may cause an internal short circuit of the battery followed
by a rapid temperature increase. If temperature is elevated sufficiently above the recommended
range (= 60°C'), the rate at which temperature is accumulated in the battery can overcome the

rate of self heat removal, resulting in a series of exothermic reactions that can cause the battery
to catch fire or explode.

For low temperature operation, the most severe safety issue is dendrite growth due to lithium
metal plating. It can be caused by overcharging the battery at low ambient temperatures. As
described in Sec. 2, the resulting dendrite formation can pierce through the separator and cause
an internal short circuit that induce thermal runaway of the cell [56, 105]. The safety issues at
different temperatures in a LIB are summarised in Fig. 17. The figure shows how lithium plating
is the dominant safety issue at low temperatures, while SEI decomposition and thermal runaway
are dominating at higher temperatures.
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Figure 17: Schematic showing the different thermal hazards of a LIB at different operating
temperatures. [105].
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To summarise, the influence of temperature on performance and degradation of the battery is
substantial in both hot and cold climates. The growth and decomposition of SEI layer is domin-
ating at high temperatures, while lithium plating and performance decrease is significant at low
temperatures. The operation of LIBs outside the optimal temperature range is therefore highly
dependent on effective thermal management, in order to enable high performance, safe operation
and long lasting battery packs.

2.4 Light properties

This section will provide a theoretical background of light properties and interactions with materials
to enable better understanding of the working principle of fiber optical sensors.

2.4.1 Light wave properties

Depending on the situation, light can in some instances best be described by electromagnetic
waves, while in other situations light is better described as particles. The basic properties of light
waves are amplitude, frequency and phase, while light particles (photons) can be characterised by
momentum or energy that is determined by frequency [107].

When light is considered a electromagnetic radiation, its properties include an electric and magnetic
component. As light is propagating in different dielectric materials, a polarization is induced in the
media caused by electron movement from the electromagnetic field. Electromagnetic optics is the
study of the interactions that can be observed between light, polarization and charges in different
materials. The resulting change of light properties from an external stimuli can be measured, and
sets the basis for optical sensors. The electromagnetic spectrum defines the range of frequencies
and corresponding wavelengths of electromagnetic radiation.
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Figure 18: The electromagnetic spectrum [107].

Fig. 18 shows the particular range of the electromagnetic spectrum that is used in optical sensors.
The interactions between light and material is varying with the different wavelengths, which is a
useful property when it comes to optical sensing.

2.4.2 Basics of optical fibers

Fiber optical sensors are based on light propagation through the core of an optical fiber. An optical
fiber is constructed of a core, surrounded by a cladding and a protective coating. The physical
construction of the fiber is shown in Fig. 19. The core of the fiber is made of a dielectric material,
commonly silica, and have a diameter of 8-50 pm. The core allows for light propagation over long
distances with minimal attenuation. The majority of light is propagating through the fiber core.
Surrounding the core is a layer of glass or plastic cladding with a diameter of 125 pm. The cladding
contains light propagation within the core of the fiber, in addition to adding mechanical strength.
The outer layer of a fiber consist of a plastic coating, which adds an additional protective layer for
the fiber.
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Figure 19: Physical construction of an optical fiber. The lower refractive index of the cladding
compared to the core facilitates light propagation in the core of the fiber [108].

To enable light propagation over long distances, it is important to minimise the light attenuation
in the core of the fiber. In optical fibers, light is contained in the core of the fiber by altering the
refractive indexes (RI) of the cladding and the core. The refractive index describes the velocity of
light propagation through a material, with respect to the speed of light. It can be expressed as:

(16)

n— -
v
where c is the speed of light in vacuum, and v is the phase velocity of light in the medium. A lower
RI gives a higher phase velocity in the material. In an optical fiber, light propagation is retained
in the core of the fiber through the concept of total internal reflection, which is achieved when the
RI of the cladding is sufficiently low compared to the RI of the core (Fig. 19).

The refractive index also determines the angle of refraction in the transition from one medium to
another. The refraction of light at the interface of two materials is described by Snell’s law:

sinf; v no

(17)
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where 60 is the called the angle of incidence, and 65 is the angle of refraction (Fig. 21a). The ratio
between the refractive indexes of the two materials determine the angle of refraction. If the angle
of incidence is sufficiently large, the ray will however be reflected at the boundary, and is thus
unable to reach the second medium. This is achieved when the angle of incidence is larger than
the critical angle (6.), and can be obtained from Snell’s law:

0. = arcsin (712) (18)

ni

If the angle of incidence is exactly equal to the critical angle, the light will propagate along the
boundary between the two media (Fig. 21b).

n >n2 a)

Figure 20: Refraction at different angles [108].

As can be observed from Fig. 21a, a portion of light is reflected at the interface between the two
media although the angle of incidence is lower than the critical angle. This phenomenon, called
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the Fresnel reflection, is utilised in fiber Bragg gratings, as the wavelength of the reflected light is
measured.

Optical fibers can be characterised by the number of light modes that are propagating through
the core of the fiber. Single-mode fibers are restricted to a single light mode, whereas multi-mode
fibers allow several distinct light modes to propagate in the fiber core. The core of the multi-mode
fiber is typically larger than the single-mode fiber, with a diameter of 50-200pm.

Cladding

Core

Cladding

Core

Figure 21: Light modes propagating in a multi-mode optical fiber, and a single mode fiber [109].
The majority of the light modes are contained in the core of the fiber through TIR. Some light
propagates into the cladding and is terminated.

2.5 Optical fiber sensors

Optical fiber (OF) sensors have a wide range of applications. The combined characteristics of long
range remote sensing, high sensitivity and physical robustness make OF sensors a reasonable choice
in several usage areas [107]. OF sensors are chemically inert, which enable usage in chemically
aggressive environments, such as in LIBs. In addition, OF sensors enable remote sensing without
supply of electricity, and are immune to electromagnetic interference, which enable sensing in
high-voltage environments.

The quantities that can be measured using OF sensors include temperature, strain, pressure,
electric and magnetic fields and chemical concentrations. The measurements is based on changes
in light properties including phase, polarization, amplitude, intensity and wavelength. Optical
sensing is based on light transmittance from an optical source, perturbation of light properties
through outer stimuli (temperature, stress, etc.) and detection of the modulated light signal.

Lasers and LEDs is often used as the optical source, whereas the optical fiber works as the trans-
ducer that is exposed and respond to an outer stimuli. A photodetector is used for detection of
the perturbed signal. A typical setup for an OF sensor is showed in Fig. 22.

Fiber optic

a) Intrinsic sensor.

Optical source

Photodetector

Fiber optic

b) Extrinsic sensor.

Optical source

Photodetector

Figure 22: a) Optical sensing with intrinsic sensor and b) extrinsic sensor [108].
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Optical fiber sensors can be divided into intrinsic and extrinsic sensors. In intrinsic sensors, the fiber
work both as a signal transmitter and a transducer. The change of light properties that is measured
is a result of changes in the fiber itself. Fiber Bragg gratings are considered intrinsic sensors. In
extrinsic sensors, optical fibers are used only as transmitters to the sensors that respond to the
measured quantity. The sensor can be either optical or electric, in which an optical transmitter
is used to convert the measurements to a light signal. The use of optical fibers for transmission
enable sensing in otherwise inaccessible locations.

2.6 Fiber Bragg gratings

Fiber Bragg gratings (FBG) are highly sensitive, intrinsic OF sensors that can measure temper-
ature, strain and pressure. The sensors work by measuring shift in wavelength that is reflected at
the point of measurement. A FBG sensor have gratings inscribed into the core of the fiber, which
contain periodic variations of the refractive index. As the transmitted light propagates through the
gratings, part of the light spectrum is reflected due to coherent Fresnel reflections from the periodic
index variations, and transmitted back to through the fiber (Fig. 23). The centre wavelength of
the reflected light is called the Bragg wavelength. The Bragg wavelength change with respect to
the refractive index of the gratings (7.s7) and the grating period (A) by the following equation:

)\B = QT]effA (19)

Change in ness or A cause a measurable shift in the Bragg wavelength, which is the working
principle for the FBG sensor. The properties of the gratings are changed as the sensor is exposed
to either temperature or strain. Strain cause an expansion or contraction of the grating, which
alter the grating period. The refractive index of the gratings are affected by both temperature
and strain, due to the thermo-optic effect [110], and the strain-optic effect. Grating period is also
affected by temperature due to thermal expansion, although this effect is much smaller compared
to the change of refractive index [111].

By differentiating equation (1), the total wavelength shift caused by temperature and strain can
be expressed as:

o 5‘neff oA aneff oA
A/\2(A T +neff8T)AT+2<A o Jr’fleffaE Ae (20)

The first term represent the wavelength shift caused by change in temperature, and can further be
expressed as:

AN = )\B(Oz + g)AT = K+ AT (21)

Where a and £ represent the thermal expansion coefficient and the thermo-optic coefficient, re-
spectively. Combining the terms give K, which is the temperature sensitivity for the FBG. The
sensitivity for a specific FBG sensor can be obtained in a controlled environment, where wavelength
shift is recorded as a response to temperature change. Wavelength shift ranging from 10-16pm/°C
have been reported in literature [107]. The second term in (20) represent the wavelength shift
caused by strain, and can be expressed as:

AN = Ap(1 — pe)Ae = K Ac (22)

Where p, (~ 0.22) is the photoelastic constant and Ae¢ is the strain change. The value of the strain
sensitivity, K, is usually around 1.2pm/pe applied strain to the FBG [112].
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Figure 23: a) The components of an optical fiber. The core with the inscribed Bragg gratings is
surrounded by the cladding. b) As the gratings are exposed to strain, the grating period changes
and a wavelength shift is observed. ¢) Temperature cause a small increase in grating period and
a change in the refractive index of the gratings. Both contribute to the corresponding wavelength
shift [17].

As wavelength shift is obtained by changes in both temperature and strain, there is a need to
discriminate between the contributions in order to measure a single quantity individually. A
common discrimination method is the use of an additional FBG sensor that is isolated from strain
perturbations and placed adjacently to the first sensor. The temperature induced wavelength shift
that is observed from the reference sensor can then be used to correct the strain measurements of
the first sensor.
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3 Methods

This section will go through the implementation procedure of the fiber sensors in the batteries, as
well as the methods that were used for testing and characterization of the batteries. An overview
of the process is showed in Fig. 24.

Characterization

Stable
OCV?

Post

Implementation
Characterization

Cell leakage

Temperature test
Unsafe battery

Cycle aging

Post aging
characterization

Temperature test

Figure 24: Flowchart describing the process of sensor implementation and testing during the
project. The batteries were tested after each step that led to a change in the battery characteristics.
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3.1 Implementation procedure

The following steps were taken to integrate the FBG sensors in the battery:

e Production of new pouch with FBG bracket
e Removal of original pouch
e Repack battery into new pouch assembly and insert capillaries

e Sealing of new pouch

Pouch heat seal

Bracket w/heat seal tape

OF entry point, Sealed w/photopolymer adhesive

OFs w/FBG array

Figure 25: Illustration showing the design of the new pouch with embedded FBG sensors. The
bracket allow insertion of the FBG sensors, and provides mechanical protection of the fibers during
the sealing process [113].

3.1.1 Pouch assembly

In this project, commercial LCO pouch cell batteries of the type Melasta SLPBB042126HD
(6550mAh, 3.7V) were used. Prior to the removal of pouch laminate from the commercial cell, the
batteries were characterised with a test cycle, in order to observe the change in capacity, imped-
ance, and power characteristics resulting from the sensor implementation. A total of three LCO
cells were used in this thesis. Two cells that were implemented with fiber-optic sensors, and one
reference cell that was opened and repacked without implementing any sensors. In the results sec-
tion, the cells will be referred to as ”Second LCO”, ” Third LCO” and ”Reference LCO”. The first
LCO had a cell leakage during the second characterization schedule, and was therefore regarded
unsafe for further testing.

The first step in the fiber-implementation process include the production of a new pouch assembly
for the battery. This is done to support the insertion of glass capillaries through a bracket that is
attached to the end of the pouch, opposite to the tab side (Fig. 25). As the sensors are sensitive
to both temperature and strain contributions (Eq. 21 and Eq. 22), they are inserted into the
glass capillaries to prevent strain contribution to the temperature measurements, and protect the
FBG sensors from mechanical damage. The bracket was 3D printed using an Ultimaker 2+ with
polypropylene material, which is the same material that is used on the inside of the pouch laminate.
This ensure good adhesion between the bracket and the pouch laminate in the sealing process. For
insertion of the capillaries into the battery, three holes were drilled through the end of the bracket
(see Fig. 27).
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In previous testing during the project work, heat seal tape of the type FastelFilm 16071 was used
on the bracket side, and a polymer tape of the type EQ-PLIb-HMA4-1.200 from MTI was used
around the tabs for sealing. However, due to problems with insufficient sealing and subsequent air
leakage into the battery, an alternative approach was used in this project. The method included
use of a glue gun of the type Ryobi R18GLU-0, with an EVA based hot melt adhesive.

The hot melt adhesive from the glue gun was used to seal all sides of the pouch laminate, including
the tab side and the bracket side. Initially, the bracket was glued on to the pouch laminate. In
addition, two lines of glue were applied on the inside of the pouch, to create a border that prevents
the battery from moving during the subsequent steps (Fig. 27).

Figure 26: Image showing the pouch assembly. The capillaries for the FBG sensors emerge from
the bracket at the top of the image.

3.1.2 Pouch removal and repack

For the second step the battery and pouch assembly were introduced to a glovebox with an inert
argon atmosphere [114] for pouch removal and repack.

The original pouch of the battery was removed without causing damage to the separator or the
electrodes of the cell. The separator was then unfolded, and the capillaries were placed in the
middle of the battery between the electrode layers. The outer polymer coating of the capillaries
that was in contact with the battery was removed with a blowtorch to limit size and invasiveness.
After insertion, the cell was slid back into the pouch between the premade borders.
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Figure 27: Image showing the insertion of the glass capillaries into the middle of the pouch cell
battery. After insertion, the battery was slid to the left between the marked boundaries.

After inserting the capillaries, the remaining sides of the battery must be sealed. The long sides
of the pouch were sealed using the glue gun, before proceeding to the tab side. For this side, hot
melt glue was applied between the tabs and the pouch. To ensure that the hot melt adhesive had
sufficiently melted, a hair straightener of the type Remington S1005 was used to apply heat to
all sides of the new pouch, where hot melt adhesive from the glue gun had been applied. This
ensured that folds in the pouch laminate which could provide a leakage channel for air into the
cell was filled with glue and closed (Fig. 28). To prevent leakage from the holes in the bracket, UV
glue of the type Norland NOAG5 was applied and cured with a UV light source. Lastly, a vacuum
chamber of the type AUDIONVAC VMS 53 was used on the tab side to complete the seal. The
vacuum chamber evacuates air from the pouch, and applies heat to melt the applied glue at the
tab side.

After the implementation procedure, the battery was taken out of the glovebox and placed in a
fume hood where the open cell voltage (OCV) was monitored (Fig. 37).
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(a) Large fold (b) Multiple small folds

Figure 28: Image showing folds that are created during the repack of the pouch laminate.

3.2 Battery testing and characterization

To evaluate the impact of the sensor implementation on the batteries, different battery test-
ing schedules were used in the project. The characterization schedules were completed on each
battery before and after implementation, and after cycle aging. The characterization included
charge/discharge cycles at different C-rates and a hybrid pulse power characterization (HPPC)
to evaluate the internal resistances of the battery. The aim of the characterization schedule is to
reveal changes in battery characteristics related to capacity and internal resistance. The following
schedule was used as initial characterization of the batteries:

e Discharge and charge at 1C

Discharge and charge at C/20

Discharge and charge at C/4
e HPPC characterization at different SOC

Discharge at C/4, C/10 and C/20

Different current rates were used to compare discharge and charge capacity before and after the
sensor implementation. A hybrid power pulse characterization (HPPC) was used to measure the
internal resistances in the battery at different SOC. HPPC is based on the battery voltage response
during short DC current pulses. Fig. 29 shows the principle of a HPPC test.
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Figure 29: HPPC characterization. The upper figure shows the applied DC current pulse, while
the lower figure shows the voltage response. The resistances R, and R, are measured from the
corresponding voltage drop AV; and AV, after a chosen time step. [115]

In a HPPC test, the voltage change from an applied current load is measured in order to obtain
the internal resistance of the battery. The measured internal resistance is depends on the time step
that is used to observe the voltage difference. Initially, the voltage drop from the applied current is
caused by ohmic overpotentials in the battery (R, in Fig. 29). The voltage drop from the remaining
time of the current pulse is a combination of charge transfer resistance, and polarisation resistance
in the cell [115]. These resistances are annotated as Rq; and R;, in Fig. 29. The ohmic resistance
is a result of electronic resistances, and electrolyte ionic resistance in the cell. The charge transfer
resistance is due to charge transfer reaction at the electrolyte interphase, while the polarisation
resistance is a result of ionic diffusion in the solid phase [115]. Fig. 30 shows an example of a
HPPC pulse from a characterization test.

For the HPPC tests in this thesis, the voltage was measured after 50ms and 5s. The first meas-
urement is dominated by the ohmic resistance (R,). The resistance measured from 50ms to 5s
includes the voltage drop from both charge transfer and polarisation resistance, and can therefore
be considered as a combination of these contributions:

VO_VY50ms
R, = ——ms
I

o V:’:Oms - VSOOOms

Ry i

HPPC testing were done before and after sensor implementation, and after cycle aging.
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HPPC pulse, 5s
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Figure 30: Example of a HPPC pulse that were used in the characterizations. This test was done
at 100% SOC, and the applied discharge current was 1C (6.63A). The initial voltage drop from
4.155V to 4.103V is much larger than the remaining voltage drop from 4.104V to 4.088V.

3.3 Cycle aging

If the batteries showed a stable behaviour after the characterization, they were put through a
temperature test and a cycle aging procedure. The aim of the aging cycle was to monitor the
capacity fade and internal resistance over the cycle period. In addition, the subsequent temperature
test would reveal changes in the temperature development of the battery at a reduced SOH. The
following schedule was used for the cycle aging of the batteries:

e CC charge at 1C to high cutoff voltage at 4.2V

CV charge at 4.2V to low cutoff current at 0.08-1C

2 minute rest

Discharge at 1C to low cutoff voltage at 3V

2 minute rest

Repeat above steps until 200 cycles are reached

3.4 FBG calibration and measurement

The setup that was used for the temperature measurements with the FBG sensors are showed in
Fig. 32. The light spectrum from the IR source is sent through the optical couplers and the FBG
sensors of the battery. The reflected wavelengths from the sensors are detected by the spectrometer
and sent to the computer for processing. The specifications of the FBG equipment are given in
Fig. 31.
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Equipment Suplier Model Spec

Number of FBG: 3

FBG Array Fisense OF diameter: 0,125mm
Reflectivity: >50%

wavelength: 1550 nm
bandwitdth: 50nm

Wavelength range: 1510-1595 nm
Spectrometer Ibsen photonics | I-mon 512 USB Wavelength accuracy: 5 pm
Measurement frequency: 3000Hz
Center wavelength: 1550nm
Signal Output: 45,0%-55,0%

Tap Output: 45,0%-55,0%

IR Source Thorlabs SM benchtop SLD source

50:50 Wideband Coupler

Couplers Thorlabs 1x2 and 2x2

Figure 31: Equipment used for the fiber optic sensing. [113]
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Figure 32: The experimental setup for the temperature measurements. [113]

An example of the reflected light spectrum that was detected by the spectrometer is shown in
Fig. 33. The amplitude of the reflected signal is lower for two of the FBG arrays, due to splitting
of the signal in optical couplers.
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Figure 33: Example of the reflected wavelengths that were obtained by the spectrometer.

As described in equation 21, the wavelength shift is dependent on the temperature sensitivity of the
FBG sensor. The sensors that were used in this thesis were calibrated in a earlier study [113]. This
was done by placing the FBG sensors in a temperature chamber, and observing the wavelength
shifts at different controlled temperatures. The obtained results can be seen in Fig. 34 and were
comparable to reported values [111].
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FBG central wavelength [nm] Temperature sensitivity [pm/°C]
FBG array 1

1518 9.43
1526 9.52
1534 9.52
FBG array 2

1542 9.62
1550 9.43
1558 9.71
FBG array 3

1566 9.90
1574 9.90
1582 10.0

Figure 34: Calibration results for the temperature sensitivity [113].

To enable detection of the central wavelength with high accuracy, some processing of the reflected
wavelength is required. The temperature induced wavelength shifts are smaller than the pixel
resolution that is obtained from the computer software. Therefore, the reflected wavelength was
fitted with a Gaussian to enable a more precise location for the central wavelength (Fig. 35).

x10°
10 |-

| | | |

| | | 1 | 1

1517.2 1517.4 1517.6 1517.8 1518

1518.2

1518.4 1518.6 1518.8 1519 1519.2

Wavelength (nm)

Figure 35: Gaussian fit to the central wavelength of one of the FBG sensors.

A Gaussian function was fitted to the Bragg peak at each recorded time step during the temperature
tests. A Matlab script with a least squares method was used for the graph fitting.
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3.5 Temperature measurements

The internal temperature measurements were conducted after implementation of the optical fiber
sensors, and after cycle aging. The following testing schedule was selected to observe the temper-
ature development inside the battery at different charge and discharge rates:

'a N

e Charge and discharge at 1.5C
e Charge and discharge at 1C
e Charge and discharge at C/2

15 minute rest between every charge and discharge.

3.6 Battery type

The cell that were used in this thesis is a LCO battery from Shenzhen Melasta Battery Co. 1td.
The characteristics of the cell is given by the table below.

Melasta SLPBB042126
Cathode material LiCoO:
Nominal capacity 6550mAh
Nominal voltage 3.7V
Maximum voltage 4.2+0.03V
Cut off voltage 3.0V
Impedance 1.3mOhm + 0.3
Max continous discharge rate 65.5A (10C)
Max continous charge rate 10A
Operating temperature Charge 0°C-60°C
Discharge -20°C - 60°C

Figure 36: Data sheet for the cell used in the thesis [116].

4 Results and discussion

This section will present the results that were obtained from the experiments, and discuss these.
The results from three cells are presented in this chapter: two with fiber-optic sensors implemented,
and one reference that was only opened and re-packed without implementing any sensors. The cells
that were implemented with fiber-optic sensors will be referred to as ”Second LCO” and ”Third
LCO” in the following section. The reference cell will be referred to as ”Reference LCO”.

4.1 Implementation procedure and invasiveness

This section will present the changes that were observed in the cells after cell opening and sensor
implementation. This will be done by comparing the capacity and internal resistance of the cells
before and after sensor implementation. The implementation procedure that was used in the thesis
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were a result of several attempts from previous experiments to create a battery with integrated
sensors [117]. In the previous work, the most challenging part of the sensor implementation was to
hinder air and moisture ingression into the cell, which would dry out the electrolyte and cause HF
generation through hydrolysis of LiPFg [118]. This would lead to cathode material degradation
and loss of lithium inventory in the cell, thus decreasing cell performance. The method that was
used succeeded in achieving an airtight seal, which was prioritised in order to continue cell testing
and temperature measurements. In the following, the impact of sensor implementation on cell
performance will be discussed with regards to capacity and internal resistance.

OCV after implementation

3.2 - \ N o

3.0 1
2 —8— Cell with leakage
5 2.8- . Airtight cell
o

2.6 1

2.4 A

0 50 100 150 200 250 300 350
Time past implementation (h)

Figure 37: Plot showing the measured OCV of the pouch cell after implementation and expos-
ure to atmospheric conditions. The successfull implementation shows an increasing OCV, as the
battery is reaching steady state after complete discharge.

4.1.1 Cell capacity

The characterization of the batteries before and after implementation gave a clear picture of the
change in capacity due to sensor implementation. The characterization included different current
rates, which would yield different discharge and charge capacities (see section 3.2). Fig. ?? shows
one of the characterization tests. The discharge capacity is evaluated from the basis of a C/4
discharge. The C/4 discharge was chosen as it followed directly after a C/20 charge, which allows
charging with lower overpotentials compared to higher C-rates. This allows for more lithium ions
to be transferred to the battery anode.
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Figure 38: Plot showing the voltage and current during the full characterization test. The battery
is charged and discharged at 1C, C/20, C/4 before a HPPC test at decreasing SOC is conducted.

Fig. 39 shows the discharge capacity of the batteries prior to sensor implementation.The capacities
that were reached was in the range 6.67 to 6.89Ah, which is in excess of the capacity given by the
manufacturer for 0.2C and 23°C.

7\\. ==i¢ = Second LCO
41 s — =Third LCO

4+ . Reference LCO
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0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7

Discharge Capacity (Ah)

Figure 39: Discharge curves showing the capacity of the batteries for a C/4 discharge before
sensor implementation.

Fig. 40 shows the discharge capacity measured after implementation. It is clear that the capacity
have decreased for all batteries, however the decrease is far greater in the batteries with implemen-
ted FBG sensors. The second LCO showed a capacity decrease of 0.83Ah, or 12.4%. The third
LCO showed a considerably larger decrease of 1.64Ah, or 24.4%. In comparison, the reference
cell which had no internal sensors implemented, showed a much lower relative decrease in capacity.
The capacity decrease for this cell was 0.27Ah, or 3.9%. However, due to individual cell differences,
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the initial capacity of the reference cell was a bit higher than the other cells.

The observed decrease in capacity can be the result of several factors. During the implementation
procedure, the battery is inevitably subject to some mechanical abuse in order to fit the sensors
between the electrodes. This may cause permanent damage to parts of the electrode layers, and
change the initial characteristics of the battery. The reference cell did not undergo as much
mechanical abuse, and in addition, was left opened for a shorter amount of time compared to the
other batteries. In factory pouch cell production, the battery is vacuum sealed, which ensure good
contact between the electrode layers. However, the vacuum sealer that was tried out in previous
experiments failed to sufficiently close the pouch cell, and was therefore not used in this thesis
[117]. Therefore, the electrode layers of the batteries may be held more loosely together, which
decrease the conductivity of the cell.

The poor conductivity between the electrodes was evident as the batteries were tested after imple-
mentation. It was observed that the voltage of the battery would increase if a light pressure was
applied to the battery surface. This was interpreted as a decrease in overpotentials caused by the
reduced distance and improved contact between the electrodes. Therefore, to compensate for the
lack of vacuum, all batteries were pressurised with two plexiglas plates that were located at the
top and bottom of the cell. After applying pressure, the reduced internal resistance would allow
greater C-rates through the battery within the safe operating voltage.

In addition to poor contact between the electrode layers, a capacity loss may be caused by loss
of electrolyte during the implementation procedure. During sensor insertion in the glovebox, a
considerable amount of time is spent with an open cell, facilitating loss of electrolyte from the
battery. Lower electrolyte volume have been shown to negatively affect the capacity and internal
resistance of a battery [119]. Therefore the loss of electrolyte may have contributed to the observed
capacity fade.

=% = Second LCO
4.1 =it = Third LCO
Reference LCO

0 0.5 1 1.5 2 2.5 3 3.5 4 45 5 5.5 6 6.5 7
Discharge Capacity (Ah)

Figure 40: Discharge curves showing the capacity of the batteries for a C/4 discharge after sensor
implementation.
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Figure 41: Discharge capacity of the batteries prior to and after sensor implementation. The red
curves represent the discharge curves after sensor implementation, the blue curves represent the
discharge curves before sensor implementation.

4.1.2 Internal resistance

The internal resistances of the one battery were measured before and after sensor implementation,
and after cycle aging. For the third LCO and the reference cell, a HPPC test was done. Fig. 42
shows the difference in the total internal resistance for cell 2.
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Figure 42: Increase in internal resistance after sensor implementation.

The internal resistance for the second LCO increased by a factor of 1.8 after the implementation.

The resistance was determined by measuring the voltage drop from a 10 second discharge at 1C
at 100% SOC.

Fig. 43 shows the result from the HPPC test before and after sensor implementation of the third
LCO. The ohmic resistance, R,, increased significantly from 2.9 to 18.2 mOhm. Ry also increased,
from 0.7 to 4.2 mOhm. The large increase in R, points to an increase in the bulk electrolyte
resistance and resistance of the electric components of the cell. The bulk electrolyte resistance could
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be a result of loss of electrolyte during the implementation procedure. However, the mechanical
abuse that the battery may be subject to during implementation could have affected the ohmic
resistance as well.

Fig. 44 shows the result from the HPPC test before and after sensor implementation of the reference
LCO. The results show that there is a slight increase in Ry, however the test showed a decrease
in ohmic resistance which caused the overall resistance to decrease. The total resistance for the
reference LCO is 4 times smaller compared to the third LCO, which points to an elevated resistance
due to the implementation process of the FBG sensors.

Fig. 45 shows the measured Ry at different SOC for the batteries after sensor implementation.
The charge transfer and polarization resistance increased as the SOC decreased, which, as will be
discussed later, leads to a greater heat generation towards the end of discharge.
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Figure 43: Resistance for the third LCO before and after sensor implementation.
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Figure 44: Resistance for the reference cell before and after pouch repack.
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Figure 45: Plot of polarization and charge transfer resistance at different SOC for the batteries.
Resistance increase as SOC decrease.

4.2 Aging effects

As two of the batteries showed promising characteristics in terms of seal integrity, they were cycled
at 1C for 200 cycles. The capacity fade of the batteries can be seen in Fig. 46. The second LCO
experienced a large decrease in capacity for the first 20 cycles, before reaching a stable decrease of
approximately 3mAh/cycle. The third LCO showed a smaller initial decrease in capacity, however
the capacity fade were more substantial throughout the aging cycle. The third LCO reached a
steady decrease of 8.7mAh/cycle after 100 cycles. Interestingly, both batteries showed this linear
decrease in capacity after a certain amount of cycles. The reference LCO with no internal fiber
sensors showed a comparable capacity fade to the second LCO, although initially the capacity fade
was at a lower rate.
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Figure 46: Capacity fade for the three batteries with implemented sensors during cycle aging.
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Figure 47: Resistance increase for the three batteries during cycle aging.

The resistance of the batteries was also monitored during cycle aging. Fig. 47 shows the increase
in resistance for the batteries during cycle aging. The resistance was determined from the battery
tester at the start of each aging cycle, and not from a HPPC test. As the internal resistance
increased throughout the cycle aging, the discharge capacity decreased. An increased internal
resistance leads to faster voltage drop during discharge. Therefore less charge is recovered and
capacity is decreasing. Fig. 49 shows this explicitly, as the capacity fade and resistance increase
during cycle aging is plotted in the same figure for the third LCO.

After cycle aging, another characterization and HPPC test was conducted to evaluate the internal
resistances of the cells. The relative increase in the internal resistances after cycle aging is shown
in Fig. 48. Although the resistance for the third LCO was over twice as high compared to the
second LCO, the relative increase after enduring cycle aging was similar. The processes causing
the capacity loss can therefore be assumed to be similar, and the discrepancy between the cells
be attributed to the sensor implementation. The highest increase was in the ohmic resistance R,
which increased around 7 times for all cells. This points to an elevated bulk electrolyte resistance,
which could be caused by evaporation of the electrolyte through minor cell leakage.
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Figure 48: Relative increase in the internal resistance of the batteries after cycle aging.
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Figure 49: Resistance and capacity during cycle aging.

During cycle aging, the high cutoff voltage during charging was reached rapidly, due to the large
overpotential of the batteries. This caused the charging part of the schedule to be mostly CV
charge at 4.2V (see section 3.3). During charging at this high voltage, lithium is irreversibly lost
through side reactions like SEI layer growth, which in turn leads to capacity fade [120]. This likely
contributed to the fast increase in internal resistance and capacity fade of the batteries.
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4.3 Temperature tests

Three temperature tests were conducted to measure the internal temperature of the batteries. The
temperature tests were conducted at different current rates, in order to observe the temperature
development at different loads. Two tests were done after sensor implementation, and one test was
done after cycle aging. First the pre-aging results will be presented and discussed, followed by the
post-aging results.

Temperature test - Second LCO
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Figure 50: Overview of the first temperature test with internal FBG temperature sensors for the
second LCO. The temperature peaks are a response to discharge at 1C, 1.5C, 1C and C/4. The
temperatures are given as a change from the initial temperature when the current was first applied.

Two tests were done after implementing the temperature sensors in the batteries. The first test
done on the second LCO can be seen in Fig. 50. The plotted internal temperature shows the
average for the three internal temperature sensors. This test was done with a light pressure added
to the tab side of the pouch cell, in order to reduce internal resistance of the cell. This may have
affected the temperature distribution inside the battery, which will be discussed in this section.

Fig. 51 shows the first 1C discharge for the temperature test, for the second LCO. The ambi-
ent/room temperature is varying, because of the HVAC system regulation of the room where the
temperature test was done. An external FBG sensor was placed adjacently to a thermistor on the
surface of the pouch cell to measure the external temperature. From Fig. 51 it can be observed
that the external temperature sensors were more influenced by the change in ambient temperature
compared to the internal temperature sensors. For instance, the decrease in ambient temperature
after around 0.7h caused the surface temperature of the battery pack to decrease, whereas the
internal temperature were at a steady state. During the 1C discharge, the internal temperature
in the cell increased by 11-12°C, reaching the highest temperature at the end of discharge. The
highest measured temperature increase on the battery surface was 6.7°C. The end of discharge was
also the time with the highest deviation of the external sensors compared to the internal ones, of
around 5°C.
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Figure 51: Plot of the temperature development in the battery during a 1C discharge, for the
second LCO.

Fig. 52 shows the temperature change during the 1.5C discharge, for the second LCO. The tem-
perature increased internally by 13.5 to 17.9°C. In contrast to the first 1C discharge, the variations
from the different temperature sensors were large, at most 4.3°C at end of discharge. In addition,
the measured external FBG sensor deviated more from the thermistor temperature. The highest
temperature were measured on the bottom of the pouch cell, opposite to the tab side.

The temperature development during C/2 discharge can be seen in Fig. 53. The temperature
increase was much lower compared to higher discharge rates, and more influenced by the ambient
temperature. The same temperature variations between the internal temperature sensors were
observed at the end of discharge. Similar to the 1.5C discharge, the temperature was highest at
the bottom of the cell, and lowest at the tab side. This could be a result of the applied pressure on
the tab side of the cell, which may increase the thermal conductivity and dissipation from the this
side of the cell. In this way heat is transported away from the tab side more efficiently compared
to the bottom of the cell.

It is apparent that for all discharge rates, the highest temperature increase is at end of discharge,
due to increase in polarization and charge transfer resistance at lower SOC (Fig. 45). In Fig. 54 the
voltage of the battery and temperature change are shown during a 1C discharge. The temperature
increase is at its highest as the battery voltage go below around 3.5V during discharge.

The discharge temperatures for the test are shown in Fig. 55 a). The largest temperature increase
was at the beginning and end of discharge for all C-rates. The C/2 discharge temperature was
more sensitive to the change in ambient temperature, due to a much lower internal heat generation.
The decrease in temperature that can be seen at three different locations during the discharge,
points towards the heat diffusion at the surface being greater than the internal heat generation.

The difference in temperature increase between the internal and external temperature sensors are
shown in Fig. 55 b). The difference is a result of the finite thermal conductivity of the battery
components, which limits the heat diffusion from the inside of the cell to the surface (see section
2.2.2). As the C-rate increase, more heat is generated through ohmic heating, which increase
the temperature difference between the inside and surface of the cell. The highest difference was
observed at the end of discharge, reaching at most 10°C during the 1.5C discharge. The differences
between the shape of the curves for Fig. 55 b) shows how the ambient temperature is affecting the
external temperature sensors to a higher degree than the internal temperature sensors.
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Figure 52: Plot of the temperature development in the battery during a 1.5C discharge.
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Figure 53: Plot of the temperature development in the battery during a C/2 discharge.
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Figure 54: Temperature development at 1.5C discharge and battery voltage.
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Figure 55: a) Average internal temperature development as a function of depth of discharge
(DOD) at different discharge rates during the temperature test. b) Difference in temperature
increase between the internal and external temperature as a function of depth of discharge (DOD)
at different discharge rates during the temperature test.

Temperature test - Third LCO

The temperature test for the third LCO can be seen in Fig. 56. The internal resistance for this
battery was much higher after sensor implementation compared to the second LCO. This can be
observed from Fig. 56, as the temperature peaks are higher for the same discharge current. During
this test, the top and bottom side of the battery was compressed, to enhance electrical contact
between the electrodes. The test was conducted with six internal FBG sensors, three were placed
in the middle of the cell, and three were placed at one side of the cell.
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Figure 56: Overview of the temperature test for the third LCO, prior to cycle aging.

The 1.5C discharge from this temperature test is shown in Fig. 57. The highest internal temperature
increase that was measured from the sensors was 22°C. There was some small variations for the
different internal temperature sensors. However, two sensors consistently measured the highest
temperature increase, and two sensors consistently measured the lowest temperature increase. The
the sensors with the highest recorded temperature increase was the middle and bottom sensors in
the middle of the cell. The lowest temperatures were recorded by the tab side sensors. The external
thermistor was badly attached to the battery surface during this temperature test. Therefore, the
external FBG sensor showed a greater response to the discharge. The ambient temperature sensor
was placed in close proximity to the external FBG, and therefore showed a response to the discharge.
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Figure 57: Temperature development during a 1.5C discharge for the third LCO.
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The temperature response to the initial 1.5C charge is shown in Fig. 58. The battery was charged
using a constant current process, followed by a constant voltage process in which the current is
decreasing to a defined cut-off at C/10. There was a disturbance to the FBG sensors at around 0.75
hours. In contrast to the discharge temperature profile, which is at its steepest towards the end of
discharge, the charging temperature increase at most at the start of charge and decay towards the
high voltage limit. The temperature increased by 6.3°C internally, which is modest, considering
that the charging was done at the maximum continuous charging rate of the battery.
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Figure 58: Temperature development during a 1.5C charge for the third LCO.

Fig. 59 shows the temperature response as a C/2 charge current is applied to the battery. It
is apparent that as the charge started, the temperature decreased at a higher rate, compared to
before the charging. The average temperature decrease rate 10 seconds before the onset of charging
was -0.004°C/s. After applying the charge current it decreased to -0.01°C/s. This is because of
the varying entropy coefficient of the battery during charging at different SOC. At the start of the
charging process, the entropy change coefficient is negative, and the battery absorbs more heat
than it generates [121].
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Figure 59: Temperature response to the onset of a C/2 charge, for the third LCO.

Fig. 60a) shows the average internal temperature profiles for the different discharge rates during
the temperature test. The temperature increased at a high rate at the start of discharge, and
towards the end of discharge. Fig. 60b) shows the difference in temperature increase between the
external and internal temperature of the battery. The temperature deviations increased during
discharge, and were of similar order to the temperature test for the second LCO (Fig. 55b)).
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Figure 60: a) Average internal temperature development as a function of depth of discharge
(DOD) at different discharge rates during the temperature test. b) Difference in temperature
increase between the internal and external temperature sensors as a function of depth of discharge
(DOD) at different discharge rates.

Post aging temperature test - Second LCO

A temperature test was done on the second LCO after cycle aging. This was done to observe how
the aging effects had affected the thermodynamic properties of the battery. As described in section
4.2, the capacity of the battery was greatly reduced during cycle aging. The discharge capacity was
reduced to under 25% of the initial capacity, and the internal resistance had increased by a factor
6 (see section 4.2). Despite the low capacity of the aged cell, there was a significant temperature
response to all discharge currents that was applied during the test. The high internal resistance
contributed to a large amount of ohmic heating, which compensated for the lower discharge capacity
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of the cell. The post aging temperature test is shown in Fig. 61.
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Figure 61: Overview of the post aging temperature test for the second LCO.

Because of the high internal resistance of the cell, an additional C/4 discharge was added to the
end of the temperature test to see if a temperature response could be triggered. There was a
slight initial increase in the internal temperature, and by the end of discharge the temperature was
elevated by 4.4°C relative to the start of the discharge. The average internal temperature response
for the different discharge rates of the test is shown in Fig. 62 a). Although the temperature
response looks similar to the two previous tests, it must be noted that the discharge capacity was
much lower, effectively reducing the duration of each discharge and the quantity of total current
flow through the battery. The temperature increase rate was therefore much higher compared to
the previous tests. Fig. 62b) shows the difference in temperature increase between the external
and internal temperature of the battery. The highest difference was observed at end of the 1.5C
discharge, with a temperature difference of 14.6°C.
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Figure 62: a) Average internal temperature development as a function of depth of discharge
(DOD) at different discharge rates during the temperature test. b) Difference in temperature
increase between the internal and external temperature sensors as a function of depth of discharge
(DOD) at different discharge rates.
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Fig. 63 shows the internal temperature increase per Ah of discharge current for the different tem-
perature tests. For instance, for a 1.5C discharge, the second and third LCO showed a temperature
increase of around 4.0 - 5.3 °C/Ah. In contrast, the aged LCO had a temperature increase of 16.9
°C/Ah. If the discharge capacity of the aged LCO had been at its initial capacity of 6.65Ah, the
internal temperature at end of discharge would be around 112°C, which is well above the thermal
stability limit of the SEI layer of around 90°C [105]. At these temperatures the risk of inducing a
thermal runaway in the battery is high. However, the 1.5C discharge capacity of the battery was
reduced to 1.3Ah after cycle aging, which inhibited further temperature development.
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Figure 63: Temperature response to different discharge rates during the post aging temperature
test.

The internal temperature increase rate for the different temperatures tests are shown in Fig. 65,66
and 67. There was a similar shape to the temperature increase rates for the first two tests. Initially,
the temperature increase is high, followed by a decrease towards 20% DOD. Between 20% to 80%
DOD, the heat generation is relatively steady, followed by a large increase around 80% DOD.
The large temperature increase rate at end of discharge is caused by high cell polarization, and
is in accordance with previous findings [122],[123]. The aged LCO in Fig. 67 showed a different
temperature increase rate compared to the two other tests. Firstly, the increase rate was on average
around three times higher for all C-rates. In addition, the temperature increase was more stable
throughout the whole discharge, and no large increase was observed at end of discharge. The
internal temperature increase rates during discharge are summarised in Fig 64. It can be observed
that the temperature increase rate increases with roughly the square of the current increase, which
is in accordance with the irreversible ohmic heat generation (Eq. 2).

TEMPERATURE INCREASE RATE [°C/S]

1.5C 1C 0.5C 0.25C
LCO2 0.011 0.005  0.0011 -
LCO3 0.015 0.0066 0.0016 -
LCO2-AGED 0.0469 0.0201 0.0043 0.001

Figure 64: Temperature increase rates for the discharges during the temperature tests.
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Figure 65: Temperature increase rate for the second LCO before cycle aging.
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Figure 66: Temperature increase rate for the third LCO before cycle aging.
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Figure 67: Temperature increase rate for the second LCO after cycle aging.
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From the temperature tests, it is clear that the temperature response for all tests were significant.
The high internal resistance after cell opening and sensor implementation contributed to a large
amount of irreversible ohmic heating during charge and discharge (see section 2.2.1). Therefore,
the heat generation was significantly higher, although the discharge capacity was greatly reduced.
Also, the highest C-rate of 1.5C that was used during the test is far below the maximum continuous
discharge current of the batteries at 10C, which shows the potential for temperature development
in the batteries.

The temperature increase during charging was consistently lower than the temperature increase
during discharge for all temperature tests. During charging, the reversible reaction heat is en-
dothermic (see section 2.2.1), which gives a lower heat generation rate compared to discharging,
where both heat generation terms are exothermic. In addition, due to elevated internal resistances,
the time to reach the upper voltage limit during charging was greatly reduced, which shortened the
charging time at higher current compared to a fresh cell. During the discharge process, the battery
was able to sustain a high current load for approximately 50% longer than during discharge, which
enabled more thermal energy to be released.

4.4 Visual inspection

Two of the cells were opened after aging and temp tests to do a visual inspection. It was noticed
after cycle aging that the thickness of the cells had increased. This can be seen in Fig. 68. This
cell was compressed at the tab side during cycle aging and temp tests. The side of the cell that
was not compressed clearly increased its thickness during the aging process.

Figure 68: Side view of the aged cell. The thickness increase towards the bottom of the cell is
evident.

As the cell was opened, it was clear that the anode electrodes were highly deteriorated. The
electrodes were loosely held together, and no sign of moisture was seen, which points towards
electrolyte dry out. Fig. 69 shows the surface of the graphite anode where the glass capillaries
were inserted. Clearly, the area around the capillaries was less affected, possibly because the loss of
electrical contact with the separator made the area chemically inactive. Fig. 70 shows the surface
of two different anodes of the cell. The traces from the capillaries were highly visible, also in the
anodes that were placed several layers from the anode with the glass capillaries. The capillaries
may have created an additional "tracks” of pressure that made the electrode area more chemically
active and therefore more deteriorated.
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Figure 69: Traces of the glass capillaries on the anode surface where the glass capilarries were
placed.

Figure 70: Traces of the glass capillaries on the anode surface several layers from the anode with
the glass capillaries.
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An image of the anodes and cathodes is shown in Fig. 71. The anode surface was clearly affected
with a white surface layer. The cathode surface looks more or less unaffected compared to a new
cell.

Figure 71: Image of anodes to the left and cathodes to the right, from an aged cell.

An image of the separator is shown in Fig. 72. The separator had pieces of the graphite anode
stuck onto it as it was removed from the cell. Traces from the glass capillaries was also clearly
visible on the separator surface. The mid part of the separator in the image is where the glass
capillaries were located.

Figure 72: Image of the separator of an aged cell.
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5 Conclusion

In order to gain understanding on the thermal behaviour in lithium-ion batteries, internal temper-
ature measurements of the battery in operation are valuable. Increased knowledge of the thermal
characteristics can increase the accuracy of thermal management systems, and improve battery
performance and longevity.

In this thesis FBG temperature sensors were implemented in three different LCO batteries. The
batteries were characterised before and after implementation to evaluate the effect of the imple-
mentation procedure on the battery performance. The characterizations revealed that the sensor
implementation in the battery was clearly affecting the cell performance. This was seen as an im-
mediate effect with increase in internal resistance and loss of capacity. Cell characterisations after
the implementation procedure showed that the immediate negative effects were larger for the cells
with internal sensors, compared to the reference cell without internal sensors. However, during
cycle aging the relative performance decrease measured by capacity fade and internal resistance
were similar for all cells. This indicates that the FBG sensors were not the main reason for cell
degradation during cycle aging. The rapid aging behaviour could be caused by minor leaks in the
pouch cell, which would cause the electrolyte to dry out. This was confirmed during the visual
inspection of the cells, as no electrolyte moisture was apparent on the electrodes.

The temperature tests revealed the thermodynamic response for the batteries at different charge
and discharge rates. The temperature development during the tests were significant and was likely
dominated by irreversible ohmic heating due to high internal resistance. The internal temperat-
ure measurements were less affected by changes in the ambient temperature and showed greater
response to the applied current, compared to the external sensors. The difference between the
measured internal and external temperature increased with higher C-rates and peaked at the end
of discharge. The maximum temperature difference between the external and internal temperature
sensor was 14.6°C, at the end of a 1.5C discharge in the aged battery. The temperature increase
rate was highest at the end of discharge for all C-rates. After enduring cycle aging, the temperature
increase rate of the battery was approximately three times higher. This lead to a large temperature
response although the discharge capacity of the battery was highly reduced.

The thesis revealed the advantages of internal temperature monitoring with fiber optic sensors for
accurate measurement of cell temperatures in use. However, impact of the implementation process
was detrimental to the cell performance and could not be realistically adapted to real applications.
To ensure that cell performance is sustained after sensor implementation and throughout the cycle
life of the cell, new implementation methods should be investigated.
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