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Abstract: Lithium-ion batteries (LiBs) are widely used as energy storage systems (ESSs). The biggest
challenge they face is retaining intrinsic health under all conditions, and understanding internal
thermal behaviour is crucial to this. The key concern is the potentially large temperature differences at
high charge/discharge rates. Excess heat created during charge/discharge will accelerate irreversible
aging, eventually leading to failure. As a consequence, it is important to keep battery states within
their safe operating range, which is determined by voltage, temperature, and current windows. Due
to the chemically aggressive and electrically noisy environment, internal temperature measurement
is difficult. As a result, non-invasive sensors must be physically stable, electromagnetic interference-
resistant, and chemically inert. These characteristics are provided by fibre Bragg grating (FBG)
sensors, which are also multiplexable. This review article discusses the thermal problems that arise
during LiB use, as well as their significance in terms of LiB durability and protection. FBG-based
sensors are described as a technology, with emphasis on their importance for direct temperature
measurement within the LiB cell.

Keywords: lithium-ion batteries; thermal management; temperature measurement; optical fibre
sensors; fibre Bragg grating

1. Introduction

Lithium-ion batteries (LiBs) are commonly used as energy storage systems (ESSs) in
portable devices, and hybrid and pure electric vehicles due to their high specific capacity,
long life cycle, low self-discharge and compatibility with existing electric infrastructure [1-5].
The first and foremost challenge in developing a LiB device is to maintain its intrinsic
stability under both normal and irregular circumstances. Awareness of internal thermal
activity is key to this [6-8]. The main issue is the substantial temperature increase at
elevated charge/discharge rates [5,9-11]. Excess heat produced during charge/discharge
or in the presence of short circuits can cause irreversible cell damage and eventually lead to
explosion or combustion [12,13]. Therefore, maintaining battery states within their healthy
operating range, which is bounded by voltage, temperature, and current windows [14], is
critical. A Battery Management System (BMS), including Thermal Management System
(TMS), is a critical component for tracking and managing these states to ensure safe, stable
and long-lived battery activity.

Literature indicates that the temperature near the cathode is higher than near the
anode due to the lower electrical conductivity of most cathode active materials and the
local reversible heat effects [7,15]. To establish a satisfactory thermal management strategy
and increase LiB efficiency and lifespan, monitoring and management of both internal
and external temperature is essential [16,17]. LiBs are typically thermally controlled on or
near their surface using thermocouples or electro-mechanical sensors [18,19]. However,
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external surface sensors do not provide an accurate measurement of the specific internal
thermal gradients and can be influenced by the external environment [20]. Internal control
is difficult due to the chemically hostile and electrically noisy atmosphere. Therefore, non-
invasive sensors that are mechanically robust, immune to electromagnetic interference and
chemically inert are required. Fibre Bragg grating (FBG) sensors exhibit these characteristics
and are also very thin, mobile, and have multiplexing capabilities. Moreover, these are
chemically inert and have the ability of monitoring multiple points in the same optical
fibre at once [10]. Many of these features make them ideal for tracking LiBs and fuel
cells [8,21-25]. FBG sensors have also been used to track electrode strain in LiBs [26].

Previous reviews have covered different temperature indication methods applicable
to LiBs extensively [27]. Still, the specific case of measuring the internal temperature with
fibre-optic sensors should be addressed further, as this is where the optical sensors are
considered to be superior over the electrical alternatives. Therefore, the challenge with the
temperature/strain cross-sensitivity in the fibre-optic sensors requires additional study to
achieve accurate internal temperature measurement. This is especially important in larger
LiBs (e.g., in cars), where there is limited information on the thermal distributions available
in the literature.

This review article covers the thermal issues related to LiB operation, and their im-
portance with regard to LiB longevity and safety. A presentation of FBG-based sensors is
given discussing their implementation into LiBs for direct measurement of temperatures
within the cell. Finally, areas of research that need attention that are required to improve
the utilisation of FBGs in LiBs are discussed in order to improve implementation of optical
fibre sensors into battery cells.

2. LiBs and Thermal Issues
2.1. LiB Structure

Rechargeable LiBs (i.e., secondary batteries) come in a number of shapes and sizes.
These are generally in the form of cylindrical, prismatic or pouch cells. The battery
electrodes and separator are folded up in such cells to form the battery. Several cells can
be within such battery formats. For cylindrical and prismatic cells, the components are
rolled up together and placed inside a cylinder or prismatic case. For pouch cells, the sheet
stack is enclosed in a pouch. Prismatic and pouch cell batteries provide greater power
density for cell phones, laptops, vehicles, or other heavy-duty systems due to the reduced
packaging weight.

Secondary LiBs have an anode and a cathode, specified by the discharge phase
(Figure 1). The anode is known as the electrode where the oxidation process occurs during
discharge (e.g., a carbon-based intercalation anode for a LiB). This ensures that lithium ions
provided by the electrolyte salt [e.g., lithium hexafluorophosphate; LiPF¢) are deposited in
the carbon-based anode during charging. During discharge, Li is oxidized and removed
from the anode. The freed lithium ions migrate to the cathode via the electrolyte-separator
field. Transition metals in the mixed metal oxides on the cathode are reduced and lower
their oxidation number. The first commercial secondary LiB was composed of LiCoO,
when fully discharged, and Lip 45CoO, when completely charged [28]. Cobalt changes
oxidation number in the cathode reduction reaction (from 3.55 to 3). The lithium-cobalt
oxide battery is commonly called LCO. When cobalt is partly substituted by nickel and
manganese for a combination of nickel, manganese and cobalt, it is called NMC. Moreover,
when manganese is replaced by aluminium, it is called NCA, and when the entire mixed
metal oxide-lithium mixture is replaced by lithium iron phosphate (LiFePOy), it is called
LFP.
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Figure 1. Schematic of a LiB. The lithium ions are moving from the anode to the cathode during
discharge, and from the cathode to the anode during charging. Correspondingly, the electrons
circulate through the external circuit.

LiB architecture is based on the electrode, current collectors and the separator (Figure 2).
Usually, the anode current collector (copper) is 30 um or less, and the active anode carbon
layer is 70-100 pm thick [29]. For the cathode, the active coating is usually a mixed metal
oxide with an aluminium current collector [29]. The aluminium current collector is also
30 um or less, and the thickness of the active cathode material is 90 to 130 um [29]. The
separator usually is between 20-25 um [30,31], and separates the two active electrodes.
This configuration for electrodes and separators is conventional for LiBs; however, the
thicknesses can vary much more than this in some applications. For in situ and in operando
temperature measurements inside a LiB, the sensor must be small, ideally in a range smaller
than the separator (i.e., 20-25 um). Modifying optical sensors to suit this form of geometric
restriction will allow measurements that have negligible interaction with the battery’s
normal functioning.
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Figure 2. Schematic of LiB component thickness. LiB cell component thickness comparison (a) to a typical optical fibre used

for temperature detection (b).

2.2. Thermal Issues in LiBs

The thermal balance between produced and dissipated heat together with the heat
capacity of the cell influence the internal LiB temperature both at transient and steady
state. If the heat cannot be dissipated fast enough, the LiB temperature will rise, leading to
increased ageing, failures and unsafe conditions. Defects and misuse during processing and
operation may also cause internal and external short-circuits, overcharge, over-discharge or
overheating. This can lead to thermal runaway, combustion, and possible LiB explosion [32].
Therefore, LiB ageing is truly the most important parameter, and can be directly influenced
by the thermal balance within a cell.

The worst thermal situation is thermal runaway, which can occur under inadequate
cooling or abusive usage, leading quickly to gasification, flames, blow-outs or explosions.
While thermal runaway can be discussed extensively in six stages [33], a three-stage
mechanism [32,34—40] is more commonly described. Thermal runaway occurs when the
cell has reached a temperature at which the self-heating rate is equal to or higher than
the heat removal rate. From this point on, reactions within the LiB are exothermic and
induce significant temperature changes. The solid electrolyte interphase (SEI) begins
decomposing exothermically at temperatures around 90 °C. This results in electrolyte
reduction at the exposed anode surface. Around 120 °C, this reaction sequence becomes
much more rapid. The separator may also start melting, leading to a sudden voltage
drop, further raising the heat generation. Then, the heat generation increases faster due to
electrolyte reduction and oxidation at the anode and cathode. Gas can then vent or even
release smoke. Further internal heating causes high-rate electrode reactions that induce
incredibly rapid temperature changes, eventually contributing to the thermal runaway.
This is primarily due to decomposition of the cathode material, creating oxygen gas that
interacts exothermically with the organic materials within the LiB [41].

Thermal runaway phenomena rely on different properties such as electrode materials,
cell design and electrolyte composition [42]. Experiments have showed that self-heating
also relies on the state-of-charge (SoC) [35,43-45], as the temperature onset typically de-
clines as SoC increases. As SoC increases, the electrodes become less thermally stable.
The voltage displays a sharp decline at temperatures of 125 °C due to separator melting.
Thermal stability of the electrodes also depends on the particle size in the electrodes, as
the active surface area becomes greater with smaller particles, which creates a larger con-
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tact area between the electrode and the electrolyte [46,47]. To avoid risky conditions like
thermal runaway, the voltage, current and temperature must be monitored and included
in the BMS to take preventative action before thermal runaway occurs. Despite this, BMS
cannot always shield LiBs from abusive situations. Additionally, protective sensors that
are integrated in or on LiBs and may be damaged before the BMS can take evasive action.
Overall, careful design precautions must be taken into account to avoid or stop thermal
runaway in a single LiB and the propagation through a full LiB pack. Once a LiB pack is
used in an application, it is critical that all LiBs within a module or pack are monitored for
performance purposes as well as safety purposes.

3. Thermal Aspects of LiBs

While LiBs have very high coulombic performance [48,49], lithium (de-)intercalation
in both electrodes and all related processes do not occur with 100 percent energy effi-
ciency. This property produces irreversible heat while the battery is charged or discharged.
The heat generated flows through the materials to the battery surface, dissipating to the
surroundings.

3.1. Generation of Heat in LiBs

Due to different internal impedances, battery terminal voltage deviates from the open
cell voltage (OCV) at a given SoC [28,50]. This is best known as the battery overpotential

(Wbattery):
_ eq
Ubattery - Ebattery - Ebattery (1)

eq
where Ebutmy

terminals. Different methods can experimentally determine the EMF [51-53]. The over-
potential is negative during discharge and positive during charging. Similarly, electrode
overpotentials (positive and negative) can be defined. Total overpotential is induced by var-
ious processes occurring in a LiB, such as charge-transfer reactions at electrode/electrolyte
interfaces (Wcharge transfer) [541, diffusion and migration of Li-ions across the electrolyte
(etectrotyte) [55], diffusion and migration of Li-ions in the electrodes (1iffusion) [56] and
other ohmic losses (,5,,,) [57]. The overall battery potential can be expressed as:

is the electromotive force (EMF) and Epgery is the voltage at the battery

Hbattery = MYcharge transfer + Helectrolyte + dif fusion + Hohm 2)

Charge-transfer, diffusion, migration and ohmic losses occur in both the anode and
cathode. In order to calculate the irreversible heat production (Q; ), the battery overpoten-
tial can be multiplied by the current [27,58-61]:

Qy = Ubattery'l(t) 3)

or by including the resistance and charge transfer overpotential:

Qy = I(t)* Ryattery (t, T) )

Here, I represents the battery current and R is the resistance. It is clear that if the
battery current or resistance increases, more irreversible heat is generated. Therefore, to
minimize these thermal losses, keeping the battery resistance as low as possible is the key.
Generally, these resistances increase with decreasing state-of-health (SoH) during cycling
and calendar aging, leading to more heat generation during the battery life [62-64].

In addition to the irreversible heat generation source resulting from resistances, there is
a reversible heat source due to entropy changes in the chemical reactions [65-67]. Entropic
heat generation can be either endothermic or exothermic and depends on the electrode
reaction direction and the SoC. The entropy change (AS) of the battery can be derived from
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enthalpy change (AH) and free energy change [68,69]. AS can be represented after further
derivations: e
oE
T battery
AS =n-F (E)T > ®)
&y

where T is the battery temperature, § is the progress of the reaction (SoC) and p is the
pressure. Generally, entropy change is obtained by potentiometric or calorimetric measure-
ments [70]. Once the entropy change is known, the reversible heat (Qs) can be calculated

as follows: T-AS
Qs =—I—— (6)
The contribution of the entropic heat can be significant, and therefore it is essential for
thermal modelling purposes [59,69,71]. Entropic heat generation or absorption may occur
on both electrodes, and its magnitude differs for the various electrode materials. Without
the entropic term, the model cannot accurately depict temperature behaviour. Therefore,

including the entropic term in the model leads to better modelling accuracy [69].

3.2. Conduction of Heat in LiBs

The generated heat flows through the conductive battery materials. This only happens
when temperature differences exist (i.e., thermal gradients are apparent). The correspond-

ing heat flux (3 conduction) i isotropic materials can be defined as [72-74]:

N
9 conduction

= —k-VT @)

where k is the thermal conductivity (can be seen as a function of battery location) and VT
the temperature gradient. Equation (7) is also known as Fourier’s Heat Conduction Law.
The minus-sign infers the thermal conduction from high to low temperatures.

3.3. Dissipation of Heat in LiBs

When a LiB operates in a gas or liquid-filled environment, there is a convective heat
exchange between the surface and surroundings. Moreover, emitting infrared radiation
cools down the LiB surface. Convective (Qconpection) heat exchange can be shown as
follows [27]:

Qconvection = h'A'(T - TIX) (8)

and radiative heat exchange (Qy4iation) can be shown as follows [27]:

deiation =0eA (T4 - To%) (9)

where / is the heat transfer coefficient, A, the battery surface area, T, the battery surface
temperature, T,, the ambient temperature, o, the Stefan-Boltzmann constant and ¢, the
surface material emissivity. The heat transfer coefficient depends on natural or forced
convection, location, geometry, surface roughness and the LiB properties. To increase heat
transfer from the battery surface to the surrounding environment, different external cooling
methods may be applied (e.g., air and liquid cooling). Besides external cooling, which
only removes heat from the battery surface, internal cooling can also be used. For internal
cooling, the battery integrates either micro-channels or small heat pipes [75-78]. Internal
cooling can be more effective than traditional cooling, as unwanted temperature increases,
and thermal gradients are easier to control. Additionally, internal cooling prolongs battery
life and is safer. Despite these advantages, internal cooling is much harder to implement as
the standard internal battery construction must be significantly changed.
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3.4. Balance of Heat in LiBs

Once the generation, conduction and dissipation of heat in a LiB are known, a heat
balance equation can be defined to calculate the LiB’s temperature evolution. Considering
a uniform temperature, the equation is defined as:

dT
m-Cp-—— = Qin — Qout, (10)

dt
where m is the LiB’s mass and Cp is the LiB’s specific heat capacity. Q;, includes all
heat-generating processes:

Qin = Qy + Qs (11)

Qout represents the heat dissipation from the LiB:

Qout = Qconvection + deiatian (12)

The main advantage of this model is the simplicity to predict and integrate temperature
changes into temperature models. However, due to the simplicity of this general thermal
model, the assumption that the whole LiB has a uniform temperature presents a weakness.
In reality, the temperature varies spatially and must be extended into a two or three-
dimensional heat expression. The 3D heat equation is defined as [79]:

oT
p-Co-5p = V-(k-VT) + 4, (13)

where p is the density of the LiB material and the heat-generation density (g;,) is now
location-dependent (see Equations (6) and (11)). The total heat-generation power Q;,, in the
heat-balance equation (Equation (10)) can be obtained by integrating g;, over the battery
volume (V):

Qin(t) = /V Gin-(t, X, y, z)-dx-dy-dz (14)

Heat dissipation for each point of the cell surface (outer boundary) is formed as:
—1-(kVT) = (T — T) +a~e~(T4—T;§) (15)

where VT is the temperature gradient and 7 is the normal vector (outer) at the boundary.
Using this model, three-dimensional thermal gradients can be simulated and validated.
Still, these models rely on detailed experiments, as measured overpotentials or resistances
are required to calculate heat generation. In addition, LiB predictions can be used in real-life
applications, facilitating BMS and TMS with determining states such as SoC and SoH. By
using models, the number of sensors can be reduced, saving cost and space.

3.5. Gradients of Heat in LiBs

Due to internal heat generation, thermal conduction and heat dissipation in individual
LiBs, temperature gradients develop on the module- and pack-level. Temperature gradients
in LiB packs is a key issue that cannot be underestimated and can cause serious compli-
cations. One such complication is the challenges related to LiB temperature monitoring.
Substantial heat is generated internally under extreme conditions like overcharge and over-
discharge, high current loads or short-circuiting. Therefore, the surface temperature does
not reflect the actual temperature production inside the LiB. With internal monitoring, it can
be seen that the LiB core temperature is significantly higher than the surface (Figure 3). It is
clear that additional internal temperature monitoring provides more accurate information
that will improve LiB performance, SoH and safety.
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Other complications resulting from temperature gradients are non-uniform current
density, local SoC differences as well as non-uniform and accelerated degradation [80,81].
Temperature gradients cause varying electrochemical impedances; therefore, varying cur-
rent density distributions [27]. SoC inhomogeneities result from both non-uniform current
density distributions and EMF temperature dependence. These effects lead to local aging
differences, followed by global LiB aging [59]. Additionally, LiBs perform differently in
the presence of a temperature gradient compared to a uniform temperature [82,83]. Be-
sides temperature gradients within individual LiBs, temperature gradients also develop
in LiB packs where multiple LiBs are connected. Gradients in LiB packs results in unbal-
anced charge and discharge currents for LiBs [84,85]. In addition, LiBs that are not closely
connected to cooling systems run at higher temperatures.

With low atmospheric temperatures (i.e., low LiB starting temperature) and high
C-rates, high temperature increases and high thermal gradients will occur within the LiB
due to higher internal resistance [86]. Therefore, stronger cooling is required at high C-rates.
Stronger cooling results in lower temperature increases, but can result in higher temperature
gradients [5,20,87]. The cooling method employed affects the thermal gradient behaviour
(e.g., tab cooling leads to a higher uniformity of the temperature distribution compared
to surface cooling [88]; however, lower amounts of heat can be removed through the tabs
due to the smaller area). Internal LiB cooling is better at reducing thermal gradients than
external cooling [89]; however, internal cooling is much more complicated and increases
the mass of the LiB, reducing the specific energy density.

The thermal issues discussed here accentuate the importance of temperature control
in LiBs. Fibre Bragg gratings are ideal for in situ temperature measurements, as previously
discussed. These are described in the next section, followed by an overview of the relevant
literature.

4. Fibre Optic Internal LiB Temperature Monitoring

There are many different methods to measure LiB temperature [27]. These include ther-
mistors [90], thermocouple devices [91], resistance temperature sensors [92], impedance-
based temperature measurements [93], Johnson noise thermometry [94], thermal im-
agery [95], liquid-crystal thermography [96] and estimation with model-based observers [71].
In situ temperature measurements are attractive for safety and control purposes, as LiB core
temperatures are usually higher than external temperatures. Moreover, electrochemical
inert, corrosion resistant and non-invasive sensors are essential to gaining insight into
internal temperatures while avoiding interruptions to the LiB mechanisms. Optical-fibre
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sensors (e.g., FBGs) are therefore an attractive option, as they are made of chemically inert
glass with micrometer dimensions.

Fibre Bragg Grating Temperature Sensors

The fibre Bragg grating (FBG) sensor is a type of fibre-optic sensor commonly used to
measure temperature and strain. The grating exhibits a strong reflectivity at a wavelength
(AB), which shifts due to changes in external conditions. The gratings can be inscribed into
a photosensitive fibre using UV light, producing permanent periodic changes in the core
refractive index [97], (Figure 4).

Cladding n,

T

A

Figure 4. Schematic of an FBG. An optical fibre with inscribed fibre Bragg grating labelling the cladding and the core, the

grating spacing and the two different refractive indices within the core.

As a spectrum of light propagates through the fibre, a narrow range of wavelengths are
reflected, while the remaining light is transmitted. The centre-wavelength of the reflected
signal (Bragg wavelength) is given by:

Ap = Z'neffective'A (16)

where 71, ¢ ective 18 the effective refractive index of the grating and A is the period of the index
modulation or grating spacing [11,98,99]. A change in 1, fective OF a difference in A (or a
combination of both) culminates in a change in the reflected Bragg wavelength. Measuring
this wavelength change is the basis for FBG sensors [100]. As a fibre is compressed or
extended (i.e., subject to strain), the grating spacing varies, leading to a change in the
Bragg wavelength that can be probed with a light source and a spectrometer. Changes in
temperature also affect the Bragg wavelength due to the temperature-dependency of the
refractive index, known as the thermo-optic effect [101]. The role of thermal expansion
is very limited (ca. 5%) and changes in the grating spacing can be neglected (i.e., the
thermo-optic effect is the most dominant effect in an FBG) [102]. Figure 5 gives a schematic
representation of how the strain and temperature alter the Bragg wavelength.

FBG sensors are becoming increasingly common due to their small scale, light weight,
passive design, electromagnetic and radio frequency interference tolerance, high sensi-
tivity and long-term reliability [103-105]. Another advantage is that FBG sensors can be
multiplexed, meaning multiple FBGs can be inscribed in a single optical fibre making it
possible to construct a matrix of temperature sensors in 3D [106]. Additionally, the Bragg
wavelength changes with temperature linearly, as shown in Figure 6 [107].

The FBG’s temperature range depends on what materials are used in the construc-
tion [108]. Silica is the most typical material used in optical fibres and can endure tempera-
tures between —273 to 1190 °C before softening, yet the gratings within the fibre degrade
rapidly above 200 °C [109]. If protective coatings are used, there are additional drawbacks
in terms of the temperature window (e.g., acrylate is a standard optical fibre coating which
is stable from —40 to 85 °C). Therefore, coatings of polyimide should be used as they have
a larger temperature window (—190 to 385 °C). It is possible to obtain accuracies of £0.2 °C
in a temperature range of approximately 20-60 °C [107,110], with a standard temperature
sensitivity of 10 pm wavelength shift per °C [99,111].
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32 «

Temperature (Celcius)
N N N N w
N S (<)) [+ o
\
]
\
\
[}
\
\
a
[ ]

N
o
)

qQ

18 T v T T T T T
1544.50 1544.55 1544.60 1544.65 1544.70 1544.75 1544.80 1544.85
Wavelength (nm)

Figure 6. Measured temperature response of the Bragg wavelength of a FBG sensor.

Although optical FBG sensors have already been investigated in electrochemical
systems such as PEM fuel cells [22,112], Yang et al. [8] were the first to investigate FBG
sensors on LiBs. Three coin-cell LiBs were used to measure the temperature on all flat
surfaces. In addition, the temperature was measured in a cylindrical LiB’s flat and lateral
face. FBG sensor calibration showed a linear response in temperature from 0 to 60 °C.
These calibration measurements found a typical sensitivity of 10 pm wavelength shift per
°C. Following this contribution, research activities with LiB optical FBG sensors increased.
Nascimento et al. [23] applied FBG sensors to a 18,650 cylindrical LiB. Two Bragg gratings
were used for temperature measurements at two positions on the LiB. An additional fibre
was connected along the longitudinal axis to track strain variations. They found that
temperature and strain variations were higher at a high C-rate (1.33 C) relative to a low
C-rate of 0.25.

Novais et al. [113] continued their study by examining FBG temperature measure-
ments in LiB pouch cells. Two optical fibres with two Bragg gratings were used for internal
and external temperature measurement. They also tested the chemical resistance of the
fibre with LiPFq. After two weeks of electrolyte storage, only a very small amount of Si
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was dissolved, suggesting that this form of fibre is not susceptible to the electrolyte in short
time windows. They observed an average sensitivity of 8.40 and 10.255 pm wavelength
shift per °C for external and internal FBG sensors (in a temperature range of 10 and 35 °C),
respectively. Nascimento et al. [114] then compared FBG temperature readings to industrial
thermocouples attached on the external surface of the battery. It was found that FBG
sensor reaction rate is around 1.2 times faster than the thermocouples used. The discrep-
ancy between FBG peak temperatures and thermocouples was up to 5.7 °C at a C-rate
of 8.25. This observation is supported by McTurk et al. [115], allowing unprecedented
thermo-electrochemical data from the LiB internal environment. Quick thermal evolutions
occur at high C-rates, which thermocouples cannot completely observe due to the slow
response time. The faster thermal response of fibre-optic sensors may be attributed to the
lower thermal mass, compared to the industrial thermocouples. The thermocouples can
be made thinner, but challenges related to the heat-sealing may occur [116]. The optical
fibres also have the advantage that the area that the electrode area that is covered by the
sensor, and hence blocks the flow of ions, is minimal compared to electrical sensors created
on thin-films.

Raghavan et al. [117] and Ganguli et al. [118] embedded FBG sensors for precise
internal LiB monitoring status. They showed that seal integrity, power retention and
estimated battery life with embedded FBG sensors are highly comparable to batteries
without FBG sensors [117]. It has also been demonstrated that batteries with embedded
sensors can be incorporated into existing modules. Therefore, they deemed it possible
to embed FBG sensors in large-format LiBs as a low-cost, field-deployable internal state
monitoring option. They also focused on using internal FBG measurements for tracking
SoC and SoH at various temperatures [118]. It was found that SoC can be calculated with
an error of less than 2.5% using the strain determined by FBG sensors by measuring the
lithiation and delithiation as a function of cathode swelling.

Amietszajew et al. [119] used an FBG sensor to test a commercial, high-energy,
18,650 LiB’s internal temperature. The FBG was placed in an aluminium tube with a
fluorinated ethylene propylene heat-shrink, then completely sealed the aluminium tube to
protect the FBG sensor from electrical, chemical and mechanical tension. The LiB surface
and ambient temperatures were observed using standard thermocouples. They observed
that the LiB can be charged 6.7 times faster than the manufacturer stated without violating
the electrochemical and thermal protection limits.

Due to the ability of FBG sensors to detect both temperature and strain, it may be
beneficial for detection of growth and contraction of the SEI, especially in LiBs containing
silicon [120-122]. However, it is vital to be able to discriminate between signals due to either
temperature or strain within the FBG sensor. Nascimento et al. [123] recently suggested the
integration of a FBG and a Fabry—Perot cavity to allow discrimination between temperature
and strain. Their findings prove that it is possible to integrate both detection methods
within a single fibre and embed this within a LiB to obtained strain and temperature
measurements.

To date, there has been limited published measurements for temperatures below
0 °C with FBG temperature sensors in LiBs [118], which is a critical range for operation.
Despite this, the possibility to measure low temperatures between —20-0 °C has been
shown [124,125]. The use of FBG sensors in LiBs is still in early stages of development, and
research and detailed investigations are still required. This is also of particular importance
for long-term measurements. It should also be observed whether strain and temperature
measurements can be differentiated in LiBs using an FBG and Brillouin scattering sensor
system [126], or potentially using tilted FBGs. In addition, it has been observed that FBG
sensors can cause damage to cathode and separator material during embedding [127];
therefore, the embedding method for FBGs within a LiB requires further development.
This could be through implementation directly into the active material during fabrication,
or other components such as the pouch plastic.
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Although the characteristics of optical-fibre sensors make them exceptional for internal
sensing in LiBs, they also come with certain limitations. The intrinsic cross-sensitivity
between temperature and strain requires additional measures to decouple, such as friction-
free encapsulation [128] or a second sensor with different sensitivities [123]. Conventional
optical fibres are also relatively thick compared to the individual layers in a battery (see
Figure 2). This may cause damage to the cathode and separator [127], and thicker stacks are
therefore recommended to alleviate the problem [27]. Thin-film based electronic sensors
can be made thinner [116], but do not have the beneficial characteristics of an optical fibre.
With all internal temperature sensors in complete LiB cells, an additional point of entry is
required. This can be challenging and increases the probability of a leak [117], see Figure 7.

Figure 7. Images captured of a LiB pouch cell with an embedded fibre-optic sensor (a) and the cross-section that shows a
potential leak around the fibre (b) [118]. Reprinted from [118]. Copyright 2017 Elsevier.

5. Conclusions

The thermal behaviour within LiB cells is detrimental to maintaining healthy and
safe cell function. Excess heat created during charge/discharge will age cells irreversibly,
eventually leading to failure. Traditional thermal measurements of LiBs are conducted on
the surface of the cell, which yields limited thermal overview of the internal temperature
profile. Additionally, the internal environment of a LiB is chemically and electrically aggres-
sive, meaning that many traditional thermal sensors are not ideal for internal measurement.
This review article has discussed the current developments in this field by implementing
FBG-based optical fibre sensors into LiB cells. Due to the measurement method, these
sensors are ideal for use in LiBs, as they are resistant to chemical degradation and are
electrically inert. The use of FBG-based sensors in LiBs is a relatively recent development
and still requires further development of the sensor technology to improve their integration
into LiB cells. There is still a requirement to develop ideal methods for differentiating
between FBG signals from temperature and strain. Although this is possible in a tradi-
tional FBG sensor, the size requirements for use in a LiB mean that further development is
necessary. Furthermore, the current size of FBG-based sensors is rather thick in terms of
the size of a LiB cell, and further size reduction or integration methods must be developed
to reduce the interference the sensor may have on the LiB function. As with all physical
sensors for internal temperature measurement, an additional point of entry is required,
which increases the probability of a leak. Although there are large developments required
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to perfect the application of FBG-based sensors into LiB cells, these optical fibre sensors
have large potential for improving our understanding of thermal distribution within LiBs.
This is especially the case with larger pouch cell formats and high charge/discharge rates
becoming widely used.
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