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H I G H L I G H T S

• The working principle of Li-ion batteries is explained.• An overview is given on heat generation principles in Li-ion batteries.

• All traditional and new battery temperature measurement methods are reviewed.

• The challenges in battery temperature measurements are highlighted.• A comparative analysis is made for Li-ion battery temperature measurements.
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A B S T R A C T

Temperature measurements of Li-ion batteries are important for assisting Battery Management Systems in
controlling highly relevant states, such as State-of-Charge and State-of-Health. In addition, temperature mea-
surements are essential to prevent dangerous situations and to maximize the performance and cycle life of
batteries. However, due to thermal gradients, which might quickly develop during operation, fast and accurate
temperature measurements can be rather challenging. For a proper selection of the temperature measurement
method, aspects such as measurement range, accuracy, resolution, and costs of the method are important. After
providing a brief overview of the working principle of Li-ion batteries, including the heat generation principles
and possible consequences, this review gives a comprehensive overview of various temperature measurement
methods that can be used for temperature indication of Li-ion batteries. At present, traditional temperature
measurement methods, such as thermistors and thermocouples, are extensively used. Several recently introduced
methods, such as impedance-based temperature indication and fiber Bragg-grating techniques, are under in-
vestigation in order to determine if those are suitable for large-scale introduction in sophisticated battery-
powered applications.

1. Introduction

Today's society is extremely dependent on energy. The supply and
availability of energy is taken for granted by many people in the de-
veloped countries. For instance, in modern society it is easy to power
electronic devices, heat up or cool down buildings and drive vehicles. A
recent report from the U.S. energy Information Administration [1]
predicts that the world's energy consumption will increase in the
coming decades. Countries with high rates of economic growth, in
particular Asian counties, are mainly responsible for this increase. So
far, the fossil fuels, such as coal, oil and natural gas are dominating due

to their legacy and associated scientific innovations. Although new
fossil fuel fields certainly will be found with advanced techniques it is,
however, inevitable that these non-renewable energy sources deplete in
the future [2,3]. Moreover, fossil fuels contribute to global warming by
generating greenhouse gases, which has a major environmental impact
in the long term [2,3].

The emission of greenhouse gases from fossil fuels can be strongly
reduced by using alternatives, such as nuclear [4,5] and renewable
energy sources [6]. However, both sources have their challenges. For
instance, the waste of nuclear energy can be radioactive for thousands
of years, and improper safety management can lead to disastrous
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consequences [7]. In that respect, renewable energy sources are safer
and cleaner. Examples of renewable energy sources are solar, wind,
marine and geothermal [8]. The main challenge of renewable sources is
that the energy output is often irregular and, therefore, the energy
generation can be absent at moments at which it is desperately needed.
The reason is that these sources are highly dependent on time, location
and weather. Therefore, such systems would benefit from energy sto-
rage devices in order to stabilize the output. Energy can, for example,
be stored in a mechanical, electrical, thermal or electrochemical way
[9–11]. The electrochemical methods, in particular batteries, have
drawn considerable attention in the last decades due to the high round-

trip efficiency of these devices [12].
Batteries are currently popular devices to buffer energy that is

generated by renewable sources [13,14]. These battery systems are
better known as stationary energy storage devices. In addition, batteries
are also highly suitable for providing mobile devices with energy. Ex-
amples of mobile devices are portable phones, laptops, tablets, watches
and (hybrid) electric vehicles (H)EV. Especially the (H)EV market may
require many batteries since a tremendous increase of (H)EV sales is
expected in the near future. However, the increase of (H)EV sales is
hard to predict due to factors such as cost, technology, infrastructure,
consumer acceptance and governmental regulations [15–17]. If (H)EV

Fig. 1. Graphical representation of Sections 2 and 3.
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batteries are charged with electricity generated by renewable energy
sources, the environmental impact of a (H)EV is far lower than the
impact of vehicles using combustion engines running on fossil fuels. In
that respect, (H)EV are excellent candidates to reduce greenhouse gas
emissions. Evidently, the battery plays a major role in the success of
both stationary and mobile applications.

Due to the high energy density, long cycle-life and low self-dis-
charge, Li-ion batteries are nowadays the technology of choice to power
both stationary and mobile applications [14,18,19]. However, chal-
lenges are met in monitoring and controlling the states of a Li-ion
battery, such as State-of-Charge (SoC), State-of-Health (SoH) and tem-
perature. The consequences of poor monitoring and control can lead to
a decreasing battery performance, rapid degradation and, even worse,
fire or explosion. This would be detrimental for the success of battery
powered devices, especially for (H)EV. Therefore, it is of high im-
portance to keep battery states within their safe operating range, which
is bounded by voltage, temperature and current windows [20]. A Bat-
tery Management System (BMS), including a Thermal Management
System (TMS), is an essential component to monitor and control these
states in order to guarantee safe and reliable battery operation.

At present, various review papers are written in the field of battery
management systems [20–29] and thermal management systems
[30–39]. These papers mainly describe state estimation techniques and
approaches how to design BMS and TMS. In addition, reviews are
available dealing with general temperature measurement techniques
and methods [40–44]. However, there is no clear overview of the
various temperature indication methods, specifically for Li-ion bat-
teries. Such an overview should reflect on the current developments
and challenges in battery technologies, in particular Li-ion batteries.
The present review is therefore of interest to a broad range of scientists,
researchers, and engineers who focus on rechargeable batteries, battery
temperature development, battery management, and battery safety.
The present contribution summarizes and discusses the available tem-
perature indication methods that can be used to facilitate BMS and TMS
in accurately controlling battery states. It starts with a brief overview of
the working principle of Li-ion batteries, including the heat generation
principles and possible consequences, such as thermal gradients and
thermal runaway. This overview gives the reader the required basic
battery knowledge and it highlights the challenges in measuring battery
temperature. After introducing the heat generation principles, different
available temperature measurement methods for Li-ion batteries are
reviewed and discussed in Section 3. It comprehensively reviews and
discusses the working principles, issues, and challenges of all traditional
and state-of-the-art temperature measurement methods applied to Li-
ion batteries. Fig. 1 shows a graphical overview of Sections 2 and 3. A
comparative analysis of the available methods is made in the last Sec-
tion (Conclusions).

2. Working principles of Li-ion batteries

Primary Lithium batteries are able to convert chemical energy into
electrical energy by means of electrochemical reduction and oxidation
(redox) reactions. In Li-ion batteries, these reactions are reversible,
which means that the opposite, i.e. conversion of electrical energy into
chemical energy, is possible as well, making them so-called secondary
batteries. In that respect, secondary batteries are different from primary
batteries, in which the stored chemical energy is irreversibly converted
to electrical energy. In this overview only Li-ion batteries are con-
sidered, whose components and working principles, including thermal
considerations, are described in this Section. The used abbreviations
and symbols are listed in Tables 1 and 2.

2.1. Components and operating principles of Li-ion batteries

A schematic overview of a Li-ion battery is shown in Fig. 2. This
figure shows five main components in different colours. At both outer

sides, the current collectors are shown on which the active electrode
materials are coated. In commercial Li-ion batteries, aluminium and
copper are typical materials for the positive and negative current col-
lectors, respectively [45]. The current collectors conduct electrons for
charge transfer reactions and serve as a substrate for the electro-
chemically active electrode materials.

The negative and positive electrode materials are intercalation
materials that function as a host for lithium ions. An overview of
common electrode materials used for Li-ion batteries is shown in
Table 3. A separator between both electrodes prevents electrical contact
but enables ions to pass through. The battery is filled with a non-aqu-
eous electrolyte containing lithium salt, such as LiPF6 and LiClO4,
which enables Li+ ionic transfer.

As shown by the red arrow in Fig. 2, Li+ ions leave the positive
electrode, enter the electrolyte, and intercalate into the negative elec-
trode during charging. At the same time electrons leave the positive
electrode and flow into the negative electrode through the outer electric
circuit. Upon charging, oxidation takes place at the positive electrode
and reduction at the negative electrode. In this case energy is required
from an external source, and the battery converts electrical energy into
chemical energy that is stored inside both electrodes. This process re-
verses upon discharging, as indicated with the black arrows in Fig. 2.
The corresponding partial electrochemical reactions for a C6/LiMeO2
battery are represented by

+ ++x x xLiMeO Li MeO Li e (0 0.5)x2
charge

discharge
1 2

-
(1)

and

+ ++y y yC Li e Li C (0 1),y6
-

charge

discharge
6 (2)

for the positive and negative electrode, respectively. The abbreviation
Me stands for a transition metal, which in commercial batteries nor-
mally is Cobalt (Co) combined with or without Nickel (Ni), Manganese
(Mn), or Aluminium (Al) in different ratios [46–48]. Note that for the
case Me=Co, x is limited to 0.5 to reversibly cycle the positive

Table 1
List of abbreviations.

Abbreviation Description

ARC Accelerating rate calorimetry
BMS Battery Management System
EIS Electrochemical Impedance Spectroscopy
EMF Electromotive force
EQC Equivalent circuit
ERT Electrical resistance tomography
ETIS Electrothermal impedance spectroscopy
EV Electric vehicle
FBG Fiber Bragg-grating
HEV Hybrid electric vehicle
IR Infrared
Li-ion Lithium ion
NMC LiNiMnCo-Oxide
NTC Negative temperature coefficient
NZIF Non-zero-intercept frequency
OCP Open circuit potential
OCV Open circuit voltage
PCB Printed circuit board
PTC Positive temperature coefficient
RC-circuit Electric circuit containing resistors and capacitors
RTD Resistance temperature detector
SEI Solid-electrolyte-interface
SNR Signal-to-noise ratio
SoC State-of-charge
SoH State-of-health
TCR Temperature coefficient of resistance
TLC Thermochromic liquid crystals
TMS Thermal management system
UV-light Ultraviolet light
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electrode without causing rapid capacity losses, though x can decrease
below 0.5 for modern NMC-type materials. Graphite (C6) is a typical
intercalation material that is generally used for negative electrodes in
commercial Li-ion batteries [49–51]. Some examples of Li-ion battery
electrode materials with their specific electrochemical characteristics
are listed in Table 3. Materials with voltages higher than 2 V are usually
used as positive electrode materials, while low voltage materials are
normally used for negative electrodes.

A charged battery experiences a chemical driving force due to the
difference in chemical potentials between the two electrodes. This can
be expressed as the standard Gibbs free energy change ( G). Under
equilibrium conditions the chemical driving force is balanced by an
electrostatic driving force and equals to nFE . The balance between
the chemical and electrical forces can then simply be expressed as

=G nFE (3)

where n is the charge number of the mobile ionic species (+1 for Li+),
F is the Faraday constant and E is the voltage difference between the
electrodes [52–55]. Eq. (3) readily makes it possible to calculate the
Electromotive Force (EMF) of a Li-ion battery if G is known. The EMF
is defined as the battery voltage under equilibrium conditions. Fre-
quently, this voltage is also referred to as Open-Circuit Voltage (OCV)
or Open-Circuit Potential (OCP).1

2.2. Thermal considerations

Although Li-ion batteries have a very high coulombic efficiency
[57,58], lithium (de-) intercalation in both electrodes and all associated
processes do not occur with 100% energy efficiency. This property re-
sults in heat generation when the battery is in operation. The generated
heat flows through the materials to the battery surface, where it dis-
sipates to the environment. The implications of these processes are
described in this Section.

2.2.1. Heat generation
Due to various internal impedances the voltage at the battery

terminals deviates from the EMF at a given SoC [59,60]. This voltage
difference is better known as the battery overpotential ( bat) and can be
defined as

= E Ebat bat bat
eq (4)

where Ebat is the voltage at the battery terminals and Ebat
eq is the EMF.

The EMF can be experimentally determined by various methods along
the complete SoC range. Methods such as (dis)charging at very low
currents, interpolation between the charge and discharge voltage curve,
voltage relaxation, and extrapolation to zero current have been used
[61–63]. From Eq. (4), it can be seen that bat is negative during dis-
charging and positive during charging. Similarly, the overpotentials of
the individual electrodes ( pos and neg) can be defined.

The total overpotential is induced by various processes occurring in
a battery, such as the charge-transfer reactions at the electrode/elec-
trolyte interfaces ( ct) [64], the diffusion and migration of Li-ions across
the electrolyte ( el) [65], diffusion and migration of Li-ions in the
electrodes ( d) [66] and Ohmic losses ( ) [67]. Therefore, the total
battery overpotential can also be expressed as

= + + +bat ct el d (5)

Note that the charge transfer processes, diffusion and migration, and
Ohmic losses occur in both the positive and negative electrodes.

The battery overpotential multiplied by the current results in an
irreversible heat power, which is given by [68–71]

=Q I t( )bat (6)

Table 2
List of symbols.

Symbol Description Unit

A Battery surface area m2

Cp Specific heat capacity J/(kg·K)
E Voltage V
Ebat Battery voltage at terminals V
Ebat

eq Battery EMF V

F Faraday constant (96485) A·s/mol
G Gibbs free energy change J/mol

h Heat transfer coefficient W/(m2·K)
H Enthalpy change J/mol

I Current A
j Imaginary unit satisfying =j 12 –
k Thermal conductivity W/(m·K)
m Mass kg
n Charge number of mobile ionic species –
n Unit (outer) normal vector at boundary –
neff Effective core index of refraction –
p Pressure Pa
Q Irreversible heat power calculated by overpotential W
Qconv Convective heat power W
qcond

Heat flux W/m2

Qin Total heat generation power W
qin Volumetric heat power W/m3

Qout Total heat dissipation power W
QR Irreversible heat power calculated by resistance R W
Qrad Radiative heat power W
QS Reversible heat power W
R Resistance Ω

S Entropy change J/(mol·K)
T Battery temperature K
Ta Ambient temperature K

T Temperature gradient K/m
x Stoichiometric coefficient of the positive electrode –
y Stoichiometric coefficient of the negative electrode –
Z Impedance Ω

Emissivity of surface material –
Grating spacing m

B Bragg wavelength m
bat Battery overpotential V

ct Charge-transfer overpotential V

d Diffusion overpotential V

el Electrolyte overpotential V

neg Overpotential negative electrode V
Overpotential from Ohmic losses V

pos Overpotential positive electrode V
Density kg/m3

Stefan-Boltzmann constant (5.67·10 8) W/(m2·K4)
Reaction progress or SoC –

Fig. 2. Schematic representation of a Li-ion battery.
1 OCV or OCP are popular terms but can occur under non-equilibrium con-

ditions as well, while the EMF is only defined under equilibrium conditions.
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or alternatively

=Q I t R( )R
2 (7)

where I represents the battery current and R the total internal battery
resistance. From Eq. (7), it can clearly be seen that if the battery current
and/or the resistance increases, more irreversible heat is generated. To
minimize these thermal losses, it is therefore key to keep the battery
resistances as low as possible. Generally, these resistances increase with
decreasing SoH during cycling and calendar aging and this conse-
quently leads to more heat generation during the battery life [72–74].

In addition to the irreversible heat generation source resulting from
resistances, a reversible heat source is present due to changes of the
reaction entropy [75–77]. Entropic heat generation can be either en-
dothermic or exothermic and depends on the direction of the electrode
reactions and SoC. The entropy change ( S) can be derived from the
enthalpy change ( H ) and Gibbs free energy change [78,79]. After
further derivations, S can be represented by

=S nF
E
T
bat
eq

p, (8)

where T is the battery temperature, is the reaction progress, or more
specifically the SoC, and p is the pressure. Generally, the entropy
change is experimentally obtained by potentiometric or calorimetric
measurements [80]. Since these methods usually require long mea-
surement times, alternatives have been developed, such as electro-
thermal impedance spectroscopy (ETIS) [81] and an advanced mea-
surement protocol for potentiometric methods that reduces the
measurement time [82]. Once the entropy change is known, the re-
versible heat power (QS) can be calculated, according to

=Q I T S
nFS (9)

Although the entropic heat is sometimes neglected [83–85] or
adopted as a constant average value [86–88], its contribution can be
significant and, therefore, it is strongly recommended to consider for
thermal modelling purposes [69,79,89]. Entropic heat generation or
absorption can be present at both electrodes, and its magnitude differs
for the various electrode materials. Battery electrodes can be selected
such that the entropic contributions of both electrodes cancel each
other out [90]. In this perfect electrode match, entropic contributions to
the total battery cannot be measured.

Two additional heat generation mechanisms are described in the
literature: enthalpy-of-mixing and phase-change terms. Enthalpy-of-
mixing represents the heat effect that occurs during the generation or
relaxation of concentration gradients. The phase-change term stands for
the heat effect due to phase transformations [77,91]. However, these
two terms are often neglected since their contributions are minor in
comparison to the two previous mentioned heat generation terms
[89,92].

2.2.2. Heat conduction
The heat generated by the processes described above flows through

the materials of the battery by conduction. This only occurs when
temperature differences are present, i.e. thermal gradients have been
built up. The corresponding heat flux (qcond) in isotropic materials that
results from thermal conduction can be defined as [93–95]

=q k Tcond (10)

where =k k x y z( , , ) is the thermal conductivity and T the temperature
gradient. Eq. (10) is also called Fourier’s Law for heat conduction. It can
be seen that k is a function of location in the battery. Note that Eq. (10)
reveals a minus-sign and it can therefore be inferred that heat flows from
high to low temperatures. Values for k have been investigated for
common battery materials and reported in the literature [88,96]. These
parameter values can be used as input for thermal models.

2.2.3. Heat dissipation
When a battery operates in an environment filled with a gas or a

liquid, there is a convective heat exchange between the surface and the
surroundings. In addition, the battery surface is cooled down by emit-
ting infrared radiation. Convective (Qconv) and radiative heat exchange
(Qrad) with the environment are represented by [93–95]

=Q hA T T( )conv a (11)

and

=Q A T T( )rad a
4 4 (12)

respectively, where h is the heat-transfer coefficient, A the surface area
of the battery, T the battery surface temperature, Ta the ambient tem-
perature, the Stefan-Boltzmann constant and is the emissivity
( <0 1) of the surface material. h depends on various factors such as
natural or forced convection, location, geometry, surface roughness and
the medium that surrounds the battery. To increase the heat transfer
from the battery surface to the surrounding environment, various ex-
ternal cooling methods can be applied. Examples are air cooling
[97–99], liquid cooling [100,101], the use of phase-change materials
[102–105], heat pipes [106–108], specially designed heat sinks
[109–111], pool-boiling fluids [112], or combinations of these
methods.

In addition to external cooling, that only removes heat from the
surface of the battery, internal cooling has also been used. For internal
cooling either micro-channels or small heat pipes are integrated into the
battery [113–116]. Internal cooling can be more effective than tradi-
tional cooling since undesirable increase in temperature and thermal
gradients are easier to control. In addition, internal cooling favourably
prolongs battery life and is safer. Despite these advantages, internal
cooling is much more difficult to apply since the standard internal
battery construction must be changed significantly.

2.2.4. Heat balance
Now that heat generation and dissipation principles are known, it is

possible to define a simple but convenient heat balance equation in
order to calculate the temperature evolution of batteries. Considering a
uniform battery temperature, the heat balance equation is defined as

=mC dT
dt

Q Qp in out (13)

where m is the mass and Cp the specific heat capacity of the battery.Qin
includes all heat-generating processes and can be defined based on the
theory described above as

= +Q Q Qin S (14)

Qout represents the heat dissipation from the battery to the environment,
which can be defined with the theory above as

= +Q Q Qout conv rad (15)

Substantial research on thermal modelling has been conducted
using this straightforward general heat equation [79,117–123]. The
main advantage of this model is the simplicity to predict temperature
evolutions and to integrate this into a TMS. An example of simulation
results, using this model is shown in Fig. 3. Both experimental (dotted
curves) and simulated (dashed and solid curves) temperature evolution
are shown for discharging a Li-ion battery at three C-rates. Moreover,
the model has been simulated with (solid curves) and without (dashed
curves) the entropic term. It can be seen that the model without the
entropic term can only predict the global temperature behaviour. In-
cluding the entropic term into the model leads to a much better mod-
elling accuracy.

Due to the simplicity of this general thermal model, there are some
shortcomings, such as the assumption that the whole battery has a
uniform temperature. In reality, the temperature varies spatially and,
therefore, this heat-balance equation must be extended to a two or
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three-dimensional heat expression. The three-dimensional heat equa-
tion is defined as [124]

= +C T
t

k T q·( )p in (16)

where is the material density. The density of the heat-generation
power =q q t x y z( , , , )in in is now a function of location due to the
temperature-dependent entropic term (see Eqs. (9) and (14)). Note that
the total heat-generation power Qin in the heat-balance equation (Eq.
(13)) can be obtained by integration of qin with respect to the volumeV
of the battery, i.e.

=Q t q t x y z dxdydz( ) ( , , , )in V in (17)

The heat dissipation at each point of the outer surface is written as
boundary condition in the following form

= +n k T h T T T T·( ) ( ) ( )a a
4 4 (18)

where at the left-hand side T represents the temperature gradient, n
the unit (outer) normal vector at the boundary, and the right-hand-side
terms describe convection and radiation, accordingly. Using this model,
thermal gradients in three dimensions can be simulated and validated
with respect to measurements. These models still rely on detailed ex-
periments since the measured overpotentials or resistances are required
to calculate the heat generation.

Besides using thermal models for simulation purposes, they may be
used to perform temperature predictions of Li-ion batteries in real-life
applications, facilitating the BMS and TMS with determining states,
such as SoC and SoH. By using models, the number of sensors can be
reduced, which saves cost, space and possible malfunctioning of hard-
ware sensors. Essentially, models can be divided into two main groups:
(i) electrochemical/first principle/numerical models [125–128], and
(ii) equivalent-circuit (EQC) models [117,119,129–132]. The numerical
models, relying on a set of appropriate equations, have been success-
fully applied to accurately calculate thermal behaviour of Li-ion bat-
teries. However, numerical models require strong computation power
and are therefore less suitable to be integrated into BMS applications for
temperature estimation [133]. For that reason, computationally in-
tensive models can be reduced to simplified numerical models that are
less accurate but significantly reduce computations times [84,134,135].

Alternatively, EQC models can be used, which have simple construc-
tions and enable fast calculations. Obviously, due to the simple EQC
model construction, thermal simulations are less accurate in compar-
ison to numerical models. Moreover, the model accuracy does not only
depend on the model complexity but also on the underlying parameter
values, some of which are difficult to quantify [136,137].

Thermal models are critically examined in various review articles
[31,138–140]. An overview and discussion of these models would be
redundant and is, therefore, not given in this work.

2.3. Temperature gradients

Temperature gradients develop as a result of internal heat genera-
tion, thermal conduction, and heat dissipation in individual batteries,
on a module and pack level. The development of temperature gradients
in battery packs is a key issue that cannot be underestimated because
gradients can lead to serious complications. One of these complications
is temperature monitoring of a battery. Under extreme conditions, such
as over(dis)charge, high current loads or short-circuiting, substantial
heat is generated internally. Therefore, monitoring the surface tem-
perature underestimates the maximum temperature of batteries.
Thermal simulation examples on a cylindrical (high power) 7.5 Ah
battery at a 6 C-rate discharge are shown in Fig. 4. It can be seen that
the temperature in the battery core is significantly higher than at the
surface. Additional monitoring of the internal temperature therefore
provides more accurate information, which will improve the perfor-
mance, life-time (SoH) and safety of Li-ion batteries.

Other complications, resulting from temperature gradients, are
current density distributions and local SoC differences [141]. Tem-
perature gradients cause spatially varying electrochemical impedances
and, therefore, current density distributions. SoC inhomogeneities are a
result of both non-uniform current density distributions and the tem-
perature dependence of the EMF. These effects lead to local aging dif-
ferences and hence to global aging of batteries [142]. Moreover, it was
found that batteries perform differently in the presence of a tempera-
ture gradient in comparison to a uniform battery temperature which
has the same average value [143].

Apart from temperature gradients inside individual batteries, tem-
perature gradients will also develop in battery packs, in which multiple
batteries are connected in series and/or in parallel. Simulation ex-
amples of temperature gradients in a battery pack can be seen in Fig. 5
for two different types of air cooling. Temperature gradients in battery
packs result in unbalanced (dis)charge currents for parallel-connected
batteries [145,146]. In addition, batteries far away from the cooling
inlets operate at higher temperatures than batteries close to the cooling
inlets, which can be seen in Fig. 5a. Using different or modified cooling
methods, temperature gradients may be reduced, which is shown in
Fig. 5b. Both unbalanced (dis)charge currents and different operating
temperatures result in unequal aging phenomena among batteries as-
sembled in packs.

Generally, high C-rates and low ambient temperatures lead to a high
temperature rise and large thermal gradient [148]. At high C-rates,
stronger cooling is therefore necessary in order not to exceed the
maximum specified temperature. Stronger cooling results in a lower
temperature rise; however, larger temperature gradients develop
[144,149,150]. This effect can clearly be seen in Fig. 4. Under natural
convection (Fig. 4a), the surface temperature is far higher than under
forced convection conditions (Fig. 4b). However, the thermal gradient
in the case of forced convection is much larger than under natural
convection. The cooling method has a large influence on this particular
behaviour. For example, tab cooling leads to a more homogeneous
temperature behaviour than surface cooling [151]. Therefore, surface
cooling can lead to higher capacity losses than tab cooling. In terms of
temperature control, internal battery cooling is even more superior to
tab cooling [152]. However, internal cooling is much more complicated
and increases the mass of the battery and, therefore, decreases the

Fig. 3. Example of temperature evolution of a 7.5 Ah cylindrical Li-ion battery
during discharge for three C-rates at an ambient temperature of 20 °C. Adapted
with permission from Ref. [79]. Copyright 2013, Elsevier Ltd.

L.H.J. Raijmakers, et al. Applied Energy 240 (2019) 918–945

924



specific energy density.
Because of all above-mentioned reasons, it is highly important to

give careful consideration to the design of the TMS. On the one hand, it
must be designed such that batteries do not exceed the maximum and

minimum specified temperatures and, preferably, operate in the op-
timal working temperature range. On the other hand, it has to keep the
temperature difference between individual batteries and modules inside
packs as low as possible. Literature suggests that the optimal tem-
perature range, i.e. an appropriate balance between performance, bat-
tery life and safety, lies within approximately 20–40 °C with a max-
imum temperature gradient of less than 5 °C [30,31,33,138,153,154].
Note that, however, the operating temperature can be in a range be-
tween −30 and 60 °C. Furthermore, a TMS should be reliable, low-cost,
compact, light-weight and easy to maintain [31].

2.4. Thermal issues and safety devices

In Section 2.2, it was explained that the battery temperature is de-
termined by the heat balance between the generated and dissipated
heat. If the generated heat cannot be sufficiently dissipated, the battery
temperature continues to increase, which can lead to failures and
dangerous situations. Although the relative number of failures asso-
ciated with Li-ion batteries is limited, some published incidents related
to fires and explosions have raised concerns about the overall safety
[155]. Moreover, faults and misuse during manufacturing and opera-
tion can cause internal and/or external short-circuits, over(dis)charge
or overheating. This can lead to thermal runaway, venting, fire and/or
explosion of batteries under uncontrolled conditions [156]. These
events result in hazardous situations and are detrimental for the battery
market.

The worst-case thermal scenario is that of thermal runaway, which
can occur under insufficient cooling or abusive conditions and can ea-
sily lead to fire or explosions. Although Feng et al. [157] extensively
describe thermal runaway to occur in six stages, it is more frequently
described by a three-stage process [32,156,158–163] that can best be
explained by Fig. 6a [158,161]. This figure shows experimental results
of the self-heating rate of a Li-ion battery, divided into three stages. In
this experiment, an external source adds heat to the battery until the
moment the indicated onset temperature is reached. At the onset

Fig. 4. Examples of thermal simulations of a 7.5 Ah cylindrical battery at 6 C discharge rate, revealing natural convection (a) and forced convection (b). Adapted with
permission from Ref. [144]. Copyright 2017, Springer International Publishing Switzerland.

Fig. 5. Examples of thermal simulations of a Li-ion battery pack, containing 12
180 Ah batteries, at the end of 1 C-rate discharging, using forced convection
with one-directional air flow (a) and forced convection with two-directional air
flow (b). Modified with permission from Ref. [147]. Copyright 2014, Elsevier
B.V.
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temperature the self-heating rate is equal or larger than a certain
threshold value and no external heat from the source is added anymore
from that moment on to the battery. From this point onwards, reactions
inside the battery are exothermic and self-induce an increase in tem-
perature.

At temperatures around 90 °C the Solid Electrolyte Interphase (SEI)
starts to decompose exothermically. Consequently, this induces elec-
trolyte reduction at the exposed negative electrode surface. This reac-
tion sequence becomes even more significant at 120 °C (stage 1 in
Fig. 6a). At stage 1 the separator can also start to melt, leading to a
sudden voltage drop, thereby further increasing the heat generation. In
stage 2 heat generation increases more rapidly (acceleration) by both

electrolyte reduction and oxidation at the negative and positive elec-
trodes, respectively. At this stage gas venting or even release of smoke
may occur. Further internal heating brings the process into stage 3 in
which high-rate electrode reactions cause the temperature to increase
extremely fast, ultimately leading to the as-denoted thermal runaway.
This is mainly caused by positive electrode material decomposition,
producing oxygen gas which reacts exothermically with the organic
materials in the battery [164]. The results of this process are high-rate
venting, possible flames and explosions. Any intervention or strong
cooling at this stage most probably does not inhibit thermal runaway
anymore.

Thermal runaway phenomena are a function of various properties,
such as electrode materials, cell design and electrolyte composition
[166]. For example, it has been found that the self-heating rate of Li-ion
batteries is strongly dependent on the chemistry [158,165,167–169].
An example of the self-heating rate for different chemistries can be seen
in Fig. 6b [158]. From this figure it is obvious that batteries with
LiCoO2 electrodes are thermally less stable than Li-ion batteries with
LiFePO4 electrodes. Experiments also revealed that the self-heating rate
is dependent on the SoC [158,165,170,171]. Generally, the onset
temperature decreases with increasing SoC. An example of this beha-
viour can be seen in Fig. 6c [165], which also shows the battery voltage
during the experiment. These measurement results indicate that the
electrodes become thermally less stable when the SoC increases. Fur-
thermore, the voltage shows a sharp drop at temperatures around
125 °C. This voltage drop corresponds to the melting of the separator. In
addition, it has been found that the thermal stability of the electrodes is
dependent on the particle size because the active surface area with
smaller particles is larger and, therefore, has more contact area between
the electrode and electrolyte [172,173].

To prevent dangerous situations such as thermal runaway, the BMS
should monitor the voltage, current and temperature. In case of failure
the BMS can intervene preventively. However, a BMS cannot always
protect batteries against abusive conditions, such as short-circuiting,
penetration and external heating. Therefore, safety devices are ad-
ditionally integrated in or on Li-ion batteries. These devices have to
minimize the impact of hazardous situations. Many safety devices have
been investigated, ranging from simple safety vents and fuses to shut-
down separators, exotic electrolytes and special electrode coatings. A
comprehensive review of safety devices is written by Balakrishnan et al.
[174].

Hazardous situations arise if the BMS or other safety devices cannot
prevent a battery from thermal runaway. This situation becomes even
worse if this occurs in a battery pack because a single battery can
trigger other batteries inside the pack to a runaway incident [175–177].
A simulation example of thermal runaway propagation through a bat-
tery module can be seen in Fig. 7 [177]. In this example the first battery
is penetrated with a nail in order to initiate thermal runaway. This
triggers the neighbouring battery and then continues to propagate up to
the last battery.

To prevent thermal runaway propagation through a complete bat-
tery pack, various designs have been investigated. Examples are
thermal isolations or conductive heat sinks between batteries, stronger
cooling, reducing energy in the battery and spacing between adjacent
batteries [177–180]. Moreover, it has been found that cylindrical bat-
teries are less prone to thermal runaway propagation than, for example,
pouch-type batteries due to the smaller contact areas and large air gaps
between the battery covers [176]. It was also found that for cylindrical
batteries the electrical connections become pronounced [176]. A par-
allel connection leads to stronger propagation due to heat transfer
through the module and an electrical short at the location where
thermal runaway is initiated.

Evidently, careful design considerations have to be taken in order to
prevent thermal runaway in a single battery and propagation through a
complete battery pack. Once the battery pack is being used in an ap-
plication, it is important that all batteries inside a module or pack are

Fig. 6. Self-heating rates of Li-ion batteries. (a) Self-heating rate during a forced
thermal ramp test; (b) Self-heating rate of 18,650 batteries measured by
Accelerating-Rate-Calorimetry (ARC) for different chemistries; (c) Self-heating
rate of Sony batteries measured by ARC at different SoC. Note that in (c) an
offset is shown for easier comparison. For details of this figure it is referred to
Refs. [158,165]. (a-b) Reproduced with permission from Ref. [158]. Copyright
2012, Electrochemical Society. (d) Reproduced with permission from Ref.
[165]. Copyright 2004, Elsevier B.V.
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monitored, not only for performance purposes, but even more im-
portantly also for safety purposes.

3. Temperature indication methods for Li-ion batteries

In this Section, various battery temperature indication methods are
discussed, ranging from the well-known traditional methods to the
novel ones, which are currently being investigated. Key characteristics,
such as measurement range, accuracy, resolution (in temperature,
space, time) and costs are important for a proper sensor selection.
Moreover, in situ temperature measurements are attractive for safety
and controlling purposes since temperatures in the battery core are,
generally, higher (see Section 2). These unequal temperature distribu-
tions increase the challenges in developing and selecting sophisticated
temperature sensors for Li-ion batteries, which can assist the BMS in
accurate SoC and SoH estimation.

The literature described in this Section is restricted to temperature
measurement methods and sensors for Li-ion batteries. The corre-
sponding analogue or digital circuits are not discussed, as well as
methods to determine the thermal battery properties, such as thermal
conductivity and heat capacity. Thermometers that do not generate
electrical signals suitable for BMS, such as glass tube or bimetallic
thermometers, are also not reported.

3.1. Thermo-resistive devices

Thermo-resistive devices are devices whose resistance changes as a
function of temperature. This property makes these devices highly
suitable for temperature measurements and are discussed in this
Section.

3.1.1. Thermistors
Thermistors, or thermally sensitive resistors, are solid semiconductor

devices of which the electrical resistance changes rapidly as a function
of temperature [181]. Thermistors may have positive or negative
temperature coefficients; if the thermistor has a negative temperature
coefficient (NTC), the resistance decreases when the material tem-
perature increases. This behaviour is shown in Fig. 8 (curves a, b and c)
[182], in which it can be seen that NTC behaviour is nonlinear, making

temperature indication somewhat challenging. For thermistors that
have a positive temperature coefficient (PTC) this behaviour is the
other way around, i.e. the resistance increases with increasing tem-
perature. The thermistors with NTC properties are usually used for
temperature measurements. Thermistors with PTC properties can also
be used for temperature measurements but are also frequently used as
protection devices to reduce electric currents when the system reaches
too-high temperatures.

Thermistors have the advantages of being inexpensive, highly sen-
sitive to temperature changes (Fig. 8), applicable across a considerable
temperature range (−55 to ∼300 °C), available in different forms, and
can be very small [182]. Due to the small size, it is possible to respond
quickly to temperature changes. In addition, a four-terminal contact is
not required since thermistors have a high resistivity, which saves cable
space and cost. Although thermistors had a reputation of being un-
stable, the stability improved over the years by adopting new

Fig. 7. Simulation example of thermal runaway propagation in a battery module, containing six 25 Ah batteries. Adopted with permission from Ref. [177]. Copyright
2016, Elsevier Ltd.

Fig. 8. Resistance as a function of temperature of three thermistors (a, b and c),
and a Platinum (Pt100) resistance temperature detector (d). Adopted with
permission from Ref. [182]. Copyright 2006, John Wiley and Sons.
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techniques, reaching good long-term stability [183–187]. Using specific
provisions with the measurement instrumentation, errors of< 1mK
can be reached [188], although the accuracy in commercial applica-
tions often results in the order of± 1 °C [44].

To measure the temperature by using a thermistor, a small well-
defined current can be applied at a level at which no or negligible self-
heating appears. A voltage measurement across the thermistor can then
be used for temperature indication. Conversion to temperature can be
performed with the help of lookup tables or by solving equations that
approximate the resistance curve. However, other methods, such as
those applying linearization techniques, can also be used.

Due to the above-mentioned advantages, thermistors are one of the
most widely used temperature sensing devices for many applications
[189]. For example, the Toyota Prius and Honda Civic Hybrid are using
thermistors to measure battery temperature [190]. Thermistors are also
extensively used to monitor the battery temperature in other mobile
devices, such as cellular phones, laptops and powerbanks [191]. At
present, many Li-ion batteries and battery packs can be purchased,
including thermistors or protection circuits. Moreover, component and
system suppliers frequently deliver products with thermistors as battery
temperature sensors.

For the present practical applications, thermistors can be placed on
the surface, the terminals, or close to a battery. In the example of Fig. 9,
a thermistor is placed in the gap between two adjacent cylindrical
batteries in such a way that it contacts both batteries. This arrangement
only measures the surface temperature of these two batteries, whereas
the remaining batteries are not monitored, which can lead to dangerous
situations if one of the other batteries becomes overheated. However,
for these types of mass-produced applications, cost should be mini-
mized, and thus the number of sensors including wiring, connections
and installation should be reduced as much as possible. Through ex-
tensive experiments and/or modelling, it is possible to reduce the
number of sensors, while still accurate temperature indications can be
obtained [192,193].

Thermal investigations during the design of the battery pack should
also reveal hot spots. At the corresponding ‘hot' locations, a thermistor
can be placed in order to indicate the maximum surface temperature.
However, temperature gradients and possible hot spots at other loca-
tions on or inside the battery are unlikely to be detected; therefore, the
indicated temperature can strongly deviate from the maximum tem-
perature.

Although thermistors are extensively used in practical applications,
the use of thermistors for research purposes is limited. NTC thermistors
with an accuracy of± 1 °C were used to measure the surface tem-
perature of cylindrical 18650 batteries [142] and on three different
pouch-type batteries [194]. To validate a thermal model, non-specified
thermistors have been used to monitor the temperature inside the
mandrel of cylindrical 28650 batteries [195]. This study indicates that
thermistors can be used within the chemical environment of a battery
for experimental purposes. Moreover, a mass-produced thermistor was
used by Debert et al. [85] to measure the temperature of a battery
module. The thermistor was placed in an interstice in the module, and
the data are compared to model simulation results. Grosch et al. [196]
developed a new low-cost PTC thermistor that can be easily produced
with printing techniques. The accuracy of this new thermistor is
somewhat lower in comparison to commercially available NTC

thermistors and thermocouples. However, it was concluded that the
present design can be improved by sensor modifications and more ac-
curate calibrations. Using this new thermistor, either the system cost
can be reduced or more thermistors can be used at the same cost.

3.1.2. Resistance Temperature Detectors
Resistance Temperature Detectors (RTD) are devices containing

metallic conductors of which the electrical resistance increases as a
function of temperature. In essence, any metal could be used for RTD,
but the choice is limited due to considerations such as cost, temperature
coefficient of the resistance, ability to resist oxidation, manufacturing
constraints, and stability [44]. Materials used for the metallic con-
ductors in RTD can be copper, silver, nickel, gold and platinum, of
which the last one is the most used, as it offers more advantages than
the others. The resistance increase of a platinum RTD is shown in Fig. 8
(curve d) [182]. This figure shows that a platinum RTD is less sensitive
to temperature changes than NTC thermistors. However, unlike ther-
mistors, platinum RTD show a linear behaviour, which makes these
very convenient for use in an application. Other advantages of platinum
RTD are the excellent stability, accuracy (approaching 1mK, but±
0.01 °C to±0.2 °C in industrial applications), and wide operating
range (−260 to 960 °C) [197]. RTD can be offered as inner-coiled,
outer-wound, or thin-film device. The thin-film RTD have the ad-
vantage to be less expensive, more robust, and smaller with respect to
the inner coiled and outer wound RDT. Due to the small size, thin-film
RTD have faster response times.

The type of Platinum RTD is often indicated with the abbreviation
‘Pt' followed with a number, e.g. Pt100. The number indicates the re-
sistance at 0 °C. Hence, a Pt100 is a platinum RTD with a resistance of
100Ω at 0 °C. The most common platinum RTD have a temperature
coefficient of resistance (TCR) of 0.00385Ω/(Ω·°C). The TCR indicates
the average resistance change per °C across a temperature range from 0
to 100 °C and can be seen as sensitivity parameter. In other words, the
resistance of the most common platinum RTD changes 0.38% per °C.
Furthermore, there are two performance classes (Class A and Class B)
for Pt100 RTD, which indicate accuracy. The accuracy of Class A is
approximately twice as high in comparison to Class B.

Using RTD, temperature measurements can be performed similarly
as with thermistors, i.e. a small current (< 1mA) can be applied at a
level at which self-heating can be neglected and a voltage drop can then
be measured across the RTD [198]. Subsequently, the voltage can be
converted to temperature. However, using an RTD in a branch of a
Wheatstone bridge on which a constant voltage is applied is possible as
well. Although a four-wire connection is preferred for the most accurate
measurements, two- and three-wire connections can also be used.
However, the two- and three-wire connections are more prone to
measurement errors due to cable resistances.

In comparison to thermistors, RTD are more frequently used for Li-
ion battery research purposes. Various authors used one or more
commercial Pt100 elements to measure battery surface temperatures
during (dis)charging [79,83,199–202]. Interestingly, all these mea-
surements were used for thermal model validation purposes. A parti-
cular reason why these authors selected Pt100 RTD for their experi-
ments is unknown. Moreover, from these authors only Daud et al. [83]
indicate that Class A Pt100 RTD were used for surface temperature
measurements. Furthermore, Day et al. [203] used Pt100 RTD to

Fig. 9. Example of a 73Wh laptop battery pack
with 10 kΩ NTC thermistor.
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measure battery temperature and to control a cryostat apparatus for
differential thermal analysis.

Pt1000 RTD with sizes 2.3mm ۰ 2.0 mm ۰ 0.9mm were used by
Wang et al. [204] for temperature measurements inside and on the
surface of a coin-type battery. The internal RTD was positioned be-
tween both electrodes, separated by two insulation diaphragms. The
RTD sensing the internal temperature was connected to copper foil,
utilized as measurement leads. Both the sensor and foil were covered by
a 50 µm thick polyimide insulation to prevent electrical contact with
other parts and to prevent reactions with the electrolyte. It appeared
that the charge capacity reduced tremendously by introducing an in-
ternal RTD. This has been attributed to the relatively large size of the
sensor in comparison to the coin-type battery. It is expected that such a
large capacity reduction is absent when the sensor is used in large-ca-
pacity batteries. However, the used internal RTD provides a more re-
presentative temperature than the RTD at the surface of the coin.

Recently, a self-heating Li-ion battery has been introduced that is
able to rapidly self-heat at temperatures below 0 °C [71,205–207]. The
principle of self-heating is based on an insulated nickel foil, having an
electric resistance, which is integrated between the electrodes of a
battery. When a current is applied under freezing circumstances, the
battery current flows through the resistive nickel foil, generating in-
ternal heat and warming up the battery. The advantage of this con-
struction is that the nickel foil can be used both for heating and as an
RTD to measure the internal battery temperature [71,206]. The authors
[71,206] showed that the nickel foil has a linear resistance increase in a
temperature range from −40 to 60 °C, making it suitable and con-
venient for internal battery temperature indication. However, this
method requires an extra terminal on the battery and integration of the
nickel foil, which increases cost and reduces the specific battery capa-
city. On the other hand, in comparison to platinum RTD, nickel ad-
vantageously has a higher sensitivity and lower material price.

Flexible thin-film micro RTD for internal battery temperature
measurements were developed by Lee et al. [208]. The authors claim
that these sensors can be easily mass-produced, measure temperature
accurately and have very short response times due to their limited size.
The working principle of this sensor is based on a 200 nm thick layer of
gold deposited on a substrate of which the resistance changes as a
function of temperature. A photograph of this thin-film device is shown
in Fig. 10. The sensor resistance shows linear behaviour in a tempera-
ture range between −20 and 90 °C over three consecutive cycles.
However, the linearity has not been quantified and the stability for
more than three cycles, as well as the calendar stability, have not been
shown, which is of considerable importance if these sensors are used
inside batteries. The authors integrated two thin-film micro sensors into
a pouch-type battery at different positions, including a thermocouple on
the surface, and compared the temperature development of the battery.
The thin-film micro sensors showed faster response times and higher

temperatures than the thermocouple on the surface. The same research
group [209–211] continued this work with adding a voltage and cur-
rent probe to the same sensor, making it a three-in-one sensor. The
authors reported that temperature measurements with this sensor can
be performed with an accuracy of better than 0.5 °C and a response time
less than 1ms [211].

Using Electrical Resistance Tomography (ERT), the temperature of a
battery can be obtained by relating the measured ERT resistivity to
temperature. ERT is a technique to measure and visualize cross-sec-
tional conductivity distributions within its sensing region [212,213].
Hong et al. [214,215] used ERT on the metal surfaces of Li-ion batteries
and were able to map surface- and internal temperature profiles. The
temperatures obtained with ERT were, however, not verified against a
sufficient number of calibrated surface and internal temperature sen-
sors. Moreover, a metal surface and a large array of properly-attached
sense electrodes with corresponding cabling is required in order to
measure temperature with this method, as is shown in Fig. 11. Fur-
thermore, the SoC of the battery influences the ERT measurement data.
This implies that the ERT temperature must be corrected for the SoC.
Although this method is practically somewhat complicated, a three-
dimensional temperature map of the battery can favourably be ob-
tained.

3.2. Thermo-junctive devices

Thermocouples are devices working on the basis of the Seebeck
effect, which is called after the inventor Thomas Johann Seebeck [216].
The Seebeck effect is the generation of an electromotive force (EMF) by
subjecting two different (semi)conductors to a temperature gradient. In
Fig. 12, an illustration of the thermocouple measurement principle is
shown. It can be seen that two dissimilar metals (Metal A and B) are
connected at one end. This is the so-called measurement junction,
which is located at the temperature measurement position. At the other
end, an EMF can be measured due to a temperature difference across
the dissimilar metals. As shown in Fig. 12, a measurement device
cannot simply be connected to a thermocouple since this introduces
another dissimilar metal junction with the measurement cables. To
compensate for this effect, a so-called reference junction must be in-
troduced that has a known temperature.

Thermocouples have become the industrial standard because of the
low cost, robustness, size and temperature range [44,198,217]. The
sensitivity and response time are adequate for the most applications as
the dimensions can be made very small. Although better accuracy can
be reached, it is typically within 1 or 2 °C and is therefore moderate.
Small additional drawbacks of thermocouples are the requirement of
reference-junction compensation, the sensitivity to corrosion, and that
the cables cannot simply be extended. Furthermore, the EMF is a
nonlinear function of temperature, making it complicated to obtain
accurate temperature readings [217]. The sensitivity to corrosion is
caused by the dissimilar metal junction. For this reason, thermocouples
may need protection and maintenance. These properties make them
somewhat unsuitable for long-term battery temperature measurements.

The number of material combinations used for thermocouples is
numerous. Each combination has its own temperature and voltage
characteristics. However, only eight types are standardized and regularly
used, which are listed by for example Childs et al. [44] and Tong [198].
The EMF versus temperature characteristics of these types are shown in
Fig. 13. The most common types of this selection are the so-called J-, T-
and K-types, of which the last one is the most popular due to the relative
wide temperature range and low cost. Although these three are com-
monly used, the E-type would be very suitable for accurate battery
temperature measurements due to the high EMF output, which can also
be clearly seen in Fig. 13b. The EMF measured at the cables can be di-
rectly converted to temperature with help of a lookup table or by using a
mathematical function. No power source is required and, therefore, self-
heating is not an issue, such as with thermistors or RTD.

Fig. 10. Flexible micro-temperature sensor developed by Lee et al. [208]. Re-
produced under the terms of the CC BY Licence 3.0 [208]. Copyright 2011.
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It can be concluded that, among the available scientific literature on
battery temperature measurements, commercial thermocouples are
numerously used. The reason is, most likely, that scientific measure-
ment devices are often equipped with thermocouple input channels. As
expected, the vast majority of authors is using the common K-type or T-
type thermocouples in order to measure battery temperature. N-types

[68,219,220], J-types [127,221] or E-types [170] are used less fre-
quently. About 27% of the scientific contributions, using thermocouples
for temperature measurements, did not precisely indicate what types
were used. Therefore, measurement details partly remain unknown,
making it impossible to accurately reproduce the measurement results
reported in the literature.

As with thermistors and RTD, commercial (micro) thermocouples
are also used to measure the internal battery temperature
[149,222–231]. Although these measurements are useful for quanti-
fying the internal temperature, either specially designed batteries with
integrated sensors must be made, or a hole must be drilled into an
existing (commercial) battery to insert a sensor. This leads to compli-
cated battery designs and this is therefore less suitable for practical
battery-powered applications. In addition, the integrated sensors should
be chemically inert and may not react with or dissolve into the elec-
trolyte. For that reason, sensors can be coated with parylene [149,232]
or polyimide [204]. Remarkably, most of the thermocouples used for
internal measurements are not coated with a protective layer, or at least
the authors did not report that. Therefore, it is expected that these
sensors show instabilities or malfunctioning on the long term.

Some specially designed thermocouples for in situ temperature
measurements are worthwhile to shed some light on. For example,
Mutyala et al. [233] used flexible thin-film thermocouples integrated

Fig. 11. Schematic (a-c) and real (d) representation
of a Li-ion battery with ERT sensors shown at var-
ious viewing angles. The sense electrodes can
clearly be distinguished in (b-d), which are at-
tached to a so-called flexible printed circuit (FPC),
serving as measurement cable. Adopted with per-
mission from Ref. [215]. Copyright 2016, Elsevier
Ltd.

Fig. 12. Illustration of the working principle of a thermocouple.
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Fig. 13. (a) EMF versus temperature characteristics for the eight standardized thermocouples; (b) a zoom on the temperature range useful for Li-ion battery
temperature measurements. This figure is generated with the data provided by the NIST ITS-90 thermocouple database [218]. Note that the reference junction is at
0 °C.
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into a battery to measure the internal temperature. A K-type thermo-
couple was sputtered on a glass substrate and later transferred onto a
thin copper foil. The transferring process and end result are shown in
Fig. 14. After insulation with polyimide, the thermocouple was in-
tegrated into a pouch battery. The measurement results performed with
the integrated flexible thin-film thermocouples are promising, but
duration experiments are yet to be proven.

For spatial internal battery temperature measurements, a thin-film
thermocouple matrix was developed by Martiny et al. [235]. Nickel and
Copper were used as dissimilar materials for the thermocouple matrix
and sputtered onto a Kapton foil. A final coating of parylene C was
applied for protection. In Fig. 15, a photograph of a prototype sensor is
shown. The resulting sensor had a thickness of less than 27 µm and has
been integrated into a laboratory-scale pouch battery. The sensor had
no large influence on the battery performance at a C/9 cycling rate, but
the protective coating damaged during battery assembly and, subse-
quently, caused instability due to corrosion. Zhang et al. [149,232] and
Lee et al. [208,209] also used parylene for their internal sensors. Al-
though Lee et al. [210,211] switched to polyimide in their last reports

for an unmentioned reason, they did not report any damage or in-
stability of parylene. Nevertheless, the first thermocouple matrix design
was improved by using Kapton foil as cover instead of parylene C [234].
Although Kapton increased the sensor thickness to 54 µm, it both im-
proved the thermal stability and created a more homogeneous sensor as
the substrate was Kapton as well. However, the improved version also
encountered stability issues and, hence, is not suitable for internal
battery temperature measurements. The next step is to make stability
improvements by using polyimide. In addition to stability issues, this
sensor has a relatively large footprint area and, consequently, may re-
duce the capacity of the battery. However, the sensor has the advantage
of measuring internal and spatial-varying temperatures.

3.3. Fiber Bragg-grating sensors

Fiber Bragg Gratings (FBG) are deployed along the length of an
optical fiber (see Fig. 16) and are used to manipulate the behaviour of
light. The so-called Bragg gratings are inscribed into the core of an
optical fiber by applying UV-light, creating a permanent change in re-
fractive index [236]. These Bragg gratings act as a wavelength-selective
mirror. When a spectrum of light propagates through the fiber core, a
specific wavelength is reflected back, while the remaining part of the
spectrum is transmitted nearly unaffected. This effect is schematically
shown in Fig. 16a. The wavelength of the reflected signal, which is
called the Bragg wavelength ( B), has been defined as

= n2B eff (19)

where neff is the effective core index of refraction and is the period of
index modulation or grating spacing [237]. A change in neff and/or
results in a shift in the reflected Bragg wavelength. The measurement of
this wavelength shift, as a result of external influences, is the basis for
FBG sensors [238]. Illustrations of two types of external influences on
the Bragg wavelength are shown in Fig. 16b and c. When a fiber is
compressed or stretched (Fig. 16b), the grating spacing changes, which
leads to a shift in the Bragg wavelength. A shift in Bragg wavelength
can also be observed for temperature changes (Fig. 16c). This can be
mainly attributed to a temperature-dependent refraction index. The
influence of thermal expansion is very small and, thus, grating spacing
may be neglected; the index changes are by far the most dominant ef-
fect [239].

FBG sensors are becoming increasingly popular due to advantages
such as small size, light weight, passive nature, immunity to

Fig. 14. Process used by Mutyala et al. [233] to make sputtered K-type thermocouples on a copper strip. Reprinted with permission from Ref. [233]. Copyright 2014,
Elsevier B.V.

Fig. 15. Photograph of a prototype thermocouple matrix on a 2 cm×6 cm
substrate, attached to a measurement setup. The two measurement points for
internal battery temperature measurements are circled in red. Adapted with
permission from Ref. [234]. Copyright 2014, IEEE. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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electromagnetic and radio-frequency interference, high sensitivity and
long-term reliability [240]. Another advantage is that FBG sensors can
be multiplexed, which implies that multiple FBG can be inscribed into a
single optical fiber. This makes it possible to perform measurements at
different locations along the fiber length. In addition, the Bragg wa-
velength favourably shifts linearly with temperature [241]. A typical
example of this linear wavelength shift is shown in Fig. 17.

The temperature range of an optical fiber strongly depends on what
materials are used. Black et al. [242] listed various optical fiber and
coating materials including the corresponding temperature ranges. Si-
lica, the most standard material, can withstand temperatures close to
−273 up to 1190 °C before softening occurs. However, the protective
coatings have limitations. For example, acrylate, the standard optical
fiber coating has a temperature range of −40 to 85 °C. Polyimide can be
used as an alternative, making the temperature range larger (−190 to
385 °C). Furthermore, the strong chemical resistivity makes it ideal for
internal battery temperature measurements. In a temperature range of
approximately 20–60 °C, measurement accuracies of± 0.4 to±0.2 °C
have been obtained with FBG sensors [241,243]. A typical value for
temperature sensitivity is a wavelength shift of 10 pm/°C [237,239].

Fig. 16. Working principle of a fiber Bragg-grating sensor (a), FBG sensor under influence of strain (b), and FBG sensor under the influence of heat (c).

Fig. 17. Bragg wavelength as a function of temperature. Adopted with per-
mission from Ref. [239]. Copyright 1997, AIP Publishing.
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Although optical FBG sensors were already investigated in electro-
chemical systems such as PEM fuel cells [244,245], Yang et al. [246]
were the first who investigated this type of sensors on Li-ion battery
technology. Three coin-type batteries were used at which the tem-
perature was measured with FBG at both flat surfaces. In addition, the
temperature was measured on the flat and lateral face of an as-denoted
columnar (cylindrical) battery. The calibration of the FBG sensors
showed a linear response in the temperature range from 0 to 60 °C.
Through these calibration measurements, a typical sensitivity of 10 pm/
°C was found. It was concluded that FBG temperature sensors show an
adequate thermal response in comparison to thermocouples. However,
this was not quantified, although the operation of FBG sensors on Li-ion
batteries was demonstrated successfully for the first time. After this
contribution, research activities with optical FBG sensors in the field of
Li-ion batteries increased.

Others followed quickly with temperature and strain measurements
on Li-ion batteries using FBG sensors [247–249]. For example, Nasci-
mento and co-workers [249] applied FBG sensors on a cylindrical
18650 Li-ion battery. A single fiber, with two inscribed Bragg gratings
(2 cm apart) was used for temperature measurements at two locations
on the battery. An additional fiber was attached along the longitudinal
axis to monitor variations in strain. The measurement results indicated
that temperature and strain evolutions are larger at a high C-rate (1.33
C) in comparison to a low C-rate of 0.25. In addition, it was found that
at the highest C-rate, temperature differences between the two in-
scribed FBG are marginal (0.5 °C).

The same research group [250] continued their work by in-
vestigating FBG temperature measurements at Li-ion pouch-type bat-
teries. Two optical fibers, inscribed with two Bragg gratings, were used
for internal and external temperature measurements. The silica optical
fiber was tested for its chemical resistivity in a LiPF6 salt-containing
electrolyte. After two weeks of storage in the electrolyte, it was found
that only a very small amount of Si was dissolved, indicating that this
fiber type is not sensitive to the electrolyte. In a temperature range of
10 and 35 °C, an average sensitivity of 8.40 and 10.255 pm/°C for the
external and internal FBG sensor were obtained, respectively. It was
concluded that optical FBG temperature sensors are able to detect
temperature changes at multiple locations, both internally and ex-
ternally, with a superior response rate. However, these FBG sensor
measurements were not verified against temperature measurements
with other (commercial) sensors. Therefore, the same group [251]
compared FBG temperature measurements with that of commercial K-
type thermocouples. The corresponding schematic experimental setup
is shown in Fig. 18 [251]. Fig. 18a shows the thermocouple and FBG
connections to the battery. It can be seen that only one optical fiber is
required for temperature measurements at three different locations (red
dashes on blue line) on the surface of the battery. Fig. 18b shows the

used equipment and how it is connected. In this particular study, it was
found that the response rate of FBG sensors is approximately 1.2 times
faster than that of the used thermocouples. Moreover, in the middle
measurement position, the difference between the peak temperatures of
FBG and thermocouples reaches up to 5.7 °C at a C-rate of 8.25. The
difference is attributed to the slower response of thermocouples in
comparison to FBG sensors. At high C-rates fast thermal evolutions
occur which cannot be fully followed by thermocouples. For these
reasons, the authors concluded that FBG sensors are a better choice in
comparison to thermocouples for real-time monitoring of the battery
surface temperature.

FBG sensors were also used to monitor temperature and strain in
battery packs for enhanced safety in a study by Meyer et al. [248].
Every single battery in the pack, containing 96 batteries, was monitored
with an FBG temperature sensor on a predetermined hot spot. Ther-
mistors were used as the default temperature sensors and fixed to the
terminal of every fourth battery. Clear differences were found between
the thermistors and FBG sensors. During fast charging, a maximum
temperature difference of 15 °C was reported between the warmest and
coldest battery. The relative accuracy of the FBG sensors was de-
termined to be± 0.05 °C, whereas that of the thermistor was only±
1 °C. From these results, it was concluded that the integration of FBG
sensors on every single battery considerably improves safety as the BMS
can be provided with far more accurate measurement information.

After using FBG sensors to measure diffusion processes [252] and
intercalation stages [253] through strain, the team of Raghavan et al.
[254] embedded FBG sensors for accurate internal monitoring battery
states. The results have been published in a twofold paper [254,255].
Investigations published in the first version [254] revealed that the seal
integrity, capacity retention and projected cycle life of batteries with
embedded FBG sensors are highly comparable to batteries without FBG
sensors. It was also shown that batteries with embedded sensors could
be integrated into existing modules and that the corresponding system
cost are in the range of a few hundreds of U.S. dollars, which is com-
parable with the conventional system cost. Therefore, this work es-
tablished the possibility of embedding FBG sensors in large-format Li-
ion batteries as a low cost, field-deployable option for internal state
monitoring. Their second paper [255] focuses on using the measure-
ments obtained from the embedded FBG sensors for SoC and SoH
monitoring at different temperatures. It is shown that the SoC can be
estimated with an error of less than 2.5% by using the strain measured
by FBG sensors.

Similar work with embedding FBG sensors in coin-type batteries
was performed by Fortier and colleagues [256]. During experiments,
the authors found that the harsh FBG sensor cuts through the cathode
and separator. This issue has been solved by using extra layers of se-
parator material around the FBG sensors. However, Raghavan et al.

Fig. 18. Locations of thermocouples and FBG on surface of battery (a) and schematic overview of experimental setup (b). Reproduced under the terms of the CC BY
Licence 4.0 [251]. Copyright 2017.
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[254] did not encounter this problem. A possible explanation can be
that the used electrode stack was thicker and, therefore, more de-
formable. Thus, care should be taken with embedding FBG sensors in
small electrode stacks.

Recently, an FBG sensor was used by Amietszajew et al. [257] to
measure the internal temperature of a commercial 18650 high-energy
battery. To protect the FBG sensor against electrical, chemical and
mechanical stress, it was placed in an aluminium tube. The aluminium
tube was then fully sealed with a fluorinated ethylene propylene heat-
shrink. The sensor assembly was inserted in the centre of the battery.
Thermocouples were used to measure the battery surface and ambient
temperatures. In addition to the temperature sensors, a lithium metal
reference electrode was used. Using the FBG sensor, thermocouple and
reference electrode, it was possible to obtain the thermal and electro-
chemical responses of the battery. From the measurement results, it was
found that the battery can be charged with a 6.7 times higher C-rate
than specified by the manufacturer, without exceeding the electro-
chemical and thermal safety limits. Therefore, this study shows the high
value of possible performance optimization by integrating internal
temperature sensors and the application of reference electrodes.

It is remarkable to see that none of the authors showed calibrations
and measurements with FBG temperature sensors for temperatures
below 0 °C, which is a critical range in Li-ion battery operation.
Obviously, the application of FBG sensors in the field of Li-ion batteries
is quite recent and still requires thorough investigations, particularly
for long-term (in situ) measurements and in the application. As FBG
sensors offer great advantages, these can be seriously considered as
temperature and strain sensors to measure states in battery-powered
applications.

3.4. Impedance-based temperature measurements

Electrochemical Impedance Spectroscopy (EIS) is a non-destructive
technique for characterizing the behaviour of electrochemical systems
[258,259]. The impedance of a battery can be obtained by voltage or
current excitations (typically sinusoidal) and, simultaneously, mea-
suring the response. The ratio between input and output gives the
(complex) impedance that can be defined as

=Z j V j
I j

( ) ( )
( ) (20)

where Z is the (complex) impedance,V the voltage, I the current, the
angular frequency and j the imaginary unit satisfying =j 12 . When
these measurements are performed at various frequencies, an im-
pedance spectrum of the battery can be obtained. Note that the mag-
nitude of the applied excitation signal should be sufficiently small to
guarantee a linear response, yet not too small to prevent a poor Signal-
to-Noise Ratio (SNR).

EIS is frequently used for extracting kinetic and transport properties
of electrode materials, aging studies, modelling purposes, and de-
termination of SoC and SoH [260–272]. However, EIS can also be used
to measure the internal battery temperature by relating impedance
parameters, such as the phase shift, real part, or imaginary part to the
temperature. In that case, often it is referred to as impedance-based
temperature indication or sensorless temperature indication. In the past
five years, investigations on this subject gained substantial interest
since impedance-based temperature indication offers quite some ad-
vantages with respect to conventional temperature measurements. For
instance, no external or internal hardware temperature sensors are re-
quired, thermal measurement delay is short, it measures an average/

Fig. 19. (a) Phase shift (at 40 Hz) as a function of temperature averaged over 20%, 50% and 80% SoC measured on a 4.4 Ah battery [273]; (b) Real part of the
impedance (at 10.3 kHz) as a function of temperature, shown for various SoC of a 2 Ah pouch-type battery [274]; (c) Imaginary part of the impedance (at 300 Hz) as a
function of temperature, averaged over all measured SoC of a 2.6 Ah cylindrical battery [282]; (d) Intercept frequency as a function of temperature shown for various
SoC of a 2.3 Ah cylindrical battery [276]. (a) Adapted with permission from Ref. [273]. Copyright 2011, Elsevier Ltd. (b) Adopted with permission from Ref. [274].
Copyright 2013, Elsevier B.V. (c) Adapted with permission from Ref. [282]. Copyright 2015, Elsevier Ltd. (d) Adapted with permission from Ref. [276]. Copyright
2013, Elsevier B.V.
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integral temperature of the active material, and EIS measurements can
also be used to determine additional states, such as SoC and SoH
[273–276]. On the other hand, it also has some challenges, such as the
SoC and aging dependence of the impedance and, moreover, the sen-
sitivity for interference, such as (dis)charge currents and crosstalk sig-
nals [277,278]. These dependencies and the interference can con-
siderably influence EIS-based temperature indications.

A number of impedance-based-related temperature indication
methods have been presented. For example, Champlin [279] patented a
method to determine internal battery temperature by performing EIS
measurements and calculating time constants of RC-circuits, accord-
ingly. These time constants can be readily used to determine the in-
ternal battery temperature. Details of the method, such as measurement
accuracy and sensitivity to (dis)charge currents are, however, not re-
vealed.

Srinivasan et al. [273] reported that a correlation exists between
phase shift of the impedance and internal temperature at any frequency
between 40 and 100 Hz. This correlation is demonstrated at a frequency
of 40 Hz for three different batteries in a temperature range of −20 to
66 °C. For all batteries, a decreasing phase shift is found with increasing
temperature and this behaviour is essentially SoC independent. In
Fig. 19a, an example of the phase shift is shown as a function of tem-
perature. The authors point out that this unique relationship does not
hold for frequencies below 30Hz since SoC independence is not guar-
anteed below these frequencies. In a successive publication of the same
group [280], the phase-shift-method was used for real-time tempera-
ture monitoring of a 53 Ah Li-ion battery. The phase shift, that was
related to the temperature of the negative electrode was measured at
(dis)charge currents below 1 C-rate. For various conditions, it was de-
monstrated that the negative electrode temperature deviates from the
measured surface temperature.

Schwarz and co-workers [281] also related the phase shift to the
internal battery temperature. However, instead of using batteries with
common graphite negative electrodes, they used batteries with titanate
negative electrodes. In addition, a prototype Printed Circuit Board
(PCB) was developed that can directly be connected to the used bat-
teries, enabling online temperature estimation through the phase shift.
The PCB was first used for phase-shift calibration measurements at a
frequency of 1 kHz in a temperature range between 0 and 40 °C. These
measurements showed a clear temperature dependence of phase shift
and a small SoC dependence as well. After calibration, the authors
measured the internal battery temperature using a PCB through two
approaches. In the first approach, a SoC-specific calibration line, and in
the second approach, an averaged calibration line was used to indicate
temperature. An average deviation in temperature of 2.08 and 2.48 °C
was found with the first and second approach, respectively. Although
these deviations are relatively large, a method for impedance-based
temperature indication in battery-powered applications was realised
with compact electronics. Furthermore, the authors did not (dis)charge
the batteries during phase shift measurements. This implies that the
batteries were measured under equilibrium conditions.

Phase shifts under non-equilibrium conditions were measured by
Zhu and colleagues [283]. The authors increased the EIS measurement
complexity by measuring the impedance in the relaxation time after a
sequence of current pulses. The phase shift at a frequency of 10 Hz was
favourably selected as temperature indicator for a 30 Ah LiFePO4 bat-
tery, since it was found to be SoC independent. Remarkably, Srinivasan
et al. [273] noted that SoC independence below 30Hz cannot be
guaranteed. This suggests that optimal frequency selection depends on
the battery type. The measurement results of Zhu and colleagues [283]
revealed that the phase decreases exponentially with increasing re-
laxation time. Appropriate equations were developed to correct the
phase shift as a function of relaxation time. Using these equations im-
pedance-based temperature measurement errors lower than 1 °C can be
obtained.

Impedance-based temperature indication can also be performed by

relating the real part of the impedance to the internal battery tem-
perature. Schmidt et al. [274] were the first who demonstrated this
concept and found an intrinsic relationship between real part and the
temperature at a frequency of 10.3 kHz for a 2 Ah pouch battery. In
Fig. 19b an example of the real part as a function of temperature can be
seen, measured at various SoC values. At isothermal conditions, this
measurement concept can determine temperature within± 0.17 °C
and± 2.5 °C for known and unknown SoC, respectively. In addition, it
was shown that temperature gradients do not have a considerable in-
fluence on the measurement accuracy at the investigated frequency of
10.3 kHz. Therefore, the indicated temperature under gradients reflects
the average temperature of the battery. However, it should be noted
that the influence of thermal gradients on impedance spectra in the low-
frequency range can be large [143,284]. Similar to Zhu and colleagues
[283], Schmidt et al. [274] performed impedance-based temperature
indication in the relaxation time after current pulses. However, no
equations were used for corrections. The obtained impedance-based
temperature was directly used as indicator for the internal battery
temperature. Maximum deviations of 23% between internal and surface
temperatures where found, indicating the complexities of measuring
temperature gradients.

Richardson an co-workers [275,285] advantageously used the real
part of the impedance at a frequency of 215 Hz as an input parameter
for thermal models. In a later contribution [286], the imaginary part,
earlier related to internal temperature by Spinner et al. [282], was used
since it was found to give superior results to the real part. An example
of the imaginary part as a function of temperature is shown in Fig. 19c.
The purpose of this unique combination of impedance-based tempera-
ture indication and thermal modelling was used for estimating non-
uniform internal temperature distributions in cylindrical batteries. In
these contributions, EIS measurements were also taken in the relaxation
time to avoid measurements under DC-currents, providing results that
are more accurate.

A different approach of impedance-based temperature indication
was developed by Raijmakers et al. [276] and, later, confirmed by
Rainer and colleagues [287]. Instead of using a particular frequency to
determine e.g. the real part, imaginary part or phase, the frequency at
zero imaginary value is used for internal battery temperature indica-
tion. For several battery chemistries and capacities, it was found that
this frequency decreases as a function of temperature and can therefore
be used as a temperature indicator. An example of this behaviour is
shown in Fig. 19d at various SoC values. Interestingly, it was found that
the intercept frequency is essentially SoC and aging independent, which
favours on-board battery temperature indication. The method of the
intercept frequency has been further developed to a so-called non-zero
intercept frequency (NZIF) [277]. Using an NZIF, it is possible to avoid
undesirable (current) interference from electric systems in battery-
powered applications, such as EV. This offers great potential to increase
the SNR and, consequently, to determine temperature more accurately.
In addition to interference from electric systems, EIS measurements can
be prone to crosstalk interference in battery packs [278]. This results in
inaccurate EIS measurements and, consequently, inaccurate tempera-
ture indications. Therefore, careful design considerations should be
taken to develop impedance-based temperature indication methods for
battery packs.

Further complications can be met in selecting excitation fre-
quencies, and/or e.g. real part, imaginary part, phase shift or intercept
frequency to obtain optimal measurement accuracies. In order to in-
vestigate these issues, a comparison and accuracy analysis of im-
pedance-based temperature estimation methods was performed by
Beelen et al. [288,289]. It was shown that jointly selecting these
parameters results in more accurate temperature indications in com-
parison to all previously discussed individual methods. A detailed study
was performed to find a frequency that reveals maximum temperature
sensitivity and minimum SoC dependence. In addition, both the real
and imaginary part are used with a certain weight to obtain optimal
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accuracy. This new approach results in an absolute average bias of
0.4 °C and average standard deviation of 0.7 °C on a 90 Ah battery.
However, these investigations were conducted for a battery that resides
under equilibrium conditions in the laboratory. Therefore, it would be
interesting to perform the same analysis on batteries under non-equi-
librium conditions in real applications.

It can be concluded that the presented impedance-based tempera-
ture indication methods are valuable tools for temperature monitoring
of Li-ion batteries. However, high DC (dis)charge currents, interference
from electric components, crosstalk interference, SoC and aging de-
pendencies make it challenging to implement. So far, most research on
this subject was performed under equilibrium conditions, although
impedance-based temperature indication also has been applied under
current flow [277,290–292], and for thermal runaway monitoring
[293]. However, more research efforts on the implementation of im-
pedance-based temperature indication are necessary in order to obtain
a clear understanding how accurately and fast it can be performed. (H)
EV would be perfect candidates for these investigations as these ap-
plications combine all disturbing ingredients, such as high load cur-
rents, electric and crosstalk interference, varying SoC and aging/cycling
influences. In addition, the uncertainty of impedance-based tempera-
ture indication increases as the battery temperature increases
[282,286]. This limits the measurement range and, therefore, puts
challenges on monitoring high temperatures and to guarantee safe
operation.

Obviously, the measurement uncertainty is also dependent on the
used measurement equipment. Since common electrochemical mea-
surement equipment is not suitable for on-board applications, several
authors presented proof-of-concept PCB that can perform these on-
board electrochemical measurements [277,281,287,294–298]. By in-
tegrating the PCB functionalities into a small chip [299], batteries in-
side a battery pack can be monitored for voltage, impedance and
temperature by a single device, enabling accurate SoC, SoH, and tem-
perature measurements at individual battery level.

3.5. Johnson noise thermometry

Johnson noise thermometry (JNT) is a method to measure tem-
perature by making use of the random thermal fluctuations of free
charge carriers in an electric conductor [300]. The method is named
after Johnson, who first measured the effect of thermal agitation of
electricity in conductors [301]. Later, Nyquist established the theore-
tical basis of the Johnson effect [302]. Generally, resistors are used as
sensors for JNT. It is remarkable that the generated thermal noise
voltage is independent of the resistor material [303]. The resistance,
which should be known for JNT, changes as a function of temperature
but can easily be measured with high accuracy. These properties allow
great freedom in the resistor material selection and design for tem-
perature determination through JNT. However, challenges used to be
met in measuring the noise signal since it is extremely small and easily
corrupted by other noise sources [304]. In addition, long integration
times and high bandwidths are required to achieve small relative un-
certainties and, with pure analogue electronics, it is impossible to de-
fine the system bandwidth [304,305]. At present, these challenges can
be addressed by using fast and accurate analogue-to-digital converters
[304] and quantum voltage noise sources [306,307].

In Fig. 20 the Johnson noise power, measured with a 50 Ω resistor,
using a autocorrelation and cross-correlation setup, is shown as a
function of temperature [308]. When the noise power and resistance
are measured, the temperature can be derived through the Johnson-
Nyquist equation.

Due to the good stability of the JNT method, it is favourable for
measuring temperatures in metrological applications and harsh condi-
tions, such as nuclear reactors [309,310]. However, recently JNT has
also been used to measure the surface temperature of a lead acid battery
pack applied in an EV testbed [311]. A JNT temperature measurement

method was combined with a giant magnetoresistance (GMR) sensor.
This combination results in a multifunctional sensor that can measure
temperature, velocity, and current. The GMR-JNT sensor was, together
with a K-type thermocouple, placed on the surface of the battery pack.
In comparison to the thermocouple, measurement errors within the
range from −2.67 to 3.08 °C were obtained. These errors are relatively
large. However, the GMR-JNT temperature measurements follow that
of the thermocouple and are therefore feasible for dynamic temperature
measurements on battery packs.

3.6. Thermal imaging and liquid-crystal thermography

Infrared (IR) thermal imaging and liquid-crystal thermography are
used to measure and visualize the surface temperature of objects. IR
thermal images can be produced with infrared cameras. Infrared cam-
eras are non-contact devices that can detect thermal radiation with
special infrared detectors and convert it into an electric signal [312].
The electric signal can then be processed to a thermal image or video,
on which temperature profiles can be seen. Although surface tem-
peratures advantageously can be obtained, IR thermal imaging is not
straightforward in its use. A multitude of factors, such as radiation from
objects under investigation, radiation from the atmosphere, and ra-
diation from surrounding objects can influence IR images and, there-
fore, its interpretation [313]. For thermal imaging on Li-ion batteries,
these issues can be solved to a large extend by, for example, coating the
surface of the battery with a matte black paint and covering the battery
surroundings with black material [118,194,201,314–316]. These mea-
sures increase the emissivity of the battery surface and surroundings,
effectively eliminating reflections. In addition, the IR camera can be
placed at a 45° angle with respect to the battery in order to eliminate
the radiation emitted or reflected by the camera and operator [317].
After accurate calibration within typically 0–120 °C, thermal sensitiv-
ities between 0.03 and 0.09 °C can be obtained with 2% accuracy
[194,316]. Depending on the measurement setup, spatial resolutions of
0.1–0.3mm can be achieved [315,318,319]. A recent specific review on
IR thermal imaging of electrochemical systems, including batteries and
fuel cells, can be found in Ref. [320].

As with IR thermal imaging, so-called Thermochromic Liquid
Crystals (TLC) also make it possible to measure surface temperatures.
TLC are organic molecules that change colour as a function of tem-
perature in a predictable and repeatable manner [321]. The method of

Fig. 20. Johnson noise as a function of temperature with a 50 Ω resistor load as
measured by auto- and cross-correlation setups. The inset shows the measured
voltage as a function of temperature. This is converted to noise power by the
Johnson-Nyquist equation. Reproduced by permission from Ref. [308]. Copy-
right 2015, AIP Publishing.
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using TLC to measure temperature is called liquid-crystal thermo-
graphy. To measure temperature, surfaces can be coated with TLC
material, which is commercially available in the form of adhesive
sheets. The colour evolution can then be recorded by video cameras,
and processed with image-processing software. However, before usage,
careful calibration is necessary to determine the colour-temperature
relationship [322].

TLC operate in a particular bandwidth that can be defined as the
range at which light in the visible spectrum actively is reflected back.
Beyond both sides of the bandwidth, TLC are transparent. When TLC
pass through their bandwidth, they reflect visible light from long wa-
velengths (red) to short wavelengths (blue) with increasing tempera-
ture [323,324]. This behaviour is opposite in comparison to methods
such as IR thermal imaging, which typically show high temperatures in
red and cold temperatures in blue colours. Various TLC bandwidths are
commercially available, ranging from narrowband (typically 0.5–4 °C)
to wideband (typically 5–30 °C) bandwidths [323]. Measurement un-
certainties vary with bandwidth and measurement setup properties,
such as lighting and viewing angles, illumination sources, TLC coating
thickness and hysteresis effect in TLC [325,326]. For bandwidths of 5
and 10 °C uncertainties of± 0.1 to 0.3 °C and 0.2–0.4 °C can be
achieved, respectively [325].

Giuliano and co-workers [327] used liquid-crystal thermography to
visualize temperature and temperature gradients on a pouch-type bat-
tery that was assembled in a stack. Five TLC sheets with an individual
bandwidth of 5 °C were attached to the surface of a single battery. All
five TLC sheets had a different starting temperature, resulting in a total
bandwidth of 25 °C. A schematic view of a battery with these five TLC
sheets is shown in Fig. 21a. Using TLC with individual bandwidths of
5 °C leads to higher temperature measurement accuracies. After cali-
brations, a measurement accuracy of± 0.5 °C was confirmed. The li-
quid-crystal-thermography results are shown in Fig. 21b. The left-hand
side is without cooling and right-hand side with cooling conditions. It
can be seen that the fourth TLC sheet from the left is the active sheet,
indicating that the surface temperature is between 40 and 45 °C. The
gradient from the top to the bottom of the battery is perfectly visualized
by the TLC sheets. Note again that red colours indicate low tempera-
tures and green/blue colours high temperatures. Using image-proces-
sing software the temperature can be quantitatively obtained.

IR thermal imaging and liquid-crystal thermography provide very
useful, accurate, and visual measurements on surface temperatures that
cannot be obtained with the previously reviewed measurement tech-
niques, such as thermistors, thermocouples and impedance-based
methods. Advantageously, IR thermal imaging and liquid-crystal ther-
mography can be used for qualitatively and quantitatively indicating

temperature distributions on battery surfaces and for verifying thermal
simulations, making them ideal for research purposes. However, at
present these techniques are not suitable to indicate temperature in
commercial battery-powered applications since IR thermal imaging and
liquid-crystal thermography are delicate, non-practical and expensive
in its use.

4. Conclusions

In Li-ion batteries, Li+ ions shuttle between the positive and nega-
tive electrodes upon charging and discharging. This process occurs with
certain inefficiencies, which result in heat generation. The heat flows
from the electrode materials to the battery surface from where it is
dissipated to the environment. Since heat is generated internally,
thermal gradients develop, resulting in temperature measurement
complications and position-dependent aging, which more rapidly re-
duces the SoH of battery packs. When the heat cannot be sufficiently
dissipated, or when the battery is under abusive conditions, thermal
runaway may occur, which leads to dangerous situations. In particular,
if a battery inside a battery pack induces thermal runaway to adjacent
batteries, it can propagate through the complete battery pack.
Therefore, careful design considerations need to be taken on single-
battery, module, and pack level in order to prevent dangerous situations
and to maximize performance and lifetime.

Accurate temperature measurements must be performed to prevent
these dangerous situations and to maximize performance and lifetime.
However, due to above-mentioned issues this is rather challenging.
Therefore, a proper temperature measurement method should be se-
lected, particularly in terms of measurement range, accuracy, resolu-
tion, and cost. In this paper, various temperature measurement
methods, suitable for Li-ion batteries, have been reviewed. A com-
parative overview of methods is given in Table 4 together with some of
the main sensing properties. Since every sensor type, such as for ex-
ample thermocouples, has many different versions, typical values are
used to characterize their properties. Table 4 can therefore best be used
as a guide to assist in the initial choice of a sensor selection, rather than
for making a specific choice between versions of one method.

The traditional methods, such as thermistor, RTD, or thermocouple
measurement methods, can be used for local surface or local internal
temperature measurements. Although these traditional methods can be
used for internal measurements as well, it is important that (i) the
battery cycle life and performance should not be affected; (ii) the
temperature measurement devices should be resistive to the chemical
environment of the battery materials; and (iii) the temperature mea-
surement devices should be compatible with the assembly process,

Fig. 21. Schematic view of a pouch-type battery
surface, with five attached TLC sheets, all having a
different range and a bandwidth of 5 °C (a) and
temperature profiles measured by TLC sheets
without cooling (left) and with cooling (right) at a
current of 300 A (b). Cooling causes the tempera-
ture profile to invert. Note that red colours are low
temperatures and green/blue colours high tem-
peratures. Reprinted with permission from Ref.
[327]. Copyright 2011, Elsevier B.V. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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especially in series-produced batteries. Based on the reviewed litera-
ture, it can be concluded that not all traditional methods meet these
requirements. Recent improvements in the development and manu-
facturing process has noticeably decreased the size of sensors, which is
highly promising for accurate (internal) temperature measurements.
Nowadays, all traditional methods are mature, extensively used for Li-
ion battery temperature sensing, and are favourable in terms of cost.
Given the relatively narrow temperature range in which Li-ion batteries
operate, thermistors would be a good choice among the traditional
methods. Moreover, thermistors are relatively cheap and still reach
acceptable measurement accuracies.

Fiber Bragg-grating temperature sensors also measure local tem-
peratures but can be easily multiplexed in one single optical fiber,
making temperature measurements possible at multiple locations. By
multiplexing, a large number of cables and connections can be saved,
especially with respect to traditional methods. In addition, fiber Bragg-
grating sensors are immune to various kinds of interference, which is
favourable for applying them in applications where interference is
widely present. Another advantage is that the strong chemical re-
sistivity makes them suitable for internal battery temperature mea-
surements. However, the method of fiber Bragg-grating temperature
sensing applied to Li-ion batteries is still in an early development stage,
which also holds for the impedance-based temperature measurement
methods.

The impedance-based methods, also referred to as sensorless
methods, have the advantage of measuring the average internal battery
temperature without using external or internal hardware temperature
sensors and cables. In addition, as the temperature is measured through
the impedance, thermal measurement delays are very short. Moreover,
the impedance can be advantageously used for measuring other battery
states, such as SoC and SoH. Various proof-of-concept impedance
measurement PCBs have been developed, which eventually will lead to
small chips that can be integrated into individual batteries. This enables
SoC, SoH and temperature monitoring on single battery level in battery-
powered applications.

Imaging methods, such as IR thermal imaging and liquid-crystal
thermography provide very useful and accurate measurements on sur-
face temperatures that cannot be obtained with measurement techni-
ques such as thermistors, thermocouples and impedance-based
methods. IR thermal imaging and liquid crystal thermography are
therefore ideal for research purposes, as thermal models can be easily
verified. However, at present these techniques are not suitable for in-
dicating temperature in commercial battery-powered applications,
since IR thermal imaging and liquid crystal thermography are delicate,
non-practical, and expensive.

In conclusion, it is emphasized that the selection of an appropriate
temperature measurement method for Li-ion batteries largely depends
on its application. For example, research applications often require
surface temperature mapping or internal temperature measurements to
validate models, while for most commercial applications only a local
surface temperature measurement is already sufficient. This review
facilitates in selecting the proper temperature measurement method for
Li-ion batteries in the wide variety of applications.

5. Outlook

Despite the remarkable advances that already have been made in
the field of Li-ion battery temperature measurements, the current state
of technology is still rather primitive for accurate temperature mea-
surements in large-scale applications, particularly for applications in
which numerous battery cells are used. One of the long-standing issues
is the accurate and fast measurement of the internal temperature. Given
the current status on deposition and fabrication techniques, small-size
traditional temperature sensors, which have short response times, can
be readily produced. However, attention still must be paid to a cost-
effective, safe and practical implementation of these sensors into the

battery core. Obviously, this holds for the implementation of any kind
of temperature sensor into the battery core.

The advantage of the impedance-based temperature measurements
methods is that these do not have to be inserted into a battery to
measure the internal temperature. However, these methods are in a
relatively early development stage and have been proven to be suc-
cessful only under laboratory conditions. For this reason, there is still
room for improvement on the performance outside the laboratory.
Therefore, further development on long-term temperature measure-
ments in battery-powered applications is necessary. Due to above-
mentioned advantages it is, however, expected that these methods can
compete with the traditional methods and will therefore emerge in the
near future in large-scale battery-powered applications.

In addition, it is to be expected that future battery cells are multi-
sensor batteries, which contain, for instance, reference electrodes,
pressure-, deformation- and temperature sensors. The challenge herein
is to reduce complexity and cabling. A solution would be to integrate all
sensors into one component, e.g. a chip, and from there directly sent the
relevant signals to a central control unit.
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