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Nomenclature

Degree Celsius  Temperature (°C)

volts Voltage (V)

seconds Time (s)

Joule/second Angular momentum (J/s)
1/h Current 1/h
Abbreviation

EV Electric Vehicle

PHEV Plug-in hybrid electric vehicles
BEV Battery electric vehicle
Li-ion Lithium-ion

Nicad Nickel-cadmium

NiMH Nickel-metal hydride
Li-MnO, Lithium manganese dioxide
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Li-(CF)x Lithium carbon monofluoride

Li-SOCl, Lithium tetra chloroaluminate

Li-SO,Cl, Lithium tetra chloroaluminate in sulfuryl chloride
Li-FePOy4 Lithium iron phosphate

LiNiMnCoO,  Lithium-Nickel-Manganese-Cobalt-Oxide
PEMFC Proton Exchange Membrane Fuel Cell
PCM Phase change material

CAE Computer-aided engineering

TIM Thermal Interference Material

TR Thermal runaway

LIB Lithium-ion battery

BTMS Battery thermal management system
GRK Greenhouse gases

TEC Thermoelectric coolers

9.1 Introduction

The primary challenges to the deployment of large fleets of cars equipped with
lithium-ion batteries on public roads are safety, costs associated with cycle and
calendar life, and performance. These difficulties are compounded by thermal
phenomena in the battery, such as capacity/power fading, thermal runaway, electrical
imbalance between several cells in a battery pack, and low-temperature performance.
Most batteries should ideally function at an optimal average temperature with a rela-
tively limited differential range. When constructing a battery cell, pack, or system,
the rate of heat dissipation must be quick enough to prevent the battery from reaching
thermal runaway temperature.

Interest in electric vehicles (EV), which HEVs (hybrid electric vehicles), PHEVs
(plug-in hybrid electric cars), and BEVs (battery electric vehicles) are examples of
hybrid electric vehicles (BEV), has increased significantly in recent years as environ-
mental regulations regulate greenhouse gases. (GRK) emissions become more severe.
Since the turn of the twentieth century, environmental degradation and energy scarcity
have become a global problem, with the transportation industry playing an impor-
tant role. The government has made great efforts to promote electric cars (EVs) for
environmental and energy-saving benefits (Johnson et al. 1997), including a number
of preferential regulations. The increasing electric vehicle industry requires high
specific power and high specific energy density batteries to suit the operational needs
of electric cars (Khateeb et al. 2004). Lead-acid, zinc/halogen, metal/air, sodium beta,
nickel-metal hydride (NiMH), and lithium-ion batteries are all available for electric
cars and HEVs (Li-ion). For FCEV, a proton exchange membrane fuel cell (PEMFC)
is also an option. On the one hand, because the battery controls the performance of
electric cars, battery safety is an important issue for electric vehicle applications. On
the other hand, price is a significant obstacle to the continuity of electric cars for



9 Technical Review on Battery Thermal Management System ... 179

Table 9.1 Types of cells

Battery type Nominal | Specific | Energy | Overview
voltage |energy |density
\" Wh/kg | Whilit
Lead acid 2.0 30-40 60-75 May et al. 2018)
Nickel-Cadmium 1.2 40-60 15-150 | Valgen and
Shoesmith 2007)
Nickel-metal Hydride 1.2 30-80 140-300 | https://www.pow
erstream.com,
NiMH.htm
Lithium-ion—Classified based on chemistry
Li-MnO; (Lithium manganese dioxide) 3 280 580 Johnson et al.
1997)
Li-(CF)x 3 360-500 | 1000 Greatbatch et al.
(Lithium carbon monofluoride) 1996 )
Li-SOCl, 3.5 500-700 | 1200 Morrison and
(Lithium tetra chloroaluminate) Marincic 1993)
Li-SO,Cl, 3.7 330 720 Hall and Koch
(Lithium tetra chloroaluminate in sulfuryl 1982)
chloride)
Li-FePOy4 3-32 90-160 | 325 Safoutin et al.
(Lithium iron phosphate) 2015)
LiNiMnCoO2 3.6-3.7 | 150-220 | 300 Liu et al. 2020)

(Lithium-Nickel-Manganese-Cobalt-Oxide)

both producers and consumers. Therefore, it is very important to optimize battery
power and cycle time. In battery-electric cars, lithium-ion batteries are commonly
used because of their high specific energy, specific power, energy density (Etacheri
etal. 2011; Cosley and Garcia 2004; Huber and Kuhn 2015; George and Bower xxxx;
Kim et al. 2019) (Table 9.1).

Because of its better energy density, higher specific power, and lower weight,
rechargeable lithium-ion (Li-ion) batteries have been universally acknowledged as
the best energy storage solution for electric vehicles (EVs) since the early 2000s.
Other rechargeable batteries, such as lead-acid, nickel-cadmium (NiCad), and nickel-
metal hydride (NiMH) batteries, have lower rates, lower self-discharge rates, faster
recycling, and longer cycle life (Keyser et al. 1999; Bukhari etal. 2015; Liet al. 2014).
To improve cycle life, energy storage capacity, and overall performance, it is critical to
keep the battery temperature within an acceptable range. This is because lithium-ion
batteries are very susceptible to thermal runaway when exposed to high temperatures.
This type of lithium-ion battery is very sensitive to temperature, which affects its
performance, life, and safety (Scrosati 2011; Zia et al. 2019; Lyu et al. 2019; Liang
etal.2017). In part, this is due to the large variety of electrode materials and electrolyte
mixtures used in commercial batteries, making it difficult to establish a consistent
and comprehensive process that causes lithium-ion battery performance and safety
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to deteriorate. On the other hand, it is undeniable that the performance and due to the
fact that batteries are influenced by external conditions and emit heat as the result of a
series of chemical processes that occur during charging and discharging, temperature
changes are almost always unavoidable. As a result, an effective battery thermal
management system (BTMS) is needed to maintain the appropriate temperature
range of these batteries and to reduce the temperature gradient of these batteries
in order to avoid detrimental consequences from temperature fluctuations (Selman
et al. 2001; Lin et al. 1995; Saito 2005; Katoch et al. 2020). Elevated temperatures
have the potential to ignite very flammable electrolytes, resulting in explosions,
fires, capacity loss, and short circuits in lithium batteries. As a result, one of the
most essential elements of lithium-ion batteries is the battery thermal management
system (BTMS). Battery thermal management may be accomplished via the use
of a variety of cooling techniques, including natural or forced air cooling, liquid
cooling, and PCM cooling. In electric cars, liquid cooling is often used, while air
cooling is more cost-effective in two-wheeler segments, the detailed classification
of cooling strategy is given in two types as such (Holzman 2005; Zhao et al. 2015;
Liaw et al. 2003)—(a) active cooling strategy and (b) passive cooling strategy. In
thermal management systems degradation of cells with increasing temperature can be
numerically correlated based on Arrhenius correlation which suggests temperature-
dependent physical chemistry profile as the exact relation of electrochemistry with
the temperature-dependent design of battery (Qin et al. 2014; Pearce 2015; Lewerenz
et al. 2017; Wang et al. 2011; Zhao et al. 2020).

(A) Active cooling strategy—In an active thermal management system to shed out
heat from the source an external aid of power is required. Forced convection (Fan
cooling), Cold plate cooling, Direct immersion cooling are examples of active
thermal management systems. The first active thermal management system
was developed in the late 19°s which was based on force convection cooling
using fans for an electronic application. Over the years with the development
of verification and CAE tools active thermal management has become more
efficient by using strategic product development such as customized cold plates
for avionics application, direct contact dielectric immersion cooling. The active
thermal management system has capabilities for a variety of customization to
increase conjugate heat transfer characteristics for heat sources (Patil and Hotta
2018; Hotta and Patil 2018; Panchal et al. 2016; Panchal et al. 2016; Panchal
et al. 2016; Kurhade et al. 2021; Sun et al. 2019)

(B) Passive cooling strategy—In the passive cooling strategy there is external power
required to cool down electronic elements, this system involves utilizing the
availability of latent heat from the heat source to cool down the element with
ambient temperature. This cooling strategy involves for variety of applications
ranging from electronic cooling up to the battery and engine cooling. Extended
surface fins cooling, PCM cooling, two two-phasing heat pipes, etc. are some of
the examples of the passive thermal management system. Passive systems can be
easily customized according to the availability of design space and requirement
to pull out the generated amount of heat by making thermal equilibrium. Passive
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thermal strategy is a very cost-effective approach for economically constrained
design since it doesn’t require any aid of external power requirement to cool
down heat source (Safdari et al. 2020; Chen et al. 2019; Ranjbaran et al. 2020;
Ramadass et al. 2002; Liu et al. 2019; Mathew and Hotta 2019; Mathew and
Hotta 2020; Mathew and Hotta 2021; Kurhade et al. 2021; Talele et al. 2021).

It should be noted that there are no thorough studies on battery temperature control
in the literature. This article discusses the evolution of power battery, including
the implications for clean cars and power battery, as well as mathematical models
of battery thermal behavior. In the present paper the details of different thermal
management techniques are reviewed and contrasted, particularly the PCMs battery
thermal management system and the thermal conductivity of materials. This study is
anticipated to be beneficial to electric car manufacturers, researchers, and aspirants
in the scientific community.

9.2 Battery Thermal Management Systems

9.2.1 Temperature Effect on Battery Performance

The battery cell after 800 cycles at 50 °C, the battery cell loses more than 60% of
its original power and 70% at 55 °C after 500 cycles. Lithium-ion batteries have a
cycle life of 3323 cycles at 45 °C but drop to 1037 cycles at 60 °C (Hu et al. 2016
Jan 1; Ran et al. 2020; Das et al. 2018). This shows that temperature has a significant
effect on battery cycle time and energy capacity. The impact of temperature on
the battery life cycle is shown in Fig. 9.1. Automotive batteries are classified into
three categories: cells, modules, and packs. Thousands of lithium-ion batteries are
connected in various configurations such as series, parallel, or a combination of both
to create large-capacity, large-scale battery packs (Wang et al. 2020; Wen et al. 2018;
Kim et al. 2012). During the charging and discharging of the battery, a series of
chemical processes occur and a large amount of heat is generated, resulting in an
unavoidable change in battery temperature (Liang, etal. 2017; Ke et al. 2015; Nagpure
et al. 2010). The majority of temperature impacts are caused by chemical processes
inside the batteries and also by the materials utilized within the batteries. In the case of
chemical processes, the connection between rate and reaction temperature follows the
Arrhenius equation, and temperature fluctuation may result in a change in the rate of
electrochemical reactions in batteries. Apart from chemical processes, temperature
influences the ionic conductivities of electrodes and electrolytes. For example, at
low temperatures, the ionic conductivity of lithium salt-based electrolytes diminishes
(Jow et al. 2018; Bandhauer et al. 2011; Lisbona and Snee 201 1; Finegan 2017). With
these impacts in mind, the LIBs used in EVs and HEVs are unlikely to fulfill the
United States Advanced Battery Consortium’s (USABC) 10-year life expectation.
The next sections will address the impacts of low temperature on LIBs as well as the
effects of high temperature on LIBs. At elevated temperatures, the consequences are
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Fig. 9.1 Battery thermal management system classification (Patil and Hotta 2021)
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much more complicated than at low temperatures. Heat is produced within the LIBs
during operation and knowing how this heat is generated is important for reducing
the high temperature impacts in LIBs (Fig. 9.2).

9.2.2 Thermal Runaway Propagation in Lithium-Ion
Batteries

Thermal runaway in lithium-ion (Li-ion) battery occurs when a cell, or aregion inside
a cell, reaches dangerously high temperatures as a result of thermal breakdown,
mechanical failure, internal/external short-circuiting, or electrochemical abuse,
among other causes. Exothermic breakdown of the cell components starts when
the temperature is raised over a certain point. At some point, the cell’s self-heating
rate exceeds the rate at which heat can be dispersed to its surroundings, causing the
temperature of the cell to increase exponentially and the cell to lose its capacity to
maintain its stability. As a consequence of the loss of stability, all of the remaining
thermal and electrochemical energy is released into the surrounding environment.
Thermal runaway events may be triggered by a variety of factors. It is possible for
a thermal runaway to be triggered by mechanical or thermal problems. Thermal
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runaway may also be triggered by electro-chemical abuse, such as overcharging or
over-discharging battery cells. Additionally, there is the potential of an internal short
circuit occurring inside the cell, which may result in thermal runaway (Blomgren
2017; Kim et al. 2007; Liu et al. 2020). The occurrence of any of these events may
result in increased temperatures that are high enough to cause the rapid exothermic
breakdown of the cell’s constituent components. To understand why we observe
such fast heating rates, we must first get a better understanding of the breakdown
processes that are taking on. A Li-ion cell, or a tiny area inside a Li-ion cell, reaches
a specific critical temperature range, at which point the components contained within
the cell begin to break down and break down. In nature, these breakdown processes
are exothermic, which is why we see self-heating behavior as a result of them.
The decomposition rates, which are directly related to the exothermic self-heating
rates, also follow the Arrhenius form, which implies that the decomposition rate,
therefore, the self-heating rate increases exponentially as the temperature increases.
Simply said, when the temperature rises, the rate of decomposition accelerates, and
the rate of self-heating accelerates in the same way. The consequence is a rise in
the self-feeding heating rate inside the cell, which continues to grow until the cell
loses stability and ruptures, releasing all the remaining thermal and electrochemical
energy into the surrounding environment (Feng et al. 2018). Although over the past
years research importance for thermal runaway was not given so much over the recent
application of lithium battery for energy storage increases for heavy-duty applica-
tions such as Buses, Heavy trucks, Cranes, etc. which demand a higher amount of
power to propel the application which causes certain infield failure in the system as if
one of the cells goes in thermal runaways, it causes interaction of the whole module
which causes serial breakdown of desired application hence due to safety concern
in strategy product design thermal runaway must give importance. In recent years
several academic, as well as industrial research initiates, were taken to account the
behavior of thermal runaway condition which is summarized in Table 9.2.

Over the years the problem of thermal runaway causes severe breakdown in
working operation of automotive, Table 9.3 shows some examples of recent accidents
caused by thermal runaway of automotive.

The abuse condition in Lithium-ion battery can be unpredictable from the Table
9.3, it is reviewed that causing field failure of the a lithium-ion battery can be any
which leady cell causing thermal runaway for example vehicle leading to the crash
causes mechanical abuse which leads to the thermal runaway, overcharge of battery
also causes local thermal runaway of the cell which spreads wide over the pack,
internal short circuit also leads to thermal runaway conditions. The categorization of
thermal runaway can be classified as below.

9.2.2.1 Mechanical Abuse

Mechanical abuse is characterized by destructive deformation and displacement
produced by an applied force. Mechanical damage often occurs as aresult of a vehicle
accident, crushing or penetrating the battery pack (Xia et al. 2014b). During a vehicle



V. Talele et al.

184

(panunuoo)

(0207) uonejudpur dnejs-isenb

£q pasned s[[99 A1oyeq uor-wnuyI| jo
Kemeuni reurtay) 3101paid o) poyour sisAjeue
Pa1dnod [eWIAY)-[EITAYO0O[A-[EITUBY O
IeQuI[uUOU Aem-0M],

a1y Jof 193y PaAIasqo ses Jo Mo[q ¥

20§ %001 01 %0 Ul PauNd20 a1y Jof oy,
908 9,0 e 21y 1o ON

suojue)sul

UBYy) I9YJeI UONSNqUIOd )e)S-APe)s umoys
sey [[0o uonededoid Aemeuns [ewroy) uy
JALL Se AJuoAd way) sjeay

yorgm A1epeq oy ut paderd st ajerd Suneay v
parpms

are K1oneq uor-winnpry onewstd o8re] v

stng

soLoneq Aeydsoyd uor wnTI[ Ul J01ARYDq
QI pue AemBUNI [BULIAY) SISNEd SUNeayIonQ

(1202) 'Te 10 Suepm

QUOZ UONOLAI [EOLIPUIAD MO[[OY € ULIO)

PUE SUOTIOIIP [BUIPMISUO[ UL [BYINWIZE UT
aregedoid Afreniur suonoear ayj Jey syorpaid
[OPOUI [BUOTSUIWIIP-IY) 9Y) [[99 [EOLIPUI[AD
a3re[ e unym pajernuis a1e sjods Joy [o0] J
SOOUB)SWNIIIO ASNGE JR[TWIS JOpUN

Kemeunl [RULIDY) WOILJ WAY) 9ALS KLUl Yorym
‘s[199 10331q ueyy Ajprder axown Jeay joofax
S[[99 I[[eWS 1By AedIpul STUIPUT) [OPOW Y],

SunNeaYIoA0 U0 Paseq dsnqe JEULIAY L,

SAOUIJY

SIYSIYSTH

ofewy

Kemeuni [eutroy ],

uoneInIw AemeunI [BULIY], 7'6 dIqBL



185

9 Technical Review on Battery Thermal Management System ...

(panunuoo)

(8107) "Suoim se03 SurSreyo
K1aneq se soweyy ur dn ayosiog woig

112 3} SpIsur W)sAs

SrwreuApouLIdy) fe[nonied € 10§ SWSIURYIIW
uonoear as1a1d (¢) pue ‘opoue pue apoyIed
) udaMIaq $S9001d UOTIONPAI-UONEPIXO )
JO wsIuRydaW oY) () YL pue DSJ udamlaq
UuoIdUUOd Y] () :UO ABINUIDUOD P[NOYS
[OIedsal Y[, A10)1eq AININJ SPUSUIOII )]
SUOZLIOY oIeasal ¥ I, A1oneq

2y s191dop os[e S.L AU, "210u 10 5,008

01 [[29 Y} 18I 1By} 90IN0S Jeay Iofew ay) J0u
SIJNQ UOT)OBAI UOIIONPAI-UONEPIXO ) Jo3T1n
0} [eONILIO ST (DST) NIIIO JIOYS [RUINUT Y,
NSL 2y orepljea

sSurpuy YL sordwes £191jeq om], *s9ssad01d
Teorwayd/[eorsAyd jueltodur Surouanbas

AQ Y1, A1917Bq JO SOIUBYOAUI [RIUSWEPUNY

oy $101dop NS.L OUL “Y.L A10neq

Surmp sessaooid [esrwayo/reorsAyd ofewr
oy spordop yoeordde [eorydeas oy, -opone
sty ur pasodoid st sorR)eq UOT-WNTYI]

JO wIstuBydaW (Aemeunt [euLoy)) NS.L YL

L]

soLaNeq
uor-wnnpry 10y dew oouanbas awn Aemeuny
[ewIoy ], SuIsnes JINOII0 110YS [euIU]

SAOUIJY

SIYSIYSTH

ofewy

Kemeuni [eutroy ],

(ponunuod) g'6 dqEL



V. Talele et al.

186

(panunuoo)

(6102) NLOD

B

SYSII Y I, SUISBAIOUI ‘S[[90 UOI-IT NON

UL JUAUOD [ITU FUISEIIOUT UB (IIM SISLAIOP
S[eLIaJeW APOYIEd JO AN[IQR)S [eULIaY) YL,
(sprezey ¥, SS9[ 10) S[[od

UOL-I' gf] 03 JoLadns ST S[[99 UOL-I'T NON
JO (3SU YL, MO] 10) 20URIS[0) TIBYIIAQ
dAT< TTTINDN < TZONON < TT8INON
TTTINDN < CTZOINDN

< T18INDN < dd'T S1 20URIS[0) SFILYIIIAO
S SyM “TTTINDN < TZ9IWON < TTSINON
< AT STASH AL Y3 ‘S[BLIdYRW dpOyIed 104
SISLI OIJRI [2O1U SPOYILD ) SB $20NPaAl Y,
U99M)9q UOTIRIND Y} ‘S[[90 UOI-IT JNDN UI
1122 UOL-IT [T [TINON U} A9 pamoi[o}

181 YL POOURALIAAXA [[20 UOI-TT AT FYL
saseyd oAy sey ssa001d 931eY019A0 JY],
PaSILYOIOA0 2IoM S[ELISYEW dPOYIed SUIAIeA
{IA SaLIdNEq UOL-IT YV O 1n0J “Aprus siy) uf

[V

SEEED.

]

SuiSreyo
19AO0 0} NP ABMEBUNT [RULIDY T,

SAOUIJY

SIYSIYSTH

Kemeuni [eutroy ],

(Ponunuod) 76 AqEL



187

9 Technical Review on Battery Thermal Management System ...

(panunuoo)

‘Te 32 ung

sSurpuy oy} 0) SUIPI0OIE “IJOWEIP IAUIpUT
SuIseaIdur YIIM PaONpaI Aemeun [euLy)

0) Suimo armeradwa) yead ay) IOA0IOA
9%¢°G £q 9010J asuodsar

Q) PUE ‘9 ¢"¢ AQq $1S9) UOTIRIUSPUT I}

oy} Aq pajorpard sem JINJIO-1I0YS [BUIAUI Uy
Reratjehivi]

Jo soyound [eorroyds yirm pojuapur oJoM S[[D
yonod Yy g'¢ ‘[opour [ednA[eue payur oy}
159 0, "dejsowm) yoes ur asearout arnjeraduro)
pue ‘1eaY ‘}INJIO-1I0YS [BUIIUI O} PAJLWNSd
Pa1dnood [BULIAY)-[EOTWAYI0NII[S-[BITUBYIIUL
Jo Apmys

SQIINOS JEaY A[qISIOASLI] pUe

9[QISIOAAI Q[NO[ S, [SPOW [BIIWAYI0NIJ[D )
uo paseq uonenbo uononpuod jeay € Sursn
amyerodwo) payndwod [opowr [ewLIdY) Y ],
1oBIU0D

Qpoue—apoyIed Aq PedNPUI JINJID-1IOYS
[BUIDIUI PUE UOTBULIOJP [BIIURYIIW

Q) QUIWLIAP 0) PAZI[NN sem sjuauoduiod
417 9y Jo AJLIeQUIUOU [ELISJBW Y],

[opow [eonATeue

Pa1dnod [eUIAY)-[BILNI[O—[BOTURY oUW
Jeaur[uou Aem-om € Suisn

pazA[eue aq Aew uonejuapul dnels-isenb

£q paonpoid JINOIID 1I0YS [EUIIUT Uy

UOT)EOIPUI [EOTUBYISW
Ay uo paseq SUIOpoU ASNQE [eWIAY],

SAOUIJY

SIYSIYSTH

ofewy

Kemeuni [eutroy ],

(Ponunuod) 76 AqEL



V. Talele et al.

188

(€107) oouerg

MOJJ QATIORAI PUE UOTIOIAUOD

189y 0) anp uonededold Kemeuns feuroy)
os[e Inq uonoNpuod Jeay o3 anp uonesedod
Kemeun [eursay) AJUo Jou JUNOdoR

ojur Sunye) ‘saynpou K19)1eq UONELIAUIF-1XoU
10§ saamoayyoIe Surgesoed pue

SAII0U [[99 JUAIYIP 21edwod 0) pasn aq [[Im
919y pado[oAdp JIomAWLJ [EdLISWNU Y,
ugisop A19118q 9Jes 10] papIe3aIsIp 2q JoUULRd
suonoear aseyd-ses jey) Surkjdwr ‘vononpoid
189y [[BIOAO QJBUIWOP ALW SUOTIOBAI
aseyd-se3 woij 1eay ‘sOOS 131l PIM ‘OS[Y
Qmdni [[em-opis paonpur-anssaid

e 108310 Aew pue (DOS %001 18 1eq ST'H

0) dn) sast1 Surses [[20 ay) opIsur aInssaid
Ay ‘Aemeunt [euLIdY) SULIND ‘QIOWLIYLIN]
(DOS) 281eYd-JO-238)S

UM S 0 pud) (939 ‘PHD ‘D ‘CH) sed
QA1OBAI JO UONENUadu0d pue Ajnuenb ayJ,
Aemeuni [euLay) Jo a3e)s puodas ay ulmnp
suaddey uononpoid sesd eanoear Jo y[nq YL,
Kysuadoxd uonesedoxd uo joedwr

S[NI[ Pey 23e)S [BNIU U JeT) PUNO A
Kemeuns

[ewsoyy pue (ainssaxd SunuaA spaadxd
ainssaid sed [eurdyur) yoealq [0 :sa3es

0M) 0JUI SIOUALINIIO0 FUNUAA PIZLI0TILd
PUE JIOMAWEI} [eoLIdWNU SUNSIXd 9Y) JO
JIOTARYQq [BULIY) PUB MO} Y} PIUTWILXD A\

il sng g 2 .« 8 vty gl ameyy

.‘303

e 40| £ 908

ixz Dl 2

(T3

suonoeal oseyd-ses pue Sunuoa [0
Kemeuni eurtoy) K19)jeq UOT-WINTPI] 0S9‘ST

SAOUIJY

SIYSIYSTH

a8ewy Kemeuni [eutroy ],

(Ponunuod) 76 AqEL



9 Technical Review on Battery Thermal Management System ... 189
Table 9.3 Thermal runaway propagation through accident
Location Picture Accident cause | Reference
Chogging Spontaneous Lambert
China ignition causing | (2017)
a fire
Thailand Fire peak due to | Zhang et al.
overcharge (2015)
Seattle, A Model S Tesla | Xia et al.
USA caught fire after | (2014a)
aroad collision.
Mechanical
abuse thermal
runaway
Austria Tesla Model S | Maleki and
crashed into a Howard
semi trailer (2009)
causing a fire.
Mechanical
abuse post-crash
thermal
runaway
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accident, it is very likely that the battery pack may be deformed. The arrangement
of the battery pack onboard the electric vehicle has an impact on the battery pack’s
collision reaction. The deformation of the battery pack may have the following poten-
tially hazardous consequences: It is possible that: (1) the battery separator may be
ripped, resulting in an internal short circuit (ISC); (2) the flammable electrolyte will
spill, with the potential for the battery to catch fire. Studying the crush behavior of a
battery pack at several scales, from the material level to the cell level and finally to
the pack level, is required. To verify the design under durability conditions several
CAE investigations perform on battery packs such as frequency responses, NVH,
deformation, etc. G, WHABH, B, B2IEH. oh 1 #4245 GB, T
31485 5 IEC 62660-3 [IHHE. WOEL. 2018;11; bk, “BiGHE, & A%, ¥ E7R 2019;
Menale et al. 2021).

Penetration is another frequent occurrence that may occur after a vehicle accident
and is difficult to predict. When compared to the crush circumstances, severe ISC
may be initiated very instantly after penetration begins to take place. Penetration
is controlled in certain mandatory lithium-ion battery test standards, such as GB/T
31,485-2015, SAE J2464-2009, and others, in order to mimic the ISC in the abuse
test, for example. Mechanical destruction and electrical shorting take place at the
same time, and the abused state of penetration is more severe than the abuse condition
of simple mechanical or electric abuse alone. On the nail penetration test of lithium-
ion batteries for electric vehicles, difficult issues are being presented. Previously,
the nail penetration test method was considered to be a replacement for the ISC’s
other test approaches. The reproducibility of the nail penetration test, on the other
hand, is being called into question by battery makers. Some think that the lithium-
ion battery with greater energy density would never pass the nail penetration test in
standards, and as a result, a revolution is taking place in the battery industry. The
issue of whether to improve the repeatability of the penetration test or to look for a
replacement test method remains an open and difficult one in the field of lithium-ion
battery safety research (Roth and Doughty 2004; Bugryniec et al. 2018; Leising et al.
2001; An et al. 2019; Zhao et al. 2016).

9.2.2.2 Electrical Abuse

In lithium-ion batteries thermal runaway propagation due to electrical abuse can be
classified in 3 main types such as—(a) External short circuit, (b) Internal short circuit
(ISC), (c) Overcharge and (d) Over discharge.

(a) External short circuit—an external short circuit can occur if two electrodes with a
voltage difference are connected to each other through conductors. Deformation
after a vehicle accident, immersion in water, contamination with conductors, or
an electrical shock during maintenance are examples of external shorts that can
occur with battery packs. The heat generated in the circuit of an external short
circuit does not usually heat the cell in the same way compared to penetration.
For the most part, external shorting behaves more like a rapid discharge process,
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with the peak current limited by the material transport rate of the lithium ions.
The use of electrical protection devices can minimize the risk of an external short
circuit. The main function of protection devices is to disconnect the circuit in
the event of a short circuit with high current. When it comes to preventing
external short circuits, fuses are the most effective option. However, devices
with a positive thermal coefficient (PTC) can also shut down the circuit if the
temperature rises excessively. According to the manufacturer, magnetic switches
and bimetallic thermostats are other options to avoid the risk of an external short
(Lee et al. 2015; Ren et al. 2021; Huang et al. 2021; Zhang et al. 2017).
Internal short circuit—The ISC is the most frequently seen element of TR. There
are CSIs associated with almost all abusive conditions. In general, ISC occurs
when the cathode and anode come into direct contact with each other due to
the failure of the battery separator. When ISC is activated, the electrochem-
ical energy contained in materials is released spontaneously, creating heat. ISC
can be classified into three types based on the failure mechanism of the sepa-
rator. These are: (1) Mechanical abuse, such as deformation and breakage of the
spacer caused by penetration or crushing of the nails; (2) electrical abuse, such
as dendrites that pierce the separator, whose growth can be induced by over-
load/over discharge; (3) Thermal abuse, such as the shrinkage and collapse of the
separator with massive ISC caused by extremely high temperatures; (4) Thermal
abuse, such as the shrinkage and collapse of the separator with massive ISC
caused by extremely high temperatures. Massive ISC, which is often produced
by mechanical and thermal abuse, will immediately cause TR to occur. As an
alternative, moderate ISC produces minimal heat and does not result in TR being
triggered. As the degree of the separator fracture increases, so does the amount
of time between the ISC and TR required for energy release. As a result, the
likelihood of ISC resulting from misuse is very minimal since all cell products
must pass the appropriate testing requirements before they can be sold. However,
there is still one kind of ISC, known as spontaneous ISC or self-induced ISC,
that cannot be adequately controlled by existing test criteria since it occurs
spontaneously. It is thought that the spontaneous ISC is caused by contamina-
tion or flaws during the production process. The ISC, which is the most frequent
characteristic of TR, deserves more investigation. The following research are
encouraged: (1) investigation of the processes behind the progressive growth
of the spontaneous ISC; (2) development of a more reliable replacement ISC
test; and (3) development of an easy-to-use ISC simulation model. Furthermore,
the connection between the ISC and the TR has to be explained and defined.
Section 9.4 will examine the function of the International Standards Committee
(ISC) in the TR process (Zhu et al. 2020; Chen et al. 2020; Ren et al. 2017;
Huang et al. 2019; Mendoza-Hernandez et al. 2015).
Overcharge—Overcharge is one of the root causes of the battery pack going
under thermal runaway conditions (Finegan et al. 2016). Overcharge can be one
of the most disastrous reasons for the failure of cells which is typically form due
to the failure of the battery management system to withhold the required amount
of energy in the battery pack. Overcharging is characterized by the production
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of heat and gas, which are two qualities that are frequent. The ohmic heat and
side reactions that generate the heat are responsible for heat production. First,
the lithium dendrite develops at the surface of the anode because of excessive
lithium intercalation on the surface of the anode. The stoichiometric ratio of the
cathode and anode may influence the onset of lithium dendrite development.
Lithium dendrite growth is a slow process. Second, excessive de-intercalation
of lithium results in the collapse of the cathode structure, which results in heat
production and the release of oxygen into the atmosphere. Increased oxygen
availability expedites electrolyte degradation, which results in the emission of
large amounts of gas. Because of the rise in internal pressure, the cell may
begin to vent. The interaction between the active elements inside the cell and
the surrounding air may result in increased heat production after the cell has
been vented. The result of an overcharge experiment is dependent on the test
circumstances. The cell burst when exposed to high current, while it merely
swelled when exposed to low current (Wang et al. 2020a; Wang et al. 2020b;
Lopez et al. 2015; Feng et al. 2018).

Over discharge—Over-discharge is another potential electrical abuse issue to be
aware of. It is inevitable, in most cases, for the voltage discrepancy between the
cells in a battery pack to exist. Consequently, if the battery management system
(BMS) fails to monitor the voltage of a single cell, the cell with the lowest voltage
will be over-discharged as a result. The process of over-discharge abuse differs
from that of other types of misuse, and the potential danger may be overestimated
as a result. During an over-discharge, the cells linked in series with the lowest
voltage in the battery pack may cause the cell with the lowest voltage in the
battery pack to be forcefully discharged. While under forceful discharge, the
pole of the cell reverses, and the voltage of the cell drops to a negative value,
causing anomalous heat production at the overloaded cell. The over-discharge
of the cell has the potential to cause the cell’s capacity to degrade. During the
process of over-discharge, the excessive delithiation of the anode results in the
breakdown of SEI, which results in the production of gases such as CO or CO,,
which causes the cell to expand. The discharging is less likely to result in cell
fires or explosions, and it is thus less dangerous than overcharging. The little
amount of current research on over-discharging is mainly concerned with the
effects of shallow over-discharge on the number of battery cycles that may be
used (Wang et al. 2019; Yuan et al. 2019).

9.2.2.3 Thermal Abuse

Thermal abuse is the direct cause of thermal runaway in the battery pack. The cause
of local heating in a battery pack with a cell spreads out over the pack with localized
heating of contact cell. In battery pack overheat of localized cell in thermal abuse
condition has not only happened by mechanical/electrical abuse but also by loss
contacts with connectors, this may typically cause due to manufacturing defects.
With the loss of contact when the pack gets in operational work on road condition,
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it causes localized heating over the cell which spread in module causing thermal
runaway condition (Abada et al. 2018). Thermal abuse can also actuate in hot ambient
working conditions for the battery as such when the requirement on delivery power
for the vehicle is more, battery pack gets heated at the same time if thermal stability
over the cooling system is not sufficient it causes coupling of hot ambient temperature
with a thermal load of battery pack, hence cell faces the problem of TR for high C-
rate requirement (Kong et al. 2021; Zhang et al. 2020; Lai et al. 2020; Tian et al.
2020).

9.2.3 Thermal Runaway Preventive Strategy

The safety issues associated with lithium-ion batteries (LIBs) have been the most
significant barriers to their widespread use in portable electronic gadgets, electric
cars, and energy storage systems, among other uses. This kind of issue is caused by
flammable solvent-containing liquid electrolytes that may be readily oxidized when
exposed to high temperatures, resulting in additional heat buildup and, ultimately,
thermal runaway (Yang et al. 2020; Wilke et al. 2017). In concern with the issue
of thermal runaway, recently there are several research that has been developed to
prevent thermal runaway in highly flammable LIBs which is shown in Table 9.4.

From the literature it is seen that thermal runaway is very stagnant process which
can initiate in number of different scenarios, recently several research is developed
on electrochemistry, mechanical and thermal mode to prevent cell from going into
thermal runaway condition (Jindal et al. 2021; Yukse et al.; Yang et al. 2016; Al-
Zareer et al. 2017).

9.3 Active and Passive Cooling Strategy

In BTMS, the primary goal is to maintain stated temperature of cell below 50 °C for
efficient working and utilized every cent of available energy from it. In concern with
thermal abuse and overheat cell condition, it is essential to design stable thermal
management system which increases the thermal stability of cell by preventing it
undergoing in overshoot temperature and post-gas dynamic condition in which gas
out of the burn cell gets entrap in the enclosure. In the present section, a detailed
breakdown of recent research and methodology developed by BTMS is reviewed.

9.3.1 Need of Battery Thermal Management

Electrochemical operation and joule heating due to the passage of electrons within a
battery cell are the two main sources of heat creation in a battery cell. The temperature
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range of 25-40 °C is excellent for Li-ion batteries, whereas temperatures beyond
50 °C are hazardous to the batteries’ lifespan. The immaturity of even a single cell
is a deterrent, can significantly affect the overall performance and efficiency of the
battery pack, the major goal of the BTMS is to regulate the temperature of the
battery’s cells and hence extend the battery’s lifespan. Active systems and passive
systems are the two primary forms of BTMS. The active system is mostly reliant on
the forced circulation of a specific coolant, such as air or water. A passive system is
one that does not require any action on the part of the user. A passive system, which
uses methods such as heat pipes, hydrogels, and phase change materials to have zero
power consumption, enhances the vehicle’s net efficiency. In this publication, a full
evaluation of BTMS is presented based on accessible literature, with research for
future advancement highlighted.

9.3.2 Active Cooling Strategy

Active cooling refers to a cooling technology that relies on external equipment to
improve heat transfer. Active cooling strategy increases the fluid flow rate in the
convection process, thereby significantly increasing the heat dissipation rate. The
active cooling solution includes forced air supply by fans or blowers, forced liquid,
and thermoelectric coolers (TEC), which can be used to optimize thermal manage-
ment at all levels when natural convection is not enough to dissipate heat use of a
fan is recommended (Table 9.5).

9.3.3 Passive Cooling Strategy

Passive cooling maximizes radiation and convection heat transfer modes by using
a radiator or heat sink, thereby achieving a high level of natural convection and
heat dissipation. By keeping the electronic products below the maximum allowable
operating temperature, can provide adequate cooling and thermal comfort for the
electronic products in the home or office building. This growth trend can be observed
in Battery Technology commonly referred to as passive Cooling in the industry (Table
9.6).

9.3.4 Hybrid Thermal Management Approach

Over the recent years as the demand for energy storage to fulfill power requirement
is increased for which the present form of thermal management system cannot fulfill
the exact cooling requirement hence hybrid thermal management system approach is
widely adaptable for the desired application. In the hybrid approach basic two or more



V. Talele et al.

202

(panunuod)

(6100) Te 19 BIX

wWAISAS SuI[009d Ik Ay} JO dourwIofIad [ewIay)
o) Apnis 0} pasn aIe SUONR[NUWIS [EILISWNN
"pasn s1 [opowr (Jg-opnasd A1eeq oy Jo djer
uoneIduas 18aY 9Y) 9Je[No[ed O, ‘suonenbo
j1odsueny pbi ay) Surjdnoo £q Ajeouswnu
P9AJOS pUE S[[90 [ENPIAIPUL T¢ [IM
paje3nsaaut sem syoed K19)1eq UOT-WINIY)I] JOF
Sur[00o 1re Terxe Jo souewrojrod [ewWIoY) AYJ,

Surjooo are Sursn yoed A1a)eq
Jo Qourwogiad [RUIIAY) JO UONESTISIAU]

(0207) Te 10 uays

SUOTIIPUOD SNOLIBA

Iopun A1917q AFHJ 2 Jo uonepeIdap

Q) 2JewINs? 0} JpI pue ‘Surreyd ‘uonerddo
J[o1yaA Suunp uonepei3op A19))eq ‘Iojsuer)
189 ‘uonerouas jeay ‘uonerado onewone
pue A19)eq Jo [opouwr uonenuis e padofasdq
*oJ1] A19138q UO USTISIP WAISAS S[OTYA

pUE ‘91eWI[O [BUOISAI ‘SUONIPUOD SUTALIP
uowdeURW [RULIDY) JO $109JJQ ) paje[nuils
pue s[[2o eydsoyd uoar wnmyIry [eOLIPUI[AD
Jo opew yored AIaneq P[O0I-ITE UR (1M
J[O1Y2A J11I[2 pafepowt Aay) ‘reded s1y) ug

77NN
— 0000000008 —
= momomo@omo@ =
=09000000006+=
= 00000000000 =

Loy o M
n

s s

1199 dAT 10J UONIPUOD JUIIQUIE JO AJOLIEA AU}
19A0 AHHA 10§ JuswaSeurw [eurIdy) A1)eg

SAOURIRJIY

WSUSTH

ofew

opn Joded yoreasoy

SIANLE 10F A391ens SUI[000 ATY  §°6¢ AqEL



203

9 Technical Review on Battery Thermal Management System ...

(panunuod)

(0207) ‘T8 12 MeseALIIA

anbruyo9)

uone[NWIS [eOLIdWNU Jo 93esn Y} Juisn

Jo pre oy ynm paugisap Jurjood pinbip A[1e10)
paseq Ajurewid—ojerd ss9[poo[q [ouueRyOIUTw
e ‘A10)38q UOT-IT YV 9AL-A1J € JO 9[qnoI)
[01UOD [eULIdY) 9y} ApawIal 0F, “sarnjeraduwo)
JUB[O0D JO[UI PUE ‘Sajel 9PI[3 ‘suoneIn3yuod
reuondadxa jo a3esn ay3 Suisn Jo pre Ay}

s parpnis Aresrnowered st SNLY oY) Jo
Qouew10)1ad [[BISA0 Y], "PAYsIqels? st sajerd
SS9[POO[q [QuuRyOIUIW Jo a3esn A} ‘SINLG
JO In0A®e[ © ‘9[01Y2A Pa1omod-OL1)od[d ue J0J
saLRyeq UoI-17 onewstd jo anbruyody Furjood
[ny19mod © $91e31ISOAUL SIY) JO UOTIUUI Y ],

Surjooos pnbiy Sursn s[[ed uor-wnIIy
onewstd Jo Juswageuey [BULIAY ],

(6102) 'Te 32 Suag

waIsAs 3urjood Yy Jo douruLIojrd

QY SAIPNIS Jey) [OPOW [BOIAYO0I)OI[-0ULIDY)
[eouownu e jedissip 03 pasn st ouedoid
pmbr ‘Jopou [BULISY) [EITWIAYI0III[S (J¢

© PUE ‘SO[OIYAA OINII[0 PLIAY ur syded K10)78q
10J JNDJ ® ‘(wasAS Juswaseury [RULIDY],
K1ameq) SINLG mau e sesodoid aponre siy,

yord A19)38q 9y) JO QouRULIOfId
[BULISY} 9Y) 90UBYUD 0} APN3S [QAOU Y

SAOURIRJIY

WSUSTH

ofew

opn Joded yoreasoy

(ponunuod) g6 dqEL



V. Talele et al.

204

(panunuod)

(€107) ted

paziundo Aj[eonAeue st

K191eq UuoI-WnIy| € 10J jerd plod e se parjdde
amjonns yiomjau padeys-jea[ e ‘[onse

SIY) U] "SJUQIpeI3 [QUUBYO-9[IUIS PIEpUE)S

JO saSejuBAPESIP JUSIAYUT ) 3dNPaI 0)
PauSIsop udaq Sey I1 “IoAR] JI0MIQU UOTIOA[[0D
B )IM JoUI930] Inq ‘pajeaId udaq sey Joke|
YI0oMIoU PAINQLISIP V "AI03Y) [eINONTS )

03 Surpioooe ysowr padeys-yes] Yirm pappaquia
sojerd pjoo jo uonedrssip oy ozrumndo

0] ST 9[O1IE SIY) UI JNO PILLIED YIOM Y],

uoneziundo udisap A1eneq uol-r onewisud
10§ 9ye1d Sur00d spouueyd-turw Jumprds

(8100) "Te 10 sneues|

Pasn OJUT PIUIN] UOISIOA [eULIOY)

Krerodwa) p-¢ QY] 9, A10)3eq 9} I0J UOIYSE]
Q0UQIRJAI © Se 9JeIaqI[op OJul pauIn) 309(qns
[01u0d [euLIay) prepuels ‘A3arens uonedissip
yjuem ay) uo A[[e1o) paseq Ajurewnd

9% S19 JO ddourWLIOJIAd [[BIOAC [RULIDY] 9}
Qoueyud 0) age)s Juadrad ay) woiy pasodoid
s11n0Ae[ pajood-pinbiy & ‘Apmis siyy ug

EIRIUETIN
SLI9[3 U S[[29 Jo ddurwIofIad [euLroy)
oy Suraoxdur 103 urjood prnbiy jo asn

SAOURIRJIY

WSUSTH

ofew

opn Joded yoreasoy

(Ponunuod) ' AqEL



205

9 Technical Review on Battery Thermal Management System ...

(panunuod)

(9100) 'Te 10 yeyq

(I [opow) 9[npow Surj00d pIepuLls AY)

uey) aInjeradurd) JOMOT 969'87 © UT SUnnsar
9ueIaS1Ijol 9y} St PINJOUBU [)IM PIASIYIE
sem douruLIOLIdd SUI00D 9ATIORYR Jsow (]
[opow) s o[npoul p)sa33ns Y, ‘UoNNqLISIp
arnjerodwo) ayy uo joeduwr 1s9)ears

QU) 9ABY 0) PAUTWLIANAP d1om 2dA) JueraSiijar
PUE ‘9JeI MOJJ SSBUWI ‘UOTIOIIP MO JUBISIIJoI
oy, (2d41 059°81) Snpowr K1oneq AH oY)

ur S[[90 UOT-WNIY)I] [EILIPUI[AD {4 9Ie Q1o
‘yoeoidde reonAeue reuoneindwod e Sursn
1aded sy ur paqLIdSIp 1€ J[npow Jurjood
109 AH 9} JO [UUBYD-TUTW PYeSNIIod

) urm Suimoy spingoueu Sutkojdwa doip
aimssaid pue uonnqnsip arnjeredwa) oy,

1 PPOI

nEpei

syoed A13118q JO SUI[00D PINPOUBN

SAOURIRJIY

WSUSTH

opn Joded yoreasoy

(ponunuod) g6 dqEL



V. Talele et al.

206

(panunuod)

(9107) T 10 mes

JUAA

Jorjo1 amssaxd pue moq[o [eo1uod Yy Sursn
PaAsIyoe 9q ued doueuIofed 3urjood paIrsap
) ‘orwreuAp jou s1 uSI1Sap/InoLe| WAsAS
AIaY)Eq JUSIIND A1) JT UIAR Jey) o[qeIndsipur

SI S[oUURYD PINY JO UOHNQINSIP dY) UO

paseq ooueurio}iad 3urjood os ‘uonern3yuod
[o[[eted pue SALIAS UI PAJIAUUOD S[[3I JO

dn opewr st £10332q 9} ‘O[OTY2A O11)I9[d PLIQAY
e uJ "K1978q SUONLOYIOAdS [RULISY) PAIISIp
) 19out 03 1aded uo paurwexa ST WAISAS

1100 3u1[009 Jo 2dA) PaJo9[as & ‘Q[onIe SIy) uf

8] Py ) 2 ______

uonemsyuod mopire ue Juisn
AQY UT SO1I9))eq UOI-T] SUI[00D J0J USSP Y

(¥107) Suey] pue roy)

arerd onserd ayy

i pue sajerd pjoo ym s[[ao Jo syoess (11r)
1[99 PUOd3S Yorad Ut

pawasur saje[d Surjood yIIm s[9o Jo SIS (1)
S[199 Jo syoes (1)

:Apnys

ST} SULINP POPIOIAT AIOM SOLIBUIIS JUQIQLIIP
¢ s)uauodwod sy} JNOYIIM PUB [IIM S[npouT
K1o12q A Y3 JO 9[0Y 9y} UI SjudwLIadxa

INO PaLLIEd A3y ], “JUNOOIE OJUT UYE)

QIe S[[99 [ENPIAIPUL JO AIN[IE] PUER UOHRULIOJIP
A1) UO ‘SANPOW JO S[[AYS 2AT9301d

pue sajerd Surjooos se yons ‘syusuodwod
QATIORUI JO S}O9JF0 Y} ‘Apnis SIy) uf

SOIIYRA J110919 ut saje[d Surjood jo asn

SAOURIRJIY

WSUSTH

opn Joded yoreasoy

(ponunuod) g6 dqEL



207

9 Technical Review on Battery Thermal Management System ...

(panunuod)

(2102) ‘Te 10 ouer[ni

SoLI0)eq W]
JO 91A)s A3010uyd?) pue JudwdoaAap 03 Inp
Surepowt ur azrjeroads 0) AOUIPUI) B 9ABY AN
adeoso rewsayy pue asnqe g7 (4)

Surjooo K1013eq UOT-WINIYIT ()

‘S[OpOW [BULIDY)-[BOIWAYI01)3[3 P[dnod (7)
‘S[OpOW OUAIDS eIy (1)

A[owreu ‘seare o1do) urewr Inojy

UL JNO PILLIED SO SUI[OPOW AU} SISSNISIP
J[onte oy ‘predar siy) uy “Aem aarsuadxaur Jnq
1seJ A10A © Ul sg[T JO A1oJes pue Juowaseurul
[euLIay) 9y} JO ATBUNUNS QATBULIOJUT

ue op1ao1d 0 s1 Apns S1y) Jo 2A103[qO Ay,

Kyages ]9
K19)72Q UOI-WNIYI] PUB [OJUOD JBIY JO SEAIR
Jolew oY) UT $}10JJ0 SUT[OpPOW JO MATAI Y

SAOURIRJIY

WSUSTH

opn Joded yoreasoy

(Ponunuod) ' AqEL



V. Talele et al.

208

(panunuod)

(8107) 'I® 30 Suetberf

Su11000 I9JSULT) JEAY UOIIOIAUOD

Sunenuwis 10j Ajewnse poos e apraoid

UEd [9POW JUILIND JBY) MOYS SINSAT Y],
pajuasald a1e swA)sAs A1eeq UOI-wnIyII 10§
S)[NSaI Js9) uonepIfeA "A19)eq ay) jo sentodord
[BSIUBRYOW PUB [BJL1I9] 2y} 11oddns 0y
PalonIsuod sI [opout [eonewayiew pasodoid v
JouS1sop Juouodwod JI1YoA

B JO M3lA Jo jutod oy woly walsAs K19eq
UOI-WNIY)I| PI[OO-ITE U JO JOIARYSQ [BULIAY)
) saquosap jey pasodoid st AFojopoyrowr
Surpopow ‘paudIsap SI WeIsKs jusurageur
Tewray) 9[qeidoooe ue Iom YoIeasar STy} uf

JIOTARQQ OTWERUAPOULIDY) )
Qunurexd o) yoed A1913eq YY) JO SUI[00D Iy

RERliE YN |

WSYSH

opn Joded yoreasoy

(Ponunuoo) ' AYeL



209

9 Technical Review on Battery Thermal Management System ...

(panunuod)

($107) uoxIig pue ung

21nssa1d UI 958109 B PUE JUSIOLYJ0D IQJSUBI)
183y O} UI 9SLI B UI JO9JJD [[IM [OIYM MOpITe
3u1[009 UT 9SBAIOUT UB MOYS SI[NSAI UONB[NWIS
9 [, "uone[nwWIs 9Jes-Apeals Suisn sajel

MO Sseul Jre 3uI[00d SNOLIBA )M pazA[eue
sem yoed £19)3eq 23 Jo 9ourwLIOfIad [RWLIAY)
9y, "oJe3s urdreyd oy} Sunnp djel UoHeIdUIT
189y 9y} 9Je[NOTEd 0} Pasn ST IJOWLIO[ed

QeI PAJRIS[AIY "SI0 UOTIB[NUAA [IIm sdje[d
110ddns pue ‘swnuapd ISneyxa pue ayeIul ‘sieq
snq 19ddoo ‘s[[90 (07 [‘8¢€ ¢ sureuod yoed
YL "[199-0C ] ‘8¢ © J0J WoISAS Juruonipuod

Ire oy} ozATeue 0} (1D UM S[eap Apmis oyJ,

SISATeue [eULIY) pUe
4D :8urjooo are yim yoed K19peq UOT-ITT

SAOURIRJIY

WSUSTH

opn Joded yoreasoy

(ponunuod) g6 dqEL



V. Talele et al.

210

(panunuod)

(8107) 'Te 32 owouong

109139 1se9] oy} sey JySroy odid oy ‘puodss Ay
ST 9JBI MOJJ JUB[OOD 3} PUE ‘SJUTLISUOD INOJ
ur ajerd prod oy Jo armyereduwe) Ay Uo 199JJ0

oy sey Joquunu adid oy eyl MOYS SHNSAI Y,

"PUNOJ SeM [POW PAUIqUIOD B USY) ‘SI0JOR]
Krepuooas pue Arewtid Ajnuopr 0} ommowered
amseaw pue wograd 0) S[OPOW UIIJXIS [Spout
0} U3soYd seM (4) 91T Aelre [euo3oylIo

ue ‘[opowr £393e1s Surjood paseq-prnbiy

a1 Jo 199330 Surood oy uo s1jeweTed

JO QOUINPUI 9Y) SUIWEXS 0} JOPIO U]

syoed A1e1eq FUI[00D
Jo uS1sop [ejuowIadxa [euo3oylQ uy

(zeoo) Arenuef yepnQ pue pees

spaads mopjIre om) e sweans oKD
a8reyosIp—a3Ieyd Jo A1oLeA € uo K19)3eq 4V 05
oueu Jre)[y uo paurioyrod arom sjuswadxyg
‘Koeded uonjedissip jeay 10j sjoued

J[OSul paseq-Uieo] [ejow sasn Jey) Ire ue
paImjoejnuewl pue pausSIsa( IOTABYIQ [EULIY)
[eIOUDS AU} UO ‘QI0JIOY) ‘pUB DIUR)ISISAI
[euIUI 2y} UO [0 3y} JO DOS Y} JO douanyur
a1 Jo eapr ue papraoid symsal [eyuowIodxo
QU J, "SSQUQAIIORIJR SII JNOQE SUOISN[OUOD

MEIP PUB SUONIPUOD KI0JRIOqR] IpUn WAISAS
JUSWOS UL [BULIDY) PI[O0D-IIE Uk JO SUrso)
pue ugIsop oy 10J 20npadoid oy} 9qLIdSIP
sIoyjne 9y, ‘POUIIEXd SeM WSS PI[00d-ITe
ue jo uoneyudwdrdwir ay) ‘Apnis siy jo yred sy

S[[29 UOI-WNIYII] IO WIAISAS
P9[002-1T Uk JO uoneINsaAul [eyuawIadxy

SAOURIRJIY

WSUSTH

ofew

opn Joded yoreasoy

(Ponunuod) ' AqEL



211

9 Technical Review on Battery Thermal Management System ...

(12027) "Te 10 ysueHy

(sJn) suonoun, pareaur[a( 1os() jo sadAy
9y} usamjaq passardxa Juarpeid [enusjod ayy
pue "uonN[os [[99 AI311Eq ) JO IBIIANUI ) 1B
SoJel J9Jsuen) 93Ieyd 0) 9[qeInqLIe J0jeIouas
189y [[90 A19)8q Y} SSOIOE [9pOUW-qns A[NPOW
K19138q/[[90 [eWIAY) 9y} pue “Yoed A1oneq

9y} JO [OpOW-qns JIOMIOU [BUOISUSWIP-3UO
) “yoed A1aneq 2U) Jo [opow-qns

MO} TeUOTSUSWIP-921y) 9y} Sunerodioour

Kq padoreadp sem yoed A1e118q 2U) JO [Spowr
[ewayy Judtsuer) (¢ YL ‘(AFH) SI[o1YaA
OL130d[0 PLIGAY UT pasn S[[0d Seq UOT-WNIyI|
P109 10§ A3ojopoyjeur Juswdoarap A3arens
Surjooo oy Jo Apn3s € sareys [onIe SIJ,

ey Bugoa si pur g e jo ewags 7 By

1)) puuryd Juioo)

SN
K ” \ gunr.fr ayeyd Bugoo
M N

il
e _k.. _k “ee

1B R

1 wun gas Asayieg

1pno (puveyd Bujoa)

uoneordde

A13)1BQ JOJ poyjow SUT[00d Ik JO 3s)

SAOURIRJIY

WSUSTH

ofew

opn Joded yoreasoy

(ponunuod) g6 dqEL



V. Talele et al.

212

(panunuoo)

(9107) 'Te 1@ Uy

uonnqLISIP 18 ULIOJIUN JOJ pasn
sem wreoj relow oy, yoed A10)3eq o)
Jo armerodwad) [eonLId ur Ae[op ay) 0y
pasn sem D YOIy Ul ‘urewiop (J-g
B UO PIseq Sem YIOM [[OJedsal oy,

arewog] [enedyg {8y

X

S IS

SOLIaYIEq UOI-WNIYI| [00d
0} pasn udaq Sey S[ELIN)EW UOTISURI)
aseyd Sururejuod weoy [eIRAN

(810¢7) Suog

Apueoyrugdis

amjerodwo) o) 9onpa1 03 pasn

9q ued suoneroyrod Je[noII YIIM Suly
‘Qrmjeroduwo)

A131)BQ 9y} 90NPaI 0] pasn

are yoym suoneloyrad re[noo jo
SISISUOD SUY ) IOM [OTeasal STy} U]

CTEF T e T dweia L

WL WL vl 1

LT

aE

K1o118q 913 JO 9oururIojrad Jursearour
10} suonetoyrod pue suy Juisn)

AOURIRJY

WSIYSIH

o3ew]

o Joded yoreasay

SIANLY 10J 39181 SUIj000 JAISSEd 9°G IqEL



213

9 Technical Review on Battery Thermal Management System ...

(0202)

[SQUBWIR[OJA PUB Yzopweqg

Jaqy uoqred Jo ureoj snotod pasn
QABY] SIOUDILASAI QWO “sarnjeroduwo)
Yead Sunrwiy ur sjyouAq

[e10A9s opraoid ued K9y Jey) punoy
pue Surjood Joj s[eLoyew aSueyd
oseyd Sursn J0J spoylow PaYOILasAY

reuayew a3ueyd aseyd Sursn Surjoo)

(¥100) 'Te 19 TueAe(

PaIseaIdUI 9q UeD 199)J0 AB[op

Q) S[[00 oY) uvamieq Juroeds ay)
Sursearour £q Jey) pamoys Apnjs Ay,
*ST[@0 uoamiaq sded ay) ur po[y sem
[euarew o3ueyo aseyd ‘Joded siyy ug

(WDd) reuaew

(®)

A131Bq UOT WINIYI] JO
Qouewiogred [euLIay) SuroURYUS 10
[euorewr o3ueyd aseyd jo souanguy

(unf $10¢7) Ipeqeyed

armeradura)

Ul UOTIONPaI 9G4 & PIUTULISOP
Apms 2y, "eouriofrod euwriay)
yS1y J0J WeoJ [eIOW YIIM JUOP

sem [opoul 2y} ‘A10)3eq JO UONB[NIS
[eouownu 1oded yoIreasar siy) ug

SO[OIYQA JLIO[D
JO saLIaNEq UT SWEOJ WNUIN]Y
Jo Jo1ARYaq [eULIdy) Jo ApmiS

AOURIRJY

WSYSIH

o3ew]

o Joded yoreasay

(ponunuod) 96 dqEL



214 V. Talele et al.

BTMS is combined to generate the maximum amount of heat transfer coefficient to
wipe out the desired temperature from the source. To overcome the obstacles and
maximize the effectiveness of BTMS, several researchers have suggested a combi-
nation of BTMS. This kind of BTMS combines active and passive BTMS, or two
passive BTMS, which is referred to as hybrid BTMS. PCMs with air circulation,
PCMs with liquid circulation, and PCMs with heat pipes are all often utilized in
the modern-day. The below table shows recent research developed in combination
strategy for hybrid BTMS (An et al. 2017; Zhao et al. 2020; Bamdezh et al. 2020;
Patel and Rathod 2020; Al-Zareer et al. 2017; Hekmat and Molaeimanesh 2020; Jin
et al. 2021; Yue et al. 2021; Zhang et al. 2021; Qin et al. 2019) (Table 9.7).

9.4 Conclusion and Future Recommendation

Power cells having big capacity, high energy density, and quick charging are
becoming more popular in electric cars, resulting in a broad range of temperature
distribution. As a result of the rise in the rate of heat production, batteries have safety
issues such as life span ageing, degradation acceleration, and loss of stability. This
article examines the thermal model of a battery pack and categorizes the battery
thermal management system for battery pack cooling. The need and scope of having
a battery thermal management system is also covered in a manuscript. The general
classification of BTMS is divided in three segments as shown in Fig. 9.1 Hier-
archy. The selection of battery thermal management system is totally dependable on
various customization and end-user need, from regressive literature it is found that
selection criteria for BTMS depend on associated factors such as cost (if its lower
budget application generally passive BTMS is proven as best selection), feasibility
to increase HTC, robustness as preventing it undergoing thermal runaway condi-
tion which covers in safety functional aspect. Furthermore, regressive literature is
developed on the cause of thermal runaway and preventive strategies which can save
battery packs from going in a thermal runaway condition. Recent development in
BTMS in terms of a hybrid approach to come up with the limitation of the passive
thermal management system is also reviewed.

Concluding remark future recommendations are suggested in terms of techno-
commercial aspect as of the BTMS which primarily takes into account the rela-
tionship between beneficial work production by BTMS and its electric consump-
tions, may improve the overall economic efficiency of the system predicting the
driving environment using the vehicle to everything (V2X) technology that can accu-
rately forecast the output power of the LIB, which has a major impact on tempera-
ture increase. To manage the multi-physical BTMS, which includes the preheating
system and cooling system, an intelligent control strategy that is self-adaptive and
takes economic considerations into account should be developed. Several emerging
cooling techniques, such as thermoelectric cooling, hydrogel-based cooling, thermo-
acoustic cooling, and magnetic cooling, are emerging today and have the potential
to provide many advantages over air cooling or liquid cooling methods, including
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significant energy and potential savings cost, as well as high potential for scalability
and scalability. Then, sensors are used to monitor the operating status of the battery
pack, such as its temperature, current, and voltage, which can be used to interact
with the temperature prediction model to correct errors in the model. Furthermore,
we recommend using data predictive modeling based on multi objective analysis in
which the upper bound limit must need to set as per the desired output constraint
from end customer to turn a research concept in an actual feasible product that can
be easily implemented from a paper to application.
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