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ABSTRACT

In recent years, a shift from internal combustion engines to electric vehicles has been intensified
due to increasing global environmental concerns. The lithium-ion battery is key to this
transformation because of its several benefits, such as specific power output, higher energy
density, and longer life span. However, the major concern is that its performance is highly sensitive
to working temperatures, especially under dynamic driving conditions. Battery Thermal
Management Systems (BTMS) are therefore essential in electric vehicle design to alleviate
any thermal issues in the battery pack and maintain its consistent performance. BTMS has been
classified into various categories based on the cooling medium utilized, namely Air Cooling,
Liquid Cooling, Phase Change Material-based Cooling, etc. Furthermore, BTMS are typically
classified as active and passive cooling systems. Active cooling systems necessitate an external
energy source, specifically the energy necessary to operate fans or pumps in air or liquid cooling
systems. Passive cooling solutions require no external energy sources, such as PCM or a heat pipe-
based cooling system. Among the various cooling strategies available, liquid cooling-based BTMS

are recognized for their exceptionally good heat transfer capabilities and compact configurations.

This thesis presents a comprehensive performance analysis of liquid cooling-based BTMS in
electric vehicles through both numerical and experimental studies. A cold plate liquid cooling-
based BTMS has been proposed, and its performance with water as a coolant has been analysed at
different ambient temperatures for actual driving cycles. The present study employs a
MATLAB/Simulink model for a liquid cooling-based BTMS in an electric vehicle. The battery

pack is positioned above the cold plate. The coolant circulates in the cooling channels integrated
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within the cold plate. The liquid coolant extracts heat from the battery pack, and the study examines
changes in the average battery pack temperature along with the total energy consumed by the
BTMS. The simulation model is designed to maintain the battery pack at a constant temperature
of 25°C. Additionally, the influence of varying ambient temperatures on the efficacy of the liquid
cooling system has been examined. Findings indicate that as the ambient temperature increases,
the BTMS requires more time duration to lower the battery pack temperature, and overall energy
usage also rises. The following chapter extends this analysis by evaluating the BTMS performance
using three different coolants. To identify the most effective coolant and its ideal concentration,
mixtures of water with ethylene glycol and propylene glycol at various ratios are tested. These
additives are blended with water to enhance the coolant’s thermal characteristics. In the case of a
Water-Propylene glycol mixture, 25% propylene glycol concentration is advised; however, for a

water-ethylene glycol mixture, 50% ethylene glycol concentration provides the optimal results.

Furthermore, in addition to BTMS in EVs, this thesis also focuses on the vehicle cabin thermal
management. An integrated thermal management system, combining a BTMS with a vehicle cabin
air conditioning system, is a viable approach to improving energy efficiency and reducing space
requirements in electric vehicles. This study investigated the efficacy of an integrated system for
EVs under an actual driving cycle. The simulations are conducted in MATLAB/Simulink, and the
performance is analyzed at ambient temperatures and relative humidity levels. The model has been
formulated in such a way as to regulate the cabin temperature between 22—24°C and the battery
pack temperature within a safe range of 30—35°C. The results indicate that as ambient temperature
rises, the duration required for the integrated system to attain the set cabin temperature increases,

owing to increased heat exchange between the vehicle cabin and the surrounding environment at



higher ambient temperatures. At 25°C ambient temperature, the cabin air conditioning system
requires 625 seconds to reach the required set point cabin temperature, whereas at 30°C and 35°C
ambient temperature, the corresponding time durations are 2045 seconds and 2150 seconds. The
BTMS, being more vital, gives an optimal performance and maintains the battery pack temperature

in the range of 30-35 °C at different ambient conditions.

Finally, an experimental study has been carried out to analyse the efficacy of the immersion
cooling technique for lithium-ion battery packs. Indirect liquid cooling systems, such as those
utilizing a cold plate, have shown effective performance by maintaining the battery pack
temperature within the specified range. With the increasing demand for fast charging in EVs,
immersion cooling techniques for LiB are gaining popularity. Immersion cooling has superior heat
transfer efficiency as it maintains direct contact between the coolant and the battery surfaces,
eliminating the thermal resistance introduced by intermediate materials like a cold plate, etc. Also,
the battery packs are submerged in coolant, directly ensuring even temperature distribution in the
cells. This research seeks to assess cooling efficiency, thermal uniformity, and the effects of
immersion cooling technique on lithium-ion battery performance. In this study, the battery pack is
made using 9 cells in a 3x3 arrangement (3S3P), i.e., three cells in a row, each connected in a
series, and each row is connected in a parallel connection. The study offers an in-depth analysis of
the thermal characteristics of LiB cells submerged in transformer oil through the integration of
thermocouples, data loggers, climate chambers, and a power supply. The results demonstrate a
substantial reduction in the maximum temperature of the centre cell when the battery pack is
entirely immersed in the transformer oil. The transformer oil has a greater specific heat than air,

and immersion cooling also has a higher heat transfer coefficient. Therefore, the complete
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immersion of the battery pack in the transformer oil enables more heat dissipation from the

batteries.

In summary, this thesis delivers a detailed exploration of liquid and immersion cooling-based
BTMS for EVs, using both simulation and experimental approaches. Furthermore, the integration
of BTMS with cabin thermal management is shown to improve energy efficiency and system
compactness, a crucial step toward optimizing EV design. The immersion cooling study, in
particular, underscores the superior thermal regulation, making it a promising solution for high-
demand applications like fast charging. Overall, the research contributes valuable knowledge

toward developing robust, energy-efficient, and safe BTMS strategies for next-generation EVs.

Keywords: Lithium-ion battery; Immersion Cooling; Integrated thermal management system,;

Liquid cooling, Electric Vehicles
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AR

BT & 99 | 3HdR® &g oM (ICE) ¥ afacd algHl (EVs) P 3R AHHU H doll 318
¢, oI U SRUT Fgdt 3y yafaroitg fRidrd €1 39 uRads & ffam-smae 9edt o
YT Sfdd HEAdqUl &, Hifdh STH I SHoll gd, falkIy U 33eye SR ddlt Sfigm
3rafd SRft oriep faRiward et 81 gretifos, Teb v feian g @ fob feifdram-sima seRal &1
TR, JRam 3R ulg 390 ST doHH W 3rdiie AR wrar 8, v w0 § nfazfa
sTefd ukfRufad & gufau, 9et yda Baviie Red (BTMS) Safded gl & fSomgA
T 3TaRTD Bl OId &, dIip Set U | forddt ot YR &1 yHe IHn &Y AhT o Tob 31
3@ fRRR UgxM YT a1 o 9 | BTMS &I TR Maad A1e9d & YR W fafiE
7 § dfer TR B, S a1y )T (Air Cooling), dR A (Liquid Cooling), Bl %
TeRTd (pcM) 3nemid Sftaed 3R gle urgy snutRa 2fde| s9& sifaled, BTMS &t
ITAId: Afohd (Active) 3R FSFT (Passive) Taa- gonferdl & &9 H aFfigd fdbar SIrarn
21 Tfehg 2fide onferal &) aedt Soll Aid Bt aadwdl gl §, oY URd a1 UY Ia™ &g
Solt, S a1y a1 dRd Lda gonterdl H ugad gt ¢ | dat, Ffspg Xiaad vonfer & fardt
e SHoll HId B SGRYHAT T gIdil, S PCM IT gic U8y 3MYTRd gunferd| I3udsy
fafta SMaem fafl , aRa =fided snemfkd BTMS &1 3¢ I HSHT RIFIARUT ToN

3R il fEWTST & BRI o YHTIRIT HHT -7 2

g MYYSY Saifaed drg-l B axd JTde SR BTMS &1 T JHY UG fa=ewor Uvdd

Pl %, oy d=ra® (Numerical) 3R TS (Experimental) G UPR & T
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AT €1 U P We uiRd TRa Waead BTMS UkdTad foar mar g, 3R 399 oid
(Water) P! RMdad & =0 8 ST Hd gU fafie aRa=r arodHl o quT dRafde Srsfdi
Th! P oTT 3T UG fawaiftid fovam mam 81 39 3fe9d H MATLAB/Simulink 3eTRd
s R Alsd &1 IuanT forar a1 8, o 9t 0o & its Wie & SR @1 T4
21 DI @ P 3R 99 Mda el ¥ d¥al Ndas Yared gidr 8, Sl 9t Ueb ¥ o1
1 IR PAT 519 UP & AUHH H 54 aTel IRTcH 3R BTMS §RIT SUHIT B T8
Tt ot ot A @1 faawor fear man g1 RigesE Ated & 39 UHR o= fosar man @

% 98 9} U &1 TUHM 25°C W §T 7|

9% 3fafed, URAY aT0H™ &1 kA Rida Yunel & USRI UR T UHTT USdl 8, SP]
ot wteror faran mar € 19fkomdl § 1d gon fh S-S uRawr 99| Sgdl §, BTMS &I
¥ 0 &1 ST B | 31fe THT AT 7, 3R $dd SHoit Wud off 9¢ St g1 SATA 31earg
# 39 BTMS & o7 faftrs 2iaae saf & Ty U= &F qa ©f 718 g1 o, Sid-Ufeli=
TSP 0T 3R STel-UIUTS a1 Tershia 801 o faftel Higell ORI 1 IugnT foban
g, difds Aoy Xaasd SR IS Sugad Figd! &1 FuRor farar o 9 127 syl § s/a
& T SIS TN Ao (Additives) 3% YHA 0N P 98k §1d & | STA-WaTRe i asdbid
fArsor & o 25% NURA ARGIA B Aigdl SHRING &I T8 §, S§id ofd-Tie
TATShId U & I 50% TR Tghid &1 Jigdl gardd Uk 3d 8, wife a9
BTMS &1 3ol WUd 3R dedt U H drgqH faaror a1 gt 3% d 384 ¢ |

BTMS & 3(dTdl, g MUVEY Iaifacd dle-l & bio- YHd Jeed W Ht Hikd g 19est yra
Feie e iR HfeT TR ST Red & Thiepd B diet Igad yHa Tae=

X



UMl (Integrated Thermal Management System - ITMS) &I Sl G&dl M 3R
are- § WH & g9d & o0 T a8 fadhed & U § <1 T |1 39 g9+ |, Udhighd
YU Tee TOTel & UaRiH & aRdidd e 9% IR MATLAB/ Simulink & ATEH 9
fa=aifta fobar a1 31 Aisd 1 39 UBR daR a1 11§ b 98 HfeH arusM & 22-24°C
% S qUT 9t U & dIOHH Bl 30-35°C BRI T & +ficR §910 @ o [9Romd
§dTd € for S-S URaRT IT9H 96T §, AT dbia &1 difesd dTad o Uga § e
TIY AT B, i URA 3R Bied & dg 3 ST BT HEH-USH BIdl 81 25°C
ORAR ATUHH R HfaT TR ST Ried &1 625 Jds T € difesd dTuH ddb Ugan
#; 981 30°C 3R 35°C W I8 JHA HH: 2045 b S 3R 2150 IS Bl 8| 9 YHd
gaie yomett, St 31 we@yuf €, I+t ufkawr ame R 30-35°C & iR 9t U
ATOHT 1Y TFSR 39 UGRH ool &

3idd:, fIfgm-em det U% & o gHRM BT (Immersion Cooling) YOI &1 TH
TRNE® ST fBa1 M1 51 BTalie Pics @i oY SUdel ava Xiaer fafdar Hf et
UG <l § 3R 9l Udh &1 HTaRgdh argH= ST § a9 35 ], for +ff gafaes amgHl
H g TIfolT &t et A & Iad SHRM HICT ddb-id AlbuadT U &R gl gl SHRH
ST H 2dad ga 9 B Tagl F AT Iuh & Bidr 7, B Pies we Sy Hegadf
RAYD! GRT IUT AU UfeRIY FAT 8 ST 81 3TN dest U & Xidas # I ke
ol T ST &, O™ (Cells) & 9 ¥U ¥ dUaE faarur ARG gar g1 I8 sreaad
U BT dHh-1d B Maa- gerT, ardig Teeuar 3R fafday-smaT st & UesH{ W
P YU &1 Jedichd HRl &1 3 TS - H SRImIER Higd # FEIY 78 dest




I $ ddig yght &1 fazawor yrfeud, e arR, Siadg ®ef 3R faggd omyfd o
werad ¥ foar man g1 uRumdl 9§ g8 Rig gidl @ b 99 dedt 0% &1 gl @R8I
3ifgd & g T, @ $% YT 9t Jd H1 3w dd dAIHH HIB! g ab HH &l T
TR 3iTad Bt fafRIY AT (Specific Heat) arg @ Al | 3ifYe gidl 8, 3R UM

e B ST RIFIARU TN (Heat Transfer Coefficient) H 31 giaT g1 3Ufem,
SRIIHR Tad | gt U &1 I Gaob! J deial I e I a1 &1 s ¥Hd g urd
gl

e H, g8 MY yeY RA 3R FARF Hieht smemia dedt yda fswe Ried (BTMS) &
forT ue fawga sremae wRqa R 7, S Rgaw 3R e St =fdeion o1 IuanT
o 7T § 1 W BT, BTMS &1 BfoH YHd HASHE & 1Y THIU SHolf qarl 3R Ried
&I UG B FTdl 8, Ol Iaaed ale- (EV) ST8A & 3rImad @1 fa=n & ue Agayuf
HeH gl faRY =0 T, TARM HiehT 31eag dgaR d1dig 801 & J@ifed &l §, o™

g IRe TfoHT oIl 3o HiTT aTelt SN & ol T SRS JHIY & STTdl & | 999
EU ¥, I8 MY 3T Uil & EVs & 1T T9iqd, SHoll-$=1d 3R JR&d BTMS UMl

& faer H Ae@yul I &1 ARG &Rl ]

Digs: fIfgn-am dedt; SHRF Sieh; Tdiepd yid v Rer; Ra da; fagga

GIRE
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