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Abstract: Novel model considering electrochemistry, battery aging, and heat transfer is
developed for the design and optimization of battery thermal management systems (BTMS) to
ensure efficient and durable battery operation. The multiphysics behaviors of BTMSs under
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different working cycles are analyzed and compared. Results show that solid electrolyte
interphase (SEI) formation in aged battery packs leads to high heat generation rates. The
reversible heat generation rate gradually decreases during cycling owing to SEI formation and
Li*reduction inside the battery. By contrast, the irreversible heat generation rate increases with
cycling. Meanwhile, the increase in irreversible heat generation was much higher than the
decrease in reversible heat generation, causing the total heat generation rate to rise
continuously during cycling. Consequently, the maximum temperature and maximum
temperature difference after 1000 cycles of BTMS are higher than the initial case by 2.54,
2.15, 1.93 K and 2.34, 2.04, 1.85 K, respectively. Such significant deviations in maximum
temperature and maximum temperature difference caused by capacity fade will definitely
affect BTMS design. Without considering battery aging, an airflow velocity of 0.05 m/s is
sufficient for BTMSs to meet the requirements for maximum temperature and maximum
temperature difference. However, when capacity fade is considered, BTMSs cannot maintain
battery pack temperature within the required limits after 1000 cycles under the investigated
inlet velocity. Thus, optimization schemes are proposed for BTMSs to ensure effective thermal
management for battery packs during long-term cycling. The addition of Al,O,nanoparticles at
different volume fractions consistently enhances the cooling performance of BTMSs.
Furthermore, increasing nanoparticle volume fraction made the nanofluid-based BTMS more
effective in controlling thermal behaviors of the battery pack. After 1000 cycles, the maximum
temperature and maximum temperature difference decrease by 1.24, 0.98, 0.86 K and 1.09,
0.88, 0.79 K for water-1% Al,O,; 1.92, 1.56, 1.36 K and 1.63, 1.52, 1.27 K for water-3% Al,O,;
2.64, 2.20, 1.94 K and 2.29, 2.02, 1.83 K for water-5% Al,O,, respectively. For the optimized
BTMS operation strategy based on battery heat generation, this method more effectively
controls thermal behavior and mitigates battery capacity fade in all working cycles while
significantly reducing pressure loss and increasing battery discharge potential. For the aged
battery pack after 1000 cycles, the maximum temperature and maximum temperature
difference decrease by 5.98, 4.17, 3.04 K and 4.27, 2.79, 1.81 K, respectively, using the
optimized strategy.
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itk Li,C,~=Li, ,C;+cLi"+ce (1)

1IE#H  Li,FePO,—Li, [FePO,+clLi'+ce (2)
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El1 HEFHEZERRER: (a) BTMS; (b) #ith; (c) HBESR
Fig.1 Schematic diagram of numerical model: (a) BTMS; (b) single battery; (c) mini-channel cold plate
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Table 1 The electrochemical conversation equations

T FEAARR FiE s
e o e d o a¢s,i _ .
[ K A < 1 T &( -0 Hw) = -aFj; (3)
. I ) ot 0Pe,i ot 2RT dinf, )
YRR FELART ST T R ox —K; ﬁw) + K; ﬁ?(‘] -t )( dinc,, )ax(lnc ) = afj; (4)
[y e =] acs,/‘ — Ds,i dJ acs,i
[ 5 £~ R ot - g2 oar (fZT) (5)
ac, ; ac
VR 5 SR T F e a;” = %(D?ﬁw) +a,(1-t,)); (6)
. Fn,
A I Ji= oo ) exol % | ™)
iﬁ%bﬁggﬁfi jO = ki(cs, max, i - cs,surf,/‘)aacs. surf,iu’nciaa (8)
3¢,
LK 5 R B R TR a;=- (9)
AR n= (¢s,i e A¢SEI,i) -E (10)
#2 ERESREHFEEHLRE
Table 2 The conversation equations of heat transfer and liquid flow
T AR Fikil 5
P oT _ o (, aT\. o[, oT aT
Gl R EW pcp? - &(Ax BX) y(AyTy) BZ(AZE) Qrea + onl + Qohm (11)
2 R A Qu, = 2T IE! (12)
WAk # Quo = a;Fiin; (13)
0 [0, @ [99s,) . 26F"RT(1-t,) dinf |dinc, ; a9,
R 44 Qupm = 0 ﬁ&(w) +K; g(w) + E 1+ dinc, | ax ox T aifiiBdse, (14)
R P+ v(p,v) = (15)

SRR TR Ji(P¥) + V(o ¥) + vE(uv) =P (16)




Ae B

1442 ik

ave
F

5 # A 2026 F5 15 %

1.3 RESYH

XA R AR S O AT, R . B
JE 55 1E A B B B2 4y 5 A 34 um 24 um 170 pm,
] A UL AR 1 R TR B JR R 2300 O 6.2 pim A
10 uym. L H 5 BTMS ) #4) 1 2 $in % 3
IR

#®3 {EHEMSBTMS A4S %

Table 3 The thermal parameters of battery and BTMS

MRk W (kg/m®) E R ELREII(kg-K)] S HE/IWI/(m-K)]
L 2223 641 1.04
1EMR 1500 800 1.48
(&) 900 1883 05
AR 1210 1518 0.099
LBEE SN 8700 396 398
iEH/EE RN 2700 897 237
SEIfi 1600 — —
ALO, 3510 497.26 1000
K 998 4182 0.6
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Fig. 2 (a) Grid independence verification and (b) temperature, (c) potential, (d) capacity fade model verification
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Fig. 3 The maximum temperature and temperature difference of battery pack: (a) With considering battery
aging effect; (b) without considering battery aging effect
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Fig. 4 The heat generation rate inside the battery E 3.0 440128 &
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Table 4 The pressure loss of BTMS under different
working conditions

e AN AE UL R R 5E/Pa
TER - — - —
BE(mis)  HEEMENEN  RFE R
0.03 31.29 31.35
1 0.04 42.09 42.29
0.05 52.98 53.24
0.03 29.89 31.35
1000 0.04 40.59 42.29
0.05 51.17 53.24
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R ATIRZS I 5 — Boc s fia by, 3L 30 it &
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DU BT RS . SRR, B R TR
HLSF- 35 L 23 ) R B 7 0.22 V. 0.216 V F10.212
Vo [AIRF, JECHL P 25 H xRt I B R B v R
A, R TR R, RO R OB PR
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P2 H R B v U AL 1 BTMS

UEAL, e ) T IR R 2 2 5 Nk SEIE
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Fig. 5 The average voltage, SEIl thickness and
capacity fade of the battery pack
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AR B G I RF S . X T AR AT 5
T oo 5 AT AEER ID AR KBUORL J5 23 501 R B 1 1.19 K.
0.93K. 0.81 KF11.02 K. 0.85K. 0.77 K(1% %k
WikD), 1.75K. 1.45K. 1.25 Kf11.53 K. 1.32 K.
1.19 K(3% & Kk ki), 2.37 K. 2.01 K. 1.76 KF1
2.11 K. 1.88 K. 1.68 K(5% gNKBikr). i {E i ith
IZAT 1000 GG, T, 5dT, Al T 1.24 K,
0.98 K. 0.86 K#111.09 K. 0.88 K. 0.79 K(1% 4}
K Wiki), 1.92 K. 1.56 K. 1.36 K fil 1.63 K.
1.52 K. 1.27 K(3% 44 K i ki), 2.64 K. 2.2 K.
1.94 KF12.29 K. 2.02 K. 1.83 K(5% 4k i ki)
[Fy, B BRI, R 5% AR 7 B K ik
(f)BTMS, 7E4EFF 5 A BTMS 45 H A 4r BTMS
BAT THAET, HAE B 4i21T 1000 R A3 5
hEE 2 2 22 A s AT BTl IR E S5 2% .
SR, ALO G KR ELAR v] LA+ BTMS )46t
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Table A1 Critical battery parameters

24 Lk HiAk 1EMR e JsE
L um 34 70 25
g, — 0.55 0.43 —
g, — 0.33 0.332 0.54
r um 0.0365 3.5 —

C.o mol/m® 16361 3900 —

Cymax mol/m® 31370 22806 —

Cop mol/m® — — 1200
a, — 0.5 0.5 —
a, — 0.5 0.5 —
v — 15 15 15

D,, m%/s (23) X(22) —
D, m%/s — — (30)

E. J/mol 20000 30000 —

E. J/mol 35000 35000 —
o, S/m 100 0.5 —
o, S/m — — #(32)
K, m*%/(mol®®-s) #(25) 1(24) —

s
m
B

nm

1
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Table A2 Battery electrochemical dynamic parameters
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