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ABSTRACT

With the growth of the renewable energy and eleatehicle market, the battery market is growingnhgigantly.
Lithium-ion batteries have many advantages sudbragevity and specific output. However, lifespaapacity, and
stability of the lithium-ion batteries are greadffected by its temperature and temperature gradieraddition, a
battery itself generates heat when in use. Accgigira battery must be stored and used at an optitemperature.
Therefore, an effective battery thermal managensstem (BTMS) is to be developed to improve battery
performance. The objective of this study is to prethe lifetime of the pouch type NMC battery ading to the
performance of the battery cooling module. In tbhelimg module, the cooling performance varies wihpect to
the cooling method and shape, and the performarae atso vary significantly. To quantitatively comeahe
difference in cooling performance, the temperatane its gradient on the battery surface were caedeinto
cooling performance parameter (CPP) and equivdldhtycle (EFC). The performance of the cooling date
presented in previous studies was compared in teinSPP and EFC. Finally, the design parameterse wer
optimized to improve the lifespan of the pouch-tjigeum-ion batteries.

1. INTRODUCTION

As interest in new and renewable energy is growting,market for energy storage devices is expandng of the
most important goals for electric vehicles is tgpive power output and driving range. To achiewes¢hgoals,
lithium-ion batteries are widely used in electrighicles because they have higher specific powegifsp capacity
and longer lifespan compared to other energy stodagices. Although lithium-ion batteries have madyantages,
they have a problem of high sensitivity to tempenmat

To ensure operating characteristics such as safetfgrmance, capacity, and lifespan, lithium-i@ttéries must be
used within an appropriate operating temperaturketemperature distribution inside the battery ¢eéng et al.,
2018). When the environmental temperature is lawehsas in winter, the chemical reaction slows d@amd the
capacity decreases, whereas, in high temperatate & summer, the lifespan is shortened and thahility of
thermal runaway increases (Wilke et al., 2017yvds shown that the lifespan of NMC532 type lithiion-battery
was reduced by 30% and 50% at @ and 40°C, respectively, compared to that at ‘Z5(Xu et al., 2019). In
addition, not only heat exchange with the outsiteugh boundaries but also heat generated by selir during
the use of the battery. Therefore, to ensure éffecise and safety, the battery must be maintagheah appropriate
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temperature (Wang et al., 2016), and the tempezalistribution in the battery module must be kepak (Pesaran,
2002.

In the battery pack, various cooling systems haeenbapplied to maintain the battery’s temperatorestant. An
air-cooling system for the battery pack has beafelyiused in early commercial electric vehicleg,ibashows poor
heat transfer performance. A liquid-cooling systeas a disadvantage of complicated design with heaight
compared to other cooling methods. However, mosingercial electric vehicles adopt the liquid-coolimgthod
owing to its high heat transfer performance andaife temperature control capability.

The optimization of cooling modules has been extehs studied. Many researchers have investigat@dous
methods such as metal fins, water jackets, andtdimoling to improve cooling performance. Furthere) not only
cooling methods but also design and operating tiomdoptimizations have been carried out. Howegardy on
lifespan prediction of battery cooling was hardbrreed out. In the viewpoint of system optimizatidiarret and
Kim (2011) noted that the optimal shape of thedsgittooling module can vary depending on the tapgeameter.
In this study, the optimization of the battery paks conducted by using an equivalent full cyclEQE The EFC
is a parameter of the aging temperature, whictcatds an aging rate of the battery. The performahtee cooling
module under various conditions was evaluated byarical analysis to compare the conventional patenweith
EFC. As a result, the optimized design parameters wroposed for the prediction of battery lifespan

2. Method

Figures 1(a) and (b) show the geometry and trapspariew used in CFD, respectively. The cooling oled
consists of six high-performance pouch-type batednd seven cooling fins. A flow path was designeie the
fins to have coolant flow, and the fins were insthlbetween the batteries. Heat from the battemysfierred through
the fins and coolant.

Figure 1(c) shows three specific areas in the battell. The calculation domain was divided inte ttathode area
(area 1), anode area (area 2), and bottom area 8ate reflect the uneven and time-variant heaegation in the
battery cell. The heat generation in a battery ist&®f irreversible and reversible heat generati@s shown in
Equation (1). Irreversible heat is mainly ohmic thganerated by the flow of current, and reversibéat is
generated by entropy change from chemical reacliberefore, it can be assumed that irreversiblé inea battery
is proportional to the square of the current, aabersible heat is proportional to the current. Bgiihe discharge
process, although irreversible heat generation dwssvary, reversible heat generation changes fiignily
depending on the stage of charge. In addition, &e current is uniformly generated in the bittehe current is
passing through the battery tab. Thus, non-unifanch time-variant heat generation occurs in a batter

Qtotal = Qrev + erev (1)
Q¥ arenn = A+ AXF AX + AX* + AXE @

Anode tab Cathode tab

° B

Anode | Cathode
area area
(area2)  (area 1)

(a) N Anode tab (b)

Coolant
direction

Fin Flow path Bottom area
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Figure 1: (a) Battery module assembly, (b) assembly tramspatiew, and (c) battery cell and three areas.
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In this study, a numerical analysis on the battety was conducted when the fully charged batteag wompletely
discharged at 5C discharge. The non-uniform ane-tiariant heat generation in the battery was ptediby
calculating the heat value using a polynomial datien, as given in Equation (2). Table 1 showsdbefficients,
which were obtained through an experiment of disging the battery. The battery was a 40 Ah pougtetythium-
ion cell with an NMC532 cathode and graphite andtdgure 2 shows the calculated heat generatiorevaiueach
area.

Table 1: Coefficients of the battery heat generation catiehs.

Area 1 Area 2 Area 3
Paramete Value Paramete Value Paramete Value
Ao 2.6051E2 A 1.5802E2 A 6.3805E1
Aq 1.1223E2 A 1.1223E2 A 1.1223E2
A -3.3989E2 A -3.3989E2 A -3.3989E2
As 2.1398E2 A 2.1398E2 A 2.1398E2
Aq 4.3186E1 A 4.3186E1 A 4.3186E1
500
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Figure 2: Heat generation value for each area.

The cooling path was varied according to its sheae flow arrangement. Figure 3 shows the shap#dsreé types
of cooling paths for the fins used in this study@e serpentine, symmetry serpentine, and doudrieestine. The
simple serpentine, symmetry serpentine, and doséipentine are called paths A, B, and C, respégtivavo
arrangements were used in this study: the ano@esasid cathode side arrangements. In the anodeusalggement,
the coolant passes the anode area first, wherettee icathode side arrangement, the coolant ptssesthode area
first.

Specifications of poly-hexagonal mesh used in shisly were as follows: the number of cells and agas 10-30
million; the maximum inverse orthogonal quality wess than 0.85; K-omega SST turbulence model wed,and
the average y+ was 2.1-2.2.

Table 2 lists the simulation conditions. The intetocity in the cooling paths was set to 0.5 mvg] the total flow
rates through the fins were the same. The cootanpérature was set to 26.8 °C (300 K). Water wasl as the
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coolant. All wall boundaries were set to adiabatndition. The amount of heat generated by theeotirilowing
through the busbar was omitted based on the assmtpat the generated heat and transferred hesideuwere

the same.

(a) (b) (©)

Figure 3: Geometries of cooling paths: (a) simple serperftowe path, (b) symmetry serpentine flow path, &od
double serpentine flow path.

Table 2: Analysis conditions for battery cooling module.

Parameter Conditions

Anode side arrangement
Cathode side arrangement
Simple serpentine (path A)
Cooling path type Symmetry serpentine (path B)

Double serpentine (path C)

Cooling path arrangement

Normalized CPP Rcagnormal) Was calculated using the average temperature(4ifg;) between the starting and
ending moments to evaluate the cooling performaridbe battery module, as given in Equation (3)e Tifespan
was predicted using EFC, a novel method proposéhisnstudy that uses the Arrhenius plot. As giireEquation
(4), normalized EFCHFCorma) Was calculated using the activation barrkey) (Boltzmann constankg), and aging
temperature Taging). The aging temperature was obtained using theagee(awerage) @and maximum difference
(Traxaitf) Of the temperature as given in Equation (5) (kéestein, 2012).

AT,

_ b
Ff:.avg.normal _ﬁ (3)
Aexp(—i)
— KBTaging,base
EFCoym = E (4)
Aexpt-———)
KB-I—aging
aging = Taverage + O 1*Tmax diff (5)

3. Results and Discussion

Figures 5 and 6 show the temperature contours @icgptto the cooling path in the anode and cathdde s
arrangements, respectively. The highest temperataseobserved near the tab owing to the currentestdration,
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whereas the lowest temperature was observed abthem side. This trend indicates that enhancibgctling can
allow to have an effective cooling for the battemgdule. In addition, the cooling performance carirberoved by
optimizing the cooling paths for anode and cathtadbs owing to the difference in the heat generatietween the
anode and cathode tab sides.

Figure 7 shows the normalized CPP and EFC. The &RPEFC for paths B and C were normalized baseith@n
result for path A. In path C with the anode sideagement, the normalized CPP and EFC were 1.08 71852,
respectively, owing to the excellent heat dissgpaperformance for path C with the coolant flowinghe opposite
direction. The CPP and EFC were not varied accgrdm the arrangement. In path B with the anode side
arrangement, the normalized CPP and EFC were 1a6810.988, respectively, the CPP was higher thanftr
path A owing to overall heat transfer performanogrovement from the increased number of curvesénfiow
path. However, the EFC for path B was lower that fbr path A owing to the increased temperatuferdince
with the warmed coolant flow to the tab area. TH&PE for path B with the anode and cathode sidengeraent
were 1.031 and 1.087, respectively, and The EFGes @®881 and 0.9898, respectively. The CPP fdr Batvith
the cathode side arrangement was higher than rihiditei anode side arrangement, whereas the EFCodidany
significantly with respect to the arrangement. Twas because the average and difference in thectaope varied
depending on the method. Thus, the optimizationldcdae different depending on the objective paramdte
addition, the symmetric serpentine path is not@dgaption for lifespan improvement.

Static Temperature
40.0

(@) (b) (©

37.9
355
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26.0

[C]

Figure5: Temperature contours according to cooling patmiode side arrangement: (a) simple serpentine flow
path, (b) symmetry serpentine flow path, and (e)lde serpentine flow path.
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Figure 6: Temperature contours according to cooling pattaihode side arrangement: (a) simple serpentime flo
path, (b) symmetry serpentine flow path, and (¢)lde serpentine flow path.
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Normalized CPP in anode side arrangement ~1.10
Normalized CPP in cathode side arrangement ’
1.2} Normalized EFC in anode side arrangement
Normalized EFC in cathode side arrangement
41.05
14t o
o — w
T I o
o 7 % 9]
N 1.0f--|--J88- - /%- 1.00 N
© 7 / ©
£ £
S S
0.9
Z {095 £
0.8
0.90

Symmetric serpentine  Double serpentine
(path B) (path C)

Figure 7: Normalized CPP and EFC for simple serpentine cases
4. Conclusion

In this study, the thermal performance of the aaplinodules was analyzed according to the coolirig gpasign. A
CFD analysis was conducted to estimate the perfocemaf the cooling modules with different desigedfications.
As a result, in the symmetric serpentine flow palie CPP increased 3.1-8.7%, whereas the EFC decreal-
1.2%. In the double serpentine flow path, both@®P and EFC increased 6.7-8.7% and 5.1-5.2%, riaggcIn
the cooling system arrangement, the cathode sidagement was the optimal based on the CPP, bainibee side
arrangement was the optimal based on the EFC. htlusion, the optimal design varied with the objext
parameter.
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NOMENCLATURE
A pre-exponential factor ()
CPP cooling performance parameter W/(C)
Ea activation barrier :\))]
Kby Boltzmann constant e{/°C)
Pec.avg.normal normalized average CPP W(°C)
Qarean local heating rate (Wi
Qirrev irreversible heating rate (W)
Qrev reversible heating rate (W)
Qeotal total heating rate (W)
Taging aging temperature Q)
T ma.dif maximum temperature difference (W)
ATavg average temperature rise °CX
ATavg.base baseline average temperature rise °C) (
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Acronyms

CFD computation fluid dynamic
EFC equivalent full cycle

NMC nickel manganese cobalt
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