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H I G H L I G H T S  

• Investigation of the thermal performance of coolant mini-channels in a Li-ion battery. 
• A realistic driving cycle is considered for the thermal performance analysis. 
• An experimentally validated battery model is used for the parametric study. 
• Analysis of power consumption by the active battery cooling technology. 
• Optimal cooling system design is selected based on multicriteria decision-making.  
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A B S T R A C T   

Power units (i.e., batteries) of electric vehicles (EVs) generate heat while being charged or discharged, which 
deteriorates their performance and reliability over time. This paper investigates a comprehensive spectrum of 
geometric and thermo-fluidic parameters of a liquid coolant flowing through mini-channels. These are embedded 
in the surface of an EV battery to curtail overheating. Design parameters such as aspect ratio and angular 
orientation of the mini-channels were varied randomly to investigate several geometric configurations that are 
scarcely intuitive. The coolant mass flow rate and the fluid inlet temperature were also varied through a large 
dataset of randomly distributed values. A real-time EV driving cycle was implemented alongside an experi-
mentally validated model to evaluate the battery operation, which evidenced the complex dependence of the 
battery’s thermal state with different levels of cooling retrofitting. The study also analyzed the parasitic power 
consumption arising from the pumping and cooling energy demands to drive the coolant system to achieve an 
optimally designed retrofit for a reliable battery performance. It was found that the mini-channel parameters 
considerably affect the thermal performance of the battery. However, the optimized case was found to have a 
minimum temperature difference in the battery and a minimum power requirement. The case with a fluid inlet 
velocity of 0.13 m/s, a fluid inlet temperature of 312.9 K, an aspect ratio of 1.7, and an inclination angle of 4.9◦

was found to be the most suitable, leading to a refrigeration power requirement of 0.85 W only. The battery 
temperature after the end of the driving cycle was maintained at 313 K.   

1. Introduction 

Vehicular transport supported through sustainably sourced 

electricity is a prominently explored alternative to address climate 
change concerns. For example, the 7th of the Sustainable Development 
Goals by the United Nations (UN report, 2015) focuses on affordable and 
clean energy. It includes the development of the modern renewable 
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transport sector by 2030 [1]. Electric vehicles (EVs) have, therefore, 
emerged as the next generation option for transport. 

The adoption of EVs curbs harmful greenhouse gas emissions of in-
ternal combustion engines and reduces noise pollution in metropolitan 
cities [2]. The conventional power unit of an EV is the lithium-ion (Li- 
ion) battery pack. These batteries have high energy densities (up to 705 
Wh/L),high power densities (10,000 W/L), and low self-discharge rates 
[3]. 

Ambient conditions significantly influence the thermal performance 
of Li-ion batteries. For example, capacity fading is a common phenom-
enon exhibited at high ambient temperatures [4]. The acceptable 
operational range of these batteries is from 253 K to 333 K, but the 
optimum range lies within 288 K to 308 K (i.e., 15 ◦C to 35 ◦C) [5,6]. It 
has been reported that the thermal performance is critical at tempera-
tures above 313 K and below 293 K [7]. This is because capacity 
degradation occurs above 313 K, and the internal resistance increases 
when the temperature drops below 293 K. Furthermore, the temperature 
difference between the cells of the battery pack must not exceed 5 K to 
guarantee an adequate thermal performance [8]. Thus, temperature 
non-uniformity is a threat to the state of health of the power unit [9]. 
Therefore, Li-ion batteries need management throughout the driving 
cycle in two ways: performance and heat management [10]. 

The thermal stress developed in a battery pack must be handled with 
utmost care to prevent thermal runaway. Thermal runaway is critical as 
it often results in uncontrolled fire hazards due to the production of 
flammable gases ensuing from the reaction between the negative elec-
trode and the electrolyte [11]. It starts with the decomposition of the 
solid electrolyte interphase layer when the battery pack is over-charged, 
over-discharged, or if it is operated at a high ambient temperature. Thus, 
it is crucial to identify and limit the extent of thermal runaway as a 
safety measure. A battery thermal management system (BTMS) is 
required to achieve this. 

BTMSs can be classified into four categories. The main two are active 

cooling systems (ACSs) and passive cooling systems (PCSs). A third 
category combines ACS with PCS and is known as a hybrid cooling 
system (HCS). An ACS utilizes air or liquid as the heat transfer medium, 
whereas a PCS relies on incorporating phase change materials (PCMs) 
and fins to dissipate heat. In recent years, immersion cooling has 
emerged as a new BTMS, where a non-conductive dielectric fluid (such 
as oil) in direct contact with the battery pack is used [12]. 

PCMs, which are the heat transfer media in PCSs, have been inves-
tigated as alternatives to ACSs in various references. This is because the 
high latent heat of a PCM may absorb efficiently the heat emitted by Li- 
ion batteries [13,14]. The performance can be further improved by 
enhancing the thermal conductivity of the PCM [15,16]. The influence 
of adding fins and the thermal performance of the PCM in extreme en-
vironments has been explained in detail in previous studies [17,18]. It 
was found in [19] that the extensive and intensive properties of the fins 
and PCM have a significant impact on the thermal performance of the 
battery and an optimized design can control the battery’s temperature 
within the permissible limits. However, if the PCM runs out of its 
available latent heat at extreme operating conditions, the thermal 
management system may fail. Thus, a PCS requires additional provisions 
to support the cooling system in harsh operating conditions [20]. 
Ref. [21] is relevant, as it presents a study in which the mass and volume 
of the PCM were minimized using an optimization approach based on 
the response surface methodology. Such an approach represents a 
powerful tool to perform multi-objective optimization considering 
different constraints and system parameters [21]. 

Air cooling is a popular ACS which enables managing the maximum 
temperature in a battery pack. However, the thermal performance is not 
satisfactory at high ambient temperatures as air has a low thermal 
conductivity and a low specific heat [22]. In addition, the high flow rates 
represent a challenge and the space required for an air-cooled system is 
larger than for a liquid-cooled system. Conversely, the higher thermal 
conductivity and specific heat capacity afforded by liquid cooling 

Nomenclature and variables 

Abbreviation / Variable Meaning 
ACS active cooling system 
BTMS battery thermal management system 
CFD computational fluid dynamics 
COP coefficient of performance 
CPCM composite phase change material 
DOD depth of discharge 
DOE design of experiments 
EV electric vehicle 
HCS hybrid cooling system 
LHS Latin hypercube sampling 
Li-ion lithium-ion 
MSMD multi-scale multi-dimensional 
NTGK Newman, Tiedemann, Gu, and Kim 
Nu Nusselt number 
PCM phase change material 
PCS passive cooling system 
Re Reynolds number 
ROM reduced order method 
TOPSIS Technique for Order Preference by Similarity to an Ideal 

Solution 
q̇ heat generation rate during battery operation (W) 
σ− effective electrical conductivity of the negative electrode 

(S/m) 
σ+ effective electrical conductivity of the positive electrode 

(S/m) 
φ− phase potential for the negative electrode (V) 

φ+ phase potential for the positive electrode (V) 
△P pressure drop (Pa) 
△T temperature difference (K) 
CP specific heat (J/kg-K) 
Dh hydraulic diameter (m) 
f friction factor 
h heat transfer coefficient (W/m2-K) 
i mini-channel inclination angle (degree) 
J volumetric transfer for current density (A/m2) 
k thermal conductivity (W/m-K) 
l width of mini-channel (m) 
L length of the pipe (m) 
m mass flow rate (kg/s) 
Q volumetric flow rate (m3/s) 
q cooling load (W) 
QAh battery capacity (Ah) 
T absolute temperature (K) 
ta ambient temperature (K) 
ti fluid inlet temperature (K) 
tinitial initial temperature (K) 
V volume of the battery (m3) 
v fluid inlet velocity (m/s) 
w height or thickness of the mini-channel (m) 
Wc refrigeration work (W) 
WP pumping power (W) 
x mini-channel aspect ratio 
μ dynamic viscosity (kg/m-s) 
ρ density (kg/m3)  
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systems is advantageous [23]. The importance of these systems for the 
efficient operation of a BTMS has been highlighted by some studies [24]. 
Among the available coolants for liquid-cooled battery packs, a 
commonly employed is the water/glycol solvent, where glycol is used to 
reduce the freezing point of water [25]. The study presented in [26] 
identified liquid cooling systems as more energy efficient than their air- 
cooled counterparts. For instance, for a 0.5 W power consumption, the 
temperature of the hottest cell in the battery pack of a liquid-cooled 
module was lower by 3 K than for an air-cooled module. Due to the 
high cooling efficiency and compact structure afforded by liquid-cooled 
battery packs, EV manufacturers such Tesla (Model S), Chevrolet (Bolt), 
and Audi (e-Tron) favor their use [27]. 

Wavy microchannels and microtubes, which constitute other types of 
ACS, may be used simultaneously with a biologically synthesized 
working nanofluid (e.g., silver-water/ethylene glycol, 50:50) to cool Li- 
ion batteries, as reported in [28]. In this reference, after completely 
discharging the battery at discharge rates of 1C, 2C, 4C, and 5C (where 
1C implies that a fully charged battery rated at 1 Ah should provide 1 A 
for one hour [29]), the maximum temperature of the battery was 
maintained respectively at 305.6 K, 310.3 K, 321 K, and 326.7 K [28]. A 
magnetic pulsative nanofluid flow through the microchannels has been 

also employed for battery cooling [30]. The magnitude of the inlet ve-
locity and the Reynolds number were the two parameters identified to 
impact the battery cooling. The effect of the velocity and temperature of 
the inlet water on a Li-ion battery pack at a 5C discharge rate was 
explored in [31]. The battery pack temperature was kept below 313 K. 
Results show that the temperature difference peaked when the inlet 
water temperature dropped from 293 K to 274 K. 

Significant emphasis has been made on the design of mini-channels 
for battery packs to improve ACSs. For instance, the possibility of 
installing a cold plate with 5 mini-channels on a Li-ion battery pack was 
investigated in [32]. The study found that an inlet water temperature of 
298 K and a mass flow rate of 3 g/s are ideal to maintain the battery pack 
within the temperature range of 298 K to 313 K for all climatic condi-
tions. The flow pattern of the liquid also impacts the cooling provision. A 
unique U-turn cold plate with an alternative inlet and outlet crossflow 
arrangement enables a drop by 32.2% of the maximum temperature in 
comparison to a parallel-type arrangement, as shown in [33]. The shape 
of the mini-channels also impacts the battery cooling provision. For 
example, sine and sawtooth wave cross-sections exhibit a better thermal 
performance than the traditional rectangular mini-channels [34]. In 
another study, divergent-shaped channels with two inlets and one out-
let were found to reduce the pressure drop by 7.2% and the maximum 
temperature by 0.8 K [35]. In addition, a counter-flow arrangement of 
coolant inside the mini-channels reduces the temperature difference 
within the battery. 

The significance of the surface area covered with cold plates/chan-
nels was demonstrated in [36]. For instance, an enhanced heat transfer 
was enabled by zig-zag plates as they cover a larger surface area. In turn, 
this contributed to increasing the thermal performance of the battery 
module by 28%. The study reported in [37] demonstrated that the 

Fig. 1. Temperature distribution in India on 15 April 2022 at 4:00 pm [52].  

Table 1 
Input parameters.  

Parameter Lower bound Upper bound 

Fluid inlet velocity (v) 0.05 m/s 0.5 m/s 
Fluid inlet temperature (ti) 298 K 313 K 
Mini-channel inclination angle (i) 0◦ 90◦

Mini-channel aspect ratio (x) 1 10  
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thermal performance of a single cell can be improved by a cold plate 
retrofit with cooling water flowing through a two-way mini-channel. A 
parallel mini-channel cold plate was designed for large battery packs in 
[38]. The influence of the outlet design of the mini-channel was found to 
influence the thermal performance. An optimized design of the cold 
plate reduced the temperature difference by at least 76% and the 
pumping power by 81%. In [39], the Latin hypercube sampling (LHS) 
method was adopted to design serpentine cooling plates for battery 
cooling. Cooling channel parameters including the fluid inlet velocity, 
the Reynolds number, the channel dimensions, and the flow pattern 
were optimized for the best-case scenario. The average temperature 
decreased by 14% in comparison to the reference temperature. 

In [40], the discharge rate, mass flow rate, fluid inlet temperature, 
and ambient temperature were identified as important input parameters 
for liquid cooling systems. In this reference three designs with heat pipes 
were presented, which increased the heat transfer area of the cooling 
system. The best case achieved a temperature drop of 9.4 K. The per-
formance of parallel-spiral serpentine liquid cooling channels was 
investigated in [41]. It was found that in this channel configuration high 

flow rates limit the maximum temperature at the expense of pressure 
drop and temperature difference. A comparative study between 
serpentine and U-shaped cooling channels in [42] deduced that 
serpentine channels exhibit a better thermal performance. Similarly, the 
thermal performance of a square cooling channel is better than that of a 
circular channel, but it may result in a slight increase in the temperature 
non-uniformity, as shown in [43]. In addition, the aspect ratio of the 
cooling channel in a liquid cooling system may influence the thermal 
performance of a battery [44]. 

An oil-immersed battery cooling system could lower the battery 
temperature by 33% compared to natural convection [45]. This cooling 
system could also limit the temperature difference in the battery pack by 
keeping the temperature difference at 2.64 K at the end of a 2C discharge 
rate. Although a liquid cooling system may decrease the maximum 
temperature, it may increase the temperature difference in the battery 
pack. However, a new arrangement of fins on the cooling channels may 
reduce the maximum temperature by 27.63% and the temperature dif-
ference by 35.58% when compared with a pure paraffin cooled battery 
module [46]. 
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Fig. 2. Sample distribution of design variables through the LHS method.  
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An HCS using a composite PCM (CPCM) and liquid cooling was 
proposed in [47] for cooling a battery pack of 25 cylindrical cells at an 
ambient temperature of 313 K and a discharge rate of 5C. The CPCM 
featured 12% expanded graphite. The maximum battery pack temper-
ature and the temperature difference at the end of the discharge rate 
were 318.24 K and 3.49 K, respectively, for a fluid inlet temperature of 
313 K. It was observed also that an inlet temperature of less than 298 K 
perturbs the temperature difference in the battery pack. Direct liquid 
cooling of a 4S1P cylindrical battery pack (i.e., with 4 cells in series and 
1 in parallel) was investigated in [48]. It was found that for all dielectric 

liquids the temperature rise could be limited to less than 5 K for a 2C 
discharge rate at a fluid mass flow rate of 0.05 kg/s. However, it was 
concluded in [49] that for fast charging Li-ion batteries, liquid cooling 
performs better than PCM-based cooling. 

The publicly available literature hints toward liquid cooling systems 
as efficient options to reduce the maximum and average temperatures in 
a Li-ion battery. Channel parameters like fluid inlet velocity, contact- 
area between the channels and the battery surface, width and length 
of the channel, and fluid inlet temperature have been found to 

Fig. 3. (a) Depiction of mini-channels arranged at different inclination angles on the cell surface. (b) Single mini-channel.  

Table 2 
Material specifications.  

Properties P-tab N-tab Cell Mini-channel 
fluid 

Material Aluminum Copper Active zone 
material 

Water 

Density (kg/m3) 2719 8978 2092 998.2 
Specific heat (J/kg-K) 871 381 678 4182 
Thermal conductivity 

(W/m-K) 
202 387.6 18.2 0.6  

Table 3 
Retrofitted battery structural details.  

Components Count Height Length Width Material 

Cell 1 196 
mm 

127 mm 7 mm Active 
zone 
material 

P-tab 1 23 
mm 

30 mm 7 mm P-tab 
material 

N-tab 1 23 
mm 

30 mm 7 mm N-tab 
material 

Mini- 
channel 

6 (2 
× 3) 

2 mm Parameterized Parameterized Aluminum  
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substantially impact the thermal performance of the battery pack. 
However, to the authors’ best knowledge, limited information is avail-
able on how the different channel parameters correlate together toward 
a holistic mini-channel cold plate design that would, in turn, lead to an 
energy efficient cooling of the battery. To this end, this paper presents an 
optimized design of a liquid mini-channel cooling system for a prismatic 
Li-ion battery. A real-time driving cycle at an ambient temperature 
condition of 313 K has been considered. The influence of design pa-
rameters such as aspect ratio, inclination angle of the mini-channel, inlet 
fluid temperature, and parasitic power consumption have been studied 
through a broad parametric study. An experimentally validated model of 
the battery was simulated for 100 different designs of the mini-channel 
to enable an extensive parametric survey. The influence of each cooling 
channel parameter on the thermal performance of the battery was 
investigated individually and then in combination with all other 
parameters. 

The goal of the research work was to design an effective and efficient 
EV battery cooling system where a balance between the cooling ach-
ieved in the retrofitted battery and the parasitic power consumption by 
the cooling system is achieved. While meeting this objective, the paper 
shows how the structural and flow parameters of a liquid cooling system 
should be prioritized in terms of their impact on the battery health and 
energy budget. For example, the rate of convective heat extraction from 
the heated battery to the coolant can be enhanced by increasing the 
temperature gradient between the battery and the coolant by having a 
colder fluid flow through the mini-channel. Alternatively, it can also be 
enhanced by increasing the convective heat transfer coefficient by, in 
turn, incrementing the mass flow rate of the coolant. To decide between 
these two possibilities, the cooling effectiveness and the energy econ-
omy of each option need to be assessed. Furthermore, a high coolant 
flow rate can be achieved by increasing the cross-sectional area of the 
mini-channel or by increasing the fluid velocity. Parasitic power con-
sumption will rise when pumping a larger mass of coolant (resulting 
from a larger cross-section of the mini-channel) or when pumping a 
smaller mass of coolant at a higher velocity (to overcome a larger 
pressure drop in the mini-channel and achieve a high kinetic energy). 
This paper accounts for such competitive design aspects by holistically 
considering both heat transfer and energy economy to take adequate 
retrofitting decisions for a BTMS. 

The widescale existence of hot climate in the two large continents 
Asia and Africa and the onset of frequent heat waves in Europe [50] and 
North America [51] indicate that if electric mobility options are pro-
moted to substitute combustion-based vehicles, a large percentage of the 
EVs will have to endure hot ambient conditions. The present study offers 
an adequate cooling solution to ensure the safe functioning of power 
units of EVs, which is imperative for a large-scale transition toward 
electrification of transport. 
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Fig. 4. Realistic driving cycle adopted in the present study [59]  

Table 4 
Key parameters of the hybrid bus.  

Parameter Value 

Rated power (kW) 220 
Battery/cell mass (kg) 0.07 
Frontal area (m2) 7.54 
Aerodynamic drag coefficient 0.7 
Rolling resistance coefficient 0.007 
Wheel radius (m) 0.509 
Final gear 4.7 
Vehicle mass excluding hybrid energy storage system (ton) 14.5 
Electric machine inertia (kg-m2) 2.3 
Inertia of final drive and wheels (kg-m2) 41.8 
Vehicular auxiliary power (kW) 7 
Length of driving cycle (km) 16.55 
Bus service period (year) 5  

Table 5 
Boundary conditions.  

Boundary condition Value 

Heat transfer coefficient, h (W/m2-K) 5 
ta (K) 313 
tinitial (K) 313  

Table 6 
NTGK Model parameters.  

Coefficients used in U Coefficients used in Y 

a0 4.12 b0 1168.59 
a1 –0.804 b1 –8928 
a2 1.075 b2 52504.6 
a3 –1.177 b3 –136231 
a4 0 b4 158531.7 
a5 0 b5 –67578.5  

Table 7 
Mesh quality.  

Properties Mesh quality 

Number of elements 1,760,662 
Minimum orthogonal quality 0.61 
Maximum orthogonal quality 1 
Inflation option smooth transition 
Transition ratio 0.272 
Growth rate 1.2  

A. Verma et al.                                                                                                                                                                                                                                  



Applied Energy 335 (2023) 120743

7

2. Materials and method 

2.1. Research methodology 

Given that this paper investigates the thermal management of a 
prismatic Li-ion battery in extreme ambient conditions, summer condi-
tions in India with an ambient temperature of 313 K (40℃) were 
considered. As shown in Fig. 1, these conditions prevail across a vast 
extension of the Indian subcontinent. 

The thermal performance of the retrofitted battery was analyzed 
under a realistic driving cycle. A detailed computational fluid dynamics 
(CFD) study and a subsequent parametric analysis were carried out to 
investigate the effect of mini-channel cooling on the battery. The eval-
uation criteria are based on the aspect ratio of the mini-channels, 
inclination angle of the mini-channels, fluid inlet temperature, fluid 
inlet velocity, mass flow rate, Reynolds number, pumping power, cool-
ing work input (that is, cooling load), volume average temperature, and 
temperature difference. The parametric study entails a multi-criteria 
decision-making process to select a suitable design for the cooling 
retrofit. 

2.2. Design of experiments 

This section explains the design of experiments (DOE) framed to 
obtain the input variables for the present study. Four input parameters 
were considered: fluid inlet velocity, fluid inlet temperature, mini- 
channel inclination angle, and mini-channel aspect ratio. The lower 
and upper bounds of all 4 parameters are summarized in Table 1. 

The LHS method, commonly used in the existing literature [53], was 
adopted to generate 100 design points within the lower and upper 
bounds of each input variable. The method randomly distributes the 
design points across the search space (i.e., the multi-dimensional space 
bounded by the maximum and minimum values of each parameter) and 
guarantees a variety of plausible design points while ensuring a strati-
fied sampling. Each input variable can attain any value within its range. 
Furthermore, the LHS method has a better distribution of data with 
fewer design points in comparison to standard random sampling, where 
a higher number of samples is required to obtain accurate output vari-
ables [54,55]. Another advantage of this method is its less expensive 
numerical computations [56]. 

The LHS method generates DOEs of size ‘N’ from ‘y’ variables; that is, 
y1, y2, y3, …, yn. The range of each variable is then partitioned into non- 
repeating intervals with an equal probability of 1/N. The values are 
randomly selected from the intervals as per the probability density. The 
‘N’ values, which are randomly selected for y1, are then paired randomly 
with ‘N’ values of y2, and so on. Thus, the set of N × n tuples constitutes 
the LHS distribution of randomly sampled independent variables. (N!)n-1 

possible interval combinations exist for given values of N and n [57]. 
In this paper, the ANSYS Design Explorer was used to generate the 

LHS-based DOE. Fig. 2 shows the sample selection and distribution of 
the 100 design points, which are randomly distributed within the set 
range. 

2.3. Criteria for evaluation of the thermal performance of the BTMS 

The following parameters were considered to investigate the thermal 

Fig. 5. Meshed image of the CFD model.  
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performance of the mini-channel cooling technology: 
i. Volume average temperature: This output parameter is the volume 

average temperature of the cell, P-tab, and N-tab bodies. 
ii. Temperature difference: This output parameter is the difference 

between the minimum and maximum temperatures on the cell surface. 
iii. Aspect ratio (x): It is the ratio of the width (l) to the height (or 

thickness) (w) of the mini-channel (shown in Fig. 3). The height or 
thickness is fixed at 2 mm and the width is parametrized. 

iv. Fluid inlet velocity (v): This is the velocity at which the liquid 
coolant enters the mini-channel. 

v. Mass flow rate (m): This is the mass flow rate of liquid coolant 
through the mini-channels. 

vi. Reynolds number (Re): This is a dimensionless number calculated 
for each case and its effect is observed on the thermal performance of the 
Li-ion battery. It is calculated with 

Re =
ρvDh

μ (1)  

Dh =
4(w × l)
2(w + l)

(2)  

where Re denotes the Reynolds number, ρ is the density of the fluid, v is 
the velocity of the fluid at the inlet, Dh is the hydraulic diameter of the 
mini-channel, μ is the dynamic viscosity of the fluid, w is the mini- 

channel’s height or thickness, and l is the mini-channel’s width. 
vii. Inclination angle (i): This is the angle between the longitudinal 

axes of the mini-channels with respect to the horizontal base of the 
battery. 

viii. Fluid inlet temperature (ti): This is the temperature at which 
liquid coolant is supplied at the mini-channel inlet. 

ix. Pumping power (WP): This is the power required to pump coolant 
through the mini-channels. It is calculated as [58] 

WP = ΔP × Q (3)  

ΔP =
fLρv2

2Dh
(4)  

where the friction factor (f) is given by: 

f =
24
Re

×

(

1 −
1.3553

x
+

1.7467
x2 −

1.7012
x3 +

0.9564
x4 −

0.2537
x5

)

(5) 

x. Work input or cooling power required (Wc): This is the work 
required to supply coolant at a desired temperature at the inlet of the 
mini-channel. It is calculated using: 

Wc =
q

COP
(6)  

q = mCP(ta − ti) (7)  

where q is the cooling load, COP is the coefficient of performance (COP), 
m is the mass flow rate of coolant, CP is the specific heat of coolant, and 
ta is the ambient temperature. The work input is calculated by assuming 
that the refrigeration cycle of the air conditioning system has a constant 
COP of 2 in all operating conditions [59]. 

2.4. Multi-criteria decision-making for optimal design selection 

Based on the parameters defined in Section 2.3, the performance of 
the BTMS was evaluated for all the 100 design cases considered. The 
suitability of a particular retrofit configuration is judged based on the 
average temperature of the volume, the power consumption by the 
BTMS (cooling power) and the temperature difference. A suitable BTMS 
is expected to minimize all the 3 parameters. Since different design cases 
achieve this objective in different levels for the judging criteria, the 
multi-criteria decision-making algorithm called Technique for Order 
Preference by Similarity to an Ideal Solution (TOPSIS) was adopted to 
select the most suitable case. 

An entropy-based TOPSIS method was implemented to prioritize 
design cases (according to the 3 judging criteria) without involving any 
human-induced bias in the selection of the best case [60,61]. A more 
detailed description about the TOPSIS method and explanations for its 
different stages of formulation can be found in [62]. The mathematical 
equations to implement the entropy-based TOPSIS selection are shown 
next (in the sequence of computation for the sake of brevity). 

Scoring matrix: 

D =

⎡

⎢
⎢
⎢
⎢
⎣

x11 … x1j … x1n
⋮ ⋮ ⋮
xi1 … xij … xin
⋮ ⋮ ⋮

xm1 ⋯ xmj ⋯ xmn

⎤

⎥
⎥
⎥
⎥
⎦

(8)  

where D is a matrix of scores (xij) belonging to “m” design options under 
“n” different criteria to assess the suitability for each design. 

Standardized matrix: 

rij =
xij
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑m

i=1x2
ij

√ ; i = 1, 2,…,m; j = 1, 2,…, n (9)  

where rij represents the standardized scores. 
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Fig. 6. (a) Mesh independence study. (b) Timestep size independence study.  
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Proportional calculation: 

pij =
xij

∑m
i=1xij

; i = 1, 2,…,m; j = 1, 2,…, n (10)  

where pij represents the proportion for every score in D. 
Entropy calculation: 

ej = −
1

ln(m)

∑m

i=1
pij × ln

(
pij
)

(11)  

where ej represents the entropy for criterion j. 
Entropy weight calculation: 

wj =

(
1 − ej

)

∑n
j=1

(
1 − ej

) (12)  

where wj denotes the weight for criterion j computed by the entropy 
method. 

Weighted matrix calculation: 

vij = wjrij; i = 1, 2,…,m; j = 1, 2,…, n (13)  

where vij represents the weighted score. 

Ideal solution: 

A+ =
{(

maxixij|j ∈J1
)
,
(
minivij|j ∈J2

)
|i = 1, 2,…,m

}
= v+1 , v+2 ,…, v+n

(14)  

where A+ is the ideal solution that contains the best values for every 
criterion (v1

+, v1
+…, vn

+). 
Anti-ideal solution: 

A− =
{(

minixij|j ∈J1
)
,
(
maxivij|j ∈J2

)
|i = 1, 2,…,m

}
= v−1 , v−2 ,…, v−n

(15)  

where A- is the anti-ideal solution that contains the worst values for 
every criterion (v1

- , v1
- …, vn

- ). 
In (14) and (15), J1 represents the most suitable value of the jth cri-

terion when it is profitable. Conversely, J2 stands for when it is 
unprofitable. 

Euclidian distance from the ideal solution (Si
+): 

S+
i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

j=1

(
vij − v+j

)2
√

; i = 1, 2,…,m (16) 

Euclidian distance from the anti-ideal solution (Si
-): 

Fig. 7. Validation: (a) Ref. [69] (flow through mini-channel). (b) Ref. [70] (battery model).  
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S−
i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

j=1

(
vij − v−j

)2
√

; i = 1, 2,…,m (17) 

Closeness degree calculation (Ci
+): 

C+
i =

S+
i

S+
i + S−

i
; i = 1, 2,…,m (18) 

Larger values of Ci
+ indicate a better suitability of a particular design 

(and vice versa). Therefore, the best design is chosen as the one that 
yields the largest value of Ci

+. 

2.5. Numerical model of the BTMS 

A battery is an electrochemical unit which consists of electrodes, a 
separator, and an electrolyte. There are two main considerations toward 
developing a holistic battery model: the simulation should not be time- 
consuming and costly, and it should be accurate. For instance, battery 
models based on electrochemical reactions are accurate but time- 
consuming. 

The 14.6 Ah prismatic battery investigated in [63], with dimensions 
127 mm × 196 mm × 7 mm, was here considered as it is widely used in 
EVs. The material specifications of the numerical model are provided in 
Table 2 [64]. ANSYS Fluent 2020 R1 was used for the simulations, which 
were conducted using the high-performance computing (HPC) facility of 
IIT-Delhi. 

The battery tabs are considered as passive zones and the cell as an 
active zone because all the electrochemical reactions occur inside the 
cell. Fig. 3 shows the geometry of the Li-ion cell. The battery is retro-
fitted with 6 mini-channels (3 each on the X-Y plane surfaces of the cell). 
As mentioned previously in Section 2.3, the height of the mini-channels 
was fixed at 2 mm and the width was parameterized. The direction of the 
coolant flow is in a counter-flow pattern for the two battery surfaces. 
This pattern of the coolant, in this case water, helps in assessing the 
localized heating at the outlet. This also prevents hotspots in the vicin-
ity. The structural details of the retrofitted battery are given in Table 3. 

The driving cycle (current profile) is shown in Fig. 4. This was 

adopted from the simulation of a hybrid-electric bus, where the total 
distance covered and the time taken for the analysis period were 16.55 
km and 3000 s respectively [59]. The bus is powered by an electric 
machine with a power rating of 220 kW and a 100 kW fuel cell system 
based on an unpressurized proton-exchange-membrane. Key parameters 
of the bus are given in Table 4 [65]. The average heat generation in the 
cyclic load corresponds to that of a 4.25C constant-current (C–C) rate. 
The discharge current is positive in the cyclic loading. 

The assumptions considered in the CFD modelling in this study are 
summarized below:  

i. Free convective heat transfer was considered from the surfaces of 
the retrofitted battery pack.  

ii. Constant specific heat and density values were considered for the 
coolant.  

iii. A laminar viscous model was considered in the simulation. 

The taken boundary conditions are listed in Table 5. 
The complex physics of the Li-ion battery were captured by using the 

dual potential multi-scale multi-dimensional model (MSMD) approach 
available in ANSYS Fluent. The anode-separator-cathode sandwich 
layers hold the overall physics occurring inside the battery. The elec-
trical and thermal fields are solved in the CFD domain using the MSMD 
approach with the following equations: 

∂ρCPT
∂t

− ∇⋅(k∇T) = q̇ (19)  

∇⋅(σ+∇φ+) = − J (20)  

∇⋅(σ− ∇φ− ) = J (21)  

where 
σ+ is the effective electrical conductivity of the positive electrode, 
σ− is the effective electrical conductivity of the negative electrode, 
φ+ is the phase potential for the positive electrode, 
φ− is the phase potential for the negative electrode, 

Fig. 8. Experimental setup.  
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J is the volumetric transfer for current density, and 
q̇ is the heat generation rate during battery operation. 
The Newman, Tiedemann, Gu, and Kim (NTGK) semi-empirical 

electrochemical model was selected to conduct the battery simula-
tions. The rationale behind this model choice is that it successfully 
predicts the coupled thermochemical characteristics of a battery cell, 
with an average deviation between experimental and numerical results 
reported to be less than 1 K [66]. In an NTGK model, the volumetric 
transfer for current density (J) in terms of phase potential (φ) is given as: 

J = aY [U − (φ+ − φ− )] (22)  

where a is the specific area of the electrode sandwich sheet. Y and U are 
model parameters, obtained through a curve fitting process of voltage- 
current response curves of a reference battery (with a capacity of 
32.77 Ah), and are functions of the depth of discharge (DOD), with 

Y =

(
∑5

n=0
anDODn

)

e
− C1

(

1
T−

1
Tref

)

(23)  

Fig. 9. Comparison between the experimental and numerical solutions: (a) 0.8C; (b) 0.5C.  
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U =

(
∑3

n=0
bnDODn

)

− C2
(
T − Tref

)
(24)  

DOD =
V

3600QAh

(∫ t

0
Jdt
)

(25)  

where V denotes the volume of the battery and QAh stands for its ca-
pacity in Ampere-hours. Constant temperature corrections are given as 
C1 = 1800 and C2 = − 0.00095. The details of the NTGK model pa-
rameters are provided in Table 6. 

Heat is generated because of the reversible and irreversible heat 
sources in the operation of the battery. Joule heating, electrochemical 
reaction heating, and entropic heating are the main causes of heat 
generation inside the battery. The heat source term is given as: 

q̇ = σ+∇
2φ+ + σ− ∇

2φ− + J
[

U − (φ+ − φ− ) − T
dU
dT

]

(26) 

The study includes liquid cooling. The governing equations of the 
process are defined by the fundamental equations of continuity, 

momentum, and energy, namely 

∇⋅ V→= 0 (27)  

ρ ∂ V→

∂t
+ ρ
(

V→⋅∇
)

V→= − ∇P + μ∇2 V→+ ρ g→(T − Ta) + S→ (28)  

ρ ∂(H)

∂x
+ ρ∇⋅(Vh) = k∇2T + Sh (29) 

The need for a large computational time for the CFD simulations with 
the NTGK model and the complexity of the solution were relieved by 
adopting a reduced order method (ROM). The ROM reduces the partial 
differential equations describing the system to ordinary differential 
equations and linearizes the non-linear equations. The ROM runs orders 
of magnitude faster than the original CFD model [67]. For example, in 
[68], a CFD model for an automotive battery module with 28 cells was 
simulated with and without ROM and the results were compared. The 
percentage error between the results for 10, 20, 30, and 40 s of simu-
lation time were 1.4%, 0.7%, 0.49%, and 0.59%, respectively. It was 
also observed that the ROM reduced the simulation time drastically. The 

Fig. 10. Plots for: (a) volume average temperature with time; (b) total heat generation with time.  
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CFD run took approximately 20 hours of simulation time on six CPUs, 
whereas with the ROM the simulation time was in the order of seconds 
using a single CPU. 

3. Model stability and validity assessment 

The numerical model presented in Section 2 is examined in this 
section through standard tests to ascertain its validity. 

3.1. Mesh and timestep size independence check 

To verify the stability of the model, this section explains the mesh 
details and the solution independence check performed on mesh and 
timestep size. Table 7 lists the properties of the mesh. A structured 
hexahedral mesh was used to ensure high quality. This is shown in Fig. 5, 
and it has 1,760,662 elements. 

Four different grid sizes were tested to assess mesh independence, 
namely 1,074,132, 1,314,216, 1,760,662 (i.e., the mesh with properties 
provided in Table 7), and 2,080,785 elements. In these tests, the fluid 
inlet velocity, inlet temperature, aspect ratio, and inclination angle were 
set as 0.33 m/s, 299.9 K, 6.3, and 11.3◦ respectively. As shown in Fig. 6 
(a), the small change in minimum and maximum temperatures confirms 
the model stability and the grid independence of the numerical solution. 
The transient response of the model was recorded by taking four 
different timestep sizes of 2 s, 5 s, 10 s, and 15 s, with results shown in 
Fig. 6(b). The minor changes in the temperature values demonstrate the 
timestep size independence of the solution for the present battery model. 

3.2. Model validation 

The approach on laminar flow in rectangular ducts followed in [69] 
was used to validate the mini-channel cooling system design for this 
study. The Nusselt number (Nu) for laminar flow is defined as 

Nu =
hDh

Kw
(30) 

The variation of Nu with the aspect ratio was recorded for different 

values of aspect ratio and compared with the results available in [69]. 
Fig. 7(a) shows the results of this comparison. It is observed that there is 
good agreement between the sets of results. 

The experimental study reported in [70] was used to validate the 
NTGK battery model used in this paper. In the study, the prismatic Li-ion 
battery was discharged at a 2C rate at an ambient condition of 299.1 K. 
Fig. 7(b) shows the results from the validation. The small deviation 
between the simulation results and the experimental data reported in 
[70] demonstrates the validity of the battery model. 

3.3. Experimental validation of the NTGK model 

To justify the suitability of the NTGK battery model, in addition to 
the comparison with the numerical results in [69] and the experimental 
results in [70], an experimental validation of the model was also carried 
out. However, for such a verification exercise it was not possible to use 
the commercial battery described in Section 2.5. Instead, a 50 Ah pris-
matic Li-ion battery was employed for the experiment as this was 
available to undertake research activities. This battery has a larger ca-
pacity than the 14.6 Ah unit described in Section 2.5, but it enabled it to 
maintain a safe operation during the experiments upon the occurrence of 
over-charging or over-discharging incidents. 

The implementation of the NTGK model was done in a similar manner 
for this 50 Ah battery as was done for the 14.6 Ah battery. Fig. 8 shows the 
experimental setup consisting of the battery (50 Ah), a charging- 
discharging station, an infrared (IR) imaging camera, and a PT-100 tem-
perature sensor. The battery was placed horizontally on a glass wool sheet. 
An FLIR A325sc IR camera was used to obtain thermal images of the bat-
tery at discharge rates of 0.8C (40 A) and 0.5C (25 A). The camera has an 
uncooled Vanadium oxide microbolometer detector that produces thermal 
images of 320 × 240 pixels with a reading accuracy of ±2 K or ±2%. The 
standard temperature range of the camera is 253 K to 393 K. 

The thermal images retrieved with the experiment were compared 
with the contours obtained through the numerical study (implementing 
the NTGK model on the 50 Ah prismatic battery), with results of this 
comparison shown in Fig. 9. The close agreement between experimental 
and numerical results ratifies the validity of the NTGK battery model used. 

4. Results and discussion 

4.1. Battery without BTMS under a real driving cycle 

As the baseline case, the realistic driving cycle presented in Fig. 4 
was first imposed on the Li-ion battery without any BTMS supporting its 
operation. The battery’s volume average temperature variation over the 
driving cycle is shown in Fig. 10(a). The maximum temperature at the 
end of the driving cycle was 336.95 K. The variation of heat generated in 
the battery is shown in Fig. 10(b), with a maximum heat generated of 35 
W. Fig. 11 shows the temperature contour of the battery. The DOD at the 
end of the driving cycle was 0.4. This case was then analyzed against the 
retrofitted battery with coolant mini-channels, with results discussed in 
the subsequent sections. 

4.2. Effect of fluid inlet temperature on a retrofitted battery 

The effect of the fluid inlet temperature on the volume average 
temperature and the temperature difference in the battery is shown in 
Fig. 12(a). The temperature difference increases with a decrease in fluid 
inlet temperature, whereas the volume average temperature follows the 
opposite trend. The minimum and maximum temperature difference 
values (0.31 K and 13.02 K) occurred at fluid inlet temperatures of 
310.2 K and 298.2 K, respectively. 

The minimum volume average temperature value was 301.1 K for a 
fluid inlet temperature of 298.1 K. Also, the maximum volume average 
temperature value of 315.9 K occurred for a fluid inlet temperature of 
310.5 K. It is to be noted that these average temperature extremities 

Fig. 11. Temperature contours for the battery without a BTMS.  
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Fig. 12. (a) Plot showing the effect of fluid inlet temperature on volume average temperature and temperature difference in the cell. (b) Plot showing DOEs with a 
temperature difference less than 5 K. (c) Comparative temperature contours for fluid inlet temperature 312.9 K (i = 5◦) and 298.1 K (i = 68.9◦). 
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have different DOEs (input parameters). Except for a few exceptional 
cases, a decrease in fluid inlet temperature increased the temperature 
difference in the battery. This is because although intense local cooling 
induced by mini-channels can substantially cool down certain regions of 
the battery, the regions distant from the mini-channels create a high 
temperature gradient across the battery. Therefore, a high degree of 

cooling provided through very cold fluid may be less desirable due to the 
high temperature differences. 

The temperature difference within the cells of the battery pack must 
be less than 5 K to avoid the uneven temperature distribution that helps 
preventing the adverse effects of thermal perturbances [8]. The DOEs 
which yielded a temperature difference below this value are shown in 
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Fig. 14. Counter-flow depiction in the mini-channels.  
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Fig. 12(b). The temperature in the battery is 301.4 K with a temperature 
difference of 4.4 K at a fluid inlet temperature of 299.4 K. Thus, the fluid 
inlet temperature on its own is not sufficient to determine the thermal 
performance of the mini-channel cooling system. Fig. 12(c) compares 
the temperature contours for DOEs with fluid inlet temperatures of 

312.9 K and 298.1 K. The minimum and maximum temperature differ-
ence values are 0.52 K and 6.45 K, respectively, for fluid inlet temper-
atures of 312.9 K (i = 5◦) and 298.1 K (i = 68.9◦). Fig. 13 shows the effect 
of mass flow rate and fluid inlet temperature on the volume average 
temperature. The increase in mass flow rate enhances the thermal 
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performance for low fluid inlet temperature values. 

4.3. Effects of mass flow rate, Re, and aspect ratio 

The previous section highlighted that fluid inlet temperature can be a 
determinant input factor in decreasing the volume average temperature 
of the battery. However, there are other parameters which affect the 
overall thermal performance of the battery; namely, the temperature 
difference and the parasitic power consumption (which is directly linked 
with the pressure drop in the mini-channel). The flow pattern also plays 
a key role. Fig. 14 shows the counter-flow pattern adopted for this study. 
The fluid enters and exits at different sides in the mini-channels placed 
on both surfaces of the battery. This helps in avoiding unnecessary 
hotspots which would happen if fluid were made to flow in a parallel 
direction at both planes. 

The effects of mass flow rate on the pressure drop across the cell’s 
length and on the volume average temperature in the cell are shown in 
Fig. 15(a). The values of the volume average temperature for the ex-
tremity points are 311.41 K and 307.84 K for mass flow rates of 0.7 g/s 
and 23.6 g/s, respectively. Although the few data points for higher mass 
flow rate conditions exhibit, in general, lower volume average temper-
atures than those for lower mass flow rates, some low mass flow rates 
result in reduced values of volume average temperature. These instances 
indicate that other variables involved in the design (such as fluid inlet 
temperature, inclination angle, and aspect ratio) have similar domi-
nating effects on volume average temperature. It can be thus concluded 
that mass flow rate on its own is not sufficient to define the thermal 
performance of the mini-channel cooling system. It is also noted that no 
typical trend is followed by the pressure drop against mass flow rate. The 
pressure drop directly affects the parasitic power consumption required 
for the mini-channel cooling system. 

Fig. 15(b) shows the effects that the Reynolds number and the aspect 
ratio have on the volume average temperature in the cell. These two 
variables, in combination, can help to intuitively explain several regions 
of the plot. In this case, increments in their values imply a larger 
quantity of coolant flows over a wider contact area with the battery 

surface—in turn, leading to lower volume average temperatures. These 
are the regions where Re and the aspect ratio determine the thermal 
performance of the BTMS. However, there are other regions in the plot 
where these two variables cannot override the effects of other design 
variables. An example of this is the rise in volume average temperature 
when Re increases in the ranges 200–600 and 1000–1200 for aspect 
ratios less than 6. These observations support the idea that other design 
variables should be considered in conjunction with Re and aspect ratio, 
through a multi-criteria decision-making process, to select a suitable 
retrofitting configuration. 

Fig. 15(c) compares the temperature contours of the DOEs with 
similar fluid inlet temperature (309 K) but different aspect ratios (8.2 
and 1.1). The DOE with an aspect ratio of 8.2 exhibits fewer hot spots. 
Additionally, a greater area of the battery is at a lower temperature than 
for the case of a DOE with an aspect ratio of 1.1. 

4.4. Effect of inclination angle 

Another important dimensional parameter is the angle at which the 
mini-channels are inclined on the two planes of the battery. Fig. 16(a) 
shows the variation of the pressure drop with the inclination angle. The 
pressure drop was calculated for the cell length. There is no definite 
trend for the variation and the data points are scattered in the search 
space unevenly. Fig. 16(b) shows the effect of the inclination angle on 
the volume average temperature in the battery. It is observed that some 
values of inclination angle yield a better thermal performance than other 
design points (e.g. exhibiting a lower temperature difference). The 
reason behind this behavior for some inclination angles is the better 
outspread of the mini-channels on the two planes. Fig. 16(c) explains 
this phenomenon. The contours of volume average temperature are 
compared with two inclination angles (1.4◦ and 68.9◦) having a similar 
fluid inlet temperature (298 K). The cooling load is almost the same in 
the two cases, but the difference in volume average temperature can be 
observed just due to the difference in the angle at which the mini- 
channels are inclined. 

0.02 0.04 0.06 0.08 0.1 0.12 0.14

300

302

304

306

308

310

312

Fl
ui

d 
in

le
t t

em
pe

ra
tu

re
 (K

)

mass flow rate (g/s)

0.000

605.0

1210

1815

2420

3025

3630

4235

4840

Work input (W)

Fig. 18. Variation of work input against mass flow rate and fluid inlet temperature.  
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4.5. Parasitic power consumption 

The pumping power varies with the position at which the mini- 
channels are placed in the battery. Fig. 17(a) shows this variation. It 
can be noticed that at some values of inclination angle the pumping 
power required is reduced. These design points can be marked as 
favorable for the overall performance of the mini-channel cooling sys-
tem. The least and most amounts of pumping power are required for 
mini-channels inclined at angles of 41.9◦ and 83.3◦, respectively. 

Pumping power is also affected by the fluid inlet velocity and the 
aspect ratio of the mini-channels. Fig. 17(b) shows the variation of 
pumping power against fluid inlet velocity and aspect ratio. The 
pumping power decreases for lower values of aspect ratio and fluid inlet 
velocity. The least amount of pumping power is required for the design 
case with a fluid inlet velocity of 0.066 m/s and an aspect ratio of 2.7. 

The work input required by the refrigeration cycle is affected by the 
mass flow rate, the fluid inlet temperature, and the ambient condition. 
The ambient temperature in this paper is constant at 313 K. The mass 
flow rate and the fluid inlet temperature were parameterized as design 
points for the LHS method. Fig. 18 shows the variation of work input 
required against mass flow rate and fluid inlet temperature. The work 
input required is less for lower values of both mass flow rate and fluid 
inlet temperature. 

The magnitude of the pumping power is negligible compared to the 
refrigeration work input required to achieve a low temperature coolant 
to flow through the mini-channels. The latter, therefore, requires a 
higher emphasis in the design considerations for an active liquid 
cooling-based BTMS. To achieve a faster rate of heat extraction from a 
battery, it is thus more efficient to increase the rate of flow of coolant 
with a relatively high inlet temperature rather than reducing the inlet 
temperature to have a low coolant flow rate. 

To have an enhanced coolant flow rate, it is further desirable to in-
crease the aspect ratio of the mini-channels rather than increasing the 
coolant velocity through narrow channels. Larger aspect ratios result in 
a larger surface area of heat extraction by the coolant from the battery 
and a broader distribution of the cooling effect over the battery surfaces. 
This helps in minimizing temperature differences within the battery and 
leads to a better sustained battery health. 

5. Optimal design selection 

The 100 design cases vary widely in terms of the key performance 
markers considered in the study (i.e. volume average temperature, power 
consumption by the BTMS, and temperature difference). It should be 
noted that only the refrigeration power required to supply cold liquid 
coolant at the inlet of the mini-channels (Wc) was considered as the total 
power consumption, as WP is substantially lower compared to Wc. An 
entropy-based TOPSIS was implemented on the dataset consolidating the 
output parameter values for all the cases. These values and subsequent 
ranks of the cases obtained from TOPSIS are summarized in Table A in the 
Appendix. The results suggest that Case 15 is the most suitable consid-
ering the 3 judging criteria (with a volume average temperature of 
313.31 K, a power consumption by the BTMS of 0.85 W, and a tempera-
ture difference of 0.42 K). Conversely, Case 84 is the least suitable design 
(with a volume average temperature of 304.65 K, a power consumption 
by the BTMS of 2419.87 W, and a temperature difference of 12.79 K). 

Although Case 84 achieves an overall lower battery temperature, there 
are zones with hotspots that result in a significant difference between the 
maximum and the minimum temperature. The substantially large cooling 
power consumption and the large temperature difference indicate a high 
degree of local cooling near the coolant flow, while leaving distant regions 
relatively hot. On the other hand, the minimal power consumption and 
temperature difference exhibited in Case 15 outweigh the relatively hotter 
volume average temperature being presented. 

It should be highlighted that the rankings of different cases may change 
if one intends to prioritize a single output parameter over the others. For 

example, if the goal is to minimize only the volume average temperature 
with little focus on the cooling power requirement and temperature dif-
ference, one might opt to choose Case 8, which results in a minimum 
volume average temperature (301.14 K) — albeit a significant cooling 
power consumption (965.47 W) and temperature difference (6.46 K). 

6. Conclusions 

This paper presented a comprehensive analysis of the effects of 
geometric and thermofluidic parameters on the performance of a liquid 
coolant-based BTMS for an EV. The battery of the vehicle was simulated 
with an experimentally validated NTGK model using a realistic driving 
cycle under hot ambient temperature conditions. The maximum tem-
perature at the end of the driving cycle was 336.95 K. 

It was shown that the temperature distribution across the battery 
significantly depends on the mini-channel inclination angle. Diagonal 
and vertical mini-channels lead to a more uniform temperature distri-
bution compared to horizontal mini-channels. Heat removal through a 
very cold fluid flow can lead to a lower volume average temperature of 
the battery, but it can also trigger undesirable high temperature differ-
ence because of intense localized cooling. 

Considering the parasitic power consumption of the BTMS, a high 
coolant flow rate with a relatively high inlet temperature was found to 
be more efficient than a low coolant flow rate with a relatively cold inlet 
temperature. The coolant flow rate should preferably be enhanced by 
increasing the mini-channel aspect ratio than by increasing the fluid 
velocity. This is because an increased aspect ratio leads to a larger sur-
face area of heat extraction from the battery by the coolant which, in 
turn, reduces the temperature difference in the battery. 

The detrimental effects of high temperature gradients in the battery 
and high cooling power consumption may not justify a lower volume 
average temperature obtained in such cases. It would rather be more 
desirable to achieve a more uniform and less intense cooling with 
reduced power consumption in the BTMS to strike a balance between 
battery health and energy economy of the cooling technology. The most 
suitable case, as suggested by the adopted TOPSIS analysis, resulted in a 
volume average temperature of 313.31 K, a power consumption by the 
BTMS of 0.85 W, and a temperature difference of 0.42 K. 
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Table A1 
Summary of the input/output parameters for the BTMS design cases and results of TOPSIS.   

Design input parameters CFD simulation output Weight normalized data matrix TOPSIS output 

Case no. Fluid 
inlet 
velocity 
m/s 

Fluid 
inlet 
temp. K 

Aspect 
ratio 

Inclination 
angle 
(degree) 

Criteria 1 
(Temp.) 
K 

Criteria 2 
(Power) 
W 

Criteria 3 
(Temp. 
Difference) K 

Criteria 1 
(Temp.) 
K 

Criteria 2 
(Power) 
W 

Criteria 3 
(Temp. 
Difference) K 

Euclidian 
dist. from 
ideal 
solution (S 
þ ) 

Euclidian 
dist. from 
anti-ideal 
solution (S-) 

Performance 
scores(S-)/[(S 
þ )þ(S-)] 

Rank 

1  0.18275  310.225  3.295  85.95  312.33  84.06  0.31 9.0959E- 
06  

0.00657  0.00127  0.00650  0.18973  0.96687 6 

2  0.29075  303.475  1.405  18.45  311.68  204.84  9.20 9.0770E- 
06  

0.01601  0.03749  0.03957  0.17379  0.81456 39 

3  0.05675  299.425  4.825  58.05  301.44  220.66  4.44 8.7787E- 
06  

0.01724  0.01808  0.02403  0.17538  0.87948 30 

4  0.23225  312.625  2.845  76.05  314.31  12.81  2.87 9.1535E- 
06  

0.00100  0.01168  0.01044  0.19259  0.94856 10 

5  0.07025  300.025  7.255  38.25  306.89  422.12  12.10 8.9375E- 
06  

0.03299  0.04929  0.05822  0.15616  0.72843 59 

6  0.47075  305.575  8.965  44.55  307.84  2201.12  5.77 8.9653E- 
06  

0.17201  0.02352  0.17337  0.03411  0.16442 96 

7  0.21425  312.475  7.795  59.85  314.22  87.66  3.45 9.1510E- 
06  

0.00685  0.01406  0.01447  0.18637  0.92793 15 

8  0.46625  298.075  2.755  68.85  301.14  965.47  6.46 8.7701E- 
06  

0.07545  0.02632  0.07943  0.11675  0.59512 75 

9  0.11075  301.675  4.645  61.65  306.32  331.97  10.22 8.9209E- 
06  

0.02594  0.04164  0.04795  0.16356  0.77329 49 

10  0.08825  301.075  7.975  89.55  304.34  421.99  3.37 8.8633E- 
06  

0.03298  0.01372  0.03518  0.16100  0.82066 38 

11  0.15125  298.975  3.655  67.95  303.31  1035.72  5.86 8.8331E- 
06  

0.08094  0.02387  0.08397  0.11203  0.57159 77 

12  0.08375  303.925  8.515  30.15  308.31  374.66  8.57 8.9789E- 
06  

0.02928  0.03491  0.04455  0.16085  0.78309 45 

13  0.16925  301.825  8.155  24.75  307.47  850.87  10.63 8.9545E- 
06  

0.06649  0.04332  0.07861  0.12299  0.61006 72 

14  0.31775  303.775  6.175  66.15  306.43  2256.33  4.77 8.9243E- 
06  

0.17632  0.01942  0.17718  0.03597  0.16875 95 

15  0.13325  312.925  1.675  4.95  313.31  0.85  0.42 9.1246E- 
06  

0.00007  0.00169  0.00042  0.19588  0.99787 1 

16  0.38975  309.925  3.115  73.35  311.83  194.23  3.51 9.0813E- 
06  

0.01518  0.01430  0.01995  0.17818  0.89932 24 

17  0.37625  300.625  6.445  20.25  307.32  1604.24  11.92 8.9499E- 
06  

0.12536  0.04857  0.13393  0.06389  0.32299 91 

18  0.27275  309.775  9.595  40.95  311.08  560.59  3.19 9.0596E- 
06  

0.04381  0.01299  0.04528  0.15071  0.76896 51 

19  0.07475  305.125  2.215  72.45  311.14  68.07  5.46 9.0613E- 
06  

0.00532  0.02226  0.02163  0.18634  0.89600 26 

20  0.06575  308.425  2.665  41.85  312.39  59.84  5.02 9.0977E- 
06  

0.00468  0.02045  0.01972  0.18728  0.90474 23 

21  0.16475  304.525  4.195  52.65  308.85  484.91  7.06 8.9947E- 
06  

0.03789  0.02877  0.04677  0.15314  0.76606 53 

22  0.39875  307.825  5.635  58.95  311.28  410.23  5.16 9.0653E- 
06  

0.03206  0.02103  0.03760  0.16027  0.80998 41 

23  0.48425  309.175  1.135  67.05  312.03  122.49  3.07 9.0871E- 
06  

0.00957  0.01249  0.01470  0.18405  0.92603 16 

24  0.09725  302.275  1.855  55.35  307.93  117.49  6.42 8.9678E- 
06  

0.00918  0.02618  0.02652  0.18191  0.87277 33 

(continued on next page) 
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Table A1 (continued )  

Design input parameters CFD simulation output Weight normalized data matrix TOPSIS output 

Case no. Fluid 
inlet 
velocity 
m/s 

Fluid 
inlet 
temp. K 

Aspect 
ratio 

Inclination 
angle 
(degree) 

Criteria 1 
(Temp.) 
K 

Criteria 2 
(Power) 
W 

Criteria 3 
(Temp. 
Difference) K 

Criteria 1 
(Temp.) 
K 

Criteria 2 
(Power) 
W 

Criteria 3 
(Temp. 
Difference) K 

Euclidian 
dist. from 
ideal 
solution (S 
þ ) 

Euclidian 
dist. from 
anti-ideal 
solution (S-) 

Performance 
scores(S-)/[(S 
þ )þ(S-)] 

Rank 

25  0.33125  299.875  6.265  11.25  306.65  1388.31  11.47 8.9306E- 
06  

0.10849  0.04674  0.11757  0.08086  0.40749 86 

26  0.26825  305.275  7.885  49.05  308.18  1252.74  7.11 8.9752E- 
06  

0.09789  0.02897  0.10167  0.09433  0.48126 81 

27  0.36725  307.375  7.525  5.85  310.29  785.56  5.06 9.0366E- 
06  

0.06139  0.02063  0.06430  0.13176  0.67203 69 

28  0.31325  301.225  9.865  71.55  303.33  1918.36  8.91 8.8338E- 
06  

0.14991  0.03629  0.15388  0.04262  0.21690 93 

29  0.49325  298.225  5.545  88.65  302.73  2026.87  13.02 8.8165E- 
06  

0.15839  0.05304  0.16657  0.03071  0.15567 97 

30  0.15575  305.725  5.365  6.75  310.24  305.92  5.99 9.0350E- 
06  

0.02391  0.02441  0.03322  0.16766  0.83461 36 

31  0.34925  302.125  9.775  51.75  305.20  2372.98  10.28 8.8883E- 
06  

0.18544  0.04190  0.18977  0.01173  0.05822 99 

32  0.38075  299.125  4.555  13.05  307.79  1236.45  12.82 8.9638E- 
06  

0.09662  0.05225  0.10918  0.09248  0.45859 83 

33  0.19625  306.325  6.805  33.75  309.58  717.28  6.31 9.0158E- 
06  

0.05605  0.02572  0.06109  0.13582  0.68976 65 

34  0.40325  309.475  8.245  31.05  311.54  686.14  4.98 9.0729E- 
06  

0.05362  0.02029  0.05683  0.13938  0.71038 61 

35  0.16025  306.475  6.985  79.65  308.55  367.47  5.43 8.9858E- 
06  

0.02872  0.02211  0.03542  0.16334  0.82178 37 

36  0.11525  300.325  7.165  19.35  306.80  554.95  12.78 8.9350E- 
06  

0.04337  0.05208  0.06675  0.14574  0.68585 66 

37  0.43925  304.825  8.605  48.15  307.12  2075.38  5.90 8.9443E- 
06  

0.16218  0.02405  0.16370  0.03957  0.19465 94 

38  0.43025  307.075  8.785  57.15  309.05  1337.07  4.68 9.0004E- 
06  

0.10448  0.01907  0.10592  0.09118  0.46260 82 

39  0.25475  302.875  2.395  78.75  307.56  316.18  8.14 8.9571E- 
06  

0.02471  0.03317  0.04031  0.16559  0.80423 42 

40  0.49775  309.025  1.045  32.85  312.34  106.38  5.13 9.0963E- 
06  

0.00831  0.02092  0.02130  0.18362  0.89604 25 

41  0.24575  302.425  3.205  16.65  309.58  435.02  7.83 9.0159E- 
06  

0.03399  0.03191  0.04571  0.15654  0.77399 47 

42  0.20075  303.625  8.335  37.35  307.48  1296.42  8.74 8.9547E- 
06  

0.10131  0.03560  0.10690  0.08951  0.45572 84 

43  0.32225  300.175  2.125  53.55  304.47  451.73  7.37 8.8671E- 
06  

0.03530  0.03004  0.04549  0.15551  0.77369 48 

44  0.10175  310.075  5.995  70.65  311.63  91.86  2.46 9.0757E- 
06  

0.00718  0.01001  0.01126  0.18694  0.94318 11 

45  0.36275  311.875  9.685  25.65  312.52  220.10  1.31 9.1016E- 
06  

0.01720  0.00534  0.01761  0.17840  0.91016 21 

46  0.32675  312.025  9.055  29.25  312.59  188.63  1.23 9.1037E- 
06  

0.01474  0.00501  0.01514  0.18085  0.92274 17 

47  0.42125  301.975  2.935  46.35  306.36  947.21  7.22 8.9221E- 
06  

0.07402  0.02941  0.07912  0.11748  0.59755 74 

48  0.30425  298.375  5.185  31.95  302.67  1366.98  10.28 8.8148E- 
06  

0.10682  0.04187  0.11421  0.08303  0.42095 85 

49  0.12425  311.725  5.905  3.15  312.73  46.91  1.25 9.1077E- 
06  

0.00367  0.00511  0.00526  0.19153  0.97328 5 

(continued on next page) 
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Table A1 (continued )  

Design input parameters CFD simulation output Weight normalized data matrix TOPSIS output 

Case no. Fluid 
inlet 
velocity 
m/s 

Fluid 
inlet 
temp. K 

Aspect 
ratio 

Inclination 
angle 
(degree) 

Criteria 1 
(Temp.) 
K 

Criteria 2 
(Power) 
W 

Criteria 3 
(Temp. 
Difference) K 

Criteria 1 
(Temp.) 
K 

Criteria 2 
(Power) 
W 

Criteria 3 
(Temp. 
Difference) K 

Euclidian 
dist. from 
ideal 
solution (S 
þ ) 

Euclidian 
dist. from 
anti-ideal 
solution (S-) 

Performance 
scores(S-)/[(S 
þ )þ(S-)] 

Rank 

50  0.05225  307.525  6.355  76.95  310.89  93.48  4.63 9.0541E- 
06  

0.00730  0.01885  0.01901  0.18498  0.90681 22 

51  0.09275  298.825  1.225  39.15  307.08  130.32  7.26 8.9431E- 
06  

0.01018  0.02957  0.03005  0.18045  0.85723 35 

52  0.35375  301.375  6.715  26.55  306.76  1543.82  10.96 8.9338E- 
06  

0.12064  0.04465  0.12814  0.06897  0.34991 90 

53  0.42575  305.875  3.475  21.15  310.33  570.52  5.70 9.0376E- 
06  

0.04458  0.02322  0.04963  0.14756  0.74832 57 

54  0.33575  311.425  3.565  9.45  312.69  95.36  1.39 9.1065E- 
06  

0.00745  0.00568  0.00860  0.18772  0.95620 9 

55  0.17825  308.725  4.285  47.25  311.54  223.41  4.71 9.0730E- 
06  

0.01746  0.01921  0.02498  0.17494  0.87504 32 

56  0.22325  299.275  4.105  27.45  308.42  709.64  12.53 8.9822E- 
06  

0.05545  0.05105  0.07447  0.13366  0.64219 70 

57  0.38525  304.675  6.535  43.65  308.18  1523.36  7.59 8.9751E- 
06  

0.11904  0.03093  0.12261  0.07347  0.37467 88 

58  0.34475  306.775  9.325  28.35  308.44  1059.82  5.32 8.9827E- 
06  

0.08282  0.02168  0.08523  0.11081  0.56524 78 

59  0.21875  308.275  5.005  81.45  309.87  261.82  2.03 9.0244E- 
06  

0.02046  0.00826  0.02156  0.17448  0.89004 28 

60  0.48875  307.225  7.705  69.75  308.33  1098.75  2.44 8.9794E- 
06  

0.08586  0.00994  0.08623  0.11188  0.56473 79 

61  0.06125  303.175  8.875  86.85  306.45  268.91  8.27 8.9248E- 
06  

0.02101  0.03371  0.03861  0.16919  0.81420 40 

62  0.27725  299.575  3.745  75.15  303.98  704.72  7.93 8.8528E- 
06  

0.05507  0.03230  0.06315  0.13563  0.68231 68 

63  0.26375  303.025  4.915  15.75  308.91  671.26  8.35 8.9964E- 
06  

0.05246  0.03401  0.06178  0.13796  0.69071 64 

64  0.45725  308.125  5.455  80.55  309.65  616.92  2.11 9.0180E- 
06  

0.04821  0.00859  0.04869  0.14774  0.75210 55 

65  0.17375  310.675  8.065  22.95  311.97  177.02  2.30 9.0856E- 
06  

0.01383  0.00937  0.01597  0.18062  0.91876 19 

66  0.43475  304.225  6.895  35.55  306.98  2215.59  6.68 8.9403E- 
06  

0.17314  0.02723  0.17501  0.03035  0.14778 98 

67  0.29525  299.725  7.345  14.85  306.01  1493.56  12.00 8.9119E- 
06  

0.11671  0.04891  0.12600  0.07250  0.36526 89 

68  0.47525  309.625  5.725  54.45  311.22  462.07  3.64 9.0636E- 
06  

0.03611  0.01485  0.03851  0.15769  0.80370 43 

69  0.24125  300.775  2.575  13.95  304.88  395.97  8.30 8.8791E- 
06  

0.03094  0.03384  0.04488  0.15932  0.78023 46 

70  0.47975  308.575  9.235  83.25  310.04  990.55  2.36 9.0294E- 
06  

0.07741  0.00963  0.07779  0.11983  0.60637 73 

71  0.34025  310.375  7.615  50.85  312.89  164.97  0.86 9.1124E- 
06  

0.01289  0.00348  0.01301  0.18304  0.93362 13 

72  0.14675  312.325  8.425  8.55  312.89  42.42  0.86 9.1124E- 
06  

0.00331  0.00348  0.00393  0.19228  0.97997 4 

73  0.45275  308.875  4.735  64.35  311.83  492.81  6.49 9.0813E- 
06  

0.03851  0.02646  0.04596  0.15292  0.76890 52 

74  0.12875  302.575  9.415  17.55  307.38  663.32  9.56 8.9520E- 
06  

0.05183  0.03894  0.06402  0.13799  0.68309 67 
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Table A1 (continued )  

Design input parameters CFD simulation output Weight normalized data matrix TOPSIS output 

Case no. Fluid 
inlet 
velocity 
m/s 

Fluid 
inlet 
temp. K 

Aspect 
ratio 

Inclination 
angle 
(degree) 

Criteria 1 
(Temp.) 
K 

Criteria 2 
(Power) 
W 

Criteria 3 
(Temp. 
Difference) K 

Criteria 1 
(Temp.) 
K 

Criteria 2 
(Power) 
W 

Criteria 3 
(Temp. 
Difference) K 

Euclidian 
dist. from 
ideal 
solution (S 
þ ) 

Euclidian 
dist. from 
anti-ideal 
solution (S-) 

Performance 
scores(S-)/[(S 
þ )þ(S-)] 

Rank 

75  0.29975  312.775  4.465  4.05  313.21  15.08  0.39 9.1215E- 
06  

0.00118  0.00157  0.00115  0.19484  0.99413 2 

76  0.25025  305.425  9.955  56.25  307.86  946.90  8.00 8.9658E- 
06  

0.07399  0.03258  0.08029  0.11691  0.59286 76 

77  0.22775  304.375  8.695  34.65  307.58  1109.01  8.19 8.9575E- 
06  

0.08666  0.03336  0.09235  0.10431  0.53041 80 

78  0.14225  309.325  2.485  87.75  312.31  65.54  2.01 9.0954E- 
06  

0.00512  0.00819  0.00857  0.18937  0.95672 8 

79  0.23675  311.275  3.025  23.85  312.73  68.26  1.34 9.1075E- 
06  

0.00533  0.00546  0.00673  0.18983  0.96578 7 

80  0.40775  301.525  1.585  36.45  306.53  466.58  7.25 8.9271E- 
06  

0.03646  0.02956  0.04609  0.15444  0.77015 50 

81  0.44375  310.525  1.495  82.35  315.92  84.11  3.90 9.2005E- 
06  

0.00657  0.01587  0.01598  0.18627  0.92099 18 

82  0.41225  298.525  2.035  1.35  309.26  613.05  8.86 9.0067E- 
06  

0.04791  0.03610  0.05918  0.14221  0.70615 62 

83  0.25925  304.075  3.835  60.75  310.16  517.94  7.35 9.0329E- 
06  

0.04047  0.02996  0.04955  0.15041  0.75218 54 

84  0.39425  298.675  6.085  45.45  304.65  2419.87  12.79 8.8722E- 
06  

0.18910  0.05210  0.19575  0.00094  0.00479 100 

85  0.41675  310.975  1.765  49.95  315.33  96.59  6.91 9.1835E- 
06  

0.00755  0.02817  0.02792  0.18325  0.86778 34 

86  0.10625  306.025  3.925  2.25  311.02  146.83  5.00 9.0579E- 
06  

0.01147  0.02037  0.02224  0.18061  0.89035 27 

87  0.30875  302.725  3.385  0.45  309.61  540.43  7.42 9.0168E- 
06  

0.04223  0.03023  0.05115  0.14863  0.74396 58 

88  0.20975  310.825  6.625  7.65  311.04  153.39  1.96 9.0583E- 
06  

0.01199  0.00800  0.01369  0.18275  0.93033 14 

89  0.07925  311.125  4.375  40.05  312.29  42.84  3.51 9.0949E- 
06  

0.00335  0.01430  0.01343  0.18975  0.93391 12 

90  0.46175  307.675  4.015  12.15  311.14  504.12  4.26 9.0614E- 
06  

0.03939  0.01737  0.04250  0.15390  0.78362 44 

91  0.20525  304.975  9.145  63.45  308.79  843.81  7.69 8.9929E- 
06  

0.06594  0.03132  0.07240  0.12506  0.63333 71 

92  0.44825  300.925  7.435  84.15  302.53  2030.60  2.36 8.8107E- 
06  

0.15868  0.00962  0.15883  0.05301  0.25025 92 

93  0.13775  306.925  1.945  77.85  312.07  81.77  5.71 9.0885E- 
06  

0.00639  0.02327  0.02289  0.18512  0.88996 29 

94  0.19175  303.325  7.075  74.25  306.81  673.45  7.15 8.9353E- 
06  

0.05263  0.02913  0.05949  0.13855  0.69962 63 

95  0.18725  307.975  9.505  42.75  309.96  659.22  4.79 9.0268E- 
06  

0.05151  0.01952  0.05459  0.14161  0.72177 60 

96  0.37175  311.575  5.095  62.55  314.36  139.42  5.84 9.1550E- 
06  

0.01089  0.02379  0.02499  0.18059  0.87845 31 

97  0.11975  306.175  2.305  85.05  310.35  94.55  3.98 9.0384E- 
06  

0.00739  0.01621  0.01664  0.18541  0.91766 20 

98  0.28175  312.175  1.315  10.35  313.16  15.39  0.53 9.1201E- 
06  

0.00120  0.00217  0.00145  0.19466  0.99261 3 

99  0.35825  300.475  5.815  22.05  306.83  1407.27  10.88 8.9357E- 
06  

0.10997  0.04433  0.11804  0.07961  0.40278 87 
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