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Abstract
The environmental and sustainability issues related to fossil fuel have made electric vehicles an alternative solution with 
lithium ion (Li-Ion) as the energy source. The sensitive nature of Li-Ion batteries has led to an active research on their thermal 
management for the past decade. The rise in temperature in Li-Ion batteries involves complex dynamics and there are several 
approaches to control it. Keeping it as the focus of research, this paper illustrates the application of design of experiments 
(DOE) to optimize the control variables involved in thermal management. Control variables used for optimization are mass 
of phase change material (PCM), thermal conductivity of paraffin copper composite (PCC) and water flow rate (WFL). The 
influence of these variables on the temperature rise of Li-Ion batteries has been studied. The research methodology involved 
full factorial DOE with two replications to analyze the influence of temperature control parameters of Li-Ion batteries. Mul-
tivariate analysis involved analysis of variance (ANOVA) that was used to test the hypotheses, which included the first and 
second-order interaction effect of control variables. The hypothesis testing has revealed that all the variables of study had a 
significant influence on the temperature rise of the Li-Ion batteries. The outcome of this research will be useful for Li-Ion 
battery manufacturers, as it provides suggestions to design appropriate cooling systems for the battery pack.

Keywords Battery thermal management system · Lithium-ion batteries · Design of experiments · Battery temperature · 
Hybrid electrical vehicles

List of symbols
T  Ambient temperature (°C)
F  Number of factors
L  Number of levels
m  Number of variant groups compared
n  Number of replications
N  Total number of experiment trials
keff  Effective thermal conductivity (W/m K)
kpcm  Thermal conductivity of pure PCM 

(W/m K)
kmetal  Thermal conductivity of metal (W/m K)
α  Critical value for P under ANOVA (0.05)
ε  Porosity

List of abbreviations
2S10P  2-Series and 10-parallel architecture (bat-

tery cell/module)
6P10S  6-Parallel and 10-series architecture (bat-

tery cell/module)
ADC  Analog to digital conversion
Adj_SS  Adjusted sum of squares
Adj_MS  Adjusted mean square
ANOVA  Analysis of variance
AWG   American wire gauge
BEV  Battery electrical vehicle
BTMS  Battery thermal management system
C-rate  Rate of discharge current
CC  Constant current
CR  Constant resistance
CV  Constant voltage
CW  Constant wattage
DOE  Design of experiments
DoF  Degree of freedom
Li-Ion  Lithium ion
LiCoO  Lithium cobalt oxide
Li(NiMnCo)O  Lithium nickel manganese cobalt oxide
LiMPO  Lithium metal phosphate
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MS  Mean square
NI  National Instruments
NIST  National Institute of Standards and 

Technology
PHEV  Plug-in hybrid electrical vehicle
PCM  Phase change material
PCC  Paraffin–copper composite
PVDF  Polyvinylidene difluoride (membrane)
RSM  Response surface modeling
SOC  State of charge
SOH  State of health
Seq_SS  Sequential sum of squares
Temp  Battery temperature
WFL  Rate of water flow

Introduction

The trend of plug-in hybrid electrical vehicles (PHEV) and 
battery electrical vehicles (BEV) is emerging in the automo-
tive industries to address the environmental and sustainable 
issues [1]. Among all the rechargeable batteries, lithium-ion 
(Li-Ion) batteries have high energy density and a better cycle 
life [2], resulting in more attention from the researchers [3]. 
In hybrid and electrical vehicle applications, Li(NiMnCo)
O and LiMPO in addition to LiCoO are popular as cath-
ode material, due to their high energy density [4]. Li-Ion 
batteries are reported to be sensitive to the operating tem-
perature. Further, internal degrading of cathode material is 
cited as the major reason for battery failure. Ramadass et al. 
conducted a capacity fade test for Sony’s LiCoO cell, when 
cycled at various operating temperatures. They identified 
that the loss of Li under LiCoO caused the capacity fade at 
temperatures more than 50 °C [5]. Similar experiments con-
ducted by other researchers on thermal runaway and capacity 
fade have rendered similar conclusions [6]. Thus, control-
ling the operating temperature for better performance and 
health of Li-Ion batteries is crucial. To achieve a balance 
between the performance and life of lithium batteries, it is 
important that the batteries are maintained between 0 and 
40 °C temperature and the temperature distribution among 
cells below 5 °C [7]. The state of health (SOH), life span and 
performance of Li-Ion batteries is dependent on temperature, 
as high temperatures can result in thermal runaway and deg-
radation of cell material [8]. Li-Ion battery’s nature of sen-
sitivity is highly associated with its state of charge (SOC). 
Past research works have developed mathematical models to 
simulate the heat generation rate of a Li-Ion cell. The overall 
heat generated comprises Joule heating and entropy change 
during the charge and discharge cycles [9, 10]. It is noticed 
from the mathematical models, low SOC has higher impact 
on heat generation and subsequently on the temperature rise 
of a battery cell. A dynamic measurement of accurate and 

reliable SOC and an efficient battery thermal management 
(BTMS) for a battery system used for PHEV and BEV are 
most essential to maintain the health, life and safety of Li-
Ion battery.

Various types of BTMS have been proposed by research-
ers in the past. A computational simulation study for a bat-
tery pack with a number of cylindrical cells illustrated the 
control of temperature under air cooling. However, they 
failed to maintain the temperature distribution [11]. Under 
active air cooling, for a lower temperature rise, either a 
higher rate of air flow and a high frequent reversal of air 
flow are essential or the cooling has to be switched to liquid 
cooling [12, 13].

Fins were introduced to enhance the temperature uniform-
ity under air cooling and such fins have shown an improved 
performance [14]. A metal foam in the air channel, along 
with fin pins to enhance thermal conductivity, also had a 
positive impact on temperature uniformity [15, 16]. How-
ever, all these experiments were tried under low discharge 
rates. The heating plate cool pipe concept proposed for 
air/liquid cooling was not practically applicable, since it 
demanded a high utilization of copper that may lead to an 
increase in weight and cost for larger battery packs [17, 18]. 
Some of the research works proposed for liquid cooling 
with mini-channels [19–21] are not suitable for cylindrical 
or pouch cells, since the liquid channels fail to have contact 
surface with the cells’ body. Moreover, fabrication of such 
mini- and micro-channels would be complicated and expen-
sive. A similar case with micro-channeled cooling plate was 
proposed by An et al. [22]. The coolant flow needs to be 
more for discharge rates higher than 5 °C, which could cre-
ate high pressure within the cooling channels seeking a high-
power pump.

The introduction of PCM-based passive cooling for Li-
Ion batteries has achieved a better control on temperature 
rise and temperature uniformity among the cells [23, 24]. 
A PCM material with a melting point below 45 °C has 
shown the best performance [25]. Although pure PCM-
based cooling is simple and effective in controlling the tem-
perature rise, it is inefficient in dissipating the heat [26]. 
Due to the lack of thermal conductivity, the heat generated 
during repeated cycles of charging and discharging would 
get locked within the PCM mass. To enhance the thermal 
conductivity temperatures, PCM–graphite composites were 
introduced instead of pure PCM [27, 28]. Metal foam with 
pure PCM was tested by considering copper and aluminum 
as metals [29, 30]. Most of the earlier research works tested 
for a 10 Ah battery cell with a maximum of 5C discharge. 
Although PCM–metal composites provide better cooling 
under low-capacity cells, they may not be efficient if the 
demand for power increases.

According to the current battery trends, Z-fold pouch 
cells have shown higher heat dissipation and thereby a high 
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performance in comparison to cylindrical and prismatic 
cells [31]. In case of prismatic and pouch cells, the thermal 
conductivity is lower in the direction of thickness, and is 
higher in the direction of length and width. Thus, the cooling 
applied should be in the direction of length and width for a 
better temperature distribution [32]. A list of Li-Ion batteries 
suitable for hybrid and electric vehicle applications are listed 
in Table 1. During their full capacity discharge, the amount 
of heat generated will be substantially higher than any exper-
iments and simulations presented in the literature. Thus, it 
requires a highly effective cooling mechanism, which has 
sufficient scope for extending its future performance.

A hybrid cooling technique with PCM and air/liquid is the 
current trend in the battery thermal management. Heat dis-
sipation can be increased as well as controlled effectively by 
using air/liquid channels through the PCM mass. A numeri-
cal analysis on PCM–air hybrid cooling system for a Li-Ion 
battery pack was first proposed by Fathabadi. In his work, 
air ducts of rectangular cross section were inserted into the 
PCM cooling mass [38]. Similarly, Bai et al. proposed a 
unique method in which the bottom two-thirds of the Li-Ion 
battery cell was cooled by PCM and the top one-third by liq-
uid cooling channel [39]. Hybrid cooling system comes with 
more control parameters that could assist in designing an 
appropriate cooling system for the battery pack by consider-
ing the ambient and working temperature. The present work 
is focused on hybrid cooling system applied to a battery 
pack with Li-Ion pouch cells. The application considered is 
for high-performance electric and hybrid electric vehicles. 
A parametric analysis is carried to study the various design 
parameters by applying the statistical design tool.

Objectives of research

The selection of the design parameters for a hybrid cooling 
system and the decision of their values were the important 
factors in establishing control over the battery’s temperature 

and performance. The design parameters and their range val-
ues were selected for developing a linear regression model 
on the basis of the review of previous works. The hybrid 
cooling system depends on various design parameters, such 
as mass of PCM, thermal conductivity of the paraffin–metal 
composite and rate of coolant flow, type of coolant, and 
type of PCM. All these parameters have a high influence in 
controlling the temperature rise and maintaining uniform 
heat distribution and cooling rate of battery cells. The type 
of PCM and the coolant were maintained as constant for 
the present work, and the design parameters considered for 
experimentation and linear regression modeling are:

1. Mass of PCM, which varies with thickness of PCM, used 
between two consecutive Li-Ion cells.

2. Thermal conductivity of PCC, which varies as per the 
varying number of copper tubes.

3. Rate of water flow (WFL) is varied by controlling the 
flow of water through the copper tubes.

The effect of the above-mentioned parameters on Li-
Ion’s battery temperature and uniform heat distribution is 
observed in various studies. However, the interaction effects 
were independently presented by these studies and were not 
studied in a systematic way by applying statistical meth-
ods. The main objective of the present work is to develop a 
novel hybrid cooling system for a Li-Ion battery pack used 
in high-performance electric and hybrid cars. Battery pack 
is expected to maintain an operating temperature at various 
ambient temperatures. Thus, the interaction effect of vari-
ous design factors on battery temperature is investigated by 
applying the principles of DOE.

Table 1  Advanced Li-Ion 
battery cells of current 
generation

a Nanotechnology imbibed
b 4C charging rate capable

Li-Ion cell supplier Cell type Pouch size (mm)
W × L × T

Ampere 
rate (Ah)

Max discharge rate

Continuous Pulse

Kokam [31] SLPB120216216 226 × 227 × 12 53 5C 8C
SLPB120216216HR2a 226 × 227 × 12.5 47 12C 18C
SLPB100216216H 226 × 227 × 10 40 8C 15C

Farasis [33] IMP06160230P25A 161 × 230 × 6 25 4C 7C
XALT energy [34] F940-0001b 225 × 225 × 9.7 37 8C 16C
EiG energy [35] ePLBC037 224 × 130 × 12.6 37 5C 10C
Tenergy [36] 30123 157 × 59.5 × 9.8 10.5 5C 10C
Targray [37] Lithium-ion  pouchb 249 × 155 × 12 44 3C 10C
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Details of experimentation

The present work is focused on Li-Ion batteries used for 
motor-driven vehicles. Li-Ion cells with higher charge/
discharge rate were selected for the thermal management 
testing. Specification and composition of the Li-Ion cell 
and module considered in the present work are listed in 
Tables 2 and 3. Under 10 Ah capacity, each cell is capable 
of discharging at a 10 C-rate with 100 A output at mini-
mum 3 V. Battery module shown in Fig. 1 has 20 Li-Ion 
cells with 2S10P architecture and is capable of discharging 
up to 20 A at 30 V and an energy density of 600 Wh with 
a total power rate of 6 kW. Such ten modules connected in 
series would discharge 20 A at 300 V, producing 60 kW 
power with 6 kWh of energy, which is sufficient for any 
hybrid vehicle [40]. Energy required by an electric car 
to drive a range of 1 km is approximately 0.2 kWh [41]. 
To power a high-performance electric car, 60 modules 

connected in 6P10S producing 120 A at 300 V with an 
energy of 36 kWh would be required, which can haul a 
range of approximately 200 km.  

The entire experimentation was carried out in two stages 
as shown in Experimentation flowchart (Fig.  2). Under 
Stage-1, preliminary experiments were conducted using a 
battery module considering two cooling mechanisms. A pure 
PCM cooling with 10 mm PCM thickness between consec-
utive Li-Ion cells (Fig. 3a) was conducted. Subsequently, 
experiments were conducted for hybrid cooling system with 
four capillary copper tubes of size 3/16 inch inserted into the 
PCM cooling mass (Fig. 3b), with water circulation of 2 L/
min flow rate. Stage-2 experiments were based on “Design 
of Experiments” to conduct the parametric study on the 
hybrid cooling system.

Experimental setup

For Stage-2 experimental purposes, a symmetrical part of 
the battery module was considered, which consists of a set 
of two Li-Ion pouch cells connected in parallel to form a 
mini module as shown in Fig. 3c. Similar battery modules 
with three tubes, five tubes and seven tubes were tested to 
understand the effect of thermal conductivity of the cooling 
mass. It was assumed that the electro-thermal characteris-
tics of the large module are represented in the mini module, 
which is capable of discharging 20 A at 3.7 V at a 1 C-rate 
of discharge. Under current experiments, the battery module 
was discharged at 180 A (9 C-Rate of discharge). Charge/
discharge cycles are highly dynamic under the application 
of BEV and PHEV. The feasibility of a protection circuit 
module with battery system has great influence on energy 
storage capacity and efficiency, and subsequently influence 
on the results of the BTMS system. Thus, all the battery 
modules under the test conditions were supplied with appro-
priate protection circuit module to avoid the uncertainty in 
voltage applied and current drawn during the charge dis-
charge cycles.

For the parametric study, two Li-Ion cells were immersed 
in molten PCM with a gap of 5, 10 and 15 mm from each 
other. The gap between the cells represents the mass of the 
PCM. The minimum gap is 5 mm, since the thickness of the 
copper tube is 4.76 mm. The maximum thickness is 15 mm, as 
found in previous works [42]. Mass of the PCM used in each 
case is calculated by taking the effective volume between the 
battery cells and multiplying by the density of the PCM. The 
melting temperature of the PCM decides the desired operating 
temperature of the cooling system. Therefore, care needs to 
be taken while selecting a suitable PCM for the given applica-
tion [5]. However, paraffin-based PCMs and their composites 
exhibited thermal stability for repeated solidification and melt-
ing [43, 44]. In the current research work, the temperature 

Table 2  Chemical composition of Li-Ion battery

Composition Molecular formula Weight 
percentage 
(%)

Lithium nickel cobalt manganese 
oxide

Li[NiCoMn2]O2 30–38

Carbon (such as graphite) C 18–20
PVDF – 1.1–2.0
Lithium hexafluorophosphate LiPF6 2.0
Aluminum Al 3.5–4.0
Copper Cu 8.0
Organic carbonate – 13.0
Plastic – 7.0

Table 3  Characteristics of Li-Ion battery

Parameter Cell value Module EV pack

Nominal voltage (VDC) 3.7 37 370
Maximum voltage (VDC) 4.2 ± 0.03 42 420
Minimum voltage (VDC) 3.0 ± 0.03 30 300
Capacity (Ah) 10 20 120
Max charge rate @ 2C (A) 20 40 240
Max continuous discharge @ 

10C (A)
100 200 1200

Power (kW) 0.3 6 360
Energy (kWh) 0.03 0.60 36
Thickness (mm) 9 ~ 170
Width (mm) 66 ~ 155
Height (mm) 156 ~ 165
Number of cells 1 20 1200
Operating temperature − 10 to 45 °C
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of the battery needs to be maintained within 50 °C. Paraffin 
C20–C33 was chosen as the best PCM for cooling [45]. All 
the thermo-physical properties of the paraffin-based PCM are 
listed in Table 4.

Capillary copper tubes of 3/16 inch (OD: 4.8 mm and thick-
ness: 0.8 mm, as per ASTM B280 standards) were inserted 
through the PCM between the Li-Ion cells as shown in Fig. 3c. 
The number of copper tubes was varied to influence the ther-
mal conductivity of the cooling mass. The thermal conductiv-
ity for paraffin is 0.2 W/m K and for copper 386 W/m K. Effec-
tive thermal conductivity of PCC cooling mass was calculated 
using Eqs. (1) and (2) and by referring to previous works [26]. 
Copper tubes were placed at equidistance and the number of 
tubes was chosen as 3, 5 and 7, so as to provide a sufficient 
gap to fill the paraffin. Effective thermal conductivity for 3, 
5 and 7 tubes was 15.4, 24.1 and 34.2 W/m K, respectively. 
By inserting seven copper tubes, the thermal conductivity 
of PCM increased 171 times of its pure value. In case of Li 
et al., it can be noticed that the effective thermal conductivity 
of PCM–metal composite was 218 times of the pure value of 
PCM [29].

(1)Keff = (1 − �)Kpcm + �Kmetal,

(2)Porosity, � =
pore volume

total volume
,

where Keff is the effective thermal conductivity and � is the 
permeability of the PCM. Kpcm and Kmetal present the thermal 
conductivity of PCM and metal, respectively.

For a hybrid cooling mechanism, water is chosen as the 
coolant that can circulate through the PCM cooling mass 
by using capillary copper tubes. To keep the circulation of 
water from the reservoir, through the capillary copper tubes 
and then back to the reservoir, a pump with a maximum dis-
charge capacity of 27 L/min was used. The pump operated 
at 100 V with a power rating of 40 W at 50 Hz. Precautions 
were taken not to dry up the pump while it was running to 
avoid physical damage. The WFL considered in the present 
work was within the range of 1–2 L/min by referring to a 
previous study [20]. The experimental setup and the major 
components are illustrated in Fig. 4.

Temperature data acquisition

Surface temperature measurement was crucial for the cur-
rent work. A K-type thermocouple made by OMEGA Engi-
neering was used to sense the temperature. Specifications 
of the SA1XL-K-SRTC thermocouple are listed in Table 5. 
A National Instruments data logger ‘NI 9213’ was used to 
record the temperature. NI 9213 comes with 16 thermocou-
ple channels with 1 internal auto zero channel and 1 cold-
junction compensation channel. It has the analog to digi-
tal conversion (ADC) resolution of 24 bits with a voltage 

Fig. 1  The proposed design of the Li-Ion battery module with 20 Li-Ion cells
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measurement range of ± 78.125 mV. It works with most of 
the National Institute of Standards and Technology (NIST)-
compliant thermocouples types. It operates with two modes 
of measurements, high resolution and high speed. The sen-
sitivity of the data logger for various thermocouple types is 
shown in Table 6.

Electronic DC load

To test the battery for its discharge temperature, a program-
mable electronic load manufactured by ITECH Electronics 
with the model name ‘IT8514C+’ was used to discharge the 
battery at various C-rates. The electronic load comes with 
‘IT9320’ software, which is capable of programming various 

discharge modes such as constant current (CC), constant 
voltage (CV), constant resistance (CR) and constant wattage 
(CW). The rated input values for ‘IT8514C+’ are shown in 
Table 7.

Design of experiments

DOE is an effective method of planning, conducting and 
analyzing experiments to draw valid and meaningful con-
clusions. The most important advantage of statistical DOE 
in comparison with classical engineering approach is that 
several design or process variables can be simultaneously 
studied for a complete insight into the combined effects of 

Fig. 2  Experimentation flow-
chart



International Journal of Energy and Environmental Engineering 

1 3

input variables on the response measured under experimen-
tal investigation [46]. More specifically, in many cases, the 
number of experimental runs could be reduced, the optimal 
process variables can be determined, experimental error can 
be determined through a developed model equation, and the 
effects and significance of design or process variables on the 

performance characteristics can be determined. Response 
surface modeling (RSM) is a combination of mathemati-
cal and statistical techniques that is useful for the modeling 
and analysis of problems, in which a response of interest is 
influenced by several variables and the objective is to opti-
mize the response [46]. Furthermore, the importance and 

Fig. 3  Battery modules for a pure PCM cooling and b hybrid cooling, c mini-module for Stage-2 experiments
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use of DOE and RSM techniques under various science and 
technologies are reviewed by Granato et al. [47].

Through the literature review, it is understood that an 
active air cooling is not efficient in controlling the tempera-
ture and maintaining the uniform distribution of heat within 
a large battery pack used under high discharge rates. A pure 
PCM-based cooling is good in controlling the temperature 
and uniform distribution of heat; however, at higher C-rates 
and repeated charge/discharge cycles, its temperature uni-
formity reaches an almost critical value due to the complete 

Table 4  Properties of paraffin-based PCM material [45]

Paraffin C20–C33 Typical values

Melting range 48–50 °C
Specific heat 2.384 kJ/(kg K)
Density of solid at 20 °C 0.912 kg/L
Density of liquid at 70 °C 0.769 kg/L
Thermal conductivity 0.21 W/(m K)

Fig. 4  Experimental setup with major components
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melting of PCM. In case of hybrid cooling propped by Hem-
ery et al. and Ling et al., the stream of air flow assisted 
in carrying away the latent heat out of the PCM cooling 
mass [48, 49]. Similar results are evident while conducting 
preliminary experiments under Stage-1. Figure 5 illustrates 
the maximum temperature and temperature difference by 
comparing pure PCM and hybrid cooling methods. For tem-
perature control, pure PCM cooling seems to be better at 
higher discharge rates. However, temperature uniformity is 
better under hybrid cooling. Thus, the present work extended 
to Stage-2 consists of developing regression models for 

hybrid battery thermal management by using DOE along 
with RSM, based on full factorial design. The influence and 
interaction of each design parameter, chosen on the desired 
output responses based on the preliminary experiments, have 
been studied with the help of various plots.

A full factorial DOE was designed and the number of 
experimental runs was computed by taking three factors and 
three levels. Since there were two thermocouples attached to 
individual Li-Ion cells, the temperature reading was consid-
ered as two replications. The number of experiments, N = n 
× LF = 54, where n = number of replications; L = number of 
levels and F = number of factors (Table 8). The number of 
variant groups compared, m = LF = 27. For each of the exper-
imental runs, the WFL and the maximum temperature of the 
Li-Ion battery were recorded. For maintaining identical con-
ditions for two replications, two sets of batteries were packed 
with the cooling mass and the PCC in the container. The 
battery with standard specifications was used to facilitate 
the comparison of the results with previous research studies.

The hybrid cooling system design parameters, such as 
mass of PCM, thermal conductivity of the PCC, WFL, type 
of coolant, and type of PCM, have a high influence on the 
battery temperature and temperature uniformity. The design 
parameters and their corresponding levels considered for 
experimentation and linear regression modeling are shown 
in Table 8.

The correlated values for high, medium and low levels of 
all the input parameters were considered on the basis of the 
expected output response. The values of the input parameters 
used for the linear regression model are tabulated in Table 9. 
For regression equation and for plots and graphs, the thermal 
conductivity values obtained by Eq. (1) are divided by the 
scaling factor of 3.35. Investigating the influence of all input 
parameters and their interactions on the output parameter 
was the prime objective of the experimentation.

Results and discussions

In statistical analysis, the significance of influence for all 
selected factors and their interactions on output response 
are identified first, followed by the explanation of the effect 
of interaction between the parameters and the desired out-
put responses by using surface response curves and contour 
graphs. ANOVA assists in determining these parameters.

ANOVA

The temperature of the battery (Temp) was analyzed for 
the influence of control parameters by applying DOE tool 
 MiniTab® Version 17. The ANOVA provides the results as 
shown in Table 10. The terms used in the ANOVA table are 

Table 5  Specifications of thermocouple used for temperature sensing

Properties Value

Make OMEGA
Model SA1XL-K-SRTC 
Type K-Type
Positive leg Chromel (90% Ni and 10%Cr)
Negative leg Alumel (95% Ni, 2% Mg, 2% 

Al and 1% Si)
Rated temperature (self-adhesive) 260 °C
Rated temperature (paste on) 315 °C
Patch length 1.0″ (25 mm)
Patch width 0.375″ (9.5 mm)
Strip length 1.0″ (25 mm)
Strip width 0.5″ (12.7 mm)
Strip thickness 0.001″
Response time < 0.15 s
Lead wire 30 AWG fiberglass

Table 6  Data logger temperature measurement sensitivity

High-resolution mode (°C)
 Types J, K, T, E, N < 0.02
 Types B, R, S < 0.15

High-speed mode (°C)
 Types J, K, T, E < 0.25
 Type N < 0.35
 Type B < 1.2
 Types R, S < 2.8

Table 7  Rated input values for IT8514C + DC load

Properties Values

Input voltage 0–120 V
Input current 0–24 A 0–240 A
Input power 1500 W
Minimum operating 

voltage
0.25 V @ 24A 2.5 V @ 240A
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explained as follows. Under the listed source terms, which 
are the sources of variation in data, the first three terms are 
the design factors considered in the present work and their 
direct impact on the response term; they are referred to as 
main effect. The subsequent three terms are the interaction 

of any two design factors and their impact on the response 
term; they are known as interaction effect. The seventh term 
is three-dimensional interaction, where interaction of all the 
three factors and its influence on the output response are 
considered. The eighth term is the errors or residuals. Under 
ANOVA, the error is known as the assumption of homogene-
ity of variances and normally distributed about the sample 
means.

Degrees of freedom (DoF) represent the number of terms 
contributed toward prediction error. For main effect, the DoF 
is considered as one less than the number of levels (L − 1). 
Similarly, DoF from interaction effect is the multiplication 
of DoF of the terms interacting with each other. DoF of error 
is estimated as the difference between the total number of 
experimental trials and the number of variant groups com-
pared (Error = N − m). Sequential sum of squares (Seq_SS) 
represents the variation of different terms of the model. 
Adjusted sum of squares (Adj_SS) is the obtained sum of 
squares after excluding non-contributory (insignificant) 
terms from the model. Mean square (MS) is determined 
according to the ratio of corresponding values of the sum 

Fig. 5  Temperature profiles of pure PCM and hybrid cooling: a maximum temperature and b temperature difference at various C-rates

Table 8  Input and output parameters of the current study

Input parameters Levels Output parameters

Mass of PCM 3 Battery temperature
Thermal conductivity of PCC 3
Rate of water flow (WFL) 3

Table 9  The design factors and their levels

Short name Name of factor Low Medium High

PCM Mass of PCM 0.05 0.1 0.15
PCC Thermal conductivity 4.6 7.2 10.2
WFL Rate of water flow 1 1.5 2

Table 10  ANOVA of 
temperature of Li-Ion battery

S = 0.170511, R-Sq = 99.95%

Source DoF Seq_SS Adj_SS Adj_MS F value P value

PCM 2 1013.18 1013.18 506.59 17424.1200 0.0000
PCC 2 74.469 74.469 37.235 1280.6800 0.0000
WFL 2 78.787 78.787 39.394 1354.9400 0.0000
PCM × PCC 4 170.581 170.581 42.645 1466.7800 0.0000
PCM × WFL 4 72.04 72.04 18.01 619.4500 0.0000
PCC × WFL 4 35.944 35.944 8.986 309.0700 0.0000
PCM × PCC × WFL 8 18.906 18.906 2.363 81.2800 0.0000
Error 27 0.785 0.785 0.029
Total 53 1464.692
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of squares and DoF. Adjusted mean square (Adj_MS) is the 
MS obtained after excluding non-contributing terms in the 
response equation. The F value is determined according to 
the ratio of adjusted MS and residual error, and is used in 
regression to test the hypothesis. P value is the probabil-
ity that measures evidences against the null hypothesis and 
R-square (R-Sq) is the measure of how close the data are 
with the fitted regression line. The data collected during 
experiments have shown reliability and accuracy that were 
perceived by the higher R2 value (99.95%) obtained from 
the analysis. From the ANOVA table, P value for all the 
factors and their interactions scored more than the critical 
value (α = 0.05), representing a 5% risk and concluding that 
a potential difference exists.

The regression model

To test the relationship between the input variables of 
research interest, a regression model was developed as 
shown in Eq. (3). The output response of the equation 
depends on the values given for input parameters. PCM, 
PCC and WFL are the input parameters in the regression 
equation, as represented in Tables 8 and 9. Equation (3) 

comprises the individual and interaction effect of all three 
parameters on the output response. It can be observed that 
the regression model supports the results obtained by the 
ANOVA and provides an empirical relationship between 
the variables of study.

The residual plot shown in Fig. 6 illustrates that all 
data points pertaining to battery temperature lie close to 
the best-fit line (mean line) on the normal plot. This signi-
fies the reliability and normality of the data by neglecting 
minor deviances. It is noticed that the errors are normally 
distributed, which is substantiated by the residuals falling 
in a straight line. In addition, the fits and order plots did 
not reveal evidence of any pattern or unusual structure pre-
sent in the data. The reliability of regression analysis and 
validation of the regression model are verified through the 
linearity, normality and residue, presented in the residual 
plots.

The main effect plot shown in Fig. 7 represents the effect 
of all three parameters as highly significant on the battery 

(3)
Temp = 57.8 − 157 PCM − 0.09 PCC − 17.5 WFL

− 5.4 PCM × PCC + 1.08 PCC ×WFL

+ 90.4 WFL × PCM − 3.19 PCM × PCC ×WFL.

Fig. 6  Residual plots for battery temperature
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temperature, which seems to be a logical understanding. 
However, the slopes of the mass of PCM and WFL are 
inclined downward and indicate that if the values are higher, 
then the temperature is lower. On the other hand, thermal 
conductivity of the upward inclining PCC slope represent-
ing higher values can cause a rise in temperature. This is 
true in the sense that an increase of copper tubes to raise the 
thermal conductivity causes a low-volume ratio of paraffin. 
Thermal diffusion from the battery to paraffin occurs at a 
lower temperature causing a rise in the battery temperature. 
However, a balance between the selected design parameters 
has to be maintained for a desired thermal management of 
the battery pack, which is attained by using surface, contour 
and optimization plots, thereby increasing the performance 
and life of the Li-Ion cells.

Contour and surface plots

The interaction of any two design parameters on the bat-
tery pack temperature, keeping the third parameter at an 
average value (middle level), is illustrated in contour plots. 
The parameters considered in the present work are mass of 
PCM (which directly influences the heat capacity of paraf-
fin), thermal conductivity of PCC (which depends on the 
number of copper tubes inserted between two battery cells), 
and WFL. The heat capacity of paraffin promotes the heat 

diffusion from the battery surface, whereas the other two 
parameters assist in heat dissipation from PCM to the atmos-
phere. It can be noticed from the contour plot in Fig. 8a 
that low temperature can be achieved by keeping the mass 
of paraffin as high as possible and by keeping the number 
of tubes to as low as three. However, the best agreement 
can be seen with both parameters being at medium levels. 
The temperature contour of PCC versus WFL is shown in 
Fig. 8b, which illustrates a high WFL is required to control 
the temperature when the number of copper tubes is low. 
However, a higher WFL is not desirable since it requires 
high pumping power and maintenance of high pressure lines 
for water circulation. It can be seen from the curve that better 
cooling is achieved by keeping both parameters at medium 
levels. Figure 8c illustrates the relation between the heat 
capacity of PCM and WFL. It shows that for a higher heat 
capacity of PCM, a substantial reduction in water cooling 
can be achieved. In other terms, the pumping effort could be 
reduced to a large extent. The heat capacity can be increased 
either by selecting the best paraffin or by increasing the mass 
of PCM. Increasing the mass of paraffin is an easy solu-
tion. However, it could increase the size and bulkiness of 
the battery pack. It is obvious that the paraffin-based PCM 
materials are characterized by low thermal conductivity 
and eventually fail to dissipate the heat away from the cool-
ing mass. Introducing the water flow channel through the 

Fig. 7  Main effect plots of PCM, PCC and WFL
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Fig. 8  Temperature contour 
plots: a PCM v/s PCC, b PCC 
v/s WFL and c PCM v/s WFL
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paraffin mass could provide a balanced temperature control 
for a given battery pack.

Surface plots are another tool to understand the interac-
tion effect of all three parameters over the desired response 
output. Figure 8 clearly illustrates the combined effect of 
all three design parameters on the temperature of the bat-
tery pack. Figure 9a illustrates that an increase in the heat 
capacity of PCM has a high influence until a certain limit; 
however, the mass of paraffin is increased for higher values 
of heat capacity. By increasing the mass of paraffin beyond 
a certain limit, the temperature curve seems to be horizon-
tal, expressing no further significant effect on temperature 
control. This phenomenon is in agreement with the results 
obtained by Javani et al. [42]. In the curve, the effect of 
thermal conductivity has shown very low significance on 
the temperature control. It means that increasing the number 
of copper tubes does not really influence the temperature 
control of the battery pack. Figure 9b represents battery tem-
perature in terms of WFL and the number of copper tubes. 
WFL has a significant effect in controlling the temperature 
when the flow rate is increased, whereas an increase in the 
number of copper tubes has an inverse effect on temperature 
control, and it can be noticed that the copper tubes providing 
thermal conductivity are also used as a channel for water 
flow. Thus, a minimum number of copper tubes are an essen-
tial part of a hybrid cooling pack presented in this work. The 
interaction effect of heat capacity of PCM and WFL on bat-
tery temperature is shown in Fig. 9c. The effect is similar to 
that of Fig. 9a and illustrates that the heat capacity of paraf-
fin has a higher significant effect on the battery temperature 
than the WFL. It should be noted that the use of copper tubes 
and circulating water is to carry the heat away from the PCM 
to avoid the heat lock during continuous charge/discharge 
cycles of the battery with higher discharge rates.

Optimization using regression equation

The temperature response values for various combina-
tions of design input parameters are tabulated in Table 11 
by applying the regression equation (Eq. 3) developed by 
the statistical model. These values represent the interac-
tion effect of design parameters and assists in deciding 
the appropriate value for each parameter on the desired 
output response. Referring to the various combinations 
for temperature response (Temp) under Table 11, it can 
be noticed that two combinations of input parameters 
are possible to attain the temperature control of ~ 40 °C 
and ~ 30 °C. It illustrates that for any desired temperature 
control, the input parameters have to be chosen with care 
to make a system with light weight, low operating cost and 
less expensive. Increasing PCC would require an increase 
in the amount of copper in the PCM–metal matrix, which 

Fig. 9  Surface plot of battery temperature: a PCM v/s PCC, b PCC 
v/s WFL and c PCM v/s WFL

Table 11  Optimization values for various combinations of PCM, 
PCC and WFL

Combination PCM (kg) PCC (W/m K) WFL (L/min) Temp (°C)

1 0.05 10.8 2.0 39.98
2 0.05 4.8 1.0 39.66
3 0.1 4.8 2.0 29.46
4 0.13 4.8 1.5 29.76
5 0.15 4.8 2.0 27.82
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eventually increases the cost and weight of the thermal 
management system. Similarly, increasing PCM would 
increase the volume of the battery box, thereby increasing 
the size of the thermal management system, and increasing 
WFL would necessitate an increase in the pumping power 
required for the cooling system, which would be parasitic.

Considering the lowest and the highest values of all 
three design parameters of the present work, the high-
est temperature control (27.82 °C) is achieved as shown 
in Combination 5 of Table 11. The mass of PCM is at 
0.15 kg, the number of copper tubes is at 3 with the cor-
responding thermal conductivity value of 4.8 W/m K and 
WFL at 2 L/min. According to Xu et al., for a mini-chan-
nel of 9 mm2 cross section, the pumping power for 1 L/min 
is 5 × 10−3 W/cell. They also predicted that the increase in 
pressure drop would be 20 times with the increase in every 
liter of flow rate per minute. Subsequently, the increase in 
power would be 200 times with the increase in every liter 
of flow rate per minute [21]. In the present work, the cross 
section of copper tube is 8.04 mm2, which is similar to that 
of the mini-channels proposed by Xu et al. However, with 
the presence of PCM, the maximum flow rate required in 
the present work for discharge condition of 9C rate is 2 
L/min, which would not be expensive in terms of pump-
ing power. Thus, controlling the mass of copper and the 
mass of PCM plays a major role in designing the hybrid 
battery pack.

Increasing a single copper tube would increase the cop-
per’s volume by 653.25 mm3 and mass by approximately 6 
g/cell. There are 20 cells in a module and the mass would 
be 120 g/module. The mass of a battery pack of an electric 
car would increase by 7.2 kg. The mass of copper tube is 
considered only for PCC within the battery pack. Increase 
in tubing, required to carry the coolant from the pump to 
the battery pack, is not part of the calculation. Thus, it 
is advised to keep the lower amount of copper tubes for 
lightweight and low-cost battery packs.

Referring to Table 11, there are two combinations for 
the temperature control of ~ 40 °C. Combination 2 would 
be more optimal than Combination 1, since it proposes 
a lower number of copper tubes and a lower flow rate to 
achieve the same temperature control. This is possible 
since the heat capacity of the cooling system is increased 
due to the increase in volume of PCM, thereby sacrificing 
a part of heat dissipation. Similarly, to maintain the tem-
perature of ~ 30 °C, there are two combinations proposed 
in Table 11. Combination 3 is more optimal than Com-
bination 4 as it proposes 30 g less PCM per cell, thereby 
reducing the mass of the battery pack of a fully electric car 
by 36 kg. However, there is a slight increase in the flow 
rate that may require additional pumping power.

Conclusions

PCM-based cooling is attracting more attention in the pre-
sent day due to its thermal stability on repeated solidifica-
tion and melting. Hybrid cooling system is a new trend to 
overcome the thermal conductivity issue which is associ-
ated with pure PCM cooling. In the proposed hybrid cool-
ing system for Li-Ion battery cells, paraffin-based PCM, 
copper tubes, aluminum casing and water are the major 
components of the system. Water is circulated through 
copper tubes and its interaction is only with the copper. 
Thus, corrosion and degrading or aging effect are not 
expected for copper tubes. Paraffin is most stable both in 
solid and liquid state and it is filled in the aluminum con-
tainer that has contact with the outer surface of the cop-
per tube. Any kind of reactions are not expected between 
paraffin and metals even at higher temperatures. Thus, the 
cooling system is expected to perform without aging issue 
or decay of performance. The proposed cooling system 
could perform effectively within the evaporation tempera-
ture of the paraffin material used in the system.

The present work has focused on three important design 
factors that affect the hybrid cooling system used for the 
temperature control of the Li-Ion battery pack. The tem-
perature uniformity test concluded through preliminary 
experiments that hybrid cooling performs better than pure 
PCM cooling at higher discharge rates. This is in agree-
ment with the work done by Hemery et al., who applied a 
liquid cooling plate with PCM to extract the latent heat of 
PCM [48]. Similarly, Ling et al. applied a stream of air to 
carry the latent heat stored in the PCM, which is in agree-
ment with the present work [49].

A full factorial DOE technique was applied to conduct 
experiments and to analyze the influence of factors on the 
battery’s temperature. A novel design for the hybrid cool-
ing system was developed. Statistical regression model 
was used to discuss the optimization of the battery pack 
for a fully electric car. It can be concluded from the results 
that:

a. The mass of PCM is the major factor affecting the tem-
perature control of the battery. It was ascertained that for 
a higher mass, the higher the heat capacity, the better is 
the control on temperature. However, beyond the critical 
value, there was no significant effect on the tempera-
ture control. This phenomenon is in agreement with the 
work by Javani et al. [27]. The optimum mass of PCM 
would provide a balance between temperature control 
and bulkiness of the cooling system.

b. Thermal conductivity of the PCC had a very low sig-
nificance on the temperature control of the battery. 
However, copper tubes were inserted into the PCM to 
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increase the thermal conductivity and to assist as a cool-
ant flow channel. Thus, a minimum number of tubes are 
inevitable for hybrid cooling to carry the latent heat out 
of the PCM cooling mass.

c. WFL has shown a significant influence on the tempera-
ture control of batteries. Although its influence is low 
in comparison with the heat capacity of paraffin, water 
flow is essential to dissipate the latent heat of PCM dur-
ing repeated charge/discharge cycles at higher discharge 
rates during which pure PCM cooling tends to fail [48, 
49].

d. The hybrid cooling proposed in the present work has 
three design parameters, out of which the mass of PCM 
and the number of copper tubes would have a significant 
influence on the bulkiness and size of the battery pack. 
The application of the regression model, developed in 
the present work, has shown the optimal design criteria 
in reducing the overall mass of the battery pack.

e. The presence of PCM has made the requirement of cool-
ant flow rate within 2 L/min. Thus, it has a very less 
significance in terms of pumping power. By changing 
the type of coolant or by increasing the flow rate above 
2 L/m, better heat dissipation would make the battery 
pack more versatile in controlling the battery tempera-
ture. However, it would increase the pumping power and 
initial cost of the system.

f. The proposed battery pack with hybrid cooling is ver-
satile to accommodate both liquid and air cooling. In 
case the module is used for scooters, hybrid cooling of 
the battery pack can be used with air stream (instead of 
liquid cooling) through the copper tubes.

Limitation and scope for future work

Hybrid cooling system for Li-Ion battery pack proposed in the 
current work represents only three design parameters. How-
ever, PCMs with different thermal properties, capillary tubes 
of metals with various thermal conductivities, and coolants 
with different cooling properties still need to be investigated, 
which could result in more compact and lighter battery packs. 
A similar battery pack can be investigated for hybrid PCM–air 
cooling by passing an air stream through the copper tubes. The 
battery pack considered in the present work was made of only 
two cells. A computational study followed by an experimen-
tal investigation for a complete battery module with 20 cells 
would be considered for future research work.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
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