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ABSTRACT: 

Nowadays, there is an increasing interest in Phase-Change Materials due to their capacity to store latent 

heat during the phase transition. In the literature, the solid-liquid change is widely applied in cooling 

applications such as the thermal management of Li-ion batteries. The optimization of the cooling system 

is one of the solutions to reduce battery aging and increase the battery lifetime. Even if Phase-Change 

Materials are studied to be used in this context, there is still a lack of suitable solutions to be used in 

engineering design for a further product commercialization. In this context, the paper proposes a modular 

approach to support the design of a battery pack considering Phase-Change Materials in the cooling 

system. The approach shows how a single module of cells can be stacked and how the cooling system of 

each module can be easily connected to each other. The modularity concept is extended from the 

electrical configuration to the cooling system. As a test case, a battery module has been analyzed. The 

battery module has been simulated using a Computer-Aided Engineering tool to analyze the behavior of 

the temperature profile under loading conditions. 
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1 INTRODUCTION 

Low and high values of temperature can reduce battery health and lifecycle [1]. As a solution, a lot of 

scholars have been testing Phase-Change Materials (PCM) for the thermal management of Li-ion batteries 

[2] [3] [4].  These materials can absorb energy without increasing their temperature during the phase-

change. PCM materials are particularly attractive and chosen as one of the most interesting cooling 

options in terms of their high-energy storage density [5]. Moreover, they are also less complex and 

expensive than traditional cooling methods (liquid cooling, air forced fan, etc.) [6]. In general, the 

applications of PCM materials not only regard automotive [1], but also PV solar systems [7] [8], building 

[9], energy management systems for building [10] [11] [12] [13], etc. Focusing on applications for 

batteries, even if these materials are cost-effective, their employment in commercial solutions is still 

limited to problems such as the volume change [14] and the difficult to exchange the heat which is 

released after the phase-change [15]. 

The design of a battery pack regards a complex activity which has to consider several aspects such as 

safety [3] and reliability while reducing the relative life cycle cost [16]. The cooling technology is very 

important to reduce the negative influence of temperature [17], to improve the safety in use, and to 

improve the battery efficiency by reducing the aging rate [18]. In this context, the thermal analysis is very 

important to evaluate the operation of the battery pack [19]. However, the simulation of the temperature 

behavior in Li-ion batteries needs of tools to analyze the complexity of the temperature inconsistency in 

operation [20]. 

The reduction of cost and lead-time is an important target in battery design for automotive [20]. The 

integration between the study of the battery layout, the thermal simulations, and the cost analysis needs 

efficient design tools and methods to improve the engineering activity. This issue is more evident in the 

design of customized solutions for small-batches production. Configurations and simulations have been 

already applied in past works to reduce cost and time in the design of battery packs [21]. As an example, 

Pelletier et al. presented a design framework bases on the solution of a Constraints Satisfaction Problem 
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(CSP) model [22]. A lot of the past studies are focused on traditional schemes of battery layout. However, 

the design of battery packs requires the definition of novel configurations because a reference standard 

still does not exist. As an answer, Qian et al. proposed an innovative layout to optimize the cooling 

performance in a battery module with 18650 cells [23]. The design of battery packs requires the study of 

innovative solutions to improve the cooling system and the behavior of the Battery Thermal Management 

System (BTMS). 

This paper shows a modular approach to support the design of Li-ion batteries including the employment 

of PCM. The design of the cooling system is defined within the modularization concept. As a test case, the 

paper proposes the study of a new cooling layout for Li-ion batteries used for energy storage applications. 

The analyzed battery consists of modules with 18 cylindrical-NMC cells. The battery module is the smaller 

operative unit that includes its cooling system. A modularization approach is introduced during the design 

activity to achieve important targets in terms of assembly and thermal management. Here modularity is 

proposed as a key to reducing cost and increasing battery performance. The novelty regards the 

combination of a modular cooling into a battery module including PCM material and air-cooling system.  

This paper is organized into seven sections. Section 3 describes the methodological approach for the 

design of a battery module with a modular cooling system which includes the use of PCM materials. A 

test case with cylindrical Li-ion cells is described in Section 4, and the results are given in Section 5. Finally, 

discussion and conclusions are reported in Section 6 and Section 7 at the end of the paper. 

2 Research background on battery cooling and PCM 

Focusing on the design of Li-ion batteries, several studies are proposed in the literature to improve the 

efficiency and performance of the cooling system. Different cooling strategies can be used to enhance 

the thermal performance of the battery pack. The selection of the cooling method depends upon various 

parameters like environmental conditions, size of the battery pack, etc. In order to control the thermal 
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performance of Li-ion battery packs, it becomes necessary to select an efficient cooling system for the 

battery pack.  

Pesaran et al.[24] studied the effect of air-cooling on the thermal performance of the battery pack. The 

parallel airflow approach was followed to study the lumped capacitance battery thermal model in Matlab 

to monitor the thermal performance of the battery pack. Giuliano et al [25] studied the use of metal foam-

based heat exchanger plates with an air-based cooling system to enhance the thermal conductivity and 

kept the temperature difference as required under different charging and discharging rates. The air-

cooled system becomes ineffective at extreme temperature conditions due to their low thermal 

conductivity and inadequate system design [26]. Liquid-cooled systems are more effective than the air-

cooled ones due to their high thermal conductivity. In this context, Qian et al.[27] investigated the effect 

of the liquid-cooling on the thermal performance of Li-ion battery packs. However, a few types of coolants 

with dielectric properties can be applied in battery applications. 

PCM materials can be used as an alternative solution to traditional cooling systems. The PCM-based 

cooling method is an effective way to thermally control the battery pack due to their high heat storing-

capacity, but low thermal conductivity of PCM is the major limitation for using PCM as a cooling 

alternative. Li et al.[28] used copper foam as an additive into PCM to enhance the thermal properties of 

PCM. The thermal properties of this composite solution were analyzed at different pore density of the 

copper foam. Ettouney et al.[29] studied the enhancement in heat transfer by the addition of metal 

spheres into PCM. 

PCM materials are used in passive cooling systems where they linearly increase their temperature until 

the phase-change is reached. The employment of PCM stabilizes the temperature during the phase-

change, providing a cooling effect because the temperature remains constant during the phase-change. 

However, the latent heat should be dissipated after the change-phase to not generate a further 

temperature increase in the battery system. 
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The basic criteria for the selection of a PCM material for cooling applications are latent heat, thermal 

conductivity, and temperature range of the phase transition (called “melting phase” in solid-liquid 

change). These three characteristics regulate the thermal energy storage and release in PCM materials. 

Regarding the temperature range for the melting point in solid-liquid change, the optimal range of the 

operating temperature for Li-ion batteries is between 25 and 40°C [2]. However, some scholars 

highlighted that 25-30 °C is the best temperature range to minimize the aging effect [30]. Rao et al. 

defined the main characteristics of a PCM material to be used for the heating and cooling of Li-ion 

batteries [31]: 

1. High latent heat, high specific heat, and high thermal conductivity; 

2. The melting point in the desired operating temperature range; 

3. Little or no sub-cooling during freezing; 

4. Small volume changes during phase transition; 

5. Stability, non-poisonous, non-flammable and non-explosive; 

6. Available in large quantities at a low cost. 

2.1 Paraffin wax in thermal management 

Paraffin wax is one of the most used PCM materials with a solid-liquid transition[32]. This material consists 

of a mixture of mostly straight-chain n-alkanes CH3–(CH2)–CH3. The melting temperature can be in the 

range between 20 to 70 °C. This material is also non-corrosive and chemically inert and stable below 500°C 

[33]. Moreover, paraffin wax is cost-effective and shows little volume changes on melting and has low 

vapor pressure in the melting phase [34]. It also provides high latent heat and high specific heat. The 

thermal storage density ranging from 120 to 210 KJ Kg-1. However, the paraffin waxes have a low thermal 

conductivity (about 0.2 W m-1K-1) [35] which limits their use for battery applications such as automotive 

[6]. Therefore, to improve thermal management, other solutions and strategies should be considered in 
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the battery design. Many scholars studied the use of additives to define PCM-based composites for 

increasing thermal conductivity [4].  

Table 1 describes the comparison between some relevant scientific papers focused on PCM-based 

thermal management with solid-liquid solutions. Four papers are focused on battery studies and three 

are related to solar and photovoltaic systems. Most of them studied the use of metallic foams to increase 

the thermal conductivity of the pure PCM material such as paraffin wax. The use of metallic foams 

increases the battery weight; however, the full weight of these battery modules is not shown and often 

difficult to be calculated by the provided data. Therefore, it is also difficult to estimate the energy density 

of these batteries solutions. Table 1 reports the column about energy density but this value is calculated 

without considering the weight of PCM and any other additives because this information was not present 

in these papers.  

Analyzing Table 1, the metallic foams were studied in [28] [36] [37] and [38]. These papers also show that 

metallic foams enhance the temperature uniformity inside the cells pack. However, this advantage is 

related to a low porosity value for the analyzed metallic foams. Low porosity is better to increase the 

thermal conductivity of the PCM-base composites. 

Khateeb et al. [36] proposed an aluminum foam with PCM for the thermal management of Li-ion batteries 

used in electric scooters. A 2-D thermal model was used for analyzing the temperature distribution within 

the battery module. The use of aluminum foam along with PCM made a significant temperature drop in 

battery pack along with uniform temperature distribution compared to the case when the only PCM was 

used for thermal management of battery pack. The type of PCM is not described but the melting range is 

41–44 °C and the analyzed reduction in temperature is about 50%. Hussain et al. [37] carried out an 

experimental study for the thermal management of high powered Li-ion batteries using nickel foam-

paraffin composite. This research describes that the use of pure paraffin wax shows a difference of 24% 

if compared with the PCM composite with copper foam in a battery discharging at a 2-C rate.
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Table 1: Comparison between some relevant scientific papers published in the context of PCM-based thermal management with solid-liquid phase change. 

Application Reference PCM-based composite and 
cell type/solar source 

PCM type Results Energy density in 
battery module 

Electric 
Vehicle 

Khateeb et 
al.[36], 
2005 

• Aluminum foam-PCM; 
• 18650 (2.2 Ah). 

Type not available 
(Melting range: 
41–44 °C) 

• Temperature drop up to 50%  About 195 Wh/Kg 
without PCM 
foam. 

Hussain et 
al.[37], 
2016 

• Nickel foam-paraffin 
wax; 

• NCR18650B (3.4 Ah). 

Paraffin wax 
(Melting range: 
38–41 °C) 

• 31% temperature reduction, if compared with 
air cooling; 

• 24% temperature reduction, if compared with 
pure paraffin; 

• The foam porosity increases the surface 
temperature of the cells. 

About 280 Wh/Kg 
without PCM 
foam. 

Li et al. 
[28], 2014 

• Copper foam-paraffin 
• 18650 (1.5 Ah).  

Paraffin RT 44HC 
(Melting range: 
42.76–49.24 °C) 

• Uniform temperature distribution  
• Battery surface temperature decreased with a 

low porosity of the metal foam 

About 76 Wh/Kg 
without PCM foam 

Wang et 
al.[38], 
2015 

• Aluminum foam- 
paraffin; 

• Prismatic LiFePO4 cell 
(16.5 Ah). 

Paraffin wax 
(Melting range: 
46–51 °C) 

• With foam composite: 28% temperature 
reduction; 

• With pure paraffin: 17% temperature 
reduction; 

• Aluminum foams improves temperature 
reduction in discharging. 

About 206 Wh/Kg 
without PCM 
foam. 

Solar Systems Browne et 
al.[39], 
2015 
Browne et 
al.[40], 
2016 

• Pure acid eutectic of 
capric: palmitic; 

• 500 Wm-2. 
 

Palmitic acid 
Melting range: 
17.72–22.76 °C) 

• Heat storage capacity of PV system increases by 
two times with the use of PCM 

• The low conductivity of PCM reduce the heat 
exchanged (the heat released to the hot water) 

Data Not available 
for this application 
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Photovoltaic 
Systems 

Sharma et 
al. [41], 
2016 

• Pure Paraffin wax; 
• 1000 Wm-2. 

Paraffin wax RT42 
(Melting range: 
38–43 °C) 

• Electrical efficiency improvement of 7.7%. 
• 11.6% temperature reduction using pure 

paraffin wax 

Data Not available 
for this application 
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A sandwiched structure with paraffin wax and copper metal foam was studied by Li et al.[28]. The use of 

such a composite improved the temperature uniformity within the battery pack and also decreases 

battery surface temperature. Wang et al.[38] investigated the use of a PCM composite paraffin-

aluminium foam for improving the temperature distribution within an experimental battery module. The 

addition of aluminium foam not only enhanced the thermal conductivity of PCM but also improved the 

temperature uniformity. In this case, a temperature reduction of about 28% has been observed. Anyway, 

the research also shows the possibility to reduce the maximum temperature upon 17% with the only use 

of pure paraffin. 

Table 1 also reports two papers focused on the thermal management in solar and photovoltaic systems. 

These works propose the use of pure PCM. While Sharma et al. [41] use the paraffin wax and confirms 

the possibility to reduce the temperature in electronic applications, Browne et al. [39][40] use the palmitic 

acid and confirms the limits relates to the thermal exchange after the melting phase of a pure PCM. 

Summarizing, past research shows that paraffin, and pure PCM in general, despite having good heat-

storing capacity cannot be used alone for the effective thermal management of battery pack or other 

applications. The use of pure paraffin wax in Li-ion batteries for Electric Vehicle applications have been 

already investigated in the literature. This seems to give advantages in terms of temperature, but the use 

of a metallic foam can increase the temperature uniformity with more advantages in the discharging 

phase at high C-rates of the current [37][38]. The use of additives, such as metallic foams, is one of the 

ways to improve thermal conductivity. However, the thermal exchange in these composite solutions is 

related to the metallic porosity. The convective thermal exchange is not considered to improve the 

cooling of the liquid phase. 

This paper highlights the concept of a hybrid integrated thermal management system that incorporates 

the concept of PCM based cooling along with forced air cooling. This hybrid system is proposed to enhance 
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the thermal performance of a pure PCM based cooling system. A melting phase of around 26–28°C has 

been investigated despite the past research studied change phases around 40 and 50 °C. 

3 Approach 

The methodological approach to support the design of a Li-ion battery module is described in Figure 1. 

The approach is focused on the design of one battery module to be included inside a stacked pack. 

Generally, modularity is widely used to enhance the assembly of battery packs with many cells.  In this 

paper, the modularization is also extended to the design of the cooling system. 

 

Figure 1: The proposed methodological approach to design a modular battery with cooling. 

The requirements related to the applications and the specifications constitute the input of the proposed 

design process. The selection of cells and their quantity is related to the analysis of the specifications that 

mainly concerns the power required, the necessary energy capacity, the constraints related to sizing, and 
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the climate conditions to be considered. The design phases, analyzed for the battery module, regard the 

definition of the arrays of cells, the selection of the PCM material, and the definition of the modular 

configuration of the cooling system. The definition of the modular cooling system also includes the design 

of the battery casing. A virtual prototyping analysis is proposed for the early evaluation and validation of 

the resulting battery module. A CFD (Computational Fluid-dynamics) tool is used for the thermal and fluid 

dynamics simulations. 

Considering the design of one battery module, each module is equal to each other and the number of the 

employed cells is related to the specific electrical scheme. Therefore, each battery module has an 

appropriate set of cells which are connected in series/parallels. This electrical scheme can be defined at 

the beginning of the battery design during the conceptual analysis. The definition of the cell type and the 

electrical scheme is a task assigned to the electrical engineer. On the other hand, the tasks assigned to 

the mechanical engineer concern the study of the battery layout, the casing definition, and the cooling 

analysis. 

The novelty of this approach concerns the definition of a cooling system integrated within the modular 

geometrical layout, as described in Section 4.5. Each battery module has its cooling system which includes 

a passive solid-liquid PCM unit and a heat exchanger. Moreover, the heat exchanger can regulate the 

temperature of the PCM system by air-cooling. The integration of a passive PCM cooling and an air-cooling 

one is controlled by the BTMS during operation. Such a system can regulate the melting point of the PCM 

filled inside the battery module and maximize efficiency. The blower unit of the air-cooling system is not 

considered inside the battery module. It is considered as a component of the battery pack and not 

included in the proposed modular design. The main components of the proposed cooling system for a 

battery module are: 

• PCM material: it is filled inside the battery casing while it is in the fluid phase; 
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• Sheet-metal plates: cooling wings wet by the PCM material to maximize the heat exchanged 

between PCM and the environment; 

• Air-cooling system: air ducts with heat-exchangers to regulate the temperature inside the battery 

module; 

• BTMS: the logic controller which regulates the cooling performance activating the air-cooling 

system and monitoring the temperature profiles related to the cell zone, PCM material, air, and 

external conditions. 

The presence of an air-cooling system is an opportunity to control the battery’s temperature when it 

exceeds the PCM’s melting point. Moreover, the air-cooling system can be also used for heating the 

battery system in cold conditions when the external temperature is below 0°C. This condition is common 

in several areas such as North Europe and North America. The proposed cooling combination wants to 

maximize the benefits related to the use of PCMs by the control and management of the battery’s internal 

temperature in the range of the PCM’s melting point. For that reason, the approach proposes the 

selection of an opportune PCM material with a melting point suitable for its final application considering 

safety, efficiency, and performance of the specific Li-ion cells (see Section 3.1). The final cooling 

performance is related to the definition of the PCM material and the sizing of the air-cooling system. 

Two databases are considered in the design workflow. The first database is related to the collection of 

PCM materials to be employed. This database includes information and technical datasheets to support 

material selection. The second one is a collection of parametric 3D CAD-templates which can be used as 

a reference Knowledge Base to define the design of a new battery module. This second database includes 

past-design projects in order to promote the re-use of best practices. The re-use of already validated 

solutions is important because it can contribute to reducing time and cost related to the design phase of 

such complex products. 
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4 Modeling and test case 

This section describes the design of a battery module using the proposed concept of modular design. A 

18650-cell has been selected as a basic element for that Li-ion battery. This Li-ion cell has been chosen 

due to recent market interest for this format which is applied in several applications from electronic and 

electrical devices to electric vehicles [42].  

The specifications of the related Li-ion battery pack concern the design of a 2.4-kWh energy storage unit 

for stationary applications. Figure 2 describes the assembly of this battery pack. The cooling system 

includes a passive PCM material and also an air-cooling system to improve the heat exchange. The full 

battery pack includes 12 200-Wh modules and two plenums for inlet and outlet air flows. The Li-ion 

modules are connected in parallels and their cells are in series inside each module. Each module can 

provide a nominal power of 200 W under the condition of 1 C-rate and a peak of 2000 W for a few seconds. 

Following the modeling and design approaches related to one battery module are described. 

 

Figure 2: The structure of the modular battery pack. 
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4.1 Cell data 

This study has been focused on the employment of Li-ion 18650 cells with an NMC (lithium-manganese-

cobalt-oxide, LiNiMnCoO2) chemistry (Table 2). This type of cell has many advantages such as the small 

size which is useful for applications with dimensional constraints. These cells also provide good 

mechanical properties. Their metal casing makes them robust and also acts as a heat sink. Moreover, an 

internal spiral wound structure separates anode and cathode multiple times increasing the level of safety. 

Safety characteristics are important in this type of Li-ion cells because they can achieve a high energy 

density of about 237 Wh kg-1. However, this cell also provides some disadvantages such as low battery 

capacity and a high-temperature level achieved at high C-rate. In fact, these cells can be discharged at a 

high current rate (C-rate) such as 10-C. Therefore, temperature monitoring and battery cooling are 

current topics in this context. The geometrical dimensions of each 18650 cell are 18 mm of diameter and 

65 mm of height. Table 4 shows the datasheet related to the 18650 cells used in this paper. 

Table 2: Cell datasheet (Model: US18650VTC6). 

Property Value Unit 

Nominal capacity 3000 mAh 
Max. continuous discharge current 15 A 
Nominal voltage 3.6 V 
Discharge end voltage 2.5 V 
Charging voltage 4.20 V 
Height 65.20 mm 
Diameter 18.50 mm 
Weight 45.50 g 
Lifecycles 300 @0.5C to 80% cycles 

	

The cathode of the selected Li-ion cell is a combination of nickel-manganese-cobalt. This combination 

enhances the strengths of each material in the chemical composition. Cobalt increases the battery voltage 

in Li-ion cells, but it has a high cost [43]. Even if cobalt is an expensive component for Li-ion cells, it 
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provides a value stream in recycling [44]. On the other hand, Nickel is used in NMC cells to its energy 

density, lower cost, and longer-cycle then simple cobalt-based cells [45]. 

Heat generation from one cell is due to the electrochemical reactions happening inside its sub-layers such 

as anode, cathode, and separator. The temperature of a battery pack increases during operation due to 

the internal heat generation within each Li-ion cell. Therefore, it is necessary to analyze the heat 

generated by one cell to evaluate the temperature distribution within a battery pack. 

4.2 Heat source modeling 

This section describes the analytical approach used for computing the heat source generated during the 

battery operation. The evaluation of the electrochemical heat source focuses on the behavior of one cell. 

Then, the heat generated by one single cell is extended to each cell of the battery pack during the 

complete simulation. Therefore, the thermal analysis of one cell is important to further simulate the 

temperature inside a Li-ion battery pack.  

The calculation of the heat generated inside each Li-ion cell depends on three effects: the activation of 

the interfacial kinetics, the concentration of the species transport, and the Joule heating (Ohm losses). 

These phenomena concern the movement of particles during the charge and discharge phase, the rates 

of the electrochemical reactions, and the temperature variation when the Li-ion cell is cycling. 

One of the most important studies of the electrochemical and thermal behavior of Li-ion cells was 

proposed by Bernardi [46], where the heat generated depends on the thermodynamic equilibrium inside 

the layers of the battery cell (1). 

𝑄!"#̇ = 𝐼(𝑉 − 𝐸$) − 𝐼𝑇
%&!
%'
− ∑ ∆𝐻(

)*!𝑟( − ∫∑ 0𝐻1+ −𝐻1+
)*!2+

%,"
%-
𝑑𝜐(   (1) 

Equation 1 describes the quantity of heat generated per unit of time inside a Li-ion (evaluated in watt, 

W). The term V represents the variable cell voltage during the charging/discharging phases, E0 is the open-
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circuit voltage value (also known with the term OCV), I is the electrical current applied (>0 in charging and 

<0 in discharging) and T is the temperature of the cell evaluated in kelvin (K). The term ∆Hi
avg describes 

the variation of enthalpy for each i-chemical reaction where ri is the rate of the i-reaction; Hj
avg represents 

the partial molar enthalpy of species j, and cj is its concentration [47]. The apex “avg” indicates a property 

evaluated at the averaged volume concentration. The contribution of the molar enthalpy is calculated 

over time (t) and per the variation of volume (where volume is represented by the term v). 

Following the assumption proposed by Thomas and Newman [48], this paper considers a simplification of 

Equation 1 for the heat calculation of one cell. Therefore, only the first two terms of (1) were considered. 

These terms are important because they represent the exothermic and irreversible heat (2), which is the 

Joule effect related to the internal resistance (Ri), and the heat due to the entropy changes related to 

specific reactions (3). This second term can be either endothermic or exothermic in the function of the 

current and the state of charge (SOC). Moreover, (3) describes the reversible heat and it is related to the 

ratio ∂E0/∂T which is also related to ΔS/nF, where ΔS represents the entropy variation which is divided 

per the Faraday’s constant (F ) and the number of exchanged electrons (n) in the electrochemical reaction.  

𝑄̇(.. = 𝐼(𝑉 − 𝐸$) = 𝐼/𝑅(   (2) 

𝑄̇. = 𝐼𝑇 %&!
%'

= 𝐼𝑇Δ𝑆 0
#1

   (3) 

The third and fourth term of (1) are neglected [48] because one depends on side reactions related to 

aging, which are assumed to be slow enough to be neglected, and the other term is the heat of mixing, 

which is generated from the formation and relaxation of concentration gradients within the cell. This term 

can be considered almost zero because the concentration gradients are limited [48]. Considering all these 

assumptions, (1) was simplified in (4). 

𝑄!"#̇ = 𝑄(..2𝑄. = 𝐼/𝑅( − 𝐼𝑇Δ𝑆
0
#1

  (4) 
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The proposed analytical approach aims to calculate the thermal heat generated by a 18650 Li-ion cell 

considering (4). The output of this calculation is employed inside a CFD tool to simulate the temperature 

distribution of each cell of the battery module. In particular, (2) and (3) have been implemented inside a 

user-defined function (UDF) compiled by the CFD tool. This UDF calculates the heat generated on the 

input current profile and time. Parameters related to the specific 18650 cells have been retried by 

experimental tests and datasheets. In particular, the internal resistance (Ri) and the variation of change 

in entropy (ΔS) with SOC were calculated using experimental tests in a climatic room (Figure 3). The 

internal resistance was evaluated at a temperature of 20°C, 30°C, and 40°C. 

  

Figure 3: Experimental report with: a) the internal resistance (Ri) and b) the entropy variation evaluated 
as ΔS/nF. 

Analyzing the experimental tests reported in Figure 3, the following formulas (5) and (6) have been used 

for modeling the internal resistance and the entropy variation, which depend on temperature and SOC. 

These electrochemical equations have been implemented inside a user-defined function to simulate the 

thermal behavior of one cell by the analysis of a current profile. 

𝑅( = 8
2.258	 × 1034𝑆𝑂𝐶3$.678/;	
1.857	 × 1034𝑆𝑂𝐶3$./9:9;
1.659	 × 1034𝑆𝑂𝐶3$.047/;

𝑇 = 20℃
𝑇 = 30℃
𝑇 = 40℃

        (5) 

∆𝑆 = J
99.88	𝑆𝑂𝐶394.49;	

+30;
−20;

0 ≤ 𝑆𝑂𝐶 ≤ 0.77
0.77 < 𝑆𝑂𝐶 ≤ 0.87
0.87 < 𝑆𝑂𝐶 ≤ 1

      (6) 
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The analytical temperature profile and the experimental values have been compared to validate the 

thermal output of (4). The result is reported in Table 3. The real data was acquired by cycling a battery 

cell inside a climate chamber under the temperature of 293 K. The cycled tests are described in Table 3: 

0.5-C charge, 0.5-C discharge, 1-C charge, and 1-C discharge. The temperature of the cell was monitored 

by thermocouples. The test was under the natural convective condition. Equation 7 reports the power 

balance used to solve the analytical temperature related to this test condition. The convective dissipation 

and the variation of thermal capacity were added to the formulation described in (4). 

𝐼/𝑅( − 𝐼𝑇Δ𝑆
0
#1
= ℎ	O𝑇;<= − 𝑇>P𝐴 +	𝑚,"??𝑐=#$%%

@'
@-

   (7) 

The term h represents the heat convective transfer coefficient (the irradiation aspects have been 

neglected due to small irradiative area and the temperature differences), the term A is the external 

surface of one 18650 cell, mcell is the mass of the cell evaluated in kg, and cp is the specific heat capacity. 

The term T∞ represents the temperature of the air inside the climatic chamber. While T is the average 

internal temperature of the cell, Tsup is the superficial temperature involved in the convective and 

radiative phenomena. The term dT/dt describes the temperature variation inside a cell. Table 3 shows the 

maximum temperatures achieved at the end of charges and discharges for one 18650 NMC cell tested in 

the described condition. The table also shows the comparison between analytical and real values. The 

result confirms the validation of the heat source model because a reduced error has been valuated 

between analytical and real values.  

Table 3: The comparison between analytical and real temperature achieved at the end of 
charge/discharge phases for an 18650 NMC cell under the condition of natural convective and room at 
293 K. 

Test C-rate h (Wm-2K-1) 
(analytical) 

Analytical Max 
Temperature (K) 

Real Max 
Temperature (K) 

Temperature 
RMS error 

Charge      0.5 C 5.35 318 317 0.35 
Discharge  0.5 C 5.45 320 319 0.57 
Charge 1 C 6.10 338 337 0.38 
Discharge 1 C 6.15 340 338 0.58 
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The analytical values related to h, which is the heat convective transfer coefficient, have been calculated 

using the following formula (8) where Nu is the dimensionless Nusselt number, λ is the thermal 

conductivity of the fluid (W m-1K-1), and L is the characteristic length of the problem [49]. 

ℎ = 𝑁𝑢 ∙ 𝜆
𝐿Y   (8) 

The Nu number has been calculated following the case of external convective heat transfer in vertical 

cylinders, as described in (9). The term Pr and GrL are respectively the numbers of Prandtl and  Grashof 

[49]. 

𝑁𝑢 = Z0.825 + $.6:9∙(C.∙D.&)'/)

F02G$.H/7 C.I J
*
')K

+/,-[

/

  (9) 

4.3 PCM modeling 

The temperature modeling in PCM materials is defined using Eq. (10) and Eq. (11). While Eq. (10) describes 

the temperature distribution in PCM, Eq. (11) describes the phase change function (α) which indicates the 

fraction mass of the melted material. The value of α is zero when the PCM temperature is less than the 

melting point and 1 when its temperature exceeds this condition. 

𝜌L	𝐶=.
%'
%-
+	𝜌L		𝐶=.𝑢 ∙ ∇𝑇 = ∇ ∙ (k∇𝑇)   (10) 

𝜃 = 1 − α   (11) 

During the phase change, heat conductivity, density and heat capacity change as described in Eq. (12), Eq. 

(13) and Eq. (14): 

𝜌L = 𝜃	𝜌=M);"0 + (1 − 𝜃)𝜌=M);"/   (12) 

	𝐶=. = 0
N.
0𝜃	𝜌=M);"0	𝐶=.,0123$' +	(1 − 𝜃)𝜌=M);"/	𝐶=.,0123$'2 + 𝐿O

%P.
%'

   (13) 
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𝑘CQR = 𝜃	𝑘=M);"0 + (1 − 𝜃)	𝑘=M);"/   (14) 

αL = 0
/
(03S)N0123$,3SN0123$'
SN0123$'2(03S)N0123$,

   (15) 

In these equations, LH is the latent heat, 	𝐶=.  is the specific heat of the PCM material, 𝜌L is the PCM 

density, kPCM the thermal conductivity, αL the average phase change function (15), and u is the PCM 

velocity related to the melted phase. In this paper, as an assumption, the max velocity of the melted 

phase is 0.008 (m s-1). 

In this paper,  Paraffin R27 C 21 has been considered as PCM material. Table 4 shows the properties of 

Paraffin R27 C 21, which is a commercial wax with a transition solid-liquid range between 26 and 28 °C 

[50] [51].  

Table 4: PCM properties for Paraffin R27 C21 [50] [51]. 

Property Value 

Material name Paraffin R27 C 21 

Melting point (°C) 26-28 

Melting point (K) 299-301 

Latent heat (kJ kg-1) 179 

Density liquid (kg m-3) 750  

Density solid (kg m-3) 870 

Viscosity (Kg m-1s-1) 0.0057933  

Cp –  Specific Heat (J Kg-1K-1) 1950  

Thermal Conductivity (W m-1K-1) 0.2  
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4.4 Battery pack and functional analysis 

This section describes the modular approach used to design one battery module. This module has been 

designed as the smallest unit of a 12-module pack (a matrix of two rows of six modules). Each module is 

a 54-Volt unit with 18 cells (type 18650 cylindrical NMC) having a nominal capacity of 3000mAh, the 

nominal voltage of 3.6V and a maximum continuous discharge current of 20A (Table 2). 

A functional requirement analysis has been carried out to support the modular design of the proposed Li-

ion battery. Table 5 describes the list of the 10 Functional Requirements (FR) which have been defined 

for the design of this battery pack. Each FR has been assigned to a specific function. Five functions have 

been highlighted for the design of a Li-ion battery pack: “Pack Strength”, “Pack Assembly”, “Pack Setup”, 

“Cells Protection”, “Battery Efficiency”. The highlighted FRs are related to the mechanical engineering 

design of the battery pack and include the casing and cooling system.  

Table 5: Functional Requirements (FRs) for the design of the battery pack. 

FR Description Pack 
Strength 

Pack 
Assembly 

Pack  
Setup 

Cells 
Protection 

Battery 
Efficiency 

1 Do not press the cells    x  

2 Increasing temperature 
exchange (cooling/heating) 

   x x 

3 Resistance to crash and 
compression x   x  

4 Avoid damage for vibration x     

5 Provide an adequate degree of 
protection (IP index) 

   x  

6 Have a reduced sizing  x x   

7 Reduced number of parts  x    

8 Reduced weight  x x   

9 Easy to pack   x   

10 Resistance to humidity    x  

 

Table 6 describes the relationships between each FR. Therefore, this table shows a paired analysis of the 

FRs. As an example, FR2 is related to the Cells Protection function and thereby it has a relation with FR1, 
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FR3, FR5, and FR10. Each FR has at least tree interactions with others. The total number of times that 

each FR is related to others is described in Table 7. Each count is related to rows and columns. 

The FRs with more relationships are FR1, FR2, FR3, FR5, and FR10. Following the order of relationships, 

the main FRs to be considered into the proposed design of the battery pack are: “Do not press the cells”, 

“Resistance to humidity”, “Provide an adequate degree of protection (IP index)”,  “Increasing temperature 

exchange (cooling/heating)”, and “Resistance to crash and compression” 

Following the results of the functional analysis, the battery pack should protect the cells in terms of a 

crash, collision, and thermal dissipation considering a reduced weight and number of parts. In this test 

case, the designer has used these requirements to define the layout and structure of the battery’s module 

described in Section 4.5. 

Table 6: Relationships between each FR. 

FR/FR 1 2 3 4 5 6 7 8 9 10 
1  x x  x     x 
2 x    x     x 
3 x x  x x     x 
4   x        
5 x x x       x 
6       x x x  
7      x  x   
8      x x  x  
9      x x x   
10 x x x  x      

    
 

Table 7: Number of relationships by FR. 

FR Description Total 
1 Do not press the cells 5 
2 Increasing temperature exchange (cooling/heating) 4 
3 Resistance to crash and compression 4 
4 Avoid damage for vibration 3 
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5 Provide an adequate degree of protection (IP index) 5 
6 Have a reduced sizing 3 
7 Reduced number of parts 2 
8 Reduced weight 3 
9 Easy to pack 3 
10 Resistance to humidity 5 

 

4.5 Battery module and modeling 

This section describes the design of the battery module. This configuration has been achieved analyzing 

the results of the functional analysis. In particular, a modular cooling system has been studied and defined 

to reduce the complexity related to the pack assembly. The cooling system consists of a passive PCM 

body, which is filled between the battery cells, and an air-flow which regulates the temperature of a 

finned aluminum heat exchanger, as described in Figure 4. The geometry of the battery module allows 

each item to be easily stacked and assembled with the air-cooling system. An air-blower unit and plenum-

ducts have been evaluated to complete the design of the whole battery pack; however, the design of the 

battery pack has not been reported in this paper which is focused on the analysis of a single module. 
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Figure 4: The structure of the proposed battery module with PCM and air-cooling. 

Figure 4 describes the assembly and the resulting components of the battery module. The battery module 

has been defined as a set of 4 components: cell (18 occurrences), PCM (filled inside the cells pocket), 

casing, and heat exchanger (2 occurrences). This structure shows the following advantages: 

• Resistance to vertical compression due to the presence of 11 vertical sheet metal plates; 

• Resistance to horizontal crash and vibration due to 5 inclined sheet metal plates and external air-

flow channels with heat exchangers; 

• Increasing temperature stability of the cells due to the combination of a passive and an air-cooling 

system. While PCM is a passive system and increases its temperature during operation and after 

the melting phase, the air-cooling system and the casing conductive can regulate the temperature 

of the filled PCM and the solid-liquid transition.  

• A reduced number of parts involved, if compared with the type of the cooling system and the 

easy of the pack assembly. 
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The array of Li-ion cells is supported by aluminum thin sheets arranged in a diagonal way. This 

configuration produces structural and thermal advantages. In particular, the thermal advantages are 

related to the increase of thermal dissipation which is also important in the context of the thermal 

runaway. While the employment of aluminum reduces the weight of the battery module, the filled PCM 

increases the weight of the battery module due to the density of the paraffin wax which is 870 kg m-3 (in 

the solid-state). The weight of the paraffin wax, filled in one module, is 0.205 kg (Table 8). Data about the 

PCM weigh and volume are reported in Table 8. 

Table 8: Data about PCM volume and weight. 

Parameter Value 

Internal volume 305 cm3 

PCM volume (100% liquid fraction) 274 cm3 

PCM volume (100% solid fraction) 237 cm3 

PCM weight 0.205 kg 

 

The geometrical dimensions of the battery module are length 165 mm x width 135 mm x height 65 mm. 

CAD software has been used for the parametrical and geometrical modeling of the battery module. A 

computer Aided Design (CAE) tool has been used to simulate the proposed battery configuration in terms 

of thermal behavior under specific boundary conditions, as described in Section 5. 

4.5.1 Modeling	of	the	sheet	thickness	

In this section, the sizing of the thickness of the aluminum thin sheets is described. The battery module 

consists of two types of aluminum sheets: the external sheet and the interior sheet. While the first one 

regards the structure of the external case of the analyzed battery module, the second one is the metallic 

wall surrounded by PCM (as described in Figure 5). The study of the sheet thickness is related to four 

objectives: the structural behavior, the thermal exchange, the sheet cost, and the sheet weight. 
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Figure 5: The layout of the aluminum case of the battery module without the Li-ion cells. 

The relationship between thickness (t) and structural behavior has been analyzed considering the 

problem of the aluminum sheet as a uniformly loaded rectangular plate with clamped edges and constant 

thickness. With the assumption of constant material properties, the deflection in the center of the plate 

(w) and the flexural rigidity (D) can be calculated by (16) and (17), as already described in [52].  

𝑤 = T)4

/HU
  (16) 

𝐷 = &-5

0/(03*,)
   (17) 

The terms q represents the uniform pressure loading (expressed in Pa) and a is the half-width of the 

aluminum plate. The loading condition is the pressure generated by the volume change of the PCM 

material when it achieves 100% of liquid fraction. The aluminum’s properties are represented by E, which 

is Young’s modulus (Pa), and v which is the Poisson’s ratio (Table 9). The term t is the sheet thickness 

evaluated in mm. 

Table 9: Aluminum properties. 

Parameter Value 
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Young’s modulus, E 7 x 1010 Pa 

Poisson’s ratio, v 0.33  

Thermal conductivity, λ 290 W m-1 K-1 

Density 2700 kg m-3 

 

The loading pressure (p) is calculated by analyzing the volume change after the melting phase [47]. 

Equation (18) and (19)  describes the approach for achieving the value of the pressure loading due to the 

volume change of the PCM material. 

𝐸CQR = 3(1 − 2𝑣CQR)𝐾CQR  (18) 

𝐾 = − V!∆=
∆V

= − V!(=3=!)
(V3V!)

  (19) 

Analyzing (18) and (19), the term EPCM is Young’s modulus of the PCM material, vPCM and KPCM are the 

modulus of Poisson and bulk. The max value of the volume change (∆V) is the difference between the 

volume of the solid-state (V0) and the liquid condition (V). In this calculation, the EPCM is 61.4 MPa [53] and 

vPCM is 0.37 [54]. 

The thermal analysis has been also performed to evaluate the relation between the sheet thickness (t) 

and the heat exchange. The heat flux (𝑄̇;M) due to the conduction phenomenon is described by (20) where 

λal is the aluminum thermal conductivity, Aal is the wall area (m2), TM is the melting temperature, T0 is the 

external temperature (in the case of external sheet).  

𝑄̇;M = 𝜆)?𝐴)?
'!3'6

-
  (20) 

Figure 6 describes with four graphics the result of the analysis of the relationship between the sheet 

thickness with the structural behavior, the thermal exchange, the sheet cost, and the sheet weight. The 

cost has been analyzed with technical catalogues. Using these graphics, a thickness value of 6 mm has 
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been chosen for the external sheet and 3 mm for the internal one. The thickness of 6 mm provides a low 

deflection in the worst-case scenario (after the melting phase, near the external wall) without 

compromising the heat flux. A reduced thickness (3 mm) has been selected for the internal sheet because 

the two sides’ compression reduces the structural problems. 

 

Figure 6: The relationships between the thickness of the external aluminum sheet of the battery module 
with the sheet displacement under the loading pressure due to the PCM volume change (a), the specific 
heat flux exchanged by the aluminum wall (b), the specific weight (c), and the specific cost (d). 

4.5.2 Modeling	of	the	cell	distance	

The distance between each cell has been optimized using the balance between the heat exchanged by 

the PCM layer (𝑄"X) and the heat stored by the same layer of material (𝑄;-̇ ) in the same time unit. The 

thickness (tx) of this layer has been considered as variable in Equation (21) and (22). In these equations, 
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𝜆CQR and 𝐿O are the thermal conductivity and the latent heat of the PCM material. The difference 

between TM and TCM in (21) is the difference between the PCM melting temperature (26-28 °C) and the 

maximum cell’s temperature (about 65°C). 

𝑄"Ẋ = 𝜆CQR𝐴CQR
'63'76

-8
  (21) 

𝑄;-̇ = 𝐴CQR𝑡X𝐿O  (22) 

Figure 7 describes the trend of Equation (21) and (22) in terms of layer thickness. As described, the value 

of 3 mm is the optimum point, the balance between the amount of heat exchanged and the heat stored 

in the PCM layer. 

 

Figure 7: The result of the balance between the amount of heat exchanged and the heat stored in the 
PCM layer. These two functions are related to the distance between two cells. The red line reports the 
heat stored in the melting phase by the PCM layer between each cell. The blue line reports the heat 
exchanged by the same PCM layer between each cell. 
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4.5.3 Energy	density	

The energy density of the resulting battery module can be calculated considering the battery capacity 

(about 200 Wh) and the related weight. Since in the literature this value is sometimes not reported for 

other papers, there is difficult to provide a comparison with past research. Therefore, here two values of 

energy density have been calculated. The first value is 69.10 Wh/kg and considers the effective weight of 

all items. The second one is greater (244.20 Wh/kg) and only considers the weight of the Li-ion cells. This 

second value has been calculated to compare the analyzed module with other papers that do not report 

the effective energy density (as seen in Table 1). Table 10 present the data of our work related to the 

battery’s weight, including the weight of each item, and the resultant energy density calculated using 

both methods with and without considering the weight of PCM, aluminum box, and other items. 

Table 10: Data related to the battery’s weight and energy density. The value of energy density has been 
considered with and without the weight of paraffin wax and other items (aluminum box, cables, etc.). 

Data Value 

Li-on cells (18 items) - weight 0.819 kg 

PCM (paraffin wax) - weight 0.205 kg 

Aluminum box - weight 0.550 kg 

Heat Exchangers (2 items) - weight 0.820 kg 

Cables and PCB controller -weight 0.500 kg 

Total battery module’s weight 2.894 kg 

Energy density (with all items)   69.10 Wh/kg 

Energy density without PCM, box, and other items 244.20 Wh/kg 
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5 RESULTS 

Thermal simulations have been carried out using a CAE software tool used for CFD analysis. The results 

show the thermal behavior at three different operative conditions: discharge at 0.5 C (Section 5.1), 

discharge at 0.75 C (Section 5.2), and a testing cycle that alternates charge and discharge phases (Section 

5.3). 

The physical behavior of the PCM material has been modeled in the CFD software. A set of properties has 

been defined to simulate the phase change during the battery operation. Table 4 describes the properties 

that have been inserted for modeling the PCM material. 

The PCM simulation has been performed considering the energy equation and the solidification and 

melting models of the CFD software. In this case, two phases (solid and liquid) have been analyzed for the 

PCM model. The simulations have analyzed the temperature variation and the melt fraction of PCM. As a 

boundary condition, no melt fraction has been previously defined. As an assumption, PCM was considered 

full solid at the beginning of the simulation cycle. 

The electrochemical heat generated inside each cell has been evaluated using Equation (3), as discussed 

in Section 4.1. An analytical approach has been defined to solve the thermal problem per each current 

rate. The resulting values have been settled in the CFD tool as a specific heat thermal source per each cell 

body. In particular, a User Defined Function (UDF) setting has been used to simulate the testing cycle 

proposed in Section 5.3. The UDF approach allows the condition of the variable heat source to be 

reproduced inside the virtual prototyping analysis. The temperature profile and the variation of the liquid 

fraction in the PCM material have been investigated using the CAE tool in each operative condition. 

Moreover, the simulations at a constant discharge rate have been also compared to the behavior of the 

battery module with and without the PCM material. 
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5.1 0.5-C discharge 

The first simulation activity concerns a 0.5-C discharge comparing the configuration with and without the 

passive PCM cooling. Both simulation conditions consider a room temperature of 293 K (20 °C) and an air-

flow rate of 12 m3 h-1. Figure 8 shows the temperature achieved with and without PCM after a 0.5 C 

discharge at 100% DOD (Depth of charge). Figure 9 shows a comparison of the related temperature 

profiles. The maximum temperature achieved is about 324 K (51 °C) without using the passive cooling 

provided by the PCM material. This temperature level is out of the optimum working range; therefore, 

continuous operation at this temperature can improve the degradation and depletion of each Li-ion cell. 

On the other hand, the simulation shows that using a PCM material the cells achieve a maximum 

temperature of 304 K (31 °C). This configuration can reduce the level of the maximum temperature 

achieved by up to about 40% for a 100%-DOD discharge at 0.5 C. 

 

Figure 8: The temperature distribution of the battery module after a 0.5 C discharge a) without PCM and 
b) with PCM. 
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Figure 9: The average temperature profile of the battery module after a 0.5 C discharge without PCM 
(blue line) and with PCM (red line). 

5.2 0.75-C discharge 

This second simulation activity regards the battery module discharged in continuous at 0.75 C. In this 

simulation a comparative analysis has been also proposed between the temperature distribution 

achieved with and without PCM. The boundary conditions were kept similar to that of 0.5C rate i.e. an 

air-flow rate of 12 m3 h-1 and 293 K (20 °C) room temperature. 

Figure 10 shows the contours related to the temperature distribution within the battery module after 

discharge at 0.75 C. Figure 11 describes the comparison between the maximum temperature reached 

within the module when PCM material is employed and not employed. While without PCM the 

temperature of the maximum cell of the battery module reaches up to 345 K (72 °C), without PCM 

material the maximum temperature reaches only up to 312 K (39 °C). This configuration can reduce the 

level of the maximum temperature achieved by up to about 45% for a 100%-DOD discharge at a 0.75-C 

rate. 
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Figure 10: The temperature distribution of the battery module after a 0.75 C discharge a) without PCM 
and b) with PCM. 

 

Figure 11: The average temperature profile of the battery module after a 0.75 C discharge without PCM 
(blue line) and with PCM (red line). 

5.3 Testing cycle 

This third condition of simulation concerns the testing cycle described in Figure 12. This test is about 3h 

and 40 min long, it includes different operative steps alternating charge and discharge phases. Figure 13 
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describes the comparison of the average temperature profile achieved in simulations with and without 

the PCM material. The condition of the time-depended current was reproduced using a UDF file which 

includes the data of the current profile and the relative generated heat calculated using Equation (3). This 

UDF file contains a function which reads the current time of the simulation and assigns the correct value 

of SOC and current to that time reproducing a real battery test. This procedure was previously validated 

by experimental tests on one cell. In this simulation, the state of current, voltage, and charge was 

considered identical to each cell. The calculation of the heat generated in each cell depends on the state 

of the cell itself and its parameters such as voltage, current, and SOC. 

 

Figure 12: The current profile applied in the testing cycle. 

https://doi.org/10.1016/j.est.2020.101684
https://creativecommons.org/licenses/by-nc-nd/4.0/


Author Accepted Manuscript – Formal publication: https://doi.org/10.1016/j.est.2020.101684 

© 2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/  

 

 

 

Figure 13: The comparison of the average temperature profile achieved in simulations with and without 
the PCM material during the testing cycle. 

Figure 14 shows the temperature distribution achieved in the battery module at the end of the proposed 

testing cycle which alternates different phases of charging/discharging. The temperature after the 

simulations with PCM and air-cooling is about 295 K, which means about 21 °C. In this simulation, the 

setting of the PCM material and the air-cooling system is able to limit the temperature rising. The 

maximum temperature peak is about 296 K. Moreover, the temperature of the PCM is under the phase-

change condition and the air-cooling system is efficient in heat removal. 
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Figure 14: The temperature distribution of the battery module at the end of the analyzed testing cycle. 

5.4 Variation of liquid-fraction in PCM 

Figure 15 shows the variation of the liquid-fraction in the PCM material during the simulations at 0.5 C 

and 0.75 C discharge rates. Figure 16 describes the temperature behavior during the solid-liquid transition 

in both conditions (0.5 C and 0.75 C discharge). Considering the case of 0.5 C discharge, the solid-liquid 

transition starts at 4500 s which represents about 60% DOD. On the other hand, considering the case of 

0.75 C discharge, the solid-liquid transition starts at 1250 s which represents about 26% DOD. 

During the 0.75 C discharge, the PCM material is fully liquid when the DOD is about 70% and achieved an 

increase of about 10 K in the range 70% - 100% DOD. The results also highlight that when the Li-ion 

module is discharged at 0.5 C rate, the melting of the PCM material achieves the fully liquid phase only at 

the end of the discharge. 

 

Figure 15: The comparison between a 0.5 C discharge and 0.75 C discharge in terms of liquid-fraction. 
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Figure 16: The comparison between a 0.5 C discharge and 0.75 C discharge in terms of the average 
temperature profile. 

6 Discussion 

Modularity is an important issue in the design of battery packs. A modular approach can reduce the 

battery cost and the assembling time during the early design phases. The advantages are the same 

achieved for conventional configurations products. An important market share of the battery packs is still 

regarding the niche market for customized solutions in different fields from automotive to smart homes. 

Therefore, such customized products often require an engineering phase before building. Even if the 

market of Li-ion batteries differs from the Engineer-to-order sector, the study of a customized battery 

pack requires a preliminary engineering analysis to confirm the compliant of the electrical performance 

with the specifications. Moreover, another important analysis concerns the validation of thermal 

behavior during operation. The thermal analysis is a necessary activity to prevent an excessive 

temperature level in operation. The achieving of a high-temperature level can increase the aging effect 

of each Li-ion cell and reduce the battery life, as well known in the literature. 

The approach here proposed describes a method to be replicated in the design of Li-ion modules. The 

method considers an early functional analysis to reduce the gap between functional requirements and 

https://doi.org/10.1016/j.est.2020.101684
https://creativecommons.org/licenses/by-nc-nd/4.0/


Author Accepted Manuscript – Formal publication: https://doi.org/10.1016/j.est.2020.101684 

© 2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/  

 

 

battery modularization. The resulting battery’s module is defined considering the functional 

requirements highlighted in the early design phase. This activity is proposed to support a better 

modularization of the whole battery pack. 

The modularity in battery design can be applied both in customized production and mass production. In 

the context of customized production, this approach can achieve an important target in terms of time 

reduction in the design activity with benefits on the product cost. Regarding a mass production of 

batteries, the approach can be also used to optimize the assembling phases in manufacturing. 

The test case proposes the study of an 18-cell module with a double cooling system which consists of a 

PCM material and air-cooling channels with finned heat exchangers. While the first system is a passive 

cooling system, the second one is an air-cooling system with two heat exchangers. The study considers 

such a mix of cooling systems to increase the heat exchange and enhance the employment of the paraffin 

wax as PCM material. During the solid-liquid phase change, paraffin-wax can store an amount of heat 

until the liquid fraction is 100% of the PCM volume. At this point, it is important to define how to reduce 

the heat of the PCM system. This paper introduces the air-cooling system to improve the cooling effect 

of the PCM material avoiding and excessive heat increasing for Li-ion cells when the PCM material is all 

liquid. When the PCM is liquid, the thermal capacity and the low conductivity make the temperature 

reduction very difficult to be achieved. 

The employed paraffin wax, which is a pure PCM, has low thermal conductivity (0.2 W m-1K-1); therefore, 

the complete melting of this PCM would cause thermal insulation with heat accumulation and thermal 

runaway risk for each cell. To slow down the melting of PCM, it is possible to increase the cell-to-cell 

spacing. However, as the cell-to-cell spacing increases, the PCM liquid fraction decreases due to the larger 

PCM volume. Since an increased cell-to-cell distance would reduce the activation of the PCM material, 

the distance between each cell has been fixed to 3 mm which is the result of the preliminary analytical 

optimization described in Section 4.5.2. 
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In simulations, the battery temperature increases at the end of the discharge phase. The same behavior 

can be evaluated in charge. This trend is related to the conditions which occur at the end of the discharge 

(or charge). During the battery cycling, a part of the thermal heat is dissipated by the cooling system, but 

another part increases the internal cell temperature according to its thermal capacity. The paper has 

shown an approach to improve the dissipation of heat and reduce the internal temperature of each cell 

to improve the battery lifespan and efficiency. 

In this paper, the use of CFD simulations is proposed to support the designer in the validation of the final 

configuration of the cooling system. It is well known in the literature that the implementation of CFD tools 

can reduce the cost related to physical prototyping. However, the proposed approach also aims at 

reducing time due to trial & error procedures by the introduction of a support methodology for the design 

of a modular battery pack. 

7 Conclusions 

A methodological approach is here proposed for the design of battery modules to be stacked in a Li-ion 

battery pack. The approach has been defined in the context of the customized production of small 

batches. The design phases concern the arrangement of cells (layout definition), the selection of the PCM 

material, and the definition of the air-cooling system. The proposed modular approach extends the 

concept of the functional unit of one module to its cooling system. Therefore, the modularity analysis is 

extended to the design of the general cooling system for improving the battery assembling. 

The proposed cooling system includes a passive PCM method and an air-cooling system for 

cooling/heating the battery module. Each battery module includes two sides with finned heat-exchangers 

for improving the air-cooling of the block. Five aluminum plates are defined inside each module to 

improve the mechanical stiffness and the thermal exchange between PCM and other parts of the system. 
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The resulting battery module optimizes the cooling performance and the arrangement of the array of 

cells in terms of thermal management and assembling. 

The approach considers the thermal analysis into the early study of the module layout. A CFD simulation 

activity has been reported to validate the analyzed battery module. The results show the possibility to 

reduce the maximum temperature of about 40% combining PCM with air-cooling as described in this 

paper. 
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