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1. Introduction

Lithium-ion batteries (LIBs) have been receiving 

increased attention not only because of the 

environmental problems associated with the consumption 

of natural resources such as coal and petroleum but 

also their high-capacity density and service life. LIBs 

are an ideal alternative to nonrenewable fuel resources 

and play an important role in portable electronic 

devices in electric and hybrid electric vehicles[1-3]. 

However, some problems have been observed during 

the operation of systems using LIBs that correlate with 

thermal phenomena. In recent years, various researchers 

have focused on maintaining LIBs at an optimal 

operating temperature range of 20-45°C[4]. A higher 

temperature not only reduces the capacity but also may 

lead to thermal runaway of the LIB pack. Hence, a 

reasonable temperature management system is required 

to ensure that the LIB pack is in the optimal operating 

temperature range.

Cooling methods can be divided into active or 

passive; they include air cooling, liquid cooling, phase 

change materials (PCMs), and combinations of the 
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above[5]. Most methods in the literature for cooling the 

LIB pack focus on various ways to decrease the 

temperature while working with auxiliary means and 

provide constructive ideas for cooling optimization. Saw 

et al.[6] used an ultrasonic mist generator to provide 

cooling; this was able to maintain the maximum LIB 

temperature below 40°C with a temperature variation of 

less than 5°C for a charge rate of 3C. Zhou et al.[7]

proposed a liquid cooling method based on a 

half-helical duct to maintain the operating temperature 

of a cylindrical LIB within the optimal range, and the 

optimal solution was found to effectively control the 

maximum temperature and temperature difference. Chen 

et al.[8] used multidisciplinary multi-objective design 

optimization to design a liquid cooling system that 

reduced the operating temperature and energy 

consumption. The temperature difference was controlled 

to within 0.35°C. Sun et al.[9] proposed the PCM-Fin 

system, which combines a PCM with novel fin 

structures. Their system not only increased the heat 

transfer area but also provided good thermal conduction 

within the PCM for effective control over the variation 

of the operating temperature. Zou et al.[10] developed a 

PCM composite comprising graphene, carbon tubes, and 

expanded graphite as the cooling media to enhance heat 

transfer characteristics. They kept the maximum 

temperature below 44.6°C and the maximum variation 

to 0.8°C for a 3C discharge rate. Yang et al.[11]

proposed a novel distribution of expanded graphite–

paraffin CPCM to minimize the temperature increase 

and maintain temperature uniformity for a 5C discharge 

rate. The optimal solution reduced the maximum 

temperature and its variation by 11.94% and 10.27%, 

respectively. An et al.[12] designed a novel thermal 

management system that coupled a paraffin 

(RT44HC)/expanded graphite CPCM with liquid cooling 

and found that the flow velocity plays an important 

role in the system. Their system provided a superior 

cooling effect compared to a pure PCM. Some 

researchers have focused on liquid cooling and PCMs 

for LIB packs, but most only considered auxiliary 

conditions such as heat exchangers, cold plates, and 

pumps in laboratory experiments, and the proposed 

methods increased the volume and weight of the LIB 

pack.

Meanwhile, manufacturers have focused on addressing 

the safety problems caused by coolant leakage during 

operation. For the LIB industry, reducing the energy 

consumption and cost are the main objectives for 

improving the cooling system of LIB packs. The 

volumetric energy density and gravimetric energy 

density are important measurement criteria. Compared to 

liquid cooling and PCM cooling, air cooling is a 

relatively mature technology and accords with the 

economic benefits highlighted by the industry.

To reduce the operating temperature, understanding how 

the system generates heat is important. The variation in 

temperature is caused by the interactions among heat 

from electrochemical reactions, ohmic heating, heat 

from side reactions, and heat from mixing[13]. Fig. 1 

shows the reaction mechanism of a LIB, which 

demonstrates how it generates heat. The heat from side 

reactions and mixing can be neglected because their 

contribution to the total heat is insignificant. The total 

heat can be divided into two parts: reversible and 

irreversible. At a high discharge rate, most heat is 

irreversible; in contrast, reversible heat is dominant at a 

low discharge rate[14,5,2]. Most studies on the high 

operating temperature and cooling technology for LIBs 

have focused on mitigating the temperature variation by

Fig. 1 Reaction mechanism of a working LIB
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modifying the cooling method; however, few have 

considered reducing the amount of heat generated. 

Analyzing the source of the heat generation is 

important to maintain LIBs in the optimal operating 

temperature range. Some researchers have predicted heat 

generation by developing rational thermoelectric models 

or calculating the internal resistance of LIBs and the 

current in the electrodes[3,15,16]. Most of the total heat 

generation rate comprises the irreversible heating rate[5]. 

According to the research[3], the contact resistance 

between the current tab and cell body is the main 

factor leading to uneven battery temperature. however, 

few researches were reported on the optimization of 

ohmic heat source. Understanding how the main 

component of the heat occurs is important to 

developing novel measures at the link between the tab 

and cell body.

Motivated by the aforementioned research gaps, this 

study focused on cooling a LIB pack by mitigating the 

irreversible ohmic heating during charge and discharge. 

Thermal models were developed, and simulation 

experiments were performed. The results were analyzed 

to optimize the internal structure of the LIB pack for 

improved air flow and temperature uniformity. A 

prismatic LIB was considered to realize design 

parameters that satisfy reasonable standards, including 

the gravimetric energy density and volumetric energy 

density.

2. Thermal models

2.1 Heat generation model

The heat generation is determined by established a 

compete model to simulate the temperature variation of 

the prismatic battery under operation, as the internal 

heat generation has an influence on temperature 

distribution. It is essential to adopt reasonable heat 

generation mechanism. Despite electrode materials have 

many various categories, such as lithium iron 

phosphate, Lithium nickel cobalt manganate and so on, 

in which heat generation principle keeps consistently. 

Newman et al.[17] proposed the thermal model 

demonstrated in Eq. (1) to illustrate the heat generation.

  




            (1)

Where  is the rate of total heat generation,  is the 

total current in the circuit,  is the terminal voltage, 

is the open circuit voltage,  is the battery 

temperature,  is the heat capacity of battery,  is the 

time. 

In Eq. (1), the term   represents the 

irreversible heat including the ohmic heat and 

polarization heat expressed as  , 


 is the 

reversible electrochemical reaction heat. 


 Is the 

internal energy change, so the simplified equation is 

got:

  


            (2)

In the above Eq. (2)，the  and  need to be 

solved in the simulation process with the suitable 

coupled electrical-thermal model selected. The resistance 

thermal model is employed to compute the heat 

generation under operation.

                   (3)

                   (4)

Where  and   respectively represent the positive 

and negative electrodes overpotential, which represents 

the difference between the electrode potential and its 

equilibrium potential under a current density. 

denotes the solid phase potential and  is the liquid 

phase electricity.  is the equilibrium electrode 

potential, and the subscripts  and  refer to the 

positive and negative electrodes.

The potential drop occurring in the solid and 

liquid phase can be simplified to the relationship of 

linear battery ohmic resistance.
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             (5)

Where  is the ohmic resistance in battery.

So  can be indicated into the other way:

   
            (6)

Where   can be caused by the polarization 

resistance due to overpotential, so it can be expressed 

by the polarization resistance .

                      (7)

According to Eq. (7), the Eq. (6) can be modified into:

  
                  (8)

During operation, temperature uniformity has a 

significant influence on the capacity of LIBs. The main 

contributors are the irreversible ohmic heating and 

polarization resistance heat caused by the electrode 

potential deviating from its equilibrium value when the 

current flows over the electrode under big power. 

Irreversible ohmic heating is influenced by the material 

properties and structure of the LIB[19]. This study 

focused on ohmic heating; the polarization heat was 

considered as a constant.

2.2 Heat transfer model of LIBs

Heat transfer has three mechanisms: conduction, 

convection, and radiation[4,15]. Normally, LIBs have an 

operating temperature of less than 60°C; thus, the 

amount of radiation heat is low and was neglected for 

the heat transfer model[18,19]. This study considered air 

cooling, where convection is the primary heat transfer 

mechanism. Thus, conduction was also neglected for the 

heat transfer model. The convection heat transfer of a 

LIB is reflected by three factors: the convective heat 

transfer coefficient between the cooling air and cell 

body, the distribution of the LIB monomer in the LIB 

pack, and the convection heat transfer between the 

surface of the LIB pack and outside. Air cooling can 

be represented by the following expression:

∅∆                   (9)

where ∅ is the heat flux,  is the convective heat 

transfer coefficient, and ∆T is the difference in 

temperature.

The model needed to be simplified to avoid 

complex simulations by simplifying the electrochemical 

reaction and heat generation in the discharge process. 

The following characteristics were assumed for the sake 

of simplicity: although the LIB components theoretically 

have different thermo-physical properties, each LIB was 

regarded as a homogenous body composed of spherical 

particles of equal size; the specific heat capacity and 

heat conduction property remain constant under different 

conditions; the heat transfer is isotropic; and conduction 

and radiation can be neglected; no chemical side 

reaction occurred under operation; the electrode layer 

only has solid-liquid phase reaction and no gas phase 

material was generation; the influence of potential 

difference in the collector was ignored.

3. Simulation experiment

3.1 Governing equations

Three-dimensional computational fluid dynamics 

(CFD) is used to simulate complex systems involving 

fluid flow, which is applicable to the cooling of LIBs. 

Performing physical experiments would be a complex 

undertaking that requires many pieces of auxiliary 

equipment and have high costs. Furthermore, errors 

caused by human factors can be easily introduced. 

Many studies have shown that CFD simulations return 

results that are consistent with those of actual 

experiments. Hence, CFD was adopted to optimize the 

operating conditions of a LIB pack. The simulation was 

performed in ANSYS Fluent 18.0, and the two-equation 

turbulence model ( ) was adopted for the fluid 

flow because the cooling air is in a turbulent state.

For the model, the energy conversion of the 

air-cooled LIB was set as follows:
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(10)

where  is the average mass density,  and  are the 

specific heat and thermal conductivity coefficient, 

respectively, and q is the heat generation rate of the 

LIB.

The LIB temperature distribution was considered to 

simulate the operating conditions and was determined 

by the energy equation, momentum equation, and 

continuity equation. These are respectively given below:



∇ ∇∇            (11)




∇∇            (12)

∇


            (13)

where v is the velocity of air,  is the mass density 

of air,  is the heat capacity of air,  is the thermal 

conductivity coefficient, P is the static pressure, and 

is the dynamic viscosity of the cooling air.

The dimensions and thermophysical properties of the 

prismatic cells are listed in Table 1. The model was 

operated under constant power with above equations 

governing.

Table 1 Dimension and properties parameter used in 

simulation

Parameter Value

Battery body (mm) 220×132×6.6

 (kg /m3) 2719

 (J/kg K) 871

 (W/m K) 20

 (kg/m3) 1.225

 (m/s) 20

 (J /kg K) 1006.43

 (W m-1 k-1) 0.0242

 (kg m-1s-1) 1.7894e-05

Fig. 2 Structure and dimensions of a single LIB 

The maximum temperature and temperature difference 

were obtained through CFD simulations. The LIBs were 

discharged to exhaustion, so the transient solver was 

chosen. The SIMPLE method was selected to find the 

solution. The Green Gauss node-based method was –

adopted for spatial discretization because it is more 

accurate than other approaches. The second-order 

method was used to discretize the pressure, and the 

second-order upwind method was used to discretize the 

momentum, turbulent kinetic energy, and turbulent 

dissipation rate.

3.2 Analysis of simulation for optimization 

The simulation for optimization was performed 

according to the following steps:

   (1) Ohmic heating was regarded as the main 

research object, so the position between the cell body 

and tab was optimized.

Meanwhile the battery pulse discharge was adopted to 

evaluate the contribution of polarization heat to the 

total heat.

According to Madani et al.[5], the total heat generated 

is almost the same as that generated by ohmic heating. 
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Fig. 3 Model for air-cooling optimization: (a) layout 

of the inlet and outlet, (b) change to the tab 

arrangement, and (c) tilt angle between LIBs

To smoothen the results, the copper material was added 

with preferred properties for the electrical conductivity 

and thermal conductivity. Fig. 2 shows the details. The 

thickness of the added material should be optimized 

considering the gravimetric energy density. At the same 

workload, diverse heat conditions can be obtained by 

varying the thickness of the added material to change 

the ohmic resistance.

   (2) The volume of the LIB pack was optimized 

according to the volumetric energy density. Based on 

the relevant literature[20-22], the LIB spacing was initially 

set to 4 mm. The spacing was then varied to search 

for the optimum distance. A rational spacing design is 

beneficial for heat dissipation. Peng et al.[21] showed 

that having the inlet and outlet on the same side 

effectively reduces the maximum temperature of the 

LIB pack and improves the temperature uniformity. 

They also showed that the heat dissipation is more 

sensitive to the inlet vent height than the outlet vent 

height, according to the literature. Fig. 3(a) shows the 

layout of the inlet and outlet. An air-cooled module is 

adopted, which is based on the National Renewable 

Energy Lab in their previous work[23] and reduce 

computing resources to modify the number of batteries.

   (3) Compared to a cylindrical LIB, prismatic LIBs 

are more sensitive to temperature un-uniformity. 

Keeping temperature differences short is pivotal to 

maintaining a uniform temperature. The layout of the 

inlet and outlet also affects the temperature. The above 

considerations were used to optimize the internal 

structure of the LIB pack. The airflow path has a 

significant influence on the air cooling of a LIB, so 

improving airflow was imperative. The aim of change 

of tab arrangement is to alter the path of airflow. Fig. 

3 (b) and (c) show the optimization of the internal 

structure for air cooling. The tab arrangement which 

was determined by considering the size of cell body 

and tab, and spacing between LIBs were optimized 

by varying the tilt angle .θ

4. Results and Discussion

4.1 LIB performance indices

Four indices were used to evaluate the cooling effect 

and temperature uniformity of the LIB pack in different 

situations. max was the maximum temperature among 

LIBs, and ∆T was the temperature difference between 

LIBs.  was the space utility rate, which is the volume 

of a LIB divided by the total volume of the LIB pack. 

max was used to evaluate the cooling effect; a smaller 

value indicated a better cooling effect. ∆T was used to 

evaluate the temperature uniformity inside the LIB 

pack. A bigger value for indicates better space ξ 

utilization and higher volumetric energy density. was σ 

the standard deviation of the temperature and was used 

to assess the temperature difference.

4.2 Thermal analysis of added material

The maximum temperature and temperature difference 

(c)

(b)(a)
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were obtained at the end of discharge. Different LIBs 

were simulated at a constant power discharge of 200W 

in different configuration states. Fig. 4 displayed the 

curve of potential change under battery pulse discharge. 

The polarization heat would be alleviated by this way 

so that the ohmic heat can be investigated. The added 

material helped improve the heat dispersion of the 

LIBs. Form Fig. 5(a) to 5(c) showed the contour plots 

of the static temperature. The highest temperature was 

at the joint between the cell body and tab for a 1P3S 

LIB pack. The initial temperature was 300 K. Without 

the added material, was 314 K and under battery pulse 

discharge the was 313.6K. It was found that the 

contribution of polarization heat was approximately 

0.4K on the max temperature in the model during the 

discharge process. With 0.1mm of added material, max

was 313.4 K with no cooling. Figs. 6(a) and 6(b) show 

that the positions of the maximum total heat generation 

and volumetric ohmic heating source agreed with that 

of the maximum temperature. Irreversible ohmic heating 

comprised most of the heating source in the case of a 

high-power discharge. Hence, adding material with 

excellent conductivity can effectively reduce the 

increase in temperature with ohmic heating.

The appropriate thickness of the added material 

should be determined according to the gravimetric 

energy density. The thickness of the added material was 

incremented from 0.01mm to 0.11mm in steps of 

0.01mm. Fig. 7 shows the maximum and minimum 

temperatures of the LIB pack with each thickness. The 

maximum temperature was minimized at an added 

material thickness of 0.07mm. In addition, the 

temperature difference  was relatively low at this 

thickness compared to the LIB without the added 

material. The connection between the cell body and tab 

had poor electron transition when the added material 

was thin. Meanwhile, the resistance of the added 

material increased with its thickness, which affected the 

heat generation of the LIB pack. Obtaining a reasonable 

thickness for the added material had a significant effect 

on .

Fig. 4 Curve of potential changes under battery pulse 

discharge

Fig. 5 Contour plot of static temperature of the 

1P3S LIB pack: (a)under battery pulse 

discharge, (b)without added material, (c)with 

0.1 mm thick added material
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Fig. 6 Contour plot of (a) volumetric ohmic heating 

and (b) heat generation source of the LIB 

pack with the added material

Fig. 7 Maximum and minimum temperatures with 

different thicknesses of the added material

4.3 Influence of the LIB spacing

LIB spacing is important to the cooling effect. In 

this study, it was evaluated according to . The LIB 

spacing was varied to explore its influence on the 

operating temperature. Equal and unequal spacing 

distances were considered to determine their effects on 

max and ∆T. Figs. 8 depicts the temperature 

distribution and streamline of the cooling air. 

Appropriate spacing was found to lower the maximum 

temperature and help ensure a uniform temperature 

within a LIB pack. The path of the cooling air is 

shown by the streamline in Fig. 8(b). Most of the air 

exited along the tabs and then through cell 7; this is 

why cell 1 and cell 7 had lower temperatures than the 

other LIBs. The spacing was adjusted to increase the 

cooling effect as well as  and thus the volumetric 

energy density. Setting the spacing to 3.5mm improved 

while maintaining the same ξ max as the initial 

spacing of 4mm, as shown in Fig. 8(c). The maximum 

temperature increased when the spacing was increased 

from 4mm to 5.5mm. This was attributed to a slower 

airflow that reduced the heat dissipation efficiency. 

However, increasing the spacing to more than 5.5mm 

helped dissipate the heat generated during operation so 

the maximum temperature began to decrease. ∆T

showed a similar trend as max it gradually decreased 

when the spacing was sufficient for heat dissipation, as 

shown in Fig. 8(c).

(a) (b)

(c)

Fig. 8 (a) Temperature distribution of the 4 mm 

spacing, (b) internal air streamlines at the 4 

mm spacing, and (c) maximum temperature 

and temperature difference  with different 

spacing distances
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Fig. 9 (a) Streamlines of cooling airflow with the 

scattered tab arrangement, (b) static 

temperature distribution with a tilt angle of 

2.5°, (c) maximum temperature of a single 

LIB at tilt angles of 2°~5°, and (d) standard 

deviation of the temperature at different tilt 

angles

4.4 Thermal analysis of the optimized 

internal structure

Depending on the airflow path in the interior, some 

of the air flows out along the edges of the LIBs and 

provides little cooling. Air streamlines were compared 

to identify the airflow path with the scattered tab 

arrangement, as shown in Fig. 9(a). The scattered tab 

arrangement helped distribute cooling air inside the LIB 

pack, which enhanced the temperature uniformity. The 

Tmax of LIB pack optimized by tab arrangement can 

be decreased than the LIB pack without optimization. 

In other words, the cooling air flowed through more 

areas when the flow rate was fixed, which improved 

heat dissipation.

The airflow speed increased in the tail along as the 

flow space was reduced. The cooling effect improved 

when the spacing between LIBs was gradually 

decreased from the inlet to the outlet, as shown in Fig. 

3(c). This removed heat more quickly from LIBs near 

the outlet compared to the uniform parallel spacing 

configuration. Hence, the following tilt angles were 

spacing configuration. Hence, the following tilt angles 

were adopted: 2°, 2.5°, 3°, 3.5°, 4°, 4.5°, and 5°. The 

temperature distribution demonstrated that this 

configuration had a better cooling effect than the 

uniform spacing in Fig. 9(b). Fig. 9(c) shows that the 

temperature uniformity was better for a single LIB 

when the tilt angle was varied than when it was kept 

constant at 2.5°. The temperature difference of a single 

LIB in the same pack increased with the tilt angle. 

Increasing the spacing between LIBs changed the 

position of the maximum temperature when the tilt 

angle was greater than 2.5°. The maximum temperature 

migrated to the LIB far from the inlet because the 

increased distance affected the speed and temperature of 

the cooling air. This agrees with Fig. 8(c). At a 

relatively large distance from the head, the cooling air 

was not very hot, which was conducive for heat 

transfer. As the distance decreased, increasing the 

airflow rate increased the heat transfer coefficient. 

According to the standard deviation , the temperature σ

uniformity of the LIB pack was optimized when the tilt 

angle was 2.5°, as shown in Fig. 9(d).

5. Conclusion

This study focused on optimizing the internal 

structure of a LIB pack with regarding to heat 

dissipation. Simulations were performed under the 

condition of constant power discharge to determine the 

changes in temperature of the LIBs. The results were 
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as follows:

(1) Ohmic heating dominates the total heat generation 

during operation and occurs at the junction between 

the cell body and tab; thus, adding special material 

is conducive to reducing the heat generation.

(2) The spacing between LIBs affects the temperature, 

and it can be optimized to improve the volumetric 

energy density of the LIB pack by choosing the 

reasonable distance between LIBs.

(3) The tab arrangement affects air cooling by changing 

the path of the airflow, and the dispersed airflow is 

more conductive to improve cooling .Meanwhile, 

the uniformity  of temperature would be improved 

to ensure the safety  of battery pack. And a 

suitable tilt angle optimizes the airflow area to 

improve temperature uniformity. The airflow rate 

near the bottom would be increased with the space 

decreasing so that the more heat would be taken 

away. A slight variation in temperature for a single 

LIB can affect the overall performance because a 

LIB pack comprises thousands of LIBs in parallel 

or series.

In future work, the results of this study can be 

extended to determine the optimal operating temperature 

range when air cooling is combined with liquid cooling 

or PCMs in different refrigerant types.
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