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ABSTRACT 
 A reliable battery thermal management system plays 
a crucial role in the safe, efficient, and long-term 
operation of a high-performance lithium battery system. 
This study evaluates the temperature rise, pressure drop, 
capacity loss, and cyclical cost of an air-cooled battery 
system consisting of 90 cylindrical battery cells placed in 
a staggered arrangement in the module. The effect of 
spacing between the adjacent cells and inflow velocity is 
investigated for the battery system operating at high 
charge/discharge rates of 3C and 5C. The results 
demonstrate that the hybrid model, which consists of the 
battery life model integrated with the simplified 
modeling approach for the thermal evaluation of battery 
packs, provides a cost-effective tool for multi-objective 
analysis and optimization of air-cooled battery packages. 
The results reveal that the air-based cooling system has 
the potential to fulfill the safety standards in all studied 
cases, and employing battery modules with larger cell 
spacing at a constant inflow velocity may reduce the 
maximum temperature, pressure drop, and cyclical cost 
by up to 2.14%, 93.36%, and 35.69%, respectively, while 
extending the lifespan of the battery system by up to 
55.45%. However, it is found that the air-based cooling 
system approaches its limit of thermal performance at 
high inflow velocities. A novel index (MCR index) is 
proposed in this paper to characterize the limitations 
associated with adjusting cell spacing for air-based 
battery cooling systems. It is observed that for systems 
with an MCR index beyond 600, the effect of cell spacing 
on thermal performance becomes negligible. This can be 
used as a useful guideline for optimizing air-based 
battery thermal management systems or integrating 
them with other cooling methods.      
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1. INTRODUCTION 
The global demand for lithium is growing with the 

trend toward the electrification of systems. However, 
there are some serious problems against the widespread 
use of lithium-ion batteries, such as safety, cost, lifespan, 
energy density, and environmental impact which are all 
somehow connected to the temperature sensitivity issue 
in lithium batteries. This issue necessitates the 
requirement of an auxiliary cooling system, known as a 
battery thermal management system, for the efficient 
operation of battery packages. There are different types 
of battery thermal management systems, each with its 
own strengths and drawbacks; nonetheless, they all have 
the same primary task of regulating the temperature of 
battery cells under various operational conditions.  

In comparison to the other battery cooling methods, 
air-based battery thermal management systems have 
received considerable attention due to their low weight, 
simple design, and low cost, easy maintenance, and low 
environmental impact. Although passive air cooling can 
be sufficient for the efficient operation of battery 
packages at a low charging/discharging rate of 0.5 C [1], 
it is observed that forced convection is required to 
mitigate temperature rise at high C rates [2]. The 
performance of forced air-cooling systems depends on 
several factors, including flow direction, the number and 
placement of vents, the arrangement and spacing of the 
battery cells, and so on. Hence, numerous studies have 
been done to understand and investigate the effect of 
these factors on the performance of battery thermal 
management systems based on forced air cooling [3]. 
According to the study by Zhang et al. [4], the layout, 
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which consists of a single inlet on top and outlets on four 
sides of the battery package, can reduce the maximum 
temperature and the maximum temperature difference 
in the battery package by 16.4% and 48.7%, respectively. 
Regarding the battery arrangement, it has been found 
that the line-up arrangement provides superior thermal 
performance in comparison to square-type and ring-type 
battery arrangements [5]. Moreover, Saechen et al. [2] 
determined that the staggered arrangement of the cells 
in compact air-cooled battery packages could be the 
optimal choice in terms of maximum temperature, 
temperature distribution, and power consumption. Zhao 
et al. [6] assessed the gradient vertical spacing of the 
battery cells against a regular rectangular cell 
arrangement. The results indicate that the gradient 
vertical spacing of the cells reduces thermal concerns at 
the expense of increasing pressure drop and an 
insignificant superiority in space utilization. Shen et al. 
[7] demonstrated that 19°  rotation of the batteries 
along the inlet/outlet direction for the z-shaped battery 
air-based battery thermal management systems 
decreases the maximum temperature and temperature 
difference by 10.5% and 23.9%, respectively. The 
research by Sahin et al. [8] indicates that employing delta 
winglet baffles in air-cooled battery packages brings 
down the maximum temperature and temperature 
difference by up to 2% and 15% while leading to 44% 
more power consumption.  

Despite the advantages of air-cooled systems, their 
efficiency is limited by the low thermal conductivity of air 
as a cooling medium. Hence, some scholars have 
combined the air-based method with other cooling 
methods to enhance the overall performance of the 
system. Singh et al. [9] demonstrated that adding 1 [mm] 
layer of n-octadecane as phase change material (PCM) 
on the surface of cylindrical batteries can significantly 
improve the thermal performance of the cooling system 
at high charging/discharging rates. The mist cooling 
system proposed by Saw et al. [10] in comparison to 
conventional dry air-cooling systems showed up to a 45% 
better thermal performance. The hybrid cooling system 
developed by Xin et al. [11] was designed to regulate 
temperature rise in the battery cells by using liquid-
cooled heat conducting blocks and an air-cooling system 
to manage temperature distribution.   

As shown, the majority of the research on battery 
thermal management systems revolves around achieving 
thermal safety requirements by changing geometrical 
parameters. However, for some applications, particularly 
stationary lithium batteries, hybrid electric vehicles, 
small electric vehicles, and even hybrid-electric aircraft 

at low power periods [12], the safety concerns have 
almost been addressed, and the challenging issues are 
the efficiency of the cooling system, degradation rate, 
cycle life, and costs. Unfortunately, only a few studies 
[13,14] have taken these concerns into account while 
designing their battery thermal management system.  

By considering the gap in the field, this paper 
conducts a multi-objective analysis of an air-based 
battery thermal management system. The study is based 
on the simplified modeling approach which enables 
time-efficient parametric assessment of the battery 
module. The effect of varying charging/discharging rate, 
inlet velocity, and cell spacing on the operation of an air-
cooled battery module is evaluated by taking maximum 
temperature, temperature difference, pressure drop, 
capacity loss, and cyclical cost into consideration. The 
findings provide a roadmap for the optimal designing of 
air-based battery thermal management systems based 
on the needs and limitations.             
     
2. PHYSICAL MODEL 

The battery package consists of 270 cylindrical 
lithium battery cells distributed in three modules to suit 
the requirements of a hybrid electric vehicle. The 
cylindrical battery cells employed for this study are 
26650 LFP lithium batteries, the specifications of which 
are listed in Table 1. The battery cells are placed in a 
staggered arrangement with an equal gap distance 
between the two adjacent cells. The schematic view of 
the battery module is shown in Fig. 1. 

 
Table 1: Specifications of 26650 LFP battery cell [14, 15]. 

Parameter Unit Value 

Diameter mm 26 

Height mm 65 

Density 𝑘g/𝑚^3 2047 

Nominal voltage V 3.3 

Nominal capacity A.h 2.3 

Internal resistance mΩ 8 

Specific heat capacity 𝐽/(𝑘g K) 1100 

Radial thermal conductivity 𝑊/(𝑚 𝐾) 1.18 

Axial thermal conductivity 𝑊/(𝑚 𝐾) 39.49 

 
3. MODELLING APPROACH 

3.1 Thermal model for battery module 

   Given the large-scale and transient behavior of 
battery packages, the integrated simulation of the 
battery cooling system could be quite challenging, 
particularly in terms of computing cost. Hence, in this 
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work, we have implemented a simplified modeling 
approach described by Moosavi et al. [15] to efficiently 
predict the thermal behavior of the battery module in 
different operating conditions. The simplified modeling 
approach divides the integrated model into three 
discrete parts: (1) an analytical model based on the 
integral transform technique for the prediction of 
temperature field within the cylindrical battery cells [16], 
(2) a CFD model to predict heat transfer rate in the 
periodic flow region [17], and (3) a series of approximate 
equations to estimate row-to-row thermal evolution 
along the cooling system, all of which are linked together 
via the heat transfer coefficient. Basically, the process 
starts with the thermal evaluation of flow in the periodic 
flow region using the CFD model. Then, a series of 
equations are used to calculate the heat transfer rate 
and reference flow temperature for each row along the 
battery pack. Finally, all the data is plugged into the 
analytical model that predicts the temperature field for 
each cell under various operating conditions. This 
technique allows efficient analysis of the battery cooling 
system in different working conditions with the desired 
order of accuracy for each sub-model. 

A similar approach is employed for this work; 
however, the CFD model is replaced with the Gnielinski 
correlation [18] to determine the average heat transfer 
rate for different geometrical and flow conditions, which 
may be expressed as follows: 

Nu = fA,stag (0.3 + √Nu𝑙𝑎𝑚
2 + 𝑁u𝑡𝑢𝑟𝑏

2)                 (1)  

with 

𝑓𝐴,𝑠𝑡𝑎𝑔 = 1 +
2

3b
                                                                  (2)  

Nulam = 0.664√Re𝛹 √Pr 
3

                                                (3)  

𝑁𝑢𝑡𝑢𝑟𝑏 =
0.037𝑅𝑒𝛹

0.8

1+2.443𝑅𝑒𝛹
−0.1(𝑃𝑟

2
3−1)

                                        (4)          

and  

Re𝛹 =
𝜌vinl

µ𝛹
 .                                                                        (5)           

The l, Ψ, a, and b in the above equations represents 
streamed tube length, void fraction, transverse pitch 
ratio, and longitudinal pitch ratio, respectively, as 
defined in [18].     

3.2 Pressure drop model for battery module  

   The pressure drop of airflow through the battery cells 
can be derived by [19]  

∆P = ξnMR
𝜌Vg

2

2
                                                                    (6)      

where ξ , nMR , and Vg  represent the drag 

coefficient, the number of resistances in the flow 
direction, and the velocity in the shortest gap between 
the cells. To calculate the drag coefficient in the battery 
module, we employed the correlation proposed by 
Gaddis [19]: 

𝜉 = 𝜉lam + 𝜉turbFv                                                             (7)  

   with 

Fv = 1 − exp (−
Reg+200

1000
)                                                (8)                

𝜉lam =
1

Reg
(

280𝜋[(b0.5−0.6)
2

+0.75]

(4ab−𝜋)a0.6 )                                  (9)            

𝜉turb =
1

Reg
0.25  (2.5 +

1.2

(a−0.85)1.08 + 0.4 (
b

a
− 1)

3
−

0.01 (
a

b
− 1)

3
) .                                                                (10)                             

In Eqs. (8)-(10), Reg corresponds to 
ρvgD

µ
, where D 

and vg represent the diameter of a cell and the velocity 

in the shortest gap between the adjacent battery cells, 
respectively.                                           

3.3 Battery life model  

   The lifetime of battery cells is evaluated using the life 
model proposed by Wang et al. [20]. The model is an 
empirical model that is developed based on the capacity 
loss of 26650 LFP battery cells during each cycle of 
charging/discharging. Hence, the percentage of capacity 
loss after each cycle can be calculated as follows: 

Qloss =  B. exp (
−31700+(370.3×Crate)

RgasT
) Ah

0.55 .             (11)  

Rgas, T, Crate, and Ah in Eq. (12) denotes the gas 

constant (equals to 8.314 [J/ (mol^2 K)]), the average 

Figure 1: Schematic view of the battery module. 
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surface temperature of the battery cell, the 
charging/discharging rate, and total A.h throughput, 
respectively. The coefficient B corresponds to Crate, and 
can be determined using the chart below.     

Table 2: Values of coefficient B in Eq. (11). 

𝐂𝐫𝐚𝐭𝐞 0.5 2 6 10 

B 31630 21681 12934 15512 

 

4. RESULTS AND DISCUSSION 
In this work, 90 cylindrical battery cells per module 

are connected in series and it is expected that a fan blows 
air through the battery cells at a constant inlet velocity 
(Vin) and constant temperature of 25 ℃. According to 
the study conducted by Zolot et al. [21], the average 
power profile for a hybrid vehicle under the US06 driving 
cycle is 3.2 kW. This power profile corresponds to a 
charging/discharging rate of 1.56 C for the battery pack 
presented in this work. Nonetheless, it is assumed that 
the battery module goes through two different 
charging/discharging rates of 3C and 5C to investigate 
the system’s performance in extreme working conditions 
and standardize it with rates used in the other 
references.  

As stated earlier, air-based battery thermal 
management systems offer multiple advantages over 
alternative cooling systems, including lightweight, no 
leakage problems, ease of maintenance, and low cost. 
However, their performance may be challenged in 
extreme working conditions due to the low thermal 
conductivity of the coolant (air). Hence, careful 
evaluation of design considerations plays a major role in 
the efficient operation of air-based battery cooling 
systems. In the following, thermal performance, parasitic 
power consumption, capacity loss level, and cyclic cost 
are evaluated in two different charging/discharging 
conditions for the cooling system with variable gap 
distance to cell diameter (G/D) and air inlet velocities. 
The maximum temperature for the battery module with 
variable cell spacing (G/D) and inlet velocity ( 𝑉𝑖𝑛 ) is 
shown in Figs. 2(a) and 2(b), respectively, at 3C and 5C 
charging/discharging rates. The results indicate that the 
air-based cooling system can secure the safe operation 
of the battery module even at a high 
charging/discharging rate by maintaining the maximum 
temperature below 50℃. However, the temperature rise 
at 5C compared to the 3C charging/discharging rate is 
significantly closer to the battery safety limits, 
particularly at low inlet velocities of 0.6 and 1 [m/s]. 
Generally, it can be stated that first, the cooling system 

with a higher air inlet velocity can better mitigate the 
temperature rise in the module, and second, the battery 
layout with a wider distance between the adjacent cells 
has better cooling performance. Although the first 
statement is connected to the enhanced Nusselt number 

Figure 2: Maximum temperature at charging/discharging rate 
of (a) 3C and (b) 5C for varying inflow velocities and gap 
distances between the cells. 

Figure 3: The average Nusselt number of the battery module at 
different inflow velocities and gap distances between 
neighboring cells. 
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for the battery module with a higher air inlet velocity, as 
shown in Fig. 3, the second statement cannot be justified 
by the Nusselt number changing pattern in varied cell 
spacing. To describe this behavior, it should be noted 
that the Nusselt number indicates the potential of the 
surface for heat transfer rather than the quantity of heat 
transfer. Hence, by decreasing the gap distance between 
the cells at constant inlet velocity, even if the surface of 
the cells may better transfer the heat owing to the 
enhanced Nusselt number, the quantity of heat transfer 
is reduced due to lower air intake mass flow rate, 
resulting in temperature rise within the battery cells.  

Moreover, the results in Fig. 2 show that varying the 
distance between the adjacent cells has no significant 
effect on the maximum temperature at high flow rates 
despite the changes in Nusselt number. To characterize 
this behavior, the module cooling resistance (MCR) index 
is introduced as follows:  

𝑀𝐶𝑅 = (
3600

𝐶𝑟𝑎𝑡𝑒
) (

ℎ𝐴+�̇�𝑐𝑝,𝑓

𝜌𝑏∀𝑏𝑐𝑝,𝑏
).                                           (12)  

   In Eq. (12), h, A, �̇�, 𝑐𝑝,𝑓, 𝜌𝑏, ∀𝑏, and 𝑐𝑝,𝑏 reflect 

the average heat transfer coefficient of the module, 
surface area for heat transfer, inlet mass flow rate, the 
specific heat capacity of the fluid, density, volume, and 
specific heat capacity of the battery cell, respectively. 
Basically, the MCR index evaluates the balance between 
the potential of the convection-based cooling system for 
heat dissipation and the resistance of the battery cells 
against heat removal. In Eq. (12), ℎ𝐴 [W/K] denotes the 
rate of heat dissipation from the cooling surface if the 
surface and reference fluid temperatures differ by one 
Kelvin. The term �̇�𝑐𝑝,𝑓 [W/K] demonstrates the rate of 

heat that might be transferred to the cooling medium 
(air) as its temperature rises by one Kelvin. 𝜌𝑏∀𝑏𝑐𝑝,𝑏 

[J/k] indicates the amount of heat that might be stored 
in a battery cell if its temperature rises by one Kelvin 
during charging/discharging time (3600/ 𝐶𝑟𝑎𝑡𝑒 [𝑠] ). In 
general, a lower MCR value indicates that the potential 
of the cooling system for heat dissipation compared to 
the resistance of the battery cells for heat removal is 
insignificant. In this condition, any modifications to 
enhance the cooling performance of the system may 
result in a significant improvement. The MCR values in 
Fig. 4, shown for the studied cases at the 5C 
charging/discharging rate, help to explain the unchanged 
trend of maximum temperature curves at high inlet 
velocities as seen in Fig. 2.  
   According to Fig. 4, reduced air inlet velocity and gap 
distance between the adjacent cells lead to a lower MCR 

value. This indicates that for these cases with lower MCR 
values, the system’s cooling potential and the heat 
accumulation potential of the cells are closer to 
equilibrium. Therefore, any changes disturbing this 

equilibrium have a greater impact on thermal 
performance. However, in the cases with high MCR 
values, the cooling performance far exceeds the 
resistance of the cells for heat removal, implying that a 
substantial modification is required to improve the 
cooling performance. In other words, the battery cooling 
system is approaching its limitation and resists any 
further modification. In this study, we observed that the 
resistance against modification arises at MCR levels close 
to 600. Overall, the MCR index may be a helpful index to 
characterize the limitations of the enhancement 
methods used for improving the thermal performance of 
battery thermal management systems.  
   Fig. 5 displays the change of pressure drop in the 
battery module by varying the distance between the 

Figure 4: MCR values for varied inlet velocities and cell spacing 
at a charging/discharging rate of 5C. 

Figure 5: The pressure drop across the battery module at 
different inlet velocities and cell spacing. 
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neighboring cells and the inlet velocity to the system. The 
results indicate that, even though increasing inflow 
velocity improves temperature management in the 
module, it imposes a considerable pressure drop on the 
system, especially in narrow spacing layouts, which can 
be restricted by increasing the gap distance between the 
cells. The rise in pressure drop increases the power 
requirements of the cooling system, which consequently 
may influence overall efficiency, space utilization, noise 
control, and cost of the system. 
   Along with the concerns related to the thermal 
performance and power efficiency of the battery cooling 
system, the lifetime and cost are additional aspects that 
should be considered in the overall evaluation of a 
battery system, particularly if the battery system fulfills 
the safety standards. Hence, the cyclical cost index 
proposed by Chen et al. [13] is employed in the 
evaluation of the system for different designs and 
working conditions. The cyclical cost index evaluates the 
costs associated with manufacturing and parasitic power 
consumption in the system while also addressing the 
number of cycles the battery system can operate 
efficiently, which is closely tied to the operating 
parameters and cooling condition of the system. In Fig. 
6, the capacity loss of the battery at a 5C 
charging/discharging rate and an inflow velocity of 0.6 
[m/s] is shown for different gap spacing. It is evident that 
the battery reaches the end of its life (20% capacity loss) 
in fewer cycles by narrowing the gap between the cells 
as a consequence of poor cooling conditions.  

   The cyclical cost index for a hybrid vehicle might be 
expressed as follows:  
    

𝛿 =
𝜏𝑏𝐶𝑛𝑜𝑚

𝑀 +𝛽𝑁𝑒𝑜𝑓𝑄𝑝

𝑁𝑒𝑜𝑓
                                                        (13)  

   with 

𝛽 =
𝜏𝐷

𝐻𝐷𝜂𝑃𝑇
.                                                                        (14)    

   In the above equations, 𝛿 , 𝐶𝑛𝑜𝑚
𝑀 , 𝑁𝑒𝑜𝑓 ,and 𝑄𝑝 

denotes cyclical cost, nominal capacity of the battery 
module, number of cycles until the end of life, and 
parasitic power consumption, respectively. The 
remaining required parameters can be found in Table 3. 
The cyclical cost for different cases is shown in Fig. 7.   
 
Table 3: Some parameters for cyclical cost evaluation. 

Parameter Unit Value 

Battery price [22] €/kWh 356 

Fuel price €/L 1.914 

Diesel lower heating value [13] MJ/L 38.6 

Hybrid powertrain efficiency [13] % 30.1 

   As seen in Fig. 7(b), the cyclical cost, at a high 
charge/discharge rate of 5C, increases by reducing the 

Figure 6: The effect of cell spacing on battery capacity 
loss. 

Figure 7: The cyclical cost evaluation of the battery module at 
different inflow velocities and cell spacing. 



  7 

inflow velocity and distance between the nearby battery 
cells. Despite the smaller pressure drop at low inflow 
velocities, the increased battery degradation owing to 
poor thermal management has significantly reduced the 
efficient lifetime of the battery and consequently 
increased the overall cyclical cost. However, at a lower 
charge/discharge rate of 3C, the cyclical cost variation 
trend seems dissimilar for the compact layouts (see Fig. 
7(a), G/D= 0.25, and 0.5). It is because the extended 
lifespan of the battery module at a high inflow velocity of 
3 [m/s] (owing to improved thermal management) is no 
longer worth the significant power consumption cost to 
overcome pressure drop. This behavior highlights the 
importance of multi-objective studies in the optimal 
design of air-based battery thermal management 
systems, particularly in low- or medium-
charging/discharging applications.  
 
5. CONCLUSIONS 

In this work, an air-based battery thermal 
management system is investigated using a simplified 
modeling approach. A multi-objective analysis is 
performed to study how the cell spacing, inflow velocity, 
and charge/discharge rate affect temperature rise, 
pressure drop, capacity loss, and cyclical cost in an air-
cooled battery system. The results indicate that even at 
a high charge/discharge rate of 5C with a low inflow 
velocity of 0.6 [m/s], the air-based battery thermal 
management system can effectively maintain the 
temperature rise within the safety limits. Furthermore, 
the study demonstrates that increasing the gap distance 
between the adjacent cells at constant inflow velocity 
reduces the maximum temperature and pressure drop 
by up to 2.14% and 93.36%, respectively. However, the 
improved cooling performance due to the adjusted cell 
spacing becomes constrained at high inflow velocities, 
which can be explained using the proposed MCR index. 
When the MCR value exceeds 600, the system 
approaches its limitations, and a more significant 
enhancement method is required to change the thermal 
performance of the system. Despite the low or limited 
effect of battery layout, it is found that increasing the gap 
between the nearby cells can extend the lifetime of the 
battery by up to 55.45%. This lifetime extension 
consequently affects the cyclical cost of the battery 
module, which may be reduced by up to 35.69% at 
constant inflow velocity. In addition, the results reveal 
that cyclical cost evaluation might be essential for 
optimizing battery systems operating at low 
charge/discharge rates, where the optimal design may 

not correlate with findings from thermal and power 
evaluation.    
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