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Abstract 

The single-phase immersion cooling is an emerging technology for battery thermal management. 

Both static- or forced-flow working fluids can be adopted, while the advantages of the static mode are 

less complexity and low cost. This work proposes a static flow-based immersion cooling method for a 

six-cell cylindrical Li-ion battery module. The effectiveness of the proposed immersion cooling system 

is studied at different current rates and compared with conventional air-cooling methods. Experiments 

find that the maximum cell temperature (𝑇𝑚𝑎𝑥) appears at the end of discharge, and it increases with 

the C-rate. The proposed immersion cooling system can limit the 𝑇𝑚𝑎𝑥 below 40 °C and temperature 

gradient within 3 °C at 3C discharge, exhibiting a superior cooling capability over air cooling. The 

three-dimensional numerical model has been established to further analyze and optimize the 

performance of the proposed immersion cooling system. Modelling suggests that immersion cooling 

has a maximum cooling rate of 2.7 W for the cell with the highest temperature, which is 50% higher 

than the cooling rate of the forced air-cooling system. In addition, the effects of ambient temperature 

and liquid volume have been numerically investigated. Different cooling regions are defined to evaluate 

the thermal-management performance of the immersion cooling system. Finally, the cooling efficiency 

of three different fluids is compared in a 100-cell battery module, which can provide valuable 

information for battery thermal management and scientific guidelines for applying immersion cooling 

for batteries in operation. 
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Nomenclature 

Symbols 𝜃 temperature difference [°C] 

A surface area [m2] 𝜇 dynamic viscosity [Pa-s] 

c specific heat [J/(kg∙K)] 𝜌 density [kg/m3] 

h heat transfer coefficient [W/(m2∙K)]  

k thermal conductivity [W/(m∙K)] Subscripts 

m mass [g] a ambient 

𝑞̇ heating/cooling rate [W] c cooling 

𝑞̇′′′ volumetric heat generation rate [W/m3] i cell number 

𝑄 total amount of heat [J] LIB lithium-ion battery 

r repeat test [-] max maximum 

t time [s]   

T temperature [°C] Abbreviations 

∆𝑇 Temperature difference [°C] BTMS battery thermal management system 

𝑣 velocity [m/s] CC-CV constant current - constant voltage 

  DOD depth of discharge 

Greeks  LIB lithium-ion battery 

𝛿 liquid-battery volume ratio [-] PCM phase change material 

 

1. Introduction 

The Lithium-ion battery (Li-ion battery or LIB) is a promising energy-storage technology due to 

its high energy density and low self-discharge rate. It has been extensively used in electronic devices, 

electric vehicles, and energy storage systems, playing a vital role in achieving global carbon neutrality. 

However, the working performance of the LIB is susceptible to its temperature [1,2]. The optimal 

operating temperature for the LIB should be within 20 ∼ 40 °C, with a temperature gradient of less than 

5 °C [3]. A high operating temperature would accelerate the battery ageing and degradation, or even 

trigger thermal runaway [4] and fire propagation [5,6]. Thus, an effective battery thermal management 

system (BTMS) is essential to maintain the battery temperature in a proper range to reduce thermal 

safety issues and maximize the battery lifetime [7–9].  

In recent years, attention has been paid to exploring and selecting suitable BTMS for specific 

battery modules [10–16]. Air cooling, liquid cooling, and phase change material (PCM) cooling are 

three common cooling strategies in BTMS. Air cooling system (with natural or forced convection) has 

a simple design, low cost, and high commercial maturity, but its low cooling efficiency and temperature 

inhomogeneity cause serious fire and safety concerns [17–19]. The PCM based cooling has a higher 

efficiency due to its much higher latent heat [20–22]. However, the material used in this type of cooling 

usually has high flammability, relatively low thermal conductivity, and is prone to leakage [23]. 

Alternatively, liquid cooling is one of the most widely used cooling methods in the current BTMS due 
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to the high heat transfer coefficient and specific heat capacity of the adopted coolants [24–26]. From 

the perspective of contact mode, the liquid cooling of BTMS can be classified as indirect cooling and 

direct cooling. In the indirect liquid cooling system, the coolants, usually water or ethylene glycol, flow 

in the metal tubes or plates placed in direct contact with the battery and indirectly remove the heat from 

the battery surface [27–29]. Due to the limited space in the battery pack, the structure of cooling tubes 

or plates could be complex. The cooling performance of indirect liquid cooling highly depends on 

various factors such as battery shape [27,30], cooling plate design [31], coolant flow [32], and so on. 

Although a lot of research has been devoted to optimizing the performance of the indirect liquid cooling 

system, its extra energy consumption related to liquid pumping and the complexity of the system remain 

the major issues. 

In the BTMS with direct liquid cooling, batteries are immersed in the dielectric liquid, ensuring 

direct contact with the coolant. Direct liquid immersion cooling utilizes sensible (single-phase cooling) 

or latent heat (two-phase cooling) of the liquid coolants to dissipate heat generated by the battery cells, 

which leads to a superior cooling performance [33]. Typical candidate dielectric liquids include 

fluorinated fluids, mineral oils, esters, and water-glycol mixtures. As some of the fluid candidates are 

flame-retardant, immersion cooling also has enormous potential to prevent batteries from thermal 

runaway and its propagation [34,35]. Thus, direct liquid cooling has drawn attention to all types of 

pouch [36–38], prismatic [39–41], and cylindrical batteries [42–51]. Particularly, immersion cooling 

for cylindrical cells has a premier performance due to a large surface-volume ratio [52]. According to 

the flow mode and phase state, the different types of complete immersion cooling systems are illustrated 

in Fig. 1. 

 

Fig. 1. Schematic diagram for different types of complete immersion cooling systems [8]. 
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Generally, the two-phase immersion cooling technique submerges the battery in coolants that 

possess a low boiling point. When the cell temperature exceeds this boiling point, the resultant heat will 

cause the adjacent liquid to vaporize, thereby cooling the battery rapidly. The condensed liquid is 

subsequently cycled back into the original liquid bath, completing the cooling cycle. For two-phase 

immersion cooling, van Gils et al. [45] found that the boiling process of liquid can thermally 

homogenize the cell temperature. Li et al. [46] further studied the mechanism of this bubbling process 

using high-speed photographs and verified the effectiveness of two-phase immersion cooling for a 

single cell.  

Although two-phase immersion cooling shows excellent efficacy in improving the temperature 

uniformity of the battery module, the condensing process of the two-phase immersion system will cause 

additional costs. Moreover, Wang et al. [47] found that single-phase liquid cooling has more advantages 

in regulating the maximum temperature of the battery module. Thus, several single-phase immersion 

cooling systems have gained research interest recently [49–52]. For example, Liu et al. [50] designed 

an oil-immersed BTMS for a cylindrical cell, where the effect of flow rate on its cooling performance 

was experimentally investigated. Similarly, Jithin and Rajesh [49] adopted single-phase immersion 

cooling for a 4-cell battery module and numerically studied the cooling performance of three different 

fluids. However, most single-phase immersion cooling systems use forced flow, while the studies on 

static mode are limited. Static immersion cooling is low-cost and highly reliable without a complex 

flow system. More research is needed to investigate the usage of static immersion cooling, especially 

for use in cylindrical cells with large surface-volume ratios.  

This work proposes a static-flow single-phase immersion cooling system and demonstrates it for 

a 6-cell cylindrical battery module with a parallel connection (6P1S). Its cooling performance is 

evaluated by experiments of different current rates and compared with conventional air-cooling. 

Afterwards, a 3D numerical model is established and then validated by experiments. The developed 

numerical model further explores the effects of ambient temperature and coolant volume on thermal 

management performance. Finally, a comparative analysis is performed for immersion-cooling BTMS 

with different coolants in a 100-cell module. This work is a significant addition to the literature, which 

will provide new insights into liquid-cooling BTMS and deepen our understanding of static-flow 

immersion cooling systems. 

2. Experimental setup 

2.1. Battery module and apparatus 

The cylindrical cells used in this work were manufactured by Samsung SDI Co., Ltd (ICR18650-

22P). Each cell has a diameter of 18 mm and a height of 65 mm (Fig. 2a). The nominal capacity of this 

cell is 2.2 Ah, and the nominal voltage is 3.6 V. To reduce the experimental uncertainty, cells from the 

same batch were selected for the cycling tests. As shown in Fig. 2b, six cells were connected in parallel 

by nickel tabs to form a battery module (6P1S), following the rectangular module shape used in previous 
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studies [16,53]. The gap between two adjacent cells is 2 mm. The nickel tab has a thickness of 0.5 mm 

and a width of 7 mm. As presented in Table 1, the nominal capacity of the battery module is 13.2 Ah. 

Table 1. Specifications of the battery and tab in this work. 

Parameters Battery cell Nickle tab 

Cathode Li(Ni1/3Co1/3Mn1/3)O2 - 

Anode Graphite - 

Nominal capacity [Ah] 2.2 - 

Nominal voltage [V] 3.6 - 

Minimum cut-off Voltage [V] 2.75 ± 0.05 - 

Maximum cut-off Voltage [V] 4.20 ± 0.05 - 

Mass [g] 41.5 ± 0.5 - 

Volume [mL] 16.53 - 

Density [kg/m3] 2523 8908 

Thermal conductivity [W/(m∙K)] 1.2 (radial direction) 

34.4 (axial direction) 

90 

Specific heat [J/(kg∙K)] 1145 [54] 502 

 

The experimental setup is illustrated in Fig. 2c. A comparative study was conducted to investigate 

the thermal management performance between the conventional air-cooling system and the proposed 

immersion cooling system. For the air-cooling BTMS, an acrylic box (5 mm in thickness) with two 

small fans was utilized to provide a parallel airflow channel environment. Such a method was adopted 

in many previous studies [55]. The acrylic box has a length of 300 mm, a width of 150 mm, and a height 

of 150 mm, so its total volume is 6750 mL. In literature, the inlet air velocities of 0.3-0.6 m/s were 

always selected for the air-cooling BTMS [56–58].  

Table 2. Properties of pure dielectric cooling liquid (Novec-7200). 

Formulation 
Boiling point 

[oC] 

Density 

[kg/m3] 

Dynamic 

viscosity [Pa·s] 

Specific heat 

[J/kg·K] 

Thermal conductivity 

[W/(m∙K)] 

C4F9OC2H5 76 1430 0.00061 1220 0.068 [41] 

 

In terms of the immersion cooling system, the battery module was submerged in the Novec-7200 

engineered fluid (manufactured by 3M) with dimensions of 120 mm × 80 mm × 100 mm. Featured as 

non-toxic and nonflammable, this engineered liquid has been extensively used as a coolant for 

electronic devices and data centers. According to the specifications and literature [41], the properties of 

the pure Novec-7200 are summarized in Table 2. To ensure the experimental repeatability, the acrylic 

box with engineered fluid was put into a water tank at 22 ± 2 °C to make sure that the liquid external 

boundary has a constant temperature. 

The K-type thermocouple with the 2-mm bead and ± 0.1 °C uncertainty was used to measure the 

cell temperature (𝑇𝐿𝐼𝐵) and the ambient temperature (𝑇𝑎). Within the battery module, six thermocouples 

were fixed at the half height of the cell surface by Teflon tape. This Teflon tape is electrically insulated 
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and able to withstand a high temperature of 200 °C. To avoid the influence of thermocouples on airflow, 

the plane formed by the temperature measurement points is parallel to the wind direction, and the tape 

used to fix the thermocouple should be as small as possible. The proposed immersion cooling BTMS 

and the conventional air cooling BTMS were connected with the battery testing system (Neware, 

5V/100A), as demonstrated in Fig. 2c. A computer was integrated with the battery testing system to 

perform well-controlled cycling tests at different currents. All temperature information was monitored 

by a data logger (HIOKI LR8400) with a sampling frequency of 1 Hz. 

 

Fig. 2. Photographs of (a) battery cell, (b) battery module, and (c) schematic of the experimental setup (not to 

scale), where the actual photo is shown in Fig. S1. 

2.2. Testing procedures 

The charging-discharging tests were conducted to assess the cooling performance of the battery 

systems. The battery modules underwent several charging-discharging cycles with three C-rates of 1 C 

(13.2 A), 2 C (26.4 A), and 3 C (39.6 A), respectively. The testing procedures are listed as follows: 

(1) Constant Current - Constant Voltage (CC-CV) charge with the cut-off voltage of 4.2 V and cut-

off current of 0.05 C; 

(2) Rest for 10 min; 

(3) Constant Current (CC) discharge until the voltage drops to 2.75 V; 

(4) Rest for 10 min; 

(5) Repeat the steps of (1)-(4) for twice or three times; and 

(6) Final rest until the cell temperature decreases to equilibrium. 

The selection of cut-off voltage was based on the battery specifications provided by the 

manufacturer, where the maximum cut-off voltage for charging is 4.20 ± 0.05 V, and the minimum cut-

off voltage for discharging is 2.75 ± 0.05 V. The cycling tests were conducted for the battery module 

under three different cooling strategies. As shown in Table 3, Group A is the natural convection cooling, 

https://doi.org/10.1016/j.applthermaleng.2023.121184


Y. Liu, G. Aldan, X. Huang, M. Hao (2023) Single-phase static immersion cooling for cylindrical lithium-ion battery 

module, Applied Thermal Engineering, 121184. https://doi.org/10.1016/j.applthermaleng.2023.121184  

7 

where the fans are switched off. Group B is the forced air-cooling condition, where constant power is 

supplied to fans to provide an average airflow rate of 0.35 m/s near the battery module. Group C is the 

proposed immersion cooling condition. To reduce the experimental uncertainty, each test was repeated 

at least twice. The C-rate in Table 3 represents the measurement of the charge and discharge current 

with respect to its nominal capacity. 

Table 3. Experimental outline of this work. 

Group Cooling strategies C-rates (C) 

A Natural convection 

1, 2, and 3 B Forced air cooling 

C Liquid immersion cooling 

 

3. Numerical methodology 

3.1. Measurement of battery heat generation rate 

The heat generation rate of cells plays a vital role in simulating the temperature variation of 

batteries and evaluating the performance of BTMS. In literature, the heat generation rate can be 

determined by the electrochemical model based on chemical reactions or the empirical model obtained 

from analysis of cycling data [59]. Since cells exhibit the maximum temperature during the discharging 

process, the discharging data for cells under natural convection were used to identify the heat generation 

rate experimentally. 

 

Fig. 3. (a) The temperature evolution for a single cell with 3 C cycling under natural cooling and (b) heat 

generation rate vs. depth of discharge (DOD) at different discharge rates. 

Taking a cell under the 3-C cycling test as an example, Fig. 3a shows the corresponding 

temperature evolution curve. It mainly contains three CC-CV charging processes and three CC 

discharging processes. After the final discharging period, the battery cell rested until its temperature 

decreased to equilibrium. During this period, the temperature decrease was driven by environmental 
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cooling as 

 
𝑚𝐿𝐼𝐵𝑐𝐿𝐼𝐵

𝑑𝑇𝐿𝐼𝐵

𝑑𝑡
= −ℎ𝑐𝐴(𝑇𝐿𝐼𝐵 − 𝑇𝑎) 

(1) 

where 𝑚𝐿𝐼𝐵 is the mass of the cell, 𝑐𝐿𝐼𝐵 is the specific heat of the battery, 𝑇𝐿𝐼𝐵 is the temperature of 

the cell; 𝑡 is the time after the final discharge; ℎ𝑐 is the overall heat transfer coefficient; 𝐴 is the 

surface area of the cell; and 𝑇𝑎 is the ambient temperature, respectively.  

Define the temperature difference 𝜃 = 𝑇𝐿𝐼𝐵 − 𝑇𝑎 , then 𝑑𝑇𝐿𝐼𝐵/𝑑𝑡 = 𝑑𝜃/𝑑𝑡 . Therefore, Eq. (1) 

can be rewritten as 

 
𝑚𝐿𝐼𝐵𝑐𝐿𝐼𝐵

𝑑𝜃

𝑑𝑡
= −ℎ𝑐𝐴𝜃  

(2) 

After separating the variables and integrating Eq. (2), the correlation between the environmental cooling 

coefficient (ℎ𝑐) and the cell temperature (𝑇𝐿𝐼𝐵) can be expressed as  

 
𝑙𝑛(𝑇 − 𝑇𝑎) =

−ℎ𝑐𝐴

𝑚𝐿𝐼𝐵𝑐𝐿𝐼𝐵
𝑡 +

𝐶

𝑚𝐿𝐼𝐵𝑐𝐿𝐼𝐵
 

(3) 

According to the experimental data, this linear relationship between 𝑙𝑛(𝑇 − 𝑇𝑎)  and 𝑡  can be 

plotted, where the slope is 
−ℎ𝑐𝐴

𝑚𝐿𝐼𝐵𝑐𝐿𝐼𝐵
. Finally, the environmental cooling coefficient (ℎ𝑐) is calculated 

around 5 W/(m∙K). The linear fitting is presented in Fig. S2. On the other hand, the cell temperature 

during the discharging process should satisfy 

 
𝑚𝐿𝐼𝐵𝑐𝐿𝐼𝐵

𝑑𝑇𝐿𝐼𝐵

𝑑𝑡
= 𝑞̇ − ℎ𝑐𝐴(𝑇𝐿𝐼𝐵 − 𝑇𝑎) 

(4) 

where 𝑞̇ is the heat generation rate inside the battery. Based on Eq. (4), the calculated heat generation 

rates varying with the depth of discharge (DOD) are summarized and fitted in Fig. 3b. Apparently, the 

heat generation rate increases with the discharging rate. For example, the average heating rate of 2-C 

discharge is about 3 times as much as that at 1-C discharge. According to the empirical heat generation 

model in literature, the 5th polynomial fitting is adopted in this work [60]. The expression for the heat 

generation rate is written as 

 𝑞̇ = 𝑎𝑜 + 𝑎1𝑡 + 𝑎2𝑡2 + 𝑎3𝑡3 + 𝑎4𝑡4 + 𝑎5𝑡5 (5) 

In this work, the cases with a high C-rate of 3 C will be numerically investigated, and the 

polynomial coefficients are 𝑎𝑜 = 1.73, 𝑎1 = 4.42 × 10−3, 𝑎2 = −1.55 × 10−5, 𝑎3 = 2.85 × 10−8, 

𝑎4 = −3.01 × 10−11 , and 𝑎5 = 1.35 × 10−14 , respectively. The R2 for the curvilinear relationship 

indicates the reliability of the fitted model.  

3.2. Governing equations for numerical model 

 To numerically investigate the efficacy of immersion cooling and optimize the proposed BTMS, 
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a 3D heat transfer model of the battery cells and coolant was established. The heat diffusion equation 

in battery cells can be expressed as follows 

 
𝜌𝑐𝐿𝐼𝐵

𝜕𝑇

𝜕𝑡
= ∇ ∙ (𝑘∇𝑇) + 𝑞̇′′′ 

(6) 

where 𝜌 is the average density of the battery cell, 𝑘 is the effective heat conductivity, and 𝑞̇′′′ is the 

volumetric heat generation rate of the battery. The effective thermal conductivity of the cell depends on 

its direction, and it equals to 1.2 W/(m∙K) in the radial direction and 34.4 W/(m∙K) in the axial direction. 

The volumetric heat source 𝑞̇′′′ is determined by the polynomial fitting equation from the experimental 

data based on Eq. (5).  

For the coolant, such as dielectric liquid and air, the mass continuity equation, the momentum 

conservation equation, and the energy conservation equation are given by [60] 

 𝜕𝜌𝑐

𝜕𝑡
+ ∇ ∙ (𝜌𝑐𝑣⃗) = 0 

(7) 

 𝜕(𝜌𝑐𝑣⃗)

𝜕𝑡
+ ∇ ∙ (𝜌𝑐𝑣⃗𝑣⃗) = −∇𝑝 + ∇ ∙ (𝜇𝑐𝑣⃗) 

(8) 

 𝜕(𝜌𝑐𝑐𝑝𝑐𝑇𝑐)

𝜕𝑡
+ ∇ ∙ (𝜌𝑐𝑐𝑝𝑐𝑇𝑐𝑣⃗) = ∇ ∙ (𝑘𝑐∇𝑇𝑐) 

(9) 

where 𝜌𝑐 is the coolant density, 𝑣⃗ is the coolant velocity vector, 𝜇𝑐 is the dynamic viscosity of the 

coolant, and 𝑐𝑝𝑐 is the specific heat of the coolant.  

For the immersion liquid and the battery module, the thermo-physical parameters were selected 

from Tables 1 and 2. The conductivity of the engineering fluid was taken as 0.6 W/(m∙K) adjusted by 

experiments which agrees with the previous study [61]. The thermal properties of air at 25 °C were 

obtained using the polynomial functions in COMSOL. The temperature-dependent thermal properties 

of air were depicted in Fig. S3, and the polynomial functions were summarized in Table S1. 

3.3. Boundary conditions and mesh sensitivity analysis 

The initial temperature values of the cell and coolants (air and immersion liquid) were set at 25 °C, 

which was commonly used by previous studies [62]. For the forced air-cooling case, the boundary 

condition for the inlet airflow rate was 0.35 m/s, and the boundary condition for the outlet was the 

pressure out, which was set as the standard atmospheric pressure. In the immersion cooling case, the 

constant temperature of 22 °C was selected for the outside boundary condition to simulate the 

experimental tests. As the Reynolds numbers for coolants are less than 2300, the laminar model was 

employed for the numerical simulation.  

The gravity of the cooling liquid was also considered. The heat generation rate of heating sources 

(i.e., battery cells) was set as the 5th polynomial function based on Eq. (4). The no-slip boundary 

condition was adopted between cells and the coolants for all investigated cases. To simplify the 

simulation, the thermal resistance of the acrylic box was ignored in this study. A transient thermal model 
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was utilized to simulate the temperature variation of the batteries under different working conditions.  

 

Fig. 4. (a) The predicted temperature evolutions of cell-2 (𝑇2) with different gird resolutions during the 3C 

discharge, and (b) the finite element model for the selected meshing strategy. 

The numerical model was solved by the commercial software COMSOL Multiphysics 5.6. Free 

tetrahedron mesh was selected for the cells and coolants. To ensure the accuracy of simulation results, 

the sensitivity analysis of mesh was conducted. As illustrated in Fig. 4a, the temperature evolution of 

cell-2 (𝑇2 ) during 3C discharge was summarized from three numerical cases with grid numbers of 

314,203, 967,936, and 1,835,829. Apparently, the differences between these three temperature 

responses were relatively small. Hence, the grid structure involving 967,936 elements was used in this 

work (Fig. 4b), which can save computation time and provide adequate accuracy. The selected grid 

structure has an average element quality of 0.66.  

4. Results and discussion 

4.1. Typical battery thermal performance under air cooling 

Comparing the thermal management performance of different cooling strategies is one of the 

significant purposes of this work. Taking a cycling rate of 3C as an example, Fig. 5 plots the 

experimental data of module voltage, cell temperature, and the maximum temperature difference 

varying with time for the conventional air-cooling condition. The module voltage can assist in 

distinguishing the stage of the cycling test, while the cell temperature and maximum temperature 

difference can help to assess the thermal management performance. The maximum temperature 

difference (∆𝑇) is calculated by [52] 

 ∆𝑇(𝑡) = 𝑚𝑎𝑥{𝑇𝑖(𝑡)} − 𝑚𝑖𝑛{𝑇𝑖(𝑡)}, 𝑖 ∈ {1, 2, 3, 4, 5, 6} (10) 

where 𝑡 denotes the cycling time, and the 𝑖 stands for the cell number, i.e., 1, 2, 3, 4, 5, and 6.  

As shown in Fig. 5a, the module is in the CC-CV charging mode at the beginning. It can be 
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observed that the cell temperature first increases and then decreases during the charging process. The 

temperature increase is mainly attributed to the Joule heat induced by internal resistance overcoming 

the endothermic reactions during the CC charging stage. As the charging mode is changed from CC to 

CV, the charging current decreases. This leads to a lower joule heat generation, so the temperature falls 

during the CV mode. After the rest, the battery module starts to discharge with a constant current of 3C. 

During the discharging period, the battery temperature significantly increases due to the Joule heat and 

internal exothermic reactions.  

Even though the generated Joule heat could be the same for the charging and discharging processes, 

different reaction modes of endothermic and exothermic contribute to a higher temperature increase for 

the discharging process, agreeing with the previous studies [52]. Moreover, the charging could also be 

affected by the thickness ratio of the current collector to the active layer [63]. Plastic strain can cause 

the active layer to fracture and become detached from the current collector, which might accelerate 

battery aging [64,65]. Therefore, the maximum cell temperature ( 𝑇𝑚𝑎𝑥 ) during discharging was 

employed in considerable studies to evaluate the performance of BTMS. For the natural cooling 

condition in Fig. 5a, the value of 𝑇𝑚𝑎𝑥  is around 69 °C, which is much higher than the optimal 

operating temperature range for batteries (20 ∼ 40 °C). Additionally, the maximum value for ∆𝑇 

during the entire cycling process is 6.9 °C, exceeding the suggested temperature difference of 5 °C.  

Fig. 5b shows the historical experimental data for the forced air-cooling system at 3C cycling. The 

tendency for temperature evolution is similar to natural cooling. The value of 𝑇𝑚𝑎𝑥 under forced air 

cooling is 48 °C, which is still higher than the ideal temperature range despite being 21 °C lower than 

natural cooling. Similarly, the highest value for ∆𝑇 is 6.2 °C, which is slightly greater than the ideal 

temperature gradient inside the battery module (5 °C). Therefore, forced air-cooling can reduce the 

maximum battery temperature while temperature homogeneity still needs to be facilitated. 

 

Fig. 5. Variation curves of module voltage, cell temperature, and temperature difference (∆𝑇) for 3C cycling 

under (a) natural convection and (b) forced air cooling. 
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4.2. Battery thermal performance under liquid immersion cooling 

With the aid of liquid immersion cooling, the electro-thermal characteristics of battery modules at 

3C cycling are summarized in this section. In Fig. 6a, the maximum temperature of cells (𝑇𝑚𝑎𝑥) is 37 °C, 

reduced by 46% compared to the natural cooling condition. The maximum ∆𝑇 is 1.8 °C, which is much 

lower than that of conventional air cooling. In short, both the 𝑇𝑚𝑎𝑥 and ∆𝑇 in the immersion cooling 

system can satisfy the optimal temperature range and healthy temperature gradient. However, the initial 

cell temperature and maximum cell temperature (𝑇𝑚𝑎𝑥) during discharge seems to elevate slightly with 

the number of cycles. This could be caused by two reasons: (1) the resting time after each cycle is too 

short for cells to drop their temperature to the initial value; and (2) the temperature of the static liquid 

coolant could also have increased slightly during the discharging process, affecting its cooling efficiency.  

To figure out the influence of these two factors, one more charge-discharge cycle with different 

initial voltage was conducted in Fig. 6b. Obviously, the 𝑇𝑚𝑎𝑥 of the first three discharging processes 

slightly increases with the cycling number, while it does not rise after the third cycle. Therefore, static 

immersion cooling can maintain the maximum battery temperature below 40 °C and a maximum 

temperature difference lower than 5 °C at a high cycling rate of 3C, indicating an excellent performance 

of battery thermal management.  

 

Fig. 6. Variation curves of module voltage, cell temperature, and temperature difference (∆𝑇) for immersion 

cooling system at 3C cycling with (a) 3 discharge stages and (b) 4 discharge stages. 

4.3. Comparison between immersion cooling and conventional air cooling 

The above values of 𝑇𝑚𝑎𝑥  are from multiple discharging processes with various initial cell 

temperatures of 25 ± 5 °C. To compare the thermal management performance directly, Fig. 7 extracted 

the temperature variation curves from the repeating discharge tests with an equal initial temperature of 

25 ± 0.5 °C. For different cooling strategies, two repeat cases were selected, and the average cell 

temperature varying with time was depicted. As shown in Fig. 7, the average surface temperature for 

cells displays an increasing trend with time. As expected, the cooling performance ranks as follows: 
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liquid immersion cooling > forced air cooling > natural cooling. For 1C discharge cases in Fig. 7a, the 

maximum cell temperatures under three different cooling strategies are below 40 °C, within the optimal 

temperature range. At a higher discharge rate of 3C, cell temperature increases and exceeds 40 °C under 

natural cooling and forced air cooling (Fig. 7b). Only immersion cooling can maintain the cell 

temperature within the safety region (20 ∼ 40 °C) at 3C discharge. The above result suggests that 

immersion cooling can substantially reduce the maximum cell temperature during the discharging 

process. 

 

Fig. 7. The average temperature variations for cells under (a) 1C discharge and (b) 3C discharge, where “r1” and 

“r2” represent the first and second repeated experiments. 

For a more straightforward comparison, the maximum cell temperature (𝑇𝑚𝑎𝑥) and the maximum 

temperature difference (∆𝑇𝑚𝑎𝑥) for the extracted repeating test are summarized in Fig. 8. The initial cell 

temperature is around 25 ± 0.5 °C. As demonstrated in Fig. 8a, the measured maximum temperature 

(𝑇𝑚𝑎𝑥 ) increases with C-rate, agreeing with the previous studies. Specifically, the value of 𝑇𝑚𝑎𝑥 

increases from 36.8 °C to 59.6 °C as the discharge rate increases from 1C to 3C under the natural cooling 

condition. More importantly, as the cooling strategies change from natural cooling to immersion cooling, 

the decrements of 𝑇𝑚𝑎𝑥  are around 22%, 39%, and 39% during the 1C, 2C, and 3C discharging 

processes, respectively.  

As for temperature uniformity, Fig. 8b shows the maximum temperature difference (∆𝑇𝑚𝑎𝑥 ) 

varying with the C-rate. Similarly, the value of ∆𝑇𝑚𝑎𝑥 increases with the C-rate for all cooling methods. 

Moreover, the immersion cooling system has the lowest value of ∆𝑇𝑚𝑎𝑥 which is lower than 3 °C at 

all C-rates. Therefore, the proposed immersion cooling method exhibits excellent cooling performance 

for battery thermal management. The following sections will numerically analyze the cooling capacity 

of the proposed immersion cooling method and further optimize it for the actual application. 
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Fig. 8. The measured (a) maximum cell temperature (𝑇𝑚𝑎𝑥) and (b) maximum temperature difference (∆𝑇𝑚𝑎𝑥) 

for the battery module during discharge, where the initial cell temperature is 25 ± 0.5 °C. 

4.4. Model validation and energy flow analysis 

As discussed above, the value of 𝑇𝑚𝑎𝑥 and ∆𝑇𝑚𝑎𝑥 increases with C-rate. Hence, the numerical 

simulation of this work focuses on the scenario with a high discharge rate of 3C. Fig. 9 compares the 

experimental data measured by thermocouples with simulated results for both forced air cooling and 

immersion cooling systems. The temperature evolution at the mid-height surface cell-2 (𝑇2) is selected 

for model validation (the same position in Fig. 4). Obviously, the experimental and numerical results 

agree well with each other, with an average error of 2.9% and 2.2% for immersion cooling and forced 

air cooling systems. Therefore, it is confirmed that the numerical model can deliver accurate results. 

 

Fig. 9. Comparison of measured and simulated temperature data during 3C discharge. 

Fig. 10 further compares the temperature distribution of cells and coolants during the 3C 

discharging process. With forced air cooling, there is a significant temperature gradient within the 

battery system. Cells near the air outlet are much hotter than cells near the air inlet. Particularly, cell-2 
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has the highest temperature, which is consistent with the experimental results. With immersion cooling, 

the battery system displays a lower and more uniform temperature profile. By calculating the average 

volume temperature of different cells, curves for maximum temperature difference are seen in Fig. 10c.  

 

Fig. 10. Temperature distributions for (a) mid-profile of the entire cooling systems and (b) battery module at the 

end of 3C discharge, as well as (c) the evolution curves of maximum cell temperature difference. 

As expected, immersion cooling allows for a more even temperature distribution, which can 

benefit the performance of the battery system. Moreover, the value of the maximum temperature 

difference for immersion cooling is much lower than the experimental results in Fig. 8b. The reason 

should be that the experiments measure the point temperature of the cell surface, whereas the numerical 

model considers the entire volume temperature. Therefore, in the following sections, the numerical 

results will be used to quantitatively analyze the efficiency of the immersion cooling strategy. 

As it is difficult to measure the liquid temperature gradient during the experiments, the numerical 

results are utilized to quantitatively compare the cooling performance for the air cooling and liquid 

immersion cooling. The effective cooling rate (𝑞̇𝑐) and the total amount of dissipated heat (𝑄𝑐) are set 

as the comparison criterion. The transient cooling rate (𝑞̇𝑐) is calculated from the heat flux (𝑞̇𝑐
′′) from 

cells to the coolants (i.e., air and immersion liquid) through the COMSOL software as 

 𝑞̇𝑐(𝑡) = 𝑞̇𝑐
′′(𝑡)𝐴 (11) 

where 𝐴 is the surface area of the cell. Then, the equivalent energy of heat dissipation (𝑄𝑐) is given by 

 
𝑄𝑐(𝑡) = ∫ 𝑞̇𝑐(𝑡)𝑑𝑡

𝑡

0

 
(12) 

https://doi.org/10.1016/j.applthermaleng.2023.121184


Y. Liu, G. Aldan, X. Huang, M. Hao (2023) Single-phase static immersion cooling for cylindrical lithium-ion battery 

module, Applied Thermal Engineering, 121184. https://doi.org/10.1016/j.applthermaleng.2023.121184  

16 

where 𝑡 denotes the discharge time. Taking cell-2 which has the poorest cooling condition under air 

cooling as an example, Fig. 11 shows the values of 𝑞̇𝑐 and 𝑄𝑐 varying with time (𝑡) during the 3C 

discharge. It is clear that both the values of 𝑞̇𝑐 and 𝑄𝑐 increase with time and reach the maximum 

value at the end of 3C discharge.  

 

Fig. 11. (a) Effective cooling rate for different cooling strategies and (b) overall cooling for cell-2 at 3C 

discharge. 

Fig. 11a suggests that the immersion-cooling rate is much higher than the air-cooling rate. The 

average value of 𝑞̇𝑐 for immersion cooling is about 2.5 times higher than the air cooling during the 3C 

discharge. However, the ratio between them decreases to 1.5 times at the end of 3C discharge. 

Specifically, the final values for immersion cooling and air-cooling rates are 2.7 W and 1.8 W, 

respectively. This is because the temperature of the static liquid will increase during the discharge, 

which will reduce the increasing rate of 𝑞̇𝑐 with time. 

Nevertheless, the cooling capacity of immersion cooling is still enough to control the maximum 

battery temperature and cell temperature difference within an acceptable range. Totally, immersion 

cooling can remove the heat of 1,738 J from the battery at 3C discharge, accounting for 22% of the 

discharged electric energy (Fig. 11b). The dissipated heat is 90% greater than air cooling and is 

comparable to oil-based immersion cooling [52]. Therefore, both the experimental results and numerical 

analysis suggest that the static immersion cooling system proposed by this work can exhibit a wonderful 

capability for battery thermal management, even at 3C. 

4.5. Modification of the simulated model for the actual application 

During the experiments, a water tank was used to ensure the constant temperature of the acrylic 

box for the immersion cooling system and improve the experimental repeatability. Thus, the constant 

temperature boundary was considered for the above immersion cooling model. However, thermal 

convection would exist on the external wall of the immersion cooling system in the real application 

scenario. To provide valuable guidelines for practical applications, the numerical model was modified 
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and employed a free convection boundary condition on the external walls of the immersion cooling 

system. Referring to the linear fitting of Eq. (3) and literature data [60], a convective heat transfer 

coefficient of 5 W/(m2∙K) was selected.  

 

Fig. 12. Maximum temperature evolution for simulated cases with different boundary conditions, as well as the 

temperature distribution at the end of 3C discharge. 

Fig. 12 shows the evolution of maximum temperature in the simulated model with different 

boundary conditions. The solid red line represents the modified case with a convective boundary 

condition, while the black dashed line indicates the model with constant temperature for the boundary 

condition. As expected, the maximum temperature of the modified model is a little bit higher than that 

of the original model. Specifically, the maximum temperature at the end of 3C discharge is 42 °C, which 

is 3 °C higher than the maximum temperature in the original model. Moreover, the temperature 

difference between cells in the modified model is still lower than 5 °C. In short, the maximum 

temperature for the modified case slightly exceeds the optimal temperature range, while the temperature 

discrepancy is below the threshold.  

4.6. Influences of the liquid volume and ambient temperature for immersion cooling 

To optimize the static immersion cooling system for battery thermal management applications, the 

effects of liquid volume and ambient temperature on cooling performance are further investigated at 3C 

discharge. Taking the battery module with 2-mm cell spacing as a baseline, we proportional enlarge the 

volume of the entire system and calculate the volume ratio of liquid to the battery module (𝛿). The 

selected battery/liquid volume ratio (𝛿) and the corresponding system dimensions are listed in Table 4.  

Except for the liquid volume, the influence of ambient temperature on cooling performance is also 

studied in this work. In literature, the commonly used ambient temperatures for single-cell immersion 

cooling system is 15 °C ~ 30 °C [52]. Therefore, four ambient temperatures of 15 °C, 20 °C, 25 °C, and 

30 °C are adopted to study the influences of ambient temperature (𝑇𝑎) and the liquid-battery volume 

ratio (𝛿) on cooling performance at 3C discharge numerically. 
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Table 4. The studied liquid-battery volume ratio (𝛿) for a 6-cell battery module with a volume of 99 mL. 

Case No. I II III IV 

liquid-battery volume ratio, 𝛿 (-) 0.81 2.13 5.11 13.50 

System dimension (mm) 42×62×69 50.4×74.4×82.8 63×93×103.5 84×124×138 

Liquid volume (mL) 80.48 211.29 507.21 1338.22 

 

At the ambient temperature of 20 °C, Fig. 13a describes the effect of the liquid volume on transient 

maximum temperature, i.e., 𝑇𝑚𝑎𝑥(𝑡) at 3C discharge. As expected, the system with a high value of 𝛿 

shows a better cooling performance. Except for Case-I (𝛿 = 0.81) and Case-II (𝛿 = 2.13), all cases can 

control the maximum cell temperature below the safety threshold of 40 °C, indicating that increasing 

liquid volume can improve the cooling performance of the system. It should be noted that this 

improvement effect gradually attenuates for larger liquid volume ratios. Specifically, the decrement of 

the final maximum temperature is 14%, as 𝛿 increases from 0.81 to 2.13. However, the decrement of 

the final maximum temperature is only 2.4%, as 𝛿 increases from 5.11 to 13.5. Therefore, reducing 

the ambient temperature could be a more effective way to enhance the cooling performance.  

 

Fig. 13. (a) Evolution of transient maximum temperature for different cases at an ambient temperature of 20 °C, 

(b) the maximum temperatures of all cases at the end of 3C discharge, (c) 3D colormap indicating 

comprehensive effects of volume ratio and ambient temperature, and (d) region division for system 
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optimization. 

Fig. 13b summarizes the maximum temperature of all simulated cases at the end of discharge. This 

terminal temperature (𝑇𝑚𝑎𝑥) increases with ambient temperature but decreases with the liquid volume 

ratio. For Case-I (𝛿 = 0.81 ), the terminal temperature increases from 41.6 °C to 56.6 °C with an 

increment of 36% as the ambient temperature rises from 15 °C to 30 °C. In the meantime, such a 

terminal temperature is reduced by 25% as the liquid volume ratio rises to 13.5. In other words, the 

cooling performance of the proposed immersion cooling system would be enhanced at lower ambient 

temperature and larger liquid volume, and the influence of ambient temperature exceeds that of liquid 

volume.  

Fig. 13c is the 3D colormap that illustrates the influences of liquid volume and ambient 

temperature on terminal maximum temperature. The color changes from purple to crimson as the 

corresponding maximum temperature increases from 30 °C to 60 °C. The system with different 

combinations of ambient temperature and volume ratio can lead to different terminal maximum 

temperatures. A lower ambient and larger liquid volume can achieve a lower maximum temperature, 

indicating a better cooling performance. The color map can be divided into three parts of maximum 

temperature lower than 40 °C, maximum temperature between 40 °C ~ 50 °C, and maximum 

temperature higher than 50 °C. Towards the parameter optimization for practical application, we define 

three regions of safety (𝑇𝑚𝑎𝑥 ≤ 40 °C ), critical (40 °C < 𝑇𝑚𝑎𝑥 ≤ 50 °C ), and dangerous (𝑇𝑚𝑎𝑥 >

50 °C). Based on the criterion, the division of regions is presented in Fig. 13d. With the increase in 

ambient temperature, the lower limit of the safety region increases, leading to the decrease of its range 

dimension. Thus, the proposed immersion cooling system could be optimized by selecting the proper 

ambient temperature.  

It should be noted that the critical region is also acceptable in the actual application [66]. For 

example, when the ambient temperature is lower than 25 °C, the system with a volume ratio (𝛿) higher 

than one is enough to control the maximum temperature to an ideal value. When the ambient 

temperature rises to 30 °C, the liquid volume should be at least two times larger than the battery module 

volume to achieve good thermal management. For electric vehicles, the driving conditions are relatively 

complex, and an ambient temperature higher than 25 °C should be a common condition. Given that a 

large volume ratio (𝛿) would sacrifice the energy density of the system, the flow-based immersion 

cooling is a good choice and will be investigated in future. Therefore, the static immersion cooling 

studied in this work is more suitable to be applied in the battery energy storage system where the 

ambient temperature can be easily controlled by the air condition system.  

Considering the energy density of the entire system and thermal management performance, a 

volume ratio ranging from 0.8 to 2 and an ambient temperature ranging from 15 °C to 20 °C are 

recommended for the proposed immersion cooling system. The division of three regions could be 

adapted to other immersion cooling systems, where the threshold of each region depends on system 
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properties. 

4.7. Effect of different coolants and the application on the large battery module 

At an ambient temperature of 15 °C, the immersion-cooling BTMS with a volume ratio (𝛿) of 0.81 

can restrict the maximum battery temperature below 42 °C, which is acceptable for the actual 

application [66]. In literature, other coolants like mineral oil and AmpCool AC-100 engineering fluid 

have been applied to the forced-flow immersion cooling system [49]. To explore the efficacy of these 

coolants on static-mode system, this section employed them to cool down the 6-cell and 100-cell battery 

module under 3C discharge. The thermal properties of these two coolants are presented in Table 5. 

Table 5. Properties of mineral oil and AC-100 fluid used for simulation [49]. 

Coolants 
Density 

[kg/m3] 

Dynamic 

viscosity [Pa·s] 

Specific heat 

[J/kg·K] 

Thermal conductivity 

[W/(m∙K)] 

Mineral oil 924 0.05 1900 0.13 

AC-100 811 0.008 2203.2 0.1373 

 

Fig. 14a demonstrates the effect of different coolants on the transient maximum temperature of the 

6-cell battery module under 3C discharge. The volume ratio (𝛿) is chosen as 0.81, and the ambient 

temperature is 15 °C. At the end of 3C discharge, the maximum temperature values in different 

immersion cooling systems are around 42°C. The similar cooling performance of mineral oil and AC-

100 engineering fluid is consistent with the research results reported by Jithin and Rajesh [49]. This 

further verifies the reliability of the numerical model proposed in this work. The static immersion 

cooling method is then applied to a 100-cell module (Fig. 14b).  

 

Fig. 14. Comparison of different coolants for the (a) 6-cell battery module with a liquid-battery volume ratio of 

0.81 and (b) 100-cell battery module with a liquid-battery volume ratio of 0.7. 

To simplify the problem and save the computational cost, the tabs are ignored. As shown in Fig. 

14b, the dimensions of the immersion cooling domain are 120 mm × 80 mm × 100 mm, with a liquid-
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battery volume ratio (𝛿) of 0.7. Although the maximum temperature in Fig. 14b is a little bit higher due 

to the lower 𝛿, all three coolants are able to keep the cell temperature below 45 °C. Therefore, the 

proposed static immersion cooling method has great potential for use in large-scale battery systems. 

Recently, the world’s first immersion-cooled energy storage station was launched in Guangdong, 

China [67]. It is the largest grid-side independent power storage plant in southern China, where forced-

flow immersion cooling is employed to control the temperature of prismatic cells. Towards a safe and 

low energy consumption future, cylindrical cells with natural immersion cooling would be another 

promising energy storage solution. As cylindrical cell has a large surface-volume ratio, the efficiency 

of immersion cooling would be superior [52]. From the fundamental aspect of heat transfer, this work 

confirms that natural immersion cooling can meet the stringent thermal management requirements of 

large-scale cylindrical battery modules. Overall, the immersion cooling strategy has the potential for 

massive application in battery energy storage systems, which requires more fundamental research. 

5. Conclusions 

This work compares the cooling performance between the immersion cooling system and 

conventional air-cooling systems at different C-rates. Results indicate that the maximum cell 

temperature (𝑇𝑚𝑎𝑥) appears at the end of discharge, which increases with the C-rate. The value of 𝑇𝑚𝑎𝑥 

under natural cooling at the 3C discharge can exceed 60 °C at room temperature, threatening battery 

safety. Employing the forced air-cooling with an airflow rate of 0.35 m/s, the maximum cell temperature 

would decrease to 44.9 °C at the end of 3C discharge, but the cell temperature difference is still higher 

than 6 °C. The proposed static immersion cooling system exhibits an excellent cooling capability that 

controls the maximum cell temperature below 40 °C and cell temperature gradient within 3 °C during 

3C cycling tests. 

3D numerical results suggest that the immersion cooling method has a maximum cooling rate of 

2.7 W for the cell with the highest temperature, 50% higher than the forced air-cooling system. Towards 

the practical application, the numerical models were modified to investigate the effects of ambient 

temperature and liquid-battery volume on system cooling efficiency. It is confirmed that cooling 

performance would be enhanced at lower ambient temperature and larger liquid volume, and the 

influence of ambient temperature exceeds that of liquid volume.  

From the perspective of system energy density and thermal safety, the liquid-to-battery volume 

ratio of 0.8 ~ 2 and the ambient temperature of 15 ~ 20 °C are recommended for the proposed immersion 

cooling system. Then, different cooling regions are defined to evaluate the thermal-management 

performance and help optimize the immersion cooling system. Finally, the cooling efficiency of other 

fluids (mineral oil and AC-100 engineering fluid) in the 100-cell battery modules further verifies the 

feasibility of the proposed immersion cooling methods for large-scale battery systems. These results 

can provide useful information and scientific guidelines for battery thermal management to ensure safe 

operation of battery energy storage systems. 
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