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The aim of this work is to test a battery thermal management system by direct immersion 

of a commercial 18650 LiFePO4 cell in a low boiling dielectric liquid. It is worth noting 

that for electric mobility applications, thermal management of Lithium-Ion batteries is a 

fundamental issue because batteries experience high discharge currents and temperatures. 

First, we present an electrical characterization of the Lithium-Ion by measuring cell 

potential, open circuit potential and entropic heat coefficient. Temperature measurements 

were carried out with thermocouples and infrared thermography. A simplified heat 

generation term was evaluated using the experimental data. Then, the same battery was 

immersed in a dielectric low boiling liquid and tested under three different discharge 

currents. For comparison, also the case without dielectric liquid was analyzed. This paper 

demonstrates the feasibility of a thermal management system based on direct immersion 

of a battery cell in a low boiling dielectric fluid. Indeed, the results show a substantial 

decrease of battery temperature when immersed. 
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1. INTRODUCTION

Nowadays sustainable mobility is a fundamental issue for 

emission reduction and energy saving. Minimize 

environmental impact is a primary objective in our daily life 

and electric vehicles (EVs) development and 

commercialization play a central role in this context [1, 2]. 

Lithium-Ion batteries (Li-Ion) are the most commonly 

adopted power supply for EVs. They have the following 

advantages: lighter weight, higher energy density and specific 

power, longer cycle life, lower self-discharge rates and higher 

recyclability [3-5]. 

Although from an electrochemical point of view this 

technology was optimized, Li-Ion batteries thermal 

management is still an open challenge. Indeed, the extreme 

operating temperatures, charge/discharge currents and the 

state of charge (SOC) accelerate the ageing process. In 

particular, temperature has a remarkable effect on the 

performance degradation and lifetime of Li-Ion cells [6, 7]. 

This is a fundamental issue since several literature studies 

are dedicated to the Battery Thermal Management System 

(BTMS). More in depth, in the open literature, different 

cooling strategies are used for this purpose. The simplest 

methods are air cooling systems, in forced or natural 

convection. In these cases, also a heat sinks/pin-fins are 

usually adopted to enhance the heat transfer [8, 9]. However, 

for EVs applications, liquid cooling methods are more 

effective because of their high thermal capacity. This 

technology was applied with a single-phase or two-phase 

refrigerant [10, 11], or using nano-fluids [12] that flows into a 

heat exchanger rounding the power module’s cells. In this 

configuration a further thermal resistance is introduced by the 

heat exchanger. Moreover, in the last years it was analyzed the 

performance of innovative BTMS such as Phase Change 

Materials (PCM) [13, 14], Heat Pipes (HP) [15, 16], and 

Pulsating Heat Pipes (PHP) [17]. 

Recently, also a direct contact liquid cooling has been 

presented. In order to avoid short circuit on the battery 

terminal, a dielectric fluid must be considered as coolant. This 

system has several advantages: the thermal power generated is 

directly transferred to the coolant without any other element, 

larger heat transfer surface area, higher uniformity in the 

temperature distribution, and the cooling system is simpler and 

lightweight [18]. Only some papers are devoted to direct 

immersion liquid cooling strategies [19-22]. Patil et al. [19], 

investigate the effect of different cooling strategies on a large-

format pouch cell both experimentally and numerically. They 

used a dielectric fluid in static and flowing conditions, 

considering also tab cooling. Wu et al. [20], design a lithium-

ion battery thermal management system based direct 

immersion in a silicone oil. The results show that the 

maximum temperature rise of the direct contact liquid cooling 

system is only 20% of the indirect contact liquid cooling 

system. Wu et al. [21], used a low boiling dielectric liquid as 

a coolant for a pouch cell. The experimental results show an 

excellent capability of the system in reducing maximum 

temperature and improving temperature uniformity. Wang and 

Wu [22], studied the cooling effect of a low boiling dielectric 

fluid in forced convection for a cylindrical battery pack. 

In this context, is a crucial issue to evaluate the battery 

thermal power generation. A correct determination of this 

parameter for a single cell allows to improve the BTMS design 

method. The battery heat generation is related to different 

mechanisms: activation of interfacial kinetics, concentration 

species transport, and ohmic Joule heating from the movement 

of charged particles, which becomes very significant for large 
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cell sizes [23]. Two main contributions to the heat generation 

are usually adopted in literature: the irreversible heat and the 

reversible heat generation. The first term is due to the Joule 

losses over cell internal resistance, mass transfer limitations in 

the cell components, and charge transfer overpotentials at the 

interface. The second term depends on the entropic heat 

coefficient (EHC) which is related to the nature of 

electrochemical reaction in the cell and battery composition. 

The entropic contribution has a substantial influence on heat 

generation and cannot be neglected or considered constant 

with SOC. Indeed, it could assume a value similar to the 

irreversible term especially for low discharge currents [24-27]. 

Rad et al. [28], show that also battery surface temperature is 

affected by the entropic heat. In literature the EHC is usually 

measured through potentiometric test [24, 25, 29, 30]. Thomas 

et al. [29], state that is more useful to modify the temperature 

at a specific SOC. Nieto et al. [24], state that charge or 

discharge processes do not influence the entropic heat 

coefficient. The temperatures chosen for the thermal cycle 

have a little influence on EHC. This was also confirmed by 

Madani et al. [30]. 

This paper presents an experimental investigation of a novel 

cooling strategy for Li-Ion batteries based on a low boiling 

dielectric liquid. The battery is directly submerged in the 

cooling fluid. The low boiling characteristic is a fundamental 

issue since the change of phase ensures the absorption of heat 

power peaks due to the instantaneous electric power required 

from the electric motor. First, an electrical and thermal 

characterization of the Lithium-Ion battery was performed 

under three different operating currents. The open circuit 

potential and entropic heat coefficient were experimentally 

measured. These data were used to calculate the battery heat 

generation with a simplified equation. Then the thermal 

behavior of the cell submerged in the dielectric liquid was 

investigated under several operating currents. Both constant 

and impulsive current conditions were tested. For comparison, 

the same tests were performed without the liquid.  

The paper is organised as follows. Section 2 describes the 

equation used for the calculation of the heat generated. Section 

3 presents the experimental setup. Section 4 shows the results 

of the cell characterization. Section 5 is devoted to the 

evaluation of battery heat generation. Section 6 presents the 

results of the novel cooling strategy. Finally, the conclusions 

are presented in Section 7. 

 

 

2. HEAT GENERATION MODEL 

 

A complete thermodynamic energy balance for Li-ion 

batteries was proposed by Bernardi et al. [31]. Eq. (1) is 

commonly adopted in present studies to evaluate heat 

generation in Li-ion battery [23-25, 29]: 

 

�̇� = �̇�𝑖𝑟𝑟 + �̇�𝑟𝑒𝑣 = 𝐼 ∙ (𝑉 − 𝑈𝑂𝐶) +  𝐼 ∙ 𝑇 ∙
𝜕𝑈𝑂𝐶

𝜕𝑇
  (1) 

 

where, I is the discharge current, V is the cell potential, T is 

the battery surface temperature (expressed in K), 𝜕UOC/𝜕T is 

the EHC, and UOC is the open circuit potential.  

The cell overpotential influences the irreversible term of Eq. 

(1); it is equal to the difference between V and UOC. This term 

account for all irreversible processes such as the energy 

dissipated in electrode overpotentials and Joule heating within 

the battery internal resistance. In this study, the operating 

current was considered negative during discharge. For this 

reason, the irreversible term is always positive. 

The electrochemical reaction influenced the reversible term 

in Eq. (1), which is strongly connected to the EHC. This 

coefficient can be negative or positive; the reversible heat is 

exothermic if EHC has a negative value, whereas a positive 

value of EHC indicates that reversible heat is endothermic 

during the discharge. 

The instantaneous energy dispersed in the form of heat 

generation can be also determined: 

 

𝐸𝑑 = �̇� ∙ ∆𝑡 (2) 

 

where, ∆t is the time interval at which the heat was generated. 

Eq. (3) allows to evaluate the total amount of dispersed energy, 

given by the sum of instantaneous dispersed energy during the 

time τ required to fully discharge the battery at the operating 

current. 

 

𝐸𝑎𝑐𝑐 = ∫ 𝐸𝑑  𝑑𝑡
𝜏

0
  (3) 

 

 

3. EXPERIMENTAL APPARATUS 

 

The battery cell used in this study is a commercial LiFePO4 

battery (ENERpower 18650). It is a cylindrical cell of height 

65 mm, diameter 18 mm, and weight 42 g. The nominal cell 

potential was 3.2 V and the maximum voltage when fully 

charged was 3.65 V. The cell nominal capacity was 1.8 Ah, 

while the maximum continuous discharge current is 5.4 A. 

A programmable power supply (RMX-4125) and DC 

electronic load (RMX-4005) allow to control the battery 

charge and discharge processes. The electronic load has a 

current setting accuracy equal to ±0.1% F.S. in the range 0-70 

A and a resolution of 2 mA. A current transducer was used to 

measure the operating current. The instrument uncertainty is 

±0.02 A in the range ±85 A. Ambient temperature and relative 

humidity were measured with an uncertainty of ±0.6℃ and 

±2.5%, respectively. Transducer signals of the current and 

ambient parameters and the cell potential were acquired using 

the NI 6289 data acquisition device. The resolution of the 

device is of 0.076 mV in the range 0-10 V with an uncertainty 

of ±0.25 mV (Figure 1).  

The cell surface temperature was measured by four T-type 

thermocouples placed along the height of the battery with a 

high-conductivity adhesive. The thermocouples were attached 

to an ice point reference before being acquired by the data 

logger. A calibration of the thermocouples, into a high-

precision bath, allows to obtain an uncertainty of ±0.05℃. 

Infrared thermography analysis was performed to qualitatively 

evaluate the surface temperature distribution using a FLIR 

SC3000 IR camera. The instrument was equipped with a 320 

x 240 QWIP sensor array and a 20° lens with a 20° x 15° field 

of view with a minimum focus distance of 0.3 m. The thermal 

sensitivity was 20 mK at 30℃, with an uncertainty of ±1% of 

the measured value. The battery was covered with black matte 

paint with an emissivity of 0.94. 

During discharge, cell potential, operating current, and 

surface temperature were continuously acquired at 10 Hz, 

while IR images were recorded at 1 Hz. Each image was 

subtracted from the first thermal image taken as reference for 

the initial condition. The battery temperature used in Eq. (1) is 

the mean value of the four thermocouples. 
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Figure 1. Experimental setup 

 

 
 

Figure 2. Setup of experimental tests with Novec 7000 (left) 

and thermocouples arrangement on the battery surface (right) 

 

A different setup was adopted for the liquid cooling tests 

(Figure 2). The experimental apparatus was the same but, this 

time, the battery was placed in a plexiglass container of 

dimensions 50 x 50 x 150 mm. The cell was positioned 

vertically and in the center of the container which was filled 

with the dielectric liquid so that the battery was completely 

submerged. A high-resolution camera was placed in front of 

the cell to observe the boiling behavior of the cooling liquid. 

Another T-type thermocouple was placed in the liquid near the 

wall at 10 mm from the battery surface in order to observe the 

fluid temperature during the tests. 

The dielectric liquid used for the experiments is the Novec 

7000 which has a dielectric constant equal to 7.4 and a 

dielectric strength of 40 kV. It was chosen because of the 

dielectric properties and for its low boiling point (34℃). Its 

main physical properties are reported in Table 1. 

 

Table 1. Physical properties of the Novec 7000 

 
λ [W/mK] Cp [J/kg K] ρ [kg/m3] α [m2/s] Pr 

0.075 1300 1400 4.12 ∙ 10-8  4.85 

 

Table 2. Measurement uncertainties 

 
C-rate Qirr % Qrev % Q % Eacc % 

0.5 1.14 0.77 5.52 2.68 

1 0.53 0.58 1.06 1.08 

2 0.26 0.52 0.35 0.54 

3 0.18 0.49 0.23 0.35 

 

The measurement uncertainties were evaluated for all the 

entities involved. The uncertainty of UOC is ±0.25 mV, while 

for the EHC is ±0.001 mV/K. The uncertainty of the SOC 

calculation is related to the setting current accuracy of the 

electronic load and the measurement uncertainty of the current 

transducer; we obtained a value of ±0.5%. Table 2 reports the 

measurement uncertainties of the correlated quantities. For 

compactness, the largest percentage uncertainty for each C-

rate is reported. The C-rate is defined as the ratio between the 

discharge current applied and the discharge current under 

which the battery delivers its nominal capacity per hour. 

 

 

4. CELL CHARACTERIZATION 

 

The evaluation of the Li-Ion battery heat generation requires 

the determination of different parameters. It is necessary to 

measure the open circuit potential and the EHC. These 

quantities were evaluated every 10% of the SOC starting from 

a battery fully charged until the complete discharge. EHC was 

measured through the potentiometric method, and UOC with 

subsequent cycles of discharge and relaxation. 

 

4.1 Open circuit potential 

 

The battery was discharged to a specific SOC at 1C 

discharge rate. This phase was followed by a relaxation of 1 h. 

The cell potential reached at the end of relaxation 

corresponded to the UOC. The UOC used in Eq. (1) is the mean 

value obtained by 5 different measurements of the open circuit 

potential; it is also shown in the plots in Figure 3. The 

maximum percentage deviation of the tests from the mean 

value was 0.07%. 

 

 
 

Figure 3. Open circuit potential 

 

4.2 Entropic heat coefficient 

 

The battery was discharged to a specific SOC and was 

allowed to relax. The relaxation was followed by a thermal 

cycle in a thermostatic bath. Meanwhile, the open circuit 

potential of the battery was constantly measured. The thermal 

cycle used consisted of 3 h at 25℃, 3 h at 10℃, 3 h at 35℃, 3 

h at 45℃, and 3 h at 25℃.  

This procedure was repeated every 10% of SOC until the 

battery was completely discharged. Figure 4 shows the open 

circuit potential variation during the thermal cycle for SOC 

50%. The mean voltage value of the last 15 min of each 

temperature step identifies the UOC. These values were plotted 

as a function of temperature, as shown in Figure 5. The EHC 
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corresponds to the gradient of the curve. Finally, the EHC 

values obtained are reported in Figure 6 as a function of SOC. 

The EHC has a positive value until 30% of SOC; subsequently, 

it assumes negative values. 

 

 
 

Figure 4. Open circuit potential variation during thermal 

cycle at SOC 50% 

 

 
 

Figure 5. UOC as a function of temperature at SOC 50% 

 

 
 

Figure 6. Entropic heat coefficient as a function of SOC 

5. DETERMINATION OF THE HEAT GENERATED 

 

The thermal power generated can be evaluated using Eq. (1) 

for a constant current discharge.  

The battery was fully discharged with a constant operating 

current until the minimum voltage of 2.5 V. The charge 

method used is the constant current constant voltage procedure: 

first, a constant current of 1C was applied until the maximum 

voltage of 3.65 V (CC phase); then, the voltage stays constant 

and the operating current decreases until a value of 18 mA (CV 

phase). The test was performed at ambient temperature and 

under several C-rates (Table 3). 

 

Table 3. Constant current discharge tests 

 
C-rate Current [A] Time [s] 

1 1.8 3600 

2 3.6 1800 

3 5.4 1200 

 

 
 

Figure 7. Cell potential for different C-rates 

 

 
 

Figure 8. Thermal images of the battery 

 

Figure 7 shows the cell potential as a function of the SOC 

at different discharge rates. The battery internal resistance 

produces a sudden fall of the cell potential, then it flattens until 

a very low SOC. For a higher discharge current, the voltage 

value of the flattened zone decreases, and the difference with 
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the open circuit potential increases. Meanwhile, the surface 

temperature of the battery increases, especially at low SOC. 

Figure 8 shows the thermal images acquired during the tests 

subtracted to a reference image recorded before the discharge 

starts. Four SOC levels were chosen as representative points 

for the discharge: 75%, 50%, 25%, and 0%. From infrared 

images, a higher current produces a higher temperature rise. 

Indeed, the battery surface temperature reaches very high 

value for 3C case, far exceeding its operating temperature 

range. This trend is also confirmed by thermocouples 

measurements.  

 

 
 

Figure 9. Battery surface temperature measured using 

thermocouples 

 

 
 

Figure 10. Thermal power generated 

 

Figure 9 shows the mean temperature of the four 

thermocouples. It can be notice that the greater increase of 

temperature corresponds to low SOC, when the voltage 

sharply decreases. 

The surface temperature measured by thermocouples was 

used in Eq. (1) in order to evaluate the total thermal power 

generated. Figures 10 and 11 show the instantaneous thermal 

power and the accumulated heat through the discharge process 

for all C-rates tested. The increase of C-rate leads to higher 

thermal power and accumulated heat because the overpotential 

increases with the discharge current. The increase of thermal 

power is even more marked at low SOC, where the EHC 

assumes negative values and the cell potential has an abrupt 

decay. Indeed, the reversible term of Eq. (1) assumes positive 

values, the discharge process is exothermic, and it increases 

the total thermal power generated. Otherwise, the reversible 

term is negative when the EHC is positive, and the discharge 

process is endothermic. In this situation this term is subtracted 

from the total heat generation. Both thermal power and 

accumulated heat are strongly influenced by the reversible 

term of Eq. (1). 

 

 
 

Figure 11. Accumulated energy 

 

 

6. LIQUID COOLING RESULTS 

 

The cell was submerged in the dielectric liquid (Figure 2) 

and the same discharge currents were applied. For comparison, 

also the case without liquid was investigated. The tests were 

repeated at two different ambient temperatures, 26℃ and 32℃. 

Figure 12 shows the mean temperature of the battery 

measured by thermocouples. The results of the three C-rates at 

the two different ambient temperatures are presented. The 

solid green line represents the boiling point of the Novec 7000 

(34℃). The figure points out the different behavior of the 

battery surface temperature related to the change of phase of 

the dielectric liquid. Indeed, for the tests at 26℃ the 

temperature is far from the liquid boiling point and the trend 

is quite similar to the case without liquid (Figure 9). 

Furthermore, also the 1C discharge curve at 32℃ has the same 

behavior of the same discharge rate at 26℃ because the 

temperature is always under the boiling point. The temperature 

plot substantially changes for the 2C and 3C discharges at 

32℃. In these cases, the temperature overcomes the boiling 

point already at 90% of SOC. After that point, the temperature 

value is almost constant due to the greater amount of heat 

absorbed by the change of phase of the liquid. 

The effectiveness of the liquid cooling is even more evident 

in Figure 13. The plot shows the temperature difference 

between the battery surface temperature during discharge and 

its initial value for three cases: without liquid (black line), with 

Novec 7000 at 26℃, and with Novec 7000 at 32℃. For 

compactness, only the 3C test is showed. The temperature 

difference at the end of discharge without liquid is very large 

if compared with the liquid cooling cases, and it further 

decreases when the temperature overcomes the liquid boiling 

point. Table 4 reports the temperature difference at the end of 

discharge for all the tests performed.  
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Figure 12. Surface temperature of the submerged battery for 

different C-rates and ambient temperatures 

 

 
 

Figure 13. Battery surface temperature for the 3C discharge 

 

Table 4. Temperature difference at the end of discharge 

 
C-rate Air [°C] Novec_26°C [°C] Novec_32°C [°C] 

1 5.6 2.3 2.6 

2 15.1 4.2 3.3 

3 24 7.2 3.6 

 

 
 

Figure 14. Temperature inside the container for the 3C 

discharge 

Figure 14 shows the temperature difference between the 

value measured by the thermocouple placed near the wall of 

the container and its initial value for a 3C discharge. The 

temperature of the liquid in the measure point is always under 

the temperature measured without liquid. This is due to the 

very low thermal diffusivity of the Novec 7000 (Table 1) 

compared to the air (1.9 ∙ 10-5 m2/s). Indeed, the heat generated 

by the battery spreads slower in the liquid and the temperature 

in the measure point is lower at the same SOC. Furthermore, 

the increase of temperature is linear for the test at 26℃ where 

the liquid temperature is far from the boiling point. The test at 

32℃ has the same behavior until the 65% of SOC. After that 

point, the temperature increases with lower intensity due to the 

change of phase of the liquid. Indeed, the zone of the liquid 

interested by the change of phase, located near the battery, 

absorbs a greater amount of thermal power, and the heat 

spreads even slower in the measure zone. 

 

 
 

Figure 15. Bubbles formation on battery surface 

 

In Figure 12 and 13 it is interesting to notice that the 

temperature presents some instantaneous decreases for the 2C 

and 3C discharges that appears more and more frequently as 

the SOC decreases. This phenomenon can be related to the 

boiling formation during the discharges. Figure 15 shows the 

image of the battery during the 3C discharge, where a nucleate 

boiling can be detected on the battery surface. Moreover, there 

is a formation of two types of bubbles. On the battery lateral 

surface there is the formation of little diameter bubbles that 

moving continuously upward. Some other bubbles of greater 

diameter are generated below the battery negative electrode, 

where they stay until they move upward with a certain 

frequency. 

Finally, an impulsive discharge current was applied to the 

battery. The discharging cycle used in this test consisted of 25 

s at 3C (5.4 A) and 5 s at 10C (18 A). The cycle was stopped 

when the battery reaches the 30% of SOC in order to avoid 

damaging the cell. The ambient temperature during the tests 

was 26℃. Figure 16 shows the temperature measured with and 

without coolant. It is immediately clear that the dielectric 

liquid has a great effect on the battery surface temperature, 

which increases its value of only 8℃. Otherwise, without 

coolant, the temperature at the end of discharge is 38℃ greater 

than its initial value. In both cases, the temperature has a 

change of slope when the 10C impulse occurs because the 

battery generates instantaneously a higher thermal power, and 

the temperature increases faster. The temperature increases 

with lower intensity when the current returns to 5.4 A. 

However, it can be noticed that the temperature decreases its 
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value, when the current applied is equal to 5.4 A, from the 60% 

and 90% of SOC respectively in the case without coolant and 

with the dielectric liquid. This behavior can be explained since 

the increase of surface temperature creates a convective 

motion of higher intensity that leads to a higher heat transfer. 

The lower discharge current (3C) generates a lower thermal 

power that is completely dissipated by the convective heat 

transfer, and the temperature decreases. 

 

 
 

Figure 16. Battery temperature difference for the impulsive 

current test 

 

 

7. CONCLUSIONS 

 

In this study, an experimental investigation of direct 

immersion liquid cooling of a commercial LiFePO4 Li-Ion 

battery is presented. The liquid used in this study is a dielectric 

fluid with a low boiling point. The cell under test was 

characterized from a thermal and electrical point of view: open 

circuit potential and EHC was experimentally measured, and 

a simplified equation was applied to determine the heat 

generation using battery surface temperature measurements. 

The thermal behavior of the cell submerged in the dielectric 

liquid was investigated under several operating currents. Both 

constant and impulsive current conditions were tested. 

 The results show that higher discharge currents lead to an 

increase in the thermal power because of the higher 

overpotential related to a greater battery voltage drop. The 

greatest thermal power generated was observed at low SOC 

because of the abrupt decay of voltage and the negative value 

of EHC. Consequently, also the temperature has a sharp 

increase and reaches very high values, especially at higher C-

rates. The surface temperature of the battery at the end of 

discharge was strongly reduced when it was submerged in the 

dielectric liquid. This is particularly evident when the coolant 

is near the boiling point and the zones near the battery surface 

experience the change of phase. In this case, the thermal power 

generated is totally managed by the fluid, obtaining an almost 

constant temperature of the battery surface. This is due to the 

higher convective heat transfer coefficient associated to the 

nucleate boiling on battery surface and to the greater heat 

absorbed during the change of phase. 

The obtained results show that the direct immersion cooling 

can manage the surface battery temperature even during severe 

operating conditions. The introduced strategy, based on a low 

boiling dielectric fluid, is really attractive because the change 

of phase allows to further reduce the surface temperature 

especially in case of instantaneous high electrical power 

requirements. 
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NOMENCLATURE 

C Nominal capacity, Ah 

CP Specific heat capacity, J ∙ kg-1 ∙ K-1 

Eacc

Ed 

Accumulated energy, J 

Dispersed energy, J 

EHC Entropic heat coefficient, mV ∙ K-1 

I Operating current, A 

Pr Prandtl number 

Q Thermal power, W 

Qirr Irreversible thermal power, W 

Qrev Reversible thermal power, W 

SOC State of charge 

T Temperature, K 

t Time, s 

UOC Open circuit potential, V 

V Cell potential, V 

Greek symbols 

 Thermal diffusivity, m2 ∙ s-1 

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

ρ Density, kg ∙ m-3 

τ Discharge time, s 

Subscripts 

in  Initial value 

e  Environment 
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