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A B S T R A C T   

In this work, a novel direct liquid cooling strategy for a large-scale lithium-ion pouch type cell is proposed to 
control the cell working temperature within the optimum range of performance and safety. With a modular 
design to reduce the weight impact of the fluid, the novelty of the strategy consists in directly cooling the surface 
of the battery cell instead of immersing the battery system in the cooling fluid. To evaluate the feasibility of the 
proposed strategy, a sub-system level comparison with the indirect liquid cooling strategy was developed based 
on the pumping power consumption criterion. Both strategies were subjected to 1C pulse tests and real driving 
cycles. At 1C pulse tests, the mean cell temperature was 6.4 ◦C lower, and the thermal heterogeneity decreased 
from 5.7 ◦C to 0.4 ◦C. The real driving cycle results showed the faster response of the direct liquid cooling 
strategy, which instantaneously reduced the cell temperature to the cooling setpoint after a semi-fast charge in 
each driving cycle. This study highlights the higher performance of the proposed strategy, which delivers more 
accurate thermal management without increasing power consumption. Thus, the proposed strategy provides a 
feasible high-performance solution for high-capacity Li-ion based electric vehicle applications.   

1. Introduction 

Electric mobility is key to reducing CO2 emissions from highly 
populated areas. One further advantage is that this strategy can also 
contribute to the development of an interactive energy network. Many 
countries have already announced 100 % zero-emission targets defining 
a 2050 deadline [1]. These types of initiatives are driving the growth of 
electric vehicles on the world’s roads and have created a dynamic 
market that demands high performance vehicles. These new vehicles 
require increased energy, power density, safety, battery cycle life, and 
charging velocity. The requirements are directly linked with the per
formance of the battery system and define one of greatest challenges for 
electric vehicle development: how to maintain the maximum perfor
mance and safety of the battery system while demanding maximum 
working conditions. 

Batteries based on Lithium-ion chemistry are the most widely used 
energy storage components in the HEV/EV sector due to their technical 
characteristics. Based on the energy density, these batteries are capable 
of accumulating between 50 and 260 gravimetric Wh, have a high 
discharge capacity (1–30C), are more durable (300–7000 cycles >80% 
DoD), and require less maintenance [2]. Lithium-ion batteries can work 

with a percentage of <5% auto discharge/month and their performance 
has a low degradation rate, as long as the working temperature is 
appropriate. 

The performance of this technology is highly influenced by temper
ature and working outside the optimal operating ranges can cause safety 
issues and reduce cell life by >50% [3]. The optimum temperature 
operating range is between 15 and 40 ◦C, and constitutes a working 
range where the relationship between the performance and the safety of 
the battery cell is optimum [4,5,6]. Working at temperatures below the 
defined range (<15 ◦C), considerably decreases the battery cell capacity 
[7]. Low temperatures increase the density of the electrolyte and 
complicate the transition of ions between the cathode (positive elec
trode) and anode (negative electrode). In addition, the inner resistance 
of the cell and dendritic growth (Lithium Plating) increase, which 
negatively influence the capacity of the cell [8,9,10]. Working above the 
defined temperature range (>40 ◦C) affects the performance of the cells 
to a lesser extent. However, it is more dangerous because of the risk of 
initiating Thermal Runaway (TRA), an exothermic reaction that accel
erates with the increase of temperature. This reaction causes an irrep
arable damage to the battery system and has critical safety implications 
for occupants of the vehicle [11]. Finally, it should be noted that even if 
the battery cell mean temperature is within the optimal temperature 
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range, thermal heterogeneities can affect cell performance. Thus, a cell 
level temperature distribution below 5 ◦C is recommended [12]. 

Considering the influence of the working temperature on the safety 
and performance of the battery system, thermal management is 
becoming increasingly important [13,14]. In this context, numerous 
studies have been conducted analysing different cooling technologies to 
develop thermal control of the battery system. These strategies are 
generally classified as air cooling, Indirect Liquid Cooling (ILC), Phase 
Change Materials (PCM), Heat Pipes (HP), and Thermoelectric coolers 
(TEC) [15]. The low cost of the application and the capacity of the fluid 
to directly contact the heat generation component (battery cell), makes 
air cooling an attractive solution. However, the low heat absorption 
capacity of the air makes this strategy unsuitable for current EV working 
requirements [16]. PCM cooling provides a passive control using the 
latent heat of the phase change to remove the heat rejected from the cells 
[17]. Nevertheless, with high power demands, a secondary cooling 
strategy is required to remove all the heat absorbed without saturating 
the material [18]. HP technology is highly effective at transferring heat 
from the batteries to the cooling area due to the characteristics of the 
fluid used in the system. However, in addition to the need for a sec
ondary cooling system to remove the heat absorbed, this technology 
involves an increment of volume and cost that negatively influences the 
feasibility [19]. Finally, despite the theoretical efficiency of TEC tech
nology, the cost of the materials results in a low coefficient of perfor
mance (COP). Therefore, it is not competitive at present [18]. 

Indirect liquid cooling is the strategy that predominates the thermal 
management of the electric vehicle sector. Thermal conductivity and the 
heat capacity of the implemented fluids (usually water glycol or 
refrigerant) enable the strategy to meet high heat generation demands 
[20,21]. However, these fluids are electrically conductive, which pre
vents contact between the heat generation point (battery cell) and the 
cooling fluid. Therefore, it is necessary to implement additional ele
ments to electrically isolate both parts and thus, develop indirect contact 
cooling. This characteristic negatively influences the cooling efficiency 
of the strategy and adds thermal inertias to the system [22,23]. 

Furthermore, the aforementioned cooling and insulation components 
increase the weight and cost of the overall system, rendering it inef
fective for the demands of the electric vehicle sector. 

Considering the drawbacks of indirect liquid cooling, a cooling 
strategy based on direct liquid cooling has been the subject of many 
studies in recent years. [24-28]. This strategy uses dielectric fluids which 
have negligible electrical conductivity due to their high dielectric 
strength. This enables direct contact between the cooling liquid and the 
battery cell which increases the cooling capacity of the strategy and 
addresses the disadvantages of indirect liquid cooling. The most widely 
used cooling concept of this strategy is immersion cooling, which is 
based on covering the battery system with dielectric fluid to improve the 
cooling efficiency. Recent studies have demonstrated experimentally 
and numerically the higher thermal performance of direct liquid im
mersion cooling strategy. Following the work developed by Pulugundla 
et al. [29], Dubey et al. [30] developed a module level numerical study, 
in which the performance of direct and indirect cooling strategies were 
compared at different C-rate levels (current values with respect to its 
nominal capacity) in a battery module made by 21,700 cylindrical cells. 
The authors concluded that direct liquid immersion cooling presented 
significantly better battery cell temperature values than the ILC strategy, 
especially at high C-rates. Furthermore, authors observed that the 
pressure drop was 15–25 times lower for the DLC strategy, making it 
even more interesting. Using 2.75 Ah NMC811 cylindrical battery cells, 
Wu et al. [31] designed and fabricated an 8.32 kWh battery system 
based on direct liquid immersion cooling. Testing the battery system at 
0.5C charge and 1C discharge rates, temperature differences of 4.9 ◦C 
and 8.8 ◦C were observed, respectively, maintaining maximum tem
peratures within the optimum working temperature range. However, 
the mass and volume of the DLC strategy were 1.1 and 1.5 times that of 
the indirect system. Finally, Patil et al. [32] developed a numerical and 
experimental study to analyse the performance of different cooling 
methods, including a mixed strategy based on direct liquid immersion 
cooling and air cooling. Defining a battery module of 50 V with 14 pouch 
type cells of 20 Ah, the authors examined the performance of the 

Nomenclature 

Superscripts 
C battery cell capacity (Ah) 
cp specific heat capacity (kJ/kgK) 
I current (A) 
m mass (kg) 
ṁ mass flow rate (kg/min) 
Ph hydraulic power (W) 
ΔP pressure difference (kPa) 
Qc calorific power (W) 
Qf heat absorbed by the fluid (W) 
T temperature (◦C) 
ΔT temperature difference (◦C) 
V voltage (V) 
V̇ volumetric flow rate (L/min) 

Subscripts 
amb ambient 
c cell 
cc charge current 
c,t cell to tab 
dc discharge current 
f fluid 
in fluid inlet temperature 
max maximum 
mean average value 

min minimum 
n nominal 
ss subsystem 
t tab 

Acronyms 
AM additive manufacturing 
BMS battery management system 
BTMS battery thermal management system 
CAD computer-aided design 
CAN controller area network 
COP coefficient of performance 
DLC direct liquid cooling 
DoD battery depth of discharge 
ECM equivalent circuit model 
EV electric vehicle 
FDM fused deposition modelling 
HEV hybrid electric vehicle 
HP heap pipe 
ILC indirect liquid cooling 
NMC nickel manganese cobalt 
OCV battery open circuit voltage 
PCM phase change material 
SOC battery state of charge 
TEC thermoelectric cooler 
TIM thermal interface material 
TRA thermal runaway  
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selected strategy at different discharge rates (1–5C). In line with the 
other mentioned studies, the authors demonstrated the capacity of the 
selected strategy to maintain the battery module temperature within the 
optimum range (<40 ◦C) at high discharge rates, reducing the maximum 
temperatures of the battery module by 9.3 % compared to indirect liquid 
cooling. Interestingly, although the pumping power analysis of the DLC 
strategy was included in the study. Nevertheless, this variable was not 
incorporated in the comparison. 

Overall, these studies indicate that the direct liquid immersion 
cooling strategy presents higher thermal performance than conventional 
strategies. In contrast, the higher viscosity of some dielectric fluids in
creases the power consumption of the system, and the quantity of the 
fluid needed to develop the strategy increments the overall weight of the 
battery pack. To date, there have been few experimental studies which 
considered both parameters in the comparison, and the pouch type are 
in the minority, where the scale up to a module level becomes more 
complicated. Furthermore, most of the research did not compare the 
thermal response under real working transient conditions. 

Therefore, the present work proposes a comparison between a con
ventional ILC method, and a novel strategy based on a partial direct 
liquid cooling for a large-scale lithium-ion 60 Ah NMC pouch type cell. 
Originally, a direct experimental comparison based on the pumping 
power consumption criterion is proposed to contrast, under the same 
working conditions, the performance of the proposed strategy with the 
indirect liquid cooling strategy. Furthermore, to reduce the impact on 
weight increment, the proposed strategy focuses on the cooling effect on 
one area of the battery cell, instead of immersing the battery system in 
the cooling fluid. This approach is enabled by a specific prototype design 
that integrates several channels for the fluid, which is also modular to 
extend it to module level. For studying the influence of the cooling 
strategy at real working conditions, the thermal response time of the 
battery system under transient semi-fast charges was also examined. 

2. System description 

In this work, a large scale 60 Ah NMC pouch type battery cell was 
selected to develop the analysis of different cooling strategies. The 
general characteristics are depicted on Table 1. This type of battery cell 
has a flexible structure that allows it to fit easily in the available space 
and reduce the weight impact on the battery system. This characteristic 
improves the packaging efficiency and increases energy density in terms 
of optimization. 

It is crucial to understand the operational heat generation of the 
battery cell to design an effective and efficient thermal management 
strategy. Therefore, the selected battery cell was tested in charge and 
discharge processes at different C-rate values in a THT EV + ARC calo
rimeter. All tests were initialized at 23 ◦C, and in a 0–100% SOC level, 
the calorific power results are shown in Fig. 1. These values were 

calculated by equation Qc = mcpdT/dt. Where Qc was the calorific power 
(W), m was the cell mass, cp was the specific heat of the battery cell (J/ 
kgK), and dT/dt was the temperature variation over time (K/s). As it is 
presented, at 0–100% SOC the mean heat generation values at dis
charging process are higher than in the charging process. This charac
teristic is caused by the increase of the internal resistance of the cell 
when discharging above 90 % DoD and by the part of the entropic 
generation where endothermic behaviour is present in the charging 
process. It is therefore recommended not to work at deep SOC levels. 

An innovative thermal management strategy is proposed in this 
work, considering the battery cell referenced in Table 1. This strategy is 
based on direct liquid cooling and enables the contact between the 
refrigeration fluid and the battery cell. A cell level prototype based on 
direct liquid cooling was developed and experimentally tested to analyse 
the performance of the proposed strategy. Furthermore, to validate the 
proposed strategies feasibility, a comparison with the indirect liquid 
cooling strategy was developed, the reference strategy in the HEV/EV 
field. 

2.1. ILC strategy description 

To develop this comparison, a specific battery system based on in
direct liquid cooling was selected. This battery system is based on a 2- 
module sub-system and is used in electric bus applications. Each of the 
modules has 24 pouch type battery cells of 60 Ah and the cooling 
strategy uses a cold plate as a cooling component to control the thermal 
behaviour of the battery system from the bottom, asFig. 2c shows. This 
type of strategy uses electrically conductive fluids (Water glycol 50/50 
%v), therefore, the battery cell has to be insulated defining an indirect 
liquid cooling. As Fig. 2a shows, to enable the effect of the cooling 
strategy ensuring the insulation of the battery system, different com
ponents were defined between the battery cell and the cold plate. For 
each battery cell, an aluminium heatsink was implemented between the 
cell surface and the cold plate to develop contact between them, and 
thermal interface materials (TIM) were implemented to improve the 
contact between the heatsinks and the cold plate and insulate electri
cally the battery cell. This cell level structure was scaled up to a module 
level defining a framed linear pattern of the cell assembly. To equal the 
thermal behaviour of both modules, a specific design was implemented 
on the cold plate (Fig. 2b) with a proportional distribution of cooling 
channels per module to ensure similar heat transference on both contact 
surfaces. 

2.2. Proposed DLC strategy description 

The strategy proposed has two main differences compared to the 
indirect liquid cooling and the most known direct liquid cooling strategy 
based on immersion cooling. Compared to indirect liquid cooling, the 
direct liquid cooling strategy uses dielectric fluids, fluids with high 
dielectric strength that enables direct contact between the refrigeration 
fluid and the battery cell. Characteristic that reduces the thermal resis
tance between the refrigeration fluid and the battery cell. On the other 
hand, comparing with direct liquid immersion cooling, this strategy 
proposes a cooling focused on a specific area, the surface of the battery 
cell. This difference reduces the weight of the fluid needed and improves 
the volumetric energy density of the system. 

The proposed direct liquid cooling strategy was developed using as a 
starting point the reference battery cell. Specifically, a lithium-ion 60 Ah 
NMC pouch type battery cell with the characteristics presented on 
Table 1. As it is mentioned, pouch type cells are flexible. Therefore, to 
rigidify the cell a prismatization component was designed as a prototype 
baseline. Apart from having a structural function, on the internal surface 
of this component, where the battery cell relies, some channels were 
defined creating a space to enable the circulation of the cooling fluid. 
This space enables the direct contact between the battery cell and the 
fluid, thus, it was designed as a cooling channel to provide the optimum 

Table 1 
Reference battery cell general characteristics.  

Parameter Value 

Nominal voltage (Vn) 3.68 V 
Minimum voltage (Vmin) 2.7 V 
Maximum voltage (Vmax) 4.2 V 
Nominal capacity (Cn) 60 Ah 
Charging current (Icc) 120 A 
Discharging current (Idc) 180 A 
Charging temperature (Tcc) 10/35 ◦C 
Discharging temperature (Tdc) − 20/50 ◦C 
Electrolyte Carbonated based 
Anode material Graphite 
Cathode material LiNiMnCoO2 

Dimensions 226 × 227 × 12 mm3 

Mass 1.140 kg 
Tab material Positive: Aluminium 

Negative: Cooper  
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refrigeration effect. To define this geometry, different designs were 
analysed and the one that presents the best ratio between thermal 
control and pressure drop was selected [12,33,34]. This design was 
named as U-Shape design and enables a semi-free flow distribution. 
Fig. 3a, b and c present the selected U-Shape design and the working 
concept explanation. 

To face all the geometrical specifications defined on the design of the 
prototype, an additive manufacturing (AM) fabrication process based on 

fused deposition modelling (FDM) was selected. This is a rapid proto
typing process that enables the development of physical components 
based on 3D Computer-aided designs (CAD). Apart from the geometrical 
constrains of the prototype, system sealing, material compatibility and 
auxiliary system sizing were analysed. To avoid leakages, specific hy
draulic gaskets were fitted creating an enclosure around the cooling 
channel. This gasket was defined in direct contact with the prototype 
enclosure, the battery cell and the proposed dielectric fluid. To ensure 

Fig. 1. Selected battery cell 0–100% SOC level charge and discharge heat generation testing results at (a) different C-rates values and (b) the transitory information 
of 1C tests. 

Fig. 2. Indirect Liquid Cooling (a) cell to module level scale up defining a framed linear pattern, (b) the reference cold plate hydraulic design and (c) the sub-system 
level assembly. 

M. Larrañaga-Ezeiza et al.                                                                                                                                                                                                                    



material compatibility, all the components were selected according to 
the defined working conditions. Finally, to analyse the feasibility of the 
auxiliary system, a preliminary testing process was accomplished at 

different working conditions to ensure the capability of the auxiliary 
system to face the characteristics of the selected dielectric fluid and the 
applied operating conditions. 

Fig. 3. Proposed prototype (a) flow pattern, (b) cell level principal components, (c) cell level assembly, (d) module level scale up and (e) the hydraulic configuration 
at full parallelization and full serialization. 

Fig. 4. Schematic overview of the experimental setup.  
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As it is presented in Fig. 3d, this cell level prototype was designed to 
enable a module level scale up developing linear patterns with isolated 
cell level systems. Additionally, as it is presented in Fig. 3e, the assembly 
of the battery module enables different hydraulic configurations (xPyS) 
to connect the hydraulic piping of the cell level prototypes in different 
ways. For the same module level flow rate, more hydraulic parallel 
systems reduce the flow rate per cell decreasing the heat absorption 
capacity of the strategy. However, at the same time, this configuration 
decreases the pressure drop impact and improves the thermal homoge
neity of the battery system. Thus, the number of hydraulic paralleliza
tions and serializations has to be defined on the basis of the system 
requirements to ensure the minimum flow rate required per cell. 

3. Experimental characterization 

To analyse the performance of the direct liquid cooling prototype 
and compare it with that of the reference module based on indirect 
liquid cooling, the same testing setup was defined for both strategies. 
Fig. 4 presents the overall schematic overview of the testing setup 
defined for both strategies. 

To develop the testing process, separate test benches were designed 
for each cooling strategy. The equipment used in each case is presented 
in Table 2. For the ILC strategy, the main actuation components were: a 
Votsch VTS 4034-5 climatic chamber, to define the thermal boundary 
conditions of the test and to ensure the safety of the testing process; a 
Basytec HPS testing system, to implement the testing profiles with a 
temperature cut-off controller for safety; and a Lauda 5000, to control 
the fluid temperature and flow rate. On the other hand, on the test bench 
defined to analyse the proposed direct liquid cooling strategy the main 
actuation components were: a Weisstechnik TempEvent climatic 
chamber, a Chroma 17011 battery testing system, and a Lauda RE 107 
thermal bath. 

To analyse the information of the experimental tests, the same data 
acquisition components were implemented in both cases: K-type ther
mocouples, to measure cell temperature; a pressure transmitter (STW), 
to measure the pressure drop of the system; a flowmeter (Bronkhorst 
Mini Cori-flow), to analyse the flow rate of the fluid; an Ipetronik signal 
converter modules, to condition the signals of the sensors; a DC power 
supply; and finally a computer with a controller area network (CAN) 
communication protocol for data acquisition. Considering the impor
tance of the thermal analysis of the system, the relative accuracy of the 
thermocouples used in the testing process was experimentally estimated 
by ±0.1 ◦C using the Weisstechnik TempEvent climatic chamber. To 
analyse the uncertainty of the measured parameters, a combined un
certainty analysis was developed in the appendix (Table A1). 

To analyse appropriately the temperature distribution of the battery 
cells, different thermocouples were positioned on the surface of the 
battery cells. For the ILC strategy, seven thermocouples were positioned 
in the first cell of the first module of the sub-system in the positions 
represented in Fig. 5a. For the DLC proposed strategy, nine thermo
couples were implemented on the non-cooled cell surface area as shown 

in Fig. 5b. 
The fluid used in the indirect liquid cooling strategy is a commercial 

water glycol refrigerant (50/50 %v), whereas a dielectric fluid based on 
mineral oil was selected for the direct liquid cooling strategy analysed in 
this work. The properties of the two fluids for 25 ◦C are depicted in 
Table 3. 

To analyse how each strategy manages the thermal behaviour of the 
battery system in different working conditions, two test situations were 
defined. On the one hand, a steadystate current pulse test, to analyse the 
capacity of the cooling strategy to control the battery thermal behaviour 
implementing a constant heat generation. On the other hand, a transient 
thermal state, a thermal scenario defined to mirror a real working 
condition of the battery system implementing 1.6C semi-fast charging 
profiles. The conditions were defined using as a reference a specific 
driving profile of an electric bus. Fig. 6 presents the current and voltage 
profiles of the steady (Fig. 6a) and transient (Fig. 6b) state scenarios, 
respectively. The first section of each profile corresponds to an initiali
zation process to adequate the electrical and thermal characteristics of 
the battery cell. With this initial process, the same initialization is 
guaranteed for different tests. 

Furthermore, a deep semi-fast charge of 2C from 0% to 100% SOC 
and a deep semi-fast discharge of 3C from 100% to 0% SOC were 
implemented to analyse the capacity of the DLC cooling strategy to face 
high cooling demand situations. 

4. Experimental results and discussion 

The experimental analysis is divided into three main sections. First, 
based on the pumping power consumption of the indirect liquid cooling- 
based sub-system, the reference flow rate defined for the proposed 
prototype tests is calculated. Then, the performance of the proposed 
direct liquid cooling strategy is analysed by defining capacitance, 
steady-state, and deep semi-fast charge and discharge tests. Finally, a 
comparison with the indirect liquid cooling strategy is developed to 
highlight the advantages of the proposed direct liquid cooling strategy. 

4.1. Pressure drop and pumping power analysis 

The reference flow rate defined for the proposed prototype tests was 
calculated based on the pumping power consumption of the indirect 
liquid cooling-based sub-system. In a real working condition, the ILC 
battery sub-system works with a flow rate of 2 L/min. The pumping 
power loss related to the cold plate is calculated by multiplying the flow 
rate and the pressure drop of the component. Therefore, the cold plate 
was experimentally tested to analyse the pressure drop variation of the 
component at different flow rates. The results of the study are depicted 
in Fig. 7a. From this analysis, pumping power consumption of 0.81 W 
was measured for the reference flow rate of 2 L/min. 

The cold plate was used to manage the thermal behaviour of a sub- 
system composed of 2 modules (48 battery cells). Therefore, to be able 
to compare it with this strategy, a scale up to a sub-system level had to be 

Table 2 
Indirect liquid cooling test bench and direct liquid cooling test bench reference equipment technical data.  

Equipment Model Parameter Specification Accuracy 

Climatic chamber Votsch VTS 4034–5 Temperature range − 42/180 ◦C ±0.5 ◦C 
Weisstechnik TempEvent − 42/180 ◦C ±0.5 ◦C 

Battery tester Basytec HPS Power range ±240A//0–6 V ±0.02%//±0.05 % 
Chroma 17,011 ±100A//1.5–6 V ±(0.02% RD + 0.02% of FS)//±0.05% 

Chiller Lauda 5000 Maximum flow rate and temperature range 37 L/min//− 20/40 ◦C ±0.05 ◦C 
Lauda RE 107 17 L/min//− 35/120 ◦C ±0.05 ◦C 

Signal converter Ipetronik M-thermo 16 Temperature range − 60/1370 ◦C ±0.025% 
M-sense 8 Current and voltage range 0/20 mA//0–10 V ±0.5%//±0.15% 

Flowmeter Bronkhorst Mini Cori-flow Flow rate range 0–6.5 L/min ±0.2% RD 
Pressure transmitter STW C-02 Pressure range 0–1 bar ±0.3% FS 
Thermo-couple K-type Temperature range − 30/1100 ◦C ±0.1 ◦C (estimated)  
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performed first with the proposed direct liquid cooling strategy. To 
analyse the equivalent power consumption of the cell level prototype, 
the previously calculated value of 0.81 W was divided by the number of 
total cells per sub-system (48 battery cells) yielding 0.016 W per cell. To 
determine the working point at which the proposed direct liquid cooling 
strategy equates to the defined power consumption, the prototype was 
experimentally tested at different flow rates to analyse the pressure drop 
variation. From the measured characteristic curve shown in Fig. 7b, the 
reference flow rate with which the prototype equals the pumping power 
requirement per cell was determined as 0.43 L/min. These tests were 
performed at 25 ◦C for both cases. 

To define a comparable sub-system level working condition, a 
theoretical module level scale up was defined to match the system 
pumping power consumption of both strategies. This theoretical module 
of 24 cells was divided into six sub-modules of four cells. For each sub- 
module an internal parallelisation of 1S4P was defined. Therefore, the 
defined module was based on a 6S4P hydraulic configuration. 

The proposed flow rate and configuration equals the power con
sumption of the indirect liquid cooling strategy and reduces by 14% 
(from 2 L/min to 1.72 L/min) the flow rate needed for the sub-system. 
Hence it can be concluded that the implementation of a direct liquid 
cooling module would not result in an increase in the pumping power 
consumption of the system. 

4.2. DLC prototype thermal analysis 

In the second part of the analysis the thermal performance of the 
prototype is characterised. First, a capacitance study was developed 
without any heat generation to analyse the influence of the environ
mental conditions. Then, steady-state tests were implemented to analyse 
the capacity of the proposed prototype to meet the working conditions 
demanded by the system when the battery cell is generating heat. In 
these tests, a constant heat generation was implemented by 1C and 2C 
current pulse profiles. Taking advantage of this situation, the influence 
of the flow rate and the fluid temperature on the thermal response of the 
battery cell was analysed. Finally, deep semi-fast charge and discharge 
tests were implemented to analyse how the proposed strategy responds 
to high cooling demands. 

4.2.1. System capacitance tests 
Defining 25 ◦C as the reference temperature value for the refrigera

tion fluid, the environment temperature effect was analysed at 30 ◦C, 35 
◦C, and 40 ◦C, to determine the interaction between the prototype and 
the environment. The starting point of all tests was defined at 25 ◦C and 

Fig. 5. Schematic representation and picture of the thermocouple disposition of the (a) indirect liquid cooling and (b) direct liquid cooling strategies.  

Table 3 
Properties of water glycol 50/50 %v and the dielectric fluid, for 25 ◦C.  

Property Water glycol 50/50 %v Dielectric fluid 

Resistivity (MΩm) – >5 ⋅ 106 

Kinematic viscosity (mm2/s) 2.58 4.3 
Specific heat capacity (J/kgK) 3473 2130 
Thermal conductivity (W/mK) 0.37 0.135 
Density (kg/m3) 1062 774  

Fig. 6. Current and voltage profiles of (a) steady-state and (b) transient state tests.  
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the of the climatic chamber was consecutively increased to the defined 
values. Constant flow rate was defined at 0.43 L/min for all tests.Fig. 8 
presents the transitory cell and tab temperature results of each test. 

As Fig. 8 shows, although the inlet fluid temperature is defined at 25 
◦C, the temperature of the battery cell increases with the boundary 
temperature increase. This means that there was an external influence 
that affected the cell temperature. Analysing the cell tab temperature, it 
can be observed that the environment has a greater influence on these 
components. The reason for this is that tabs are located outside the 
prototype enclosure to facilitate the connection of the power cables to 
the cell. They are directly welded to the internal layers of the battery 
cell, an arrangement that facilitates heat transfer between the tabs and 
the cell body. Therefore, the influence of the environment on the tabs 
affects the cell temperature. However, as presented in Table 4, the 
cooling effect of the strategy stabilised cell temperature much lower 
than tab temperature, and this difference increased in each test. This 
result demonstrates that the cooling strategy has a greater influence on 
the battery cell than the environment. 

To visualise the interaction between the environment and the battery 
cell, in Fig. 9 the stationary temperature distribution of the battery cell is 
presented. As can be observed, the most influenced area by the external 
temperature is the area of the tabs, results in line with the developed 
analysis. In accordance with the results of Table 4, the larger the dif
ference between the fluid temperature and the ambient temperature, the 
greater the increase in the temperature heterogeneity of the cell. 

To quantify the influence of the environment on the cooling strategy, 
the equivalent external thermal resistance was evaluated. Assuming that 

all the heat absorbed by the fluid is rejected by the environment, the 
heat dissipated by the fluid was calculated by equation Q=ṁcpΔT. 
Where ṁ was the mass flow rate of the refrigeration fluid, ΔT the dif
ference between average fluid inlet and outlet temperatures, and cp the 
specific heat capacity value of the dielectric fluid. The numerical results 
of the heat absorbed by the fluid are set out in Table 5, which shows that 
the heat absorbed by the fluid increases proportionally with the ambient 
temperature increase. 

The equivalent external thermal resistance between the environment 
and the fluid was calculated by equation R = ΔT/Q. Where ΔT was the 
difference between ambient temperature and fluid mean temperature, 
and Q the heat transferred by the environment. The experimental and 
numerical values of the calculation process are depicted in Table 5. As 
presented, although the heat absorbed by the fluid increases in pro
portion to the increase of the boundary temperature, the resistance 
value remains stable showing that it is a characteristic of the system 
itself. This result evidence the robustness of the developed analysis and 

Fig. 7. Experimental pressure drop variation for (a) ILC strategy, and (b) the proposed DLC strategy at different flow rate values and the reference power con
sumption of each strategy. 

Fig. 8. Battery cell and tab transitory temperature results at environmental temperatures of (a) 30 ◦C, (b) 35 ◦C, and (c) 40 ◦C.  

Table 4 
Battery cell and tab stationary temperature results at environment temperatures 
of a) 30 ◦C, b) 35 ◦C, and c) 40 ◦C.  

Tamb (◦C) Tc,mean (◦C) ΔTc (◦C) Tt_mean (◦C) ΔTc,t (◦C) 

30  27.1  0.2  28.4  1.2 
35  29.3  0.5  31.7  2.4 
40  31.5  0.7  35.2  3.7  
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allows to evaluate the contribution of the environment in the following 
tests where the battery cell is actively working generating heat. 

4.2.2. Steady-state tests 
Steady-state pulse tests were implemented to analyse the capacity of 

the proposed direct liquid cooling prototype to respond to the working 
conditions demanded by the system when the battery cell is generating 
heat. To control the influence of the variables of the system, constant 
heat generation tests were defined by specifying 1C and 2C char
ge–discharge pulse tests, as shown in Fig. 6. This test works between 50 
% and 60 % of the SOC level of the battery cell to ensure a similar heat 
generation in charge and discharge processes. This constant heat gen
eration enables the analysis of the stationary thermal response of the 
battery cell. Under these controlled conditions, the influence of the 
working variables on the performance of the proposed strategy can be 
properly analysed. In this analysis, dielectric fluid inlet temperature and 
flow rate were defined as the variables of interest. A minimum set of 
three tests were defined for each variable to observe how the system 
controls the thermal behaviour of the battery cell.  

• Effect of dielectric fluid inlet temperature 

To analyse how the fluid temperature can impact the thermal 
behaviour of the battery cell, ambient temperature was set at 25 ◦C and 
the fluid flow rate variable was defined as 0.43 L/min, the reference 
value that was calculated to equal the pumping power consumption of 
the indirect and direct liquid cooling strategies. To have a comparable 
starting point for the comparison, all tests started from an initialization 
temperature of 25 ◦C, to have a comparable starting point for the 
comparison. Testing fluid temperatures at 10 ◦C, 25 ◦C, and 40 ◦C, were 
defined to analyse the capacity of the fluid to impact the heating, 
cooling, and thermal maintenance of the system. The battery cell tran
sitory temperature results of each test are presented in Fig. 10, and the 
temperature, pressure, and power consumption results of the thermal 
stabilization section are set out in Table 6. 

Fig. 10 shows that the DLC strategy can decrease the temperature of 
the battery system even when the cell generates heat during operation 
and the ambient conditions are adverse (Fig. 10c). The temperature 
heterogeneity is another variable to analyse. The highest battery cell 
temperature difference of 1.5 ◦C can be found in the test where the fluid 
inlet temperature was defined at 10 ◦C (Fig. 10a). This result is due to 
the effect of the environment on the cell. Considering that the envi
ronment has greater influence on the upper part of the battery cell and 

Fig. 9. Thermal stabilization map of the battery cell using postprocessed thermocouple temperature information at environment temperatures of (a) 30 ◦C, (b) 35 ◦C, 
and (c) 40 ◦C. 

Table 5 
Equivalent external thermal resistance calculation between the environment and 
the cooling strategy at ambient temperatures of 30 ◦C, 35 ◦C, and 40 ◦C.  

Ambient temperature (◦C) 30 35 40 

Flow rate (L/min)  0.43  0.43  0.44 
Fluid ΔT (◦C)  1.0  2.1  3.1 
Fluid absorbed heat (W)  12.22  25.02  38.02 
Fluid mean temperature (◦C)  25.8  26.5  27.2 
Equivalent resistance (K/W)  0.34  0.34  0.33  

Fig. 10. Battery cell temperature distribution at (a) 10 ◦C, (b) 25 ◦C, and (c) 40 ◦C dielectric fluid inlet temperatures, with 25 ◦C ambient temperature.  

Table 6 
Stationary temperature, pressure drop, and power consumption mean values of 
tests at 10 ◦C, 25 ◦C, and 40 ◦C dielectric fluid inlet temperatures.  

Tf 

(◦C) 
V̇ mean 

(L/min) 
Tc,mean 

(◦C) 
Tc,max 

(◦C) 
ΔTc 

(◦C) 
ΔTf 

(◦C) 
ΔP 
(kPa) 

Ph 

(mW) 

10  0.44  19.0  19.8  1.5  4.3  3.46  25.8 
25  0.44  26.5  26.8  0.5  0.3  2.74  20.3 
40  0.44  34.1  34.5  0.5  − 3.8  2.10  15.9  
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the effect of the tab heat generation is more pronounced in this area, it 
can be concluded that when the ambient temperature is above the 
temperature of the fluid, the thermal gradient of the system increases. 

The influence of the fluid temperature on the pressure drop of the 
system is another result that is worth highlighting. The main fluid var
iables that can affect the pressure drop of the system are velocity and 
viscosity [35]. All tests were conducted using the same flow rate, thus, 
temperature change was directly affecting the properties of the fluid. At 
low temperatures, the molecular cohesive force of the fluid increases, 
causing the viscosity to increase, and this variable directly influences the 
pressure drop of the system. As the temperature of the fluid was 
increased from 10 ◦C to 25 ◦C, to 40 ◦C, the pressure drop decreased 
from 3.46 kPa to 2.74 kPa, to 2.10 kPa, respectively. The pumping 
power of the system was calculated, and the influence of the fluid 
temperature was observed. Compared to the test where the fluid refer
ence temperature was set to 10 ◦C, the power consumption was reduced 
by 20.9 % and 38.7 % in the tests with a fluid temperature of 25 ◦C and 
40 ◦C, respectively. 

Using the flow rate and fluid temperature results, the heat absorbed 
or rejected by the fluid can be calculated. A heat absorption of 52.4 W 
was calculated from the test in which the inlet fluid temperature was 
defined at 10 ◦C. Using the information from Fig. 1b, it was calculated 
that the battery cell generates 5.27 W at 1C tests working at values 
between 50% and 60% of SOC. Therefore, 47 W of heat was transferred 
from the environment to the fluid. In the case of the test where the fluid 
inlet temperature was 40 ◦C, the same heat quantity was transferred 
from the fluid to the environment. Therefore, it can be determined by 
equation R = ΔT/Q that the interaction between the environment and 
the cooling strategy is 0.3 K/W. Result in accordance with the external 
thermal resistance calculated with the capacitance tests. 

To analyse how the cell is influenced by the environment, in Fig. 11 

the stationary thermal behaviour of the cell is presented for each case. 
Results show that the greatest interaction with the environment is seen 
in the area of the tabs, a result that agrees with that analysed in the 
capacitance tests.  

• Effect of dielectric fluid flow rate 

To analyse the influence of the fluid flow rate on the temperature 
distribution of the cell and on the power consumption of the system, 
tests at 0.21 L/min, 0.32 L/min, 0.43 L/min, 0.53 L/min, and 0.64 L/ 
min were carried out. To have a higher heat generation rate and thus, 
properly observe the difference of the thermal results, 2C char
ge–discharge pulse tests were defined in these tests. Ambient and fluid 
inlet temperatures were defined at 25 ◦C in all tests. Fig. 12 presents the 
transitory results until the stabilization point of the most representative 
tests. Stationary mean values of each test are set out in Table 7. 

As it is depicted in Fig. 12, with the increment of the fluid flow rate 
the temperature of the battery cell decreases, and the thermal homo
geneity increases. Moreover, the time needed for the cell to thermally 
stabilise is reduced. However, as is shown in Table 7, the impact on the 
system pressure drop is more relevant than the impact on the thermal 
behaviour. 

As expected, the pressure drop of the system was influenced by the 
change of the flow rate. This phenomenon is based on the equation of 
Darcy–Weisbach [35], where it is presented that the velocity of the fluid 
has a squared influence on the pressure drop of the system. This influ
ence affects the pumping power consumption of the system as shown in 
Table 7. Power consumption was decreased from 58.9 mW to 2.4 mW, 
with the decrease of the flow rate from 0.64 L/min to 0.21 L/min, 
respectively. Although the pumping power of the system was dramati
cally affected by the variation of the flow rate, the temperature of the 

Fig. 11. Thermal stabilization map of the battery cell using postprocesses thermocouple temperature information at fluid inlet temperature of (a) 10 ◦C, (b) 25 ◦C, 
and (c) 40 ◦C. 

Fig. 12. Battery cell temperature distribution at (a) 0.21 L/min, (b) 0.43 L/min, and (c) 0.64 L/min of dielectric fluid flow rate.  
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battery cell remains stable near 30 ◦C. This means that the proposed 
direct liquid cooling strategy can keep the battery cell temperature 
within the optimum operating temperature range even if the flow rate is 
considerably reduced. Result that directly affects the auxiliary system 
sizing and the pumping power consumption. As it is presented in Fig. 13, 
with the increase of the flow rate, even if the power consumption in
creases significantly, the impact on the temperature heterogeneity of the 
battery cell is minimum. 

The heat absorbed by the fluid was calculated using flow rate and 
fluid temperature results of Table 7. In a range between 9.4 W and 10.6 
W, the mean heat absorbed by the fluid in all tests was 10.1 W. Using the 
information of Fig. 1a, it was calculated that the battery cell generates 

15.25 W at 2C tests working at values between 50% and 60% of SOC. 
Therefore, the results presents that the third part of the heat generated 
by the cell is rejected to the environment. This effect is since at high 
charge and discharge ranges the tabs becomes in hot spots. The high 
current density passing through the tabs causes the heat generation of 
these components to increase due to the joule effect. Therefore, 
considering that tabs are in direct contact with the environment, it is 
reasonable that one part of the heat generated on the cell is transferred 
in this way. 

4.2.3. Deep semi-fast charge and discharge analysis 
To analyse how the strategy proposed can face high cooling de

mands, deep semi-fast charge (0–100% SOC) and discharge (100–0% 
SOC) tests were performed. To this end, 2C semi-fast charge and 3C 
semi-fast discharge tests were defined to analyse the effect of high cell 
heat generation scenarios. In both tests, flow rate, fluid inlet tempera
ture and environment temperature were fixed at 0.43 L/min, 25 ◦C, and 
25 ◦C, respectively. Battery cell temperature results of the constant 
current (CC) section of each test are presented in Fig. 14 with the cor
responding cell voltage values. Temperature profiles of both tests have 
the same shape as the heat generation profile depicted in Fig. 1b. 

Semi-fast charge and discharge current profiles implemented on 
these tests were defined to analyse how the proposed strategy manages 
the thermal behaviour of the selected battery cell on the maximum 
working requirements. This high heat generation scenarios happen 
when the charging time of the electric vehicle reduces, increasing pro
portionally the current profile implemented on the process. At those 
levels, as it is presented in Fig. 14, the heat generated by the battery cell 
increases making it difficult to keep cell temperature in the optimal 
operating range. To analyse how the cell was influenced, thermal values 
of the maximum temperature working section of the transitory testing 
results are depicted on Table 8. The proposed strategy maintains the 
temperature of the battery cell below 40 ◦C in both cases. Managing the 
thermal behaviour of the system within the optimal operating range. 

Table 7 
Stationary temperature, pressure drop, and power consumption mean values of 
tests at 0.21 L/min, 0.32 L/min, 0.43 L/min, 0.53 L/min, and 0.64 L/min.  

V̇mean  

(L/ 
min) 

Tc,mean 

(◦C) 
Tc,max 

(◦C) 
ΔTc 

(◦C) 
ΔTf 

(◦C) 
ΔP 
(kPa) 

Ph 

(mW)  

0.21  29.6  30.1  1.2  1.6 0. 74 2.4  
0.32  29.4  29.8  1.2  1.1 1.61 8.7  
0.43  29.2  29.5  1.1  0.9 2.78 20.2  
0.53  29.0  29.4  1.0  0.7 4.18 38  
0.64  29.0  29.2  1.0  0.6 5.54 58.9  

Fig. 13. Power consumption and battery cell thermal heterogeneity values.  

Fig. 14. Battery cell temperatures for (a) 2C semi-fast charge and (b) 3C semi-fast discharge tests.  

Table 8 
Thermal values of 2C semi-fast charge and 3C semi-fast discharge tests selected 
from the maximum temperature working section of the transitory testing results.  

Test V̇ mean  

(L/min) 
Tc,mean (℃) Tc,max (℃) ΔTc (℃) ΔTf (℃) Qf (W) 

CC2C  0.45  31.18  31.38  0.96  1.81  22.9 
DC 3C  0.45  37.69  38.00  1.28  3.27  41.2  
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Analysing the calorimeter tests developed in Fig. 1, it was calculated 
that 29.6 W and 49.8 W were generated by the cell in the maximum heat 
generation point (maximum temperature points of the tests) at 2C deep 
charge and 3C deep discharge tests, respectively. Which means that the 
fluid has absorbed the 77 % and 82 % of the heat released by the cell, 
respectively. These results show that the higher the heat generation of 
the cell, the greater the effectiveness of the proposed strategy is. 

4.3. Comparison between indirect and direct liquid cooling strategies 

To highlight the advantages of the proposed direct liquid cooling 
strategy, first, a comparison with the indirect liquid cooling strategy was 
developed defining steady-state 1C pulse tests. To generate comparable 
results, the last sub-module of the proposed direct liquid cooling sub- 
system (two hydraulically serialized DLC modules) was selected. Ac
cording to the hydraulic serialization defined in section 4.1, this is the 
last sub-module of the hydraulic serialization composed of twelve sub- 
modules (six sub-modules per module) with the worst working casu
istry. Therefore, to characterise the working conditions, some adequa
tions were proposed. 

First, the inlet temperature of the fluid was modified to mirror the 
inlet temperature of the proposed sub-module. This input was calculated 
analysing how much heat generates the selected battery cell at 1C 
charge–discharge process, information presented in Fig. 1. To mirror the 
SOC level of the steady-state tests, values between 50% and 60% of SOC 
were selected to calculate the mean heat generation value of 5.27 W. 
This heat generation was used to calculate the fluid temperature dif
ference between the inlet and the outlet of a cell level prototype by the 
equation ΔT = Q/ṁcp. Where Q was heat generated by the cell, ṁ the 
mass flow rate of the refrigeration fluid, and cp the specific heat capacity 
value of the dielectric fluid. In this way, a fluid temperature difference of 
0.44 ◦C was calculated. Implementing this temperature difference on the 
proposed sub-system for the direct liquid cooling strategy, an inlet 
temperature of 29.8 ◦C was calculated for the last sub-module of the sub- 
system. This inlet temperature was defined on the comparison tests for 
the direct liquid cooling strategy. For the indirect liquid cooling strat
egy, an inlet temperature of 25 ◦C was maintained. 

Then, to isolate the influence of the environment from the compar
ison, an ambient temperature higher than the cell temperature of the last 
cell of the sub-system was defined to prevent heat transfer from the 
battery cell to the environment. This temperature was calculated 
considering the heat generated by the battery cell and the fluid inlet 
temperature for the last sub-module of the sub-system (29.8 ◦C). With 
this approach, a mean temperature value of 31.3 ◦C was calculated for 
the last cells of the proposed sub-system. To ensure that the environment 
temperature was set above the cell temperature, a value of 33 ◦C was 
defined for the ambient temperature on the direct liquid cooling test. 

This value was experimentally validated to ensure that the environment 
had no capacity to absorb heat from the cell. On the other hand, the 
indirect liquid cooling strategy was tested at an ambient temperature of 
25 ◦C. Fig. 15 presents the transitory temperature results of each strat
egy, and the results of the thermal stabilization section are set out in 
Table 9. 

Even the working conditions of the testing process were defined to 
mirror the worst case of study, results of Fig. 15 present the high ca
pacity of the proposed strategy to control the temperature of the battery 
cell. With a thermal heterogeneity of 0.4 ◦C, cell mean temperature is 
maintained at 32.4 ◦C with an input fluid mean temperature of 30.5 ◦C. 
On the other hand, mean temperature and the thermal heterogeneity of 
the battery cell tested with the indirect liquid cooling strategy were 
stabilized at 38.9 ◦C and 5.7 ◦C, respectively. Difference that highlights 
the higher thermal management capacity of the proposed direct liquid 
cooling strategy. To analyse the influence of the environment on the 
proposed strategy, the heat absorbed by the fluid was calculated. With a 
fluid temperature difference of 0.6 ◦C between the inlet and the outlet of 
the direct liquid cooling prototype, it was calculated that the fluid has 
absorbed 7.4 W of heat, 1.7 W more than the heat generated by the cell. 
This heat was transferred from the environment worsen the casuistry 
defined for testing and confirms that the environment did not has a 
positive influence on the results of the proposed prototype. 

Thermal resistance values of 0.22 K/W and 2.53 K/W were estimated 
between the fluid and the battery cell with the comparative results for 
the direct and indirect liquid cooling strategies, respectively. A differ
ence between results of one order of magnitude. This approach high
lights the improvement of the direct liquid cooling strategy over the 
indirect one. 

Finally, to analyse the working efficiency of the strategies, Table 10 
presents the pumping power consumption referenced on each of the 
tests showed in Fig. 15. The power consumption in a sub-system level is 
defined at 0.81 W and 0.9 W for the indirect and direct liquid cooling 
strategies respectively. Result that confirms the feasibility to implement 
direct liquid cooling strategy without modifying the power consumption 
ranges of the system. It is concluded therefore that the proposed strategy 
in this work has the potential to improve the efficiency of the overall 
system, implementing a more accurate thermal management control 
without changing the power consumption ranges of the system. 

To analyse how the proposed strategy controls the temperature of the 
battery cell at real working conditions, transient tests were imple
mented. These tests mirror the driving profile of an electric vehicle 
implementing the equivalent current profile of each working casuistry. 
In this case, the route of an electric bus was characterized, and the 
equivalent current profile was calculated. As presented in Fig. 6, the 
characterized driving route has different C/4 charging and discharging 
profiles and a semi-fast charge of 1.6C, where the battery system is 
charged from 20% to 90% SOC in 26 min. A casuistry where the cooling 
strategy has to manage high heat generation profiles. 

The objective of this comparison is to analyse how the performance 
of the cooling strategy influences the thermal response velocity of the 

Fig. 15. Transitory temperature values for Indirect Liquid Cooling and Direct 
Liquid cooling Pulse tests. 

Table 9 
Thermal stabilization temperature values for Indirect Liquid Cooling and Direct 
Liquid cooling Pulse tests.  

Tets Tf,in (℃) Tamb (℃) Tc,mean (℃) Tc,max (℃) ΔTc (℃) 

ILC 25 25  38.9  41.7  5.7 
DLC 30.51 33  32.4  32.6  0.4  

Table 10 
Pumping power consumption of direct and indirect liquid cooling strategies.  

Tets V̇mean (L/min) ΔP (kPa) Ph,c (W) Ph,ss (W) 

ILC 2  24.2  –  0.81 
DLC 0.45  2.5  0.019  0.91  
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battery system and controls the maximum temperatures. For that, same 
boundary conditions were implemented on each test. Constant values of 
fluid inlet temperature and ambient temperature were defined at 25 ◦C. 
The definition of the flow rate was based on the calculations made to 
equal system pumping power consumptions of both strategies. 0.45 L/ 
min and 2 L/min for direct and indirect liquid cooling strategies, 
respectively. The initialization temperature was defined at 25 ◦C. Fig. 16 
presents the transitory temperature results of each test. 

Fig. 16 presents the influence of the thermal management strategy on 
the thermal control velocity. As it is mentioned, the indirect liquid 
cooling strategy has a larger thermal resistance network between the 
battery cell and the refrigeration fluid that slows down the refrigeration 
effect of the strategy. Casuistry that defines the temperature control 
velocity of the battery cells. Considering testing results from Fig. 16a, 
the battery cell based on indirect liquid cooling has difficulties to face 
the temperature increase defined on the semi-fast charge before the 
second driving cycle arrives. The delay in temperature response is 
partially linked to the larger thermal resistance network defined on the 
strategy and presents the difficulties that has the heat to move from the 
battery cell to the cooling fluid. 

Fig. 16b zooms the current and temperature values nearby the semi- 
fast charge section. It is noted that each strategy starts reducing cell 
temperature at different times after the semi-fast charge. The charac
teristic of contacting the battery cell directly with the cooling fluid en
ables the proposed strategy to start reducing all cell temperatures at the 
same moment, approximately 1.15 min after the current profile starts 
decreasing. In the case of indirect liquid cooling strategy, due to the 
larger thermal resistance, the cell did not respond to cooling until 3.8 to 
5.75 min after the current started decreasing. Moreover, as the red band 
of Fig. 16b presents, this cooling profile was not reached to the cell 
homogeneously, influencing first the low part of the cell (3.8 min) and 
then the top part (5.75 min). 

5. Conclusions 

In this work, an innovative direct liquid cooling strategy for the 
thermal management of large-scale pouch type lithium-ion batteries is 
proposed, focusing on the cooling effect on one area of the battery cell 
instead of immersing the battery system in the dielectric fluid. A cell 
level prototype was developed with a modular design, and its perfor
mance was experimentally evaluated. To analyse the effectiveness of the 
proposed strategy, a comparison with the indirect liquid cooling strategy 

was conducted based on the pumping power consumption criterion. 
From the results, the following conclusions can be drawn:  

• The power consumption was decreased from 58.9 mW to 2.4 mW at 
2C pulse tests, when the flow rate was decreased from 0.64 L/min to 
0.21 L/min, respectively. Scaling up this scenario to a sub-system 
level, the proposed strategy makes it possible to improve the effi
ciency of the auxiliary system, by reducing the flow rate and 
increasing the number of hydraulic parallelizations implemented in 
the system.  

• The proposed strategy can address high heat generation situations. 
At 2C and 3C semi-fast charge and discharge tests, cell maximum 
temperatures and heterogeneity were maintained below 38 ◦C and 
1.3 ◦C, respectively. These temperatures are within the optimal 
operating range.  

• Comparing the proposed strategy at steady-state 1C pulse tests to the 
indirect liquid cooling strategy, the maximum temperature of the 
battery cell decreased from 41.68 ◦C to 32.58 ◦C, while the homo
geneity dropped from 5.71 ◦C to 0.36 ◦C. More accurate temperature 
control at the same pumping power consumption confirms the higher 
performance of the proposed strategy.  

• The results of the comparative test show that the thermal resistance 
value between the fluid and the cell of the proposed strategy was 
0.22 K/W, an order of magnitude lower than that of the indirect 
liquid cooling strategy. Owing to this characteristic, the cell tem
perature was reduced instantaneously and homogeneously to the 
cooling setpoint after semi-fast charges with the proposed strategy. 

With more accurate thermal management control and without the 
need to increase the power consumption of the auxiliary system, the 
proposed strategy improves the performance of the battery system. It 
can thus be concluded that the implementation of this strategy can in
crease the life of the battery system, reduce the size and power con
sumption of the auxiliary system, and facilitate BTMS strategy control 
implementation. 
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Fig. 16. Temperature transient values for indirect and direct liquid cooling strategies in (a) the whole test, and (b) current and temperature and current values of the 
zoomed section. 
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Appendix A. . Uncertainty analysis 

The uncertainty analysis was conducted considering all the compo
nents that affect the measured signal. It was therefore calculated for 
each variable of study the combined expanded uncertainty in Table A1. 
This combined uncertainty, apart from the accuracy of the measure
ment’s instruments, considers the standard deviation and the resolution 
of the signal converters for each of the variables of the study. 
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Table A1 
Combined uncertainty analysis.  

Variable Range Instrument 
accuracy 

Combined 
Expanded 
Uncertainty 

Ambient temperature 
(climatic chamber) 

[10–45] ◦C ± 0.5 ◦C ± 0.5 ◦C 

Temperature 
(thermocouple) 

[10–45] ◦C ± 0.1 ◦C 
(estimated) 

± 0.101 ◦C 

Pressure [0–60] kPa ±0.3% FS ± 0.2 kPa 
Volumetric flow rate [0–2.15] L/ 

min 
± 0.2% RD ± 0.014 L/min 

Voltage [2.7–4.2] V ± (0.02% rdg. +
0.02% of FS) 

± 0.00168 V 

Current [60–180] A ±0.05% of FS ± 0.05 A  
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