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Abstract

Battery cell aging and loss of capacity are some of 
the many challenges facing the widespread imple-
mentation of electrification in mobility. One of the 

factors contributing to cell aging is the dissimilarities of 
individual cells connected in a module. This paper reports 
the results of several aging experiments using a mini-
module consisting of seven 5 Ah 21700 lithium-ion battery 
cells connected in parallel. The aging cycle comprised a 
constant current-constant voltage charge cycle at a 0.7C 
C-rate, followed by a 0.2C constant current discharge, 
spanning the useful voltage range from minimum to 
maximum according to the cell manufacturer. Charge and 
discharge events were separated by one-hour rest 
periods and were repeated for four weeks. Weekly refer-
ence performance tests were executed to measure static 
capacity, pulse power capability and resistance at different 
states of charge. All diagnostics were normalized with 
respect to their starting numbers to achieve a percentage 

change over time. Both electrical and thermal dissimilari-
ties were considered by initial cell selection or adjusting 
the thermal boundary conditions, respectively. The latter 
was achieved by contrasting air cooling with direct liquid 
immersion cooling which prevented temperature spikes 
and ensured more uniform temperature distribution 
between the cells. For well-clustered cells, the use of 
immersion cooling reduced the capacity fade noticeably 
when compared to air cooling. However, when cells are 
not well clustered, the impact of electrical dissimilarities 
overshadowed the thermal benefits. Poor cell clustering 
resulted in a lower discharge resistance increase which 
itself reflected as smaller changes of the pulse power 
fade. The results highlighted the importance of cell selec-
tion and clustering during research and when building 
packs for final application and reinforced the benefits of 
good thermal management. The work did not fully explore 
the benefits of immersion cooling due to the moderate 
C-rates used.

Introduction

Thermal management is a critical aspect of main-
taining the performance and safety of lithium-ion 
batteries (LIBs), especially under high discharge 

rates. Various cooling strategies have been explored to 
mitigate temperature rise and enhance heat dissipation. 
Air-based cooling systems, though widely used, have limi-
tations in achieving uniform temperature distribution 
across cells, particularly during fast charging or discharging 
[1,2]. Indirect liquid cooling, in contrast, offers significantly 
better thermal performance, with studies showing 
improved cooling efficiency through liquid plates and 
coolant channels [3,4]. Furthermore, the application of 
phase change materials (PCMs) has been investigated to 
reduce temperature spikes by absorbing excess heat 
during operation [5,6].

Among advanced cooling techniques, direct liquid 
immersion cooling, where the battery cells are submerged 
directly in a dielectric fluid, has emerged as a promising 

approach due to its ability to maintain temperature unifor-
mity while preventing thermal runaway [7,8]. By enabling 
direct contact between the coolant and battery surface, 
immersion cooling offers a higher heat transfer coefficient 
compared to conventional methods. Experimental studies 
have demonstrated substantial reductions in cell temper-
ature at high discharge currents using immersion cooling 
[9,10]. Additionally, immersion cooling can reduce the risk 
of localized hot spots, which are common in air or indirect 
liquid cooling systems, improving both the safety and 
longevity of the battery pack [7]. Recent experimental 
research has focused on optimizing the performance of 
immersion cooling systems through fluid selection and 
flow control. For example, Williams et al. (2024) investi-
gated the use of Novec7000  in a two-phase cooling 
system, observing enhanced thermal performance in 
closely packed cells at elevated charge-discharge rates 
[11]. Similarly, Goa et al. explored the effectiveness of fish-
shaped flow guides, demonstrating improved heat 
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dissipation and higher Nusselt numbers compared to 
traditional flow designs [12]. Further studies by Hemavathi 
et al. and Liu et al. reported superior cooling performance 
using ester oils and mineral oils, with significant reductions 
in peak cell temperatures [13,14]. In high-current applica-
tions, Li et al. and Wang et al. demonstrated the advan-
tages of using two-phase SF33 cooling to maintain consis-
tent cell temperatures under fast charging conditions, 
emphasizing the importance of phase change and fluid 
agitation [15,16]. Choi et al. extended these findings by 
incorporating metal foam structures into the cooling 
system, further enhancing heat transfer capabilities, 
particularly for prismatic cells [17].

However, despite these clear advantages, concerns 
remain about the effects of immersion cooling on the 
electrochemical performance of battery cells, particularly 
in modules where electrical dissimilarity between cells 
can emerge and affect the performance of immersion 
cooled batteries. Salvi et al. [18] observed that capacity 
fade in immersion-cooled cells was more pronounced 
than in air-cooled cells. To investigate this phenomenon, 
a detailed analysis was conducted, testing several hypoth-
eses through experimental measurements, and validating 
them with theoretical modeling and simulations to identify 
underlying factors contributing to this behavior. After 
rigorously testing these hypotheses, the exact cause of 
the increased capacity fade using immersion cooling 
remained undetermined.

In addition to thermal management, electrical dissimi-
larities between individual cells within a battery pack 
present a significant challenge to achieving optimal pack 
performance. Even slight variations in the production 
process or operational conditions can result in inconsis-
tencies between cells, which tend to worsen over time 
[19]. These inconsistencies manifest as differences in state 
of charge (SOC), internal resistance, and capacity, which 
ultimately affect the overall performance and lifetime of 
the pack [20]. A pack’s performance is constrained by its 
weakest cell, as the cell with the lowest capacity will deter-
mine the operational limits of the entire system [21]. To 
mitigate these issues, cell balancing techniques are 
employed to equalize the SOC and capacity across all 
cells, minimizing the effects of electrical dissimilarities. 
Overcharging and external short circuits are two common 
conditions that exacerbate these imbalances, leading to 
accelerated aging and increased internal resistance due 
to damage to the electrode materials and the growth of 
the solid electrolyte interphase (SEI) layer [22]. Clustering 
methods, commonly used in data-driven applications, 
have also been adapted to manage the performance 
inconsistencies in electric vehicle battery packs, offering 
a computational approach to optimize battery manage-
ment systems [23].

In parallel-connected battery systems, electrical 
dissimilarities—such as variations in internal resistance 
or state of charge—result in uneven current distribution 
among cells. This imbalance can undermine the effective-
ness of immersion cooling, as cells with higher resistance 
tend to generate more heat, worsening temperature 
disparities within the module. Consequently, some cells 

may undergo greater thermal stress, leading to acceler-
ated degradation [18]. Preemptively clustering cells with 
similar electrical properties is crucial to prevent these 
dissimilarities from impacting overall module perfor-
mance. While immersion cooling offers better tempera-
ture control than air cooling, it requires careful manage-
ment of electrical imbalances to avoid performance 
degradation and safety risks. Employing modern clus-
tering techniques is therefore key to optimizing immer-
sion cooling in parallel-connected battery modules.

To investigate the relative contribution of thermal and 
electrical dissimilarities, the current study completed a 
series of aging experiments with different approaches to 
cell selection and clustering as well as thermal boundary 
conditions. Five separate tests were performed: Two tests 
using air (A1 and A2) cooling and four tests with direct 
immersion cooling with forced convection of three differ-
ence dielectric liquids (L1 through L4) with one fluid 
testing twice.

Experimental Setup

Cell Selection and Clustering
Commercially available LG Chem M50T 21700 cylindrical 
cells with lithium nickel manganese cobalt oxide (NMC) 
cathodes and graphitic anodes were selected for this 
study. The nominal cell capacity was 5.0 Ah with a nominal 
energy of 18.2 Wh. The manufacturer-specified cell resis-
tance was 30 mΩ [24].

Cell clustering was done using cell features extracted 
from BOL (beginning of life) tests. The characteristic 
features were:

 • Discharge static capacity in Ah.

 • Time constant to achieve open circuit voltage (OCV) 
after completion of charging and after discharging 
the cell in seconds.

 • Open circuit voltage at 100% SOC in Volt.

 • Internal resistance (average of cell resistance at the 
end of charge and discharge) in Ohms.

A feature was dropped as a criterion for cell selection 
if its standard deviation was less than 0.5% of the mean. 
The Ward's D2 clustering method was applied to the 
chosen features. Clusters were progressively formed 
using the sum of squares as a distance between the 
centroids of the clusters being merged. The final set of 
clusters was organized in a hierarchical diagram 
called Dendrogram.

The magnitude of the difference between the features 
of the individual cells in a cluster were quantified by the 
Mahalanobis distance (MD). MD measured relative distance 
of a point from the overall mean for multivariate data. 
Since cell properties can be correlated, principal compo-
nent axes are no longer orthogonal, thereby impeding a 
direct distance measurement. MD addressed this 
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correlation by performing a rotation along the principal 
components of the data followed by a normalization.[25]

Cells for A1 and L1 modules construction were arbi-
trarily selected from a single batch of more than 100 cells, 
assuming minimal cell variation. The cells for A2 and L2 
through L4 were intentionally selected to have well clus-
tered characteristics. The consequence of this cell selec-
tion is shown in Figure 1 with box-and-whisker plots of 
the MD of the six cell clusters. The cells in L1 were particu-
larly widely distributed and contained not only a wide 
distribution between the 1st and 3rd quartile but also a 
singular outlier at a value of more than 20, indicating at 
least one of the cells had electrical properties dissimilar 
to the rest of the cells. A1 and L3 had the next widest 
variability with tightest groupings seen for A2, L2 and L4. 
The data suggested that the arbitrary selection process 
may have introduced unintended variations in cell proper-
ties, despite the common batch origin. It should be noted 
that variability of the MD, and not the absolute values, 
were considered important for this paper.

The MD indicated the proximity of an individual cell 
to the mean of the population – the accuracy of the 
selection – whilst the variability of the MD of cells within 
a cluster indicated how close the cells were to each 
other – the precision of the selection.

Module Construction
As depicted in Figure 2, the cells were arranged in a 7PS1 
(7 cells in parallel) configuration, where they were spot-
welded to nickel metal bus bars, creating a flower-shaped 
cross-section. The spacing between cells was fixed at 
approximately 0.5 mm. The nominal module capacity was 
35.0 Ah and a nominal energy of 91.0 Wh with the nominal 
module resistance at 4.28 mΩ. Two K-type thermocou-
ples were attached to the surface of each cell using 
adhesive and tape for temperature monitoring: one close 
to the positive and one close to the negative terminal, 
with all thermocouples located in the gaps between the 
cells. The battery module was placed at the center of an 
enclosure, which was specifically designed to enable 

coolant flow around the cells. The enclosure provided 
approximately 5 mm of clearance between the cells and 
the enclosure walls, preventing direct electrical contact 
and allowing adequate space for thermocouples and 
other wiring necessary for connecting the module to the 
battery cycler. The enclosure was sized to achieve approxi-
mately 38% void space around the cells. Data from all 
thermocouples and the module voltage were captured 
via a National Instruments Compact-RIO data acquisi-
tion system.

Figure 3 illustrates the module location in the enclo-
sure, with the flow inlet positioned on one side face and 
the outlet located on the top face. Both locations were 
fitted with thermocouples to monitor liquid temperatures 
at the inlet and outlet.

For the first air cooling test (A1), the inlet and outlet 
were open to the lab environment with no forced convec-
tion nor temperature control but with the enclosure lid 
in place. The repeat air cooling test (A2) was carried out 
inside a temperature controlled thermal chamber set at 
25 °C, for better repeatability – keeping all other aspects 
as same as A1.

 FIGURE 1  Box-and-whisker plot of the MD for the six 
modules.

 FIGURE 2  Typical 7p1s module construction.

 FIGURE 3  Schematic for test rig [18].
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Immersion Cooling
For direct liquid immersion cooling tests, the enclosure 
was connected to a flow rig comprising of a pump, 
stacked-plate heat exchangers using chilled water as a 
cooling medium, a turbine flow meter, a bypass valve and 
a flow control valve. The latter was used to maintain the 
flow rate at 1.5 liters per minute based on the flow meter 
reading, with an additional control valve on the chilled 
water supply to keep the fluid inlet temperature to 25 °C. 
A lay-out of the flow rig is shown in Figure 4.

The nature and properties of the liquids used for 
immersion cooling were not relevant to this paper but all 
had appropriate heat transfer properties and sufficiently 
low electrical conductivity to prevent leakage.

Cycling
An SBT-2050 Power Cycler from PEC Corp. was employed 
to implement a fast charge current profile. The module 
underwent a five-day charge-discharge cycling period, 
followed by reference performance testing (RPT) on the 
sixth and seventh days. The charge-discharge cycling 
process included a one-hour rest period, followed by 
constant current constant voltage (CCCV) charging at a 
C-rate of 0.7 C - the maximum continuous current recom-
mended by manufacturer for the cells - then another rest 
hour, and finally constant current (CC) discharge at 0.2 C, 
corresponding to the nominal current. The cells were 
cycled between voltage limits of 4.2 V and 2.5 V. To deter-
mine the cell capacity at the end of each cycle, the cells 
are charged at 0.3 C under CCCV conditions until 100% 
SOC was reached, and then discharged at 0.2 C under 
CC conditions to measure the static capacity in Ampere-
hours. The C-rate, as commonly defined, refers to the 
inverse of the number of hours required to complete the 
charge/discharge process; higher C-rates signifying 
faster processes.

The RPT consisted of three key components, as 
depicted in Figure 5. First, the static capacity measure-
ment assessed the cell's charge storage capability by 

delivering a constant current over a specified period, typi-
cally at a slower discharge rate. Next, power capacity 
measurement evaluated the battery's ability to deliver 
high currents over short durations, representing its 
maximum power output under load. Lastly, the pulse 
power fade measurement focused on the cell’s perfor-
mance during repeated high-current pulses, simulating 
real-world scenarios with high power demands at different 
SOCs. The RPT methodology used in this study has been 
successfully applied in previous research to track cell 
performance degradation during cyclic aging.

Results

Thermal Conditions
A comparison of temperatures between air cooling and 
liquid immersion cooling revealed significant differences 
in thermal management effectiveness. As shown in 
Figure 6, during module cycling under air cooling condi-
tions, extreme temperatures were observed, with peak 
values exceeding 50 °C during the charge phase of the 
cycle. The increase in cell voltage during the charge can 
be seen in the same plot. This resulted in a temperature 
increase of approximately 25 °C above the nominal test 
temperature. In contrast, the maximum temperature 
during immersion cooling testing was just over 27 °C, 
leading to a much smaller temperature increase of 

 FIGURE 4  Typical flow rig layout [18].

 FIGURE 5  Reference performance test profile.

 FIGURE 6  Temperature comparisons for typical (a) air 
cooling (b) liquid immersion cooling
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approximately 2 °C. A brief temperature spike can also 
be observed during the constant power step of the RPT 
but was not considered consequential for this analyses.

To better understand the temperature homogeneity, 
the temperature differences during charging was moni-
tored for each of the 14 thermocouple locations. This 
temperature difference was calculated as the maximum 
during the charge minus the average during the rest 
period that followed the charge for each cell.

Figure 7 shows the cell temperature differences for 
a typical air test and revealed that the results varied 
depending on the location of the cell in the module. 
Thermocouples located near the positive terminal were 
indicated with filled symbols whilst those near the 
negative had open symbols. For the duration of the test, 
cell 7 at the center of the module, experienced the highest 
temperature differences with cell 4 at the bottom of the 
module consistently the coolest. The temperature results 
were also much more varied since the module tempera-
ture was affected by the laboratory ambient conditions.

Similar typical results for liquid immersion cooling are 
shown in Figure 8. Smaller differences within a cell were 
seen close to the flow inlet (cells 4 and 5) with larger 
differences for the cells at the top and the center of the 
module (cells 1 and 7 respectively). Unlike for air cooling, 
the center cell 7 did not have the highest temperature 
difference, suggesting the ability of the immersion cooling 
to affect heat transfer at the center of the module. The 
immersed test additionally exhibited a consistent upward 
trend in temperature differences as the test progressed, 
increasing by approximately 0.5 °C. A similar trend in the 
air cooling test may have been obscured by the overall 
temperature variability.

The overall test temperature differences for individual 
cells revealed not only the aforementioned cell-to-cell 
variations but also test-to-test variability. As seen in Figure 
9, for a selected subset of the tests, there was very clear 
separation between air and liquid cooled tests with the 
former showing differences of greater than 20 °C and the 
latter less than 2.5 °C. It should be noted that these differ-
ences included the temporal changes seen above, such 
that the maximum temperature difference was typically 
at the end of the test whereas the minimum was at the 

start. The lowest cell temperature differences were again 
consistently closest to the flow inlet and at the bottom 
of the module in the location of cells 3 and 4, regardless 
of the thermal treatment.

Finally, the thermal performance of a single test was 
reduced to the module temperature range which was 
calculated as the maximum temperature difference of 
any cell minus the minimum cell temperature difference 
of any other cell for the duration of the test. This gave 
the approximate overall maximum temperature difference 
experienced across the whole module for the whole 
test duration.

Reference Performance Tests
A summary of the capacity fade results achieved are 
shown in Figure 10 as a function of the equivalent number 
of full-charge cycles on an energy basis. The worst 
performing test were L1, A1 and A2 in that order, followed 
by similar results for L2, L3 and L4. The results were 
counter intuitive as the expectation was that the improved 
thermal treatment afforded by the immersion cooling 
would benefit cell aging. The symbols indicate the timing 
of the RPTs, which were repeated in some instances for 
the A2 test.

A summary of the internal resistance rise is shown 
in Figure 11 with a clear separation between the tests 

 FIGURE 7  Cell temperature differences for a typical air 
cooling test.

 FIGURE 8  Cell temperature differences for a typical liquid 
immersion cooling test.

 FIGURE 9  Overall test temperature differences for individual 
cells.
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with poorly clustered cells (A1 and L1) that yielded distinctly 
lower resistance increases, and the better clustered cells 
(A2, L2, L3 and L4), regardless of thermal treatment.

Statistical Analyses
Due to the disparate results seen for the capacity fade 
for liquid immersion cooling compared to air cooling, 
further analyses were performed on the factors that were 
expected to influence cell aging. The response of the 
average module temperature, the standard deviation of 
the MD – indicating the electrical similarity- and the 
module temperature range – indicating the thermal 
homogeneity – was plotted against static capacity fade 
and shown in Figure 12. For this analysis, the capacity fade 
at the same terminal number of equivalent cycles was 
considered for all modules. Although there were general 
positive correlations for all variables, there was also much 
variability, for example the fact that the highest capacity 
did not exhibit a large module temperature range nor the 
highest test temperature.

Applying multiple linear regression to the data 
revealed a robust model with an adjusted R2 value of 
more than 98% and p-values for all variables far below 
0.05. The final model form was:

 = + +1 2. 3.Fade C C MDstd C Trange (1)

with C1, C2 and C3 empirically determined constants 
and all positive, with MDstd and Trange the standard 
deviation of the MD and the module temperature range, 
respectively. Test temperature and the average MD were 
also considered but either yielded counter-intuitive results 
(due to interaction with other variables) or were not 
significant in the model. The magnitude of C2 was about 
twice that of C3, meaning the fade was twice as sensitive 
to a unit change in the MD compared to a unit change in 
temperature. The values of these constants were such 
that a unit increase in the MD led to an 8% increase in 
capacity fade, whereas a 1 °C increase in the module 
temperature range caused a 4% change.

A similar analyses of the relation between resistance 
increase and operational data was explored but did not 
reveal any meaningful correlations beyond the earlier 
visual observations.

Discussion and Conclusions
This paper compared the aging of six different seven-cell 
modules. Each module was constructed from seven 21700 
cylindrical cells that were provided with thermocouple 
measurements and arranged in a flower configuration.

The following observations were made:

 • The characteristic of the cells in modules that were 
not intentionally clustered were widely distributed as 
seen by a bigger standard deviation of the MD, 
compared to cells that we clustered.

 • MD was based on five cell characteristics, viz. 
discharge static capacity, charge and discharge time 
constants, open circuit voltage and 
internal resistance.

 • Two different thermal treatments were applied: 
natural air convection and forced convection with a 
dielectric coolant.

 FIGURE 11  Resistance increase comparison.

 FIGURE 12  Response of electric and thermal similarity to 
capacity fade.

 FIGURE 10  Static capacity fade comparison.
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 • All modules were subject to the same multi-week 
aging profile that included the assessment of static 
capacity and resistance during a weekly RPT.

 • Direct liquid immersion cooling resulted in much 
lower cell temperature differences during the 
charging part of the cycle when compared to air 
cooling: less than 2 °C for the former compared to 
more than 20 °C for the latter.

 • This temperature increase showed an upward trend 
as the tests progressed, presumably due to increase 
in resistance and heat generated at a fixed 
current level.

 • Both capacity fade and resistance increased during 
the four weeks of cycling, but the increases did not 
follow the module temperature ranges.

 • The application of a statistical model revealed the 
capacity fade was positively correlated with both the 
electrical dissimilarities of the cells in a module 
(standard deviation of the MD) and the thermal 
dissimilarities (temperature range experienced by 
the module during the test). The former was 
approximately twice as sensitive to a unit change in 
the independent variable as the latter.

 • The resistance increase for electrically dissimilar cells 
were lower than that of the clustered cells, 
regardless of the thermal treatment, but the exact 
reason for it is not known. It can only be speculated 
that balancing of the parallel connected cells during 
cycling or rest may have contributed.

 • Although the properties of the liquids were not 
considered, their effects on achieving thermal 
homogeneity were apparent when considering the 
reduced cell temperature differences and module 
temperature ranges.

 • The quantification of the impact of changes in single 
cell characteristics on module variability is not trivial 
and is a dynamic result of the cell population. For 
illustration purposes, using the data for the cells in 
this paper, a 10% increase in the discharge time 
constant of just one cell could increase the standard 
deviation of the MD by one.

 • The paper clearly concluded that the cell selection 
and appropriate clustering of cells in a module is as 
important as thermal treatment and that the former 
can easily overshadow the latter, leading to possible 
incorrect conclusion about the efficacy of 
immersion cooling.

Recommendations
The following recommendations can be  made after 
considering the results from this paper:

 • Whereas the paper clearly showed the impact of 
electrical dissimilarities on the aging of cells 

connected and cycled in parallel, it did not address 
the reasons. This line of research is suggested for 
future work and may include the measurement of 
individual cell currents during both cycling and rest 
periods, during which time cell balancing 
is anticipated.

 • The impact of further improvements in cell 
clustering for module construction, including the 
consideration of additional cell characteristics should 
be considered: The impact clustering may have on 
the variability that is observed during both aging and 
abuse tests should be investigated.

 • The relative importance of the electrical property 
variability should be considered in relation to the 
absolute properties of the electrical properties. An 
intentional study of these variables is encouraged.

 • This paper did not independently study the impact 
of test temperature which is known to affect aging. 
A structured investigation of both absolute cell 
temperatures, combined with temperature 
homogeneity should be attempted. This may 
be achieved by applying variations to the immersion 
cooling such as flow rates, geometry and fluids.

 • Further improvements in the temperature 
homogeneity may be evaluated to see if aging 
outcomes can be further improved.

 • The nature of the cell temperature difference over 
time and potential relation to the increase in module 
resistance should be investigated.

 • Although this paper did not focus on the properties 
of the fluids used for direct liquid immersion cooling, 
an exploration of the fluid properties and their 
impact on heat transfer characteristics is warranted.

 • This study was limited to nominal C-rates and did 
not explore the behavior at true fast-charge 
conditions. The robustness of the conclusions of this 
paper should be explored under more severe 
use conditions.
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Definitions/Abbreviations
BOL - Beginning of life
CC - Constant current
CCCV - Constant current constant voltage
LIB - Lithium-ion batteries
MD - Mahalanobis distance

NMC - Nickel manganese cobalt oxide
OCV - Open circuit voltage
PCM - Phase change materials
RPT - Reference performance test
SEI - Solid electrolyte interphase
SOC - State of charge
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