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A B S T R A C T

This study evaluates the feasibility of a passive phase change material (PCM)-based battery thermal manage-
ment system intended for use in non-road mobile machines (NRMM). Two 3P4S modules, each with a nominal
energy of 200Wh, were assembled from high-power cylindrical NCA Li-ion cells: one module was filled with
a commercial paraffin PCM and the other was a reference without PCM. The modules were cycled at 1C,
1.5C, and 2C under identical ambient conditions, and module temperatures were recorded during charge and
discharge. The results show that the PCM exhibits distinct thermal behavior at different C-rates. At 1C, the
sensible heat of the solid PCM is sufficient to limit the temperature rise of the module. At 1.5C, the module
temperature reaches the PCM melting point and remains approximately constant. At 2C, practically all PCM
melts, which delays the temperature rise but its effect is constrained by the poor thermal conductivity of
the organic PCM. The added PCM mass reduced the module gravimetric energy density from 231Wh kg−1

to 146Wh kg−1. Nevertheless, the results indicate that paraffin-based passive PCM thermal management can
effectively limit temperature rise and improve the thermal behavior of high-power NCA battery modules at
moderate C-rates, while still maintaining a competitive system-level energy density for small-scale applications.
1. Introduction

The demand for lithium-ion batteries (LIBs) continues to rise across
a wide spectrum of applications, from portable electronic devices to
electric vehicles (EVs). Owing to their high energy density, long cycle
life, absence of memory effect, and low self-discharge rates, LIBs have
become the benchmark technology in modern energy storage [1,2].
In addition to on-road EVs, the electrification of non-road mobile
machinery (NRMM) with Li-ion batteries is considered a promising
means of reducing greenhouse gas emissions [3]. For smaller NRMM
platforms, such as compact city tractors, passive battery thermal man-
agement solutions are particularly attractive because they can provide
adequate temperature control without the added complexity and cost
of liquid-cooled systems.

Based on positive electrode (cathode) chemistry, LIBs are commonly
categorized into nickel manganese cobalt oxide (NMC), lithium iron
phosphate (LFP), and nickel cobalt aluminum oxide (NCA), with NMC
and NCA dominating electric mobility applications. Commercial EV
manufacturers primarily deploy NMC 532 and NMC 622 chemistries
[4], but there is an accelerating transition toward NMC 811 batteries,
which deliver higher energy density, reduced weight, extended driving
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ranges, and decreased cobalt dependency, thereby enhancing sustain-
ability and cost-effectiveness in the EV sector [5]. Tesla represents
a unique case as the only EV producer employing NCA chemistry,
asserting that its NCA cells incorporate a lower cobalt fraction relative
to NMC 811 batteries [6,7].

The thermal sensitivity of LIBs originates from their electrochemical
processes, which are intrinsically temperature-dependent. Heat gener-
ation in LIBs is governed by several internal mechanisms, including
Joule heating, polarization heating, and decomposition heating [8,9].
The extent of this thermal generation is further influenced by ag-
ing [10], ambient temperature [1], and electrolyte properties [1,11].
Elevated temperatures accelerate parasitic reactions, causing electrode
degradation, reduced cycle life and power density, capacity fade, and
an increased probability of thermal runaway [9,12,13]. At low temper-
atures, ionic transport is hindered, capacity is diminished, and lithium
plating becomes more pronounced, posing significant safety risks [13,
14]. Temperature non-uniformities, often arising from manufacturing
inconsistencies, can induce localized hot spots, increase internal re-
sistance, accelerate aging, and heighten the requirement for charge
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Nomenclature

Variables

𝛥𝐻 Latent heat
𝐶 Heat Capacity
𝑄 Thermal Energy

Subscripts and Superscripts
amb Ambient
bat Battery
el Electrical
G Gamry
int Internal
irr Irreversible
lat Latent
m Melting
rev Reversible
s Solidification
sens Sensible

Acronyms

ARC Accelerated Rate Calorimeter
BEV Battery Electric Vehicle
BTMS Battery Thermal Management Systems
CA Capric Acid
CC Constant Current
CV Constant Voltage
DSC Differential Scanning Calorimetry
EG Extended Graphite
EV Electric Vehicle
HP Heat Pipe
IR Infrared
LA Lauric Acid
LFP Lithium Iron Phosphate
LIB Lithium-ion Battery
NCA Nickel Cobalt Aluminum Oxide
NMC Nickel Manganese Cobalt Oxide
NRMM Non-Road Mobile Machinery
PA Paraffin
PCM Phase Change Material
PHEV Plug-in Hybrid Electric Vehicle
RT Rubitherm
RTD Resistance Temperature Detector
SOC State Of Charge

balancing between cells [12,15]. The optimal operating temperature
or LIBs lies within 20 to 40 ◦C and should not exceed 50 ◦C [1,13,16].

For NCA-based cells, the safe operational window typically spans −20
to 60 ◦C during discharge and 0 to 45 ◦C during charge [17]. Devi-
tions from these ranges result in performance degradation, energy
nefficiency, and elevated safety hazards such as thermal runaway [1].

To mitigate these challenges, Battery Thermal Management Systems
BTMS) are essential to maintain the battery temperature within a safe
nd optimal range. They are typically classified as active, passive, or
ybrid, depending on their reliance on external energy [1]. Active

systems employ fans or pumps to circulate air or liquid, effectively
issipating heat but reducing the driving range of electric vehicles due
o additional energy demand [1,12]. On the other hand, passive systems

rely on materials such as Phase Change Materials (PCMs), which absorb
 o

2 
and release heat during phase transitions, naturally regulating cell
temperature and improving uniformity without external power [16].
Hybrid BTMS integrate both approaches. Among these, PCMs have
attracted significant interest for their energy efficiency, compactness,
cooling capacity, low maintenance, and ability to maintain battery
temperature uniformity and operational ranges [1,15,18,19]. Effective
CMs for BTMS require high latent heat and specific heat capacity,
ood thermal conductivity, phase change temperatures aligned with LIB
perating windows, minimal volume change, and favorable stability
nd safety characteristics [1,15,16,19–21]. According to Rao et al. [22],

the melting point is the key selection criterion, with optimal perfor-
mance achieved below 45 ◦C, consistent with Zhao et al. [13], who
reported the optimal LIB operating range as 20–50 ◦C.

PCM-based BTMS research has mainly focused on single-cell con-
figurations, testing a range of PCM materials with individual LIB cells.
Weng et al. [23] examined paraffin-based PCMs with melting points of
35 ◦C, 42 ◦C, and 55 ◦C for 18650 NMC cells, while Srivastava et al. [24]
evaluated Eicosane, commercial RT42 paraffin, and Capric acid, finding
hat Eicosane yielded the lowest peak temperature of 40 ◦C at 3C

discharge.
To enhance thermal conductivity, researchers have incorporated

dditives or fins into pure PCMs. Bais et al. [25] used commercial
T42 paraffin with Al2O3 nanoparticles at 3C discharge, reporting peak

emperatures between 45.24 and 52.67 ◦C. Rajan et al. [26] employed
copper foam-enhanced 1-tetradecanol in an LFP cell, reducing peak
emperatures from 49.5 to 43 ◦C at 2C. Wu et al. [27] developed
araffin/OBC/EG composite PCMs achieving 43.4 ◦C at 2.5C, compared
o 72.2 ◦C without PCM. Youssef et al. [28] applied paraffin/EG/jute

composites to a 50 Ah prismatic NMC cell, reducing temperatures from
47.27 to 36.29 ◦C. Fin-based systems using commercial RT42 paraffin
lso significantly reduced peak temperatures, such as from 84.3 to
1.1 ◦C at 3C [29].

Module-level studies provide greater relevance to real applications.
ong et al. [30] employed a composite PCM–liquid system in a 6S4P

21700 NMC module, limiting temperatures to 41.1 ◦C at 3C. Huang
et al. [31] showed lower peak temperatures and improved unifor-
mity using paraffin/EG composites in a 25P 18650 module. Ambekar
et al. [32] demonstrated that tilted fin configurations enhanced uni-
formity in a 4S4P NMC module. In a more advanced module-level
concept, Luo et al. [33] developed a pipeless cascaded BTMS combining
shape-stabilized PCM channels with phase-change emulsions, report-
ing roughly 45-fold higher thermal conductivity than pure PCM and
modest but measurable reductions in both maximum temperature and
temperature non-uniformity relative to non-cascaded PCM systems.

Some studies replaced real cells with ceramic heaters to isolate
heat transfer effects. Joshy et al. [34] used commercial RT35HC with
ceramic heaters and found vibration increased surface temperatures.
hang et al. [35] used 106 ceramic heaters to study hybrid PCM–liquid

cooling, achieving better control than PCM alone.
Hybrid PCM–heat-pipe systems have also shown improved thermal

erformance. Huang et al. [36] tested pure PCM, PCM/HP–Air, and
PCM/HP–Liquid in 18650 modules at 1–3C, with the PCM/HP–Liquid
system reaching only 50 ◦C at 3C and maintaining 3 ◦C temperature
uniformity. Chen et al. [37] showed optimal performance in a prismatic
FP module when the PCM melting point was below the heat pipe
ctivation temperature.

Only a limited number of module-level studies have used pure PCM
without additives. Hallaj and Selman [38] introduced a paraffin-based
BTMS in simulation, while Hallaj et al. [39] experimentally tested
8 650 packs at up to 2.08C. Amir et al. [40] used cetyl alcohol in a

13P20S pack and reported 42.8 ◦C at 0.5C discharge but provided only
a single cycle without ambient measurements. Patel et al. [41] applied
OM35 PCM in a 12S1P 21700 module, reducing peak temperatures
from 65 to 46 ◦C at 1C and from 90 to 53 ◦C at 2C.

In addition to PCM selection and system architecture, the thickness
f the PCM layer has been identified as a critical design parameter
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for BTMS performance. Vashisht et al. [42] experimentally studied
INR18650 cells with PCM layers of 1.25, 2.50, and 5.00 mm, showing
surface temperature reductions of about 10 ◦C at high C-rates and iden-
tifying optimal thickness ranges of roughly 2.5–3.0 mm for 1–1.5C and
2.0–2.5 mm for 2C and above, based on melt fraction and newly defined
cooling metrics. John et al. [43] used 3D simulations of a stearic-acid-
based BTMS with CuO nano-additives and found that a minimum PCM
thickness of about 4 mm is required, with an analytically optimal thick-
ness near 8 mm and only marginal additional temperature reduction
at 12 mm. Wagh and Saha [44] numerically evaluated hybrid cooling
with 1–3 mm PCM layers and internal/extended fins, demonstrating
that increasing thickness from 1 to 2 mm substantially lowers peak
temperatures at 3C while achieving high melt fractions, whereas a
3 mm layer is underutilized, and that fin geometry and convective heat
transfer coefficients must be co-optimized with PCM thickness.

Overall, prior literature predominantly focuses on single-cell ex-
periments, hybrid cooling, or PCM-enhanced composites. Many works
employ simplified conditions, rely on numerical or heater-based em-
ulation, or test only a single cycle. In contrast, the present study
evaluates a pure-PCM BTMS using commercial RT35HC paraffin in a
P4S module of twelve 21700 NCA cells under prolonged cycling up to
00 charge–discharge cycles at 1, 1.5, and 2C. Ambient temperature
nd battery-ambient differences are explicitly measured, enabling a
ealistic assessment of PCM effectiveness across EV-relevant SOC win-
ows (0–100% for BEVs and 20–80% for PHEVs). From a quantitative
tandpoint, prior PCM-based module studies typically report peak tem-
eratures of 40 ◦C–55 ◦C at 1–2C using pure paraffins or composite
CMs; for example, 46 ◦C and 53 ◦C at 1C and 2C with OM35 in a 12S1P
1700 module [41], or 42.8 ◦C at 0.5C in a 13P20S pack using cetyl
lcohol [40]. Enhanced PCM systems incorporating EG fillers, metal
oams, or fins typically achieve 43 ◦C–53 ◦C at 2–3C [25,27,30,36].

In the proposed configuration, the RT35HC-based PCM module limits
peak module temperatures to approximately 32 ◦C at 1C and below
6 ◦C at 2C, while the associated PCM mass lowers the module gravi-
etric energy density from 231 W h k g−1 to 146 W h k g−1. Overall, this

alance between thermal performance and gravimetric energy density
s comparable to that achieved by more complex composite or hybrid
CM systems, but is realized here with a simpler, lower-cost, and more
eadily manufacturable pure-PCM design.

2. Experimental

2.1. Testing of the candidate PCMs

For BTMS, pure PCMs without additives were preferred; therefore,
two fatty acids, capric acid (CA) and lauric acid (LA), each with a purity
f 99% from Thermo Scientific, and two commercial paraffins, RT35
nd RT35HC, procured from Rubitherm, Germany, were selected based
n the prior experience by the authors [45,46]. The PCM selection
xplicitly accounted for both the expected operating temperatures of
he cells and the ambient conditions during testing. All four materials

have melting ranges within the recommended operating window of
lithium-ion batteries and 20 ◦C ambient temperature typical for the
mild northern climate in Finland, ensuring that phase change occurs
in the relevant temperature range for passive, ambient-temperature
thermal regulation. The melting temperature (Tm) and latent heat of
usion (𝛥Hm) of the four candidate PCMs are summarized in Table 1.

To evaluate their suitability as candidate PCMs, fatty acids and
ommercial paraffins were characterized using Differential Scanning
alorimetry (DSC) with a DSC 204 F1 Phoenix instrument, which

s regularly calibrated for temperature and enthalpy using standard
eference materials. Approximately 10 mg of each sample was subjected
o five consecutive heating and cooling cycles over a temperature
ange of 0 to 85 ◦C at a constant rate of 2 ◦C min−1 under a nitrogen
tmosphere. The relatively wide 0 ◦C to 85 ◦C DSC range was originally

elected based on initial trials that included stearic and palmitic acids,

3 
Table 1
Thermo-physical properties of the candidate PCMs.

Candidate PCMs Tm (◦C) 𝛥𝐻m (J g−1) Source

CA 30.73 141.83 [47]
LA 42 175.8 [48]
RT35 32–38 160 [49]
RT35HC 34–36 240 [50]

which have higher melting points of approximately 71 ◦C and 64 ◦C,
respectively. Although these PCMs were later excluded from the main
tudy, the same measurement range was retained to maintain consis-

tency across all DSC tests. The DSC measurements provided the melting
emperature, the solidification temperature and the latent heat of fusion
𝛥Hm), which are critical parameters to assess the thermal performance
f PCMs in BTMS applications. The measured 𝛥𝐻m values remained
onsistent across cycles, confirming the repeatability and reliability of
he DSC data used for the estimation of the PCM mass Additionally, the
pecific heat capacities in the solid phases (𝐶𝑆 ) and liquid (𝐶𝐿) were
lso measured.

2.2. Calculation of the amount of PCM needed

The amount of PCM was estimated assuming that the battery cells
and the PCM should absorb all the heat generated without any heat
losses to the ambient during continuous charge–discharge cycling at 2C
ate for a desired time before a cooling break. The battery temperature
hould stay below 45 ◦C during this time. The irreversible and reversible
eat generation are given by [51]:

𝑃𝑖𝑟𝑟 = 𝑛𝑅𝑖𝑛𝑡𝐼
2 (1)

𝑃𝑟𝑒𝑣 = −𝑛𝐼 𝑇 𝑑 𝑂 𝐶 𝑉
𝑑 𝑇 (2)

where 𝑛 is the number of battery cells, 𝑅𝑖𝑛𝑡 is the internal resistance of
a single cell, 𝐼 is the applied current, 𝑇 is the battery temperature, and
𝑂 𝐶 𝑉 is the open-circuit voltage of the cell.

Exact determination of 𝑃𝑟𝑒𝑣 would require combined d𝑂 𝐶 𝑉 ∕d𝑇
measurements and calorimetric verification of single-cell heat gener-
ation, which is beyond the scope of this module-scale study. Instead,
we rely on Ref. [51], which shows that for NCA cells the reversible
(entropic) heat is generally small compared with the irreversible losses
ver most of the operating window, becoming significant only near
he end of discharge. Calorimetric measurements shown in Electronic
upplementary information (ESI) confirm that the total heat generation
eaks near the end of the discharge. However, the DC value of the
nternal resistance 𝑅𝑖𝑛𝑡,𝐷 𝐶 is more than twice the AC value provided
y the manufacturer (Table 2), introducing a much larger uncertainty

in 𝑃𝑖𝑟𝑟 and the resulting PCM mass than that associated with neglecting
𝑃𝑟𝑒𝑣. On this basis, 𝑃𝑟𝑒𝑣 is neglected in the PCM sizing calculations, and
only the irreversible term is used to estimate the heat generation:

𝑄𝑖𝑟𝑟 = 𝑃𝑖𝑟𝑟𝛥𝑡 = 𝑛𝑅𝑖𝑛𝑡𝐼
2𝛥𝑡 (3)

where 𝛥𝑡 is the time interval over which heat is generated.
This heat is absorbed by the battery cells and the PCM, respectively:

𝑄sens
bat = 𝑛 𝑚𝑏𝑎𝑡 𝐶𝑏𝑎𝑡 𝛥𝑇 (4)

where 𝑚𝑏𝑎𝑡 is the mass of a single battery cell, 𝐶𝑏𝑎𝑡 is the specific heat ca-
acity of the battery cell, and 𝛥𝑇 is the temperature rise of the battery.

𝑄PCM = 𝑄sens
PCM +𝑄lat

PCM = 𝑚PCM
(

𝐶PCM 𝛥𝑇 + 𝑓m 𝛥𝐻PCM
)

(5)

where 𝑚PCM is the mass of PCM, 𝑄sens
PCM is the sensible heat absorbed

by the PCM during its temperature rise before and/or after melting,
and 𝑄lat

PCM is the latent heat absorbed by the PCM during the solid–
liquid phase change. In addition, 𝐶PCM is the specific heat capacity of
the PCM, assumed equal in solid and liquid phases, and 𝛥𝐻 is the
PCM
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Table 2
Specifications of the NCA Li-ion battery cells [52].

Parameters Values

Manufacturer E-One Moli Energy Corp., Taiwan
Model Molicell INR-21700-P45B
Capacity (Typical) 4500 mAh
Cell voltage 3.6 V (Nominal), 4.2 V (Charge), 2.5 V (Discharge)
Charge current 4.2 A(Standard), 13.5 A(Maximum)
Operating temperature 0 ◦C to 60 ◦C (Charge), −40 ◦C to 60 ◦C (Discharge)
Shape Cylindrical
Diameter 21.55 mm (Max)
Height 70.15 mm (Max)
weight 70 g (Max)
Typical impedance, 𝑅int,AC 7 mΩ (30% SOC)
Typical impedance, 𝑅int,DC 15 mΩ (50% SOC)

latent heat of fusion of the PCM, while 𝑓m is the melt fraction of the
CM that undergoes phase change during the considered time interval.

The heat to be absorbed by the PCM is:
𝑄𝑃 𝐶 𝑀 = 𝑄𝑖𝑟𝑟 −𝑄sens

bat (6)

The PCM mass can be determined by combining equations (Eqs. (3)–
(6)) as follows:

𝑚𝑃 𝐶 𝑀 =
𝑛𝑅𝑖𝑛𝑡𝐼2𝛥𝑡 − 𝑛𝑚𝑏𝑎𝑡𝐶𝑏𝑎𝑡𝛥𝑇
𝐶𝑃 𝐶 𝑀𝛥𝑇 + 𝑓m𝛥𝐻𝑃 𝐶 𝑀

(7)

For the PCM mass calculations presented in this work, a fully melted
PCM was assumed, i.e. 𝑓m = 1, corresponding to complete utilization
of the latent heat during the specified 2C cycling interval.

2.3. Battery module construction

In this study, commercial 21700 NCA cells were used to con-
struct the battery modules. Detailed specifications provided by the
manufacturer are summarized in Table 2.

Two 3P4S modules (16.8 V, 13.5 Ah) were assembled, as shown
n Fig. 1, with cells interconnected using nickel strips and a 4.0 mm

spacing between adjacent cells, set by a 3D-printed polypropylene
spacer/holder. This spacing ensured electrical insulation between cells
and provided a uniform gap for PCM infiltration while maintaining
a compact module layout. The 3P4S configuration was selected to
achieve a representative voltage and capacity suitable for module-
level thermal evaluation. The modules were housed in polypropylene
enclosures measuring 13 cm × 11 cm × 11 cm. One of the modules was
filled with PCM at a volume sufficient to provide effective thermal
regulation across all cells, as illustrated in Fig. 1(b).

2.4. Measurement system

The 3P4S battery modules, with and without PCM, were evaluated
nder looped cyclic charge–discharge using a Gamry Instruments sys-

tem (Reference 3000 Potentiostat with 30 k booster). The first protocol
mployed CCCV charging and CC discharging between 3.0 and 4.2 V
er cell (5–100% SOC) at 1, 1.5, and 2C rates (BEV protocol), with a
0-min rest between charge and discharge steps. The second protocol
sed CC charging and discharging between 3.45 and 4.05 V per cell
20–80% SOC) at 1.5 and 2C rates for ∼3 h, followed by a 45-min rest
PHEV protocol). A safety temperature limit of 50 ◦C was enforced via
 K-type thermocouple interfaced with the potentiostat. Detailed cyclic
rofiles are listed in Table 3.

Temperatures were measured at multiple locations within the mod-
ule, including ambient, using a HIOKI LR8531 Wireless Universal Unit
and LR8450 Memory HiLogger (Fig. 2(a)), with real-time data display.
Thermal imaging (Optris PI 640i IR, Germany) was used to capture spa-
tial and temporal temperature distributions during cycling at various
C-rates.
 c

4 
Fig. 2(a) illustrates the temperature measurement locations used in
the experiments. The HIOKI LR8531 unit is equipped with ten PT100
RTD sensors, of which T1 to T5 were positioned centrally between
the battery cells to monitor the internal module temperature, inserted
hrough dedicated slots in the polypropylene cell spacer. The RTDs
ere insulated with heat-shrink tubing along their length, except for

the sensing tip, to ensure electrical safety. As the distance of the T1 to
T5 tips was about 5.8 mm from the cell surfaces, they rather measure
the PCM or air temperature between the cells than the actual cell
surface temperature. The maximum temperature difference between
the RTDs and the cell surfaces was analyzed by measuring the single
cell heat generation in an Accelerated Rate Calorimeter (ARC) and by
numerical modeling of heat conduction to an RTD sensor surrounded
by 4 battery cells. The details of the analysis showing maximum tem-
perature difference of 3 ◦C are shown in the ESI. In the PCM module,
the phase change material completely filled the space between the cell
pack and the enclosure and was in direct contact with the cell surfaces.

he readings from the sensors (T1–T5) were averaged to provide a
representative mean battery module temperature, 𝑇bat, as expressed in
Eq. (8); in the analysis, 𝑇bat is therefore used as an indicator of module
emperature and for comparing configurations, rather than as a direct
ell-surface temperature.

𝑇bat =
1
5

5
∑

𝑖=1
𝑇𝑖 (8)

T6 and T7 were placed within the container but outside the battery
module to measure the enclosure temperature. The mean box temper-
ature, 𝑇box, was obtained by averaging these two sensor readings, as
efined in Eq. (9):

𝑇box = 1
2
(𝑇6 + 𝑇7) (9)

The seven RTDs (T1–T7) were positioned up to roughly the upper
third of the battery cells to monitor temperature gradients and peak
temperatures, which typically occur near the cell tops during oper-
tion. The remaining three RTDs (T8–T10) were placed outside the
nclosure to measure ambient conditions. Their readings were averaged
o determine the overall ambient temperature, 𝑇amb as calculated in
q. (10):

𝑇amb = 1
3

10
∑

𝑖=8
𝑇𝑖 (10)

TG is the safety thermocouple (Type K) integrated with the Gamry
3000 potentiostat to monitor and regulate the module temperature,
preventing potential thermal runaway.

During experiments, the working and counter terminals of the 30k
ooster were connected to the battery module’s positive and negative
lectrodes, respectively, while the Gamry Reference 3000 was con-
ected to the same electrodes via its working and counter sense cables.
n IR thermal camera was positioned approximately 40 cm in front
f the module on a tripod to capture thermal images under different
harging conditions. The schematic experimental setup is shown in

Fig. 2(b).

3. Results

3.1. DSC test results of the candidate PCMs

Fig. 3(a) illustrates the melting and solidification behavior of the
fatty acids and commercial paraffins. The onset and peak melting and
solidification temperatures of the fatty acids indicate a clear trend:
onger-chain fatty acids exhibit higher transition temperatures. Super-
ooling effects are also evident, with capric acid showing the highest
nset supercooling, whereas RT35HC paraffin exhibits the lowest. The
ommercial paraffins display melting ranges of 32–38 ◦C for RT35 and
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Fig. 1. Photographs of the battery modules, (a) without PCM, (b) with PCM.
Fig. 2. Schematic configuration of the, (a) Temperature measurement positions, and (b) Experimental setup for the 3P4S LIB module.
Table 3
Cycling protocols for BEV and PHEV use cases.

Parameters BEV 1C/1.5C/2C PHEV 1.5C/2C

Charging current 13.5 A/20.25 A/27 A 20.25 A/27 A
Charging voltage cut-off 16.8 V 16.2 V
Charge current cut-off after CV charge 150 mA N/A
Discharge current −13.5 A/−20.25 A/−27 A −20.25 A/−27 A
Discharge voltage cut-off 12 V 13.8 V
Rest period 30 min between charge/discharge steps 45 min after 3 h of continuous cycling
Number of cycles tested 10/30/20 20
34–36 ◦C for RT35HC, with corresponding solidification ranges of 38–
32 ◦C and 36–34 ◦C, respectively. These measurements are consistent
with Table 1, confirming alignment with datasheet specifications.

The latent heat of fusion (𝛥Hm) and solidification (𝛥Hs) for the
candidate PCMs are shown in Fig. 3(b). As reported in Table 1, the
datasheet values of 𝛥Hm for RT35 and RT35HC are 160 and 240J g−1,
respectively. However, DSC measurements revealed lower values than
those claimed by the supplier, with RT35HC exhibiting a measured heat
storage capacity corresponding to only 78% of the datasheet value.
Accordingly, the PCM mass calculations in this work are based on
5 
these experimentally determined 𝛥𝐻m values (Table 4) rather than the
nominal datasheet value.

Based on the DSC results (Fig. 3), RT35HC and lauric acid are
identified as suitable PCM candidates for BTMS. Despite the 22% reduc-
tion in 𝛥Hm for RT35HC relative to the datasheet, it was selected for
experimental evaluation due to its slightly lower melting temperature
compared to lauric acid, good commercial availability, and practical
heat absorption characteristics. The full DSC curve of RT35HC paraffin,
shown in Fig. 4, exhibits multiple solidification peaks, which is typi-
cal for commercial paraffins composed of alkanes with varying chain
lengths. These multiple peaks contribute to gradual heat release during
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Fig. 3. DSC Test results of the candidate PCMs (a) Melting and solidification points and (b) 𝛥Hm and 𝛥Hs.
Table 4
Input parameters for PCM mass calculation.

Parameter Value Source/Note

Internal resistance (AC) of battery, 𝑅𝑖𝑛𝑡,𝐴𝐶 0.007 Ω Table 2
Internal resistance (DC) of battery, 𝑅𝑖𝑛𝑡,𝐷 𝐶 0.015 Ω Table 2
Internal resistance (Average) of battery, 𝑅𝑖𝑛𝑡,𝑎𝑣𝑒 0.011 Ω Calculated average
Battery capacity, 𝑄el

bat 4.5 A h Table 2
Battery mass, 𝑚𝑏𝑎𝑡 70 g (per cell) Table 2
Specific heat capacity of PCM, 𝐶𝑝𝑐 𝑚 1.83 J g−1 K−1 DSC test result
Specific heat capacity of battery, 𝐶𝑏𝑎𝑡 0.83 J g−1 K−1 [53]
Latent heat of PCM, 𝛥𝐻𝑝𝑐 𝑚 186 J g−1 DSC test result
Temperature rise, 𝛥𝑇 20 K (25–45 ◦C) Assumption
Number of cells, 𝑛 12 Design specification
Time duration, 𝛥𝑡 3 h Based on aggressive PHEV cycle
Table 5
Calculated PCM mass values and PCM heat capacities (heat capacities calcu-
lated using actual PCM mass).

Parameter Value

PCM mass for 𝑅𝑖𝑛𝑡,𝐴𝐶 = 0.007 Ω, 𝑚𝑝𝑐 𝑚,𝐴𝐶 267 g
PCM mass for 𝑅𝑖𝑛𝑡,𝐷 𝐶 = 0.015 Ω, 𝑚𝑝𝑐 𝑚,𝐷 𝐶 645 g
PCM mass for 𝑅𝑖𝑛𝑡,𝑎𝑣𝑒 = 0.011 Ω, 𝑚𝑝𝑐 𝑚,𝑎𝑣𝑒 456 g
Actual PCM mass used, 𝑚𝑝𝑐 𝑚,𝑎𝑐 𝑡 490 g
𝑄sens

bat 3.87 Wh
𝑄sens

PCM 4.98 Wh
𝑄lat

PCM 25.32 Wh

solidification, improving thermal buffering, and maintaining more uni-
form battery temperatures. In this context, the specific heat capacities
of RT35HC paraffin were determined as 1.68 J g−1 K−1 in the solid phase
(𝐶𝑆 ) and 1.98 J g−1 K−1 in the liquid phase (𝐶𝐿). By averaging these two
values, the average specific heat capacity of RT35HC paraffin (𝐶𝑝𝑐 𝑚)
can be obtained as 1.83 J g−1 K−1, which is used in further thermal
calculations.

3.2. Calculated PCM mass from the results of the DSC run

In the PCM sizing calculations based on these parameters, the melt
fraction was taken as 𝑓m = 1, i.e. the full PCM mass was assumed to
undergo melting during the considered 2C cycling period, so that the
entire latent heat capacity contributes to heat absorption.

Using the equations described in Section 2.2, the values relevant for
the PCM mass estimation were calculated as summarized in Table 5.

The module was filled with 𝑚PCM,act = 490 g PCM for this study,
based on the adiabatic heat-balance calculation that neglected con-
vective and radiative heat losses. Compared with the three calculated
estimates, the amount exceeds the requirement for the AC-resistance
scenario, providing a margin of 223 g (+83%), and is slightly above the
6 
average-resistance estimate, with a surplus of 34 g (+7%). However,
it falls short of the conservative DC-resistance case by 155 g (−24%).
Because this adiabatic assumption represents a conservative worst-
case (no heat dissipation to the environment), any convective and
radiative heat losses during operation reduce the net heat that must be
absorbed by the PCM, making the selected 490 g fill sufficient for typical
2C cycling despite the shortfall relative to the DC-resistance-based
estimate.

3.3. BEV battery cycling at various C rates (1, 1.5, and 2C)

Initially, the battery module without PCM was cycled at a 1C rate
for 10 cycles, with 30-min rest periods between each step. As shown in
Fig. 5(b), the temperature profiles stabilized after the second cycle. The
highest battery temperatures (𝑇bat) occurred at the end of the CC charg-
ing phases, reaching 37–38 ◦C. During subsequent CV charging phases,
𝑇bat gradually decreased, reaching approximately 27 ◦C at the end of
each 30-min rest period. The observed temperature difference between
the maximum and minimum values within the module ranged from 9 to
10 ◦C. During CC discharging, 𝑇bat increased again but remained lower
than during charging, in contrast to the typical behavior of NCA cells,
where heat generation during discharge can equal or exceed that during
charging [51]. After each CC discharging phase, 𝑇bat ranged between
33 and 35 ◦C, with an average peak difference of 4–5 ◦C between the
ends of the CC charging and discharging phases. Temperature inside the
polypropylene container (𝑇box) fluctuated between 30 and 31 ◦C during
CC charging and 27–28 ◦C during CC discharging. Throughout the
cycling test, the ambient temperature (𝑇amb) remained stable between
19.5 and 20.5 ◦C.

For the module with PCM (Fig. 5(d)), 𝑇amb initially increased to
27.5 ◦C after the second cycle due to laboratory air-conditioning issues,
which influenced 𝑇bat, causing it to rise to approximately 34 ◦C. Once
the ambient temperature stabilized, around 15 h later, 𝑇 reached
bat
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Fig. 4. DSC plot of RT35HC paraffin.

∼32.2 ◦C at the end of CC charging and 31 ◦C at the end of discharg-
ing. The temperature difference between the maximum and minimum
values within the module was significantly smaller than that of the non-
PCM module, ranging only from 4.0 to 4.4 ◦C, with a 1.5 ◦C difference
between the charging and discharging peaks. Since 𝑇bat remained below
the PCM melting point, these variations are primarily attributed to
the sensible heat stored in the solid PCM (𝑄sens

PCM). The inclusion of
PCM increased the module’s sensible heat storage capacity by 4.98 Wh
(Table 5), which is approximately 1.3 times the heat absorbed by the
battery cells, accounting for the observed reduction in temperature
fluctuations.

Subsequently the battery module without PCM was cycled at a 1.5C
rate for 30 cycles, as shown in Figs. 6(a) and 6(b). During the test, 𝑇amb
stabilized around 20 ◦C after the second cycle. At the end of the CC
charging phases, the 𝑇bat reached approximately 45 ◦C, while at the end
of the CC discharging phases, it averaged around 40.5 ◦C. The minimum
temperature at the end of the rest periods ranged from 32 to 33 ◦C. The
overall temperature swing between the maximum and minimum values
of the module ranged from 12 to 13 ◦C.

In the same test, after the 20th cycle (approximately 45 h later),
𝑇amb unexpectedly increased to 23–26 ◦C, causing 𝑇bat to exceed 47 ◦C
(Fig. 6(b)). This triggered the potentiostat’s safety sensor (TG), halting
charging and preventing the initiation of the CV charging phase. After a
30-min rest period, during which the battery cooled, cycling resumed;
however, the CV charging phase was never initiated, as the battery
consistently reached the temperature limit immediately following each
CC charging phase. Notably, a discrepancy was observed in the poten-
tiostat’s temperature control, as the safety sensor activated at 47 ◦C,
below the programmed set point of 50 ◦C. This discrepancy is attributed
to the use of different sensor types: More accurate PT100 RTDs were
employed for module temperature measurements (𝑇bat), whereas the
Gamry safety sensor TG is a K-type thermocouple with a different
accuracy and calibration, leading to an earlier cut-off than the nominal
set point.

When the PCM-filled module underwent the same cycling test (30
cycles, at 1.5C rate), the maximum 𝑇bat was approximately 35 ◦C at the
end of the CC charging phase and slightly above 34 ◦C after the CC
discharging phase (Fig. 6(d)). The temperature difference between the
peaks of the charge and discharge phases was less than 1 ◦C. It took
roughly 9 h, or three cycles, for 𝑇bat to stabilize at the maximum value.
This minimal variation indicates that the PCM effectively maintained
nearly constant temperatures throughout charging and discharging,
demonstrating its efficiency in mitigating thermal fluctuations within
7 
the module. The minimum 𝑇bat at the end of the rest period ranged
from 32 to 33 ◦C, and the overall temperature difference between the
maximum and minimum module temperatures was only 2–3 ◦C. As 𝑇box
remained below the PCM melting point, the PCM located between and
immediately around the cells was sufficient to regulate the temperature,
while the additional PCM in the box remained solid. This shows that
the PCM thermal management is very efficient around its melting point,
and the heat conductivity of the PCM is sufficient at moderate charging
rates.

Since the battery module without PCM reached a peak temperature
of 47 ◦C at the 1.5C rate, it was deemed unsafe to test higher charge and
discharge rates under the same conditions. In contrast, the PCM-filled
module exhibited significantly improved thermal performance, with a
maximum temperature of only ∼35 ◦C at 1.5C. Consequently, the 2C
cycling test was conducted solely on the PCM module to evaluate its
thermal behavior under higher charge rates, performed over 20 cycles
as shown in Fig. 7.

At 2C rate, the PCM-filled battery module reached a peak tempera-
ture of approximately 42 ◦C at the end of each CC charging phase and
∼41 ◦C at the end of each CC discharging phase. The minimum 𝑇bat at
the end of rest periods averaged 34 ◦C, resulting in a temperature vari-
ation of 7–8 ◦C. During the 20-cycle test (Fig. 7(b)), 𝑇bat exceeded the
PCM’s melting range (31–35 ◦C), reducing its heat-regulating effective-
ness and leading to a wider temperature swing of 7 ◦C. It took roughly
7 h, or three cycles, for 𝑇bat to stabilize, while 𝑇box required nearly
11 h to reach 35 ◦C, reflecting the time needed for the melting front to
propagate to the RTDs. At the end of the rest periods, temperatures re-
mained above the lower limit of the PCM melting range, indicating only
partial solidification and limiting the PCM’s heat absorption capacity.
This diminished thermal control at higher charge/discharge rates may
adversely affect battery performance and lifespan.

3.3.1. IR thermal images of the battery modules in different conditions
IR thermal images were captured at the end of the CC charging

phase, when the battery module reached its peak temperature, under
various cycling conditions. The boxed area in each image highlights the
region occupied by the batteries within the plastic enclosure, where the
highest temperatures were consistently observed in the central region,
as identified using the Optris PIX Connect software. This region is
critical for assessing thermal behavior and understanding temperature
distribution patterns influenced by the presence or absence of PCM.
While the RTDs were positioned at the top of the module, the thermal
images provided a more comprehensive view of the temperature profile
across the entire module.

Figs. 8(a) and 8(b) show the thermal images from the 1C cycling
tests, with maximum temperatures of 40.1 ◦C without PCM and 34.2 ◦C
with PCM. In both cases, the temperature difference between the
middle and the top or bottom of the battery pack ranged from 2.0 to
2.5 ◦C. In the absence of PCM, the hotspot was located near the top of
the module, reflecting a vertical heat gradient likely driven by upward
convective heat flow and limited thermal regulation. In contrast, the
presence of PCM redistributed heat more uniformly, shifting the hotspot
toward the vertical center of the pack and indicating improved thermal
homogenization.

Figs. 8(c) and 8(d) present thermal images from the 1.5C cycling
tests. The maximum temperature reached 43.9 ◦C without PCM and
35.3 ◦C with PCM, with temperature variations between the middle
and top or bottom again ranging from 2.0 to 2.5 ◦C. Similar to the 1C
results, the hotspot was at the top of the module in the absence of PCM,
whereas the PCM-filled module exhibited a more centralized thermal
peak, demonstrating that PCM not only lowers the overall temperature
rise but also mitigates vertical thermal gradients.

Fig. 8(e) shows the IR thermal image from the 2C cycling test at the
end of the CC charging phase for the PCM-filled module. The maximum
module temperature reached 43.8 ◦C. Despite the higher current rate,
the thermal image still displayed a centralized hotspot, underscoring
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Fig. 5. Electrical and thermal profiles during 1C charge–discharge. (a) Current vs. module voltage without PCM. (b) Current vs. temperatures without PCM. (c)
Current vs. module voltage with PCM. (d) Current vs. temperatures with PCM.
the PCM’s effectiveness in absorbing and redistributing heat even under
elevated thermal loads.

Overall, the IR images complement the RTD measurements by re-
vealing spatial temperature distributions and hotspot locations under
different cycling conditions. However, because the IR camera views
the module through the transparent plastic enclosure, the measured
values represent the apparent temperature of the enclosure surface
rather than the true battery cell temperature. As a result, the absolute
IR temperatures may deviate from actual cell surface temperatures, and
the IR data are used primarily in a qualitative manner to assess relative
temperature patterns and hotspots, while the RTD measurements serve
as the quantitative reference for the module temperature.

3.3.2. Temperature differences inside the modules and between the batteries
and the ambient

In this section, we analyze the difference between the maximum
battery temperature and the ambient temperature for modules with
and without PCM to evaluate the effectiveness of PCM in thermal
management. As described earlier, five RTDs (T1–T5) were positioned
inside the battery module, with T4 centrally located in the lower row
of cells (Fig. 2(a)), where heat accumulation is highest. Accordingly,
T4 was used to represent the maximum PCM or Air temperature. In
contrast, T5 consistently recorded the lowest temperature throughout
the tests. The average temperature difference between T4 and T5 ranged
from 0.9 to 1.8 ◦C across different cycling protocols, indicating a gen-
erally homogeneous temperature distribution within the module, as
illustrated in Fig. 9(a).

Fig. 9(b) presents the temperature difference relative to ambient
during the 1C cycling tests. According to the heat-transfer analysis pre-
sented in the ESI, the PCM temperature at the 𝑇bat RTD locations stays
at most 1.5 ◦C lower than the corresponding cell surface temperature
8 
during the 1C test. After the CC charging phase, the temperature differ-
ence stabilized at just over 13 ◦C for the PCM-filled module, compared
to nearly 19 ◦C for the module without PCM, reflecting a 6 ◦C reduc-
tion attributable to PCM integration. Moreover, the temperature swing
decreased from 9 ◦C (without PCM) to 5 ◦C (with PCM), demonstrating
improved thermal uniformity and a lower average battery temperature
when PCM was employed.

Fig. 9(c) presents the corresponding temperature profiles for the
1.5C cycling rate. The average temperature difference between the
maximum battery temperature and the ambient stabilized at 17 ◦C
for the PCM-filled module, compared to approximately 26 ◦C for the
module without PCM, representing a substantial 9 ◦C reduction. The
temperature swing was also significantly reduced, from 11 ◦C without
PCM to 5 ◦C with PCM, confirming enhanced thermal stability within
the PCM’s melting range of 31–35 ◦C.

Since the 2C test was conducted only on the PCM-filled module,
Fig. 9(d) presents the corresponding temperature difference exclusively
for this configuration. The average temperature difference between the
maximum battery temperature and ambient was approximately 23 ◦C,
which is still lower than the 26 ◦C observed for the non-PCM module
at 1.5C. During the 2C test, the PCM temperature at the 𝑇bat RTD
locations remains less than 3 ◦C below the corresponding cell surface
temperature (see ESI for details). These results indicate that while the
PCM continued to contribute to thermal regulation, its effectiveness
was reduced at higher charge rates as temperatures exceeded the PCM’s
optimal melting range.

3.4. PHEV battery cycling at various C rates (1.5, and 2C)

Fig. 10 depicts the results of the 20-cycle tests for the battery mod-
ules with and without PCM at a 1.5C rate. Both experiments followed an
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Fig. 6. Electrical and thermal profiles during 1.5C charge–discharge. (a) Current vs. module voltage without PCM. (b) Current vs. temperatures without PCM.
(c) Current vs. module voltage with PCM. (d) Current vs. temperatures with PCM.
Fig. 7. Electrical and thermal profiles during 2C charge–discharge. (a) Current vs. module voltage with PCM. (b) Current vs. temperatures with PCM.
identical cycling profile, consisting of six consecutive charge–discharge
cycles followed by a 45-min rest period. Each set of six cycles required
approximately 3 h, resulting in a total test duration of roughly 76–77 h.

For the module without PCM, 𝑇bat peaked at ∼47.5 ◦C (Fig. 10(a)),
whereas the PCM-filled module exhibited a lower peak of 38.5 ◦C
(Fig. 10(b)). The maximum temperature recorded by T4 was 48.1 ◦C
in the non-PCM module and 39.1 ◦C in the PCM module. The enclosure
temperature (𝑇box) reached 36 ◦C without PCM and 36.7 ◦C with PCM.
In the PCM module, it took nearly 15 h, or three cycles, for both 𝑇bat
and 𝑇box to stabilize.

In both configurations, the temperature increased incrementally af-
ter each charge–discharge cycle, producing six distinct peaks. However,
the maximum temperature difference between the battery and ambient
9 
was higher in the non-PCM module, reaching 27.0 ◦C, compared to
19.8 ◦C in the PCM module. Notably, the PCM’s melting front gradually
propagated from the material surrounding the cells toward the outer
regions of the module enclosure, indicating progressive utilization of
the PCM’s latent heat capacity.

The 2C cycling test was conducted only for the PCM-filled module
(Fig. 11), as the peak temperature of the 1.5C test without PCM
reached 48.1 ◦C. The cycling protocol consisted of eight consecutive
charge–discharge cycles followed by a 45-min rest period. Each set
of eight cycles required approximately 2 h and 42 min, resulting in
a total test duration of ∼69 h. During the experiment, 𝑇bat peaked
at ∼45.4 ◦C, while T4 recorded a maximum of 46.3 ◦C. 𝑇box reached
a maximum of 42.7 ◦C. It took nearly 25 h, or six cycles, for both
𝑇 and 𝑇 to stabilize. Following each charge–discharge cycle, the
bat box
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Fig. 8. IR Thermal Image of the battery module at the end of CC charging (a) at 1C rate without PCM. (b) at 1C rate with PCM. (c) at 1.5C rate without PCM.
(d) at 1.5C rate with PCM. (e) at 2C rate with PCM.
𝑇bat increased incrementally, producing eight distinct peaks over the
entire experiment. The temperature difference between the maximum
battery temperature and ambient fluctuated, reaching a maximum of
26.9 ◦C, almost identical to the non-PCM module at 1.5C. Fig. 12 shows
the melted PCM after the test, indicating that the temperature was
sufficient to induce near-complete solid to liquid transition.

4. Discussion

The results demonstrate the performance of paraffin wax PCM in
passive thermal management of a Li-ion battery module comprising 12
high-power cylindrical NCA cells over 100 charge–discharge cycles, a
level of prolonged module cycling not previously reported. Various C-
rates from 1C to 2C and two distinct load profiles were employed, and
the results were compared with a similar module without PCM.

These findings confirm that the selection of an appropriate PCM
melting point is a key design criterion for effective thermal man-
agement. In the 1C experiment, the module temperature with PCM
10 
remained below the PCM’s melting point. The lower module temper-
ature (32 vs. 38 ◦C) can be attributed to the sensible heat of the solid
PCM, which more than doubles the effective heat capacity of the battery
cells compared to the module without PCM (Table 5). The effectiveness
of the PCM’s latent heat was first observed at 1.5C, where the non-PCM
module reached temperatures near the 50 ◦C safety cut-off. The PCM
module reached the melting point, with peak temperatures fluctuating
within a narrow interval around this value. At 2C, operation of the
non-PCM module was unsafe, while the PCM module experienced near-
complete melting of the PCM, resulting in a larger temperature swing
above the melting point. Nevertheless, PCM effectively delayed tem-
perature rise, keeping the peak module temperature below 46 ◦C even
under aggressive PHEV cycling conditions. Testing at higher C-rates
was limited by the potentiostat and booster. The remaining solid PCM
(Fig. 12) suggests that improving thermal conductivity could further
exploit the full cooling potential of the PCM.

Temperature differences in the air gaps between battery cells re-
mained around 2 ◦C and were slightly lower in the PCM filled gaps.
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Fig. 9. (a) Difference between the maximum and minimum temperature within the module with and without PCM for 1.5C rate test. Temperature difference of
the module’s maximum and ambient temperatures with and without PCM (b) at 1C rate. (c) at 1.5C rate. (d) at 2C rate.
Fig. 10. Temperature profile for the 20-cycle test at 1.5C rate, (a) without PCM and (b) with PCM.
Based on the ARC measurements and numerical modeling shown in the
ESI, the cells surface temperature is estimated to be maximum 1.5 and
3 ◦C above the measured PCM temperature at 1C, and 2C, respectively.
Direct measurement of the cell surface temperature is recommended
for any further work. IR images (Fig. 8) indicate a vertical temperature
gradient in the non-PCM module, which was partially mitigated in
the PCM module; the IR thermography is therefore used to identify
major non-uniformities, although small internal hotspots cannot be
fully excluded. These results suggest that PCM reduces peak module
temperatures and improves thermal uniformity, potentially enhancing
battery life and reducing the need for cell balancing.
11 
The heat capacity calculations in Table 5 provide a straightforward
method for estimating the PCM quantity required for operation at a
given C-rate. For the present module, a PCM mass of 490 g was selected
by matching the heat that can be absorbed through the measured latent
heat 𝛥𝐻m of RT35HC to the estimated irreversible heat generation at
a 2C discharge under an adiabatic (no convective or radiative losses)
assumption, rather than through a formal multi-objective optimization.
This sizing leads to a PCM-to-battery mass ratio that reduces the
gravimetric energy density of the module from 231 W h k g−1 (without
PCM) to 146 W h k g−1 (with PCM), which remains competitive with
liquid-cooled systems in small-scale applications. However, reversible
heat generation in other Li-ion chemistries introduces uncertainties in
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Fig. 11. Temperature profile for the 20-cycle test at 2C rate with PCM module.
Fig. 12. Molten PCM inside the battery box after the 2C cycling experiment.

predicting actual cooling requirements [51]. Thermal characterization
of single cells before module design is recommended to improve the
design and estimate the actual PCM need more accurately.

Differences in PCM temperature between cells and at the module
edges reflect the propagation of the melting front. These results indi-
cate that the PCM’s thermal conductivity is sufficient for intermediate
cycling rates, but enhancement would be beneficial at cycling rates
above 1.5C. A numerical electrochemical–thermal model would en-
able more detailed thermal analysis [54], although developing such a
model requires in-depth knowledge of single-cell behavior and internal
12 
structure, which is beyond the scope of this study. Additionally, our
modules exhibited lower heat generation during discharge than during
charge, contrary to previous reports for NCA cells [51,54]. The ARC
measurement shown in the ESI confirms lower average heat generation
of a single cell during discharge than during charge. These results
deserve more detailed analysis in the future.

DSC measurements revealed that the heat of fusion for commercial
paraffin wax is considerably lower than the datasheet value, emphasiz-
ing the importance of verifying the performance of PCM prior to appli-
cation and implementing rigorous quality control to ensure long-term
reliability.

Lauric acid (LA) could serve as an alternative PCM, exhibiting
slightly higher heat of fusion (193 J g−1) and significantly higher melt-
ing point (43 ◦C) compared to RT35HC paraffin. However, industrial-
grade fatty acids often contain impurities that reduce heat of fusion
and may alter the melting point. The lower melting point of RT35HC
is advantageous for battery durability under moderate charging rates,
whereas a higher melting point could enhance thermal protection under
high-rate charging above 2C.

Nonetheless, addressing the potential safety risks associated with
PCM use in commercial applications is critical. Organic PCMs, including
paraffin-based materials and fatty acids, are inherently flammable and
may exacerbate thermal runaway in the event of system failure. Future
research should focus on incorporating flame-retardant additives or de-
veloping non-flammable PCM alternatives that maintain high thermal
storage capacity and stability. In addition, optimizing packaging de-
sign to efficiently contain phase transitions and prevent leakage could
further enhance the safety and practical applicability of PCM-based
battery thermal management systems.

5. Conclusion

This study demonstrates the effectiveness of passive thermal man-
agement of a small Li-ion battery module using commercial paraffin
wax PCM without additives. Comparison with a similar module without
PCM shows that at low C-rate (1C), the sensible heat of the PCM is
sufficient to limit the temperature rise of the battery. At intermediate
C-rate (1.5C), where the module reaches the melting point of the PCM,
the battery exhibits a reduced temperature swing, as the phase change
process moderates both heating and cooling rates. At high C-rate (2C),
nearly the full latent heat capacity of the PCM is exploited, and al-
though the temperature continues to rise, the PCM significantly delays
this increase. In the present study, the module without PCM could be
safely operated only up to 1.5C, whereas the PCM-filled module could
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be operated safely up to 2C. The study further underlines that the
attery temperature should be measured directly at the cell surfaces
ue to the poor heat conductivity of the organic PCM materials, and
onductive additives are recommended for high charge and discharge
ates above 1.5C.

A simple heat balance calculation, assuming negligible heat loss
o the ambient, was successfully employed to estimate the required

amount of PCM. However, neglecting reversible heating effects may not
be appropriate for other Li-ion chemistries beyond NCA. To gain a more
detailed understanding of module-level thermal performance, develop-
ment of a numerical electrochemical–thermal model for individual cells
within modules would be necessary. The results provide new insights
into the design of passive BTMS for small scale NRMM, and can be used
or verification of more complex design tools.
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