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Portable Energy Storage (PES) units play a vital role in delivering reliable and sustainable energy solutions,
particularly in regions with limited grid access or challenging environmental conditions that require special
Ingress Protection (IP) considerations, such as air and watertight designs without vents. Thermal management is
a critical challenge for such PES units, especially for key components such as inverters and battery packages,
which are prone to overheating. This study explores the integration of heat pipe-based cooling systems with

heatsinks as an effective thermal management solution. A 1-kW PES was designed, developed and assessed as a
case study under varying ambient temperatures and operational scenarios. Both free and forced convection
cooling methods were evaluated through experiments and validated simulations. Results show that under free
convection at an ambient temperature of 23 °C, Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFETSs)
remained below 70 °C, while Lithium-ion Batteries (LIBs) stabilized at 60 °C. Forced convection with 1.4 W fans
significantly improved cooling efficiency, reducing temperatures by 25-45 %, depending on ambient conditions.
At 23 °C, a 33 % temperature reduction was observed in both MOSFETs and LIBs. At an ambient temperature of
50 °C, MOSFETs were maintained at 70 °C, and LIBs remained below 60 °C for ambient temperatures up to 45 °C.
These findings confirm that heat pipe cooling systems, combined with forced convection, offer an effective
thermal management solution for compact, air and watertight PES applications.

1. Introduction

The increasing use of electronic devices and the shift towards sus-
tainable energy systems have led to a growing need for Portable Energy
Storage (PES) units that can function reliably across various environ-
mental conditions. PES units, especially those using solid-state batteries,
present an efficient and sustainable energy solution, particularly for
regions with limited or no access to the grid. However, maintaining
thermal stability in high-temperature and dusty environments presents
significant challenges for these systems [1,2]. Additionally, the use of
watertight enclosures can further enhance the applicability of PES units
in high-moisture, rainy conditions, or sea-based applications, ensuring
reliable operation in demanding environments.

* Corresponding authors.

1.1. Portable Energy Storage (PES) systems

A PES system typically consists of several key components, including
solid-state batteries, power inverters, and cooling systems. These units
are especially critical in areas with limited grid access, providing off-grid
energy through renewable sources like solar photovoltaics. Yet, high-
energy-density batteries, such as lithium-ion batteries (LIBs), tend to
generate considerable heat during operation, especially in high-power
scenarios [3-5]. This overheating can negatively affect battery perfor-
mance, shorten their lifespan, and, in more extreme cases, lead to safety
concerns such as thermal runaway [6]. To mitigate these risks, efficient
cooling systems are essential to maintain the optimal operating tem-
perature, which for LIBs is typically between 25 °C and 50 °C, princi-
pally when used in airtight designs [7].

Thermal management in PES units is further complicated by the

E-mail addresses: a.eslamimajd@ljmu.ac.uk (A. E. Majd), c.e.obazee@wlv.ac.uk (C.E. Obazee), d.adebayo@aston.ac.uk (D.S. Adebayo), Armrah@guilan.ac.ir
(A. R. Darvazi), n.n.ekere@ljmu.ac.uk (N.N. Ekere), f.tchuenbou-magaia@wlv.ac.uk (F. Tchuenbou-Magaia), j.wang@ljmu.ac.uk (J. Wang).

https://doi.org/10.1016/j.est.2025.119844

Received 7 April 2025; Received in revised form 21 October 2025; Accepted 10 December 2025

Available online 13 December 2025

2352-152X/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:a.eslamimajd@ljmu.ac.uk
mailto:c.e.obazee@wlv.ac.uk
mailto:d.adebayo@aston.ac.uk
mailto:Armrah@guilan.ac.ir
mailto:n.n.ekere@ljmu.ac.uk
mailto:f.tchuenbou-magaia@wlv.ac.uk
mailto:j.wang@ljmu.ac.uk
www.sciencedirect.com/science/journal/2352152X
https://www.elsevier.com/locate/est
https://doi.org/10.1016/j.est.2025.119844
https://doi.org/10.1016/j.est.2025.119844
http://crossmark.crossref.org/dialog/?doi=10.1016/j.est.2025.119844&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. E. Majd et al.

Journal of Energy Storage 144 (2026) 119844

Nomenclature T Dynamic viscosity
Ko Effective thermal conductivity of heat pipe
Acronyms Q Heat flow rate
AC Alternating Current h Heat transfer coefficient
DC Direct Current H Height
HP Heat Pipe v Kinematic viscosity
LIB Lithium-Ion Battery m Mass
DC Direct Current N, Nusselt number
P Ingress Protection R, Rayleigh number
MOSFET Metal-Oxide-Semiconductor Field-Effect Transistor Cp Specific heat at constant pressure
PES Portable Energy Storage T, Surface temperature
PCB Printed Circuit Board T Temperature
AT Temperature difference
Symbols . . K, TC Thermal conductivity
g Acceleration due to gravity t Time
T Ambient temperature v Volume
L Characteristic length w Width
A Cross-sectional area
demand for compact, lightweight designs factors that are particularly [10].

important when space and weight are at a premium [8]. The inclusion of
high-power components such as DC-to-AC inverters alongside solid-state
batteries creates a significant heat load within the system. For instance,
around 10 % of the power in conventional inverters is typically lost as
heat, adding complexity to the thermal design [9]. Moreover, traditional
active cooling methods like fans and vents are unsuitable for airtight PES
units, especially in dusty environments where these systems become
impractical or unreliable.

1.2. Heat pipe technology

Heat pipes have emerged as an effective solution for passive heat
transfer, utilizing the phase change of a working fluid to move heat from
a hot area (the evaporator) to a cooler one (the condenser). Commonly
used in electronic cooling systems, heat pipes offer excellent thermal
conductivity (TC), are lightweight, and operate without requiring
external power [10]. The process involves the working fluid evaporating
at the heat source, condensing at the cooler end, and then returning to
the evaporator through capillary action in a wick structure [11].

The performance of heat pipes is influenced by several factors,
including the type of working fluid, the heat pipe configuration, and the
design of the wick structure. Water is often the fluid of choice due to its
high TC and broad operating range, although other fluids such as
acetone and methanol may be used depending on the specific applica-
tion [12]. Various designs of heat pipes have shown great potential for
use in high-power applications. For example, conventional heat pipes
with wick structures can successfully dissipated up to 400 W of heat in
lithium-ion battery modules [13]. Additionally, heat pipes are especially
well-suited to high-temperature environments and compact systems,
making them ideal for power electronic applications, including LIBs
[8,14]. In addition to PES units, such cooling solutions are also suitable
for other high-power electronic device such as Light Emitting Diodes
(LEDs), especially in remote or off-grid environments where renewable
energy sources like solar PV play a key role in sustaining energy de-
mands [15,16].

Heat pipes not only provide high TC but also eliminate the need for
active cooling components. Their ability to maintain performance in
dusty, high-temperature conditions enhances the reliability of PES units
in harsh environments, such as those found in North Africa [17]. The
compactness and lightweight nature of heat pipes, combined with their
thermal resistance ranging from as low as 0.04 °C/W to a moderate
0.85 °C/W, highlight their suitability for integration into PES units,
where space constraints and power efficiency are critical considerations

1.3. Original contribution

This study, is built upon the existing concept by simulating a heat
pipe-based passive cooling system for air and watertight PES packages,
validated through experimental data from a case study. The objective is
to optimize the design for enhanced cooling efficiency and long-term
reliability, aligning with IP (Ingress Protection) standards. The design
specifically targets ratings, such as IP65 (protection against dust and
water jets) and IP67 (protection against dust and temporary submersion
in water) to ensure robust performance in challenging environments,
including high temperatures, dusty conditions, high moisture levels,
heavy rainy weather, and sea-based applications. These IP65/IP67-rated
PES designs effectively address challenges across a wide range of ap-
plications, such as marine environments, where water ingress is a
concern, and scenarios requiring protection from dust, debris, and
extreme weather conditions, including residential, commercial, and in-
dustrial use cases.

2. Experiment

The experimental setup utilized a heater (a wound wire resistor made
of copper) powered by a DC power supply. Prior to the main test, the
resistor was individually used and powered with 12.5 W. This value was
determined through multiple trials to maintain the surface temperature
near 100 °C, a conservative threshold based on literature findings which
indicate that while power MOSFETs can operate at junction tempera-
tures up to around 200 °C [18,19], thermal behaviour begins to shift
significantly and reliability concerns arise around 100 °C, particularly
regarding gate oxide degradation and long-term device performance
[19].

A flat aluminium heat pipe (MHP-2550A300A, manufactured by
AMEC THERMA-SOL), with dimension of 300 mm in length, 50 mm in
width, and 2.5 mm in thickness, and with a grooved wick structure and
acetone as the working fluid [20] was used in the experimental setup.
One end of the heat pipe was connected to a resistor (serving as the heat
source), while the opposite end was attached to an aluminium heatsink,
functioning as the condenser. To ensure efficient thermal transfer, all
adjacent components were bonded using a high-conductive thermal
adhesive pad, which provided seamless contact, and an effective thermal
pathway between the interfaced components. The room temperature
during the experiment was maintained at approximately 23 °C, and
temperature readings were recorded at 2-minute intervals over a stable
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temperature up to 60 min of operation using both digital thermometers
and a thermal camera, Testo 883, made by Testo [21]. The camera’s
internal shutter provides automatic self-calibration, and its readings
were cross-checked with thermometers for accuracy. Table 1 outlines
the key specifications and technical details of the items employed for the
testing.

2.1. Test design

Two types of experiments were conducted to evaluate the cooling
performance under free convection (Test 1) and forced convection (Test
2) conditions. For forced convection tests, a 12 V, 1.4 W cooling fan
(dimensions: 40 mm x 40 mm x 20 mm, airflow capacity: 7.85 CFM)
was used as an auxiliary cooling system attached to the heatsink.

The configuration labels follow a naming convention where the letter
and first number (e.g., Al, B2, C1) represent the physical structure and
pipe orientation, and the second number indicates the type of cooling
condition applied: ‘1’ denotes free convection, and ‘2’ denotes forced
convection using the cooling fan. Tests 1 and 2 were carried out for the
following three configurations:

e Configuration Al-2: Heat pipe without a bend and without an
enclosure.

e Configuration B2-2: Heat pipe with a 90-degree bend and without an
enclosure.

e Configuration C1-2: Heat pipe with a 90-degree bend placed inside
an aluminium enclosure with dimensions of 100 mm (width) x 220
mm (height) x 250 mm (length) and a thickness of 0.5 mm

Fig. 1 shows the experimental configurations for tests A2, B2, and C2,
representing the forced convection tests with the fan installed. For free
convection tests (tests A1, B1, and C1), the setups were identical to those
shown in Fig. 1, except that the fan was removed from the heatsink. The
1 index in the test name (e.g., Al) refers to free convection conditions,
while the 2 index (e.g., A2) refers to forced convection conditions.

2.2. Heat pipe thermal conductivity
The effective thermal conductivity (Kes) of the heat pipe was
determined using Eq. (1) [22].

Q-Lest
A-AT

Kefr = (€9)
where Q is the heat load in watts, A is the cross-sectional area of the heat
pipe (0.000125 m?), AT is the temperature difference between the
evaporator and condenser sections in degree Celsius, and Leg is the
effective length in metre, and is expressed by Eq. (2).

Table 1
The main specification and physical dimensions of the components used in the
experiments.

Item Dimensions (mm) and
material

Technical specifications

L, H, W: 75, 15, 100 Surface: black anodised.

Heatsink 1]\3/[1;1;::5 k:fus :[1;:11‘[1 (AD. Thermal resistance: 3.4-1.9 °C/W.
Thickness: 2.5 Wick structure: Groove
Heat pipe L, W: 300, 50 Working fluid: Acetone
Weight: 61 g Operating inclination: 0-90°
Material: Al 1070. Thermal resistance: < 0.2 °C/W
Resistor L, H, W: 65, 47, 24.1 Resistance: 33 Q.
Material: Copper Power rating: 100 W.
Thermal Thickness: 0.25 'félermal conductivity: 0.95 W/m.
pad :

Material: Acrylic, Fibreglass. Thermal impedance: 1.8 °C/W.

Note: L = Length (mm); H = Height (mm); W = Width (mm).
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Leff = + Ladc (2)

Levp + Lcod
2
where Leyp, Leod; and Lgge represent the length of the evaporation,
condensation and adiabatic sections of the heat pipe, respectively. The
lengths of the different sections of the heat pipe were defined based on
the test configuration. Leyp, which is the portion of the heat pipe inter-
faced with the heater, measured to be 65 mm. L.yq, interfaced with the
heatsink, had a length of 75 mm. L,4., which spans the heater and
heatsink, measured to be 160 mm. Using these values and applying Eq.

(2), Legs was calculated to be 230 mm.

To ensure consistency in temperature measurements, readings were
taken after 10 and 20 min of operation for each configuration (Tests
A1-C2) under both free and forced convection conditions. The tem-
perature difference (AT) between the evaporator and condenser sections
was recorded for each case, as detailed in Table 2. The average AT across
all six tests was 9.1 °C, with a deviation of less than 3 %. This average
value was then applied to Eq. (1), along with a heat load (Q) of 12.5 W
and a heat pipe cross-sectional area of 0.000125 m?, yielding an effec-
tive thermal conductivity (Keg) of 2537 Wm~1K~! for the flat heat pipe.

2.3. Test results

Fig. 2 presents the temperature distribution captured from the tests
using thermal camera after 20 min of operation at stable conditions. The
experimental results showed that the maximum temperatures in the
resistor for Test Al and Test B1 were 57.0 °C and 56.3 °C, respectively,
while for Test A2 and Test B2, they were 43.5 °C and 42.9 °C, respec-
tively. These results indicate that the 90-degree bend in the heat pipe did
not significantly affect its thermal performance, as both configurations
effectively transferred heat from the resistor to the heatsink. The results
from Test C1 and Test C2 (captured immediately after removing the
enclosure’s lid) show that the maximum resistor temperatures were
73.7 °C and 55.3 °C, respectively. During Test C2, the temperature was
continuously monitored using a digital temperature probe to confirm
when the system reached a stable temperature before capturing the
thermal image.

Table 2 summarizes the recorded temperatures at the resistor (heat
source) for all six test configurations. It also presents the corresponding
temperatures at the evaporator and condenser sections, along with the
calculated temperature differences (AT), which were used to determine
the effective thermal conductivity of the heat pipe in Section 2.2.

To assess the reliability of the experimental results, an error analysis
was conducted. The thermocouples used had an accuracy of +1 °C (as
specified by the manufacturer), and the data acquisition system had a
resolution of 0.1 °C. Sensor positioning was carefully maintained across
all tests to minimise deviation, and insulation was used to prevent
ambient thermal interference. Each configuration was tested twice, with
temperature measurements recorded consistently. The maximum vari-
ation in results across repeated tests was within +3 %, showing the
overall uncertainty in the experimental temperature.

A comparison between Test B1 (without enclosure) and Test C1 (with
enclosure) indicates that placing the resistor and heat pipe inside the
enclosure caused approximately a 30.9 % increase in the resistor tem-
perature, attributed to the elimination of natural convection between
the heat pipe and the ambient air. Additionally, a comparison of the
maximum resistor temperatures between the free convection tests (Al,
B1, and C1) and the forced convection tests (A2, B2, and C2) shows that
the introduction of the cooling fan reduced the maximum temperatures
by approximately 24 % across each test pair.

3. Simulation

The transient state thermal temperature simulations using Ansys
2024 were conducted and configured according to the experimental
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s

(a) Test A2

(b) Test B2

100 mm

250 mm

220 mm

(c) Test C2. Left: side view. Right: front view

Fig. 1. Experimental configurations for Tests A2 and B2 (without enclosure) and Test C2 (with enclosure), displaying side and front views of the setup (showing

tested enclosure’s dimensions).

Table 2

Experimental temperature measurements and test specification for each configuration showing temperatures at the resistor, evaporator, and condenser sections of the
heat pipe, along with the calculated temperature difference between evaporator, and condenser sections (AT).

Test Configuration description Enclosure Cooling method Resistor Temp. (°C) Evaporator Temp.(°C) Condenser Temp. (°C) AT (Evap. — Cond.) (°C)

Al Straight HP No Free 57

A2 Straight HP No Forced 43.5
Bl 90° Bent HP No Free 56.3
B2 90° Bent HP No Forced 42.9
C1 90° Bent HP Yes Free 73.7
Cc2 90° Bent HP Yes Forced 55.3

50.2 41 9.2
34.9 26.1 8.8
46.3 37 9.3
34.2 25 9.2
62.1 53 9.1
45.3 36.5 8.8

setup, accounting for both cases: with and without the aluminium
enclosure. The ambient and initial temperature was set at 23 °C and
applied uniformly across the system. Heat flow transfer in the system
was set to 12.5 W to maintain consistent testing conditions, as

established in the experimental setup. For heat generation, the core
cylindrical section, with dimensions of 11 mm in diameter and 65 mm in
length, within the copper resistor was specified as the heat source with a
heat generation rate of 2.02 x 10 Wm 3. Table 3 provides a summary of
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Under Free Convection

Under Forced Convection

570°C

(a) Test Al

(e) Test Cl

(f) Test C2

Fig. 2. Temperature distribution after 20 min operation from experimental tests (captured by Testo thermal camera).

Table 3
General thermal specifications of materials used in the simulation [23].
Component Parameter Value Unit
Isotropic TC 400 Wm1K!
Copper Specific heat capacity 385 Jkg 'K !
Density 8933 kgm~3
Isotropic TC 237.5 Wm 1K !
Aluminium Specific heat capacity 951 Jkg 'K !
Density 2689 kgm—3
Isotropic TC 0.0242 Wm1K!
Air Specific heat constant pressure 1006.4 Jkg 'K
Density 1.225 kgm3

the material specifications in the simulation.

To ensure the reliability of the simulation results, a comprehensive
mesh sensitivity analysis was conducted on all key components,
including the resistor, heat pipe, heatsink, air domain, and enclosure
plates. Hexahedral (Hex Mapped) elements were used throughout the
model to ensure improved mesh quality. Five mesh densities were tested
for the solid components (resistor, heat pipe, heatsink): 1 mm, 2 mm, 3

mm, 4 mm, and 6 mm. For instance, in the free convection simulation of
the heat pipe with bend configuration (Test B1), the maximum tem-
perature varied between 57.87 °C and 58.8 °C. A mesh size of 2 mm was
selected as the optimal balance between computational efficiency and
accuracy, with simulation deviation remaining below 1 %.

Similarly, for the air domain and enclosure plates (Test C1), mesh
sizes of 1 mm, 2 mm, 4 mm, 6 mm, and 8 mm were evaluated. A 4 mm
mesh was chosen using program-controlled scoping, with a minimum
edge length of 0.25 mm. The resulting temperature range was approx-
imately 52.1 °C to 53.5 °C, corresponding to a mesh sensitivity error of
less than 2 %. The results, including selected mesh sizes, observed
temperature ranges, and estimated error margins, are summarized in
Table 4.

Also, the transient thermal simulations were carried out with
program-controlled solver settings. Auto time stepping was enabled to
allow the solver to dynamically adjust the time increments based on
convergence behaviour. The initial time step was set to 0.1 s, with a
minimum allowable time step of 0.005 s and a maximum time step limit
of 3.0 s.
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Table 4
Mesh sensitivity results for solid and fluid domains, showing temperature range
and error margin.

Component Mesh Tolerance Selected Max Approx.
sizes range (°C) mesh Temp error
tested ({9} range (%)
(mm)

Resistor/heat 1234 57.95

pipe/ 6, > 7 57.87-58.8 2 mm (Test <1%
heatsink B1)

Air domain/ 12456 52.5

enclosure e 52.1-53.5 4 mm (Test <2%
plates C1)

3.1. Free convection

For Test Al, free convection heat transfer was considered for the
external faces of all the components exposed to the ambient air,
including the heatsink, resistor hub, and heat pipe. For each component,
the convective heat transfer coefficient, h, was calculated for different
temperatures (as indicated in Table 5) using Eq. (3) [24].

_ NukK
T L

h

3)

where K is the thermal conductivity of air, and L is the characteristic
length of the component and N, is the Nusselt number defined as
follows:

Vertical Plates:

1
0.59R.4, 10* <R, <10°
N, = 4-1)

1
0.1 R,3, 10° <R, < 10%

Horizontal Plates:

1
0.54R.4, 10* <R, <10’
N, = (4-2)

1 11
0.15R.3, 107 <R,<10

where R, is the Rayleigh number and is defined by Eq. (5).

2:g(Ts — To) L? Gppt

Ra = 12:(Ts+ T) K ®

where g is gravitational acceleration (9.81 m/s~2), Ts is the surface
temperature, T, is the ambient temperature, C, is the specific heat ca-
pacity at constant pressure, K is the thermal conductivity, p is the dy-
namic viscosity of air, v is the kinematics viscosity. The dynamic and

Table 5

Convective heat transfer coefficient (h) for the components used in the simulation.
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kinematic viscosity values of air at atmospheric pressure and tempera-
ture at 23 °C were taken as 18.2x107° Pa.s, and 15.5x107% m3s~1,
respectively.

The transient state thermal simulation results under free convection
conditions were obtained after performing a mesh sensitivity analysis,
ensuring the accuracy of the results once the system reached a stable
thermal state. In line with the experimental setup described in Section 2,
free convection simulations were conducted to validate the modelling
approach for Test Al and Test B1 (both without enclosure) and Test C1
(with enclosure).

For Test C1, where the heat pipe and resistor were housed inside an
aluminium enclosure, internal free convection between the heat pipe,
resistor, and surrounding air was eliminated. However, free convection
was still applied to the external surfaces of the enclosure, including the
side panels (vertically oriented), the top panel (horizontally oriented),
and the front and rear panels (vertically oriented), all of which were
exposed to the ambient environment. Since the heatsink remained
outside the enclosure and directly exposed to ambient air, free convec-
tion was also applied to the heatsink surface in Test C1l. The corre-
sponding convective heat transfer coefficients (h) applied to these
external panels are summarized in Table 5.

For the tests conducted under free convection conditions, Fig. 3
shows the simulated maximum temperatures in the resistor for Test A1,
Test B1, and Test C1, which were approximately 58.4 °C, 57.9 °C, and
72.6 °C, respectively. Compared to the corresponding experimental re-
sults shown in Fig. 2(a), (c), and (e), these simulations exhibited errors
of approximately 2.5 %, 2.8 %, and 1.5 %, respectively. This demon-
strates good agreement between the simulation and experimental re-
sults, validating the accuracy of the free convection modelling approach.

3.2. Forced convection

To study the effect of forced convection on the heatsink, the simu-
lation model based on Test A1 was adapted. The heat transfer coefficient
for natural convection was first calculated using standard Nusselt
number correlations, as outlined in Section 1. Multiple simulations were
conducted by applying varying amplitude factors to the baseline value to
simulate forced convection on the heatsink surface. The amplitude fac-
tor that successfully reproduced the temperature reduction observed
experimentally was found to be 4.75. Using this factor, the simulation
yielded a maximum temperature of 42.5 °C (as shown in Fig. 4(a)),
which closely matches the experimental result from Test A2 presented in
Fig. 2(b).

This identified amplitude factor was then applied to the simulation
models for Tests B2 and C2 to cross-validate its effectiveness in different
configuration with and without enclosures. Comparing the simulation
results from Tests B2 and C2 (shown in Fig. 4(b) and (c), respectively)
with the corresponding experimental data shown in Fig. 2(d) and (f), the
maximum simulated temperatures were approximately 42.2 °C and
52.5 °C, respectively. These results correspond to simulation errors of

Components Small heatsink Large heatsink Resistor Heat pipe Enclosure side panels Enclosure top panel Enclosure front/back panels
Position Horizontal Horizontal Horizontal Horizontal Vertical Vertical Horizontal
L (m) 0.075 0.2 0.065 0.3 0.25 0.22 0.22
T,(°C)  Ti—Te (°C)  h(Wm 'K}

30 7 3.75 2.93 3.89 2.65 3.03 2.87 3.13

35 12 4.28 3.35 4.44 3.03 3.46 3.27 3.57

40 17 4.66 3.65 4.83 3.30 3.77 3.87 3.89

45 22 4.96 3.88 5.14 3.51 4.01 4.21 4.14

50 27 5.21 4.08 5.40 3.69 4.21 4.49 4.35

55 32 5.43 4.25 5.62 3.84 4.39 4.74 4.53

60 37 5.62 4.40 5.82 3.97 4.54 4.97 4.69

65 42 5.79 4.53 6.00 4.09 4.68 5.17 4.83

70 47 5.94 4.65 6.16 4.20 4.80 5.35 4.96
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58.38 Max
37,584
56,787
55,991
55,195
54,399
53.603
52,807
52,01
51.215 Min

(a) Test Al

57.95 Max
57,165
56,379
55,593
54,808
54,022
53.236
52,45
51.665
50.879 Min

(b) Test B1

72.572 Max
67.773
62,974
58175
53376
48,577
43.778
38.979

3418
29.381 Min

(c) Test C1

Fig. 3. Temperature distribution from simulations under free convection for Test A1 and B1 (without enclosure) and Test C1 (with enclosure; left image shows the
mesh display in the mid-section of the enclosure; right image shows the same view without mesh display).

approximately 1.63 % and 5 %, respectively. While this factor is specific
to the fan used in this study, the same fan model (12 'V, 1.4 W, 7.85 CFM)
was employed in all forced convection tests, operating at the same speed
and installed in an identical position on the heatsink. Therefore,
applying the same amplitude factor across configurations was
reasonable.

Table 6 presents a summary of the results comparing the maximum
temperatures recorded at the resistor in both experiments and simula-
tions for all six test configurations under the modelled conduction-
convection coupling. As can be seen, the relatively low errors confirm
the robustness of this simulation strategy for evaluating thermal per-
formance in similar setups.

The heat transfer process in the simulated scenarios is governed
primarily by a combination of conductive heat spreading through the
aluminium casing and heat pipe, and convective dissipation from the
heatsink surface. The thermal gradient along the heat pipe further
confirms its active role in transporting heat from the resistor base to the
fins, where cooling occurs. Under free convection, buoyancy-driven
airflow limits heat removal efficiency, while the forced convection
case benefits from higher heat transfer coefficients due to externally
imposed airflow, enhancing surface heat removal. This clear reduction
in peak component temperatures under forced convection highlights the
impact of increased convective heat transfer.

4. Cooling system design for PES

A standard-size PES unit with a 1 kW DC-to-AC inverter was used to
assess the performance of a heat pipe cooling system integrated with
external heatsinks. The PES package considered to incorporate an
enclosure with dimensions of 200 mm (width) x 300 mm (height) x
400 mm (length) and a thickness of 1 mm.

The inverter included eight SiC MOSFETs (thermal conductivity: 320
Wm1K! [25]; specific heat capacity: 560 Jkg~'K ! [18]), operating at
up to 90 °C with a power loss of 2.2 % [26], resulting in a uniform heat
dissipation of 2.75 W per MOSFET.

The PES incorporated a 1 kWh lithium-ion battery (LIB) composed of
18,650 cylindrical cells, generating 40.54 W of heat at a 2.2 A discharge
rate. The cells were housed in an aluminium casing (142 x 186 x 138
mm, with wall thickness of 2 mm) in two rows. In the simulation setup,
the cylindrical LIBs were arranged in two rows within the aluminium
casing, with the heat pipe embedded centrally between alternating cell
columns. Ideal thermal contact was assumed between the LIBs, casing,
and heat pipe to replicate effective thermal conduction, as illustrated in
Fig. 5. Table 7 outlines the main specifications for the proposed LIB as
the case study in this work.

Three cooling system configurations incorporating heat pipes inte-
grated with heatsinks were evaluated. Each pair of heat pipes was
connected to the inverter’s MOSFETs (four on each side) and extended
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(a) Test A2

(b) Test B2

42.461 Max
A1.462
40463
39404
38,465
37466
36.467
35.468
34,469
33.47 Min
42.453 Max
41.456
4046
30464
38468
37472
36475
35479
34,483
33.487 Min
52.535 Max
40,578
A6,622
43,666
40,709
IS
34,797
3.8
28,884
25.927 Min

(c) Test C2

Fig. 4. Simulation results for temperature distribution in Tests A2, B2, and C2, demonstrating the effect of forced convection with the amplified convective heat

transfer coefficient applied to the heatsink.

Table 6
Summary of the results (maximum resistor temperature (°C)) found through the
experiments and simulations, and the corresponding error.

Test Cooling method Simulation Experiment Corresponding error (%)
Al Free 58.4 57.0 25%
A2 Forced 42.5 43.5 2.3%
Bl Free 57.9 56.3 2.8%
B2 Forced 42.5 42.9 0.9 %
Cl Free 72.6 73.7 1.5%
Cc2 Forced 52.5 55.3 5.1 %

through the LIB casing to enhance thermal management, as illustrated in
Fig. 5.

e Model I: Two heat pipe pairs, one for the inverter and one for the LIBs,
each connected to small heatsinks as introduced in the validation section.

e Model II: Similar to Model I, but the small heatsinks were replaced by a
large heatsink (200 x 100 mm) with a convective heat transfer
coefficient.

e Model III: Same as Model II, but the LIBs used two heat pipe pairs
instead of one and a larger heatsink (200 x 140 mm).

The simulations followed the same approach as the validation

process using transient thermal analysis in Ansys 2024 to transfer heat at
an ambient temperature of 23 °C.

5. Result and discussion
5.1. Free convection for the PES design

As the heatsink was positioned outside the package, free convection
conditions were applied. Additionally, free convection was applied to
the external surfaces of the PES casing, including the side panels (posi-
tioned vertically), the top panel (positioned horizontally), and the front
and back panels (positioned vertically), as these surfaces were exposed
to ambient air. The convective heat transfer coefficients (h) applied to
these panels are listed in Table 3.

Fig. 6 illustrates the temperature distribution in the PES, highlighting
the maximum temperatures in the MOSFETs and the battery pack for
Models I, II, and III under free convection conditions after 20 min of
operation. As observed, the rear side of MOSFETs, which are farthest
from the heatsink, consistently exhibit higher temperatures compared to
the front side of MOSFETs, which are closer to the heatsink.

Across all three models, the temperatures of the MOSFETs remained
below 70 °C, ensuring reliable operation with sufficient safety margins.
Additionally, the heatsink temperatures in Models I and II remained
consistent at approximately 62 °C, indicating steady thermal dissipation
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(&) MosFeT
Heat Sink
[ Battery Case
Heat Pipe
[E] Enclsoure
[F] LB Cel

I Siicon Board

(a) Model I, Left: 3D wireframe view with the dimensions of enclosure. Right: 3D cut-view showing the
individual components of the simulated PES.

(b) Model I

(c) Model 111

Fig. 5. Simulation view of the PES configurations showing the 1 kW inverter and 1 kWh battery pack.

Table 7

Specifications and parameter list of the 18,650 cylindrical LIB [27,28].
Nominal voltage (v) 3.7
Nominal capacity (Ah) 2.2
Cell diameter (mm) 18
Cell height (mm) 65
Cell numbers 126
Power (W) 1025
Heat generation rate (Wm™2) at 2.2 A discharge rate 19,454
Density (kgm ) 2745
Heat specific (Jkg 'K ') 960
Thermal conductivity (Wm~1K™1) 160
Discharge temperature (°C) —20-60

performance.

For Models I and II, the maximum temperatures in the MOSFETs and
LIBs are approximately 70 °C and 67.5 °C, respectively, indicating that
using two small heatsinks (75 mm x 100 mm) is almost as effective as
employing a single large heatsink (100 mm x 200 mm) connected to a
pair of heat pipes. Additionally, the temperatures of the heatsinks in
both models were approximately 61 °C.

In Model III, the maximum temperature in the LIBs was around
60 °C, representing an approximate 11 % reduction compared to Models
I and II. This improvement, achieved by employing two pairs of heat
pipes for the LIBs, ensures a safe operating temperature for the battery
pack, keeping it well below the safe threshold of 60 °C [28-34].

5.2. Forced convection for the PES design

Fig. 7 presents the temperature distribution in the PES for Model III
under forced convection conditions at an ambient temperature of 23 °C,

using transient thermal analysis in Ansys 2024. This configuration in-
cludes an external 1.4 W cooling fan for each heatsink (considering the
modified amplitude factor of 4.75 for the natural convection coefficient)
to enhance heat dissipation and improve the system’s thermal perfor-
mance. The results in Fig. 7 indicate that the maximum temperatures in
the MOSFETs and LIBs are approximately 45 °C and 39 °C, respectively.
A comparison of Model III with and without external fans demonstrates
a significant 33 % reduction in temperature within the PES, highlighting
the effectiveness of forced convection in improving the cooling
efficiency.

5.3. PES configuration Model III under varying ambient temperature
conditions

The simulation of the PES configuration Model III under varying
ambient temperature conditions, ranging from 10 °C to 50 °C in 5 °C
intervals was investigated. The simulations were conducted under
different scenarios of heatsinks under free and forced convections and
different power delivery rates outlined in Table 8.

5.3.1. PES under free convection

Figs. 8 and 9 present the simulation results for the maximum tem-
peratures in the MOSFETs and LIBs, respectively, across varying ambient
temperatures for configuration Model III under Scenarios A, B, and C
stated in Table 8. Temperatures were recorded after 20 min of operation,
once stable states were reached.

As Fig. 8 illustrates, the maximum temperature of the MOSFETs re-
mains below 90 °C for all studied scenarios when the ambient temper-
ature is under 43 °C. For higher ambient temperatures up to 50 °C, only
the case with 1 kW power delivery shows MOSFET temperatures
exceeding this limit, reaching up to 96 °C at an ambient temperature of
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B: Transient Thermal
Temperature

Type: Temperature
Unit: °C

Time: 1200 s
19/11/2024 13:22

69.847 Max
66.221
62.595
58.969
55.343
51.717
48,091
44.465
40.838
37.212 Min

(a) Model I

B: Transient Thermal
Temperature

Type: Temperature
Unit: °C

Time: 1200 s
19/11/2024 14:28

69.664 Max
66.052
62.441
58,829
55.217
51.605
47.9%4
44,382

40.77
37.158 Min

B: Transient Thermal
Temperature

Type: Temperature
Unit: °C

Time: 1200 5
19/11/2024 15:26

68.989 Max
65.34

61.691
58.042
54,393
50.744
47.095
43,446
39.797
36.147 Min

(¢) Model IIT

Fig. 6. Temperatures in the different PES cooling system designs under free convection, showing the max. temp. in the MOSFETs, LIBs, and heatsinks after 20

min operation.

10



A. E. Majd et al.

B: Transient Thermal
Temperature

Type: Temperature
Unit: °C

Time: 1200 s
19/11/202411:24

45.064 Max
43.251
41.439
39.627
37.815
36.003
34191
32.378
30,566
28.754 Min

Journal of Energy Storage 144 (2026) 119844

Fig. 7. Temperature distribution in the PES for Model III after 20 min of operation at 23 °C ambient temperature, incorporating heatsinks cooled under forced

convection with external 1.4 W fans.

Table 8
Scenarios for Model III simulation.
Scenario  Convection type PES power Heat loss
delivery
A 1kW As dgscrihed in
Free convection section 3.1
B 0.7 kW 70 % of Scenario A
C 0.5 kW 50 % of Scenario A
As described in
D 1k
Forced convection (with W Section 3.2
E fans) 0.7 kW 70 % of Scenario D
F 0.5 kW 50 % of Scenario D
100 —e—Scenario A —#—Scenario B —*—Scenario C
G 9
5 80
€
L 70
X
2 e
£ 50
w
& 40
>
30
20
10 15 20 25 30 35 40 45 50
Ambient Temp. (°C)

Fig. 8. Simulation results showing the maximum temperatures of MOSFETs for
Scenarios A, B, and C across varying ambient temperatures, after 20 min
of operation.

50 °C. Despite this, the MOSFETs still operate within a reliable tem-
perature range, although it is preferable to keep their temperatures
below 90 °C. Furthermore, the trend of the data in Fig. 8 indicates that at
an ambient temperature of 50 °C, reducing the power delivery by
approximately 15 % is sufficient to keep the MOSFETs’ temperature
below 90 °C. This highlights the importance of adjusting power delivery
to manage effectively thermal loads in high-temperature environments.

As observed in Fig. 9, the LIBs display a distinct thermal behaviour
compared to the MOSFETs. The maximum temperature of the LIBs
reaches the critical threshold of 60 °C at an ambient temperature of
23 °C for 1 kW power delivery (Scenario A). At an ambient temperature
of 50 °C, the LIBs exhibit significantly higher temperatures, reaching

11

87 °C under the same power delivery conditions.

At 50 °C ambient temperature but with lower power delivery rates,
the LIBs demonstrate improved thermal performance. The maximum
temperatures recorded were 77 °C for 0.7 kW power delivery (Scenario
B) and 70 °C for 0.5 kW power delivery (Scenario C). Additionally, Fig. 9
indicates that at an ambient temperature of 40 °C, LIBs remain below the
critical 60 °C threshold for 0.5 kW power delivery (Scenario C).

Although reducing the power delivery at 40 °C ensures that the LIBs
remain under temperature threshold, this solution could involve
increasing the size of the battery package for effectively delivering
original power delivery, 1 kW, to meet the inverter’s maximum capacity
and provide the required package power output. The results also high-
light the limitations of the current cooling system for the LIBs under free
convection of heatsinks at high ambient temperatures, particularly at
higher power delivery rates. To address this challenge, forced cooling of
the heatsinks using fans could be implemented.

As Figs. 8 and 9 demonstrate, the maximum temperatures in both the
MOSFETs and LIBs increase linearly with rising ambient temperatures.
However, a nonlinear trend was observed when comparing the recorded
maximum temperatures across Scenarios A, B, and C. For instance,
reducing the power delivery by 30 %, from 1 kW in Scenario A to 0.7 kW
in Scenario B, resulted in a logarithmic decrease in maximum temper-
atures for both the MOSFETs and LIBs, as illustrated in Fig. 10.

5.3.2. PES under forced convection

Figs. 11 and 12 compare the simulation results for the maximum
temperatures in the MOSFETs and LIBs, respectively, across varying
ambient temperatures for Model III under different power deliveries in
Scenarios D, E, and F.

As shown in Fig. 11, the MOSFETs exhibit a maximum temperature
of 70 °C in the most critical case of PES with 1 kW power delivery
(Scenario D) at an ambient temperature of 50 °C. This demonstrates the
effectiveness of external fans in maintaining the MOSFETSs’ temperature
marginally below the reliable threshold, showcasing excellent thermal
performance for the studied PES design.

In Fig. 12, the LIBs maintain maximum temperatures below the
threshold of 60 °C for ambient temperatures up to 45 °C, across all
power delivery scenarios. Fig. 12 also highlights that under scenario E
(0.5 kW power delivery), the LIB maximum temperature remained
below 60 °C even at an ambient temperature of 50 °C. However, for
scenario F (0.7 kW power delivery), the temperature slightly exceeded
the threshold, reaching 61 °C.
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Fig. 9. Simulation results showing the maximum temperatures of LIBs for Scenarios A, B, and C across varying ambient temperatures, after 20 min of operation.
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Fig. 10. Simulation results showing the ratio of maximum temperatures in the
MOSFETs and LIBs for scenario A to scenario B, and scenario A to scenario C
across varying ambient temperatures.
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Fig. 11. Simulation results showing the maximum temperatures in the MOS-
FETs under forced convection at varying ambient temperatures for scenarios D,
E, and F.

Fig. 13 illustrates the temperature reductions achieved in the MOS-
FETs and LIBs under different scenarios when an external fan is used to
cool the heatsinks. The results show up to 26 % reduction in the MOS-
FETs’ temperature and 25 % reduction in the LIBs’ temperature at an
ambient temperature of 50 °C. At lower ambient temperatures, such as
10 °C, the reduction rates increased significantly, with both components
exhibiting nearly 45 % temperature reduction compared to cases
without external fans. This trend indicates that decreasing the ambient
temperature amplifies the effectiveness of forced convection in reducing
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Fig. 12. Simulation results showing the maximum temperatures in the LIBs
under forced convection at varying ambient temperatures for scenarios D, E,
and F.
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Fig. 13. Temperature reduction in the MOSFETs and LIBs under different
power delivery scenarios of the PES, using an external fan for heatsink cooling.

thermal loads.
6. Conclusion

Portable Energy Storage (PES) units play a crucial role in delivering
reliable and sustainable energy solutions, particularly in regions with
limited grid access or challenging environmental conditions such as
dusty environments, heavy rain, and sea operations. These applications
require special IP considerations, such as air and watertight designs
without vents in the package. Thermal management remains a critical
challenge for these PES units, especially for key components like in-
verters and battery packages, which are highly susceptible to
overheating.
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This study investigated the integration of heat pipe-based cooling
systems with heatsinks as a thermal management solution. A 1 kW PES
design was developed and analysed as a case study under varying
ambient temperatures ranging from 10 °C to 50 °C and different power
delivery scenarios. Both free and forced convection cooling methods
were evaluated through experiments and validated simulations. The
findings from this study demonstrated the effectiveness of heat pipe
cooling systems in enhancing thermal performance, particularly when
external cooling was applied using forced convection. This approach
ensures the reliability and compactness of PES designs, making them
suitable for diverse and demanding applications.

Key insights from the study include:

o Effectiveness of heat pipes: Heat pipe cooling systems successfully
maintained operational temperatures for key PES components.
Under free convection at an ambient temperature of 23 °C, the
MOSFETs remained below 70 °C, and the LIBs stayed at 60 °C.

Adding external 1.4 W fans for each heatsink achieved an additional

33 % temperature reduction in both MOSFETSs and LIBs.

Performance under higher ambient temperatures:

(i) For ambient temperatures up to 43 °C, the MOSFETs remained
below the acceptable threshold of 90 °C without requiring
power reduction.

(i) At an ambient temperature of 50 °C, MOSFETs reached 96 °C
under 1 kW power delivery. Reducing power delivery by 15 %
brought the temperature back under 90 °C.

(iii) Similarly, at 50 °C, the LIBs reached 87 °C under 1 kW power
delivery. Reducing the power delivery to 0.7 kW and 0.5 kW
lowered the LIB temperatures to 77 °C and 70 °C, respectively.
At 40 °C, the LIBs remained below the critical 60 °C threshold
with 0.5 kW power delivery.

Forced convection efficiency: Using external 1.4 W fans for heatsinks

resulted in an additional temperature reduction of 25-45 %,

depending on ambient conditions. The highest cooling efficiency was
observed at lower ambient temperatures. In the most critical scenario

(1 kW power delivery at 50 °C ambient temperature), the MOSFETs

reached a maximum temperature of 70 °C, while the LIBs remained

below 60 °C for ambient temperatures up to 45 °C. However, at 50 °C
ambient temperature and 0.7 kW power delivery, the LIBs slightly
exceeded the critical threshold, reaching 61 °C.

Package price offers a practical and scalable approach due to its
enhanced sealing capability and improved reliability. The validated
simulation and experimental outcomes provide a strong foundation for
transitioning this concept from laboratory testing to real-world appli-
cation. Future work should focus on developing and evaluating airtight
prototype units based on this design, including systematic testing of
heatsink and heat pipe configurations with varying dimensions and
orientations—such as vertical positioning of heatsinks for potentially
higher cooling performance. Moreover, exploring advanced thermal
technologies such as vapor chambers is recommended to further
enhance performance in such compact and sealed electronic systems.
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