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Li-ion cells offer excellent energy storage and conversion characteristics, but also suffer from performance and safety problems
related to overheating due to insufficient heat removal during operation. Traditional thermal management approaches cool the cell
at its outer surface, whereas it is more critical to cool the core of the cell where heat accumulation occurs. This paper investigates
thermal performance of a 26650 Li-ion cell with a heat pipe inserted into the core. Heat pipe integrated cells are assembled starting
from unfilled, unsealed cells. Thermal benefit of heat pipe insertion is characterized at a number of discharge rates. Advantages
of heat pipe cooling compared to traditional surface-based cooling approach are quantified. It is shown that active cooling of the
protruding tip of the heat pipe results in maximum thermal benefit, which is shown to reduce the core temperature to as low as,
or even lower than the surface temperature. The heat pipe is shown to reduce temperature rise in case of anomalous increase in
heat generation. While heat pipe insertion involves significant manufacturing challenges to ensure long-term reliability, the thermal
benefits in doing so may potentially outweigh these challenges, and offer an effective thermal management approach for future Li-ion
cell designs.
© 2017 The Electrochemical Society. [DOI: 10.1149/2.0191706jes] All rights reserved.
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Heat removal from a Li-ion cell is an important technological
challenge that directly affects performance, reliability and safety of
energy conversion and storage systems, including batteries for con-
sumer electronics, electric vehicles, stationary power systems, etc.1,2

Heat generated during the operation of a Li-ion cell due to Ohmic
losses, electrochemical reactions, etc.3–5 causes temperature rise. High
temperature in a Li-ion cell results in reduced performance and life-
time due to capacity/power fade,6,7 self-discharge8,9 and other reasons.
Safety of Li-ion cells at high temperatures is also a critical concern
due to the well-known phenomenon of thermal runaway,10,11 in which
accelerated heat generation rate at higher temperatures due to a variety
of physical and chemical processes may result in an ever-increasing
cell temperature,12 eventually leading to catastrophic failure.10–13 As
a result, it is important to maximize heat removal from a Li-ion cell
during operation.

Heat is generated inside a Li-ion cell due to a variety of electro-
chemical processes occurring within.3–5,14 Heat generation is usually
assumed to be spatially uniform, although there may be somewhat
larger heat generation at the metal tabs due to Joule heating. Li-ion
cells are traditionally cooled on the outside surface through flow of a
cooling fluid such as water or air1,2 or using a cold plate.15 In these
approaches, heat generated throughout the volume of the cell must
be conducted through the cell materials to the surface. The thermal
conduction process within the cell is known to be severely impeded
by large thermal contact resistances between cell materials inside,16

resulting in very poor radial thermal conductivity17,18 and as a result,
a large temperature difference between the core of the cell and the
outside surface.19,20 Temperature difference of up to 15◦C has been
reported for a 26650 cylindrical Li-ion cell discharging at 10C.21,22

This large temperature difference highlights the challenge in cooling
the entire cell volume by surface-based cooling mechanisms. The in-
fluence of surface cooling is restricted only to a region close to the
surface, whereas cooling is most needed at the core of the cell, which
is difficult to thermally access. Some work exists on removing heat
internally through current collector tabs,23 or by pumping electrolyte
through the cell to remove heat, effectively using the electrolyte as
the cooling fluid.24 Some work also exists on fabricating microchan-
nels within the volume of the cell and using a cooling fluid for heat
removal, although these experiments were not carried out in an actual
Li-ion cell.25 These approaches work better than external cooling in
reducing the peak temperature of the cell. However, these approaches
are complicated, intrusive and require significant amount of energy,
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for example, to pump coolant through microchannels in the cell. It
is clearly desirable to develop thermal management techniques that
directly access the core of the cell, while requiring minimum possible
energy for operation.

Insertion of a heat pipe into a Li-ion cell may be an effective
strategy for cooling the cell core. A heat pipe is a passive heat trans-
fer device that provides highly directional heat transfer between two
bodies.26–28 A typical heat pipe is a hollow and slender cylinder with
the working fluid sealed within. The operation of a heat pipe involves
the evaporation of a liquid contained inside due to heat absorption at
one end, which then travels along the heat pipe due to buoyancy and
capillary action to the condenser end. Heat removal results in conden-
sation back to liquid, which travels back to the evaporator end due
to gravity, thereby completing the loop.26 Fluid flow inside the heat
pipe is driven primarily by capillary action in a porous wick structure,
making the heat pipe effect possible in any configuration. While the
modeling of processes that occur inside a heat pipe is quite involved,26

the operation of a heat pipe is relatively simple, and does not require
active energy input such as pumping. Other advantages include the
highly directed nature of cooling, ability to work in constrained space
and other challenging environments, and the lack of moving parts. As a
result, heat pipes have been used for a variety of thermal management
requirements such as cooling of computer microprocessors,29 photo-
voltaic cell cooling,30 high power LEDs31 and thermal management
of electronics in space32 where convective cooling is not possible.

Recent advances in heat pipe technology, such as oscillating heat
pipes33 and size miniaturization34 make heat pipes appropriate for
thermal management of Li-ion cells. It is still critical, however, to ad-
dress manufacturing challenges related to the insertion of the heat pipe
in an electrochemically active environment inside the cell. The cell
needs to remain hermetically sealed despite the presence of the heat
pipe, which should not deteriorate the electrochemical performance
of the cell. Nevertheless, because the heat pipe directly accesses the
core of the cell where cooling is most needed, there may be signifi-
cant thermal benefits in the use of heat pipes that may justify these
additional challenges. A trade-off between thermal benefits and man-
ufacturing challenges may help determine the extent to which heat
pipe technology can be integrated with Li-ion cells to prevent thermal
runaway and enhance performance.

A limited amount of past research has investigated the use of heat
pipes for the cooling of Li-ion battery packs. However, most of this
research has focused on inserting heat pipes between cells in a pack,
rather than into a cell itself. Thermal benefit of heat pipes placed
between cells is somewhat limited. Thermal management of a Li-ion
battery pack with heat pipes touching the outside surfaces of cells has
been reported.35 Thermal performance of a flat heat pipe in a battery
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Figure 1. (a) Pictures of various steps in the assembly of a
26650 Li-ion cell with integrated heat pipe; (b) Picture of the
final assembled Li-ion cell with heat pipe.

pack has been experimentally and numerically characterized.36 L-
shaped heat pipes have been inserted in battery packs for enhanced
cooling.37 The use of flat heat pipes for cooling of a battery-like
heating element on its outside surface has been reported.38 Numerical
optimization of a heat pipe based pack-level thermal management
system has been reported.39 In each of these papers, the heat pipe is
located outside the Li-ion cell, and thermal performance is reported in
terms of the outside surface temperature. This does not provide much
information on the extent of temperature reduction at the core of the
cell, where it is most needed. A recent paper reported significant
reduction in core temperature upon insertion of a heat pipe into a
surrogate thermal test cell similar to a Li-ion cell.40 However, the
insertion of a heat pipe into an actual Li-ion cell has not been reported
so far.

This paper carries out experimental investigation into thermal per-
formance enhancement due to a heat pipe inserted in a cylindrical
26650 Li-ion cell. Reduction in core temperature of the Li-ion cell
due to the presence of the heat pipe in a variety of operating conditions
is reported. Experimental data show that by directing the heat pipe at
the core of the cell where temperature is usually the highest and where
cooling is most needed, the core temperature can be brought down to
as low as the surface temperature, resulting in excellent cooling and
thermal uniformity within the cell. The efficacy of heat pipe cooling
during discharge at several C-rates is demonstrated. It is also shown
that the presence of the heat pipe results in significantly lower core
temperature rise in the event of a sudden increase in heat generation
rate, such as in a thermal runaway situation. These experimental in-
sights provide a fundamental characterization of thermal performance
of heat pipes inserted into Li-ion cells, based on which heat pipe cool-
ing could be evaluated for enhanced safety and performance in future
Li-ion cell designs.

Experimental

Assembly of Li-ion cell with integrated heat pipe.—The various
steps involved in the assembly of a 26650 Li-ion cell with integrated
heat pipe are summarized in Figure 1a. Non-filled, non-sealed, 26650-
sized, 2.8 Ah lithium iron phosphate (LFP) cells received from the
manufacturer (Figure 1ai) are used to assemble working 26650 cells
with integrated heat pipe. 1:1:1 of EC:DEC:DMC with 1 M of LiPF6

salt is used as electrolyte, which is the same formulation used for
production cells. The cell has a rated nominal capacity of 2.85 Ah at a
charge at half the nominal rate (C/2). The maximum voltage range in
which the cell can be cycled is 2.0 V–4.1 V. The maximum continuous
charge rate for the cell is 5.7 A while the maximum discharge rate is
50 A. The maximum thermal operating range of these cells is between
−40◦C and 85◦C. In order to accommodate a protruding heat pipe, a

hole is drilled from the underside of the top cap through the pressure
plate and the top nip (Figure 1aii). The cell is leaned on its side during
drilling to avoid metal shavings falling into the jelly roll. A T-type
thermocouple is attached at mid-cell height on the outside surface of
a 100 mm long, 2 mm diameter heat pipe from Novark Technologies
that utilizes deionized water as the working fluid. Note that deionized
water does not present the risk of shorting in case of leakage. The heat
pipe is then insulated with polyimide tape (Figure 1aiii). The drilled
cell and heat pipe are transferred into an Argon glove box. The heat
pipe is carefully inserted in the core of the jelly roll (Figure 1aiv).
The cell is then mounted upside down and cavities in the top cap are
sealed with marine epoxy. The wet epoxy is pushed down in order to
fill the cavity between the top nip and the base of the cap. This ensures
a proper seal to prevent electrolyte leakage. The cell is left for two
hours to allow time for the epoxy to dry completely.

The cell is then filled with 10 mL of electrolyte solution using
a 3 mL long needle syringe. The filling is carried out in stages to
allow sufficient time for electrolyte to absorb into the films. Once
fully filled, the cells are sealed using a set of custom dies fabricated
specifically for this cell. Three stages of dies are used to gradually
compress the metallic lip around the rubber seal of the top cap. The
dies have a through hole in the center to allow the protruding heat
pipe to be unharmed during the sealing process. A shunt is inserted
between the die and the hydraulic cylinder to protect the protruding
heat pipe from bending during this process. The cells are allowed to
sit in the glove box for 24 hours to observe for any leaks in the top
cap, following which the initial charging of the cells is carried out.

A picture of the final, assembled Li-ion cell with integrated heat
pipe is shown in Figure 1b. This picture shows a heat pipe that pro-
trudes about 35 mm out of the top of the cell, as well as thermocouple
and power leads.

Electrochemical characterization.—A cell startup procedure is
carried out by charging the cell at 0.56 A to 4.1 V using a constant
current-constant voltage (CCCV) profile, and a current cutoff of 0.30
A using a Maccor Series 4000 Test System. While the recommended
voltage cutoff for this chemistry is normally 3.65 V, the range is
extended in order to promote the formation of the solid electrolyte
interphase layer on the anode, which is critical to the cycle life of the
cell.41–43 The cell is then cycled five times using the same charging
profile, and a constant current discharge at 0.56 A while monitoring
cell capacity and checking for signs of electrolyte leakage.

The cell is recharged to 100% state of charge (SOC) and an initial
galvanic EIS spectrum is collected from 1 kHz to 5 mHz with a 1.00
A amplitude using a Princeton Applied Research PARSTAT 4000
series potentiostat. A similar characterization is also carried out for a
control cell, which is filled and sealed without a heat pipe inserted into
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the core. The two EIS spectra shown in the Nyquist plot in Figure 2a
indicate very similar electrochemical behavior of the heat pipe cell and
a control cell. Figure 2a shows that the heat pipe cell and control cell
are similar to each other in the capacitive response across the entire
range of scanned frequencies. This indicates that the heat pipe does
not adversely affect the capability of the cell to store charge. Further,
Figure 2b shows minimal difference between the heat pipe and control
cells in terms of the initial charge characteristics. Note that the low
frequency Warburg tail of the heat pipe cell in Figure 2a has roughly the
same slope as the control cell, indicating that diffusional impedance
in the cell is unaffected by the insertion of the heat pipe. The waviness
in the tail of the control cell may be explained by the reduction of
distance between electrode and separator foils due to insertion of
the heat pipe. It should be noted that both cells are cycled initially
using a 1C (2.6 A) cycle using a CC-CV charge and a CC discharge
profile to grow the initial SEI layers. The growth promotes stability in
diffusional transfer. However, with the addition of the heat pipe, there
is an uneven gap between the separator foil and the electrodes which
may promote the precipitation of SEI products in the heat pipe cell.
Thus the control cell has an initial wavy Warburg tail since the SEI has
not completely passivated the graphite yet. This is consistently seen
in other studies done with these cells. Note that the 1.0 kHz equivalent
series resistance (ESR) of the cell with heat pipe is greater than that
of the control cell by 21.5 milliohms. Because of this real resistance
shift, data in the heat pipe spectrum are normalized along the real
impedance axis. This results in the expansion of the mid-frequency
semi-circle in the heat pipe cell. This may be explained by slow
diffusion of oxygen into the battery through the epoxy resin, causing
the breakdown of solvents and conducting salts, thereby increasing
the electrolyte resistance. In short, while the procedure to insert the
heat pipe does reduce the shelf life of the cell, it is likely to be
only due to the imperfect epoxy seal. The heat pipe itself does not
appear to interfere with battery charging and discharging processes.
However, large-scale implementation of heat pipes in Li-ion cells will
require addressing the manufacturing challenge of integrating heat
pipe without affecting long-term reliability.

Experimental setup for thermal performance measurements.—
The heat pipe-integrated 26650 Li-ion cell is mounted vertically, as
shown in Figure 1b, on a thin polystyrene riser to minimize conduc-
tion heat loss during experiments. Thermocouples are placed on the
outer surface of the cell, at locations L/4, L/2, and 3L/4. The length
of the heat pipe protruding out of the top of the cell is 35 mm. An
additional large block of polystyrene, with a 2 mm diameter channel
capable of completely accommodating the protruding portion of the
heat pipe is used as a thermal insulation barrier for insulated heat pipe

experiments. Lead wires from a Maccor Series 4000 Automated Test
System are attached to the power leads of the cell, shown in Figure
1b. The cell is subjected to a variety of programmable charging and
discharging profiles. A Fugetek HT-07530D12 computer fan is used
in forced convection experiments to provide active convective cool-
ing. The fan is placed at the same height as the tip of the heat pipe
for heat pipe cooling experiments, and at cell mid-height for the cell
body cooling experiments. This ensures direct and symmetrical im-
pingement of air from the fan on the surface to be cooled. A variable
resistor controller is used for fan speed control. Air speed from the fan
is measured using an Extech mini thermo-anemometer. Data acquisi-
tion from thermocouples embedded in the core and on the outside of
the cell, is carried out using a NI-9213 DAQ thermocouple module,
controlled by LabView software. Thermocouple measurements are
taken once every second. The measurement rate is appropriate since
this system has a much larger time constant than the data acquisition
interval.

Thermal performance measurements.—A number of experi-
ments are carried out in a variety of heating and cooling conditions in
order to measure the core and outer surface temperatures of the Li-ion
cell with embedded heat pipe as functions of time during discharge at
various currents. In each case, the Li-ion cell starts fully charged at
ambient temperature, and a constant or time-varying discharge load is
applied via the Maccor Test System program.

The core and surface temperatures of the cell are measured as
functions of time during discharge at a number of discharge currents.
In each case, the cell is discharged until the potential difference reaches
2.0 V. In one set of experiments, the protruding tip of the heat pipe
is thermally insulated using a polystyrene block. In another set of
experiments, the heat pipe tip is cooled through natural convection,
without any forced air flow. Finally, these experiments are repeated
in the presence of air flow from a fan impinging upon the tip of the
heat pipe at various flowrates. In order to compare heat pipe cooling
with the traditional approach of outer surface cooling, experiments are
also carried out where the air flow impinges upon the outer surface
of the cell instead of the heat pipe. Finally, in order to investigate the
thermal effect of the heat pipe in a situation of anomalous increase
in heat generation, experiments are carried out where a 5 A load is
applied for a period of 5 minutes, following by a much larger, 20 A
load is applied for the remainder period, which is about 3.5 minutes.

A stabilization time of a few minutes is provided in each exper-
iment involving air flow from the fan before the experiment com-
mences. At the conclusion of each experiment, the cell is charged
with a 2.6 A current and allowed to cool for a few hours. The cell
is run through an EIS test to ensure that the EIS profile and cell

Figure 2. Comparison of (a) Nyquist plot and (b) initial discharge plot for heat pipe integrated Li-ion cell with a control cell that does not contain a heat pipe.
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Figure 3. (a) Experimental measurement of core temperature as a function of time during 20 A discharge in three thermal conditions related to tip of the heat pipe
– insulated, cooled through natural convection, and actively cooled through forced convection using air flow at 4.5 m/s speed. (b) Experimental measurement of
core temperature as a function of time during 20 A discharge during active cooling of the heat pipe tip at three different air flow speeds.

internal resistance have not changed appreciably before proceeding
to the next experiment. An extended cool-down period is provided
between experiments to ensure that each experiment begins at room
temperature.

Results and Discussion

While the embedded heat pipe is capable of transferring heat from
the core of the cell to the condenser end located at the tip of the
heat pipe, effective use of the heat pipe also requires heat removal
from the condenser end. Otherwise, heat accumulation occurs at the
condenser end, thereby limiting overall heat pipe effectiveness. To
investigate this, thermal performance of the heat pipe is measured in
three separate cases. In the first case, the protruding portion of the heat
pipe is covered with polystyrene insulation. In the second case, the
protruding portion of the heat pipe is exposed to ambient air, so that
heat removal occurs through natural convection – this case is referred
to as an inactive heat pipe. A fan is used in the third case to provide
active convective cooling of the heat pipe tip. Figure 3a plots the

measured temperature rise at the core of the cell at mid-height for these
cases as functions of time during 20 A discharge, equivalent to about
8C. These data show a significant reduction in temperature rise of up
to 20◦C between Case 1, where the heat pipe plays no role in cooling
due to being insulated, and Case 3, where the heat pipe has the highest
thermal effect. Even when the heat pipe is merely inserted without
any active cooling of the condenser tip (Case 2), there is substantial
improvement in thermal performance compared to the baseline Case
1. Ensuring effective heat removal from the heat pipe tip through
forced convection (Case 3) results in the optimal utilization of the
heat removal capability of the heat pipe. This is further investigated
in experiments where the speed of air flow from the cooling fan is
varied. Results plotted in Figure 3b for three different speeds show,
as expected, that the temperature of the core reduces as the fan speed
increases, due to improved heat removal from the condenser tip of
the heat pipe. The reduction in peak temperature shown in Figure 3a
due to heat pipe insertion may be approximately represented in terms
of an increased effective thermal conductivity of the cell. Based on
past analytical heat transfer models for a cylindrical Li-ion cell,16,20

Figure 4. (a) Core and outside surface temperatures as functions of time without and with heat pipe (forced convective cooling) during 20 A discharge, (b)
Temperature difference between core and outside surface temperatures.
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Figure 5. Axial variation in the core temperature during 20 A discharge in the
presence of the heat pipe, with forced convective cooling of the heat pipe tip.

it is estimated that heat pipe insertion results in approximately 30%
increase in effective thermal conductivity of the cell.

A comparison of the core temperature with the surface temperature
of the Li-ion cell is also of interest. It is desirable to bring the two as
close to each other as possible in order to minimize spatial tempera-
ture gradients within the cell. Figure 4a plots both core and surface
temperatures measured as functions of time during 20 A discharge,
and compares the temperature response for the cases of insulated and
actively cooled heat pipe tip. Compared to the insulated heat pipe
tip case, where the heat pipe plays minimal role in heat transfer, the
actively cooled heat pipe tip case results in lower values for both core
and surface temperatures. Equally importantly, there is a significant
temperature difference between the core and surface temperatures in
the insulated heat pipe case. This happens because while the outside
surface of the cell loses heat to the ambient air, there is no cooling
mechanism available at the cell core, which gets much hotter than the
surface. On the other hand, when the heat pipe tip is being actively
cooled, thereby providing a mechanism for direct heat removal from
the core, the core and surface temperatures are very close to each
other throughout the discharge period, as shown in Figure 4a. Figure
4b plots the temperature difference between the cell core and surface
measured during the discharge process, indicating a gradient of around
13◦C by the end of discharge for the insulated heat pipe case, whereas
when the heat pipe is actively cooled, the temperature gradient is very
small, even negative toward the last half of the discharge process. This
interesting result shows that the heat pipe is capable of cooling the
core of the cell down to a temperature similar to, or even lower than
the surface temperature. This is simply not possible with the current
paradigm of cooling cells on the outside surface, which is effective at
removing heat close to the cell surface, but not from the core of the
cell.

Axial variation in temperature along the core of the cell is also of
interest. Figure 5 plots temperature measurement from thermocouples
located at three axial locations along the heat pipe inserted in the cell.
These data are presented for a 20 A discharge while the tip of the heat
pipe is being actively cooled with 4.5 m/s air flow. The thermocouple at
three-fourth height – closest to the heat pipe tip – is the hottest, whereas
the thermocouple farthest from the heat pipe tip is the coolest. This
trend is consistent with the operating principles behind a heat pipe,
which indicate that the evaporator section of the heat pipe, farthest
away from the condenser tip protruding out from the cell, is expected
to have the lowest temperature.26

Further experiments are conducted to investigate the importance of
effective cooling of the heat pipe tip. In the first set of experiments, the
cell is discharged at a number of discharge currents in both inactive and

Figure 6. Comparison of core temperatures for multiple discharge rates with
inactive and active heat pipe.

active heat pipe modes. Results summarized in Figure 6 indicate that
in each case, the temperature rise in the active heat pipe mode is lower
than when the heat pipe is not active. As expected, temperature rise is
higher at higher discharge currents due to greater heat generation.

The role of the heat pipe in case of an anomalous increase in
heat generation rate from the cell is of interest. Such a scenario may
occur, for example, if the cell is thermally or mechanically abused, or
if there is a failure of the battery management system. Specifically,
an experiment is carried out where the discharge current of the cell
suddenly jumps from 5 A to 20 A, representing approximately 16-
fold increase in the heat generation rate. Such a large increase in heat
generation subjects the cell to a thermal shock, and makes it critical
to remove the heat generated in order to prevent large temperature
rise leading to thermal runaway. Figure 7 plots the measured core
temperature of the cell as a function of time in this scenario for
inactive and active heat pipe cases. During the initial phase of the
experiment, the two cases are quite similar, with a slightly larger
temperature rise in the inactive heat pipe case. However, when the
anomalous heat generation occurs, core temperature in the cell with
inactive heat pipe rises very rapidly, whereas when the heat pipe is

Figure 7. Thermal response of the core temperature to a sudden increase in
discharge rate, without and with heat pipe.
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Figure 8. Comparison of (a) core and outside surface temperatures and (b) temperature gradient for heat pipe based cooling with traditional approach of cooling
the outer surface.

active, the temperature rise is a lot less steep. Figure 7 shows that
within the short period of the anomalous heat generation, temperature
rise in the inactive heat pipe case is about 10◦C greater than in the
active heat pipe case. The temperature difference between the core
and surface temperatures of the cell is found to change from 6.7◦C
(core hotter than surface) without heat pipe to −1.8◦C (surface hotter
than core) with heat pipe, which also illustrates the beneficial effect
of heat pipe insertion.

Finally, heat pipe based cooling is compared with the present
paradigm of outer surface-based cooling where coolant flow over the
outer surface of the cell results in convective heat transfer. Exper-
iments are carried out where the same air flowrate impinges either
over the protruding tip of the heat pipe, or over the cell surface itself,
as shown in the inset of Figure 8. Figure 8a plots the measured core
and surface temperatures in both cases as functions of time during a
20 A discharge. Direct cell cooling results in a very low cell sur-
face temperature, but fails to similarly reduce the core temperature,
primarily due to the large thermal resistance between the core and
the surface. On the other hand, when heat pipe cooling is used, the
core temperature drops significantly, and, as shown in Figure 8b, the
temperature gradient within the cell is much lower throughout the
experiment for the heat pipe cooled cell compared to the cell be-
ing cooled at the outer surface. This highlights the capability of heat
pipe based thermal management to effectively cool the core of the
cell, where cooling is most needed, thereby reducing the temperature
gradient within the cell.

Conclusions

Heat pipe technology is an attractive approach for reducing oper-
ating temperature and improving thermal uniformity in Li-ion cells.
This work advances the application of heat pipe in Li-ion cell cooling
by inserting a heat pipe into a cell and measuring its thermal benefit
during high-rate discharge of the cell. This is a significant improve-
ment over past efforts where the heat pipe was only inserted between
cells in a battery pack, because insertion into a cell facilitates heat
removal directly from the core of the cell which is in greatest need
of cooling. Experiments carried out here show a large temperature
reduction due to the presence of the heat pipe, particularly when the
protruding tip of the heat pipe is actively cooled in order to promote
overall heat transfer. Results indicate that the heat pipe can cause the
core temperature to become as low as, or even slightly lower than the
outer surface temperature of the cell. Since fluid flow inside a heat
pipe does not depend exclusively on gravity, but instead is driven by

capillary action in the wick structure, therefore the cooling effects of
the heat pipe are expected to be present regardless of whether the cell
is vertical, horizontal or in any other configuration.

While the insertion of a heat pipe into a Li-ion cell poses several
manufacturing challenges, the experimental data presented in this
paper suggests that there may be several thermal benefits in doing so.
Further investigation of these manufacturing challenges, particularly
to ensure long-term cell reliability in the presence of the heat pipe,
is necessary to evaluate this thermal management approach for future
Li-ion cell designs. Novel cell designs need to be investigated that
accommodate a heat pipe in the cell, for example by providing an axial
channel in which to insert the heat pipe. Further, it is also essential to
model and optimize the design of the heat pipe itself. This may further
improve the thermal performance obtained from the use of heat pipes.
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