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Efficient thermal management of Li-ion batteries
with a passive interfacial thermal regulator based
on a shape memory alloy

MenglongHao®1, JianLi"?, SaehongPark ©3, Scott Moura® and Chris Dames'4*

The poor performance of lithium-ion batteries in extreme temperatures is hindering their wider adoption in the energy sector.
A fundamental challenge in battery thermal management systems (BTMSs) is that hot and cold environments pose opposite
requirements: thermal transmission at high temperature for battery cooling, and thermal isolation at low temperature to retain
the batteries’ internally generated heat, leading to an inevitable compromise of either hot or cold performances. Here, we
demonstrate a thermal regulator that adjusts its thermal conductance as a function of the temperature, just as desired for
the BTMS. Without any external logic control, this thermal regulator increases battery capacity by a factor of 3 at an ambient
temperature (T,,;....) of —20 °C in comparison to a baseline BTMS that is always thermally conducting, while also limiting the
battery temperature rise to 5 °C in a very hot environment (T, ;... = 45 °C) to ensure safety. The result expands the usability of

lithium-ion batteries in extreme environments and opens up new applications of thermally functional devices.

ables and the advancement of battery technologies have put

rechargeable batteries, especially lithium-ion batteries (LIBs),
on the centre stage of our future energy landscape. In recent years,
the use of LIBs for electric vehicles (EVs), drones and both residential
and grid-scale energy storage has been steadily growing, in addition
to their growing use in the more established consumer electron-
ics market'~. However, the widespread adoption has been severely
hindered by the poor performance of LIBs in both hot and cold cli-
mates*. At high temperatures, batteries degrade at a much higher
rate (the lifespan roughly halves for each 13°C increase in battery
temperature’), leading to increased cost for replacement®. When
the temperature drops below 15 °C, LIBs suffer from reduced capac-
ity, power and efficiency, which are responsible for a shorter cruise
range for EVs and automatic switch-off of smart phones®'*"". Many
real-world application scenarios are not in modest conditions’. For
instance, out of the 51 metropolitan areas (with over 1 million popu-
lation) in the United States, 20 areas normally experience extreme
cold days below —18°C (0°F) while the summertime temperatures
in 11 areas (including overlaps with the former 20) routinely exceed
38°C (100°F)". Maintaining battery temperature within an optimal
range regardless of the ambient conditions is vital for the perfor-
mance of any energy storage system based on LIBs (Fig. 1).

With the modern trend towards fast charging and discharging
(that is, higher C rates; 1C rate fully charges/discharges the battery in
1h), battery thermal management becomes even more challenging.
On the one hand, batteries lose power capability at low temperature,
making it even more difficult to achieve high C rates. Recent stud-
ies have shown that internal heating can quickly warm up LIBs and
restore power'>'*. For this strategy to work, however, good thermal
insulation must be in place to prevent the heat from simply leaking
away to the ambient'*'*. On the other hand, high C rates substantially
increase heat generation within the battery. Keyser et al. estimate

| he ongoing transformation of the energy sector to renew-

that extreme fast charging (5C or higher), which allows EVs to be
charged as fast as conventional vehicles are fuelled and is highly
desirable for EV adoption, would raise the battery temperature by
more than 200 °C if the pack is not properly heat sunk’. A high ther-
mal conductance is therefore critical to avoid batteries overheating in
hot ambient. Due to these conflicting requirements for BTMSs (that
is, thermal insulation at low temperature and thermal conduction at
high temperature), it has been difficult to manage battery tempera-
ture for both extreme conditions using traditional linear thermal
components (for which the heat flux and the temperature gradient
are always linearly proportional). While controlled fluid loops can
perform this thermal functionality to some extent (for example, by
turning on and off a circulation pump), the ON/OFF contrast is
not large enough'®. In addition, these systems incur higher cost and
weight, and are not practical for portable applications.

Here, we report a fluid-free, passive thermal regulator that sta-
bilizes battery temperature in both hot and cold extreme environ-
ments. Without any power supply or logic, the thermal regulator
switches its thermal conductance according to the local battery tem-
perature and delivers the desirable thermal functionality, retaining
heat when it is cold and facilitating cooling when it is hot. Below,
we will first introduce the mechanism and demonstrate the perfor-
mance of the thermal regulator in an ideal vacuum environment.
We then apply it for passive thermal management of commercial
18650 LIBs (the most widely used LIB model) in air, over a large
range of ambient temperatures from —20°C to 45 °C.

Thermal regulator design and operating mechanism

The concept of a thermal regulator has existed for decades, but
applications have been limited to a few niche markets such as ther-
mal regulation in spaceships'”'® and cryogenic systems', despite
growing interest from other fields in recent years*. The main
issues with current thermal regulators are low switch ratio (SR),
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Fig. 1| A passive thermal regulator concept for battery thermal management. a, A passive thermal regulator is proposed as the thermal link between the
battery and its heat sink. b, Schematic of temperature trade-offs. Batteries perform poorly at low temperatures due to low power capability and low usable
capacity, while high temperatures are harmful to battery lifespan and cause safety issues. ¢, The ideal thermal management strategy should dissipate
battery heat to the environment when the battery temperature is too high, and also internally heat and thermally isolate the battery when the battery
temperature is too low. Therefore, the ideal thermal regulator for this application should have a high thermal conductance, G, at high temperatures for
efficient cooling, and switch to a low G at low temperatures to retain thermal energy and raise the battery temperature.

large footprint, high cost and poor cyclability. The key characteristic
of a thermal regulator is a variable thermal conductance as a func-
tion of temperature. The SR refers to the ON/OFF thermal con-
ductance ratio and is the most important performance metric for
thermal regulators. Many recent developments in the field exploit
the jump of thermal conductivity (k) associated with solid-state
phase (or structural) changes, with examples including Ge,Sb,Te,
(SR=8:1, irreversible)*'*?, VO, (SR=1.3:1)*7, boron nanoribbons
(SR=1.2:1)*, LiCoO, (SR=1.5:1)*" and ferroelectric materials, such
as PbZr,,Ti,,O; (SR=1.1:1)*. This class of regulators typically exhibit
good abruptness (thermal conductance versus temperature approxi-
mating a step function rather than a gentle slope) due to the sharp
nature of phase change, but have yet to demonstrate a sufficiently high
SR for the present battery application. Another class of thermal regu-
lators is based on opening and closing a macroscopic interface, which
have shown much higher SR (~100:1 around room temperature) and
seen more practical utility'”'®*. This type of regulator typically relies
on the differential thermal expansion (DTE) between two different
materials to induce a geometric change and exploits the strongly non-
linear behaviour of thermal conductance when the interfacial gap
closes and becomes a pressure contact. For this class of regulator, the
gap size (D) depends on the characteristic length (f) of the thermal
regulator body and the actuation strain (Ae) as

DrAext=DTEXATXt (1)

where AT is the actuation temperature. However, because thermal
expansion is a weak effect (DTE~ 10~ per degree Celsius), a long
thermal regulator body (¢~ 10cm) is required to close even a small
gap of around 0.1 mm'****. The cost, weight (80-320¢ for a device
of 5-6 cm diameter'®*’) and precision requirements of this thermal
regulator outweigh the benefits for mainstream (terrestrial, near
room temperature) applications, such as automobiles, drones and
portable electronics.

Our approach synergistically integrates the two above-men-
tioned nonlinearities (that is, solid-state phase change and inter-
facial thermal contact conductance) in a device topology using
shape memory alloy (SMA). SMAs themselves are also phase
change materials, and are widely used in biomedical and automo-
tive applications®. However, rather than directly utilize the x change
(SR~ 1.1:1; ref. ) associated with the phase transformation, we take
advantage of the change in mechanical properties. Under a con-
stant stress, this translates into changes in the wire strain (typical
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reversible Ae=2% over a 20°C temperature change) and therefore
macroscopic displacement. Thus, the average strain response per
degree Celsius in an SMA around its transition temperature is ~10~3
per degree Celsius, two orders of magnitude larger than that of ther-
mal expansion alone (DTE~10~° per degree Celsius). Due to the
SMA’s much larger de/0T, the same gap size D can be opened with
a much smaller characteristic length ¢ in an SMA thermal regula-
tor than in previous single-phase concepts'®*. Despite this improve-
ment, however, to open a gap wide enough (D~ 0.5 mm) to effectively
block heat transfer through air still requires a regulator gauge length
of t=D/Ae~25mm, which is still too large (thicker than an 18650
cell itself) for many automotive and portable electronics applications.

To further amplify the gap closure stroke for a given thermal
regulator size (form factor), we developed an SMA actuation con-
figuration whose scaling relation offers an additional degree of free-
dom beyond the straight-line kinematics of equation (1). As shown
schematically in Fig. 2a, thin flexible SMA wires are routed around
the thermal regulator and used in tension. In this case, the total wire
length is L ~4 W+ 4t, and the kinematic relation for gap size becomes

D= AeXL

HAeX(WHt)mAe X W 2)

where the last step exploits the fact that W>> t. Thus, and in marked
contrast to the straight-line scaling of equation (1), the controllable
gap size in Fig. 2a is independent of ¢, allowing for devices with
more compact form factors in the cross-gap direction.

We now discuss the thermo-mechanics of a switch-on process
in detail, as shown conceptually in Fig. 2b,c. At temperatures below
the transition temperature (the typical T,,,, for Nitinol alloys, metal
alloys of nickel and titanium, varies from —15°C to 80 °C, depending
on the Ni/Ti ratio), the bias springs (not shown in Fig. 2a) place the
SMA wires in tension, with the static force balance represented by
the intersection of the blue and grey curves in Fig. 2b. This defines
the ‘OFF’ state. As the temperature increases, due to the phase trans-
formation the SMA wire gradually starts to strengthen (transition-
ing from the blue curve to the red curve in Fig. 2b) and contract,
pulling the two surfaces closer. This closure process happens in
two stages. First, as long as the gap remains finite, the wire stress is
counterbalanced by the bias spring force. Therefore, the wire follows
the spring’s response line (grey) from ‘OFF (blue circle) to “Touch’
(orange circle). During this stage, the contact pressure between the
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Fig. 2 | Design and switching mechanism of the thermal regulator. a, Design concept for the SMA-actuated thermal regulator. The yellow lines represent
the routing of the SMA wire: through the two grooves on the upper plate and around the four low-x hanger posts on the lower plate, all with sliding

contact. This design ensures that T, is mainly controlled by T,

rather than T, because the wire has a much larger contact area with the upper plate

compared with the lower. As the lateral dimension W of these square plates is fixed, the shape recovery strain of the entire wire length solely manifests

as At; that is, closing the gap. Bias springs (not shown) separate the two plates at low temperature (OFF mode). b, The red and blue lines are conceptual
stress-strain curves of Nitinol SMA at temperatures above and below the transition temperature, respectively. The wire switches between ON and OFF
points. The grey solid line indicates the stress in the SMA wire at that strain due to the bias spring. Before the gap is completely closed, the forces in

the SMA wire and the spring are balanced (neglecting gravity and friction). After the gap is closed (indicated by ‘Touch’), the SMA wire cannot get any
shorter. Thus, if the temperature keeps rising, the additional force of the SMA wire will be balanced by the contact force between the two surfaces. This
contact force gives rise to an abrupt increase in thermal conductance. A thermal interface material (TIM) is used to further enhance the interfacial thermal
transport. ¢, The changes to wire length, gap size, contact pressure and thermal conductance during this switching process.

two plates is zero and the thermal conductance through the gap is
low. Then the wire reaches the “Touch’ point where the gap closes to
zero. Now in the second stage, further wire contraction is prohib-
ited by the two touching surfaces, and further temperature increase
results only in stress build-up in the wire. The force exerted by the
wire now exceeds the force from the bias springs, with the difference
made up by the interface contact force F=PW?, where Pis the contact
pressure at the interface. This P leads to drastically better interfacial
thermal transport®. If the SMA temperature continues to increase
beyond its transition range, because the phase transformation is fin-
ished the thermal regulator maintains this ‘ON’ state without signifi-
cant further changes in the mechanics or thermal transport. Clearly,
obtaining the highest SR requires optimizing parameters such as
wire diameter and length and the bias spring (see Supplementary
Information, Note 1 for detailed optimization discussions).

A simple one-dimensional heat transfer model is used to esti-
mate the performance of the thermal regulator. In the OFF state,
heat transfer between the two plates occurs via parallel mechanisms
of radiation, conduction leakage through the SMA wires (and bias
springs), and convection if in air. In the ON state, the direct heat
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conduction through the thermal interface material (TIM) dominates
the thermal resistance. For the present thermal regulator design in
an ideal vacuum environment, the SR is estimated to reach 1,600:1
to 3,200:1 (see Supplementary Note 2 for model details), which is
an order of magnitude higher than that of any room-temperature
thermal regulator reported to date'®**.

Proof-of-concept test in vacuum

To experimentally validate our thermal model, we designed a
test rig modified from the popular ASTM-5470 ‘reference bar’
standard®*¢, as shown in Fig. 3a,c. To measure the thermal contact
conductance of the regulator interface, two stainless steel reference
bars with thermocouples (calibrated to +5mK) are used as a heat
source and heat sink. With the temperature profile measured and
the stainless steel thermal conductivity well documented from the
literature, the heat flux through the bars can be calculated using
Fourier’s law

dT
q=x (3)
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Fig. 3 | Validation of the proposed thermal regulator in a high-vacuum environment. a, Schematic of the measurement set-up. The two reference bars are
made of stainless steel. Eight thermocouples (TCs) are inserted into the bars to map the temperature profile along the bars, which are used to calculate the
heat flux g and temperature discontinuity AT, at the interface. The interface thermal conductance can be immediately determined from these two quantities
using equation (4). The whole upper assembly, including the upper bar and the heater, is mechanically fixed to the set-up frame and not moving. The lower
bar and the baseplate attached to it are mechanically floating. The SMA wire pulls them upwards while the bias springs push them downwards. Many
flexible thin Cu wires (below the baseplate) connect the lower assembly to a liquid-cooled heat sink to conduct heat away. b, Experimental data showing
temperature profiles in the two bars for OFF (left) and ON (right) states for a single cycle, giving an SR of 2,070:1. ¢, Photo of the experimental set-up of two
reference bars in a high-vacuum chamber. d, A close-up view of the thermal regulator region. The contacting surfaces are coated with a thin layer (~25pm)
of electroplated Cu to further improve G,,, as Cu is more thermally conductive and mechanically deformable than stainless steel. The Cu coating is not to be
confused with the small pieces of Cu tape at the corners of the bars that are used for smoother sliding of the SMA wire. e, Transient temperature curves of
the set-up during a start-up. The heat sink temperature is held constant at approximately 20 °C during this experiment. As soon as the heater is turned on
at t=0, the upper bar starts heating up, but the lower bar temperature remains flat and unaffected until the moment the two surfaces touch, which occurs
when the thermal regulator temperature surpasses the critical transition temperature (=70 °C). Recall that the wire temperature is close to the temperature
at the lower surface of the upper bar (due to the large direct thermal contact area with the upper bar as a result of the groove), which is slightly lower than
T.. f, Cyclic experiments show that this thermal regulator maintains a very high switch ratio of 2,020:1 (standard deviation +130) over the 10 cycles tested.
The shaded areas indicate expected ranges of G,, and G, from thermal models (Supplementary Information, Note 2).

The temperature discontinuity at the interface AT, is also read-  lower bar has a lower temperature difference with the surrounding
ily obtained by linear extrapolation of the bar temperatures. The and less radiation loss. Therefore, the lower bar heat flux is used in

thermal interface conductance is then simply equation (2) (for a detailed discussion of the data evaluation pro-
cess, see Supplementary Note 3).
G=q/AT,, (4) A Nitinol wire with a transition temperature range of around

60-80°C is used. At temperatures below this range, the thermal
Due to inevitable thermal radiation losses, the vertical heat fluxes  regulator is thermally insulating with a vacuum gap (D~ 0.5mm)
at different locations on the reference bars are slightly different. The =~ between the two surfaces (Fig. 3d). Heat can cross the gap only by
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conduction through the thin SMA wires and via thermal radia-
tion, with the latter further suppressed by the polished (down to
1,200 grit) low-emissivity metal surface (with electroplated copper).
The excellent thermal isolation between the upper and lower bars
in this OFF state is clearly confirmed by the very small temperature
gradient in each bar (for example, 4 = 1.8 mK mm™" in the lower
bar for Fig. 3b ‘OFF’) and the large temperature discontinuity at
the interface (AT,,,=26.6 "C). When the upper bar temperature is
increased above the SMA transition temperature, the wire contracts
and the gap closes, enabling direct heat conduction through the
TIM, and only from this moment does the lower bar start to heat
up dramatically (see the transient temperature curves in Fig. 3e).
Notably, this switch process occurs rapidly within around 10s
(see Supplementary Fig. 2 for temperature curve details), which is
significantly faster than the tens of minutes response time reported
for a linear-stroke DTE-type switch®.

After the entire system reaches steady state in the ON condi-
tion, as shown in Fig. 3b (‘ON’) the temperature gradients in the
reference bars are high (7 =390 mK mm™) and the disconti-
nuity at the interface is reduced (AT,,=2.9°C), indicating good
thermal contact. The thermal interface conductance is then cal-
culated from the steady-state data using equation (4), resulting
in G,,=2,340Wm=K~' and G=1.13Wm=K-.. Therefore, a
record-high room-temperature switch ratio of 2,070:1 is achieved.
Furthermore, G,,, G, and the switch ratio all fall within the ranges
of prediction, confirming that both ON and OFF state heat trans-
fer are well accounted for in the model. A total of 10 switch cycles
were performed in this experiment to demonstrate the cyclability
and durability.

Separate tests revealed that using SMA wire directly as-received
results in poor cyclability; for example, with G, decreasing by more
than 60% after merely 3 cycles as shown in Fig. 3f (open circles).
This is due to the well-known transformation-induced plastic-
ity phenomenon. For this reason, all SMA wires used in the main
results of Figs. 3 and 4 were first pre-conditioned using a higher
stress loading, resulting in a stable, repeatable regulator response as
demonstrated by the 10 cycles of Fig. 3f (filled circles, ‘trained’), and
the 1,000 cycles performed in the battery test presented next. See
Supplementary Note 4 for more details on SMA training.

Battery thermal management demonstration

Finally, we demonstrate the potential impact of this thermal regula-
tor using commercial LIBs in an ambient air environment (Fig. 4).
Although vacuum environments for battery thermal management
are technically feasible’”, operation in air is clearly better suited for
low-cost and large-scale adoption. Only passive elements (that is, no
logic control) are used in the experiments. To represent the range
of climate conditions relevant to modern battery applications, the
tested ambient air temperatures range from very cold (-20°C) to
very hot (45 °C)*, which are simulated using an environmental cham-
ber (ESPEC BTL-433, Supplementary Fig. 3). Shown in Fig. 4a,b
is the test module, consisting of two Panasonic 18650PF LIBs
electrically in series. The batteries are sandwiched between two
aluminium holder plates to adapt their cylindrical shape to the pla-
nar thermal interface. The thermal regulator is set up between the
holder and an air-cooled aluminium heat sink. This thermal regu-
lator design is modified to fit the dimensions of the battery mod-
ule, but has the same key features as our original concept shown in
Fig. 2: SMA wires are in tension and adopt the ‘folded” kinematic
configuration to amplify stroke. Due to the larger W of this mod-
ule (roughly 5cm by 7 cm, compared to 2cm by 2 cm for the refer-
ence bar) and the longer SMA wire length, the stroke (that is, gap
size) is also larger (=1 mm). The two cells’ gravity force (= 1N) is
much lower than the wire’s actuation force (10-20N); therefore, the
orientation of the module does not affect its effectiveness. NiTiCu
alloy, a variant of Nitinol with lower hysteresis®, with a transition
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temperature range of approximately 10-35°C (0.010 inches diam-
eter, Kellogg’s Research Labs) is chosen for this experiment. Curved
slots are created at the corners of the upper holder plate to ensure
smooth sliding and to maximize heat transfer to the wires. The large
majority of the wire length is above the batteries; therefore, the aver-
age wire temperature is close to the cell surface temperature.

In this practical set-up, the thermal regulator is not the only ther-
mal resistance between the batteries and the ultimate heat sink (typ-
ically the ambient air). To reach a high system-level performance,
it is critical to insulate the parallel thermal pathways, including the
heat conduction through the SMA wires and springs (insignifi-
cant), and the direct convection between the cells and the ambi-
ent air, which is largely suppressed by an aerogel blanket (Fig. 4a).
Similarly, series thermal resistances, such as the interface resistance
between the cells and the holder plate, need to be minimized. A sim-
ple thermal circuit model is presented in Supplementary Note 5 to
analyse the effects of parallel and series thermal resistances in this
battery experiment.

To compare the performance of the thermal regulator with tradi-
tional linear, non-switched BTMS components, we also conducted
control experiments for two reference conditions: ‘always ON’ and
‘always OFF’ These are achieved by replacing the SMA wires with
stainless steel dummy wires adjusted to give either an intimate inter-
face (‘always ON’) or an open gap (%1 mm, ‘always OFF’), respec-
tively. The thermal regulator and the two control configurations are
tested with standard discharging cycles at 2C rate with the results
presented in Fig. 4.

At a very low T, ;... of —20°C, batteries lose a large fraction of
their capacity if not warmed up quickly, which is exactly what is
seen for the ‘always ON’ case (only 21% rated capacity) in Fig. 4c
due to continuous heat dissipation through the intimate thermal
contact. In contrast, for both the ‘always OFF and the thermal reg-
ulator cases of Fig. 4c, the temperature of the battery module rises
rapidly to around 20°C because leakage of self-generated heat is
blocked by the air gap. As a result, the usable capacity of the batter-
ies is increased by more than a factor of three. The thermal regula-
tor case delivers slightly less thermal insulation and lower capacity
(76% versus 89% rated capacity) compared with ‘always OFF; due
to the gap size decreasing above 10°C. If needed, the off-state gap
size can be easily increased by extending the lateral wire routing
(that is, increasing the effective W in equation (2)). Not only do the
regulated batteries heat up more quickly compared to the default
‘always ON’ design, they also cool down significantly more slowly
as shown in Fig. 4e. It takes 20 min before the module temperature
drops back below —10°C in the presence of the thermal regula-
tor, which is beneficial for dynamic EV drive cycles in winter that
include brief stops.

Although the ‘always OFF BTMS strategy had its merits at low
temperatures, it is unacceptable for high-temperature environ-
ments because it blocks heat dissipation when the batteries need to
be cooled. Figure 4d compares the performance of all three strate-
gies for a hot environment (T, .., =45 °C). The discharge capacity
is close to (actually slightly higher than) the rated capacity because
of the high temperature for all three cases. However, the module
temperature with an ‘always OFF’ strategy increases by 20°C to an
unsafe level of 65°C (the maximum allowed temperature is 60°C
according to the manufacturer’s data sheet, while the Department of
Energy target is 52°C; ref.”). Such high temperatures accelerate the
battery degradation and increase the risk of thermal runaway****!.
At the same time, it is clear that the thermal regulator has become
thermally conducting at this temperature, enabling efficient cool-
ing of the module and limiting the temperature rise to around 5 °C.
Indeed, the thermal regulator’s cooling performance approaches
that of the ‘always ON’ reference device, as expected.

In addition to these experiments at —20°C and 45°C, we have
also exercised the battery module with the thermal regulator at
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Fig. 4 | Demonstration of the thermal regulator with a module of two commercial 18650 LIBs. a, A schematic of the experimental set-up; a split view
showing the OFF and ON states. Two Panasonic 18650PF cells are sandwiched between holder plates and the whole assembly is attached to an air-
cooled heat sink through a thermal regulator, which provides an air gap at low temperatures and intimate thermal contact at high temperatures. Two
thermocouples (not shown) are attached to the exposed side walls of the two cells to measure the battery temperature. Both of their readings are in close
agreement (+1°C), and their average is presented in the following plots. b, Photo of the test assembly. ¢,d, Comparison of battery performance with the
thermal regulator, always ON and always OFF for representative cold (—20°C, (¢)) and hot (45°C, (d)) ambient temperatures. For each test, the battery
module is fully charged and then the entire test assembly is allowed to come to thermal equilibrium with T, ... before discharging at a 2C rate. The
charging and discharging cutoff voltages are 4.2V and 2.5V per cell, respectively, and the two cells are electrically in series. Measured discharge capacity
is calculated as a percentage of the rated capacity, 2,700 mAh per cell. For a cold environment as in ¢, the thermal regulator becomes thermally insulating
to retain battery-generated heat. Compared with the common ‘always ON' design, Ty, rises much higher (AT,.,.,, of 40 °C versus 15°C) and the usable
capacity more than triples. For a hot environment as in d, the thermal regulator becomes thermally conducting to dissipate heat and prevent the batteries
from overheating. As a comparison, the ‘always OFF' design, which performed well at low temperature, now results in the batteries heating to unsafe
levels. Together these two panels show how the thermal regulator adapts to the ambient environment and regulates battery temperature passively without
external stimuli or energy input. e, Transient temperature responses during free cooling after the discharge cycle is completed at —20 °C, immediately
following the same two curves shown in c. f, Temperatures of the battery module equipped with the thermal regulator discharged at five different ambient
temperatures. g h, Investigating cyclability of the thermal regulator at T, e =—20°C and T, e = 45 °C, respectively. The thermal regulator was taken
through 1,000 switching cycles by directly heating the SMA wire (55 ON/10's OFF). In addition, the battery module performance was tested using the
same procedure as in ¢ and d at four stages: before switch cycling and after 300, 600 and 1,000 switch cycles.
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several intermediate T, ., values, with the results given in Fig. 4f.
The gradual transition from completely OFF at —20°C to com-
pletely ON at 45 °C can be seen. This transition is further confirmed
by additional experiments using cartridge heaters to provide con-
stant power (details in Supplementary Note 6). Hence, the thermal
regulator has successfully achieved its objective of thermally insu-
lating the module at low temperatures and cooling the module at
high temperatures, as initially envisioned in Fig. 1. This thermal
functionality is impossible with traditional linear thermal elements.
Meanwhile, the thermal regulator demonstrated robust perfor-
mance under abuse conditions including a 5C rate at high tempera-
ture and temporary short-circuit (see Supplementary Note 7).

The calendar ageing and cyclability of the thermal regulator with
the battery module was also tested. After the initial performance
characterization (Fig. 4c-f), the module was left on a bench in labo-
ratory air for six months. Subsequently, we placed the test module
in T, pien of —20°C and switched the regulator by directly Joule heat-
ing the SMA wires to close and open the gap. For an EV automo-
tive application, we anticipate that this thermal regulator would go
through a switch cycle (OFF to ON to OFF) every time the battery
is charged in cold climates, and less frequently in mild and hot cli-
mates, which require good heat sinking at all times. The 18650 cells’
cycle life is roughly 500 cycles at 100% depth of discharge* and is
longer at lower depth of discharge®. Considering these factors, we
performed 1,000 switch cycles on the thermal regulator as a dura-
bility test. As shown in Fig. 4g, the thermal regulator’s ‘OFF’ state
performances is very well preserved over the 6-month ageing and
600 switch cycles, degrading slightly after 1,000 cycles to result in
an 8.5% battery capacity reduction at —20°C. The thermal regula-
tor’s ‘ON’ state performance was not compromised even after 1,000
thermal cycles, with the maximum temperature increasing by less
than 1°C. In a real outdoor environment, dust particles are expected
to be a threat to the thermal contact and on-state performance.
Therefore, the thermal regulator would probably require a hermetic
seal to maintain this level of cyclic stability.

From a systems integration perspective, compared to a standard
‘always-ON’ BTMS approach, the minimal additional hardware
requirements to implement this thermal regulator are in princi-
ple only the bias springs and the SMA wire; we note that a TIM
is already required in an ‘always-ON” BTMS to bridge the cells to
the heat sink, and the functionality of the holder plates of Fig. 4a,b
might be omitted for prismatic cells with flat surfaces or incorpo-
rated into existing heat sinks with curved surfaces already used to
secure cylindrical cells. In the best case considering only the SMA
wire and bias springs, the additional mass is less than 1g, which is
minimal compared to the mass of two 18650 cells (92 g). Similarly,
the material cost of Nitinol (0.08 g at US$30-300kg™") is also signifi-
cantly less than 1% of the battery cost (approximately US$6)°. The
thermal regulator is expected to be compatible with other types of
cell and pack size (Supplementary Note 8).

Conclusions

We have presented a passive thermal regulator to address the criti-
cal need for adaptive thermal management in battery applications.
Demonstration with a battery module consisting of commercial
18650 lithium-ion cells shows that this thermal regulator increases
cold-weather capacity by more than threefold simply by retaining
the battery’s self-generated heat (even larger effects should be acces-
sible through intentional self-heating such as in refs'*'*) while also
keeping the module from overheating in hot environments even at a
high 2C discharge rate. We anticipate that this study may point the
way towards a simpler and more energy-efficient approach to the
thermal management of batteries in a wide range of climates, which
is important for faster adoption of EVs and battery-based energy
storage, with potentially broader impacts on battery-critical appli-
cations such as drones and portable electronics. In addition, this
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study showcases how thermally functional materials and devices®
enable new thermal management strategies that have not been pos-
sible previously.

Methods

Reference bar experiments. Reference bars are machined to a tolerance of 25 pm.
The contacting surfaces are polished using sandpapers from 220 down to 1,500
grit sizes. K type thermocouples of 254 pm (0.010 inches) diameter are used for
measuring the temperature profile and the data are logged by a Keithley 2700
acquisition system. A custom common cold junction is made by sandwiching all
of the thermocouples’ cold ends between two Al blocks and connecting the cold
junction and Keithley terminals using Cu wires. The experiments take place in a
bell jar with vacuum level better than 10~ torr. For steady-state measurements, we
allow 5-20h for the system to stabilize before the temperature data are recorded.

Battery thermal regulator experiments. Al alloy 6061 is used to construct the
holder plates and the heat sink. The slots accommodating the cells are machined
and then polished to 1,500 grit. Silicone grease is used to reduce the thermal
interface resistance between the cells and the holder plates. The battery module
is cycled with a PEC Corp SBT2050 tester in an ESPEC BTL-433 environmental
chamber.

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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