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A non-volatile thermal switch
for building energy savings

Ruijiao Miao,"? Ravi Kishore,®> Sumanjeet Kaur," Ravi Prasher,?* and Chris Dames'-#**

SUMMARY

Compared with traditional static insulation, a thermally switchable
building envelope could reduce annual heating and cooling loads
by intermittently coupling to the outside environment when
beneficial. Here, we demonstrate a voltage-actuated, contact/non-
contact thermal switch that meets the unique challenges of this
application. The switch is non-volatile, consuming electricity only
briefly while switching and none to hold steady state. The switch ra-
tio is 12, the off state has a low effective thermal conductivity of
0.045 W m 'K™', comparable to fiberglass insulation, and the per-
formance is stable over 1,000 switching cycles. Numerical simula-
tions using real-world climate data show that combining this thermal
switch with a thermal storage layer in a building envelope can yield
annual energy savings of 9%-55% (heating) and 17%-76% (air con-
ditioning), depending on the climate zone. The greatest benefits are
realized when the exterior temperature crosses well above and
below the desired interior temperature within a single 24 h period.

INTRODUCTION

The energy used for space heating and cooling in buildings (heating, ventilation, and
air conditioning [HVAC]) is a major part of worldwide energy consumption’ and is
one of the top challenges for the building industry.” In the United States, for
example, residential and commercial building energy use accounts for 28% of the
total end-use energy and 40% of the total energy consumption when electrical sys-
tem losses are considered.” Similarly, space heating makes up 43% of total residen-
tial energy end use.” It also is important to reduce the thermal load in buildings
because air conditioning and heat pumps use refrigerants of high global warming
potential.®

Building envelopes lose energy through their windows, roof, and walls (Figure 1A).
For windows, next-generation electrochromics or thermochromics have switchable
optical properties that can be modulated based on climate conditions.”~” Similarly,
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Figure 1. Concept of a thermal switch for building-envelope thermal management

(A) Schematic of a variable environmental T, linked to the building interior T;, through three thermal pathways (roof, windows, walls). Zoom-in
schematics show the wall with thermal switches (i.e., functioning as dynamic insulation) located inside the wall cavity. The thermal switches can be
opened or closed on demand to either isolate or couple the interior and exterior environments to minimize HVAC demand while maintaining a
comfortable Tjn.

(B) Representative exterior environment temperature (red/blue line), desired interior temperature (orange line), and state of thermal switch (gray
dashed line), all versus time over 3 days. In this simplified but representative summertime scenario, the switch toggles into the on (high-k) state in the
late-night hours to take advantage of free cooling from the environment.

(C) Corresponding thermal load through the wall into the building versus time, without (brown dashed line) and with (green solid line) thermal switches.
Negative values of the thermal load are desirable here, as they indicate free cooling at night by the exterior environment. This nighttime cooling is
increased by using thermal switches (darker green shaded area). Note the curves in (B) and (C) are simplified schematics to explain the concept. Detailed
numerical simulations for a realistic wall with embedded switches are presented later in Figures 5 and 6.

above and below the desired interior temperature within a 24 h period. Indeed, the
need to develop variable-conductance building envelopes was recently highlighted
as a thermal-energy grand challenge for decarbonization.”” However, the experi-
mental demonstration of a thermal switch suitable for this envelope application re-
mains lacking.

A switchable building envelope, with static insulation replaced by an active thermal
switch functionality,”’ can save energy by offering a “best of both worlds” solution.
(1) Like traditional insulation, the “off” state of the switch minimizes undesired ther-
mal loads from the environment to the interior. (2) For those times when the exterior
conditions are favorable, the insulation switches to its thermally conducting “on”
state to take advantage of the environment. A familiar example is a clear sunny
day in late summer (Figures 1B and 1C). During the hot daytime hours, the wall
should be insulating to minimize heat uptake from the environment and lessen the
need for air conditioning. Then, late at night, the wall should switch to a thermally
conducting state to take advantage of the free cooling from the colder nighttime
environment. While these two switch regimes are analogous to opening and closing
windows, switching the opaque envelope offers several advantages in principle,
such as covering a larger total wall area, suitability for automation (as long as the

2 Cell Reports Physical Science 3, 100960, July 20, 2022



Cell Rer_)orts .
Physical Science

thermal switch is controlled electrically, as in the present work), and being much less
disruptive from the perspectives of outside sound, wind, and security.

The potential energy savings from a switchable thermal envelope are expected to be
substantial based on prior modeling studies.'*'>'"??"?¢ For example, Menyhart
and Krarti'* analyzed a variety of idealized thermal switches for 15 climate zones
across the United States and found heating and cooling energy savings ranging
from 7% to 42% compared with traditional static insulation. As another important
benefit, switchable building envelopes enable time shifting the HVAC demand.
This peak-shifting and -shaving capability is expected to become even more impor-
tant as renewable energy sources further permeate the grid.”’~*’

To date, these potential benefits of switchable building envelopes have been based on
modeling rather than experiments.’*'*"7?2-2> Developing a working thermal switch
for this building-envelope application introduces several unique challenges compared
with prior switches.”’ Most fundamentally, this application calls for a very low effective
thermal conductivity in the off state, kefr,ofr, Which should be close to that of existing
static insulation like fiberglass, as well as a high switching ratio, r > 10, guided by pre-
vious modeling'?*° While such r values have been widely reported,”’ to the best of our
knowledge, such a low ket off is unprecedented and has not been of interest in prior
switch demonstrations, which generally involve ke of values at least an order of magni-
tude larger than what is demonstrated here. Another key challenge is to greatly mini-
mize the energy required for switching. Additional criteria include cyclability, cost, and
fixed package size."” As surveyed recently by Cui and Overend,”" a variety of existing
thermal switch technologies that were developed for other applications could also be
considered for the building-envelope application, such as variable conductance heat
pipes, vacuum gas-gap thermal switches, magnetically aligned nanofluids, and
switched-pump convection (also like Ciampi et al.*?), though close consideration indi-
cates that none of those pre-existing switch technologies can meet all the challenges
described above.

Here, we design and demonstrate a voltage-actuated, contact/non-contact thermal
switch specifically to meet these challenging criteria. Related contact-based thermal
control, including shape memory alloy (SMA) and wax-based actuators, has been

developed for thermal diodes and regulators,' 3=’

with applications including
thermal management of batteries and spacecraft.***” In contrast to those passive,
two-terminal devices, the present work differs fundamentally in that a thermal switch
is active and has a 3rd terminal, which is used for on-demand control via the applied
voltage. Furthermore, we incorporate a non-volatile mechanism®’ that consumes
electricity only briefly while switching a bi-stable thermal contact and none to main-
tain steady state. This greatly reduces the total electrical energy consumption of the
switch by more than three orders of magnitude compared with alternative switching
schemesthat would require continuous electricity to hold the switch in one of its two
states.

As demonstrated below, this switch has a very low off-state thermal conductivity
(keft off = 0.045 W m 'K?, which is similar to traditional building-insulation material),
high switch ratio (r= 12.2), good cyclability (1,000 cycles demonstrated), thin pack-
age size (5 cm), and low switching energy (1,000-4,600 J/m? per change of state), all
of which are promising for the building-envelope application. Finally, numerical sim-
ulations of realistic building envelopes and climate-zone data highlight the potential
for 9%-55% reductions in heat loss and 17%-76% reductions in heat gains, depend-
ing on the season and climate zone.
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RESULTS AND DISCUSSION

Thermal switch design and working principle

Athermal switch uses a non-thermal control parameter to toggle its thermal conduc-
tance, G, between maximum and minimum values, Go, and Ggg, respectively.21
After normalizing by the external dimensions of the device (cross-sectional area

A = W2, thickness H; see Figure 2A), the corresponding effective thermal conductiv-

ities are Keff on = G"A”H and keff off = G"AffH, and the switch ratio is

r= keff.on/keﬁ‘,oﬁ" (Equation 1)

Here, we design a thermal switch based on connecting/breaking a thermal pathway, as
shown in Figures 2A and 2B. The switch has a fixed exterior geometry (W= 10cm, H =
5 cm), which is representative of a unit cell element that could be scaled up and/or tiled
for application inside a building envelope; for example, typical wall cavities in the
United States are 3.5” to 5.5” (= 9-14 cm) thick (an example of this tiling concept is
given later in Figure 5). For the present demonstration, aluminum is employed as
the heat-conduction medium due to its high thermal conductivity, light weight, and
reasonable cost, and high-density polyethylene (HDPE) plastic with low thermal con-
ductivity is used to define the four corners of the device frame. As shown in Figure 2A,
the gap between the moving bridge plate and the two stationary face plates defines
the on (gap closed, d = 0) and off (gap open, d > 0) states of the switch.

Joule-heated SMA wires are used to activate the opening and closing of this gap;
recall that related SMA-based devices were passive thermal diodes and regula-

torg>373°

without any voltage control, while the present work is an active thermal
switch. The SMA effect is well understood and widely used in medical and some
automotive applications.”’ The key here is that an SMA wire undergoes a reversible
martensitic transformation around its nominal phase transition temperature Tians
(chosen here to be 70°C, i.e., well above the highest anticipated environmental tem-
perature in order to avoid unintended switching). When heated to Thigh > Tirans, the
SMA wire shrinks in length with a strain Ae between 2% to 8% at constant stress (Ae =
3% for the chosen SMA wire).*""*? When temperature decreases to Tiow < Tirans, the
deformation can be easily reversed by a modest external pulling force.

The switching mechanism is as follows. As illustrated in Figure 2C, an antagonistic
pair of SMA wires are mounted along the frame top plate, with their ends connected
to the outer (SMA1) or inner (SMA2) ends of the two pivot blocks. These rotating
blocks also clamp onto the ends of a steel spring beam. Switching the device to
its on state is initiated by applying a voltage (typically 3-4 V) to the outer SMA
wire (SMA1). The resulting joule heating brings the wire T above Ti.ans, causing it
to contract by an estimated s.x = 4.4 mm (see Note S1 and Figure S1 for details).
This pulls the outermost ends of the two pivot blocks upwards, causing the spring
beam to snap downwards, which pushes the bridge plate into contact with the
face-plate regions of the aluminum frame. This places the device in the on state,
with the heat-flow path indicated in Figure 2B (top). Thin sheets of thermal interface
material (TIM) are used to improve the thermal contact. After this switching opera-
tion, the voltage applied to SMAT is removed, and it cools freely to room tempera-
ture. Crucially, due to the bi-stable snap-through mechanism of the spring beam,*°
the device now maintains its on state indefinitely, without any further electricity
consumption.

Similarly, to switch to the off state, the inner SMA wire (SMA2 in Figure 2C) is joule
heated. Since SMA1 is in its relaxed state, the contracting force of SMA2 is enough
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Figure 2. Voltage-controlled bi-stable thermal switch

(A) Schematics showing the device structure and thermal switching principle: for the on state, the bridge plate contacts the two TIM rectangles to form a
heat-conducting pathway, while in the off state they are separated by a gap d. Here, the silver components are aluminum, brown are HDPE plastic, and
pink are TIM.

(B) Primary thermal path for on (top schematic) and off (bottom schematic) states.

(C and D) Schematics and photos showing the bi-stable switching mechanism between on (top schematic) and off (bottom) states. The ends of the SMA
wires are connected to an external voltage source for active control (not shown in C). When either SMA wire is joule heated (red color), it contracts and
rotates the ends of the pivot blocks, which causes the spring beam to snap down (when SMAT1 is heated) or up (SMA2 heated) between its two stable
states. When the SMA wires are both de-energized, they are both slack, and the spring beam maintains its last state without any electricity consumption,
a fundamental distinction from previous related works.** " In (C), the central vertical post of the aluminum frame has been omitted to simplify the
schematic. In (D), the brightness and contrast have been adjusted for clarity, and the scale bar is approximately 1 cm (i.e., W= 10cm and H=5cm). In the
top panel of (D), dashed colored lines have been overlaid on the SMA wires for ease of identification.

to rotate the pivot blocks again, now snapping the spring beam upwards and lifting
the moving plate through a thin plastic “lift handle.” This creates the air gap d be-
tween the bridge plate and face plates, which breaks the thermal path (Figure 2B,
bottom) and minimizes the heat flow. The rotating of the pivot blocks also pulls
SMA1 back to its original length. And again, this device state is maintained indefi-
nitely even after the voltage is removed from SMA2.

Cell Reports Physical Science 3, 100960, July 20, 2022 5
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A key feature of this scheme is that the thermal switch is non-volatile and stable in
both its on and off states. No electricity is required to hold either steady state.
This is essential for lowering the overall energy consumption of this thermal switch
for the building-envelope application, which should only require switching one or
two times per day. As each switching operation lasts less than 10 s (see Note S¢),
this means that the thermal switch would consume electricity only ~0.01% of any
given day and would passively hold its state the other 99.99% of the time. In
contrast, a simpler thermal switch (such as plausible extensions of the previous di-
odes or regulators® %) would have to apply joule heating continuously to hold
one of the two states, thereby consuming electricity for ~50% of the year on average
(i.e., over three orders of magnitude greater energy consumption than the non-vol-
atile approach).

Having established the basic operating mechanism depicted in Figures 2A—2C, we
then proceeded to design a thermal switch device for this building application.
1419 we targeted low kegor < 0.05 W m™'K" and
high r~ 5-10. For a variety of geometries and dimensions, we used a numerical finite

Based on previous modeling,

element model (COMSOL software) to simulate the heat flow in each state (see Note
S2). The chosen design is shown in Figure 2D. For this design, the predicted perfor-
mance (see Figure S2) is keff,on = 0.56 W m KT, ket off = 0.040 W m K", and r= 14,
which satisfies the key performance targets.

Effective thermal conductivity and switch ratio test

To quantify the performance of this thermal switch device experimentally, we define
the effective thermal conductivity by treating the device as a lumped “black box,” so
that

Oon/offH

ket on/off = m' (Equation 2)

Here, Q is the heat flow through the device, and this definition applies to both on
and off states, as indicated by the dual subscripts.

Figure 3A shows an experimental setup to test the performance of the thermal switch
device. Afilm heater was attached to the top of the device to provide heating power
Q, and the bottom of the device was connected to an air-cooled heat sink (see exper-
imental procedures). The sides of the device and top of the film heater were ther-
mally insulated. Thermocouples were mounted with silicone grease to the top and
bottom of the device to monitor Thot and Teoig. Prior to each measurement, the de-
vice was switched to the designated state (on or off) by applying a voltage to the
appropriate SMA wire for 20 s and then removing the voltage, and then the entire
device was allowed to come to equilibrium with the surrounding ambient
temperature.

To measure ket off, at time t = 0 the film heater was set to dissipate Q¢ = 0.22 W. This
is a relatively low heat rate, chosen to ensure that both Ty, and T,q remained well
below the SMA transition temperature (Tians = 70°C) so as to avoid accidentally acti-
vating an SMA wire. After T,o: and T4 reached steady state, they were recorded
and used to calculate kessoff from Equation (2). An example of this ke off measure-
ment is shown in Figure 3B. At steady state, the measured AT = Thot - Teold =
24.9°C, yielding keg ot = 0.043 W m™ 'K,

The same procedure was subsequently used to measure kest,on (Figure 3C). The result
is Keff,on = 0.63W m 'K and thus a switch ratio of r= 14.6. The linearity of the thermal
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Figure 3. Thermal switch device performance test

(A) Photo (front view, with insulation removed) and schematic (simplified side view) of setup for
measuring the effective thermal conductivity.

(B and C) Measurements of temperature versus time for off (B) and on (C) states, each in response to
a step change in heater power from Q = 0to 0.22 W at time t = 0. Using Equation (2), the
corresponding effective thermal conductivities are kegsofr = 0.043 W m™'K™" and ket on = 0.63 W

m 'K, giving a switch ratio r = 14.6.

response (AT versus Q) in both on and off states is verified experimentally in Note S3
and Figure S3. We note that the measured ke off and ket on Values are in reasonable
agreement with the numerical predictions of the COMSOL model, thereby helping
confirm the suitability of the model as well. These results indicate that this type of
device can meet the key heat-transfer criteria needed for the building-envelope
application.'*"?

Cyclability test

For building applications, this thermal switch device will also need high cyclability.
Thus, to evaluate the repeatability of the gap size and effective thermal conductivity,
we performed two different tests, each of 1,000 on/off cycles. The first test was to
investigate the cyclability of the gap size, by recording a video of 1,000 continuous
on/off cycles using a digital camera. The film heater and insulation materials were
removed for this test because they were unnecessary. Each on/off cycle has four
phases: (1) the wire SMAT was joule heated for 20 s to close the gap (during this
time, no voltage was applied to SMA2); (2) all SMA voltages were off for 40 s, allow-
ing SMA1 to cool freely back to room temperature while the gap stayed closed; (3)
then, similarly, SMA2 was Joule heated for 20 s to open the gap; and finally, (4) all
SMA voltages were off for 40 s, allowing SMA2 to cool freely back to room temper-
ature while the gap stayed open. The entire 1,000 cycle video is available as Video
S1, which qualitatively confirms the repeatability of this gap opening and closing.
Furthermore, to more quantitatively analyze this process, every 50 cycles the
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Figure 4. Cyclability tests

(A) Off-state gap size for 1,000 switch cycles, measured every n = 50 cycles. A continuous movie with
all 1,000 cycles is given as Video S1.

(B) On- and off-state thermal conductivity and switch ratio during another 1,000 switch cycles,
measured every n = 100 cycles. Top and bottom schematics correspond to off- and on-state thermal
conductivity measurements, respectively.

off-state gap size was evaluated directly from the video images using a separate cali-
bration that each camera pixel corresponds to 30 um at the image plane. The results
of this gap cycling test are given in Figure 4A, which shows that the off-state gap size
was consistent over 1,000 cycles as 3.828 + 0.044 mm (mean + SD).

These optical measurements of repeatable air gap d in the off state indicate repeat-
able off-state performance over 1,000 cycles. For the on state, however, this imaging
approach cannot measure the compression of the TIM or the contact pressure when
the gap is fully closed, which are important factors for kef,on. Therefore, to evaluate
the cyclability directly in terms of thermal performance, we repeated the 1,000 cycle
test (SMA voltages cycling through the same 4 phases as described in the previous
paragraph) with a fully thermally insulated device, except this time, we also paused
the testing every 100 cycles to measure the on- and off-state thermal conductivities
in the same way as Figure 3. Figure 4B (see also Table S1) gives the resulting values
for Keff,off, Keffon, and r, which exhibit stable thermal performance over the
1,000 cycles, with relatively tight SDs of £2.9%, 8.2%, and 10% of their respective
means. Note the ke off = 0.0451 W m K" is close to fiberglass insulation (0.032-
0.049 W m'K™" at 25°C).**** Representative raw thermal test data for cycles 1,
500, and 1,000 are also presented in Note S4 and Figure S4.

Finally, we also confirmed that the device functions well regardless of orientation,

which is also important for applications in a building envelope. Videos S2 and S3
show 10 consecutive switching cycles with the switch sideways and upside down,
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respectively, which confirm that the bi-stable mechanism depicted in Figure 2 con-
tinues to operate regardless of orientation. Note S5 presents heat-transfer measure-
ments similar to Figure 3, except that the heater is at the bottom and the cooling is at
the top, which is expected to enhance natural convection if it plays a significant role.
As shown in Figure S5, this measurement gives kefs off = 0.044 W m K" and Ketf,on =
0.61 W m'K™". These reversed-direction measurements are within 2% and 11%,
respectively, of the results from Figure 4 for the original orientation, confirming
that natural convection does not play an important role and that the thermal perfor-
mance of the switch is largely independent of orientation.

Estimating material and energy costs for a building-integrated thermal switch
For potential building applications, the material cost and energy consumption to
operate the thermal switch device are important considerations. We start with the
energy consumption. To quantify the required switching time and energy for the
present device, we conducted transient switching experiments using various SMA
heating voltages. As detailed in Note S6 and summarized in Table S2, after opti-
mizing the applied voltage, the time to switch the device from closed to open can
be less than 1's, consuming less than 5 J of electrical energy per switching event.
Closing the device is slower (best case time was between 5 and 6 s) and consumes
more energy (~23 J per switching event). This discrepancy between opening and
closing is not a fundamental limitation but rather arises from the different shape of
the spring beam in the two states, as explained in Note Sé.

To scale this electricity consumption to an entire house, we assume a representative
residential house exterior wall area of ~150 m?'*** and a double layer of thermal
switches, each undergoing one on-off-on cycle daily. With the optimized switching
voltages and durations, the estimated monthly energy cost in electricity to operate
these thermal switches for the entire house is 6.7 kWho/house/month. Assuming half
of this joule heat returns to the interior of the house, on a wall-area-normalized basis
the corresponding thermal load back into the house is 22 Why/m2/month, which
burdens the air conditioning in the summer months while being advantageous in
winter months. The units of Why,/m%/month are chosen to facilitate comparison
with the model calculations below in Figure 6B. As discussed further below, these
calculations show that the typical air conditioning energy savings from using these
thermal switches in the summer months are several 100s of Why,/m2/month, which
more than compensates for this 22 Why,/m?/month parasitic burden from the switch-
ing energy.

Turning now to the materials cost, as an initial feasibility check we made estimates
based on bulk (tonne-scale) pricing of the major constituent materials® and the ge-
ometry of the test device depicted in Figure 2. Details are given in Table S3. Briefly,
the SMA wires are made from 45% Ti and 55% Ni (wt %), which are relatively expen-
sive metals, but the amount used in the thermal switch device is very small due to the
thin wire diameter (250 pm), so that the SMA wires make up less than 0.2% of the de-
vice mass and 1.3% of its estimated cost. In this design it is the aluminum, as the
frame material, that dominates both the weight (92%) and estimated cost (84%).
Foran H = 5 cm thick thermal switch device, as shown in Figure 2, the total material
cost including SMA, aluminum, HDPE, and TIM is estimated to be $14.6/m? as
normalized by the device area (W x W). For comparison, the cost of traditional static
fiberglass insulation is ~4-6 $/kg, corresponding to 3-5 $/m? with the same thick-
ness. Accounting for a double layer of thermal switches scaled to tile an entire house
with ~150 m? wall area (see Note S7), the total raw material cost is estimated as
$4,400 per house.
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Figure 5. Concept of thermal switch devices integrated within a building envelope
(A) Traditional wall cavity with fiberglass insulation. For clarity, the wooden studs are not shown.
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(B) This work: example of tiling of thermal switch devices within a wall cavity. The wooden studs (not shown) are also still present. The inset shows a
detailed view of a single switch device as a tiling unit. Two layers of thermal switches are tiled and sandwich a PCM layer inside a building wall. For the
simulations presented in Figure 6, the wall cavity (switches + PCM) is 14 cm (5.5"), composed of a 1.27 ¢cm (0.5") thick layer of PCM, and thus H=6.35cm

(2.5") for each switch layer.

Modeled energy savings considering local climate zones

Now we discuss the potential energy savings in buildings equipped with this
thermal switch device considering local climate types. While a single layer of
wall-integrated thermal switches is effective in enhancing the utilization of ambient
cooling/heating such as the scheme depicted in Figures 1B and 1C, our prior anal-
ysis'” showed that further benefits are realized through incorporating a layer of
phase change material (PCM) in the middle of the wall cavity sandwiched between
two thermal switches, as depicted in Figure 5. The switch-PCM-switch stack re-
places the traditional insulation, and the wood-stud structure is kept (see also
Note S8). This configuration provides more flexibility and control to maximize
the utilization of free ambient cooling/heating to charge the PCM and later
discharge it toward the interior, thereby further reducing the thermal loads into
the buildings. Note that the incorporation of PCM layers inside wall envelopes,
without switchable insulation, is also an active area of research?’ that has already
been tested in the field.

We quantify the energy savings for the wall structure depicted in Figure 5B (see
also Figure Sé). This switch-PCM-switch sandwich replaces the conventional static
insulation. Figure 6A illustrates the operation of thermal switches for a few days in
the cooling season for a climate like Baltimore (MD, USA) using standardized

climate data®4®

with 1 h step length. Here, we use a simple switching algorithm,
which we have found to be effective, though it has no guarantee of being optimal
(i.e., it may be possible to save more energy by further refining the algorithm). For
the cooling season, the algorithm sets each switch to its off state whenever the
temperature of the exterior side of that switch is higher than the interior side of
the switch, thereby minimizing the heat in-flow directed toward the building inte-
rior. However, whenever the temperature of a thermal switch is lower toward its
exterior side, it switches to the on state to take advantage of the free cooling.
This scheme enables the free ambient cooling during the cool nighttime hours
to solidify the PCM, which later liquifies during the hotter daytime hours, thereby
dramatically reducing the heat gains through the building wall to the interior. This
savings is quantified by comparing the orange and blue bars in the monthly total
data shown in Figure 6B (top).
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Figure 6. Simulation of energy savings in realistic climate zones

The chosen configuration of thermal switches sandwiching a PCM layer inside a building wall is
depicted in Figure 5.

(A) Simulated operation of thermal switches over 3 representative days during the cooling seasonin
Baltimore (MD, USA). The operation of the outer (inner) switch is depicted in the top (bottom)
panel.

(B) Comparison between wall-related cooling (top) and heating (bottom) loads for walls with
conventional static insulation (blue bars) and the dynamic wall configuration (orange bars),
corresponding to Figures 5A and 5B, respectively. These calculations are for a standardized climate
representative of Baltimore (MD, USA).

(C) The full-year energy savings for wall-related thermal loads, if using the configuration of
Figure 5B versus conventional static insulation as in Figure 5A.
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Although not depicted in Figure 6, the switching algorithm in the heating season is
just the opposite: a thermal switch is set to be insulating when its exterior side is
colderthan its interior side and conducting when its exterior is hotter than its interior.
This allows the free ambient heating to melt the PCM during the warm afternoon
hours, while the PCM freezes during the cold nighttime hours, thereby reducing
the heat losses from the interior through the building wall.

We have performed detailed calculations like Figure 6A for standardized cli-

mates>"48

corresponding to four cities in the United States using switch perfor-
mance metrics guided by the measurements in Figures 3 and 4, namely keff,on =
0.559 W m™'K™" and ke o = 0.043 W m™'K™". See Note S8 and Table S4 for details.
Representative results on a monthly basis are given in Figure 6B for Baltimore, and
the total annual results for all four cities in Figure 6C. The combination of thermal
switches and PCM reduces the wall-related heat gains by 17%, 26%, 64%, and
76% and the wall-related heat losses by 55%, 36%, 10%, and 17% in Phoenix (AZ,
USA), Las Vegas (NV, USA), Baltimore, and Denver (CO, USA), respectively. Note
that in the cooling season, the impact of thermal switches is greater when the sum-
mers are not too hot (e.g., Denver) due to the greater availability of free ambient
cooling at night. In a very hot climate like Phoenix, the summers are so hot that
even the nighttime temperatures are usually too warm to be usefully exploited for
free cooling. Similar arguments apply in reverse for the heating season, so the
impact of thermal switches is greater when the winters are not too cold (e.g.,
Phoenix) due to greater availability of free ambient heating in the daytime.

In conclusion, we have developed a voltage-controlled thermal switch with several
key features optimized for potential application in building envelopes to reduce
the energy required for building heating and cooling. Crucially, the thermal switch
is non-volatile and stable in both its on and off states. This means the switch con-
sumes no electricity to hold either steady state for ~99.99% of each day, requiring
only brief application of electrical energy during ~0.01% of the day while actively
switching between its two stable states. The switch ratio exceeds 10, and the off-
state thermal conductivity of kefror = 0.045 W m'K" is comparable to standard
fiberglass batts, which are widely used for static building insulation. This device
also shows good cyclability over 1,000 cycles and low energy cost for switching.
Based on these measured thermal switch performance values, simulations using
realistic wall structures and climate zone data indicate that heating/cooling energy
savings in the range 10%-70% depending on the climate zone can be achieved
when combining these thermal switches with a thin layer of PCM.

The presented thermal switch demonstrates a simple and efficient approach to
realize “dynamic insulation.”"*'®3" In principle, its application and benefits are
not limited by climate type but rather are shown by simulation to offer benefits for
both heating- and cooling-season-dominated climate zones, though the greatest
benefits are realized only when the daily exterior temperatures cross significantly
both above and below the desired interior temperature within a 24 h period. This
study highlights the benefits of actively controlling the thermal properties of the
building envelope for building energy management.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to
and will be fulfilled by the lead contact, Chris Dames (cdames@berkeley.edu).

12 Cell Reports Physical Science 3, 100960, July 20, 2022

Cell Rerrts )
Physical Science


mailto:cdames@berkeley.edu

Cell Reports

Physical Science ¢? CelPress
OPEN ACCESS

Materials availability
This study did not generate new unique materials.

Data and code availability
All data needed to support the findings of this study are available from the lead con-
tact upon reasonable request.

Experimental methods

The thermal switch device frame was constructed with 6061 Al alloy and HDPE plas-
tic. The SMA wires are commercial 0.25 mm diameter Flexinol Ni/Ti alloy wires with
transition temperature 70°C. The TIM is H48-2K from t-Global Technology, with
thermal conductivity 2.3 W m™'K™" and thickness 0.1 mm according to the vendor.
The film heater is KHA-404/5 from OMEGA with 10 x 10 cm size and maximum
80 W power. K-type thermocouples from OMEGA (diameter = 0.036 mm) were
used to measure temperature. Silicone grease was used to reduce thermal contact
resistance between thermocouples and device. Temperature data were taken by a
Keithley 2700 data acquisition system.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2022.100960.
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