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SUMMARY

The building sector, where heating and cooling are the major energy
consumers, contributes significantly to global greenhouse gas emis-
sions. Large energy savings can be achieved if buildings are ther-
mally insulated from the environment. Existing high-thermal insula-
tion materials, such as aerogels and vacuum insulation panels, are
vulnerable to mechanical forces and damage, making their installa-
tion a significant challenge and compromising their long-term per-
formance. Here, we report a vacuum insulation array (VIA) design
that combines mechanical robustness and ultrahigh thermal-insula-
tion performance, with local vacuum cells that are hermetically
sealed and separated from each other. This design allows the mate-
rial to be punctured, cut, or reassembled, with a long-term thermal
conductivity of less than 0.007 W/m-K even after puncture damage.
Our insulation material can potentially realize a 20%-40% reduction
in the annual energy use for the existing building-space heating and
cooling with only 2 cm of added thickness.

INTRODUCTION

Heating and cooling needs comprise a large portion of our society’s total energy
consumption. In the building sector alone, heating and cooling account for over
30% of global building energy end use' and are responsible for about 4 Gt of
CO; emission, including both direct and indirect contributions,” which continues
to increase due to global urbanization. Likewise, in the transportation area, cold-
chain transport and storage of commodities including food, medicine, and even lig-
uefied fuels demand increasing cooling capacity. A dominant culprit of energy con-
sumption is the heat exchange with the environment. For example, in the building
sector, a well-designed building thermal envelope can lead to significant energy
saving and potentially realize buildings with net-zero energy consumptions,® as
highlighted by the “Passive House" standard.”

Windows, walls, and roofs are among the most important components of the building
thermal envelope. Significant efforts in recent years have been devoted to developing
energy-efficient windows, with examples including electrochromic or thermochromic dy-
namic windows,””’ photovoltaic windows,®” aerogel-based window glazing,10 and flex-
ible low-emissivity films for retrofit."" Passive radiative cooling'*"'> and season-depen-
dent radiative designs'® have also emerged to reduce building energy consumption
by regulating both solar absorption and thermal emission at the same time. An even
greater energy-saving potential exists in transforming the walls and roofs into thermal
superinsulation structures, which will significantly reduce the heat exchange between
the building and the environment."” A desired thermal-insulation material used for walls
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CONTEXT & SCALE

Energy spent on heating and
cooling makes up the largest
share of the end energy use in the
building sector, which in turn
contributes to nearly one-third of
the global greenhouse gas
emissions. To cut down the
emissions in the building sector,
an effective way is to improve the
thermal insulation of buildings.
Compared with conventional
foam and loose-fill-type insulation
materials, high-performance
materials, e.g., aerogels and
vacuum insulation panels, provide
superior thermal-insulation
performance. However, these
materials are vulnerable to
damage, making their installation
a challenging task. We design a
thermal superinsulation material
that possesses both high
insulation performance and
installation convenience. We
create local vacuum insulations
that are hermetically separated
from each other by gas barriers.
This design allows the material to
be cut and reassembled like
conventional foam insulations
while maintaining a high
insulation performance
comparable with the best vacuum
insulation panels.
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and roofs should have a long-term insulation performance of at least 20 R/in (an equiva-
lent thermal conductivity of about 0.007 W/m-K) to minimize the thickness needed."’
Conventional insulation materials, such as fiberglass mat, cellulosic fibers, and polymeric
foams, cannot meet this target due to the gaseous heat conduction of air within the
pores, contributing to total thermal conductivities often higher than 0.03 W/m-K."®"?
Synthesized nanomaterials, such as aerogels, can achieve thermal conductivity in the
range of 0.01-0.02 W/m-K,?®?’ with the lowest reaching about 9 mW/m-K in silica aero-
gel at ambient pressure.?* However, aerogels are often mechanically fragile and have
high manufacturing costs, and their insulating properties still fall short of the desired in-
sulation performance.

For porous insulation materials, gaseous heat conduction of air (0.026 W/m-K for air
at standard conditions) makes a significant contribution to the total thermal conduc-
tivity.”® By evacuating the air out, gaseous heat conduction can be greatly sup-
pressed when air mean free path becomes larger than the pore size.?” Vacuum insu-
lation panel exploits this effect by sealing a porous core material under vacuum with
a gas-barrier envelope.?*~*? Owing to the evacuation of air, their thermal-insulation
performance significantly outpaces conventional insulation materials, achieving
thermal conductivity as low as 0.003-0.008 W/m-K. However, a major challenge
limiting their adoption is that these panels cannot be cut on site and extreme care
has to be taken during handling,”® because any damage on the panel would lead
to a vacuum loss and consequently a large degradation in the insulation perfor-
mance. This makes them less adaptable to various practical applications.

In this work, we design and demonstrate a superinsulation material that combines the
ultrahigh thermal-insulation performance (i.e., long-term thermal conductivity of less
than 0.007 W/m-K) and the installation convenience of conventional insulation mate-
rials. Conventional vacuum insulation panels are vulnerable to damage as the vacuum
is protected by only one envelope (Figure 1A). The key to our design is a hermetically
sealed structure that separates the inner volume into an array of vacuum cells, each
protected by an individual gas-barrier film (Figure 1B), which is sealed together with
the envelope. For our design, the vacuum loss caused by any damage will be limited
to a local area, and the major portion of the material remains under vacuum. As a
result, the material can be cut and reassembled without losing its overall insulation
performance. This vacuum insulation array (VIA) design provides the flexibility and
adaptability required for practical applications and can be made into different product
configurations (panels, tapes, etc., Figure 1C), while offering significantly better insu-
lating performance compared with conventional insulation materials (Figure 1D).

RESULTS

Design and fabrication of vacuum insulation array

The physical properties of the gas-barrier material are critical to the long-term ther-
mal-insulation performance of VIA. First, the introduced gas-barrier structure con-
ducts heat, and materials with low thermal conductivities are desired. Second,
when local damage occurs, the gas-barrier material needs to block the air from infil-
trating into adjacent cells, thus requiring materials with low gas permeation rates.
Our thermal modeling shows that the gas-barrier material needs to have a thermal
conductivity less than 0.3 W/m-K for cell sizes smaller than 5 x 5 cm?, in order to
achieve a total thermal conductivity lower than 0.006 W/m-K (Figure 2A). Figure 2B
compares the oxygen permeability of different materials as a quantification of the
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gas-barrier performance along with their thermal conductivities. Based on the

two criteria, we have chosen nylon and ethylene vinyl alcohol (EVOH) as the major

¢? CellPress

"Department of Materials Science and
Engineering, Stanford University, Stanford, CA
94305, USA

?Department of Electrical Engineering, Stanford
University, Stanford, CA 94305, USA

3Stanford Institute for Materials and Energy
Sciences, SLAC National Accelerator Laboratory,
Menlo Park, CA 94025, USA

4Lead contact
*Correspondence: yicui@stanford.edu
https://doi.org/10.1016/j.joule.2022.07.015

Joule 6, 2358-2371, October 19, 2022 2359


mailto:yicui@stanford.edu
https://doi.org/10.1016/j.joule.2022.07.015

- ¢? CelPress Joule
A 4}0 B - L

=== Envelope Insulation core (evacuated) Insulation core (vacuum lost) Gas barrier mesh

C D

B I
; 4 . ¥

4 o

Figure 1. Conventional vacuum insulation and our design

(A) Conventional vacuum insulation panel is protected by only one envelope layer. Any damage in the envelope leads to vacuum loss.

(B) Our vacuum insulation array incorporates a gas-barrier mesh that separates the core material into individual cells such that damage only leads to
local vacuum loss.

(C) The concept of vacuum insulation array can be applied to different product configurations, such as panels or tapes.

(D) Comparison of thickness for different insulation materials with the same insulation performance. Left to right: vacuum insulation, foam, and
fiberglass mat.

components of the gas-barrier film, owing to their simultaneously low thermal con-
ductivity and low oxygen permeability. We have quantified the gas-barrier perfor-
mance of nylon and EVOH barrier films by studying the thermal-conductivity varia-
tion with time for vacuum insulation materials sealed using these films as envelope
on one side (see inset of Figure 2C for illustration of measurement configuration).
Polyethylene (PE) films are also tested as a comparison. For these tests, significant
gas leakage through the polymer barrier films would occur, allowing us to observe
thermal-conductivity changes within a reasonable time frame. With PE films as the
envelope, the thermal conductivity rapidly rises to above 0.006 W/m-K within about
2 h, since air permeates PE relatively easily. In contrast, the thermal conductivity re-
mains below 0.006 W/m-K for about 2 weeks for nylon barrier films and for EVOH
barrier film stays so for nearly a month (Figure 2C). These thermal-conductivity
changes are also consistent with the gas permeation rates for nylon and EVOH bar-
rier films (see supplemental information).

To fabricate this vacuum array structure, it is crucial to ensure a hermetic seal be-
tween the envelope and the gas-barrier structure. We start with a laminated gas-bar-
rier film containing a thin sealing layer on one side (Figure 2D). The sealing layers are
usually made of thermoplastic polymers whose interdiffusion at higher temperatures
can create strong bonds. (In our case the sealing layer is PE, which is one of the most
common polymers used as sealing layers in the packaging industry.**) Porous core
materials are first covered by the gas-barrier film with the sealing layer facing out-
ward, which are then enclosed by envelope films. The envelope film also has a seal-
ing layer on the inner side which has to be compatible with the sealing layer of the
gas-barrier film. Next, air is evacuated from the structure and the envelopes are
sealed together under vacuum. Lastly, the entire structure is pressed between hot
plates at a temperature slightly above the melting point of the sealing layer for a

short duration. The interdiffusion of PE bonds the layers together. After cooling,
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Figure 2. Design and fabrication of VIA

(A) Thermal-conductivity modeling of the vacuum insulation array. The maximum unit cell dimension is limited to 5 cm because such a cell size would be
a small fraction of a practical insulation panel typically having an area on the order of 1 m?. The total thermal conductivity, including the gas-barrier
structure, is shown as colors.

(B) Material selection for the gas-barrier structure based on oxygen permeability and thermal conductivity.

(C) Gas permeation rate measurement for different gas-barrier films. The size of the sealed vacuum insulationis 6.5 x 7.5 x 0.33 cm?. The error bars are
the standard deviations of the measurement results averaged over at least three samples.

(D) Schematic of the manufacturing process, including structure assembly, vacuum sealing, and heat pressing. The sealing between the envelope and
gas-barrier structure is achieved by the thermal bonding of the sealing layers.

(E and F) Cross-sectional SEM images of the sealed region for 5 s sealing time (E) and 60 s sealing time (F). Scale bars: 100 um.

(G) Mechanical peeling test of the bonding between envelope and gas-barrier film.

the gas barrier and envelopes are sealed together by the thermally joined sealing
layer (Figure 2D). Figures 2E and 2F show the cross-sectional scanning electron mi-
croscopy images of the sealed region after heat-pressing steps for different pressing
durations. For 5 s of heat pressing, the interdiffusion of PE is not sufficient, and
boundaries can be clearly seen (Figure 2E). When the duration is increased to
1 min, two sealing layers have joined together without apparent boundaries (Fig-
ure 2F). Other heat-pressing durations have also been tried (Figure S1). In general,
for duration longer than 30 s most regions show good sealing results. We also note
that excess heat pressing in general is not an issue for the VIA structure, because the
core materials (e.g., fumed silica and fiberglass) usually can withstand much higher
temperatures. However, it is preferable to avoid excess heat pressing because at
higher temperatures additional gas leakages may happen through the sealing re-
gions between the envelopes. We have found that limiting the heat-pressing
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duration to less than 5 min introduces negligible effects on the VIA structure. For all
later results, we have chosen 1 min for the heat-pressing step to ensure that good
sealing is achieved between the gas-barrier films and aluminum envelopes. The suc-
cessful thermal bonding is also confirmed by a mechanical peeling test (Figure 2G).
With longer duration, the mechanical peeling breakage happens within the enve-
lope film. The strong bonding between the envelope and the gas-barrier films en-
sures a hermetically sealed VIA structure.

Thermal-insulation and damage-resilience performances

We characterized the thermal-insulation performance of VIA and its resilience to
damage using a home-built thermal-conductivity measurement setup based on
the heat flowmeter method (see experimental procedures; Figure S2). The limited
area of the heat flux sensor allows probing thermal conductivity at different loca-
tions. While larger cell dimensions can lead to a lower overall thermal conductivity
(Figure S3), we have fixed the cell size to be 3.8 x 3.8 cm? for consistent discussions.
Figures 3A and 3B shows the measured thermal conductivity at different spots on a
three-by-three square VIA. When the material is intact, the thermal conductivity is
about 0.005-0.006 W/m-K (Figure 3A). After one corner cell is punctured, only the
damaged area shows significantly increased thermal conductivity, and other areas
remain unaffected (Figure 3B). We also performed a similar test by cutting off one
column of cells from a square VIA. Regions that are not directly affected by cutting
remain at low thermal conductivities (Figure 3C).

While the heat flowmeter method allows probing the thermal-conductivity changes
locally, the practical insulation performance will depend on the overall thermal con-
ductivity over a larger area. We measured an average thermal conductivity over an
area of 10.2 x 10.2 cm? to be 0.0092 W/m-K using a guarded hot plate setup (Fig-
ure S4). This value is higher than the thermal modeling result mainly because of
the edge heat conduction due to the limited size of our three-by-three VIA (Fig-
ure S5A). Nonetheless, one could stack two VIAs on top of each other with their
cell arrays mismatched to minimize the edge heat conduction (Figure S5B). The
average thermal conductivity of such stacked VIA is 0.0062 W/m-K. Such stacking
could be effective in practical applications to minimize the thermal-bridging effects.
Nevertheless, for later discussions the thermal conductivities are obtained using the
heat flowmeter method for one VIA layer only unless otherwise specified, as we focus
on the resilience of VIA to local damage.

An important requirement for effective vacuum insulation is the ability to maintain a
vacuum for a long term, even when damage occurs. Figure 3D shows the thermal con-
ductivity at the center of a three-by-three square VIA after a corner cell is punctured.
When nylon is used as the gas-barrier material, the thermal conductivity remains below
0.006 W/m-K for 1 month, and only shows a slight increase after 2 months. In compar-
ison, the VIA with an EVOH barrier film has no apparent change in the thermal conduc-
tivity for up to 2 months. We further measured the thermal conductivity of these sam-
ples after 1 year. While the VIA with nylon gas barrier shows higher thermal
conductivity, The VIA with EVOH maintains a low thermal conductivity of about
0.007 W/m-K (Figure 3D). This demonstrates the ability of the VIA design to maintain
a high thermal-insulation performance even with damage for a long period. Moreover,
we note that the gas permeation after local vacuum loss is a sequential process—the
air goes through adjacent cells first and then penetrates cells further away. The array
geometry can thus help to maintain the high thermal-insulation performance for a long
period even after damage (see experimental procedures; Figure S6). The thermal-con-
ductivity measurement for the VIA with a nylon barrier with a corner cell damaged after
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Figure 3. Thermal-insulation and damage-resilience performances of VIA

(A-C) Thermal conductivities at different locations for a three-by-three square VIA, before any damage (A), after a puncture damage at one corner cell
(B), and after cutting along one column of cells (C). The cell dimension is 3.8 x 3.8 cm?.

(D) Thermal conductivity of the central cell of a three-by-three square VIA after one corner cell is damaged. The higher initial thermal conductivity with
EVOH barrier compared with nylon is likely to come from the out-gassing of certain organics used in the laminate film during the heat-pressing step. The
error bars are the standard deviations of the measurement results.

(E) Thermal conductivities of different porous materials and corresponding VIA.

(F) Thermal conductivity of VIA after repeated bending, followed by puncture damage.

(G) Comparison of VIA with existing insulation materials, in terms of the standard thermal-insulation performance metric (R value per inch).

(H and I) Infrared imaging of the top-surface temperature of the insulation material above a low-temperature metal plate for foam insulation (H) and a
VIA that is cut along one column of cells (I). Both insulation materials have a thickness of 3.3 mm.

(J and K) Infrared imaging of the top-surface temperature of a trapezoidal insulation material on a cold metal plate for foam insulation (J) and for a

reassembled VIA (K), with a material thickness about 6.5 mm. The cutting and reassembly from the square to the trapezoid shape is indicated in the inset
in (K). Two VIAs are stacked together with their assembly lines (indicated by arrows) mismatched.

1 year shows that cells adjacent to the damaged region indeed have higher thermal
conductivities (Figure S6D), suggesting that the degradation in insulation performance
due to vacuum loss is limited to a local area.

Our VIA design is applicable to different core materials, including aerogel compos-
ites, pressed powder board (fumed silica), fibrous materials (fiberglass, mineral
wool, and cellulose), and foams (Figure 3E). For all these materials, VIA greatly re-
duces their thermal conductivity to 0.006-0.01 W/m-K and is able to maintain the ul-
tralow thermal conductivity after damage. The different thermal conductivities are
mainly due to the different characteristic pore sizes (Figure S7), as a higher vacuum
level is required to suppress the gaseous heat conduction for materials with larger
pore size (Figure S8) based on the Knudsen'’s law.?’ This is because, for larger
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characteristic pore sizes, a higher vacuum level is needed to increase the mean free
path of air molecules above the pore size. When the air mean free path is larger than
the pore size, the air molecules experience frequent collisions with the porous struc-
ture and the air's contribution to total thermal conductivity largely decreases. For
example, because aerogel composite has smaller characteristic pore size than fiber-
glass, a pressure of 1.0 mbar is needed for the aerogel composite samples, while a
pressure of 0.1 mbar would be ideal for fiberglass core material. General vacuum
level requirements for other core materials can be found in literature about vacuum
insulation panels on the selection of core materials.”® We also note that core mate-
rials in general do not need to be structurally strong to be used in VIA. The core ma-
terials will collapse in size somewhat under vacuum. However, the porous structures
are not fully packed microscopically, creating gaps in between that are sufficient for
vacuum insulation purposes.

The VIA also has a certain flexibility and can be bent without losing its insulation per-
formance. Figure 3F shows that the thermal conductivity of a square VIA remains low
after 100 bendings and is not affected by a puncture damage afterward. Here we
caution that this test does not justify VIA as a flexible material. While VIA exhibits
certain bending flexibility (see supplemental information; Figure S9), severe
bending can lead to breakage between the components. This in general would
not be a major concern for applications because flat panels are the most common
types for thermal insulation. The built environment may involve other types of
loading, especially in extreme weather conditions such as strong winds. Nonethe-
less, thermal-insulation materials are not used as load-bearing structures and gener-
ally suffer less from the variations in loads. While the variations in loads may cause
excess pressing on VIA materials, pressing is generally less of a concern than
bending, because the long-term performance of VIA depends on the hermetic seal-
ing of the structure, which is most affected by shear forces that may lead to breakage
between the components. The above damage-resilience and mechanical-bending
test illustrate that our VIA provides similar installation convenience and adaptability
as conventional insulation materials, while achieving insulation performance 4 times
better than that of conventional insulation materials (Figure 3G). While the best aero-
gels have thermal conductivities of 0.009 W/m-K,* this requires careful optimization
of the synthesis procedure, and most studies reported thermal conductivities in the
range of 0.012—0.02 W/m-K for aerogels.’**' Considering this, VIA provides an in-
sulation performance which is twice that of aerogels on average while being more
mechanically robust.

To demonstrate the installation convenience of VIA as thermal superinsulation ma-
terials for practical applications, we conducted thermal-insulation tests for both
damaged and reassembled VIA. In the first test, we study how damaged VIAs protect
from an extremely cold object (a metal plate cooled to about —100°C by liquid nitro-
gen). When conventional foam insulation is placed on the metal plate, the top sur-
face rapidly decreases to below 0°C within 1 min (Figures 3H and S10A). In compar-
ison, the temperature of a damaged VIA material (e.g., one column of arrays is cut
off) stays around 20°C for 1 min in undamaged areas (Figures 3l and S10B). The
infrared images also clearly demonstrate the vacuum protection by the VIA struc-
ture—the undamaged areas have uniformly higher temperatures than those
damaged areas. Next, we illustrate how a square VIA can be reshaped into a trape-
zoid and compare its insulation performance with foam insulations. Both materials
are placed on a metal plate cooled to 10°C by a thermoelectric cooler. Assuming
that the heat transfer coefficient with the environment is similar, materials with better
thermal insulation will exhibit higher top-surface temperatures. Here we stacked two
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layers of VIA with one VIA flipped horizontally to minimize the edge heat conduction.
Infrared imaging shows that reassembled VIA achieves higher temperatures than the
foam insulation (Figures 3J and 3K), much closer to the environmental temperature
(Figure ST1A). We also used the guarded hot plate setup to measure the average
thermal conductivity over a larger area, indicated by the dashed line in Figures 3J
and 3K. The thermal conductivity of foam insulation is consistent with the heat flow-
meter measurement, while the assembled VIA has a smaller thermal conductivity
(Figure S11B). Because the selected area includes the envelope edges and damaged
cells, this result represents a worst-case scenario. For a practical VIA with a larger
size, we expect most areas will have much lower thermal conductivities.

Application in transportation and building sectors

Lastly, we studied the energy-saving potential of VIA as thermal superinsulation mate-
rial using transportation and building sectors as examples. In the cold-chain industry, a
significant challenge is maintaining a low temperature during transportation, espe-
cially when the temperature needed is extremely low. An example is vaccines that
need to be maintained below —60°C. In such cases, thermal insulation becomes
particularly important’ (Figure 4A). Compared with foam materials that are currently
used for passive insulation, VIA provides significantly better insulation performance.
We built a storage box wrapped by insulation materials of the same thickness (Fig-
ure 4B). To further reduce the radiative heat transfer with the environment, reference
insulation materials (foams) are covered with aluminum foils. Phase-change materials
(ice or dry ice) are added to mimic thermal mass. Compared with conventional foam
insulation materials, VIA can increase the storage time by about three times for storage
near 0°C (Figure 4C). This improvement is not affected even when two sides (front and
back) of the storage box are punctured. For storage at much lower temperatures, the
increase is less pronounced because the foam material itself has a lower thermal con-
ductivity due to longer air mean free path at lower temperatures. Nonetheless, if we
set —80°C to —60°C to be the safe temperature range for storage, VIA still increases
the storage time by about 60%, a significant improvement over conventional material
(Figure 4D). We have also compared VIA with an aerogel composite-based insulation
material (i.e., the core material we use in VIA but without vacuum) covered with
aluminum foil. The results show that VIA can increase the storage time by about
50% for storage near 0°C and by about 20% at —80°C to —60°C range (Figure S12),
demonstrating VIA's energy-saving advantage in cold transportation.

Significant energy savings are also achievable in the building sector if VIA is added to
existing building envelopes to increase thermal insulation (Figures 4E and 4F). We
studied annual heating- and cooling-energy consumption for a single-family house
in the United States®® (experimental procedures). Figure 4G shows the temperature
of the attic when only the living area is maintained at the setpoint. For the standard
house model, the attic temperature is significantly lower than the setpoint. After
introducing the thermal insulation—2-cm-thick VIA, with a thermal conductivity of
0.007 W/m-K, is added into the wall and roof—the average attic temperature is
increased to around 15°C, and temperature fluctuations are also largely reduced.
We further analyzed the annual heating- and cooling-energy savings due to the addi-
tional VIA. Heating needs typically account for a significant share of the total house-
hold energy use, from below 10% in hotter climates to over 40% in colder areas (Fig-
ure 4H). If 2-cm-thick VIA is added to the wall and roof, the annual heating-energy
use can be reduced by about 30%-70% (Figure 4H). Similarly, the annual cooling-en-
ergy use is reduced by about 10%-25% (Figure 41). Together, they achieve 20%-40%
reduction in total energy use for space heating and cooling, and annual energy sav-
ings of 4-13 GJ per household. A thicker thermal-insulation layer can lead to even
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Figure 4. Application in cold transportation and building thermal envelope

(A) Passive ultrahigh thermal insulation can significantly increase the storage time for objects (e.g., vaccines) requiring storage at low temperatures,

saving cooling energy.

(B) A home-built cold-storage box, with the outside wrapped with insulation materials and the inside filled with phase-change materials. Ice and dry ice

are tested for different storage temperature ranges.

(C and D) Inside-box temperature variation with different insulation materials, with ice (C) and dry ice (D) being the phase-change materials. The shaded

area indicates the desired temperature range for storage.

(E) Ultrahigh thermal insulation can significantly increase buildings’ thermal insulation and improve their energy efficiency.

(F) Pictures of a large vacuum insulation array and its attachment on building walls.

(G) Simulated temperature variation of an attic unit in a single-family house at New York during winter. For the insulated case, a 2-cm-thick wall with a

thermal conductivity of 0.007 W/m-K is added to each heat transfer surface of the house.

(H and 1) Energy-saving analysis of annual heating-energy (H) and cooling-energy consumption (I) in a single-family house across the United States.

greater energy savings. For example, 5-18 GJ can be saved if 5-cm-thick VIA is
added to the house (Figure S13). Increasing the insulation thickness also implies
higher initial investment, and we have provided a cost analysis for VIA based on liter-
ature information about the cost of vacuum insulation panels® (see supplemental in-
formation). The above analysis suggests that adding a thin thermal superinsulation
layer to the existing building envelope is an effective way to mitigate CO, emissions,
with a potential annual emission reduction on the order of 1 Gt.

DISCUSSION

In summary, we designed and fabricated a thermal superinsulation structure that
combines the installation convenience of conventional insulation materials and the
ultrahigh thermal-insulation performance of vacuum insulation panels. The key
concept of this design is a hermetically sealed vacuum insulation array, or VIA, which
creates local vacuum insulations that are separated from each other by gas-barrier
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films. This design allows our insulation material to be punctured, cut, bent, and re-
assembled without losing its insulation performance. This design concept is appli-
cable to various porous insulation core materials and is compatible with existing
manufacturing processes, such as roll-to-roll manufacturing of polymeric laminate
films. VIAs can help achieve energy savings in different areas from cold transporta-
tion to building-space heating and cooling, but we also note that different applica-
tions have different requirements for the duration over which a high insulation per-
formance is maintained. While we have experimentally demonstrated the long-term
thermal-insulation performance of VIA, applications in the built environment require
high insulation performance over a much longer duration (e.g., 20 years) and repre-
sent one of the most challenging areas for thermal insulation. In this respect, more
characterizations regarding the long-term aging behavior would be needed to proj-
ect VIA's high insulation performance over longer terms. For example, moisture in
the building environment can also affect the thermal performance of insulation ma-
terials. While EVOH itself does not have sufficiently high moisture-barrier perfor-
mance, laminates of EVOH and other polymers such as PE can help to achieve better
overall barrier performance even under humid conditions due to the combined ad-
vantages of EVOH’s low oxygen permeation rates and PE’s low moisture permeation
rates.***° Besides, flammability is also an important factor to consider for building
applications. While typical core materials such as fumed silica and fiberglass are
not flammable, the flammability of VIA also depends on the gas-barrier materials,
which are polymeric films and categorized as flammable. Nonetheless, the gas-bar-
rier componentis a small fraction of the VIA and the flammability can be improved by
addition of fire retardants. We believe that additional optimization mentioned
above will allow VIAs to meet international standard requirements for thermal-insu-
lation materials, such as ISO/DIS 16478, which is specified for vacuum insulation
panels, for VIAs to be adopted in practical applications, helping to improve the en-
ergy efficiency as well as reduce the energy consumptions and CO, emissions.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to
the lead contact, Yi Cui (yicui@stanford.edu).

Material availability
The materials in this study will be made available upon reasonable request.

Data and code availability
All data are present in the paper and supplemental information.

Material and fabrication

The porous core material used as demonstration for our VIA is an aerogel-based
composite (Spaceloft blanket, Aspen Aerogels). The envelope film (Protect 470, Pro-
tective Packaging Corporation) is an aluminum-based laminate film, with a thin PE
sealing layer on one side, and an oriented polypropylene layer on the other side
for protection. The nylon barrier film (chamber pouches, VacMaster) has a thin PE
layer on one side. The EVOH barrier film (Polynova) has PE sealing layers on both
sides. Other core materials, such as fumed silica, fiberglass mat, mineral wool, and
loose cellulose are commercially available conventional insulation materials and
are obtained from online market. The foam is a polymeric melamine foam tradition-
ally used for cleaning purposes.
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The vacuum insulation array structure is made following the vacuum sealing-heat
pressing process. First, the core materials are cut into identical sizes and assembled
with gas-barrier structure and two envelopes (top and bottom) together. Each core
material is covered with the gas-barrier material by folding the gas-barrier material
around the core. For most discussions in this study, each cell has a size of 3.8 X
3.8 cm?. A larger cell size can give a lower overall thermal conductivity, but this is
limited by the heating plate size of our heat-pressing equipment. Second, the two
envelopes are sealed together under vacuum. For vacuum sealing, we use a house-
hold vacuum sealer (VacMaster) but modified it by separating its vacuum pumping
and heat-sealing steps. The pressure level provided by the internal vacuum pump
of the sealer is not sufficiently low. Instead, we have re-routed the pumping path
to a high-power vacuum pump that allows us to pump the pressure down to less
than 0.5 mbar. After the desired low pressure is reached, we will then execute the
program to heat seal the sample. After the structure is taken out from the vacuum,
itis then pressed between hot plates at about 130°C for 60 's. The heat-pressing tem-
perature needs to be slightly higher than the melting point of the sealing layer (PE in
our case), and we have found 130°C is sufficient for us to achieve satisfying sealing
results. The pressing time required to achieve good sealing depends on two as-
pects. First, heat takes time to penetrate the sample and heat up the regions sur-
rounding the sealing layers. Second, the polymers also need certain time to allow
themselves to diffuse. For gas-barrier films with similar thickness and with same ma-
terials as the sealing layer, we expect the required duration would be similar. In gen-
eral, we found that 1 min is sufficient to achieve good sealing for both nylon and
EVOH barrier films. The heat-pressing step depends mostly on the gas-barrier ma-
terial and is not sensitive to the type of core materials. The heat-pressing step en-
sures the gas-barrier structure and the envelopes are hermetically sealed together.

Thermal-conductivity measurement

The thermal conductivity of different insulation materials is measured using the heat
flowmeter method. The insulation material is placed in between two aluminum
plates, whose temperatures are controlled by thermoelectric plates and set to
13°C and 33°C (with an average temperature close to the room temperature). Two
thermocouples are embedded in the aluminum plates, near the surfaces close to
the insulation materials. A heat flux sensor (FHF03, Hukseflux) with an effective
sensing area of 2.5 cm? is mounted within the bottom aluminum plate. A propor-
tional-integral-derivative (PID) control algorithm is used to stabilize the tempera-
tures of the aluminum plates at the setpoint (within 0.05°C) and the data are ob-
tained only after the temperatures are stabilized. The thermal conductivity is
calculated based on k = (VSt)/AT, where V is the voltage output of the heat flux
sensor, S is its sensitivity (W/m?V), t is the insulation material thickness, and AT is
the temperature difference between two aluminum plates. The setup has been cali-
brated against reference materials and the obtained thermal conductivities are in
good agreement with literature for different materials, including air. The picture of
the setup and calibration details can be found in Figure S2.

We note that there are two common techniques for characterizing thermal-insulation
materials—guarded hot plate method and heat flowmeter method. Unlike guarded
hot plate method, the heat flowmeter method is less sensitive to parasitic heat transfer
as long as the sample size is much larger than the heat flux sensor and the lateral
dimension of the sample is much larger than its thickness. Our measured thermal con-
ductivity includes contact thermal resistance, and therefore is a conservative estima-
tion of the sample’s actual thermal conductivity. The contact thermal resistance mainly
comes from the air gap, which has a thermal conductivity much larger than the sample
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of interest in this study. Moreover, the contribution of contact thermal resistance can
be further reduced by slightly pressing the upper aluminum plate to minimize the air
gap. Therefore, the contact thermal resistance only introduces a negligible errorin the
thermal-conductivity measurement (an estimation about the error introduced by the
contact thermal resistance is given in supplemental information).

Due to the limited sensing area of the heat flux sensor, the heat flowmeter method
above essentially measures the average thermal conductivity around the sensing
area. In order to characterize the average thermal conductivity across a larger area
(forreassembled VIA), we have also built a guarded hot plate setup (schematic shown
in Figure S4). The hot plate has an area of A = 10x 10 cm?, and is heated by an
attached thin film heater. The heating power Q mainly goes through the insulation
material, and the average thermal conductivity is obtained by k = (Qt)/(AAT).

Thermal modeling

In order to determine the material requirement for the gas-barrier structure, we per-
formed thermal modeling to study the total thermal conductivity of VIA structure
with different unit cell dimensions and gas-barrier material properties. An infinite
square vacuum cell array is studied with periodic boundary conditions in x-y direc-
tion. The height of the insulation structure is 3.6 mm, and the width of the gas-barrier
structure that separates adjacent cells is 200 pm (gas-barrier films have 100 pm thick-
ness, and two films are pressed together between adjacent cells). The thermal con-
ductivity of the core material is taken to be 0.005 W/m-K. Two metal plates are
placed on two sides, in direct contact with the insulation materials. The metal plates
are maintained at two different temperatures. The average thermal conductivity k is
calculated based onk = (Qt)/(AAT), where Qis the total heat flow through one unit
cell, tisthe thickness of the insulation material, Ais the area of one unitcell, and AT is
the temperature difference between two metal plates.

Long-term gas permeation analysis

Gas permeation in general can happen via two routes—one is directly through the
gas-barrier material, and the other through the sealings. Past aging studies on vacuum
insulation panels have suggested that the permeation through sealings is often
dominant and the permeation rate per unit length is around 0.002 —
0.009cm3/(m +day -atm).* If we take an average value (0.005cm?3/(m -day +atm))
and regard it as the permeation rate for air, the total permeation rate into one cell for
unit pressure difference is then R=0.0003cm?/(day +atm),assuming a unit cell dimen-
sion of 5x 5x 0.1 cm3. When one cell loses vacuum, only the neighboring cells are
immediately affected (see schematic in Figure S5B). The local pressure p1 in the neigh-

boring cells labeled as'lfollowsddig = B(po — p1), where Visthe cellvolume, and pyiis

the atmospheric pressure. For cells labeled as 2 which are slightly further away (Fig-

ure S5B), the pressure p; follows a|oproximate|yddit2 = B(p1 — p2). Figure S6C shows
the expected pressure rise as a function of time up to 20 years in cells at different loca-
tions from the punctured site. The results show that at more than two cells away from the
punctured site, the pressure rise fora 10-year span is less than 10 mbar, which is sufficient
to maintain the core material to have a low thermal conductivity in the long term.

Passive cold-storage test

For the cold-storage test, a small paper box is wrapped around by insulation mate-
rials of the same thickness. Two phase-change materials are used (ice and dry ice) to
study storage at different temperature ranges. The same weight of phase-change
materials (750 g) is added to foam insulated box and VIA insulated box, to mimic
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a given amount of thermal mass. A vial filled with water is placed inside the box and
the temperature of the vial is monitored by an attached thermocouple to study the
temperature variation of stored item during cold storage.

Building energy saving analysis

The annual heating-energy consumption in a single-family house at different loca-
tions within the United States is modeled using EnergyPlus. The single-family house
model is taken from the literature and contains two separate units (one living unit and
one attic unit).*® This standard house model is built mainly based on 2021 Interna-
tional Energy Conservation Code. The air leakage rates are changed to zero to
reflect an air-tight condition. Weather data for different cities are given as input,
and heating/cooling power is constantly adjusted to maintain the temperature of
the living unit at the setpoint. The VIA insulated condition further adds a 2 cm thick
thermal-insulation layer of 0.007 W/m-K thermal conductivity to each heat transfer
surface of the house (wall and roof). Annual heating-energy consumption is obtained
by summing up all heating-energy uses throughout the year.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.joule.
2022.07.015.
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Supplemental Experimental Procedures
Gas barrier performance quantification of polymer films

Based on the data from the vendors, nylon barrier film has an oxygen permeation rate of about
a =45 cm®m?-day, and EVOH barrier film has an oxygen permeation rate of about & =3 cm®/m?-
day. Usually, nitrogen permeation rate is close to oxygen permeation rate and we will use these as
the average permeation rates for air. For a rectangle-shaped sample with one side covered with the
gas barrier material (assuming the area is A and thickness is d, and the aluminum envelope has
negligible gas leaking rate), the pressure inside after a 30-day time span (t = 30 days) can be
estimated as
aAt at
P =g =g latm]

Given the sample thickness is about 3mm, the estimated pressure is about 0.45 atm (or 450 mbar)
for nylon barrier, and about 0.03 atm (or 30 mbar) for EVOH barrier. Based on the thermal
conductivity-pressure dependence of the aerogel composite core material (Supplementary Figure
8), this would lead to a thermal conductivity of about 0.01 W/m-K for nylon barrier, and 0.007
W/m-K for EVOH barrier after a 30-day time span. These estimations are consistent with the
measured thermal conductivities shown in Fig. 2c. We note that the difference can result from
imperfect sealing between gas barrier films and aluminum envelopes and/or the uncertainty in the
thermal conductivity-pressure data.

Estimation of thermal conductivity error due to contact resistance

Our measurement set up cannot eliminate the contact thermal resistance. However, for samples
with ultralow thermal conductivities, as those of interest in this study, the contact thermal
resistance represents a small contribution and can be reduced by slightly pressing the upper
aluminum plate downwards to minimize the air gap between the sample and the aluminum plate.
An estimation about this is given below.

Assume the sample has a thickness of 3mm and a thermal conductivity of 0.01 W/m-K. The major
contact thermal resistance comes from the air gap due to sample’s uneven surfaces. By slightly
pressing the upper aluminum, the air gap distance can be generally limited to be smaller than 0.1
mm. The measured thermal conductivity includes the contact resistances on the two sides, which
can be estimated based on the gap distance and air’s thermal conductivity:

3mm + 2 X 0.1mm

Kimeasure = 3mm 0.1mm
0.007 W/mK * 2 X 0,026 W/mK

The error due to contact thermal resistance is less than 5% and thus represents a small contribution.
Moreover, due to contact resistance, the measured thermal conductivity is a conservative
estimation and the sample’s actual thermal conductivity is lower. We think the contact thermal
resistance is not a major issue for our study.

= 0.0104 W/mK

Bending curvature analysis for VIA

Here we provide an estimation about VIA’s flexibility based on the radius of curvature when VIA
experiences bending forces. As illustrated in Supplementary Figure 9, when VIA’s are under
bending forces, each cell remains relatively rigid due to vacuum inside, and the bending mainly



occurs at the joints between cells. Through experiments, we have found that the angle 8 developed
between adjacent cells is usually less than 5 degrees (Supplementary Figure 9, also see inset photo
of Fig. 3f). One thus expects that smaller cell size allows one to bend more (more joints), and
achieves a smaller radius of curvature. Supplementary Figure 9b shows achievable radius of
curvature with respect to cell size assuming the angle & between adjacent cells is limited to 5
degrees. Also plotted is the total thermal conductivity of VIA assuming mesh material has a
thermal conductivity of 0.1 W/m-K (other conditions are the same as those in Fig. 2a). In general,
for VIA with a total thermal conductivity less than 7 W/m-K, bending radius of curvature of 20-
30 cm is achievable.

Cost analysis for VIA

The major cost for VIA, and similarly for vacuum insulation panels, is associated with raw
materials and the manufacturing process. Among them, the porous core materials represent the
dominant portion of the total cost. Because the gas barrier mesh only takes a small volume, gas
barrier materials will not contribute significantly to the total cost. The heat pressing step can be
performed by standard heat pressing equipment and thus does not require significant capital
investment either. Therefore, we can use the cost of vacuum insulation panels to estimate the cost
of VIAs with different thicknesses. Based on literature, vacuum insulation panels with thickness
of 2 cm have a cost on the order of 200 $/m?, and the cost increases to about 250 $/m? for when
the thickness increases to 3 cm. As the major cost comes from the core materials, a cost estimation
for vacuum insulation panels with thickness of 5 cm will be about 350 $/m?. Based on this,
compared to 2 cm thick VIAs (with a cost about 200 $/m?), additional cost increase of about 150
$/m? is needed if 5 cm thick VIAs are used instead. We mention that these are only estimated
values and the actual cost will vary depending on the source of materials and manufacturing details.



Figure S1. Cross-sectional SEM images of the sealed regions between nylon barrier film and
Al envelope. (a-b) 30 second sealing time. (c) 120 second sealing time. The scale bar is 400 pum.
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Figure S2. Thermal conductivity measurement set up. a, Schematic of the set up, based on the
heat flowmeter method. The temperatures of the top and bottom aluminum plates are controlled
by two thermoelectric plates, whose other sides are cooled by a circulating water bath. The sample
thickness is measured by a caliper which records the position of the upper plate. Two
thermocouples are embedded to measure the plate temperatures, and a heat flux sensor is
embedded in the bottom plate to measure the heat flux. b, Photo of the measurement set up. c,
Apparent thermal conductivity of air at different plate gap distances. The extrapolation to zero gap
gives the true thermal conductivity of air, while at finite gap distance thermal radiation also plays
a role (from the slope we extracted an average emissivity of about 0.83). d, Measured thermal
conductivity values for reference samples, including acrylic glass, air, and a commercial aerogel-
based composite insulation material.
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Figure S3. Thermal conductivity variation of VIA with unit cell size. The thermal conductivity
is measured at the center for a three-by-three square-shape VIA. The dimensionless mesh thickness

is defined as the ratio between the thickness of the gas barrier material that separates adjacent unit
cells (about 200 um) and the unit cell length.
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Figure S4. Guarded hot plate set up. a,The schematic of the guarded hot plate method. The
temperature of the hot plate is controlled by an attached thin film heater, and is separated from the
guard plate by a foam insulation material. Both guard plate and hot plate are maintained at the
same temperature (23 °C). The plates have an area of 10.2 x 10.2 cm?. The temperature of the
cold plate is set to 13 °C and is controlled by a thermoelectric cooler. b, Photo of the guarded hot
plate set up.
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Figure S5. Thermal conductivity measurement over a larger area. a, For one VIA layer, owing
to the limited size, significant heat conduction occurs at the edge of VIA along the aluminum-
based envelope, contributing to the overall thermal conductivity. b, When two VIA’s are stacked
together and their gas barrier mesh structures are mismatched, the edge heat conduction is reduced
due to the longer heat conduction contour.
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Figure S6. Long-term gas permeation analysis. a, Schematic of significant vacuum loss
channels. b, Hlustration of the sequential vacuum loss process in the proposed insulation material.
¢, Prediction of pressure rise in the vacuum insulation structure after a perforation damage. d,
Thermal conductivities at different locations for a three-by-three square VIA with nylon barrier
with a corner cell damaged (top-right corner), after one-year span.



Figure S7. Scanning electron microscope images of representative core materials. These
materials are used as the core for the vacuum insulation array structure. a, Aerogel-based
composites. Scale bar is 500 nm. b, Fiberglass mat. Scale bar is 50 um. ¢, Melamine polymeric

foam. Scale bar is 200 pum.
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Figure S8. Thermal conductivity variation with pressure. The results are measured by sealing
the core material at different pressures. Due to the smaller pore size in aerogel based composite
core material (typically tens of hundreds of nanometers) compared to fiberglass (a few microns to
tens of microns), the thermal conductivity is much less sensitive to the pressure, only showing
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Figure S9. Analysis about bending curvature of VIA. a, Illustration of VIA under bending
forces. b, Bending radius of curvature with respect to mesh unit cell length, plotted together with
VIA’s total thermal conductivity. We assume the angle 6 between adjacent cells is limited to 5
degrees and the mesh material has a thermal conductivity of 0.1 W/m-K.
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Figure S10. Transient thermal insulation test. Transient temperature and heat flux at the center
of the top surface after the insulation material is placed on the low-temperature metal plate, for
foam insulation (a) and the damaged VIA (b).
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Figure S11. Thermal insulation performance of re-assembled VIA. a, Average temperature
from the top to the bottom extracted from the infrared images shown in Figs. 3j-k. The temperature
is averaged in an area of 1 x 10 cm? centered along the vertical centerline. The environment
temperature is indicated by the dashed line (22.5°C). b, Comparison of effective thermal
conductivity over a given area for different insulation materials measured using the guarded hot
plate method. The area is indicated by the white dashed line in Figs. 3j-k.
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Figure S12. Cold storage test comparing VIA and aerogel-composite insulation. a, Inside-box

temperature variation using ice as the phase change material. b, Temperature variation using dry
ice as the phase change material.
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Figure S13. Energy saving analysis with thicker insulation layer. Annual heating energy
consumption (a) and annual cooling energy consumption (b) for a single-family house across the
United States. Here, a 5 cm thick insulation layer with a thermal conductivity of 0.007 W/m-Kis
added to each heat transfer surface of the house, achieving total heating energy reduction by about
50% - 80%, and total cooling energy reduction by about 10% - 30%.
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