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residential buildings have been comprehensively evaluated by
Menyhart et al.108 In their model, the insulation performance of
a wall can be dynamically switched between a conductive state
when heat transfer between indoors and outdoors is desired and
an insulative state when heat transfer is not desirable. According
to the simulation results as illustrated in Fig. 9B, the overall cost
savings are highly dependent on the climate of each area, ranging
from less than $2 m�2 in the south central and southeast states
up to $13.62 m�2 in Fairbanks, AK. These modeling predictions
expect a large room using dynamic thermal management for
energy savings of buildings and motivated the development of
dynamic thermal materials and devices. With the intensive e�orts
during the last decade, there emerged some options for future
dynamical thermal management systems in buildings. But much
more research is needed for their practical applications in buildings.
For example, the phase change materials with tunable phase
transition temperature do not exist yet, however could be one of
the most desired building materials. 8

5.1 Electrochromic materials

The transmittance of solar light is a key factor for the tempera-
ture regulation in buildings that can be adjusted through

electrochromic properties. Smart windows with adjustable
throughput of solar light can reduce energy consumption. 109

Electrochromic materials have been developed and commer-
cially available to dynamically control optical properties under
voltage or current since the first demonstration for building
windows around forty years ago.110,111 The transparency con-
trast of left and right windows in Fig. 10A illustrates the optical
tunability of electrochromic windows. 112 In a typical electro-
chromic device as illustrated in Fig. 10B, a transparent electro-
lyte is sandwiched by two oxide films, for example tungsten
oxide and nickel oxide.113 During ion insertion into WO 3, the
electrons change the valence of tungsten atoms and hence
become optically absorptive, leading to more than three times
optical transmittance of visible light as shown in Fig. 10B.
During the last decade, nanostructures and nanomaterials have
been incorporated into electrochromic devices.114 For example,
low dimensional tungsten oxides were used for improving the
optical transmittance tunability and switching speed cost. 115…117

Nanochannels in metal…organic frameworks were used to
enhance the ion diffusion and switching speed, stability and
enable multicolor switching 118 as shown in Fig. 10C. The electro-
chromic windows can be expected to become more popular in
future with further cost reductions.

5.2 Mechanical engineering of building components from
static to dynamic thermal system

Heat transfer can also be mechanically modulated by altering
the solid contact, fluid density and velocity, and surface geo-
metries. According to the di�erent modulation mechanisms,
the mechanical engineering based dynamic thermal system can
be categorized as vacuum thermal insulation, mechanical con-
tact thermal switch and heat convection based switchable
insulation.

By pressurizing and evacuating gas molecules in an enclo-
sure, the heat transfer rate can be reversibly tuned. Except in
the case of radiative thermal transport, heat transfer is always
accomplished via a certain medium. If the medium is removed,
such as in vacuum thermal insulation, heat conduction and
heat convection cannot occur. As shown in Fig. 10D, a typical
vacuum thermal insulation system consists of a sealed enclo-
sure and a vacuum pump system.124 The key to increase the
tunability of vacuum thermal insulation systems is to reduce
the characteristic size of the enclosure to make the Knudsen
e�ect strong. In other words, only if the characteristic size is
comparable with or smaller than mean free path of gas mole-
cules would the thermal conductivity be sensitive to pressure.
The main drawback of this technique for buildings is the extra
energy consumption of vacuum pumping systems.

Mechanically controlling the contact between two moving
objects is another traditional way to manipulate heat transfer
as heat conduction over solid or liquid is usually higher than
gas and vacuum. A typical mechanical contact thermal switch
system requires two polished solid surfaces, an actuator for
mechanical movement as illustrated in Fig. 10D. 124 For example,
the wax actuated thermal switch for NASA aerospace project
demonstrated 25 times thermal conductance change using

Fig. 9 Evaluation of energy saving and cost reduction of buildings with
dynamic thermal management systems in US. (A) Energy cost savings
contour map estimated for US residential buildings with dynamical thermal
management. 107 (B) Annual energy consumption of heating, ventilation,
and cooling systems with dynamical thermal managements of di�erent
tunability. 108
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the extinction coefficient should be modified due to small
optical length. When the simulation scale goes up to building
size from millimeters to meters, continuum models can be
applied, including the finite volume and finite elements
methods. For example, Cui et al.155 modelled the thermal
performance of a BAs/polymer composites using finite element
method (Fig. 11D). Bartak et al.160 assessed the thermal comfort
and air quality by simulating the thermal and fluid fields
in buildings with computational fluid dynamics as shown in
Fig. 11E.

6.3 Machine learning assisted high throughput thermal
materials discovery

The discovery of high throughput materials via machine learn-
ing is evolving into an important strategy for accelerating
materials design, synthesis, characterization, and application
in the future, 174,175 including for thermal materials. 176…178In a
machine learning screening, the materials with desired proper-
ties are assessed from the correlation between materials
descriptors and targeted material properties. 179 The database
of first principles or molecular dynamics calculated or experi-
mentally measured thermal conductivity and other easy-to-
evaluate materials descriptors should be established, such as
bulk modulus, Debye frequencies. Good material descriptors
should be developed to correlate them with thermal conduc-
tivity via machine learning regression algorithms. Thus, the
hard-to-evaluate thermal conductivity can be quickly screened
via the easy-to-evaluate material descriptors. Carreteet al.161

found unprecedentedly low thermal conductivity half-Heusler
Semiconductors via machine learning algorithms. They evalu-
ated approximately 79 000 half-Heusler materials using
AFLOWLIB platform and narrowed down to 995 configurations
with minimum enthalpy and further down to 450 mechanically
stable structures, and to a final list with 75 entries as shown in
Fig. 11F. Three low thermal conductivity materials were found
according to descriptors-thermal conductivity correlations.
Juneja et al.180 discovered 15 ultrahigh and ultralow thermal
conductivity materials from 195 compounds using Gaussian
process regression-based machine learning and simple descrip-
tors, namely, maximum phonon frequency, integrated Grü nei-
sen parameter, average atomic mass, and volume of the unit
cell. Chowdhury et al.162 predicted aperiodic superlattice struc-
tures with the lowest thermal conductivity by maximizing
Anderson localization of phonons using a genetic algorithm-
based approach as illustrated in Fig. 11G. The interfacial
thermal resistance can also be predicted from machine learning
method by selecting appropriate descriptors.181

7. Future perspectives
In the present review, we focused on the materials perspective
and comprehensively discussed recent progress on thermal
materials for building engineering. We reviewed the funda-
mental needs, the state-of-the-art materials, and future possibi-
lities to improve building•s energy e�ciency and sustainability,

from thermal insulation, thermal energy storage, to multifunc-
tional and dynamic tunable thermal management materials.
While passive thermal insulation is the current mainstream, we
expect several other forms including dynamic and interactive
thermal regulations could play a more important role in future
smart and sustainable buildings. To achieve this goal, further
development that stems from fundamental research to engi-
neering innovations are needed. The practical deployment for
building infrastructures not only requires materials with
desired thermal and other physical properties, but also requires
the careful consideration in building and structural implemen-
tations, such as liquid-free, compact and adaptive structures,
cost e�ective, and large-scale manufacturing, etc. In addition,
we expect computer-assisted materials search using hierarchical
toolsets from atomistic, to meso scopic, microscopic and macro-
scopic scales, together with multi scale experimental characteriza-
tions, will play an important role i n identifying high-performance
materials, or even customizing design to meet specific building
requirements. We hope this review would provide helpful insights
on thermal management materials for future buildings.
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