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ABSTRACT

Passive energy savings through the building envelope represent a critical strategy for reducing both
energy consumption and carbon emissions. However, traditional technologies are limited by cumber-
some control mechanisms and narrow adjustment scopes. To overcome these limitations, we propose
a novel phase-change thermal diode with an enhanced unidirectional heat-transfer capacity. This thermal
diode utilizes hydrophobic and hydrophilic materials, presenting dual benefits in material fabrication and
structural applications. To verify the potential of this approach for building applications, the effect of dif-
ferent hydrophobic materials and vacuum on the performance of the thermal diode were compared
experimentally. The optimally formulated material, which is readily manufacturable over large areas,
demonstrated thermal rectification ranging from 8.72 to 23.62, thus offering an extensive adjustment
range. For structural applications, the thermal diode could be combined with the building envelope to
create a dynamic envelope for passive heat dissipation and insulation. Simulation studies confirmed that
this novel dynamic adjustment method provides superior adjustment capabilities and achieves greater
energy conservation than conventional dynamic methods. Specifically, cooling energy savings between
11.83% and 21.36% were attainable across various climate zones in China. This research fosters cross-
innovation in the fields of buildings and materials, serving as a foundational reference for developing

dynamic building envelopes.
© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

and 1.7 billion tonnes of standard coal by 2060 [4]. Public buildings
consume high amounts of energy due to their large size and com-

The acceleration of global urbanization in recent years has led
to increased construction and rapid growth in building energy con-
sumption [1]. Globally, the building sector accounts for approxi-
mately 36% of total energy use. With projections indicating a 50%
increase in carbon emissions by 2050 [2], energy conservation
becomes imperative for promoting low-carbon environmental pro-
tection. Notably, the total energy consumption of public buildings
is growing rapidly, at a rate of 10% per year [3]. In future, the
energy consumption of China’s public buildings is expected to
increase at a higher rate than that of residential buildings, from
580 million tonnes of standard coal in 2020 to between 1.44 billion
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plex operational needs [5,6], thus, energy savings in this sector are
critically important.

In public buildings, energy is mostly consumed by air condition-
ing, lighting, and equipment, with cooling and heating accounting
for up to 60% [7]. In this context, energy-saving methods can be
divided into two main approaches: active and passive [8]. Active
methods include using efficient equipment [9], optimizing unit
control strategies [10], using renewable energy sources such as
photovoltaics [11], and developing decarbonization policies [12].
Passive methods include natural ventilation [13] and efficient,
switchable building envelopes [14]. Although the potential
energy-saving effects of passive technologies are lower than those
of active technologies, they do not require other energy sources
and have a greater application potential. The building envelope is
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an important part of the building and accounts for 30% of the pri-
mary energy consumption [15]. Upgrading the capacity of the
building envelope is thus a direct and effective method for improv-
ing the energy efficiency of public buildings.

As an alternative to traditional building envelopes, where per-
formance improvement depends on increasing thermal insulation
and using new materials [16,17], performance-adjustable building
envelopes have received considerable research attention [18-20].
Dynamic building envelopes can be adapted to the needs of people
and energy efficiency, with the advantages of adaptability and
energy saving. However, existing dynamic adjustment methods
are cumbersome to control, require complex designs, and only
exhibit small adjustment margins [21]. Therefore, new materials
and methods for dynamic building envelopes should be explored,
with flat-plate construction and passive phase-change heat trans-
fer as potential solutions. A passive planar thermal diode incorpo-
rating phase-change heat transfer exhibits unidirectional heat
transfer and can be effectively combined with the building envel-
ope, thereby providing a new dynamic adjustment method. Some
scholars have recently conducted cutting-edge research on apply-
ing thermal diodes in buildings. These studies included a convec-
tive thermal diode with wick [22], a five-layer thermal diode
composite wall [23], and a thermal diode combined with phase
change materials [24], among others. These progressive studies
demonstrate the potential of thermal diodes for building
applications.

Considering the above advantages of thermal diode for building
applications, a novel jumping-droplet thermal diode [25-27] was
noted in this study. The thermal diode typically has three sections:
a superhydrophilic layer, a superhydrophobic layer, and a thermal
spacer. Furthermore, these diodes have two working modes: for-
ward and reverse. The forward mode utilizes the phase change
heat transfer process of water, which has high thermal conductiv-
ity. The reverse mode involves ineffective thermal conductivity
through the insulating gasket with a low heat transfer coefficient.
When combined with the building envelope, jumping-droplet
thermal diodes can exploit passive phase change, potentially solv-
ing the problems associated with existing dynamic building envel-
opes [21].

However, jumping-droplet thermal diodes are currently mostly
applied for heat dissipation in electronics [28,29]. Consequently,
these diodes are relatively small, and research efforts have focused
on enhancing their forward thermal conductivity for heat removal.
To maximize the heat transfer effect of thermal diodes, their inner
surface and the heat transfer medium have been optimized [30-
33]. Although significant improvements in the unidirectional ther-
mal rectification and forward thermal conductivity have been
achieved, the fabrication methods remain relatively complex. In
particular, preparing the hydrophobic surface requires various
chemical reagents, which hinders large-scale production. In addi-
tion to focusing on the forward thermal conductivity, the reverse
thermal conductivity must be considered to ensure heat insulation
for building applications. The focus of the research on jumping-
droplet thermal diodes for building applications, where manufac-
turing aspects and large-area applications are critical, differs from
that for electronics.

Therefore, we have explored the jumping-droplet thermal diode
further for building applications. In our previous research [21], we
introduced a new method of combining jumping-droplet thermal
diode with building envelope from the perspective of buildings,
which promotes cross-innovation in different fields. Although this
previous study demonstrated the potential and feasibility of using
jumping-droplet thermal diode, there are three aspects that need
to be further explored: (D The previous study did not include a the-
oretical analysis of the thermal diode’s heat transfer mechanisms;
@ while the significance of vacuum conditions was confirmed
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experimentally, the study lacked a detailed and comprehensive
investigation, particularly at the chemical level for optimization;
@ in terms of energy saving effect verification, there is a lack of
quantification of existing dynamic adjustment methods, and the
relationship between experiment and simulation is relatively
weak. Building upon these findings [21], this paper explores these
three areas, expanding on the groundwork laid by our earlier
research.

Herein, a new phase-change thermal diode with a simple struc-
ture and convenient internal surface treatment was fabricated
based on the concept of the jumping-droplet thermal diode
(Fig. S1 in Appendix A). The effect of different hydrophobic materi-
als and vacuum on the performance of the thermal diode was
investigated, and the optimized structure was used to evaluate
the impact of its application in the building sector. This achieved
a double optimization of the thermal diode on physical and chem-
ical levels. Furthermore, the influence of different dynamic struc-
tural adjustment capacity on building energy savings was
quantitatively analyzed. In addition, the advantages of building
envelopes combined with this novel phase-change thermal diodes
over previous dynamic building envelopes were demonstrated.
Finally, the potential energy savings for buildings using this novel
thermal diode were determined in different climate zones in China.
Leveraging the cross-innovation in buildings and materials sectors,
it enables the development of energy-saving technologies for pub-
lic buildings and the realization of the dual-carbon goal.

2. Methods
2.1. Composition and application of new phase-change thermal diode

Figs. 1(a) and (b) show that the novel phase-change thermal
diode consisted of two metal plates and a thermal insulating gas-
ket [26]. Hydrophilic and hydrophobic surfaces were fabricated
on the two metal plates for heat-transfer circulation of the inter-
nal medium. The hydrophilic surface was machined and then sin-
tered using metal powders to achieve superhydrophilic effect.
Because the properties of hydrophobic surfaces influence the con-
densation heat transfer of droplets, three different fabrication
methods were explored in this study, as detailed in Section 3.1.
The gasket material, which is used for thermal insulation upon
reverse heat transfer, typically consists of polytetrafluoroethylene
(PTFE) or acrylic, both of which have relatively high thermal
resistance.

Considering the bearing capacity of a building, aluminum was
chosen to fabricate the thermal diode [21]. For the metal plate,
the initial experimental dimensions were 100 mm with a thickness
of 10 mm. A hollow of 80 mm x 80 mm x 3 mm was cut into the
hydrophilic plate to enclose the liquid-absorbing core. A 5 mm
high tab was manufactured on the hydrophobic plate to process
the hydrophobic surface and fix the thermal insulation gasket.
PTFE was used to manufacture the 6 mm high thermal insulation
gasket for reverse heat insulation. The height of the phase-
change space inside the thermal diode was 2 mm.

The thermal conductivity and insulation performance of the
new phase-change thermal diode in forward and reverse modes
were suitable for the heat dissipation and insulation demands of
a building envelope, respectively. Therefore, we envision combin-
ing the thermal diode with the building envelope of public build-
ings for passive heat removal and insulation. To stabilize the
circulation of the internal working medium, the thermal diode
was first placed above the roof of the building. At this time, the lig-
uid evaporated from the hydrophilic layer on the lower side, after
condensing in the upper layer, could be effectively returned under
the action of gravity to complete the evaporation-condensation
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Fig. 1. Composition and application of the novel phase-change thermal diode: (a) model, (b) photograph, and (c) application in buildings.

heat-transfer cycle. A schematic of this application is shown in
Fig. 1(c).

This study chose a public building with high energy consump-
tion as an example. This building had the following dynamic
adjustment needs: (D During daytime in summer, the air condi-
tioner was turned on inside owing to the high temperature outside
the room; the temperature of the hydrophobic layer on the outer
layer of the thermal diode was higher than that of the hydrophilic
layer inside. In this case, the dynamic building envelope was in the
reverse mode, effectively reducing the entry of heat from outside
to realize passive thermal insulation. @ During summer nights,
since the air conditioning was off and the heat gain delayed, the
temperature of the inner hydrophilic layer was higher than that
of the outer layer. In this case, water evaporation inside moved
heat to the outside through phase-change heat transfer, thereby
achieving passive heat removal. Based on the above application
requirements, the building’s need for heat removal at night and
insulation during the day is compatible with the forward and
reverse modes of the thermal diode, which can enhance the
energy-saving potential of public buildings when applied as a
building envelope material.

2.2. Heat transfer model of new phase-change thermal diode

In the forward mode, the internal heat transfer mainly depends
on phase-change heat transfer from the heat transfer medium
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(deionized water). In contrast, in the reverse mode, an internal
phase change is precluded because of the temperature and pres-
sure differences. The heat transfer thus depends on thermal con-
ductivity through the sidewalls of the thermal diode. A complete
heat transfer model was constructed and analyzed computation-
ally to analyze the main factors influencing the operation of the
new phase-change thermal diode.

The thermal resistance network diagram in Fig. 2 shows that
the heat transfer model integrates the conductive thermal resis-
tance of the hot plate (Rc.y, m?>K-W-1) and cold plate (Rc.c
m2.K-W™). Because the internal convective and long-wave radia-
tive heat transfers are relatively small, the long-wave radiative
thermal resistance (Rg, m2-K-W~!) and natural convection thermal
resistance of the vapor (Ry, m*>K-W=!) and liquid (R, m?K-W™)
phases can be neglected. Among them, the forward mode is dom-
inated by the phase-change heat transfer, which mainly depends
on the conductive thermal resistance of the absorbing core
(Rw, m%K-W™1), evaporation thermal resistance (R., m>K-W™),
mass-transfer resistance of the vapor (Rec, m?K-W~"), and conden-
sation thermal resistance (R., m?>K-W~'), whereas, the conductive
thermal resistance through the sidewalls (R, m?K-W~!) can be
neglected. Because the new phase-change heat diode has a small
length, large cross-section, and high temperature, the smaller
mass-transfer resistance of the vapor can also be omitted. In sum-
mary, the total thermal resistance of heat transfer in the forward
mode (R, m?K-W~!) is expressed by Eq. (1):
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Fig. 2. Heat transfer model and thermal resistance network diagram of the thermal diode. Ty and Tc represent the temperatures of the hot plate and cold plate, respectively.

Rf = Rcy + Rw + Re + Re + Rec (1)

In contrast, the reverse mode of the thermal diode mainly
depends on the conductive thermal resistance through the side-
wall insulation, so the total thermal resistance of heat transfer in
the reverse mode (R;) is expressed by Eq. (2):

Rr =Rc + Rs + Rec (2)

In each of these equations, the thermal conductivity and ther-
mal resistance (R) through the hydrophilic plate, hydrophobic
plate, liquid-absorbing core, and sidewalls can be calculated using
Eq. (3).

R= 2 (3)
where H is the thickness, m, and k is the thermal conductivity,
W-m~1.K™!, of the corresponding materials, respectively.

The calculation of thermal resistances R. and R., which are
related to the phase change, is more complicated owing to the
evaporation and condensation of the working medium. These
parameters are usually calculated using empirical equations and
experimental back-fitting methods [25,30,33]. The heat transfer
coefficient related to the evaporation heat resistance can be
expressed as follows [33]:

M
27NT.

200 pyin,

he:Z—oc Te

(4)

where h. is the heat transfer coefficient on the evaporation side,
W-m~2.K™!; « is the adjustment coefficient; i, is the enthalpy of
evaporation of the working medium, J-kg™!; T is the temperature
of evaporation of the working medium at each moment, K; p, is
the vapor density, kg-m~3; M is the molar mass of the working med-
ium, kgmol™'; and N is the wuniversal gas constant
(8.314 J-mol 1K™ 1)

For R. on the condensation side, the rate of steam flow to the
cold plate and the nucleation rate of the condensate, which are
typically related to the supercooling degree, droplet size distribu-
tion, and surface properties of the cold plate, must be considered.
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Currently, two main calculation methods exist: the Nusselt equa-
tion correction [30] and integral calculation of the droplet size
[33]. These condensation heat transfer equations are complicated
and mainly rely on empirical calculations, which are not effective
or accurate. Considering that phase change dominates the evapora-
tion and condensation thermal resistances, the condensation heat
transfer model can be simplified using geometrical parameters

[25]:
M
21NT.

where h. is the heat transfer coefficient on the condensation side,
W-m~2.K"!; y is the proportion of partial droplet condensate cover-
age on the condenser surface. The internal heat transfer of the ther-
mal diode can be simplified as follows:

2
hc =y 20 Pyliy

(3o T. ()

1 H, 1 Hy 1 1

[ e e ®
_ X 2e piy | M

hp°_1+)(2—a T. \/ 2mNT. (7)

where h;, is the heat transfer coefficient inside the thermal diode,
W-m~2K™; hy is the phase-change heat transfer coefficient consid-
ering evaporation and condensation, W-m~2K~!; H,, is the thick-
ness of the absorbing core, m; k., is the thermal conductivity of
the absorbing core, W-m~!.K~'; and y and « are affected by various
factors, including the experimental and manufacturing conditions.
The values of these adjustment coefficients are typically determined
by backfitting from experimental calculations to theoretical
equations.

2.3. Experimental system and devices

To verify the unidirectional heat transfer effect of the new
phase-change thermal diode, different temperatures were applied
on both sides of the thermal diode to calculate the forward and
reverse thermal conductivities at various temperature differences.
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The forward and reverse thermal conductivities were calculated
using Eq. (8):

qH
=T (®)

According to the above equation, the corresponding thermal
conductivity between the two sides can be calculated from the
heat flow density (g, W-m™2) and the temperature difference
(AT, K).

Subsequently, to calculate the unidirectional heat transfer
effect of the thermal diode, thermal rectification #, which is
defined as the ratio of the difference between the effective thermal
conductivities in the forward (k;, W-m~'-K~!) and reverse modes
(kr, W-m~1.K™1) to the effective thermal conductivity in the reverse
mode [27], was introduced.

ki —k
- ©)

A larger n value indicates a higher unidirectional heat transfer
capacity and thus better performance of the novel thermal diode.

Thermocouples were employed to experimentally measure the
average temperature of the cold and hot plates, and a heat flux
density sensor was used to record the heat-flow density through
the thermal diode. Besides, to verify the vacuum effect, a dry vac-
uum pump and vacuum gauge were used to vary the internal pres-
sure of the thermal diode. The instruments used in these
experiments are summarized in Table 1.

Considering the typical range of temperatures maintained in
buildings, experiments were performed at ten different tempera-
ture settings divided into two groups of five experiments, as shown
in Table 2. In the first group, the temperature of the cold source
was fixed at 25 °C, and the temperature of the heat source was
gradually increased to investigate the effect of increasing the tem-
perature difference between the cold and hot sources. In the sec-
ond group, the temperature difference between the cold and hot
sources was fixed at 2 °C, and the average temperature of the ther-
mal diode was gradually increased to investigate the effect of the
average temperature on the heat transfer performance. In subse-
quent experiments, the average temperature of the two plates
was used as the primary parameter. The experimental configura-
tion used for these experiments is illustrated in Fig. S2 in Appendix
A.

k

3. Results
3.1. Effect of hydrophobic material on thermal diode performance

3.1.1. Parameter comparison for hydrophobic materials

According to the heat transfer model of the new phase-change
thermal diode described in Section 2, the phase-change heat trans-
fer is an important factor for diode performance. During phase-
change heat transfer in thermal diodes, the hydrophobic surface
structure affects droplet condensation, whereas the vacuum

Engineering 63 (2026) 287-299

Table 2
Grouping of experimental temperature parameters.
Group Mode Heat source Cold source Average
temperature (°C)  temperature (°C)  temperature (°C)
1 1 27 25 26
2 29 25 27
3 31 25 28
4 33 25 29
5 35 25 30
2 6 36 34 35
7 41 39 40
8 46 44 45
9 49 47 48
10 51 49 50

(amount of non-condensable gases) affects the degree of phase
change and condensation heat transfer. Therefore, the effect of dif-
ferent hydrophobic materials and vacuum on the heat transfer
characteristics was investigated to optimize the performance of
the thermal diode.

Three methods were considered to conveniently fabricate a
stable hydrophobic surface for building applications: laser fabrica-
tion, fluorosilane coating, and PTFE coating. For the fabrication of
superhydrophobic surfaces, laser direct writing can be pro-
grammed for large-scale manufacturing. Moreover, this technique
produces multiscale micro- and nanostructures that are more
robust [34-36] than the hydrophobic particles prepared by chem-
ical etching. Fluorosilane coatings are primarily based on fluorosi-
lane polymers dissolved in butyl acetate, with the fluoroalkyl
groups providing hydrophobicity and silicon enhancing the coating
adhesion and stability. The PTFE coating was used to compare the
performance of superhydrophobic and hydrophobic surfaces. A
low-surface-energy PTFE solution was directly applied to the metal
substrate, and this simple method generated a hydrophobic
surface.

Confocal laser scanning microscopy images of the different
hydrophobic materials are shown in Fig. 3. The laser-fabricated
coating had a uniform distribution of micro- and nanostructures
on the surface, with a depth of 50-60 pwm. Furthermore, the contact
angle (CA) exceeded 160°, indicating strong superhydrophobicity.
Because the fluorosilane and PTFE coatings were directly sprayed
on the substrate using chemical reagents, the surface structures
were flatter, and the CAs were less than 160°, which indicates that
these coatings were hydrophobic. Therefore, in terms of overall
hydrophobicity, the laser-fabricated coating was superior to the
fluorosilane and PTFE coatings.

3.1.2. Experimental performance of hydrophobic coatings

To verify the influence of the surface hydrophobicity on the
heat-transfer effect of the new phase-change thermal diode, each
coating was incorporated into a thermal diode structure, and mea-
surements were carried out at an absolute pressure of 3 kPa. The

Table 1

Instruments used for thermal performance experiments.
Instruments Types Parameter Accuracy
Heating source (Therma Tech, China) Metal heating plate 25-150 °C +0.5 °C
Cooling source (Therma Tech) Thermoelectric cooling unit 0-60 °C +0.5 °C

Water-cooled plate 0-60 °C +0.5 °C

Heat flow density sensor (DwyerOmega, USA) Omega: HFS-5 +10 000 W-m™2 +50 W-m™
Thermocouples (DwyerOmega) Omega thermocouples —270-400 °C 0.1 °C
Dry vacuum pump (FUJIWARA, Japan) V750-30 —1.00 bar (1 bar = 100 kPa) +100 Pa
Vacuum gauge (CYL-CONTROL, China) - Absolute pressure: 0-30 kPa +75 Pa
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Fig. 4. Heat-transfer effect of hydrophobic coatings on thermal diodes: (a) laser-fabricated, (b) fluorosilane, and (c) PTFE coatings.

forward and reverse thermal conductivities calculated using Eq. (8)
are shown in Fig. 4.

These results indicate that enhanced hydrophobic performance
leads to a greater condensation heat transfer coefficient. Therefore,
for the forward mode, the thermal conductivity of the laser-
fabricated coating was greater than that of the fluorosilane and
PTFE coatings. In contrast, no significant differences were observed
for the reverse thermal conductivity, with all the values being
approximately 0.2 W-m~".K~'. In the reverse mode, the internal
deionized water does not undergo a phase change; therefore, this
process mainly depends on the thermal conductivity through the
surrounding insulation gaskets. Consequently, the properties of
hydrophobic surfaces had minimal influence on the reverse ther-
mal conductivity.

Furthermore, the thermal rectification of the thermal diodes
with different hydrophobic materials was compared. Notably, the
thermal diode with the laser-fabricated thermal coating exhibited
thermal rectification of 7.18-11.31 and a unidirectional multiplier
of 8-12, which resulted in an excellent unidirectional heat transfer.
In contrast, the thermal rectification of the thermal diodes with flu-
orosilane (3.70-6.58) and PTFE (1.72-2.85) coatings were signifi-
cantly lower, evidencing that the properties of the hydrophobic
surface influenced unidirectional heat transfer in the thermal diode.
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Owing to increased CA and optimization of the surface micro-
nanostructures, the thermal rectification of the thermal diode with
the laser-fabricated coating was enhanced. Therefore, subsequent
experiments mainly focused on laser-fabricated coatings.

3.2. Effect of vacuum on thermal diode performance

3.2.1. Dependence of forward thermal conductivity on vacuum

In addition to the effect of the hydrophobic surface properties
on condensation heat transfer, the internal non-condensable gas
can influence the thermal diode performance because heat transfer
within the diode mainly depends on the evaporative phase change
of deionized water. A vacuum pump was used to control the abso-
lute pressure to explore the dependence of the forward and reverse
thermal conductivities on the vacuum.

As shown in Fig. 5, the absolute pressure varies between 2.1 and
12.5 kPa. With the optimization of the vacuum, the forward ther-
mal conductivity of the thermal diode increased continuously.
Specifically, at 26 °C, the forward thermal conductivity increased
by a factor of 6.06, from 0.17 to 1.20 W-m~".K~'. Owing to the
reduction in internal non-condensable gases, the capability of the
thermal diode was effective when the absolute pressure was
5.5 kPa or less. At 7.3 and 12.5 kPa, the forward and reverse
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thermal conductivities of the thermal diode were similar, resulting
in a loss of the unidirectional heat-transfer effect. Therefore, the
vacuum is an important factor in determining the unidirectional
effect of the thermal diode. In subsequent experiments, the
thermal diode was operated at absolute pressures of 2.1-3.0 kPa
or less.

3.2.2. Comparison of reverse thermal conductivity with conventional
thermal insulation materials

The effect of vacuum on the forward thermal conductivity is
mainly attributable to the condensation of non-condensable gases.
The new phase-change thermal diode not only exhibits large for-
ward thermal conductivity, but the reverse thermal conductivity
is also reduced because of the lack of an internal phase change,
which provides a certain degree of thermal insulation. To verify
the effect of reverse thermal insulation, the variation in the reverse
thermal conductivity at different absolute pressures was compared
with that of a commonly used insulating material for buildings.

As shown in Fig. 6, the reverse thermal conductivity of the ther-
mal diode remained in the range of 0.05-0.19 W-m~'-K~! at abso-
lute pressure of 2.1-4.3 kPa. Generally, for buildings, materials
with a thermal conductivity lower than 0.23 W-m~1-K~! are consid-
ered conventional insulation materials, whereas those with ther-
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Fig. 6. Comparison of the reverse thermal conductivity of the thermal diode at
different absolute pressures with that of a conventional thermal insulation
material.
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than 0.05 W-m~"-K™! are considered thermal insulation and high-
efficiency thermal insulation materials, respectively. Accordingly,
the reverse thermal-insulation effect of the thermal diode meets
the requirements of conventional insulation materials over a wide
range of vacuum. Furthermore, at an absolute pressure of 2.1 kPa,
the reverse thermal conductivity of the new phase-change thermal
diode was in the range of 0.09-0.11 W-m~".K~!, which meets the
requirements of thermal insulation materials. Advantageously,
the new phase-change thermal diode exhibited a large forward
thermal conductivity and a reverse thermal insulation perfor-
mance comparable to that of commonly used thermal insulating
materials in buildings. In the future, the reverse thermal insulation
performance of the phase-change thermal diode can be further
improved by using thermal insulating gaskets that are more effi-
cient than the current PTFE gaskets.

3.3. Unidirectional heat transfer in doubly optimized thermal diodes

As shown in Sections 3.1 and 3.2, a more hydrophobic surface
and higher vacuum both improved unidirectional heat transfer in
the new phase-change thermal diode. Therefore, in subsequent
analyses of the thermal diode integrated with a building envelope,
data for the superhydrophobic laser-fabricated surface at 2.1 kPa
were used for analytical verification. The forward and reverse ther-
mal conductivities of this thermal diode are shown in Fig. 7.

The thermal conductivity increased with the average tempera-
ture in the forward mode (Fig. 7(b)). In the first set of experiments,
the forward thermal conductivity of the thermal diode increased
slowly because the increase in the average temperature was slight.
In the second set of experiments starting at 35 °C, the forward ther-
mal conductivity increased rapidly with the increase in average
internal temperature. Overall, the forward thermal conductivity
was in the range of 1.20-2.60 W-m~.K~! (the average value). In
contrast, in the reverse mode (Fig. 7(c)), the thermal conductivity
did not vary significantly with the average temperature, remaining
in the range of 0.09-0.13 W-m~!.K™! (the average value). This
results from the absence of a phase-change heat transfer inside
the thermal diode, which mainly relied on the ineffective thermal
conductivity through the surrounding PTFE gasket. The value of 5
was 8.72-23.62 (Fig. 7(a)), and the overall unidirectional heat-
transfer multiplier was maximized to nearly 18 times in the range
of 25-40 °C for building applications. This behavior suggests that
the new phase-change thermal diode has considerable passive-
energy saving potential for building applications.

We also compared the results of the optimized experiments
with those of the previous study [21] under the same conditions.
The specific results are shown in the Table 3 [21].

As illustrated in Table 3 [21], following optimization, the ther-
mal rectification in the current study shows a substantial improve-
ment, ranging from 31.16% to 86.71% over the prior study,
indicating a more effective enhancement. Additionally, the maxi-
mum value of forward thermal conductivity at the same tempera-
ture has increased by 64.08% from 1.42 to 2.33 W-m~'-K~'. This
enhancement shows the significance of optimization in this
research.

4. Discussion
4.1. Parameter settings for building simulation

In Section 3, the factors affecting the performance of the new
phase-change thermal diode were investigated experimentally,
and the thermal diode performance was optimized. In order to ver-
ify its energy efficiency when integrated with a building envelope,
the relationship between the forward and reverse adjustment
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Fig. 7. Heat-transfer capability of the phase-change thermal diode with a superhydrophobic laser-fabricated surface operated at 2.1 kPa: (a) thermal rectification, (b) forward

mode, and (c) reverse mode.

Table 3
Comparison between this study and a previous study [21].

Average Thermal Thermal Improvement of
temperature  rectification of  rectification of thermal

(°C) this study previous study [21]  rectification (%)
30 14.19 7.60 86.71

35 14.31 10.91 31.16

40 17.80 11.17 59.36

45 18.51 10.11 83.09

capacities of the dynamic building envelope and energy savings
was explored using simulations. The dependence of the building
energy savings on the magnitude of the dynamic building envelope
adjustment capability was thus obtained. Furthermore, the advan-
tages of integrating building envelope with the new phase-change
thermal diode were identified by comparing this integrated system
with existing switchable building envelopes. Finally, the simula-
tions were refined to determine the energy conservation and cli-
mate suitability of the building envelope incorporating the new
phase-change thermal diode in different climate zones.

Initially, the deployment of the new phase-change thermal
diode on the building roof was considered. The building structure
was modeled in DesignBuilder (DesignBuilder Software Ltd., UK),
and the building features are summarized in Table 4. To simulate
a dynamic building envelope, the heat transfer coefficients of the
building envelope were varied for different application require-
ments. Therefore, the programming and validation of the control
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Table 4
Building feature information.

Category Parameter Value

Basic information Length (m) 54
Width (m) 42
Height (m) 5
Number of floors 1

Envelope information WWR 0.3
Roof K (W-m~2.K™") 0.5
External wall K (W-m~2.K™") 0.8
Glazing K (W-m™2.K™1) 2
SHGC 0.3

HVAC information Set point indoor temperature 20
in winter (°C)
Set point indoor temperature in 26
summer (°C)
Chiller COP 3
Gas boiler efficiency (%) 90

Internal heat gain Occupancy density (p-m~2) 0.2

information Equipment power density (W-m~2) 20

Lighting power density (W-m~2) 20

WWR: window/wall ratio; K: heat transfer coefficient; COP: coefficient of perfor-
mance; p: person; SHGC: solar heat gain coefficient.

logic were performed in the energy management system (EMS)
section of EnergyPlus (US Department of Energy). In EMS, the cor-
responding control procedures are mainly carried out by monitor-
ing indoor and outdoor temperatures and the temperature of the
thermal diode. The specific operation methods can be referred to
in our previous research [21].
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4.2. Relationship between adjustment capacity of dynamic envelopes
and building energy conservation

For a dynamic building envelope, the dynamic adjustment
capacity can be expressed as the ratio of the maximum heat trans-
fer coefficient to the minimum heat transfer coefficient of the
dynamic components. Theoretically, a larger ratio indicates an
enhanced ability of the building for heat removal and absorption,
leading to higher energy savings. Therefore, to investigate the rela-
tionship between the adjustment multipliers of the dynamic build-
ing envelope and the energy-saving effect, we conducted
simulation using the standard heat transfer coefficient of the build-
ing envelope in each climate zone as the baseline. For example, in
Harbin of China, the standard heat transfer coefficient of the roof is
0.25 W-m~2.K"!. In the simulation, we set the heat transfer coeffi-
cients of 0.25, 0.50, 1.00, and 1.50 W-m~2.K~', corresponding to
dynamic adjustment capacities of 1, 2, 4, and 6, respectively. Based
on the American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE) climate zone and a cooling
degree day with a base temperature of 10 °C (COD 10), seven cities
in China (Kunming, Haikou, Guangzhou, Chongqing, Beijing,
Shenyang, and Harbin) were selected for the simulation analysis
(Section 4.4). The simulation results obtained for Harbin are shown
in Fig. 8.

As the multiplier of the maximum and baseline heat transfer
coefficients increased, the cooling energy consumption in Harbin
gradually decreased, achieving a maximum energy-saving ratio of
22.24%, demonstrating a strong energy-saving effect. Besides, the
upper curve of the total energy saving ratio and the lower curve
of the energy saving growth revealed that upon an initial increase
of the adjustment multiplier, the growth rate of energy saving was
larger, and for 12 adjustment times, it reached 84.21% of the total
growth amount. As the adjustment multiplier increased further,
the growth in energy savings gradually slowed, indicating that
the gains obtained by expanding the switching effect of the
dynamic building envelope at a later stage decreased gradually.

Therefore, for the existing research, the common active meth-
ods for creating dynamic switching effects for building envelopes,
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such as mechanical adjustment or embedded pipes [18,19], can
achieve switching multipliers of 2-10, resulting in an overall
energy-saving effect of 35.47%-79.49%. In the later stages of
dynamic adjustment, if the adjustment capacity is further
increased, the cost would exceed the benefits resulting from the
energy savings of the building. Consequently, active adjustment
methods typically lack high dynamic regulation capacities. For
dynamic adjustment using passive methods, such as phase change
heat transfer, larger adjustment capacities of 12 times or more can
typically be achieved at low cost. The resulting increase in energy
savings is a key advantage of combining new passive phase-change
thermal diodes with building envelopes.

Furthermore, the simulation was expanded to seven climate
zones, as shown in Fig. 9. The relationship between the adjustment
capacity and energy savings in these climate zones was similar to
the effect observed in Harbin. The energy-saving potential was
enhanced as the dynamic adjustment capacity increased, but the
growth trend slowed gradually.

4.3. Comparison of new dynamic building envelope with other building
envelopes

Preliminary analyses presented in Section 4.2 revealed that dif-
ferent adjustment multipliers of the dynamic building envelope
yielded varying energy-saving effects when applied in buildings.
To further quantify these effects, the new phase-change thermal
diode was benchmarked against various dynamic building envel-
ope components Table 5 [18,19,40-47]. To compare the heat trans-
fer coefficients of switchable building envelopes, we divided the
existing studies into two types. In the first type of the studies,
the heat transfer coefficients (K values) encompass the convective
heat transfer between indoor and outdoor environments, which
represent comprehensive heat transfer coefficients and are directly
summarized in Table 5. In contrast, the second type of studies only
report the corresponding forward and reverse thermal conductivi-
ties. Therefore, the comprehensive heat transfer coefficient for
these studies was calculated considering an indoor and outdoor
convective heat transfer resistance of 0.14 m?.K-W~! [37-39], with
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Fig. 8. Dynamic adjustment capacity and energy saving effect in Harbin.
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a material thickness of 100 mm. For the results in Table 5, a stan-
dard benchmark was established for the reverse coefficient
(0.5 W-m™2K"! for Haikou), whereas the forward heat transfer
coefficient (i.e., maximum adjustment capacity) was calculated
from the reported values for different components.

Based on the results of these uniform calculations, the forward
K value achieved in combination with the building envelope is rel-
atively minor for most dynamic adjustment methods, making it
difficult to achieve the advantages of forward heat dissipation. In
addition, for most previously reported systems, the overall multi-
plier compared to the heat transfer coefficient of the building
envelope in the standard was between 1.97 and 5.40 times. Thus,
according to the simulation results in Section 4.2, the energy sav-
ings are not fully exploited, remaining in the range of 2.87%-
17.73%. For the new phase-change thermal diode described in this
study, the comprehensive heat transfer coefficient obtained via the
forward thermal conductivity calculation reached 5.60 W-m~2-K~",
which is 11.2 times the benchmark value of 0.5 W-m~2.K~!. Thus,
the heat absorption and dissipation of the dynamic building envel-
ope can be maximized, contributing to achieving the dual-carbon
goal in the building sector.

4.4. Energy saving effect of new phase-change thermal diode for
building applications

Based on the analyses in Sections 4.2 and 4.3, further simula-
tions were performed to clarify the advantages of the new phase-
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change thermal diode for building applications. To quantify the
energy-saving effect of this thermal diode when applied in build-
ings, the experimental forward thermal conductivity values from
Section 3 were substituted into the simulation at temperature
intervals of 5 °C, and the dynamic building envelope was simulated
in sections. This approach strengthened the correlation between
simulations and experiments, providing closer correspondence
with the experimental results, and allowed further quantification
of the energy conservation of this new building envelope.

Haikou, a hot summer and warm winter region, was selected as
the primary location for the EMS simulation. As shown in Fig. 10,
the building envelope integration with the new phase-change heat
diode fully exploited heat removal at night. The energy saving per-
centage for the annual cooling energy consumption was 11.97%,
whereas the energy saving percentage for the total energy con-
sumption was 11.85%, which confirmed the energy-saving effect
of this passive building envelope. Further, Table 6 summarizes
the energy savings achieved for the cities in the seven climate
zones.

As shown in Table 6, dynamic building envelopes incorporating
the new phase-change thermal diode are applicable in different cli-
mate zones. Because this system mainly uses passive heat removal
by thermal diodes, passive energy savings in cooling energy con-
sumption were predominant, ranging between 11.83% and
21.36%. For the selected cold regions, the relative energy savings
were higher because smaller absolute amounts of cooling energy
were consumed; however, because the energy consumption for
heating is substantial, the energy savings for the total annual
energy consumption were lower than in hot regions. This energy-
saving potential is slightly lower than our previous study [21]
due to differences in building models and parameters. In this study,
the selected building had a small internal heat (20 W-m~2), which
was turned on to 20% at night. Increasing the building’s internal
heat is conducive to further improving the energy savings of this
building envelope. Therefore, the dynamic adjustment method
incorporating the novel phase-change thermal diode is more suit-
able in large-roof public buildings with high internal heats and
small heights.

In addition to the simulation analysis of energy consumption,
we further compared the temperature variation of the dynamic
building envelope with that of the static building envelope after
applying the thermal diode. As depicted in Fig. S3 in Appendix A,
the blue, green, and red curves represent the outdoor temperature,
average indoor temperature of the dynamic building envelope, and
average indoor temperature of the static building envelope, respec-
tively. At night, when the air conditioner was turned off, the indoor
temperature of the dynamic building envelope was 3-4 °C lower
than that of the static building envelope in Fig. S3(a). This evi-
denced that the thermal diode had a passive heat removal effect

Table 5
Contrast of different switchable building envelopes.
Adjustment  References K (W-m %K) R (m?K-W1) k (W-m™.K™1) Comprehensive heat transfer Dynamic
type Maximum Minimum Maximum Minimum Maximum Minimum coefficient (W-m~*.K™") adjustment capacity
©) [40,41] 1.90 0.55 - - - - 1.90 3.80
@ [42] 1.66 0.19 — — - — 1.66 3.31
@ [18] - — 2.30 0.40 - — 1.85 3.70
® [19] 2.70 0.35 - - - - 2.70 5.40
® [43] - - 2.50 0.50 - - 1.56 3.13
@ [44] - — — - 0.37 0.04 2.44 4.87
6 [45] - - - - 0.35 0.07 235 470
) [46) 0.99 0.76 - - - - 0.99 1.97
® [47] 1.24 0.64 — - — — 1.24 249
® This study — — — - 2.60 0.09 5.60 11.21

(@D: embedded piping; @: mechanical adjustment; @: vacuum regulation; @: phase change energy storage; ®: heat pipe for heat dissipation; ®: novel phase-change

thermal diode.

296


move_f0050
move_t0030

H. Zhao, Y. Wu, G. Jiang et al.

Engineering 63 (2026) 287-299

25.0 10.00
—Energy saving percentage 23.0
Energy consumption of static envelope 875 861 8.95 ] 217
Energy consumption of switchable envelope ]
7.86 7.76
20.0 795 8.05 -4 8.00 T
E
9 176 7.10 7.1 <
= s
(0] X
> 6.26 =
£ 150} 1385-85 1600 §
S 24 134 /5.14 ] s
& 17 7] 12.0 5.04 3
g ] 447 10.8 5
s — 102 99 102 °
3 100+ 548 1 o~ [ 1400 3
> . 5}
E’ =
(0]
E B.07 o
P.60 =
50 F 200 | 4200 &
0.84 112 0.90
0.69 0.97 0.70
0 0
) ) o Q ) @ N S & & & &
& & & W NG N » S & & ®
¥ & ~ ® @ & & &
% Q 9 &
? <5 9
Month

Fig. 10. Energy saving effects for a building envelope integrating the new phase-change thermal diode in Haikou.

Table 6

Energy savings in different climate zones.

Climatic zone of ASHRAE Location CDD 10 Static cooling energy Switchable cooling energy Energy saving percentage Energy saving
(kW-h-m~2.a~1) (kW-h-m~2.a1) for the annual cooling percentage-overall
energy consumption (%) for the total energy
consumption (%)
1A Haikou 5234 61.31 53.97 11.97 11.85
2A Guangzhou 4468 48.20 42.50 11.83 10.46
3A Chongging 3208 29.30 24.90 15.02 9.83
3C Kunming 5234 12.69 9.98 21.36 10.11
4A Beijing 2274 20.55 17.67 14.01 3.52
6A Shenyang 1763 14.43 11.60 19.61 2.40
7 Harbin 1385 10.52 8.39 20.25 1.27

at this time, which is conducive to building energy conservation. It
can also be seen in Fig. S3(b) that the green curve is always lower
than the red curve at night, which illustrates the effect of passive
heat removal in summer. Overall, the maximum heat removal tem-
perature difference reached 4.5 °C and could be increased by
enhancing the internal heat source.

4.5. Limitations and future work

The new phase-change thermal diode proposed in this study
was optimized by assessing various hydrophobic materials and
adjusting the vacuum levels. The effectiveness of applying the
material on the building envelope was verified. Nonetheless, the
study encountered certain limitations. Due to constraints in
material selection, only a finite number of hydrophobic materials
were tested, which limited potential enhancements to the novel
phase-change thermal diode. Additionally, the fixed configuration
of hydrophilic and hydrophobic panels restricts the structure’s
suitability primarily to regions with hot summers and warm
winters.

In future research, we plan to further optimize the hydrophobic
surface through chemical etching techniques and the integration of
additional hydrophilic point structures. In addition, we will com-
bine the new phase-change thermal diode with building chambers
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to verify the energy-saving effects under practical conditions.
Another focal point of our upcoming studies will be incorporating
a suitable chemical solution into the thermal diode’s water. This
solution will enable the internal working medium to solidify at
lower temperatures, minimizing ineffective heat dissipation during
winter.

5. Conclusions

In this study, a new phase-change thermal diode with unidirec-
tional heat-transfer capability was proposed. This thermal diode
was easy to manufacture and could be combined with a building
envelope to form a switchable building envelope with a large
dynamic adjustment capacity. The feasibility of this approach
and potential applications of the advanced performance-
adjustable building envelope were investigated through experi-
mental analysis and simulations. The key findings of the study
are summarized as follows.

(1) The effects of hydrophobic materials fabricated using three
different methods on the heat-transfer performance of the thermal
diode were compared using experimental methods. The hydropho-
bic surface created by laser machining proved to be the most dur-
able and mechanically robust, offering convenience for large-scale
applications in the building sector. Furthermore, the heat-transfer
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capability of the laser-fabricated surface outperformed the other
two methods.

(2) The effect of the vacuum on the forward and reverse thermal
conductivities of the thermal diode was explored. The forward
thermal conductivity was increased by a factor of 6.06 by optimiz-
ing the vacuum. In addition, the reverse thermal conductivity ran-
ged from 0.09 to 0.11 W-m~'.K™!, aligning with the standards for
thermal insulation materials. After a comprehensive optimization,
the 5 of the thermal diode ranged from 8.72 to 23.62, and the over-
all unidirectional heat-transfer multiplier was maximized to nearly
18 times in the range of 25-40 °C suitable for building applications.

(3) Comparisons with traditional dynamic building envelopes
demonstrated that while the dynamic adjustment capacity of con-
ventional systems ranged from 1.97 to 5.40, it reached 11.21 for
the building envelope incorporating the new phase-change ther-
mal diode. Furthermore, simulation results across various climate
zones indicated cooling energy savings between 11.83% and
21.36%, highlighting the energy-saving efficacy and application
potential of the new phase-change thermal diode for building
applications.

In conclusion, this research successfully adapted jumping-
droplet thermal diodes, commonly used for heat dissipation in
electronics, to the building sector by integrating hydrophobic
materials suitable for this new application. This enhancement sig-
nificantly improved the dynamic adjustment capacity of traditional
switchable building envelopes. The study promotes cross-
innovation in the fields of buildings and materials, offering valu-
able guidelines for developing dynamic building envelopes.

CRediT authorship contribution statement

Hengxin Zhao: Writing - original draft, Investigation, Concep-
tualization, Validation, Data curation. Yifan Wu: Data curation,
Investigation, Conceptualization. Guochen Jiang: Investigation,
Validation. Minlin Zhong: Methodology. Hongli Sun: Supervision,
Methodology. Borong Lin: Supervision, Methodology.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

The study was supported by the National Natural Science Foun-
dation of China (52130803, 52394223, and 52425801), and the
China Postdoctoral Science Foundation (2024T170486).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.eng.2025.07.008.

References

[1] Ren C, Zhu HC, Wang |, Feng Z, Chen G, Haghighat F, et al. Intelligent operation,
maintenance, and control system for public building: towards infection risk
mitigation and energy efficiency. Sustain Cities Soc 2023;93:104533.

[2] Chi F, Xu L, Peng C. Integration of completely passive cooling and heating
systems with daylighting function into courtyard building towards energy
saving. Appl Energy 2020;266(7):114865.

[3] Gan L, Ren H, Cai W, Wu K, Liu Y, Liu Y. Allocation of carbon emission quotas
for China’s provincial public buildings based on principles of equity and
efficiency. Build Environ 2022;216(5):108994.

[4] Gan L, Liu Y, Shi Q, Cai W, Ren H. Regional inequality in the carbon emission
intensity of public buildings in China. Build Environ 2022;225(7):109657.

298

Engineering 63 (2026) 287-299

[5] Zhao ], Xin Y, Tong D. Energy consumption quota of public buildings based on
statistical analysis. Energy Policy 2012;43(8):362-70.

[6] Zhu ], Li D. Current situation of energy consumption and energy saving analysis
of large public building. Procedia Eng 2015;121(2):1208-14.

[7] Huang], Lv H, Gao T, Feng W, Chen Y, Zhou T. Thermal properties optimization
of envelope in energy-saving renovation of existing public buildings. Energy
Build 2014;75(S1):504-10.

[8] Hu Y], Huang H, Wang H, Li C, Deng Y. Exploring cost-effective strategies for
emission reduction of public buildings in a life-cycle. Energy Build 2023;285
(3):112927.

[9] Zhao H, Wu Y, Lin B, Sun H. Experimental investigation on the improvement of
cooling and dehumidification of a direct-expansion terminal integrated with
flat heat pipe. Energy Build 2022;260:111922.

[10] Wei D, Zuo M, Yu J. Control strategy for energy saving of refrigerating station
systems in public buildings. ] Build Eng 2021;44:103198.

[11] Madathil D, Ravikumar Pandi V, Nair MG, Jamasb T, Thakur T. Consumer-
focused solar-grid net zero energy buildings: a multi-objective weighted sum
optimization and application for India. Sustain Prod Consum 2021;27
(4):2101-11.

[12] Zhang L, Song G, Ma X, Zhan C, Zhang S. Decarbonising residential
building energy towards achieving the intended nationally determined
contribution at subnational level under uncertainties. ] Clean Prod 2020;272
(3):122760.

[13] Zoure AN, Genovese PV. Implementing natural ventilation and daylighting
strategies for thermal comfort and energy efficiency in office buildings in
Burkina Faso. Energy Rep 2023;9(1):3319-42.

[14] Cui H, Overend M. A review of heat transfer characteristics of switchable
insulation technologies for thermally adaptive building envelopes. Energy
Build 2019;199(3):427-44.

[15] Zhang S, Sun P, Sun EP. Research on energy saving of small public building
envelope system. Energy Rep 2022;8:559-65.

[16] Radhi H. Viability of autoclaved aerated concrete walls for the residential
sector in the United Arab Emirates. Energy Build 2011;43(9):2086-92.

[17] Ji Y, Duanmu L, Hu S. Measurement and analysis of airtightness safeguard
measures for typical ultra-low energy buildings. Energy Built Environ 2024;5
(3):348-63.

[18] Dabbagh M, Krarti M. Evaluation of the performance for a dynamic insulation
system suitable for switchable building envelope. Energy Build 2020;222
(1):110025.

[19] Pflug T, Bueno B, Siroux M, Kuhn TE. Potential analysis of a new removable
insulation system. Energy Build 2017;154(6):391-403.

[20] Yang Y, Chen S. Thermal insulation solutions for opaque envelope of low-
energy buildings: a systematic review of methods and applications. Renew
Sustain Energy Rev 2022;167(11):112738.

[21] Zhao H, Wu Y, Sun H, Lin B, Zhong M, Jiang G, et al. A novel building envelope
combined with jumping-droplet thermal diode: from theory to practice.
Renew Energy 2023;218(7):119278.

[22] Li Z, Ming T, Zhang H, Zhao S, Wang Q, Cai C, et al. Effect of the filling liquid
ratio on the thermal performance of a novel thermal diode with wick. ] Therm
Sci 2024;33(2):396-407.

[23] Wu Y, Gao Y, Wang C, Chen Q, Ming T. The energy saving performance of the
thermal diode composite wall in different climate regions. Renew Energy
2023;219(3):119360.

[24] Wu Y, Yu S, Wang C, Chen Q, Ming T. The use of a thermal diode bridge for
passive temperature control in the built environment during the heating
seasons—an analytical study. Energy 2023;262(5):125289.

[25] Boreyko JB, Chen CH. Vapor chambers with jumping-drop liquid return from
superhydrophobic condensers. Int | Heat Mass Transf 2013;61:409-18.

[26] Traipattanakul B, Tso CY, Chao CYH. A phase-change thermal diode using
electrostatic-induced coalescing-jumping droplets. Int ] Heat Mass Transf
2019;135:294-304.

[27] Boreyko J, Zhao Y, Chen CH. Planar jumping-drop thermal diodes. Appl Phys
Lett 2011;99(23):234105.

[28] Foulkes T, Oh ], Sokalski P, Li L, Sett S, Sotelo ], et al. Jumping droplets
electronics cooling: promise versus reality. Appl Phys Lett 2020;116
(20):203701.

[29] Wiedenheft KF, Guo HA, Qu X, Boreyko ]B, Liu F, Zhang K, et al. Hotspot cooling
with jumping-drop vapor chambers. Appl Phys Lett 2017;110(14):1476.

[30] Wong MY, Zhu Y, Zeng Y, Ho TC, Yang Y, Qiu H, et al. Thermal rectification
enhancement of coalescence-jumping phase transition thermal diodes using
Cu-Al,03 hybrid nanofluids. Adv Eng Mater 2022;24(6):2270024.

[31] Zhu Y, Ho TC, Lee HH, Leung MKH, Tso CY. Droplet jumping physics on biphilic
surfaces with different nanostructures and surface orientations under various
air pressure conditions. Cell Rep Phys Sci 2022;3(4):100849.

[32] Yuan Z, Gao S, Hu Z, Dai L, Hou H, Chu F, et al. Ultimate jumping of coalesced
droplets on superhydrophobic surfaces. ] Colloid Interface Sci
2021;587:429-36.

[33] Edalatpour M, Murphy KR, Mukherjee R, Boreyko JB. Bridging-droplet thermal
diodes. Adv Funct Mater 2020;30(43):362.

[34] Fan P, Pan R, Zhong M. Ultrafast laser enabling hierarchical structures for
versatile superhydrophobicity with enhanced Cassie-Baxter stability and
durability. Langmuir 2019;35(51):16693-711.

[35] Chen C, Tian Z, Luo X, Jiang G, Hu X, Wang L, et al. Cauliflower-like micro-nano
structured superhydrophobic surfaces for durable anti-icing and photothermal
de-icing. Chem Eng ] 2022;450(1):137936.


https://doi.org/10.1016/j.eng.2025.07.008
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0005
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0005
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0005
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0010
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0010
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0010
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0015
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0015
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0015
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0020
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0020
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0025
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0025
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0030
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0030
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0035
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0035
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0035
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0040
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0040
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0040
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0045
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0045
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0045
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0050
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0050
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0055
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0055
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0055
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0055
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0060
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0060
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0060
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0060
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0065
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0065
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0065
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0070
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0070
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0070
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0075
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0075
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0080
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0080
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0085
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0085
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0085
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0090
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0090
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0090
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0095
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0095
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0100
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0100
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0100
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0105
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0105
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0105
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0110
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0110
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0110
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0115
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0115
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0115
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0120
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0120
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0120
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0125
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0125
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0130
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0130
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0130
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0135
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0135
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0140
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0140
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0140
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0145
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0145
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0150
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0150
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0150
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0150
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0150
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0155
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0155
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0155
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0160
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0160
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0160
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0165
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0165
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0170
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0170
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0170
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0175
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0175
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0175

H. Zhao, Y. Wu, G. Jiang et al.

[36] Wang L, Tian Z, Jiang G, Luo X, Chen C, Hu X, et al. Spontaneous dewetting
transitions of droplets during icing & melting cycle. Nat Commun 2022;13
(1):378.

[37] American Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE). ASHRAE handbook—fundamentals. Atlanta: ASHRAE;
2021.

[38] Ministry of Housing and Urban-Rural Development of the People’s Republic of
China. GB50176-2016: Thermal design code for civil building. Chinese
standard. Beijing: China Architecture & Building Press; 2016. Chinese.

[39] International Organization for Standardization (ISO). ISO 6946: Building
components and building elements—thermal resistance and thermal
transmittance—calculation methods. ISO standard. Geneva: 1SO; 2017.

[40] Karanafti A, Theodosiou T. Evaluation of a building’s cooling performance
under the walls’ dynamic thermal resistance. Energy Sources Pt A 2021;30
(9):1-14.

[41] Karanafti A, Theodosiou T, Tsikaloudaki K. Assessment of buildings’ dynamic
thermal insulation technologies—a review. Appl Energy 2022;326(7):119985.

299

Engineering 63 (2026) 287-299

[42] Koenders SJM, Loonen RCGM, Hensen JLM. Investigating the potential of a
closed-loop dynamic insulation system for opaque building elements. Energy
Build 2018;173:409-27.

[43] Park B, Srubar III WV, Krarti M. Energy performance analysis of variable
thermal resistance envelopes in residential buildings. Energy Build 2015;103
(3):317-25.

[44] Kishore RA, Bianchi MVA, Booten C, Vidal ], Jackson R. Enhancing building
energy performance by effectively using phase change material and dynamic
insulation in walls. Appl Energy 2021;283:116306.

[45] Varga S, Oliveira AC, Afonso CF. Characterization of thermal diode panels for
use in the cooling season in buildings. Energy Build 2002;34(3):227-35.

[46] Zhang Z, Sun Z, Duan C. A new type of passive solar energy utilization
technology—the wall implanted with heat pipes. Energy Build 2014;84
(10):111-6.

[47] Tan R, Zhang Z. Heat pipe structure on heat transfer and energy saving
performance of the wall implanted with heat pipes during the heating season.
Appl Therm Eng 2016;102:633-40.


http://refhub.elsevier.com/S2095-8099(25)00371-6/h0180
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0180
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0180
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0200
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0200
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0200
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0205
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0205
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0210
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0210
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0210
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0215
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0215
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0215
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0220
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0220
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0220
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0225
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0225
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0230
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0230
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0230
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0235
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0235
http://refhub.elsevier.com/S2095-8099(25)00371-6/h0235

	Material and Structural Optimization of Novel Phase-Change ThermalDiodeforDynamicBuildingEnvelope



