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ARTICLE INFO ABSTRACT
Keywords: The utilization of solar energy to maintain a stable and comfortable air temperature in the built environment has
Built environment opened up many opportunities for energy saving. However, the periodical nature of the sunlight intensity

Passive temperature control
Thermal diode

Phase change materials
Solar energy

introduced extra difficulty in the utilization of solar energy. In this paper, a novel concept of jointly using a
thermal diode bridge (TDB) and phase change materials (PCMs) was proposed to continuously control the air
temperature in built environments during the heating seasons. During the daytime, the solar energy was effi-
ciently harvested and stored in the PCMs, so the indoor temperature was significantly reduced; at nighttime, the
thermal energy stored in the PCMs could be used for space heating without heat loss to the outdoor through heat
convection. Because of the existence of the TDB, the heat flux going through the building envelope could be
passively controlled. An analytical study to evaluate the operating performance of applying such TDB to con-
trolling the zone air temperature in a built environment was carried out and the results were presented. It was
demonstrated that the zone air temperature variation in the built environment was significantly reduced, without
any electrical energy consumption and greenhouse gas emission.

materials, such as foamed polyurethane [6], cellulose [7], fiberglass [8],
aerogel [9], rock wool [10], polystyrene [11], polyurethane foam [12],
and vermiculite [13] are commonly used in the buildings. Huang et al.
[9] compared the thermal performances of a super-insulated aerogel
with four commonly-used insulation materials. It was claimed that the
use of the aerogel helped reduce the annual total building cooling and
heating loads, as well as greenhouse gas emissions. Al-Homoud [14]
presented the basic principles of thermal insulation and introduced the
thermal properties of the most commonly used building insulation ma-
terials. Kumar and Suman [15] experimentally studied the impact of
thermal insulation on thermal comfort and energy saving performances
of the buildings in India. It has been shown that thermal insulation is
very effective in reducing building energy consumption. However, as the
heat transfer coefficient of the building envelope can’t be reduced to
zero, the energy loss through the building envelope must be balanced by
the clean energy to achieve carbon neutralization.

On the other hand, researchers also looked into designing novel
building envelopes that could store and release energy in controlled
ways to improve indoor thermal comfort levels using passive control
methods [15-20]. Integrating phase change materials (PCMs) with

1. Introduction

Buildings are designed to shelter occupants and provide them with
thermal comfort by using heating ventilation and air conditioning
(HVAC) as necessary. Consequently, tremendous energy has been
consumed. For example, in 2018, in China, the building sector consumed
22% of the total national energy consumption [1], with a large portion
contributed by the HVAC systems. Therefore, a new building design with
low energy consumption is critically important in promoting sustain-
ability and carbon neutrality [2]. Developing novel building envelopes
with appropriate thermal characteristics [3-5] is an effective way to
reduce the building energy consumption.

Conventionally, the energy saving performance of the building en-
velope is evaluated by the effective heat transfer coefficient. Thermal
insulation has been widely used in modern buildings to reduce the
effective heat transfer coefficient, thus the space heating and cooling
loads in locations with dynamic climatic conditions. The ideal materials
for building envelope should have an extremely low thermal conduc-
tivity and good constructability at an acceptable price. Insulation
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Nomenclatures Qinfitration  Heating loss through the infiltration, J
bols Q;Envelape Heating loss through the building envelope, J
Symbo . .
r Window to wall ratio
Cp Thermal capacity of the air, J/(kgeK) Ryyaiis Thermal resistance of the walls, K/W
Cpems Therrr}al capacity of th? PCMs, J/ (’fS'K) Ryindows  Thermal resistance of the windows, K/W
Cq Effec't1ve SOlalf }}eat gain area coefficient Rfoor Thermal resistance of the floor, K/W
gs ihadmfg floefﬁclient 5 Rroof Thermal resistance of the roof, K/W
walls rea of the walls, m , .
Fondowe  Area of the windows, m? Envelope Thermal resistance of the roof, K/W
Ffioor Area of the floor, m? t Time, hours
Frooy Area of the roof, m? T Temperature of the solar radiation absorption surface, °C
rooj $l o
ho Convective heat transfer coefficient of the PCMs surface, Trcwms Temperature of the PCMS’ C. o
W/(m2-K) Troom Temperature of the built environment, °C
H Latent heat of the PCMs, J/kg Tampien: - Outdoor temperature, °C
4 o
Koyaiis Heat transfer coefficient of the walls, W/(m?-K) z?‘f" ?verage phase chanfge ternlp.eratlize, ¢
Kyindows  Heat transfer coefficient of the windows, W/(m?-K) emperature.rfinge or Tne ting, .
K Heat transfer coefficient of the floor, W/(m2-K) Ticst The lower critical solution temperature, °C
floor - ’ 2 \%4 Volume of the room, m®
Kroof Heat transfer coefficient of the roof, W/(m“-K) . K
Mass of the PCMs. k. @ Rectification ratio
Mpcus ae TLS, 2 Pair Density of the air, kg/m?
Grad Solar radiation intensity, W/m . . . .
Q Forward heat flow, W/m? @ Solar gain coefficient of the windows
d ) s
QZD'WGT Reverse heat flow, W/m? X Air tightness
Q. el"e“e Solar heat harvest’e d by the TDB, J e Solar utilization efficiency of the TDB
olar $]
Q;Dlar Solar heat gain from the windows, J Abbreviations
Qualls Heating loss through the walls, J HVAC  Heating, ventilation and Air Conditioning
Quindows Heating loss through the windows, J PCMs Phase change materials
Qftoor Heating loss through the floor, J TD Thermal diode
Qpcus Heat exchange between the PCMs and the indoor space, J TDB Thermal diode bridge

building envelopes such as walls, ceilings, and floors to capture and
store solar energy for the zone air temperature control in a built envi-
ronment has been an essential approach to low energy building design
[1,21-26]. Appropriate PCMs for the building application should have
suitable melting points, a high thermal capacity, a low thermal expan-
sion coefficient during phase change, and excellent chemical stability.
Berardi and Gallardo [21] presented a comprehensive review on
incorporating suitable PCMs into concrete. They summarized the im-
pacts of different PCMs and different incorporation methods on the
physical, mechanical and thermal properties of incorporated concrete.
Recently, Fateh et al. [22] developed a mathematical model to analyze
the influence of integrating a layer of PCMs into a typical lightweight
wall on its thermal performances. Stritih et al. [23] studied using a
composite wall filled with different PCMs to reduce building energy
consumption. Li et al. [24] evaluated the energy-saving performance of
a novel triple-pane building envelope filled with PCMs. Such a novel
envelope could also help reduce indoor air temperature fluctuation. Han
and Taylor [25] found out that using PCMs in building envelopes could
save up to 17% of the annual HVAC energy consumption. Akeiber et al.
[1] reviewed the recent studies of using PCMs for passive building
cooling. They suggested that the PCMs to be effectively incorporated
into building envelopes should meet several selection criteria. Ahangari
and Maerefat [26] introduced an innovative double-layer PCMs design
to improve indoor thermal comfort and minimize energy demand in the
built environment. Schossig et al. [27] demonstrated a
micro-encapsulation method that can easily integrate PCMs into con-
ventional building materials. Ahmad et al. [28] described the thermal
performance of light wallboards containing PCMs subjected to climatic
variation. Simulation and experimental results demonstrated that the
use of building components incorporated PCMs improved the thermal
inertia of building envelopes and thus indoor thermal comfort. A
comprehensive review on thermal energy storage using PCMs for
building applications was given by Khudhair and Farid et al. [29].

Researchers also devoted tremendous efforts to develop technologies
to actively control the temperature of the built environment. Li et al.
[30] proposed a pipe-embedded wall integrated with ground-source
heat exchanger and investigates its energy saving potentials in five
typical climate regions of China. They found that the heating load of a
house in Beijing was decreased by 18.4%. Shen and Li [31] studied the
energy saving performance of a double skin facade with evaporative
water circulated inside. The results showed that the cooling strategy was
effective and most solar radiation could be taken away. Yan et al. [32,
33] developed a new wall system with pipe-encapsulated PCMs and
nocturnal sky radiator integrated to reduce the building energy con-
sumption. The cooling loads of the building was reduced by more than
30%.

In recent years, using PCMs to stabilize the air temperature inside a
built environment has attracted significant research attention. However,
several issues should be addressed before PCMs could be practically
applied to real buildings for passively controlling indoor air temperature
in both cooling and heating seasons. For example, during the heating
seasons, because of the heat transfer between the building envelope and
ambient air (the ambient refers to outdoor conditions in this paper), a
significant portion of the heat stored in PCMs can be lost into ambient air
rather than used for space heating purposes [34]. What’s worse, during
the cooling seasons, the heat stored in PCMs would even increase the
cooling loads [35]. Therefore, how to effectively use the energy stored in
the PCMs was not fully explored.

The thermal diode (TD) is a unique thermal component, whose
positive and negative heat transfer coefficients differ significantly.
During the heating seasons, a TD would allow solar energy to enter an
indoor space but cut off its way back to the outdoors. Thus, solar energy
could be effectively harvested for space heating. During the cooling
seasons, incoming solar energy to an indoor space could be blocked by a
TD, so the energy required for space cooling could be significantly
reduced. For example, the TD has been used to control the radiative heat
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transfer directions for passive radiative cooling [36]. Though radiative
cooling reduces the cooling loads in the cooling seasons, it also increases
the heating loads in the heating seasons. Tang et al. [36] solved this
problem by coating a layer of the tungsten-doped vanadium dioxide on
the radiative cooling material that was painted on the window glass or
the rooftop. Due to the metal-insulator transition, the transmittance and
emissivity of the tungsten-doped vanadium dioxide changed signifi-
cantly near the transition temperature (around 30 °C) and turned off the
radiative cooling at lower temperatures. Wang et al. [37] developed this
idea and formulated a scalable thermochromic smart window with
passive radiative cooling regulation. Because of the introduction of the
unique duel functional TD, the short-wave solar radiation and the
long-wave infrared window radiation were controlled simultaneously.

In this paper, a thermal diode bridge (TDB) was constructed by
combining a TD with PCMs together. The TDB was able to control the
solar gains of the building and stabilize the indoor air temperature for
both cooling and heating seasons. The TDB could be integrated into the
roof to control the indoor air temperature during the heating seasons
purely relying on solar energy. A detailed mathematical model was
established to evaluate the operating performances of the TDB for pas-
sive indoor air temperature control. This was the first time a TDB was
proposed and studied for built environment temperature control. The
TDB concept proposed in this paper represented many opportunities for
the design of next-generation green buildings with zero energy con-
sumption and carbon emission.

2. The working principles of the TD and the TDB
2.1. The working principle of the TD

Like the electrical diode, the TD is a unique thermal element that can
rectify heat flux for specific applications. The characteristic of a typical
TD is shown in Fig. 1. At a particular temperature of reference, the
magnitudes of thermal energy going through the thermal diode for the
positive and negative temperature gradients differ significantly. The
performance of the TD is characterized by the rectification ratio [38],
which is defined as

Q= HQF()er‘d' - ‘QReveme” / ‘QReverse‘ (1)

Due to the nonlinear thermal characteristics of the TD, the forward
heat flux is much higher than the reverse one for the same temperature
gradient magnitude. The unique function of the TD makes it very useful
in the case where a one-way heat transfer is desired.

There are many ways to design a TD. The simplest way to construct a

Q Tl TZ
—

Reverse:

AT<0
AT

Forward:
AT>0

Heat flux Q

Fig. 1. The working principle of the TD.
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TD is to combine two materials with highly nonlinear temperature-
dependent thermal conductivities [39]. In the forward mode, both ma-
terials have high thermal conductivities, and the heat flux going through
the TD is high. On the contrary, in the reverse mode, the thermal con-
ductivities of both materials change to a small value, and the heat flux is
dramatically reduced. For example, the PCMs are often used to construct
the TDs because their thermal conductivities vary significantly during
the phase transition. Other TDs with large rectification ratios include the
fluid loop type [39], thermal expansion type [40], thermal radiation
type [41], gravity heat pipe, and hybrid type [42]. The rectification
ratios of some TDs were reported larger than 16 in the recent literature
[41,43], or even larger than 100 for some specific designs [42]. The
high-performance TD design is still an active research area. The future
applications of the TD in building temperature control represent a lot of
opportunities for energy saving.

2.2. The working principle of the TDB for building application

A passive TDB designed for the built environment temperature
control is demonstrated in Fig. 2. There are five critical layers in the
TDB, including the glass, thermochromic hydrogel, transparent aerogel
thermal isolation, solar radiation absorption surface, and PCMs. The
function of each layer is described as follows: (1) The glass layer works
as a protection layer. (2) The thermochromic hydrogel can change the
light transparency according to the ambient temperature. The lower
critical solution temperature (LCST) of PNIPAm hydrogel is about 25 °C.
Zhou et al. [44,45] reported that the 200 pm PNIPAm hydrogel thin film
was observed to change from transparent at 25 °C to opaque above 35
°C. The thermochromic hydrogel works as a solar radiation switcher in
the TDB design. It allows the solar radiation enters the indoor space
when the ambient temperature is lower than Tj¢sy, while blocking the
solar radiation for a high ambient temperature [37]. (3) The aerogel
with ultralow thermal conductivity and greenhouse selectivity is used to
cover the solar radiation absorption surface, reducing the thermal en-
ergy loss through conduction, convection, and radiation. According to a
recent paper published by Zhao et al. [46], a solar receiver covered with
ultra-low thermal-conductivity aerogel could harvest more than 80% of
the solar radiation energy, creating a temperature higher than 200 °C.
(4) The solar radiation absorption surface works as a receiver to harvest
solar radiation energy efficiently. (5) The PCMs, working as a heat
reservoir, are connected to the back of the solar radiation absorption
surface.

In the heating situation (Tgmpienr < Trcst), the thermochromic

Glass

Thermochromic
hydrogel

Transparent aerogel
thermal isolation

Solar radiation
absorption surface

PCMs in the wall

Fig. 2. A TDB integrated into the building envelope for energy savings.
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Fig. 3. TDB designed for the passive temperature control of the built environment: (a) cooling situation; (b) heating situation.

hydrogel is transparent, the solar radiation penetrates the transparent
thermal isolation layer and is absorbed by the solar radiation absorption
surface at the daytime. Because of the transparent aerogel with ultra-low
thermal conductivity, the heat absorbed by the solar receiver cannot
escape to the ambient but is effectively stored in the PCMs. Thus, the
solar energy stored in the PCMs can be efficiently used to heat the indoor
space. In the cooling situation (Tympiene > Ticst), the thermochromic
hydrogel became opaque, most of the solar radiation is reflected or
absorbed by the thermochromic hydrogel. The solar heat deposited on
thermochromic hydrogel can hardly be transported to the indoor space
due to the aerogel thermal isolation with ultralow thermal conductivity
and greenhouse selectivity. In this way, the TDB can effectively use solar
energy for heating purposes during the heating situation, while reducing
the cooling loads during the cooling situation. The passive TDB can
change its thermal characteristics according to the ambient tempera-
ture, which shows its potential applications across the different climate
zones. In this paper, the TDB is integrated into the roof of a house, and its
influence on the temperature of the built environment during the
heating seasons is analyzed by a mathematical model systematically (see
Fig. 3).

3. Mathematical model
3.1. Heat transfer model of the TDB during the heating seasons

A mathematical model is established to study the influence of the
TDB on the temperature of the built environment during the heating
seasons. Because the time scales for the heat transfer process in the built
environment and PCMs are much smaller than that for the temperature
variation in the ambient, the temperatures of the built environment and
PCMs are assumed to be uniform. The energy demand for ventilation
isn’t considered in the model because highly effective energy recycling
technologies can significantly reduce energy loss for low-energy build-
ings [47,48]. The thermal networks of the TDB during the heating sea-
sons, including the daytime mode the night mode, are given by Fig. 4.

During the heating seasons, as the ambient temperature is lower than
LCST of the thermochromic hydrogel, the thermochromic hydrogel
became transparent for the solar radiation. Thus, the solar energy har-
vested by the TDB is given by

Q:olar = L roof€qrad (2)

The solar radiation energy is stored in the PCMs continuously during
the daytime. The thermal mass of the PCMs should be large enough to
hold the energy received.
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Fig. 4. The thermal network of the TDB during the heating seasons: (a) daytime

mode; (b) night mode.

Qsoiardt | H 3)

daily

Mpceps =

where the H is the latent heat of the PCMs. For most commercial PCMs
products [1,49], the latent heat ranges from 50 to 250 kJ/kg. The PCMs
mass required for the solar energy storage varies from 500 to 100 kg for
the house as built in this paper. The thickness of the PCMs layer in the
TDB is less than 5 mm, thus the temperature of the PCMs is assumed to
be uniform. Usually, the PCMs start to melt at a specific temperature,
and melt completely with a small temperature increase of AT. In addi-
tion, the mass fraction of the liquid increases with the temperature in
this narrow temperature window. For simplification, the temperature of
the PCMs is assumed to be a constant during the melting process in this
paper.

Case One: Solar energy meets the heating demand.

If the energy harvested by the TDB is larger than that required for the
heating purpose, the net heat gain of the building should be larger than
zero under the design condition. Appointing the heat transfer direction
from the ambient to the room as positive, the net heat gain of the
building is given by
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/ (onlar + Q;o[ur + Qwalls + Qw’ndows + Qﬂoor + Qirgﬂltrarion)dt Z 0 (4)
daily

where Qyor and Q;‘olar are the solar heat gains from the TDB and win-
dows, respectively, Quais, Quindowss Qfioor> a0d Qinfitration are the heat loss
through walls, windows, floor, and cold air infiltration, respectively.

In this case, the PCMs will not fully be melted or solidified. Thus, the
temperature of the PCMs will stay constant.

Tpems = Thenr )

The solar energy harvested by the TDB and the solar heat gains from
the windows are dissipated to the ambient through the building enve-
lope and cold air infiltration. An energy balance is established for the
built environment.

dTraam

dt ©)

/
Qwalls + Qwindaws + Qﬂaor + QPCMS + Qinﬁlrmtion + Q:a[(lr = Vpa[rcp

The thermal resistances of the walls and windows are given by Egs.
(7) and (8).
1

Ryanis =———7— (7)
KwaII:F walls

1

Rnaons = Kindows Fvindows ®

Generally, the heat loss through the floor is calculated based on the
assumption that the temperature is a constant at some space below the
ground. In this paper, the heat loss through the floor is calculated by
connecting the floor to ambient as the temperatures under the ground
vary in different regions around the world. Usually, the floor near the
walls contributes more heat loss. Thus, the floor is divided into five
zones for heat transfer analysis, as shown in Fig. 5.

1
5
ZlKﬂD(/r_iFﬂoz)r_i

In this model, the TDB is integrated into the roof of the house. The
convective heat transfer resistance of the PCMs surfaces is

1
hOF roof

)]

Rioor =

(10)

Rpcys =

The heat loss to the ambient through the walls, windows, and the
floor is calculated by Egs. (11)-(13), respectively.

Tamvient — Troom

\valls =~ an
Q 8 Rwall:
Tamvient — Troom
vindows =~ 12
Q“ “ Rwinduw: ( )
_ Tambiem - Troom
Oftoor = R 13)
-.0.2/0.2/0.2/0.2
/ /
— Floor
Zone Five Unit: m
Zone Four 2
7
Zone Three =
,,,,, o
Zone Two = y L,
Zone One g iy |
e

Fig. 5. The heat transfer zones of the floor.
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The heat exchange between the PCMs and the built environment is
given by Eq. (14).

QPCM.r = (TPCM.\' - Tnmm) /Rmuf (14)

The solar heat gains from windows can be calculated by Eq. (15).

Q_’S(;[W = Ca C:fﬂF windowsqrad (15)
Heat loss through cold air infiltration can be given by
Qinﬂltmtio'l :vaaircp(Tambicm - Tmom) (16)

Substituting Egs. (7)-(16) into Eq. (6), the temperature of the built
environment can be solved numerically by the improved Euler method,
which owns a second-order accuracy.

Case Two: Solar energy cannot meet the heating demand.

If the energy harvested by the TDB is less than that required for the
heating purpose, the temperature of the PCMs will vary with the
ambient temperature after the solar heat is depleted. The PCMs expe-
rienced several statuses during the day.

Stage One: Pre-heating (Tpcys < Tierr)

In this stage, the temperature of the PCMs doesn’t reach the melting
point. The temperature of the PCMs will increase with the absorption of
solar energy. An energy balance is built for the PCMs.

dTPCM:
dt

Stage Two: Partially melted (Tpcps = Tserr)

In this stage, the PCMs receive the solar energy from the solar ab-
sorption surface. The PCMs are partially melted, thus the temperature of
the PCMs stays constant.

Stage Three: Pre-solidified (Trcys = Tserr)

In this stage, the solar heat stored in the PCMs is released to the in-
door space for heating purposes. Because the PCMs are not fully solid-
ified, the temperature of the PCMs keeps constant.

Stage Four: Fully Solidified (T > Tyer)

In this stage, the PCMs are solidified. The temperature of the PCMs
varies with ambient temperature.

Osolar — Qpcums = MpemsCrems a7)

dTPCM.&
dt

18)

Opcms = — MpeyCpems

In this case, the temperatures of the built environment and the PCMs
should be solved simultaneously.

3.1.1. Heat transfer model of a regular building envelope

For a regular building envelope, the built environment exchanges
heat with the ambient through the building envelope, as shown in Fig. 6.
The energy conservation equation for this system is

, , dT room
Qenvelope + Qsolar + Qi’lﬁ“mﬁ”" = V/)airC[’ dt (19)

, 1

Envelope — 5 (20)

KattsFratts + Kuindows Frindows + Kroof Froor + 21 Kftoor_iFfioor_i
Indoor space | T'..,,m
R t' o
Envelope 1y ¥ Envelope

Ambient Tambient

Fig. 6. Thermal network in a regular building envelope. For the regular house,
the thermal resistance of the building envelope is given by.
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The heat loss through the building envelope can be calculated by Eq.
(21).

g Tam ient Troom
0 Zambient 7 7 room 21)

envelope = !
Envelope

Substituting Egs. (15), (16) and (21) into Eq. (19), the temperature of
the built environment can be obtained by solving Eq. (19) numerically.

3.2. Parameters used for the model

3.2.1. Building model

In this paper, a simplified house is used as an example for the anal-
ysis. The house is a one-story building facing due south as shown in
Fig. 7. The building is 12.0 m long, 10.0 m wide, and 3.5 m high, with a
shape coefficient of 0.65. The window-to-wall ratio of the building en-
velope is 0.2. According to the thermal characteristics of TDB, as well as
relevant design standards currently implemented in China, the heat
transfer coefficient, air-tightness, and solar heat gain coefficient of the
building envelope structure are listed in Table 1. The convective heat
transfer coefficient of the TDB roof on the indoor surface is set as 2.5 W/
(mz-K) [50]. Because the thermal conductivity of the aerogel is
extremely low (about 0.02-0.03 W/(m-K)) and the infrared radiation is
blocked by the greenhouse-selectivity aerogel, Qreyerse Of the roof is very
small. Meanwhile, the thermal conductivity of the PCMs is in the order
of 1.0 W/(m-K) [29]. The rectification ratio of the TDB is about 30-50.
For simplification, Qpeyerse Was considered as a part of solar heat loss,
which was reflected in the solar heat collection efficiency of the aerogel
thermal isolation layer. Bio PCM ENRG blanket made by Phase Change
Energy Solutions is adopted as the PCMs for the TDB [49]. The thermal
properties of the PCMs are presented in Table 1.

3.2.2. Meteorological data

The meteorological data of four cities in China, including Wuhan,
Beijing, Harbin, and Lhasa on January 21, a typical heating day, is used
as the input for the modeling. The original meteorological data,
including the ambient dry-bulk temperature and solar radiation in-
tensity, is cited from the official website of the China Meteorological
Bureau, Climate Data Office. As seen in Fig. 8, the temperature and solar
radiation intensity variations of the five cities can be very different. The
average temperatures of Wuhan, Beijing, Harbin, and Lhasa are 6.41 °C,
—4.37 °C, —20.82 °C, and 1.25 °C, respectively. And the total daily solar
radiations of Wuhan, Beijing, Harbin, and Lhasa are 4784 kJ/m?
10789.2 kJ/m?, 7196.4 kJ/m?, and 17827.2 kJ/m?, respectively.

Roof integrated
with TDB

35m

Fig. 7. The building model for the analysis.
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Table 1
Design parameters of the building envelope.

Parameters House with House with TDB
traditional roof roof
Window-to-wall ratio (in all directions) 0.2 0.2
Heat transfer coefficient of the exterior ~ 0.517 0.517
walls (W/(m*K))
Heat transfer coefficient of the exterior ~ 1.9” 1.9
windows (W/(m?K))
Heat transfer coefficient of the roof (W/ ~ 0.45° N/A
(m*K))
Heat transfer coefficients Zone 0.46" 0.46
of the floor (W/(m?K)) One
Zone 0.23 0.23
Two
Zone 0.12 0.12
Three
Zone 0.07 0.07
Four
Zone Neglected Neglected
Five
Effective solar heat gain area 0.25 0.25
coefficient of the windows
Shading coefficient of the windows 0.8 0.8
Solar heat gain coefficient of the 0.4 0.4
windows
Convective heat transfer coefficient of N/A 2.5 [50]

the TDB roof on the indoor surface
(W/(m?*K))
Solar utilization efficiency of the TDB N/A
Phase change temperature of the PCMs ~ N/A

0.20-0.60° [37,46]
17, 20, 23, and 26,

(o) respectively
Mass of the PCMs (kg) N/A 100
Latent heat of the PCMs (kJ/kg) N/A 200 [49]
Thermal capacity of the PCMs (J/ N/A 2100 [49]
(kgeK))
Air density (kg/m®) 1.225 1.225
Air thermal capacity (J/(kgeK)) 1004 1004
Air tightness (Times/hour) 0.28 0.28

# The regular energy-saving walls consist the stucco, concrete, wall insulation,
and gypsum layers from outside to inside. The thickness of the wall is 0.2863 m.

b The windows are constructed by the low-E double-layer insulating glass with
an air gap of 12.0 mm.

¢ The regular energy-saving roof consists of the roof membrane, roof insu-
lation, metal decking layers. The thickness of the roof is 0.2215 m.

4 According to the Design Standard for Energy Efficiency of Civil Buildings in
China, the U value for the floor with thermal isolation should be lower than 0.5
W/(m?K). In addition, the thermal resistances for the different floor zones are
assumed connected in parallel. The heat transfer between different floor zones
are neglected.

¢ Solar utilization efficiency of the TDB is affected by the solar radiation
transmittance of the thermochromic hydrogel and the solar heat collection ef-
ficiency of the aerogel thermal isolation layer. The solar heat collection effi-
ciency of the aerogel thermal isolation layer changes between 70% and 90%
depending on the thickness [46]. And the spectral solar radiation transmittance
of the thermochromic hydrogel varied from 30% to 90% [37]. Thus, the solar
utilization efficiency of TDB can vary from 0.2 to 0.6.

4. Results and discussion
4.1. The temperature control performance of the TDB

The temperature of the built environment is affected by the ambient
via heat exchange through the building envelope. The zone air tem-
perature variations for the building envelope integrated with/without
the TDB are shown in Fig. 9. For the regular building envelope, the
temperature of the built environment fluctuates with the ambient tem-
perature and solar radiation intensity. The average temperatures of the
built environment for the regular building are slightly higher than the
average temperature of the ambient for all four cities. Because of the
solar heat gain from the windows during the daytime, the temperature of
the built environment is significantly higher than the ambient around
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Fig. 8. Meteorological data of (a) Wuhan; (b) Beijing; (c) Harbin; (d) Lhasa on January 21 in a typical meteorological year.
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1:00 p.m. when the solar radiation is highest during the day.

Due to the novel TDB, solar energy can be effectively harvested for
the passive temperature control of the built environment. The average
zone air temperatures of house integrated with TDB in Wuhan, Beijing,
Harbin, and Lhasa are 17.92 °C, 14.85 °C, 3.50 °C, and 16.18 °C,
respectively, which are increased by 11.49 °C, 19.22 °C, 24.32 °C, and
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Fig. 9. The zone air temperature variations: (a) Wuhan; (b) Beijing; (c) Harbin; and (d) Lhasa when Ty, = 23.0 °C, ¢ = 0.4.

14.93 °C, respectively. It is impressive to see that the building integrated
with the TDB can increase the zone air temperature to such a large extent
that the houses in Wuhan, Beijing, and Lhasa can almost maintain a
stable and comfortable temperature during the whole day without any
external energy supply. However, because the ambient temperature in
Harbin is very low in the winter, the solar energy harvested by the TDB
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can’t meet the energy demand for heating purposes. As shown in Fig. 9
(c), the solar energy stored in the PCMs is depleted around 5:00 a.m.,
and the zone air temperature drops quickly to the ambient temperature.
Though the TDB alone can’t achieve the goal to create a comfortable
built environment in Harbin, it helps to increase the average zone air
temperature greatly and in turn reduce the heating demands.

4.2. The influence of phase change temperature of the PCMs

Fig. 10 shows the zone air temperature variations of the house in
Harbin with all the parameters set the same except the phase change
temperature of the PCMs. When Ty,.;y = 17 °C, the temperature of the
PCMs can marginally keep stable during the day. However, with Ty
changing from 17 °C to 26 °C, the temperature of the PCMs fluctuates
dramatically late at night. Because the temperature difference between
the PCMs and the built environment is larger for the PCMs with a higher
Tmelr, the heat stored in the PCMs with a higher Ty, depletes more
quickly. As shown in Fig. 10, the period that the PCMs loses function
enlarged quickly with a higher Ty And the lowest zone air tempera-
tures happen around 8:00 a.m., which are —1.79 °C, —15.23 °C, —21.18
°C, and —23.42 °C for Ty =17 °C, 20 °C, 23 °C, and 26 °C, respectively.
The average zone air temperatures are 4.01 °C, 4.35 °C, 4.43 °C, and
4.41 °C for Tyer = 17 °C, 20 °C, 23 °C, and 26 °C, respectively. It can be
seen that the phase change temperature of the PCMs has a very small
influence on the average zone air temperature. However, the zone air
temperature fluctuates amplitude varies dramatically with the phase
change temperature of the PCMs during the day. It is also observed that
the phase change temperature of the PCMs is not always higher than the
zone air temperature, because the windows solar heat gain can also help
to increase the zone air temperature.

The influence of the phase change temperature on the zone air
temperature is very different for the house in other three cities. Taking
Beijing for example, because the solar radiation in Beijing is much
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higher than in Harbin, the ambient temperature is also warmer. The TDB
can always meet the energy demand for heating purposes. As shown in
Fig. 11, the average zone air temperatures are 10.04 °C, 11.99 °C, 13.92
°C, and 15.85 °C for T = 17 °C, 20 °C, 23 °C, and 26 °C, respectively.
The zone air temperature almost increases linearly with Ty And the
zone air temperature fluctuation amplitude is almost the same for all the
cases.

The appropriate phase change temperatures of the PCMs for the
buildings in different climate regions are different. For the regions
where solar energy is abundant, a relatively higher phase change tem-
perature of the PCMs will help to increase the average temperature of
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Fig. 11. Zone air temperature variations of the house in Beijing with Ty
ranging from 17 °C to 26 °C, and ¢ = 0.4.
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the built environment. However, in regions where solar energy alone
can’t meet the energy demand for heating purposes, the phase change
temperature of the PCMs should be relatively lower to maintain a rela-
tively stable temperature in the built environment.

4.3. The influence of the solar utilization efficiency of the TDB

The solar utilization efficiency of the TDB will significantly affect the
temperature of the built environment. As shown in Fig. 12, the average
zone air temperatures of the house in Harbin are —7.58 °C, —1.47 °C,
4.41 °C, and 10.67 °C for ¢ = 0.2, 0.3, 0.4, and 0.6, respectively. The
average zone air temperature increases dramatically with the higher
solar utilization efficiency. When ¢ = 0.2, the PCMs almost lose the
function to control the zone air temperature at night. With the € = 0.6,
the temperature of the PCMs can maintain stable during the whole day.
Furthermore, the lowest temperature of the built environment rises up to
3.10 °C, 28.1 °C higher than the lowest ambient temperature. With a
further increase in the solar utilization efficiency, the zone air temper-
ature doesn’t increase anymore. It should be noted that the zone air
temperature is higher than the PCMs’ temperature because of the win-
dows solar heat gain around noon.

The solar utilization efficiency of the TDB is critically important to
effectively control the temperature of the built environment, particu-
larly for the house in the severe cold regions where heating loads are
high and solar radiation intensities are small. To enhance the solar uti-
lization efficiency of the TDB, the one-way heat transfer performance of
the TDB should be furtherly improved. The transparent aerogel with
ultra-low thermal-conductivity and greenhouse selectivity can reduce
the heat loss of the TDB by cutting off the ways for heat conduction,
convection, and infrared radiation. Zhao et al. [46] reported a solar
receiver covered by this material harvested more than 80% of the solar
radiation energy, which showed the promising potential of designing
such a TDB for passive temperature control in the built environment
during the heating seasons.
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4.4. Energy saving performance of the TDB

The daily heating loads of the regular buildings in Wuhan, Beijing,
and Lhasa are 170.6 MJ, 360.9 MJ, and 236.7 MJ, respectively. The solar
energy harvested by the TDB can meet the heating demands of the
houses in the three cities without any external energy consumption. The
transient heating loads of the house in Harbin with/without TDB are
compared in Fig. 13(a), where the goal zone air temperature is set as
16.0 °C. The daily heating loads of the regular building and the building
integrated with TDB are 682.7 MJ and 466.3 MJ, respectively. The TDB
represents an energy saving rate of 31.7%. As shown in Fig. 13(a), the
transient heating loads of the house integrated with TDB are lower than
the regular house for most time of the day. However, in the early
morning, the heating loads of the house integrated with TDB increases
rapidly and exceeds the heating loads of the regular house. Because the
solar energy stored in the building environment is depleted at that time
period, more energy is required to keep the PCMs and built environment
warm.

The heat loss proportions through the building envelope with/
without TDB are depicted in Fig. 13(b and c). For the regular building
envelope, the heat losses through the floor, infiltration, walls, windows,
and roof account for 1.72%, 18.25%, 28.93%, 26.58%, and 24.53%,
respectively, of the total heat loss. For the building envelope integrated
with TDB, the heat losses through the floor, infiltration, walls, and
windows account for 2.28%, 24.18%, 38.33%, and 35.22%, respec-
tively, of the total heat loss. The heat loss through the roof is reduced to a
minimum level for the building integrated with TDB, and the energy
flows are significantly different from those of the regular building.

5. Conclusions and future efforts
The building sector accounts for a large proportion of the energy
consumption among all the energy-end use sectors. The construction of

the next-generation green buildings characterized as low energy con-
sumption and low emission requires advanced thermal designs. In this
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Fig. 12. Zone air temperature variations in the built environment with different solar utilization efficiency: (a) € = 0.2; (b) e = 0.3; (¢) € = 0.4; (d) ¢ = 0.6.
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Fig. 13. The comparison of the house heating loads with/without TDB: (a) The transient heat loads of the house in Harbin with/without TDB when Tppe;r = 23 °C, ¢ =
0.4; (b—c) heat loss proportions through the building envelope with/without TDB.

paper, a TDB is proposed and designed to harvest solar energy for pas-
sive temperature control in the built environment during the heating
seasons. A comprehensive mathematical model is established to analyze
the temperature-control performance of the TDB. It can be concluded
that:

1) TDB can significantly increase the average zone air temperature and
reduce the temperature fluctuation amplitude in the built environ-
ment during the heating seasons without any external energy
consumption.

2) For different climatic conditions, the phase change temperature of
the PCMs should be carefully selected to let the TDB work normally.
A higher phase change temperature is desired for regions with higher
ambient temperature and abundant solar radiation. A lower phase
change temperature is better for regions with the opposite situation.

3) When the solar utilization efficiency of the TDB is too low, the TDB
can lose functions during the late-night as the energy harvested by
the TDB can’t meet the demand for heating purposes. To ensure the
normal operation of TDB, particularly for houses in severe cold re-
gions, it is critical to improving the one-way heat transfer perfor-
mance of the TDB.

The solar energy harvested by the TDB alone can meet the energy

demand for house heating purposes in Wuhan, Beijing, and Lhasa

during the heating seasons for the design conditions. In Harbin, a city
located in severe cold region, the TDB saves 31.7% of the energy for
heating purposes.

4

—

The introduction of the TDB in the next-generation building repre-
sents tremendous energy saving, which in turn promotes building a low-
carbon and green community. To validate these analytical results, a TDB

10

has been constructed in the lab and experiments are doing to examine
the passive temperature control performance of the TDB in the built
environment. In addition, the energy saving performance of the TDB
during the cooling seasons will be analyzed. The results will be reported
in future studies.
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