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• A PSH integrated with flat gravity-assisted heat pipes (FGHP house) was proposed.
• A numerical model was built and validated by experiments.
• Average indoor operative temperature reaching 16.7 ◦ C during January in Beijing.
• 41% of the absorbed solar energy releasing indoors for the FGHP house.
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Better utilization of renewable energy is necessary to replace fossil fuels to reach low-carbon. Passive solar
houses (PSHs) can be much helpful for enhancing indoor thermal comfort by solar energy instead of fossil energy.
However, for the existing PSHs, solar energy absorbed by the exterior walls is used inefficiently since the exterior
walls play the synthetic role of solar energy absorption, storage and release. This study proposed a novel PSH
integrated with flat gravity-assisted heat pipes (the FGHP house) to overcome this drawback. A numerical model
for the FGHP house was developed and validated by experiments. Several energy performance indexes were
defined to evaluate the thermal process of the FGHP house. The simulation results showed that the average
indoor operative temperature of the typical FGHP house reaches 16.7 ◦ C, 6.8 ◦ C higher than that of a reference
house. The south wall and the interior walls of the FGHP house are able to store 36% of the absorbed solar energy
during daytime, and release 41% of the absorbed solar energy indoors during the whole typical day, while 14%
and 7% for the reference house, respectively. The FGHP house provides a new possible way to achieve zero
energy buildings.

1. Introduction
1.1. Passive solar houses
Buildings are responsible for one-third of global greenhouse gas
emissions [1] and more than 40% of global energy use, about half of
which is used to cover the heating and cooling needs of indoor envi
ronment [2]. Given the major role in global climate change mitigation,
China calls for a significant reduction in CO2 emission and a trans
formation toward low-carbon energy systems [3], and the government
plans to achieve a peak in carbon dioxide emissions before 2030 and
carbon neutrality before 2060. The development of zero-energy

buildings (ZEBs) is an effective way of increasing building energy effi
ciency and reducing the overall building energy consumption [4],
thereby lowering the carbon emission. Better exploitation of renewable
energy allows the concept ZEB to be more achievable. Solar energy,
which is abundant in China [5], is the most widely used kind of
renewable energy, and the Chinese government has been encouraging
clean energy use since 2017, especially solar energy for clean heating in
northern China, promoting innovations in solar heating technologies.
Passive solar houses (PSHs) are highly recommended for solar space
heating. As a special type of ZEBs featuring low cost and zero-pollution
due to almost negligible energy for operation [6], PSHs use solar energy
to achieve indoor thermal comfort without electrical or mechanical
equipment [7]. The focus of PSHs design strategy is the exterior building
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Nomenclature
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sim
sol
sto
w
win

area, m2
specific heat capacity, J/(kg⋅K)
thickness, m
energy, J
convective heat transfer coefficient, W/(m2⋅K)
length, m
heat flux, W
heat flux intensity, W/m2
temperature, ◦ C
volume, m3

Greek letters
λ
thermal conductivity, W/(m⋅K)
ρ
density, kg/m3
α
absorptivity
η
ratio
Ɛ
uncertainty
Subscripts
a
abs
ad
av
col
con
e
eff

evaporator section
experiment
glazing
glazing cover
indoors
initial
internal
number
operative
outdoors
longwave radiation
release
south
sectional
simulation
solar
storage
west
window

Abbreviations
ACH
air change per hour, h-1
FGHP
flat gravity-assisted heat pipe
NFGHP non-flat gravity-assisted heat pipe
PSH
passive solar house
WWR
window-wall ratio
ZEB
zero energy building

air
absorbed
adiabatic
average
solar collecting plate
condenser section
east
effective

envelope, which receives all the solar energy that can be utilized for
space heating of a room. Generally, the exterior envelopes can be clas
sified as transparent and opaque envelopes. A transparent envelope,
typically a window, allows instant passage of solar radiation that heats
up the surface of indoor thermal mass which then warms up indoor air
by convection. As sunlight directly enters indoor space, a transparent
envelope can be regarded as the most powerful building envelope
component in regard to solar heat gain during daytime. However, with
small thermal resistance and thermal mass, if a transparent envelope is
of excessive size for more indoor heat gain, it may cause undesirable
glare during the day and large heat loss at night. An opaque envelope
mainly protects indoor thermal environment from the impact of ambient
climate variations with high thermal resistance and thermal mass. As the
typical opaque envelope, an exterior wall absorbs and reflects solar ra
diation by its outside surface. The absorbed solar energy is converted
into heat and conducted to the inside surface of the wall, and then
released to the indoor environment by convection and radiation. For
most PSHs, the features of both the transparent and opaque types are
combined for the design of the exterior building envelope. The existing
PSHs are mostly based on three types of the widest application: directgain room, Trombe wall and attached sunspace. They vary in design
of the exterior building envelopes in view of solar energy utilization.
The direct-gain room is the simplest type of PSHs. It relies on the
south-facing windows admitting solar energy to entering into indoor
space, covering instantaneous heating load and thus is necessary for the
windows to be larger for more sunlight transmitted inside. However, the
excessive size of windows always leads to glare [8] and large indoor
temperature fluctuation [9]. Phase change material (PCM), with large
energy storage density and nearly isothermal nature of the storage
process [10], is regarded as a favorable technique to narrow the indoor
temperature swing for direct-gain rooms and thus has attracted many
research interests. Jiang et al. [11,12] proposed a theoretical method to
obtain the optimal specific heat of interior building envelope for a

direct-gain room. The optimized results appeared to be nearly δ function
that is close to the effective heat capacity form of PCM. Zhou et al
applied shape-stabilized phase change material (SSPCM) plate [10] and
PCM-gypsum [13] in a direct-gain room. It was found that the intro
duction of PCM helps shave the indoor temperature fluctuation and
increase the minimum room temperature at night. However, the appli
cation of PCM has little effect on average indoor air temperature[14]. As
an improvement to the design of the transparent building envelope, Si et
al[15] proposed an innovative two-layer transparent building envelope
with variable thermal resistance by the step control operation strategy.
However, this thermal design failed to consider thermal energy storage,
therefore it lifted indoor air temperature but also further amplified the
temperature fluctuation. From literature discussed above, it can be seen
that although transparent building envelopes are crucial in terms of
indoor heat gain, their potential is limited considering the adverse ef
fects of glare and indoor temperature swing. Consequently, further
enhancement of the performance of PSHs calls for better utilization of
solar energy absorbed by the opaque building envelope, mainly the
south exterior wall, exampled by the Trombe wall and the attached
sunspace.
A Trombe wall is a massive south-facing wall painted a dark color in
order to absorb more solar energy and a glazing covering on the outside.
It is also called the thermal storage wall, as it highlights solar energy
storage by thermal mass to cover heating demand at night. There are two
ways for a traditional Trombe wall to transfer solar thermal energy to
the indoor environment: one is to introduce hot air in the gap between
the wall and the glazing into internal space behind the wall by incor
porating heat-distributing vents at the top of the wall, and the other is by
thermal energy storage and conduction of the massive wall. The exterior
massive wall is applied to store and release heat for almost all existing
versions of Trombe wall. Under this circumstance, with continuous heat
transfer between the outdoor environment and the storage wall, it is
inevitable to lose large amount of heat to the outdoor environment,
2
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especially during nighttime. In a field test[16], it was found that for the
Trombe wall, the heat supply by hot air during daytime accounted for
more than 90% of the total heat supplied indoors, which indicated that
less than 10% was supplied by the inside surface of the storage wall.
Some researchers[17] pointed out the conflict between heat gain and
heat loss of the exterior storage walls. That is, the storage wall is often
with low thermal resistance for better heat conduction, in which case
heat flux maybe transferred from indoor to outdoor environment during
the night or prolonged cloudy days. In order to improve the thermal
performance of Trombe walls, many researchers put emphasis on
enhancing thermal energy storage capability of the storage wall. Li et al
[18] simulated a solar composite wall with a porous heat storage layer
consisting of PCM encapsulated granular capsules and the average in
door air temperature increased by 2.2 ◦ C at night. Zhu et al[19] analyzed
the thermal performance of a Trombe wall with double-layers shapestabilized PCM panel and the average indoor air temperature was
0.11 ◦ C higher than a reference Trombe building. Although the intro
duction of PCM leads to small progress, it fails to handle the conflict
about heat gain and heat loss of the exterior storage walls, as mentioned
above.
An attached sunspace is a partially or fully glazed enclosure, facing
south and adjacent to the south wall. The massive exterior wall and the
floor often act as thermal mass to accumulate solar radiation energy.
However, the heat stored in the thermal mass is much more likely to be
lost to the outdoor environment. PCM was also brought in for
improvement of the sunspace in literature. Vukadinović et al[20]
analyzed detached residential buildings with a sunspace and a thermal
storage wall made of concrete either containing PCM or not. Results
indicated that the use of PCM could save only 1 ~ 3% of the energy
consumption for heating and cooling in Serbia. In essence, the applica
tion of an attached sunspace shares the similar challenge as the Trombe
wall: the role of the south exterior storage walls is a synthesis of solar
energy absorption, thermal energy storage and heat release, without
consideration of the contradictory requirements to enhance these three
thermal processes, which largely limits the thermal performance.
Several researchers have provided solutions to this challenge by
active systems, with air or water mostly being adopted as heat transfer
medium. Concerning solar air systems, Owrak et al[21] investigated a
room heated with an attached sunspace. The south absorbing wall was
combined with internal thermal insulation. Air was heated in the sun
space and then conducted to the porous bed beneath the floor via a
flexible pipe and finally entered the sunspace. Simulation results showed
that the porous bed saved 10 ~ 15% of energy cost. Wu et al[22] pro
posed an active solar heating system. Part of the room air was conducted
to the solar air collector by pipes, and was heated and supplied into the
pipe buried in the concrete floor, and then entered the room, making the
air in circulation. Results showed that the indoor air temperature could
be maintained between 14 ◦ C and 17 ◦ C in Lhasa. The key issue of the air
system is the relatively low convective heat transfer coefficient of air (10
to 500 W/(m2⋅K)), compared with water (100 to 1.5*104 W/(m2⋅K))
[23]. It leads to slow heat exchange between air and the thermal storage
mass. Few studies were reported about the solar heating systems
applying water as the heat transfer medium to address the challenge
above. Mohamad et al[24] presented a system that used closed-loopwater-pipes embedded in walls to transfer the absorbed solar thermal
energy by the south wall to the north wall. The authors found that the
system was able to reduce heat losses from indoor environment at the
north wall in Mediterranean climates. However, the absorbed heat by
the south exterior wall is still transferred to another exterior wall,
leading to worse utilization. In addition, water systems suffer from
complex piping and high maintenance cost, and can easily frost during
nighttime. For active systems, the operation cost and maintenance
requirement also hinder their application.
In summary of studies reviewed above, it can be seen that for typical
types of passive solar building designs, the core issue is the poor utili
zation of the solar thermal energy absorbed by the south exterior wall,

which is responsible for solar radiation absorption, thermal energy
storage and heat release synthetically regardless of their incompatible
performance-enhancing requirements. Several active systems were
proposed to address this problem by transferring away the absorbed
solar energy on the south exterior walls by heat transfer medium like
water and air. However, these active systems are complex. Besides, air
and water are affected by poor convective heat transfer and risk of frost,
respectively.
1.2. Heat pipe and its application in building space heating
So how to better utilize the absorbed solar thermal energy by the
south exterior wall in passive ways? A novel idea is to decouple the
traditional role that south exterior wall plays: the south exterior wall
only for thermal insulation, and the interior walls for thermal energy
storage instead. This idea raises comprehensive requirements to transfer
the thermal energy absorbed by the outside surface of the south exterior
wall to the inside of the interior walls:
(1) Thermal diode: large amount of heat transfer during hours of
daylight to shift the absorbed solar thermal energy to the interior
walls, and small amount of heat transfer during nighttime to
nearly cut off the heat loss from the interior walls at night;
(2) Energy-saving: low or zero energy consumption;
(3) Harmless: as less damage to the building envelopes as possible;
(4) Reliable: risk-free during operation.
Materials, structures or components that meet these requirements
will change the basic idea of the thermal design of PSHs.
The heat pipe is a passive thermal transfer device based on gas–liquid
phase change principle. A heat pipe transfers heat from the evaporator
section to the condenser section by vaporization and condensation of the
working fluid. Depending on whether driven by gravity, heat pipes can
be divided into gravity-assisted heat pipes and heat pipes with inner
wicks. The working principle of gravity-assisted heat pipe is as follows.
The evaporator section of the heat pipe should be lower than the
condenser section in application. When the evaporator section of the
heat pipe is heated, the liquid working medium inside absorbs the heat
and evaporates. The vapor travels along the heat pipe to the condenser
section and condenses back into liquid, releasing the latent heat, and
then returns to the evaporator section by gravity. In this way, a large
amount of heat is transferred from the evaporator section to the
condenser section as a flow cycle is completed. When the condenser
section of the heat pipe is heated, there is no liquid available for evap
oration to form the flow cycle. Therefore, the input heat is not trans
ferred away by the heat pipe. Based on this principle, a gravity-assisted
heat pipe can act as a thermal diode, transferring heat in bottom-top
direction and acting as a thermal insulator in the opposite. According
to the cross-section shape, heat pipes can also be categorized as flat heat
pipes and round heat pipes, and heat pipes of different shapes can be
applied in various situation requiring specific geometry appearance.
The heat pipe features super high ability of thermal conduction in
relatively small size, as its effective thermal conductivity (keff) can reach
500 times[25] that of copper (385 W/(m⋅K)), which means a heat pipe is
able to conduct 500 times as much heat as a copper device under the
same device geometry and temperature difference. The effective thermal
conductivity of a heat pipe is obtained as follows:
keff =

Leff Q
Leff
=
Asec (Teva − Tcon ) Asec R

(1)

where, Leff is the effective length of the heat pipe, m; Q is the heat
conducted by the heat pipe, W; Asec is the sectional area of the heat pipe,
m2; Teva and Tcon are the temperatures of the evaporator and condenser
sections of the heat pipe, respectively, ◦ C; R is the thermal resistance of
the heat pipe, K/W.
The effective length of a heat pipe can be calculated by:
3
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Leva + Lcon
2

release in passive solar houses, especially for the different heat transfer
demand of building envelope between daytime and nighttime.
In present study, a novel type of passive solar house integrated with
FGHPs (hereafter referred to as the FGHP house) is proposed. For the
FGHP house, the south exterior wall functions mainly as thermal insu
lation; the interior walls as the indoor thermal mass for thermal energy
storage as well as the large-area heating terminal to enhance the heating
performance without occupying extra indoor space. During daytime, the
FGHPs quickly transfer the solar heat absorbed by the outside surface of
the south exterior wall to the interior walls, where the heat can be stored
and released indoors; at night, the thermal diode effect of the FGHPs
helps avoid large heat loss, thus the thermal energy storage within the
interior walls can be largely released indoors. This research will help
guide the advanced solar energy-saving building design, achieve clean
winter heating goals, and promote the development of ZEBs.

(2)

where, Lad , Teva and Tcon are the lengths of the adiabatic section, the
evaporator and the condenser section of the heat pipe, respectively, m.
Besides, the heat pipe has other favorable features: light weight,
small heat capacity, no external power consumption and reliable
operation.
A few studies were reported on the use of heat pipes for passive solar
heating. Zhang et al [26] reported the wall implanted heat pipes
(WIHPs). Based on the thermal diode effect of gravity-assisted heat pipes
that pass through the exterior walls, the WIHPs are of high thermal
conductance during daytime, transferring absorbed solar energy into the
inside surface of the exterior wall, and act as thermal insulation at night.
The intelligent control valve is set in heat pipes for seasonal adjustment.
The authors found that the WIHPs perform well in most parts of northern
China[27]. However, as a type of passive solar thermal design, the
WIHPs focus on the enhancement of diurnal indoor heat gain with heat
pipes, but fail in thermal energy storage to cover nocturnal indoor
heating demand. The area of the heat pipes on the inside surface of the
wall is crucial for the heating performance, but the round heat pipe has a
small heat exchange surface area with walls. In terms of modelling,
Zhang used a one-dimensional weighted mean method to calculate the
equivalent thermal conductivity of the WIHPs. However, because the
effective thermal conductivity is much larger than the wall material, the
heat conduction within WIHPs cannot be regarded as one-dimensional.
Sharp et al[28] proposed a heat pipe-augmented passive solar system.
The absorbed solar energy is transferred, through round cross-section
gravity-assisted heat pipes across the south thick insulation to the
thermal storage tank behind to be stored and released for indoor space
heating. A numerical model of the system was built and parametric
sensitivity was analyzed[29], and a full-scale experimental prototype
was tested[30]. This thermal design is able to transfer the absorbed heat
to the indoor thermal mass effectively by high thermal conduction and
thermal diode effect of gravity-assisted heat pipes. But as the thermal
mass for solar thermal energy, the indoor storage tank occupies large
extra indoor space. Additionally, the contact area between the round
heat pipes and the outside surface of the exterior wall is small, limiting
heat transfer between them. Flat gravity-assisted heat pipes (FGHPs), as
shown in Fig. 1, are more likely to be integrated with building envelopes
since the flattened shape allows for more complete adhesion to an en
velope’s surface. Zhao et al applied flat micro-heat pipe array, a type of
FGHP, in the enhancement of solar air collector[31,32] and latent heat
thermal energy storage unit[33]. Sun et al proposed a radiant terminal
based on flat heat pipes and thermoelectric unit [34] , integrated with
phase change materials[35], and as cooling unit[36]. However, it can be
seen that in the literature the FGHPs are only applied in heat transfer
enhancement for either solar thermal collection part or heating terminal
part, lacking in consideration of comprehensive integration and opti
mization of solar thermal collection, thermal energy storage and heat

2. Working principle and mathematical model of the FGHP
house
2.1. Working principle of the FGHP house
Fig. 2 shows the structure of a typical FGHP house, which consists of
the FGHPs, a south exterior wall, an interior wall, a glazing cover and a
solar collecting plate. The south exterior wall is a combination of ther
mal insulation and internal thermal mass wall, and mainly serve as
thermal insulation. The interior wall is a thermal mass wall for thermal
energy storage. To fulfill the thermal diode effect between the exterior
and interior wall, the FGHPs are: 1) L-shaped and bent into two sections.
The evaporator section is sandwiched between the solar collecting plate
and the outside surface of the south exterior wall, and the condenser
section are embedded in the interior wall; 2) tilted to create a height
difference between two sections. The condenser section is higher than
the evaporator section. Fig. 3 shows how an FGHP is bent and attached
to the exterior and interior wall. Leva and Lcon refer to the length of the
evaporator section and the condenser section, respectively. The FGHP
attached to the walls is tilted at an angle of θ, making the altitude dif
ference between two sections. The solar collecting plate is set to absorb
solar thermal energy, and covers all the southern outside surfaces of the
room except window. The glazing cover allows the passage of solar ra
diation and helps reduce heat loss from the plate.
Fig. 4 shows the working principle of a typical FGHP house, and
Fig. 5 shows the variation of the effective thermal conductivity of the
FGHPs with time. To take a day for example, after sunrise, the solar
collecting plate, which clings closely to the evaporator section of the
FGHPs, starts to absorb solar energy and heats up. The liquid working
medium at the evaporator section of the FGHPs absorbs heat from the
solar collecting plate and evaporates, and then the vapor flows to the
condenser section, condensing and releasing heat to the inside of the
interior walls where the FGHPs are embedded. Because of the height
difference between the evaporator section and the condenser section,
the liquid working medium then returns to the evaporator section
through gravity and the cycle repeats. The interior walls store the
transferred heat and release it indoors. During the above process, the
FGHPs are working based on phase-changing heat transfer inside,
therefore, their effective thermal conductivity keff is at a superhigh level
(on the order of ten to the fourth power). After sunset, the temperature
of the solar collecting plate drops quickly below the temperatures of the
inside of the interior walls because of the absence of solar radiation. The
liquid working medium of the FGHPs flows to and stays in the evapo
rator section, unable to repeat cyclic flow. Therefore, the FGHPs do not
work due to the thermal diode effect at night, and it can be seen as a long
and thin aluminum plate with hollow space inside, thus the keff is at a
pretty low level (on the order of ten to the first power). As a result, in a
typical day, the trend of keff of the FGHPs is in the form of approximate
square-wave function, as Fig. 5 shows.

Fig. 1. Photos of the FGHPs [37].
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Fig. 2. Schematic diagram of the structure of the FGHP house.

Fig. 3. Bending pattern of the FGHP attached to the exterior wall and the interior wall.

2.2. Mathematical model

2) Due to the adjacent-room heat transfer symmetry, the interior walls
and floor are taken as adiabatic at the corresponding center-line.
3) The air in the gap enclosed by the glazing cover, the solar collecting
plate and the interior window is fully mixed; likewise, the air in the
room is also regarded as a homogeneous mixture.

To simplify the mathematical model, assumptions are listed as
follows:
1) The contact thermal resistances between building components are
ignored.
5
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Fig. 4. Schematic working principle of a typical FGHP house.

Fig. 6. Schematic diagram of the model for the FGHPs.

three orders of magnitude higher than RFGHP,1. Therefore, when the
FGHPs do not work, the heat transfer in the length direction is ignored in
the FGHP model. When working, the heat flux transferred by the FGHPs
is obtained as follows[33]:

Fig. 5. Schematic diagram of variation of the effective thermal conductivity of
the FGHPs with time.

QFGHP,inw =

TFGHP,eva − TFGHP,con keff (τ)AFGHP,sec (TFGHP,eva − TFGHP,con )
=
Leff
RFGHP,1

(3)

4) For the FGHP house, the outside surface of the south wall is fully
covered by the evaporator section of the FGHPs, which is completely
covered by the solar collecting plate.
5) The lumped parameter model is applied for the solar collecting plate
(Tcol), the evaporator section (TFGHP,eva) and the condenser section
(TFGHP,con) of the FGHPs.

The heat flux transferred by the FGHPs from the solar collecting plate
(QFGHP,col) can be split into two parts: the major one is transferred into
the interior wall (QFGHP,inw), and the minor one is conducted through the
south insulation (QFGHP,s). Since the condenser section is embedded in
the interior wall, QFGHP,inw is divided into QFGHP,inw1 and QFGHP,inw2. The
relationship among these variables is shown in Fig. 7, and can be
described as follows:

2.2.1. The FGHP model
In an FGHP house, the FGHPs are buried in interior walls. Due to
much higher effective thermal conductivity and lower heat capacity
than the building materials, an FGHP is treated as a one-dimensional (in
the length direction) thermal diode between the solar collecting plate
and the inside of the interior walls, as Fig. 6 shows.
Due to the assumption that contact thermal resistance is ignored, the
temperature of the evaporator section TFGHP,eva equals the solar col
lecting plate’s temperature Tcol, and the temperature of the condenser
section TFGHP,con equals the temperature of the FGHP-contacting surface
of the interior walls Twall,FGHP. When TFGHP,eva is higher than TFGHP,con,
the FGHPs work with high thermal conductivity, namely small thermal
resistance RFGHP,1. Otherwise, the FGHPs are in inoperative state (no
phase-changing heat transfer inside) and hardly transfer heat, and they
could be seen as long and thin aluminum plates with hollow space in
side. The thermal resistance is high and set to be RFGHP,0, which is about

QFGHP,col = QFGHP,inw + QFGHP,s = QFGHP,inw1 + QFGHP,inw2 + QFGHP,s

(4)

2.2.2. The room model
For the walls, the one-dimensional unsteady heat transfer equation is
as follows:

ρcp

∂Twall
∂2 Twall
=λ
∂τ
∂x2

(5)

The boundary conditions are shown in Fig. 8, and are as follows:
⃒
dTwall ⃒⃒
λ
= hin (Tin − Twall,in ) + qsol,in
(6)
dτ ⃒x=L
⃒
dTwall ⃒⃒
− λ
= hout (Tout − Twall,out ) + qsol,out
dτ ⃒x=0

6
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Fig. 7. Heat transfer between the FGHPs and other building components in an FGHP house.

cp,a ρa Va,in

6
dTin ∑
=
hin Awall,i,in (Twall,i,in − Tin ) + Kwin Awin (Ta,g − Tin )
dτ
i=1

(9)

+ cp,a ρa Va,in ACH(Tout − Tin ) + Qint
where, Twall,i,in and Awall,i,in refers to the temperature and the area of
the inside surfaces of building envelopes, ◦ C and m2, respectively; i refers
to inside surfaces of six opaque building envelopes, including the ceiling
and the floor; Kwin is the heat transfer coefficient of the interior window,
W/(m2⋅K); Awin is the area of the interior window, m2; Ta,g is the tem
perature of the air in the gap, ◦ C; ACH is air changes per hour of the
room, h− 1; Qint is the room internal heat source, W.
The energy balance equation of the solar collecting plate is:
cp,col mcol

(10)

where, mcol is the mass of the solar collecting plate, kg; ha.g refers to
the convective heat transfer coefficients between the surfaces exposed in
the gap and the air in the gap. Based on heat transfer calculation, for
simplification, ha.g is determined as the constant 5 W/(m2⋅K); qr,out is
heat transferred by long wave radiation, W/m2; Acol is the area of the
solar collecting plate, m2.
The energy balance equation for the air in the gap can be written as
follows:

Fig. 8. Diagram of the boundary conditions of a typical wall.

Twall (x, τ)|τ=0 = Tinit

dTcol
= ha,g Acol (Ta,g − Tcol ) + Acol qr,out + Acol qsol,out + QFGHP,col
dτ

(8)

where, Tin and Tout refer to the indoor and the outdoor air tempera
ture, respectively, ◦ C; qsol,in and qsol,out are the solar radiation absorbed
by the inside and the outside surface of a wall, respectively, W/m2; hin
and hout are the surface heat transfer coefficients of the inside and the
outside surface of the wall, including convective and radiant heat
transfer, and are valued as 8.7 W/(m2⋅K) and 23.0 W/(m2⋅K), respec
tively, according to the Code for Thermal Design of Civil Building
GB50176-2016; Twall,in and Twall,out refer to the temperatures of the inside
surface and the outside surface of the wall, respectively, ◦ C; Tinit is the
initial value for the temperature in the equation.
The energy balance equation of indoor air can be written as follows:

cp,a ρa Va,g

dTa,g
=ha,g Acol (Tcol − Ta,g )+Kwin Awin (Tin − Ta,g )+Kgc Agc (Tout − Ta,g )
dτ
(11)

where, Kgc is the heat transfer coefficient of the glazing cover, W/
(m2⋅K); Agc is the area of the glazing cover, m2.
The governing equations as well as the boundary conditions are
discretized by finite difference methods. Central difference and implicit
method are applied in space and time, respectively. The space grid size is
7
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3 mm and the time step is 60 s. The equation system is solved by tri
diagonal matrix algorithm in Matlab environment.

The uncertainty analysis of the keff is carried out based on the
measured parameters and their accuracy. The total uncertainty of the
result can be described as:

3. Experiments and model validation

∂R
∂R
∂R
εR = (( ε1 )2 + ( ε2 )2 + ... + ( εn )2 )1/2
∂v1
∂v2
∂vn

3.1. FGHP experiment

(12)

Based on Eq. (1), the result (keff) is a function of several independent
variables: Leff, Q, Asec, Teva, Tcon. The component sizes are as known
conditions, and the heat loss between the electric heat plate and the
evaporator section is neglected due to the existence of thermal insu
lation. Combined with Eq. (12), the uncertainty of keff can be given by:

The effective thermal conductivity keff is the key property for
modeling the FGHPs. An experimental rig was built in order to obtain
the value of keff of a given FGHP in present study. Fig. 9 shows the di
agram and photo of the experimental rig, where C and E refer to the
measuring points for the condenser section and the evaporator section of
the FGHP, respectively. The working fluid inside the FGHP was a
mixture of acetone, R141b and ethanol, which had a filling ratio of 20%.
The operating temperature range of the FGHP was − 40 ◦ C-150 ◦ C. An
electric heat plate was used to heat up the evaporator section, and there
was thermal insulation (30 mm thick) enclosing the evaporator section
to ensure that the heat was totally transferred away by the FGHP. The
heating power was 10 W, namely 1000 W/m2, to simulate solar radia
tion intensity. The dimensions of the FGHP were 1500 mm (length) ×
100 mm (width) × 3 mm (thickness). C1-C5 and E1-E2 temperature
measuring points were set for the condenser section and the evaporator
section of the FGHP, respectively. Automatic recording thermometer
with accuracy of ± 0.3 ◦ C was used for data recording. The keff was
calculated by Eq. (1), where TFGHP,eva and TFGHP,con were obtained as the
average temperature of the measuring points. As shown in Fig. 10, the
temperatures were stable after reaching steady state, and the average keff
of the FGHP was 1.78 × 104 W/(m⋅K).

∂k
∂k
εkeff = (( eff εTeva )2 + ( eff εTcon )2 )1/2
∂Teva
∂Tcon

(13)

The results show that the maximum value of the uncertainty
regarding the effective thermal conductivity (εkeff /keff ) is 19.5%.
3.2. Reduced-scale FGHP house experiment
To validate the numerical model, two reduced-scale houses (shown
in Fig. 11) were constructed and tested in Beijing. The FGHP house was
equipped with the FGHPs and the solar collecting plate while the NFGHP
house was not. The dimensions of the two houses were 1 m (depth) × 1
m (width) × 1 m (height), and the window-wall ratio (WWR) were both
0.3. The south, north, west and east wall were composed of 120 mm
bricks and 60 mm thermal insulation from internal to external. The
ceiling was composed of 60 mm thermal insulation, and the floor was
made of foamed concrete brick. For the FGHP house, the condenser

Fig. 9. The experimental rig for the FGHPs: (a) the diagram of the rig and the locations of the measuring points; (b) the photo.
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Fig. 10. Temperatures of measuring points and the effective thermal conductivity of the FGHP during the experiment.

center of the evaporator section of the FGHPs. The experiment in
struments information is listed in Table 1. To be clear, due to the limited
area of the field space, it was hard for the two experimental houses to
both have interior walls without damaging the independence of their
indoor thermal environment from each other. Therefore, the FGHPs
were put in the west and east exterior walls for the FGHP house, and
thermal insulation was adopted between the FGHPs and outdoor envi
ronment for better protection of the heat from being lost outdoors.
3.3. Model validation
The experiments were performed during November 28th to
November 30th, 2020. Fig. 13 shows the comparison of the measured
and simulated results, which are indoor air temperature of the FGHP
house, and temperatures of the FGHPs’ evaporator and condenser
Fig. 11. Photos of the experimental FGHP and the NFGHP houses.

Table 1
Experimental instruments information.

section of the FGHPs were embedded in the west and east walls, between
the insulation and the bricks. Air changes per hour (ACH) was obtained
by the tracer-gas technique with CO2 and was 1.26 h− 1. The field out
door temperature and solar radiation were recorded. Measuring points
were set at the inside surface of the south, east, west and north wall, and
the center of the room space for both houses, as Fig. 12 shows. Besides,
for the FGHP house, three measuring points were set at the condenser
section of the FGHPs on both the east and west sides, and one at the

Device

Test parameters

Accuracy

Automatic recording
thermometer
Automatic recording solar
energy meter
CO2 automatic recorder

Temperature

±0.3 ◦ C

Solar radiation intensity

±10 W/
m2
±75 ppm

Carbon dioxide concentration (for
the ACH)

Fig. 12. Layout of the structure and the measuring points of the experimental FGHP and NFGHP houses.
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Fig. 13. The simulated and experimental results: (a) indoor air temperature of the FGHP house; (2) temperature of the evaporator section of the FGHPs; (3)
temperature of the condenser section of the FGHPs.

sections. The simulation results agreed well with the experimental data,
with all R2 higher than 0.9.

the inside surface of the south, east and west walls and the outside
surface of the south wall, and can be calculated by:
∫ τ2 = sunset
∑
(As qsol,out (τ)) +
Ai qsol,in,i (τ))dτ
(14)
Eabs,daytime =

4. Evaluation index for energy performance and indoor thermal
comfort

τ1 = sunrise

i=e,w,s

For the south, east and west walls, during daytime, the heat that is
stored in each wall is the variation of their internal energy. The internal
energy of each wall is defined as:
∫ di
Ei (τ) =
Ti (x, τ)ρi (x, τ)cp,i (x, τ)Ai dx
(15)

The difference between the FGHP and the NFGHP houses in essence
arises from the different distribution of the absorbed solar energy by the
outside surface of the south wall among the south, east and west walls.
For further analysis, the south, east and west walls are treated as a whole
for better understanding of the distribution and utilization of the
absorbed solar energy. Fig. 14 shows the heat transfer processes of the
south, west and east walls of the FGHP house, where qh and qr are the
convective and long wave radiant heat transfer, respectively; the subfixs
in and out mean the inside surface and the outside surface, respectively.
Generally, for PSHs, the utilization of solar energy for heating de
mand includes three key thermal processes, namely solar collection by
the absorbing surface, thermal energy storage within thermal mass and
heat release indoors. As mentioned above, it is desirable that the
absorbed solar heat is stored and released indoors as much as possible,
and not being lost to the outdoor environment. Therefore, the evaluation
of thermal design of PSHs focuses on the three key thermal processes of
solar heat collection, storage and release indoors.
With regard to solar heat collection, the solar energy is absorbed by

x=0

by:

The total stored heat by the three walls during daytime is calculated
∑

Esto,daytime =

(Ei (τ1 ) − Ei (τ2 ))

(16)

i=e,w,s

where di is the thickness of the walls, m; τ1 and τ2 refer to the time of
sunset and sunrise, respectively.
The heat released indoors by the inside surface of the three walls
during daytime, nighttime and the whole day, including heat convection
and radiation, are calculated as follows:
∑ ∫ τ2 = sunset
Erel,daytime =
Ai (qr,in,i (τ) + qh,in,i (τ))dτ
(17)
i=e,w,s

τ1 = sunrise

∑ ∫
i=e,w,s

′

τ2 =sunrise

Erel,nighttime =

Ai (qr,in,i (τ) + qh,in,i (τ))dτ

τ1 =sunset

Erel,wholeday = Erel,daytime + Erel,nighttime

(18)
(19)

where, sunrise’ means the sunrise of the next day.
Four energy performance indexes are defined in the form of ratios of
energy to measure the distribution and utilization effectiveness of the
absorbed solar energy.
1) The ratio of storage to absorption during daytime ηsto-abs,daytime is
defined as the ratio of the sum of the thermal energy storage of the
three walls between sunrise and sunset to the total absorbed solar
energy by the three walls as Eq. (20). It is to evaluate the degree of
thermal energy storage for the solar energy in the walls.

ηsto−

abs,daytime

=

Esto,daytime
Eabs,daytime

(20)

2) The ratio of release to absorption during daytime ηrel-abs,daytime is
defined as the ratio of the sum of the thermal energy released by the
inside surfaces of the three walls during daytime to the total absor
bed solar energy by the three walls as Eq. (21). It evaluates the

Fig. 14. The thermal transfer processes of the south, west and east walls of the
FGHP house.
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degree for the three walls to convert absorbed solar heat into the
indoor heat gain during the day when three key thermal processes of
solar energy utilization happen simultaneously.

ηrel−

=

abs,daytime

Erel,daytime
Eabs,daytime

west wall, east wall and the floor were interior building envelopes and
the neighbor heat transfer can be ignored. The size of the room is 4 m
(length) × 3 m (width) × 3 m (height), and the WWR is 0.3. Table 2 lists
the composition of the basic building envelopes of both houses. Table 3
lists thermophysical properties of the building envelope materials. To
highlight the FGHP effect, here the absorptivity and the longwave ra
diation emissivity of the solar collecting plate in FGHP house are both
0.9, as the black coatings applied widely in passive thermal designs. The
climate data including outdoor temperature and solar radiation intensity
is obtained from the building energy simulation software DeST.

(21)

3) The ratio of release to storage during nighttime ηrel-sto,nighttime is
defined as the ratio of the sum of the thermal energy released by the
inside surfaces of the three walls to the sum of the thermal energy
variation of the three walls during nighttime as Eq. (22). It can
evaluate the degree of the three walls to release the stored thermal
energy indoors for thermal comfort for the night.

ηrel−

sto,nighttime

=

Erel,nighttime
Esto,daytime

5.2. Thermal performance simulation of the FGHP house
Fig. 16 shows the indoor operative temperature comparison between
the FGHP and NFGHP houses in Beijing during January of a typical
meteorological year. The daily average solar radiation on the solar wall
in the examination period is 3.96 kWh/m2/day. The average indoor
operative temperature of the FGHP house reaches 16.7 ◦ C, which is
among the accepted temperature range[41], and 6.8 ◦ C higher than that
of the NFGHP house. This is because the solar radiation is relatively
abundant in Beijing in January, as the maximum radiation intensity in a
day can reach 1000 W/m2, which serves as a strong heat source for the
improvement of indoor temperature of FGHP house. During Jan. 7th to
Jan. 16th, the operative temperatures of the two houses decline due to
lack of solar radiation, however, the operative temperature of the FGHP
house is always higher than that of the NFGHP house during this period.
The winter solstice is the day with the shortest period of daylight in
the typical meteorological year and thus can be seen as the day with the
most unfavorable condition for PSHs. In detailed discussion, the typical
day starts from December 21st (winter solstice) 7:00 which is the time
for sunrise, and ends at December 22nd 7:00. The sunset time is
December 21st 17:00, according to the climate data from DeST. The
typical day consists of the daytime period and the nighttime period in
subsequence, and this setting is beneficial for the observation of the solar
thermal utilization processes of the FGHP and the NFGHP house. For the
NFGHP house, WWR is the most crucial factor of indoor heat gain, while
higher WWR can also bring about larger fluctuation of indoor thermal
environment. Fig. 17 shows indoor operative temperature of the FGHP
house and the NFGHP house with different WWR. The upper limit to the
lower limit of each box depicts the interquartile range; the lines in,
beyond and below each box are the average, maximum and the mini
mum temperature, respectively. It is seen that as WWR increases from
0.3 to 0.7, the average indoor operative temperature of the NFGHP
house rises from 11.6 ◦ C to 17.1 ◦ C, while the daily variation boosts from
4.9 ◦ C to 8.8 ◦ C. This is because a bigger window allows more sunlight
into indoor environment to warm up the room, but also means more heat
loss to outdoors through the window at night. For the FGHP house with
0.3 WWR, the average indoor operative temperature is 19.7 ◦ C, while
the daily variation is only 5.7 ◦ C. Because the rise of indoor operative
temperature of the FGHP house mainly relies on the heat transfer by
FGHPs rather than solar radiation through the window, the FGHP house
is able to raise indoor operative temperature substantially with rela
tively small WWR, which reduces daily indoor operative temperature
fluctuation.

(22)

4) The ratio of release to absorption during the whole day ηrel-abs,wholeday
is defined as the ratio between the sum of the thermal energy
released by the inside surfaces of the three walls to the total absorbed
solar energy by the inside and the outside surfaces of the three walls
between sunrise to the next sunrise as Eq. (23). It measures the
ability of the three walls to release the absorbed heat indoors to
benefit the indoor thermal environment during a whole day.

ηrel−

abs,wholeday

=

Erel,wholeday
Eabs,daytime

(23)

The quantitative relationship among these four indexes as follows:

ηrel−

abs,daytime

+ ηsto−

η

abs,daytime ⋅ rel− sto,nighttime

= ηrel−

abs,wholeday

(24)

These four energy performance indexes as a whole, based on the
relationship of the three key thermal processes as solar collection,
thermal energy storage and heat release indoors, offers a panorama of
the passive solar thermal utilization in PSHs. These metrics can help
diagnose solar heating from the perspective of the conversion efficiency
among the key thermal processes, and in turn provide insights that can
benefit the thermal design of PSHs.
Concerning indoor thermal comfort, it is suggested that in buildings
with high radiant heat gains due to passive solar systems, it is preferable
to consider the comprehensive influence of both indoor air temperature
and the inner surface temperature of the walls[38].As a result, in this
study, the indoor operative temperature Top is primarily used to evaluate
indoor thermal comfort. The operative temperature reflects the com
bined effect of the indoor air temperature and the mean radiant tem
perature of the inside surfaces of the building envelopes. The definition
of the indoor operative temperature is:
Top =

hr Tr + hc Tin
hr + hc

(25)

where Tr is the mean radiant temperature; hc and hr is the convective
and the radiative heat transfer coefficient, respectively. The hr is nearly
constant for typical indoor temperatures[39], and a value of 4.7 W/
(m2⋅K) suffices for most calculations, and as mentioned above, hc can be
obtained by subtracting hr from hin, and the value is 4 W/(m2⋅K); Tr can
be calculated by area-weighted average of the temperature of each in
side surface of the building envelopes:
∑
Awin Twin + 6i=1 Ai Twall,i,in
(26)
Tr =
∑
Awin + 6i=1 Ai

5.3. Thermal analysis of the FGHP house
This section focuses on the solar energy utilization performance of
both the FGHP house and the NFGHP house with the same 0.3 WWR. As
Fig. 18 shows, the average indoor operative temperature of the FGHP
house is 19.3 ◦ C during daytime and 19.9 ◦ C during nighttime, 11.9 ◦ C
and 11.4 ◦ C respectively for the NFGHP house. For the FGHP house, the
indoor operative temperature peaks (22.9 ◦ C) at 16:15, 55 min later than
the NFGHP house (14.6 ◦ C).
(1)Daytime
Fig. 19 (a) shows the average inside surface temperature of each

5. Results and discussion
5.1. Basic simulation settings
A south-facing middle top floor room (seen in Fig. 15) in a multilayer building is considered as the typical room for simulation. The
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Fig. 15. Diagram of the position of the south-facing middle top floor room chosen for simulation (Room 1).

opaque envelope of the FGHP and the NFGHP house during daytime.
The red and the blue dashed line refer to their average indoor operative
temperatures, respectively. It can be seen that for the NFGHP house, due
to direct sunlight casting on the floor, the floor is of the highest tem
perature (13.5 ◦ C) among all the inside surfaces of the opaque enve
lopes. For the FGHP house, except for the high surface temperature of
the floor (21.0 ◦ C), the west and east walls where the FGHPs are
embedded in, are both of the highest surface temperature (21.6 ◦ C)
among all the opaque envelopes, and thus help lift the operative tem
perature closer to the thermal comfort zone. The FGHPs make the west
and east walls powerful heat release terminal, and they play a more
important part than the floor, which is a non-negligible heat source for
traditional PSHs.
Fig. 19 (b) shows the total heat that the inside surface of each opaque
envelope releases to the indoor environment by both convection and
radiation during daytime. The green solid line highlights the value "0",
and the negative sign means that the envelope absorbs heat from the
indoor environment. Fig. 19 (b) shows that the floor releases 6.2 MJ
indoors and the south wall only releases 0.2 MJ, demonstrating that
solar radiation passing through the window is the most important factor
of indoor heat gain during daytime for the NFGHP house. For the FGHP
house, while the floor releases 7.0 MJ indoors, the west and the east

Table 2
Composition and dimensions of the building envelope components.
Components

Composition

South wall
West/east wall
Roof/north wall
Floor
Window
Glazing cover
Solar collecting plate

60 mm PU + 240 mm brick (exterior wall)
120 mm brick (interior wall)
60 mm PU + 240 mm brick
30 mm mortar + 80 mm concrete
6 mm single-glazing window
6 mm single-glazing
1 mm aluminum plate

Table 3
Thermal properties of the component materials [40].
Material

λ (W/(m⋅K))

ρ (kg/m3)

cp (J/(kg⋅K))

Brick
PU insulation
Mortar
Concrete

0.43
0.03
0.93
1.74

1800
45
1800
2500

750
1720
1050
920

Fig. 16. Indoor operative temperatures of the FGHP house and the NFGHP house during January, Beijing.
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Fig. 17. Indoor operative temperatures of the FGHP house and the NFGHP houses with different WWR during the typical day.

Fig. 18. Indoor operative temperature of the FGHP house and the NFGHP house during the typical day.

walls can each release 6.2 MJ. To be clear, it is inevitable that there is
more heat absorbed by the inside surface of the ceiling and north wall for
the FGHP house than the NFGHP house during nighttime, because the
indoor temperature of the FGHP house is higher.
Fig. 19 (c) shows the total heat that the outside surface of each
opaque envelope releases outdoors by both convection and radiation.
While the north wall and the ceiling of both houses lose similar amount
of heat outdoors, the south wall of the FGHP house loses only 39.7 MJ,
much less (46.6%) than 74.3 MJ for the NFGHP house. Compared with
the NFGHP house, for which the floor is the most powerful building
envelope with respect to space heating, the floor, west and east walls of
the FGHP house all contribute largely to heat up indoor environment.
Due to the FGHPs transferring much of the absorbed heat into the west
and east walls, which brings about a temperature drop of the outside
surface of the south wall and hence cuts down the heat loss outdoors, the
south wall of the FGHP house loses much less heat than that of the

NFGHP house.
(2)Nighttime
As Fig. 20 (a) and (b) shows, during nighttime, for the NFGHP house,
because of the heat storage, the floor is still of the highest surface
temperature (13.3 ◦ C) among opaque envelopes and releases the most
thermal energy indoors (11.6 MJ), and the west and east walls each
releases 2.5 MJ indoors. For the FGHP house, the surface temperatures
of the west and east walls are 22.7 ◦ C, higher than that of the floor
(21.4 ◦ C). While the south wall adversely absorbs 0.6 MJ from the indoor
environment, the west and east walls each releases 11.9 MJ indoors. The
results indicate that for the NFGHP house, the floor’s benefit to the in
door thermal environment is larger than the south, west and east walls
all together during nighttime. However, for the FGHP house, owing to
the large amount of thermal energy stored, the west wall and the east
wall each releases more heat indoors than the floor at night, preventing
the indoor temperature from falling much lower. Fig. 20 (c) shows that
13
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Fig. 19. Thermal performance of the FGHP and the NFGHP houses during daytime.

the warmer indoor thermal environment of the FGHP house causes more
heat loss from the exterior walls to the outdoor environment at night,
but due to more heat release indoors by the west and east walls, the
operative temperature can be maintained at a high average level,
reaching 19.9 ◦ C.
(3)Energy analysis
Fig. 21 shows the absorbed, stored and released heat by the three
walls during different periods of a typical day, and Fig. 22 shows the
energy performance indexes defined above for both the FGHP and the
NFGHP houses. The south, west and east walls of both the two houses
absorb the total solar energy of 85.8 MJ, but for the FGHP house, 34%

(29.6 MJ) can be stored by these three walls, while only 14% (12.4 MJ)
for the NFGHP house. This difference arises from the fact that the FGHP
house makes full use of the heat capacity of the large-area east and west
walls, by transferring solar heat into these two walls through the FGHPs
embedded inside, while the NFGHP house mainly relies on the south
(exterior) wall for solar thermal energy storage.
During daytime, the south, west and east walls of the FGHP house are
able to release 13% (11.5 MJ) of the absorbed thermal energy, while
− 1% (-0.9 MJ) for the NFGHP house, which means the three walls
absorb thermal energy from indoor environment. The introduction of
the FGHPs turn the west and east walls into powerful indoor heat gain
14
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Fig. 19. (continued).

Fig. 20. Thermal performance of the FGHP and the NFGHP houses during nighttime.

building components. During nighttime, 79% (23.3 MJ) of the diurnal
thermal energy storage is released by the west, east and south wall for
the FGHP house, while 57% (7.0 MJ) for the NFGHP house by contrast.
This is because at night, the interior walls for the FGHP house mostly
exchange heat with indoor environment due to the thermal diode effect
of the FGHPs. For the whole typical day, the south, west and east walls of
the FGHP house are able to release 41% (34.8 MJ) of the total absorbed
heat, while only 7% (6.1 MJ) for the NFGHP house.
In summary, due to the introduction of the FGHPs, during daytime, a

large part of the thermal energy absorbed by the outside surface of the
south wall is shifted to the interior walls to be stored and released, to
reduce heat loss, and enhance thermal energy storage and indoor heat
gain. At night, due to the thermal diode effect of the FGHPs, heat stored
in the interior walls mostly releases indoors, which improves the utili
zation of solar thermal energy storage. Compared with the NFGHP
house, the FGHP house significantly raises indoor operative temperature
and thus brings better thermal comfort.
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Fig. 20. (continued).

6. Conclusions

easily) into the interior walls (where heat releases indoors), decoupling
the synthetic role of solar energy absorption, storage and release, and
thus achieve better passive solar heating. A mathematical and numerical
model is developed and validated by experiments. The effective thermal
conductivity of the FGHP was obtained by experiment. To understand
and evaluate the benefit of the FGHPs, some energy performance in
dexes are defined for detailed analysis of the FGHP house, considering
solar heat collection, thermal energy storage and heat release indoors.
The main results are summarized as follows:

In this study, a novel passive solar house integrated with FGHPs is
proposed to address the problem of insufficient use of solar energy
absorbed by the outside surface of exterior walls. Based on the charac
teristics of super high thermal conductivity, thermal diode effect and
compact structure, the FGHPs can achieve efficient and single-direction
heat transfer in building envelopes with little damage to the building
structure. The FGHPs are applied to transfer solar energy absorbed by
the outside surface of the south wall (where heat escapes outdoors
16
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Fig. 21. The absorbed, stored and released heat by the south, west and east walls of the FGHP and the NFGHP houses.

(5) The FGHP house greatly improves the daily performance of using
solar energy for indoor heating. In a typical day, the overall
released heat by the south, west and east walls accounts for 41%
of the absorbed heat for the FGHP house, and only 7% for the
NFGHP house.
In one word, the novel FGHP house provides a passive way to use
solar energy efficiently for indoor heating demands, and contributes to
the realization of zero energy buildings. In addition, it can also be in
tegrated with a heat pump or some other auxiliary heating systems in an
active house to reduce the fossil energy consumption. It will promote
innovations in solar heating technologies and benefit for clean heating
in northern China.
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Fig. 22. Energy performance indexes of the FGHP and the NFGHP house during
the typical day.

(1) The FGHP house improves indoor temperature significantly in
winter, compared with NFGHP house. During January in Beijing,
the average indoor operative temperature of the model FGHP
house reaches 16.7 ◦ C, and it is 6.8 ◦ C higher than that of the
NFGHP house.
(2) The FGHP house increases indoor temperature without big daily
temperature swing because of its small WWR. When the average
indoor operative temperature reaches 19.7 ◦ C, the daily tem
perature difference of the FGHP house with 0.3 WWR is only
5.7 ◦ C, while for the NFGHP house with WWR increasing from 0.3
to 0.7, the average indoor operative temperature rises from
11.6 ◦ C to 17.1 ◦ C, and daily temperature difference boosts from
4.9 ◦ C to 8.8 ◦ C.
(3) The FGHP house stores and releases collected solar heat indoors
effectively during daytime. Under the given conditions, the south,
west and east walls are able to store 34% of the total absorbed
heat during daytime for the FGHP house, while only 14% for the
NFGHP house. The three walls release 13% of the total absorbed
solar energy for the FGHP house, while 1% for the NFGHP house.
(4) The FGHP house avoids heat loss from the interior walls to the
outdoors during nighttime, because of the thermal diode effect of
the FGHPs. For the FGHP house, 79% of the stored heat can be
released indoors, while 57% for the NFGHP house.
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