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Abstract: Passive solar technologies are traditionally considered as cost-effective ways for the building
heating. However, conventional passive solar buildings are insufficient to create a relatively stable
and comfortable indoor thermal environment. To further increase the indoor air temperature and
reduce the heating energy consumption, a hybrid heat collecting facade (HHCF) is proposed in this
paper. To analyze the thermal performance of the HHCF, a heat transfer model based on the heat
balance method is established and validated by experimental results. Meanwhile, the energy saving
potential of a room with the HHCF is evaluated as well. When the HHCF is applied to places where
heating is required in the cold season while refrigeration is unnecessary in hot season, the HHCF
can reduce the heating need by 40.2% and 21.5% compared with the conventional direct solar heat
gain window and the Trombe wall, respectively. Furthermore, a series of parametric analyses are
performed to investigate the thermal performance of the room with HHCF under various design and
operating conditions. It is found that the thermal performance of the HHCF mainly depends on the
window operational schedule, the width and the absorptivity of heat collecting wall, and the thermal
performance of the inner double-glass window. The modeling and the parametric study in this paper
are beneficial to the design and the optimization of the HHCF in passive solar buildings.

Keywords: hybrid heat collecting facade (HHCF); passive solar building; heat transfer model;
thermal performance

1. Introduction

Passive solar building is a type of low-energy buildings exploiting solar energy to create a relatively
comfortable environment in buildings [1,2]. Thermal energy collection and storage in building envelops
may be enhanced by integrating some passive solar measures [3–7]. It was reported by measurements
that passive solar buildings can save more than 25% of total primary energy consumption than the
same buildings without passive solar measures [8–10]. As two efficient technologies used in passive
solar houses, direct solar heat gain window and thermal storage wall (e.g., Trombe wall) are widely
used [11]. For the direct solar heat gain window, sunlight passes through the window and enters into
the indoor space, solar energy is absorbed in the floor or the interior wall during the daytime due to
the effect of thermal mass. Then the stored thermal energy is gradually released into the indoor space
when the room temperature falls down at night. While for the thermal storage wall, solar energy is
initially absorbed and stored by the heat collecting wall (such as the exterior wall) in the daytime,
rather than directly coming into the room. The thermal energy stored in the heat collecting wall is
released at night to improve the indoor temperature as well. Both of these two methods are beneficial
to improve the thermal performance of the passive solar building in the cold region [12].

Energies 2019, 12, 1038; doi:10.3390/en12061038 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-8224-3975
http://dx.doi.org/10.3390/en12061038
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/12/6/1038?type=check_update&version=2


Energies 2019, 12, 1038 2 of 22

In fact, due to the high U-value of the window, the direct solar heat gain strategy is more easily
influenced by the outdoor temperature. Meanwhile, the indoor air temperature fluctuation of the
direct solar heat gain room is relatively large [13], which limits the further improvement of the indoor
thermal performance. The Trombe wall not only collects and stores solar energy for the indoor heating,
but also reduces the heat loss from the indoor to the outdoor environment due to the outside glass
cover [14]. Meanwhile, for a specific facade, the larger area of the Trombe wall decreases the maximum
window to wall ratio, resulting in less solar energy coming into the indoor space [15,16]. Based on the
above descriptions, if the direct solar heat gain window and the Trombe wall are combined well with
each other in the practical application, the thermal performance of the passive solar building can be
further improved. Therefore, we developed a hybrid passive solar energy utilization form, named
hybrid heat collecting façade (HHCF).

Although there are very few directly related studies about the HHCF, plenty of investigations
about the thermal performance of passive solar houses with the direct solar gain window [17–22]
or the thermal storage wall [23–26] could provide effective research techniques for analyzing the
thermal performance of the HHCF. Through literature research, it can be found that experiments
and numerical simulations are two widely used methods. Based on experiments and simulations,
researchers have shown that the direct solar heat gain strategy is quite effective to improve the indoor
thermal performance [27–30]. For instance, numerical simulations have been carried out by Gong
et al. [31] and it was found that the direct solar heat gain house could significantly reduce the annual
thermal load of the building. A study conducted by M.C. Ruiz [32] also showed that the overall thermal
consumption of a building was reduced by almost 13% through optimizing the building direction,
the window–wall ratio, and the insulation of the direct solar heat gain building. These analytical
methods are helpful for carrying out the thermal performance of the HHCF.

In this paper a novel hybrid heat collecting façade (HHCF) is proposed, integrating the advantages
of both the direct solar heat gain window and the traditional Trombe wall. A heat transfer simulation
model is developed for analyzing the thermal performance of the building with the proposed HHCF.
Experiments are conducted to validate the accuracy of the heat transfer model. Meanwhile, in order
to explore the energy saving potential of the HHCF, the thermal performance of a building with the
HHCF is compared with those of a conventional building with the direct solar heat gain and with the
Trombe wall, respectively. During the comparison, the numerical simulation method is adopted and
the cell buildings are with the same geometry except for the solar system. In addition, a parametric
study is employed to analyze the influences of various factors on the thermal performance of the
HHCF. With the model established in this paper, the thermal performance of the building with the
HHCF can be analyzed and optimized, which will provide a simulation tool for designing the HHCF
in regions where heating is required in the cold season while refrigeration is unnecessary in hot season.

2. Materials and Methods

2.1. Principle of HHCF

Previous studies have shown that the direct solar heat gain window and the thermal storage wall
are effective to improve the indoor thermal performance. However, the application of the direct solar
heat gain window is liable to decrease the indoor temperature at night, since the high U value of the
window largely increases the heat loss from the indoor space to the outdoor environment. The Trombe
wall is opaque and prevents the sunlight into the indoor space. Thus, in order to ensure the necessary
daylight for the building with the Trombe wall, a transparent window is dispensable but it leads to the
extra heat loss from the room to the outside environment. To solve this problem, a novel hybrid heat
collecting facade is proposed in this paper.

The schematic diagram of the HHCF is shown in Figure 1. The HHCF is normally mounted
on the south wall, and mainly consists of a single-glass window, a double-glass window, and a heat
collecting wall. In the HHCF, there are two functional spaces including the heat collecting space and
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the heat transfer space. The heat collecting space is surrounded by the single-glass window and the
heat collecting wall, which behaves as the “Trombe Wall” and can be used to convert solar energy into
thermal energy for heating the air. The heat transfer space is surrounded by the single-glass window
and the double-glass window. Since the double-glass window can be opened and closed acting as
a door, the heat transfer space allows the solar energy to directly transmit into the indoor space,
as well as increasing the thermal resistance between the indoor space and the outdoor environment.
For indoor heat exhaust ventilation and to prevent indoor overheating that may occur in the hot season,
a transparent window is inlaid in the upper part of the single glass window and it can be opened and
closed. In this paper, we mainly focus on places where heating is required in the cold season while
refrigeration is unnecessary in the hot season and for this situation the inlaid window is closed.
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Figure 1. Schematic diagram of the hybrid heat collecting facade (HHCF). (a) with double-glass window
open; (b) with double-glass window closed.

The operation principle of the HHCF can be seen in Figure 1:

1. In a sunny day, solar energy is absorbed by the exterior surface of the heat collecting wall and
converted into thermal energy for heating the air convectively within the heat collecting space.
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With the inner double-glass window open, the heated air in the heat collecting space rises up
and reaches the top of the heat collecting space under the effect of the buoyancy force. Then, the
heated air gathers at the top of the heat collecting space and increases the air pressure at the top of
the heat collecting space. Finally, under the effect of the pressure difference, the heated air passes
through the heat transfer space and enters into the indoor space along the horizontal direction.
Meanwhile, at the bottom of the heat collecting space, the low-pressure cavity is supplied by the
indoor air along the horizontal direction. In this way, thermal energy is transferred into the room
space and the indoor temperature rises. Moreover, sunlight can also penetrate the windows into
the indoor space directly and the solar energy is stored in the interior building construction.

2. At night or during a cloudy day, the inner double-glass window should be kept closed,
and it increases the thermal resistance between the indoor space and the outdoor environment.
Consequently, the heat loss from the indoor space to the outdoor environment can be effectively
reduced, especially at night.

2.2. Modeling of the Building with HHCF

To evaluate the thermal performance of the building with HHCF, the simulation model is
established in this section and necessary assumptions are made for simplifying the simulation.

2.2.1. Assumptions

For simplifying the analysis, the following assumptions are made:

(1) Thermal properties of the building materials are kept constant.
(2) Heat transfer processes through walls, floor, roof, and windows are considered as one-dimensional.
(3) The heat storage of glass is ignored.
(4) Air in each zone is well-mixed.
(5) Mean air flow rate between the heat collecting space and the heat transfer space is identical with

that between the heat transfer space and the indoor space.

2.2.2. Energy Balance Equations

For solving the heat transfer processes of a building with HHCF, energy balance equations for
HHCF, indoor air and building constructions have been established as displayed in Figure 2.
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� Heat transfer of HHCF

Heat transfer of HHCF can be considered as two heat processes as shown in Figure 2: (1) heat
transfer in the heat collecting space and (2) heat transfer in the heat transfer space. Heat balance
equations are established for these two spaces of the HHCF.

(1) For the heat collecting space,

caρaVhcs
dThcs(τ)

dτ
= Qwa-hcs(τ) + Qsig-hcs(τ) −Qhcs-hts(τ) (1)

In Equation (1), Qwa-hcs is the convective heat transfer rate from the heat collecting wall to the air
in the gap. Qsig-hcs is the heat transmission rate from the outdoor to the heat collecting space through
the single-glass window, which considers the effect of the heat conduction of the single-glass window
and the heat convection of both the interior surface and the exterior surface of the single-glass window.
Qhcs-hts is the convective heat transfer rate from the heat collecting space to the heat transfer space.
Qwa-hcs, Qsig-hcs, Qhcs-hts can be obtained by the following equations:

Qwa-hcs(τ) = hwa-hcsAcon,out(Tcon,out(τ) − Thcs(τ)) (2)

Qsig-hcs = UsigWH(Tout(τ) − Thcs(τ)) (3)

Qhcs-hts(τ) = cam(τ)(Thcs(τ) − Thts(τ)) (4)

The mean air flow rate between the heat collecting space and the heat transfer space (or between
the heat transfer space and the indoor space) m(τ) is obtained by Bernoulli’s equation [33], as given in
Equation (5).

m(τ) = ρaAcs

√√√√ 2gH(
ξ1(

Acs
Ava

)
2
+ ξ2

) · (Thcs(τ) − Thts(τ))∣∣∣Thcs(τ)
∣∣∣ (5)

where the term
(
ξ1(Acs/Ava)

2 + ξ2
)

represents the pressure loss of the heat collecting space. The ratio

(Acs/Ava)
2 indicates the difference between the air velocity in the vents and the air velocity in the

air gap.
(2) For the heat transfer space,

caρaVhts
dThts(τ)

dτ
= 2Qhcs-hts(τ) + Qsig-hts(τ) − 2Qhts-in(τ) −Qtic(τ) (6)

where Qsig-hts is the heat transfer rate from the outdoor to the heat transfer space passing through the
single-glass window.

Qsig-hts(τ) = UsigLH(Tout(τ) − Thts(τ)) (7)

Qhts-in is the convective heat transfer rate from the heat transfer space to the indoor space passing
through each open double-glass window, Qtic is the conductive heat transfer rate from the heat transfer
space to the indoor space through the closed double-glass window.

(a) When the double-glass window is closed, Qhts-in, Qtic can be expressed as

Qhts-in(τ) = 0 (8)

Qtic(τ) = UdoubLH(Thts(τ) − Tr(τ)) (9)

(b) When the double-glass window is open, Qhts-in, Qtic can be expressed as

Qhts-in(τ) = cam(τ)(Thts(τ) − Tr(τ)) (10)
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Qtic(τ) =UdoubLcloH(Thts(τ) − Tr(τ)) (11)

where L =Lclo + Lope.

� Heat transfer of building construction

For the building construction, the heat transfer schematic is illustrated in Figure 3 and the implicit
finite difference technique is employed to model the heat transfer process of building envelopes by
solving the one dimensional transient heat conduction equation [34]:

ρconccon
∂Tcon(x, τ)
∂τ

= λcon
∂2Tcon(x, τ)
∂x2 (12)

Subjected to the boundary conditions:

at x = 0, qout(τ) + hout(Tout(τ) − Tcon,out(τ)) = −λcon
∂Tcon(τ)

∂x
(13)

at x = D, qlw(τ) + qts(τ) + hin(Tr(τ) − Tcon,in(τ)) = −λcon
∂Tcon(τ)

∂x
(14)

where qout is the total thermal radiation heat flux from the outdoor. For example, the exterior surface
of the heat collecting wall is heated by the solar energy, and the solar radiation heat flux can be
calculated by

qout(τ) = α× SHGCsigI(τ) (15)

For general building constructions, qout could be expressed as

qout(τ) = α× I(τ) (16)

qlw represents the long-wave radiation exchange from surrounding surfaces. The gray interchange
model is used to calculate the thermal radiation heat exchange between interior surfaces. Meanwhile,
the radiosity concept developed by Hottel and Sarofim is adopted [35]. The net radiative heat transfer
at a surface can be determined by Equation (17).

qlw,i(τ) =
Aiεi

1 − εi
(σTi(τ)

4
− Ji(τ)) (17)

where the radiosity, J, represents the sum of the gray body radiation of temperature and the incident
radiation, and it can be expressed as Equation (18).

Ji(τ) =εiσTi(τ)
4 + (1 − εi)Hi(τ) (18)

The incident radiation, Ir, is normally unknown. If a certain surface i is hit by radiation from
another surface j, the radiation heat energy incident on surface i [36] can be described as Equation (19).

Iri(τ) =

∑N
j=1 FjiAjJi(τ)

Ai
(19)

where Fji is the view factor from surface j to i.
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qts is the transmitted solar radiation through the fenestration absorbed by the interior surface.
In this model, a simplified interior solar distribution model developed by Benjamin and Moncef
Krarti [37] is employed to calculate the transmitted solar radiation absorbed by the floor and other
interior surfaces, respectively.

The transmitted solar radiation absorbed by the floor can be expressed as

qts,floor(τ) =

∑
Qtsf,diffuse(τ) + (1 − αfloor)

∑
Qtsf,direct(τ)∑N

j=1 Aj
+
αfloor

∑
Qtsf,direct(τ)

Afloor
(20)

The transmitted solar radiation absorbed by other interior surfaces excluding the floor can be
expressed as

qts,j(τ) =

∑
Qtsf,diffuse(τ) + (1 − αfloor)

∑
Qtsf,direct(τ)∑N

j=1 Aj
(21)

where Qtsf is the transmitted solar radiation through the window.
Convective heat transfer coefficients of the exterior surface and the interior surface of the building

construction can be calculated by the following equations [38]:

hout =
0.023
λa

(
Vm

υa
)

0.891
l−0.109 (22)

hin =

 1.22(ρ2
a∆t/l)1/4, 10−1< GrPr <109

0.28(ρ2
a∆t/l)1/6 + 1.13(ρ2

a∆t)1/3, 109< GrPr <1012
(23)

where ∆t is the temperature difference between the air and the construction surface. Vm is the outside
average wind velocity.

� Heat balance of indoor air

The indoor air heat balance model establishes the interaction among walls, the indoor air and the
hybrid heat collecting facade, which can be written as

caρaVr
dTr(τ)

dτ
=

N∑
i=1

Qi
con,in(τ) + Qwin(τ) + Qleak(τ) + Qinterheat(τ) + 2Qhts−in(τ) + Qtic(τ) (24)

where Qcon,in is the convective heat transfer rate from the interior surface of the building construction
to the indoor air, Qwin is the heat transfer rate through other windows excluding the HHCF, Qleak is the
heat transfer rate by air leakage, Qinterheat is the heat transfer rate from indoor heat sources including
lighting, occupants, and equipment. Qcon,in, Qwin, and Qleak are calculated by the following equations:
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Qcon,in(τ) =hin · (Tcon,in(τ) − Tr(τ)) ·Acon,in (25)

Qleak(τ) =caρaVr ·ACH · (Tout(τ) − Tr(τ))/3600 (26)

Qwin(τ) =hwin · (Tout(τ) − Tr(τ)) ·Awin (27)

where Tcon,in is the interior surface temperature of the wall, the ceiling or the floor, Acon,in is the interior
surface area, ACH is the air change rate of the room, hwin and Awin are the heat transfer coefficient and
the area of the window, respectively.

Figure 4 gives the heat transfer mechanisms and solving methods for various surfaces and spaces.
In the developed model, the implicit finite difference method (FDM) is adopted to calculate the hourly
thermal performance of the room with the HHCF [39]. The heat balance equations established for the
HHCF, building constructions and the indoor air are converted into algebraic equations using the
central difference scheme. To reduce the consumption of computational memory and the computational
time, the Gauss-Seidel iteration method is adopted to calculate the indoor air temperature and surface
temperatures as described in the reference [38]. It should be noted that for calculating the dynamic
heating load of the building, the indoor air temperature will be fixed to the set-point temperature in
the procedure.
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2.2.3. Validation of Heat Transfer Model

Experiments are employed to validate the simulation model established in this paper. Figure 5
shows a 3-storey dormitory building with a HHCF in Ruoergai, China. In order to reduce the influence
of outdoor conditions and the ground on the indoor air temperature, the middle room on the second
floor of the building marked in Figure 5 was selected as the experimental room. Figure 6 shows the
geometry of the test room, with the dimensions of 3.3 m (width) × 6.4 m (depth) × 3.0 m (height).
The HHCF faces south, where two heat collecting walls with a width of 0.5 m and one double-glass
window with a width of 2.3 m are located. The percentage of double-glass window area compared to
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the whole wall area is 69.7%. One door faces north with the size of 2.0 m (height) × 1.0 m (width).
Detailed constructions of the room and thermal properties of the material are listed in Table 1.
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Table 1. Constructions of the building.

Construction Material Thermal Conductivity
(W/(m·K))

Heat Capacity
(J/(kg·K))

Density
(kg/m3)

Exterior wall
80 mm polyurethane 0.033 1380 40

240 mm brick wall 0.89 1000 1800
20 mm Cement mortar 0.93 1050 1800

Interior wall
20 mm Cement mortar 0.93 1050 1800

240 mm brick wall 0.89 1000 1800
20 mm Cement mortar 0.93 1050 1800

Ceiling
20 mm Cement mortar 0.93 1050 1800

180 mm concrete 1.74 920 2500
20 mm Cement mortar 0.93 1050 1800

Door 60 mm wood 0.15 1630 608

HHCF

3 mm single-glass window, U = 5.56 W/(m2
·K); SHGC = 0.9;

120 mm-thickness air gap;
12 mm double-glass window, U = 2.83 W/(m2

·K); SHGC = 0.76;
0.5 m-width for each heat collecting wall (W = 0.5 m);
Materials of the heat collecting wall is the same with the exterior wall Absorptivity of
the heat collecting wall is 0.8;
2.3 m-width for double-glass window (L = 2.3 m)

For the validation of the heat transfer model established above, indoor air temperature of the test
room, air temperature of the heat transfer space, and interior surface temperature of the west interior
wall were measured with the double-glass window open and closed. Meanwhile, environmental
parameters including outdoor temperature, solar radiation intensity, and outdoor wind speed were
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also recorded for the input data in the simulation model. In addition, exterior surface temperatures
of five interior constructions (three interior walls, the floor, and the ceiling) contacting with adjacent
rooms were monitored, which would be used as boundary conditions in the simulation model.

Experiments were performed from 27 March to 2 April 2016. During the experimental period,
the door was closed all the time, while the double-glass window was closed during the first five days
and in the last two days it was open at 9:00–17:00 for each day. In the test room, no other space heating
system is considered, and there is no internal heat gain from the lighting, occupants, and equipment.

To conduct the experimental test, thermocouples were used to monitor the indoor air temperature
and various surface temperatures as seen in Figure 7. While outdoor temperature, solar radiation
intensity and outdoor wind speed were measured by a small weather station as shown in Figure 8.
The K-T method proposed by Klien and Theilacker [40] was adopted to convert the measured horizontal
solar radiation into the incident solar radiation on the south wall.
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Figure 8. Meteorological data measurement.

In the transient simulation, the initial thermal inertia and initial conditions of the building have
significant influences on the simulated results. In order to eliminate these influences, the monitored
experimental data of the first three days are used for making the simulation stable and test results for
the last four days are validated against results from the simulation. Figure 9 gives the comparative
analysis of results of the test room obtained from the experimental test and the simulation. Comparing
the mean indoor air temperature (Figure 9a), the air temperature of the heat transfer space (Figure 9b),
and the interior surface temperature of the west wall (Figure 9c) under two different conditions (with
double-glass window closed all the time and with it open at 9:00–17:00), it can be seen that the simulated
results agree quite well with the experimental results under both conditions, which means the heat
balance model established in this paper is enough accurate for evaluating the thermal performance of
building with HHCF.
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2.2.4. Energy Saving Comparison of HHCF

In order to illustrate the energy saving potential of the proposed HHCF, the thermal performances
of the above studied dormitory room using the HHCF and using other typical passive solar measures
are compared. All the physical dimensions and thermal properties of building materials are the same
as the experimental room except the passive solar design on the south wall. This typical room is
assumed to be located in Ruoergai of China and the weather data are obtained from the typical year
weather data of China based on the past 30 years’ climate data [41].

Three cases used in the comparison are illustrated in Figure 10. Case 1 is the room with the direct
solar heat gain window. In this case the sunlight directly passes through the window and enters
into the indoor space to improve the thermal performance of the room. Case 2 is the room with the
traditional Trombe wall. The heated air in the Trombe wall rises up with the effect of buoyancy effect
and enters into the indoor space through the hole at the top, while the indoor air is sucked into the
Trombe wall through the hole at the bottom. Case 3 is the room with the proposed HHCF in this paper.

For Case 3, the design of the HHCF is the same with the test room. In Cases 1 and 2, the direct solar
heat gain window is the same with the double-glass window used in the HHCF, and the percentage of the
direct solar heat gain window area compared to the exterior wall area is 69.7%. Unlike Case 1, the Trombe
wall in Case 2 is installed on both sides of the south wall, each side with a width of 0.5 m. For the Trombe
wall, the inlet and the outlet have the same dimensions of 0.25 m (width) × 0.15 m (height).
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Figure 10. Three cases studied.

In order to compare the thermal performance of these three cases, both the indoor air temperature
and the heating need of those cases are compared. It should be noted that Case 3 is investigated with
the proposed simulation model and the other cases are simulated by TRNSYS [42]. The TRNSYS model
for Cases 1 and 2 are shown in Figure 11a,b, respectively. In Figure 11a, Type56 building model is used
to simulate the direct solar heat gain window. In Figure 11b, Type36 and Type56 are used to separately
simulate the Trombe wall and the building. Meanwhile, only the heating season is considered and
the heating season is from November 1st to March 31st of the next year. The heating schedule is from
18:00 to 8:00 of the next day during weekdays (from Monday to Friday) and the heating set-point
temperature is 18.0 ◦C. While during the daytime of weekdays (from 8:00 to 18:00) and the weekend,
no heating system runs and the indoor thermal performance largely depends on the passive solar
measures such as the direct solar heat gain window, the Trombe wall and the HHCF.
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3. Results and Discussion

3.1. Energy Saving Potential of HHCF

Figure 12 shows the indoor air temperature and the heating need on the heating design day
(21 January) predicted by the simulations. As seen in Figure 12, the studied room with the proposed
HHCF (Case 3) has a higher temperature and a lower heating need than the other two passive measures
(Cases 1 and 2). Table 2 summarizes the indoor air temperature and the total heating need of the studied
room during the heating season. As shown in Table 2, during the heating season, the mean indoor air
temperature for the studied room with the proposed HHCF is 18.6 ◦C, which is 1.1 ◦C and 0.4 ◦C higher
than those of the direct solar heat gain window and the Trombe wall, respectively. Meanwhile, the
total heating need of the studied room with the proposed HHCF in the heating season is 28.7 kWh/m2.
Compared with the conventional direct solar gain window, the HHCF reduces the total heating need
of the room by 19.2 kWh/m2 and the energy-saving efficiency reaches 40.2%. Even in contrast to the
conventional Trombe wall, the HHCF also decreases the total heating need by 21.5%. The comparison
results show that the HHCF proposed in this paper has very high energy saving potential.
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Table 2. Summary of indoor air temperature and total heating energy demand in heating season.

Indoor Air Temperature (◦C)
Total Heating Energy Demand (kWh/m2)

Mean Minimum Maximum

Case 1 17.5 10.4 21.9 47.9
Case 2 18.2 10.5 26.7 36.6
Case 3 18.6 11.0 27.1 28.7

3.2. Parametric Study on the Thermal Performance of a Room with a HHCF

In order to analyze the thermal performance of the HHCF in a passive solar building, the dormitory
located in Ruoergai as mentioned in Section 3 is still used as the simulated case. The weather data used
in simulations are obtained from the typical year weather data of China [41]. Similarly, no other space
heating system is considered in this building, and the internal heat gain from the lighting, occupants,
and equipment are neglected.

The thermal performance of a room with a HHCF facing south is influenced by various factors,
such as window operational schedule, absorptivity of heat collecting wall, thickness of air gap, window
to wall ratio, solar heat gain coefficient and U-value of both single-glass windows and double-glass
windows, etc. To analyze the effect of each factor on the thermal performance, a parametric study is
carried out. Each factor is changed while the others kept constant. Simulated results are presented in
this section.

3.2.1. Effects of Window Operational Schedule

For given climatic conditions, the operational schedule of inner double-glass windows of the
HHCF is crucial to improve the building thermal performance. Opening inner double-glass windows
too early or too late in the daytime will increase the heat loss of the single-glass window. Certainly, if
inner double-glass windows are always closed in the daytime, the heat absorbed by the HHCF cannot
be transferred to the indoor space effectively. Therefore, for a specific region, an optimal window
operational schedule for the HHCF exists in order to maximize the indoor air temperature.

Through transient simulations, the optimal window schedule is determined by choosing the
highest indoor air temperature among cases with different window operational schedules as showed
in Table 3. The optimal window schedule for the plateau region located in western Sichuan Province is
opening double-glass windows at 9:00 and closing them at 17:00.
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Table 3. Indoor air temperature ranges under different window schedules.

Schedule A Schedule B Schedule C Schedule D

Time to open windows With windows closed all day 8:00 9:00 11:00
Time to close windows 18:00 17:00 15:00

Indoor air temperature (◦C) 6.7~13.2 8.2~19.0 8.6~19.0 7.8~17.5

Figure 13 shows the indoor air temperature under different window schedules. It can be found
that the indoor air temperature with the double-glass window open is higher than that with the
double-glass window closed, since the closed windows prevent the hot air in the air gap from flowing
into the indoor space. Similarly, if opening double-glass windows too late or closing them too early
(such as Schedule D), the heat transferred into the indoor space will be reduced as well. Furthermore,
comparing Schedule C with Schedule B, it can be found that reducing the window opening hours
decreases the minimum indoor temperature. The reason is that in the early morning or the late
afternoon the solar radiation is very weak, the solar heat gain is less than the heat loss from the
single-glass window to the outdoor.
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3.2.2. Effects of Width of Heat Collecting Wall

When the height of the collecting wall is constant, the area of heat collecting wall is determined by
its width. In the south wall of the passive dormitory, the area of heat collecting wall increases with
the decreasing area of the double-glass window. For the south wall, the solar energy can be used in
two ways: one way is going through windows into the indoor space directly, the other way is being
absorbed by the heating collecting wall and then heating the air in the gap. Different widths of the
heating collecting wall are simulated to calculate the indoor air temperature in winter as showed in
Figure 14. It can be seen that when the width of heat collecting wall is about 0.4 m, the mean indoor air
temperature is higher than others. Furthermore, when the width of heat collecting wall is less than
0.4 m, the heat collecting wall is enough effective to capture more heat than windows. When the width
of the heat collecting wall exceeds 0.4 m, the decrease of window area will largely reduce the solar
energy transmitted directly into the indoor space, resulting in the drop of indoor air temperature.
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3.2.3. Effects of Absorptivity of Heat Collecting Wall

Absorptivity of the heat collecting wall is another important factor affecting the thermal
performance of the HHCF. To illustrate the influence of absorptivity on the heating collecting wall,
four optional surface coatings including the black paint, the blue paint, the brown paint and the green
paint are selected for the comparison. The corresponding values of absorptivity for these four paints
are 0.92, 0.88, 0.84, and 0.74 according to the reference [43], respectively. Figure 15 displays the indoor
air temperature under different surface coatings of the heat collecting wall. It can be seen that when
the absorptivity of the heat collecting wall increases by 0.04, the mean indoor air temperature has a rise
of 0.18 ◦C. This is because the increase of absorptivity of heat collecting wall leads to more solar energy
converted into thermal energy and subsequently the indoor air is heated.
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3.2.4. Effects of Thermal Performance of Inner Double-Glass Window

For the HHCF, the thermal performance of the inner double-glass window plays an important role
in influencing the indoor thermal environment of the building. For double-glass windows, both U-value
and solar heat gain coefficient are the dominant parameters affecting the thermal performance of
the building.

� U-value

For analyzing the influence of the U-value of the inner double-glass window, some optional real
double-glass windows in the window database of TRNSYS [42] are used for simulations. Figure 16
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displays the change of the mean indoor air temperature with the U-value of the inner double-glass
window. The inner double-glass window with different solar heat gain coefficients of 0.298, 0.333,
0.440, 0.586, and 0.623 are studied as well. As depicted in Figure 16, when the solar heat gain coefficient
is constant, the indoor temperature decreases with the increasing U-value. If the U-value increases by
0.1 W/(m2

·K), the mean indoor temperature will have a drop of 0.3 ◦C.
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� Solar heat gain coefficient

Figure 17 displays the change of the mean indoor temperature with the solar heat gain coefficient
of the inner double-glass window, under the different U-values of 0.59, 1.05, 1.24, and 1.27 W/(m2

·K).
As depicted in Figure 17, when the U-value is constant, the indoor temperature increases with the solar
heat gain coefficient. If the solar heat gain coefficient increases by 0.1, the mean indoor air temperature
has a rise of 2.1 ◦C. In practical applications, to reduce the heating energy use for the building, both a
higher solar heat gain coefficient and a lower U-value are necessary for the double-glass window.
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3.2.5. Effects of Outer Single-Glass Window

For single-glass windows, both the U-value and the solar heat gain coefficient are still two
important parameters affecting the thermal performance of the building. Generally, the U-value
and the solar heat gain coefficient of single-glass windows are higher than those of double-glass
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windows. Compared with the double-glass window, the single-glass window allows more solar energy
transferring into the building and meanwhile increases the heat transmission from the indoor to the
outdoor. Figure 18 shows the change of the mean indoor air temperature with the U-value of the
outer single-glass window. As shown in Figure 18, when the solar heat gain coefficient is constant, the
indoor air temperature decreases with the increasing U-value. If the U-value increases by 1.0 W/(m2

·K),
the mean indoor temperature has a drop of about 0.17 ◦C. Similarly, if the solar heat gain coefficient
increases by 0.1, the mean indoor temperature rises about 0.4 ◦C.
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3.2.6. Effects of Air Gap Thickness

Thickness of the air gap between the outer single-glass window and the inner double-glass window
also has influences on the thermal performance of the HHCF. Figure 19 displays the relationship
between the mean indoor air temperature and the thickness of the air gap. It can be seen that when
the thickness of the air gap exceeds 30 mm, increasing the air gap thickness by 270 mm results in a
drop of 1.24 ◦C for the indoor air temperature, which means the increase of air gap thickness decreases
the thermal performance of the HHCF. Thus, in practical applications of the HHCF, we should try
to reduce the air gap thickness as long as the building structure allows. However, according to the
requirement of the building structure, the minimum thickness of the air gap should be more than
30 mm. Therefore, in order to improve the thermal performance of the HHCF, the thickness of the air
gap should be designed as close as possible to 30 mm.
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3.3. Summary of the Presented Results and Discussion

Energy saving potential analysis mentioned above has shown that the HHCF is more energy
efficient than the conventional direct solar gain window and the Trombe wall, which provides a
novel efficient passive solar energy utilization form. It should be noticed that the HHCF is originally
developed for making the most use of solar energy to reduce the heating demand for buildings located
in the regions where it is cold in winter and mild in summer, such as the Qinghai–Tibet plateau of
China. In these regions, building heating is necessary during the heating season, while in other seasons
reasonable natural ventilation can meet the indoor comfort requirement due to the mild outdoor
climate and there is no need for building cooling throughout the year.

In order to illustrate the performance of the HHCF, two similar studies performed by Evangelos
Bellos et al. [44] and Zou Huifen [45] have been selected for comparsion. Evangelos Bellos et al.
proposed an innovative Trombe wall as a passive heating system for a building in Athens. The predicted
results shown that the mean indoor temperature for the building with the innovative Trombe wall
is about 0.5 ◦C higher than that with the traditional Trombe wall. In the present study, the indoor
temperature increase is about 0.4 ◦C, a value which is in the same level. The structure of the double-skin
façade studied by Zou Huifen et al. is similar to the HHCF in this paper, and it can also decrease the
heating energy consumption. Even compared with the plating Low-e film insulating glass curtain wall,
the double-skin façade will decrease the energy consumption by 16.0%, while the HHCF in this paper
can decrease the total heating need by 21.5%.

4. Conclusions

To improve the thermal performance of passive solar buildings, a hybrid heat collecting façade
(HHCF) is proposed in this paper. The heat transfer model for analyzing the thermal performance
of the building with the HHCF is established and validated by the experimental results. In order to
illustrate the energy saving potential, the heating need of the building with the HHCF is compared
with those of the conventional direct solar gain window and the Trombe wall, and results show that the
HHCF can reduce the heating energy demand by 40.2% and 21.5%, respectively. A parametric study is
performed to determine the thermal performance of the building with a HHCF under various design
and operating conditions. It is found that the thermal performance of the HHCF mainly depends on
the window operational schedule, the width and absorptivity of heat collecting wall, and the thermal
performance of the inner double-glass window. However, other parameters (such as the thermal
performance of outer single-glass window and the air gap thickness) of the HHCF could only increase
the indoor air temperature by no more than 1.0 ◦C even within a wide range of these parameters.
Apparently, to further improve the indoor air temperature, the U-value of the single-glass window and
the thickness of the air gap should be designed as small as possible.

The HHCF mentioned in this paper is suitable for regions where it is cold in winter and mild in
summer. If the HHCF is used in hot region, energy consumption performance should be analyzed on
an annual basis, since reducing the heating consumption in winter might increase the refrigeration
consumption in summer. At the same time, the HHCF in hot regions may cause indoor overheating
due to higher outdoor temperature and more solar heat gain in summer. This needs further research to
discuss the practicality of the HHCF in other climatic zones.
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Nomenclature

A building envelope area (m2) Subscripts and superscripts
ACH air change per hour (1/h) a air
C specific heat capacity (J/(kg·K)) con building construction

D
total thickness of building
construction (m)

con, in interior surface of building construction

g gravity acceleration (m/s2) con, out exterior surface of building construction
Gr Grashof number clo closed double-glass window

h
convective heat transfer coefficient
(W/(m2

·K))
cs

horizontal cross section of the heat
collecting space

H height of HHCF (m) diffuse diffuse radiation
I intensity of solar radiation (W/m2) direct direct radiation
Ir incident radiation (W/m2) doub double-glass window
L width of double-glass window (m) hcs heat collecting space

l characteristic length (m) hcs-hts
convection from heat transfer space to
heat collecting space

m
mass flow rate of air in the heat
collecting space (kg/s)

hts heat transfer space

Pr Prandtl number hts-in
convection from heat transfer space to
indoor space

q heat flux (W/m2) in indoor

qts
solar radiation absorbed by the
interior surface (W/m2)

interheat indoor heat source of building

qtsf
transmitted solar radiation through
the fenestration (W/m2)

leak air leak from room

Q heat transfer rate (W) lw long-wave radiation exchange
S thickness of air gap (m) ope open double-glass window
SHGC solar heat gain coefficient out outdoor
T temperature (◦C) r room
U U-value of window (W/(m2

·K)) sig single-glass window

V volume (m3) sig-hcs
convection from single-glass single-glass
window to air in the heat collecting space

Vm average wind velocity (m/s) sig-hts
convection from single-glass single-glass
window to air in the heat transfer space

W width of heat collecting wall (m) tic
conduction through closed double-glass
window from heat transfer space to
indoor space

Greek symbols va outlet area of the vent

α absorptivity of building surface wa-hcs
convection from heat collecting wall to air
in the gap

ρ density (kg/m3) win window
λ thermal conductivity (W/(m·K))
τ time (s)
ν dynamic viscosity (Pa·s)
ε emissivity of building surface
ξ1 vent pressure loss coefficient
ξ2 air gap pressure loss coefficient
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