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Abstract: Solar air collectors installed on buildings can significantly reduce conventional energy
consumption in winter and summer. However, some problems arise in the utilization process, such as
overheating, inconvenient operation control and low energy efficiency, etc. This work is a parametric
analysis focusing on the automatic control and thermal efficiency improvement of the solar wall.
An improved color-changing solar wall integrated with automatic control components, such as a
photoelectric fan and temperature-controlled damper, was proposed in this paper. Based on the exper-
imental data, the average daily heat output of the color-changing solar wall is 1.08 MJ per unit floor
area on clear days in winter and the average thermal efficiency is 56.8%. Meanwhile, a quantitative
analysis was carried out based on monitoring experiments for evaluating the thermal characteristic
of automatic control components. Furthermore, in order to improve the thermal performance of the
solar wall, parametric analysis was performed by numerical simulation. Results from this paper can
provide a theoretical basis for the application of solar air collectors in modern buildings.

Keywords: solar energy; an improved color-changing solar wall; automatic control components;
field measurement; parametric analysis

1. Introduction

As a type of renewable energy, solar energy is widely used as an alternative to fossil
energy, and has the highest potential to meet the ever-increasing energy demands. Since
the middle of the last century, solar air heating has aroused great interest in the community
of solar researchers because it is a relatively simple, inexpensive and low maintenance
application [1]. As a typical component of passive solar air heating, solar air collectors
are mainly used to convert incident solar radiation into useful heat in different types of
buildings. These heat collectors have been adopted around the world to reduce fossil fuel
consumption for space heating and domestic hot water production [2]. Along these years,
several types of solar air collectors, differentiated by the type of solar absorber element
(flat plate, V-corrugated plate, cylindrical tubes, plates with fins, etc.) were designed,
mathematically modelled and experimentally tested [3,4]. The thermal performance of
different types of solar air collectors is studied and compared in Table 1. Among them,
the most common system used for absorbing solar irradiation is the flat-plate solar air
collectors, which are always integrated on building façades as passive heating components.
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Table 1. Investigations on thermal performance of different types of solar air collectors.

Author Types Diagram Inference

D. Jin et al. [5]
solar air heater duct having
multi V-shaped ribs on the

absorber plate

Appl. Sci. 2021, 11, x FOR PEER REVIEW 2 of 21 
 

Table 1. Investigations on thermal performance of different types of solar air collectors. 

Author Types Diagram Inference 

D. Jin et al. [5] 

solar air heater duct 
having multi V-shaped 

ribs on the absorber 
plate 

 

The maximum value of the thermal perfor-
mance parameter was 1.93 for the range of 

parameters investigated. 

A. M. Abogh-
rara et al. [6] 

solar air heater with jet 
impingement on corru-

gated absorber plate 
 

The thermal efficiency of proposed design 
duct is observed almost 14% more as com-

pared to the smooth duct. 

A.A. El-Sebaii, 
H. Al-Snani [7] 

flat plate solar air heat-
ers-double pass flat and 

v-corrugated plate 
 

The annual average of a nickel–tin selec-
tively coated absorber is higher than that 
with a black painted absorber by 29.23%. 

B.M. Ramani et 
al. [8] 

double pass solar air 
collector with and with-

out porous material 
 

Thermal efficiency of double pass solar air 
collector with porous absorbing material is 

20–25% higher than that of collector without 
porous absorbing material. 

A.P. Omojaro et 
al. [9] 

a double pass solar air 
heater with fins at-

tached and using a steel 
wire mesh as absorber 

plate 
 

The efficiency of the double pass is found to 
be higher than the single pass by 7–19.4%.  

S. Bouadila et 
al. [10] 

a solar air heater with 
packed-bed latent stor-

age energy 
 

The daily energy efficiency varied between 
32% and 45%. While the daily exergy effi-

ciency varied between 13% and 25%. 

C.Q. Chen et al. 
[11] 

double glazing flat-plate 
solar air collectors 

 

The efficiency factor and total heat loss coef-
ficient of Model 4 are 0.62707 and 2.21745, 

respectively. 

To improve the efficiency of solar energy, there are extensive studies and efforts have 
focused on improving the heat efficiency and optimizing the structure of solar air collec-
tors [12–15]. A more effective approach is to maximize the contact between the circulating 
air and the absorber plate through forced turbulence in double channel, including V-cor-
rugated or sine-wave absorber plates, with fins, baffles or ribs [16–18]. 

Taking the instantaneous efficiency of the collector as an evaluation index, Zhang et 
al. [19] proposed optimal structure design parameters of the flat-plate solar collector by 

The maximum value of the thermal
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the range of parameters
investigated.

A.M. Aboghrara et al. [6]
solar air heater with jet

impingement on corrugated
absorber plate
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flat plate solar air
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v-corrugated plate
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double pass solar air collector

with and without porous
material

Appl. Sci. 2021, 11, x FOR PEER REVIEW 2 of 21 
 

Table 1. Investigations on thermal performance of different types of solar air collectors. 

Author Types Diagram Inference 

D. Jin et al. [5] 

solar air heater duct 
having multi V-shaped 

ribs on the absorber 
plate 

 

The maximum value of the thermal perfor-
mance parameter was 1.93 for the range of 

parameters investigated. 

A. M. Abogh-
rara et al. [6] 

solar air heater with jet 
impingement on corru-

gated absorber plate 
 

The thermal efficiency of proposed design 
duct is observed almost 14% more as com-

pared to the smooth duct. 

A.A. El-Sebaii, 
H. Al-Snani [7] 

flat plate solar air heat-
ers-double pass flat and 

v-corrugated plate 
 

The annual average of a nickel–tin selec-
tively coated absorber is higher than that 
with a black painted absorber by 29.23%. 

B.M. Ramani et 
al. [8] 

double pass solar air 
collector with and with-

out porous material 
 

Thermal efficiency of double pass solar air 
collector with porous absorbing material is 

20–25% higher than that of collector without 
porous absorbing material. 

A.P. Omojaro et 
al. [9] 

a double pass solar air 
heater with fins at-

tached and using a steel 
wire mesh as absorber 

plate 
 

The efficiency of the double pass is found to 
be higher than the single pass by 7–19.4%.  

S. Bouadila et 
al. [10] 

a solar air heater with 
packed-bed latent stor-

age energy 
 

The daily energy efficiency varied between 
32% and 45%. While the daily exergy effi-

ciency varied between 13% and 25%. 

C.Q. Chen et al. 
[11] 

double glazing flat-plate 
solar air collectors 

 

The efficiency factor and total heat loss coef-
ficient of Model 4 are 0.62707 and 2.21745, 

respectively. 

To improve the efficiency of solar energy, there are extensive studies and efforts have 
focused on improving the heat efficiency and optimizing the structure of solar air collec-
tors [12–15]. A more effective approach is to maximize the contact between the circulating 
air and the absorber plate through forced turbulence in double channel, including V-cor-
rugated or sine-wave absorber plates, with fins, baffles or ribs [16–18]. 

Taking the instantaneous efficiency of the collector as an evaluation index, Zhang et 
al. [19] proposed optimal structure design parameters of the flat-plate solar collector by 

Thermal efficiency of double pass
solar air collector with porous

absorbing material is 20–25% higher
than that of collector without
porous absorbing material.

A.P. Omojaro et al. [9]

a double pass solar air heater
with fins attached and using a

steel wire mesh as absorber
plate

Appl. Sci. 2021, 11, x FOR PEER REVIEW 2 of 21 
 

Table 1. Investigations on thermal performance of different types of solar air collectors. 

Author Types Diagram Inference 

D. Jin et al. [5] 

solar air heater duct 
having multi V-shaped 

ribs on the absorber 
plate 

 

The maximum value of the thermal perfor-
mance parameter was 1.93 for the range of 

parameters investigated. 

A. M. Abogh-
rara et al. [6] 

solar air heater with jet 
impingement on corru-

gated absorber plate 
 

The thermal efficiency of proposed design 
duct is observed almost 14% more as com-

pared to the smooth duct. 

A.A. El-Sebaii, 
H. Al-Snani [7] 

flat plate solar air heat-
ers-double pass flat and 

v-corrugated plate 
 

The annual average of a nickel–tin selec-
tively coated absorber is higher than that 
with a black painted absorber by 29.23%. 

B.M. Ramani et 
al. [8] 

double pass solar air 
collector with and with-

out porous material 
 

Thermal efficiency of double pass solar air 
collector with porous absorbing material is 

20–25% higher than that of collector without 
porous absorbing material. 

A.P. Omojaro et 
al. [9] 

a double pass solar air 
heater with fins at-

tached and using a steel 
wire mesh as absorber 

plate 
 

The efficiency of the double pass is found to 
be higher than the single pass by 7–19.4%.  

S. Bouadila et 
al. [10] 

a solar air heater with 
packed-bed latent stor-

age energy 
 

The daily energy efficiency varied between 
32% and 45%. While the daily exergy effi-

ciency varied between 13% and 25%. 

C.Q. Chen et al. 
[11] 

double glazing flat-plate 
solar air collectors 

 

The efficiency factor and total heat loss coef-
ficient of Model 4 are 0.62707 and 2.21745, 

respectively. 

To improve the efficiency of solar energy, there are extensive studies and efforts have 
focused on improving the heat efficiency and optimizing the structure of solar air collec-
tors [12–15]. A more effective approach is to maximize the contact between the circulating 
air and the absorber plate through forced turbulence in double channel, including V-cor-
rugated or sine-wave absorber plates, with fins, baffles or ribs [16–18]. 

Taking the instantaneous efficiency of the collector as an evaluation index, Zhang et 
al. [19] proposed optimal structure design parameters of the flat-plate solar collector by 

The efficiency of the double pass is
found to be higher than the single

pass by 7–19.4%.

S. Bouadila et al. [10]
a solar air heater with

packed-bed latent storage
energy

Appl. Sci. 2021, 11, x FOR PEER REVIEW 2 of 21 
 

Table 1. Investigations on thermal performance of different types of solar air collectors. 

Author Types Diagram Inference 

D. Jin et al. [5] 

solar air heater duct 
having multi V-shaped 

ribs on the absorber 
plate 

 

The maximum value of the thermal perfor-
mance parameter was 1.93 for the range of 

parameters investigated. 

A. M. Abogh-
rara et al. [6] 

solar air heater with jet 
impingement on corru-

gated absorber plate 
 

The thermal efficiency of proposed design 
duct is observed almost 14% more as com-

pared to the smooth duct. 

A.A. El-Sebaii, 
H. Al-Snani [7] 

flat plate solar air heat-
ers-double pass flat and 

v-corrugated plate 
 

The annual average of a nickel–tin selec-
tively coated absorber is higher than that 
with a black painted absorber by 29.23%. 

B.M. Ramani et 
al. [8] 

double pass solar air 
collector with and with-

out porous material 
 

Thermal efficiency of double pass solar air 
collector with porous absorbing material is 

20–25% higher than that of collector without 
porous absorbing material. 

A.P. Omojaro et 
al. [9] 

a double pass solar air 
heater with fins at-

tached and using a steel 
wire mesh as absorber 

plate 
 

The efficiency of the double pass is found to 
be higher than the single pass by 7–19.4%.  

S. Bouadila et 
al. [10] 

a solar air heater with 
packed-bed latent stor-

age energy 
 

The daily energy efficiency varied between 
32% and 45%. While the daily exergy effi-

ciency varied between 13% and 25%. 

C.Q. Chen et al. 
[11] 

double glazing flat-plate 
solar air collectors 

 

The efficiency factor and total heat loss coef-
ficient of Model 4 are 0.62707 and 2.21745, 

respectively. 

To improve the efficiency of solar energy, there are extensive studies and efforts have 
focused on improving the heat efficiency and optimizing the structure of solar air collec-
tors [12–15]. A more effective approach is to maximize the contact between the circulating 
air and the absorber plate through forced turbulence in double channel, including V-cor-
rugated or sine-wave absorber plates, with fins, baffles or ribs [16–18]. 

Taking the instantaneous efficiency of the collector as an evaluation index, Zhang et 
al. [19] proposed optimal structure design parameters of the flat-plate solar collector by 

The daily energy efficiency varied
between 32% and 45%. While the

daily exergy efficiency varied
between 13% and 25%.

C.Q. Chen et al. [11] double glazing flat-plate solar
air collectors

Appl. Sci. 2021, 11, x FOR PEER REVIEW 2 of 21 
 

Table 1. Investigations on thermal performance of different types of solar air collectors. 

Author Types Diagram Inference 

D. Jin et al. [5] 

solar air heater duct 
having multi V-shaped 

ribs on the absorber 
plate 

 

The maximum value of the thermal perfor-
mance parameter was 1.93 for the range of 

parameters investigated. 

A. M. Abogh-
rara et al. [6] 

solar air heater with jet 
impingement on corru-

gated absorber plate 
 

The thermal efficiency of proposed design 
duct is observed almost 14% more as com-

pared to the smooth duct. 

A.A. El-Sebaii, 
H. Al-Snani [7] 

flat plate solar air heat-
ers-double pass flat and 

v-corrugated plate 
 

The annual average of a nickel–tin selec-
tively coated absorber is higher than that 
with a black painted absorber by 29.23%. 

B.M. Ramani et 
al. [8] 

double pass solar air 
collector with and with-

out porous material 
 

Thermal efficiency of double pass solar air 
collector with porous absorbing material is 

20–25% higher than that of collector without 
porous absorbing material. 

A.P. Omojaro et 
al. [9] 

a double pass solar air 
heater with fins at-

tached and using a steel 
wire mesh as absorber 

plate 
 

The efficiency of the double pass is found to 
be higher than the single pass by 7–19.4%.  

S. Bouadila et 
al. [10] 

a solar air heater with 
packed-bed latent stor-

age energy 
 

The daily energy efficiency varied between 
32% and 45%. While the daily exergy effi-

ciency varied between 13% and 25%. 

C.Q. Chen et al. 
[11] 

double glazing flat-plate 
solar air collectors 

 

The efficiency factor and total heat loss coef-
ficient of Model 4 are 0.62707 and 2.21745, 

respectively. 

To improve the efficiency of solar energy, there are extensive studies and efforts have 
focused on improving the heat efficiency and optimizing the structure of solar air collec-
tors [12–15]. A more effective approach is to maximize the contact between the circulating 
air and the absorber plate through forced turbulence in double channel, including V-cor-
rugated or sine-wave absorber plates, with fins, baffles or ribs [16–18]. 

Taking the instantaneous efficiency of the collector as an evaluation index, Zhang et 
al. [19] proposed optimal structure design parameters of the flat-plate solar collector by 

The efficiency factor and total heat
loss coefficient of Model 4 are

0.62707 and 2.21745, respectively.

To improve the efficiency of solar energy, there are extensive studies and efforts
have focused on improving the heat efficiency and optimizing the structure of solar air
collectors [12–15]. A more effective approach is to maximize the contact between the circu-
lating air and the absorber plate through forced turbulence in double channel, including
V-corrugated or sine-wave absorber plates, with fins, baffles or ribs [16–18].

Taking the instantaneous efficiency of the collector as an evaluation index, Zhang
et al. [19] proposed optimal structure design parameters of the flat-plate solar collector by
numerical simulations. To simulate the thermal behavior of single/two-glass-cover solar
air collector systems, Bahrehmand et al. [20] built a mathematical model. Debnath et al. [21]
investigated the performance of the solar air collector in North Eastern India, and various
parameters considered for the present investigation were collector tilt angles, single and
double glazing, mass flow rate and two different absorber plates. In reference [22], an
innovative solar water heater integrated with a linear parabolic reflector was proposed
and experimentally tested, and the experiments showed that the device was effective
during winter. Its mean daily efficiency varied between 36.4% and 51.6%. Şevik et al. [23]
investigated the performance of two types of solar air collectors with aluminum absorbers
at three different air mass flow rates. Results showed that an enhancement of 15.9–41.2% in
thermal efficiency was achieved in comparison to the flat plate solar air collector. Alta [24]
compared the performance of three different types of designed flat-plate solar air heaters
by the energy and exergy analyses. He found that the heater with double glass covers and
fins is more effective.

There are different factors affecting the solar air heater efficiency, e.g., aspect ratio
of collector, absorber materials, vent size, wind speed, etc. [25–28]. To improve the dis-
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advantages of solar air heaters, a range of numerical simulations has been performed for
thermal performance optimization [29–31]. A mathematical model based on a numerical
finite-difference approach was proposed for a flat-plate solar air collector in reference [32].
Nikolić et al. [33] presented a mathematical model to determine the optimum reflector
position of a double-exposure flat-plate solar collector using FORTRAN language. Based on
the two-node lumped heat capacitance method, dynamic thermal performance prediction
models for flat-plate solar collectors were proposed and validated using dynamic tests [34].
The thermal behavior of double parallel flow air heating collectors working by natural
convection was also studied. A GTC (glazed transpired solar collector) with perforating
corrugated plate was developed by Zheng et al. [35], and the simulated results showed that
its thermal performance and economic characteristics were better than other transpired
solar collectors.

Due to the above studies, buildings integrated with passive solar heating systems are
widely used because of the high heat efficiency of solar air collectors [36–42]. Pertinent
literature reveals that a good number of investigations are carried out in the recent past.
However, some problems also have not been solved during the application of solar air
collectors, such as overheating during summer and inconvenient operation control by
manual dampers. A concept of “passive heating and cooling by color-changing” was put
forward in our previous research [43,44], and an experimental study of thermal responsive
of the color-changing solar wall was carried out. However, there are still some problems,
such as inconvenient manual control operation and low thermal efficiency. Therefore, the
aim of this work is to propose the automatic control component and optimize the heat
collection efficiency.

To achieve this goal, the design and construction of this solar wall are detailed, photo-
electric fan and temperature-controlled damper are proposed and thermal characteristics of
these automatic control components are evaluated by measuring hygrothermal parameters.
Meanwhile, parametric analysis was performed based on the mathematical model and the
optimization results of thermal performance simulation are presented. As an outcome, the
finding of this research may provide some suggestions on the energy efficiency design for
newly-built rural residences in cold areas, and present the theoretical basis and technical
support for renewable energy utilization.

2. Development of Automatic Control Components Integrated with Color-Changing
Solar Walls

Solar air collector is the core component of a passive solar house, which is mainly
composed of outlet cover, absorber board, air gap, insulation plate, inlet, outlet and fans,
etc. The optimum design of the solar wall is mainly to put forward the color-changing
absorber board and automatic control components.

Studies about the color-changing absorber board had been carried out in reference [43]
and [44]. The form of the absorber board is designed as a color-changing Venetian blind
that exposes its black pieces outward in winter, whereas the white pieces are exposed
outward in summer. The color of the absorber board is changed manually. The operation
principle of the solar wall is shown in Figure 1.

To analyze the thermal performance of solar walls, a full-scale experimental house
integrated with solar walls was built in Dalian, China. The photo of the experimental
color-changing passive solar house is shown in Figure 2. The building information and
envelope characteristics are presented in Tables 2 and 3, respectively. Color-changing solar
walls were fixed on the south facade, facing to the south and perpendicular to the ground
to heat up the living room and bedrooms. Dimensions of the solar wall system are shown
in Table 4.
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Figure 1. Operation principle (a) in winter (b) in summer. Reprinted with permission from ref. [43]. Copyright 2021 Elsevier.
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Table 2. Building information.

Floor
Area/m2

The Ratio of
Window to Wall in

South Façade/%

Shape
Coefficient

SHGC of
Windows

Heat Transfer Coefficient (W/m2·◦C)

External
Walls Floor Roof Window

75 21.2 0.468 0.43 0.42 0.48 0.45 2.1

Table 3. Building envelope construction.

Layer Construction

External walls 20 mm plaster + 370 mm solid brick + 70 mm polystyrene board
Internal walls 240 mm solid brick

Floor 50 mm wood floor + 50 mm poured concrete + 100 mm loess + 50 mm polystyrene board
Roof 20 mm plaster + 200 mm steel concrete + 50 mm polystyrene board + 20 mm tile

window double glazing + aluminum alloy window frames

Table 4. Dimensions of the solar wall system.

Parameter Dimensions Parameter Dimensions

Collectors tilt angle 90 Plate thickness 3 mm
Absorber surface area 1.05 m2 Glass emissivity 0.9
Thickness of air gap 300 mm Absorber plate emissivity 0.4

Thickness of insulation 3 mm Glass transmissivity 0.85
Air duct diameter 100 mm Absorber absorptivity 0.9

Glass cover thickness 1 mm Ratio between the solar wall and the floor area 0.23
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2.1. Application of the Photoelectric Fan

In the heat transfer mode, natural circulation is adopted for many heat collectors, such
as the Trombe wall, which has the problem of low heat transfer efficiency. It is necessary to
arrange fans. However, the problem of power supply should be solved and multiple AC
power supply lines should be arranged. At the same time, manual control is not convenient,
which is difficult to synchronize with the weather, and easy to cause problems, such as
cold air backflow.

In view of the above problems, a photoelectric fan was proposed in this paper. The
fan located in the lower vent can be driven by photovoltaic (PV) plates, which are installed
outside (as shown in Figure 3), with the voltage of 12 V and the rated power of 6 W. The
fan is used to force the hot air in the air gap. In particular, the problem of inconvenient
manual control during the operation process can be solved. The fan speed and the mass
flow rate are determined by solar irradiance.
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2.2. Temperature-Controlled Damper Instead of the Traditional Wooden Damper

The traditional damper is usually made of wood and operated manually. Due to
the rough production and moisture deformation of woods, etc., the situation of inflexible
operation or unusable for dampers may occur in service. Furthermore, due to the manual
operation, dampers are often forgotten to close on cloudy days or at night. Cold air in the air
layer enters the room through dampers, resulting in lowering the indoor air temperature. It
is difficult for users to accurately control the opening and closing time due to the variability
of the outdoor climate. The electric damper can solve the problem of automatic operation,
but it has the disadvantage that the upper and lower damper cannot be connected.

The temperature-controlled damper proposed in this study can solve the above prob-
lems. It is made of metal and non-deformation. Meanwhile, the damper can be controlled
automatically according to the temperature. The temperature sensing bulb is mounted on
the outlet, as shown in Figure 4. When the outlet temperature is over 20 ◦C, the bulb starts
and the level-arm is moved from a vertical position to an inclined position. Then, the inlet
and outlet damper are pushed by the connecting rod. Therefore, the function of opening
and closing dampers can be achieved simultaneously. The higher the temperature is, the
further the movement distance of the damper is.
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3. Thermal Characteristics Analysis of the Improved Solar Wall

To investigate the thermal performance of this passive house, experiments were
performed. As shown in Figure 5, the measured parameters of solar walls included surface
temperature of plates, velocity in air gap, inlet and outlet. Indoor measurement parameters
are mainly indoor air temperature, relative humidity, heat flow density and black globe
temperature. The temperature and black globe temperature test points are located in the
center of the room. All data were recorded every 10 min. The measuring instruments can
be found in Table 5.
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Table 5. Monitored data and technical specification of measuring instruments.

Monitored Parameters Instrument Name Accuracy Photos

Surface temperature and heat flow
JTNT-B

Temperature
test system

±0.1 ◦C
±0.01 W/m2
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By the uncertainty analysis, in the present study, the uncertainties in the outlet air
temperature, air mass flowrate and thermal efficiency are equal ±4.8%, ±0.026 % and
±5.8% for forced convection.

3.1. Effect of Solar Walls on the Indoor Thermal Environment and Energy Consumption

To analyze the heating and cooling effect of solar walls under extremely climate
weather, the monitoring data of three hottest days in summer (from 29 August to 31
August) and coldest days (from 24 January to 27 January) in winter were selected. The
indoor air temperature of different rooms is shown in Figure 6.
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Figure 6. Variation of indoor air temperature in the passive solar house.
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As shown in Figure 6a, during the winter, the indoor air temperature was above 10 ◦C
because of the passive heating of the solar wall. While the outdoor temperature fluctuated
between −5.9 ◦C and 6.6 ◦C, the indoor air temperature of living room and bedrooms was
nearly the same under the heating effect of solar walls, which fluctuated between 9.2 ◦C
and 15.3 ◦C. Due to the less direct heat gain, the temperature of the corridor was much
lower than the south room, in the range of 7.1–9.8 ◦C.

During the summer, the color of the absorber board changed to white and dampers
were closed to prevent heat transfer between the air channel and indoor air. As shown
in Figure 6b, the outdoor air temperature fluctuated between 20.5 ◦C and 31.2 ◦C during
the testing period. Under the passive cooling, the air temperature of the rooms facing
south (living room and two bedrooms) was in the range of 25–26.6 ◦C. By contrast, the air
temperature of the corridor was lower, varying from 23.9 to 26.9 ◦C.

The solar wall has an obvious effect on increasing indoor temperature and reducing
energy consumption in winter. Experiments were carried out to determine the winter
heating effect of the color-changing solar wall under clear weather.

The color-changing solar wall belongs to a type of flat solar air collector. The thermal
efficiency (η) can be obtained as the ratio of the useful energy (heat gained) by the flowing
air to the amount of total solar energy incident on the absorber surface area at any time as
presented as follows:

η =
mcp(Tout − Tin)

A · G
(1)

The air mass flowrate m at the end of the hot air passage duct can be determined as:

m = ρA f u (2)

The measured outlet air temperature and air velocity of the collector are shown in
Figure 7a. Based on the experimental data and equations, the heat supplied by solar walls
is shown in Figure 7b, the average daily heat output of the color-changing solar wall is
1.08 MJ per unit floor area on clear days in winter. The average thermal efficiency of the
solar wall is 56.8%.
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Figure 7. (a) Outlet air temperature and air velocity of the collector (b) Heat output of the solar wall.

The application of solar walls is mainly reflected in reducing the annual energy
consumption of buildings. Taking the experimental solar house in Dalian as an example,
the application effect of solar walls is quantitatively analyzed.

According to the climate data of Dalian and the thermal parameters of the reference
building, the annual heating demand of the solar house is 466.5 MJ. Among them, the
auxiliary heat source is the infrared heat radiation plate with the power of 2100 W, and the
consumption of the auxiliary heat source during the heating period is 129.2 MJ. Meanwhile,
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the internal heat gain is 44.32 MJ. According to the average sunshine hours in winter in the
Dalian area, the average heating quantity of the solar wall in the whole heating period is
145.8 MJ. The attenuation effect of solar walls on the annual heating energy consumption is
shown in Figure 8.
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It can be seen that the solar wall has a significant effect on reducing annual heating
energy consumption. The calculation shows that the solar heating guarantee rate of the
solar house is 62.8%. According to the annual energy consumption analysis, the energy-
saving rate of the solar wall can reach 58.8%.

3.2. Thermal Characteristic of the Photoelectric Fan

The mass flow rate of the air gap is an important factor to determine the thermal
efficiency of the color-changing solar wall. The mass flow is influenced by the air velocity,
damper area and the position of the control damper. In this case, the position of the control
damper is ignored and the damper is in a fixed position, with the damper open area of 0.008
m2. The influence of air temperature is also ignored. As the fan is driven by photovoltaic
panels, the wind speed is an unsteady value, which is varied with the solar irradiance.
Therefore, the primary factor to characterize the thermal properties of the solar wall is to
determine the mass flow rate and velocity in the air gap.

The relationship between variables of fluid flow can be analyzed by dimensional anal-
ysis. The representational correlation of the average velocity of the air layer is determined
based on the π theorem.
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The heat transfer involving motion in the air gap is caused by the photoelectric fan
and the temperature difference. Factors influencing the air velocity u include thickness
of the air gap δ, height of the air gap H, the solar irradiance qi, the coefficient of thermal
expansion β, thermal conductivity λ, the kinematic viscosity coefficient ν, air density ρ, the
thermal diffusivity a and the gravitational acceleration g (Equation (3)) [36].

u = f (δ, H, qi, β, λ, ν, ρ, a, g) (3)

In the above 10 variables, the fundamental dimension number is 4. Four repeated
variables are selected, respectively:

[ρ] = ML−3 [β] = Θ−1 [ν] = L2T−1 [H] = L (4)

The dimensionless parameter πi[ i : 1 ∼ 6] is written by the unknown exponent, and
the dimension formula is as follows.

[π1] = (ML−3)
w1(Θ−1)

x1(L2T−1)
y1(L)z1(LT−1) = 1

[π2] = (ML−3)
w2(Θ−1)

x2(L2T−1)
y2(L)z2(L) = 1

[π3] = (ML−3)
w3(Θ−1)

x3(L2T−1)
y3(L)z3(MT−3) = 1

[π4] = (ML−3)
w4(Θ−1)

x4(L2T−1)
y4(L)z4(MLT−3Θ−1) = 1

[π5] = (ML−3)
w5(Θ−1)

x5(L2T−1)
y5(L)z5(L2T−1) = 1

[π6] = (ML−3)
w6(Θ−1)

x6(L2T−1)
y6(L)z6(LT−2) = 1

(5)

By the dimensional harmonious Equations, the value of each coefficient is solved by:

π1 = ν−1H1u1 = uH/ν = Re
π2 = H−1δ1 = δ/H
π3 = ρ−1ν−3H3qi

1 = qi H3/ρν3

π4 = ρ−1β−1ν−3H2λ1 = λH2/ρβν3

π5 = ν−1a1 = a/ν = 1/Pr
π6 = ν−2H3g1 = gH3/ν2

(6)

According to Equation (6), the mathematical expression of the air velocity in the air
gap is as follows,

Re =
uH
ν

= f
(

δ

H
,

qi H3

ρν3 ,
λH2

ρβν3 , Pr,
gH3

ν2

)
= f (

δ

H
,

gβqi H4

λν2 , Pr) = f
(

δ

H
, Ra∗

)
(7)

where the modified Rayleigh number Ra* is described as follows,

Ra∗ =
gβqil4

λν2 · Pr (8)

Thus, the dependence of mass flow rate on the solar irradiance and channel depth can
be expressed by the relationship Equation (9),

Re = a(Ra∗)b(
δ

H
)

c
(9)

where, Re is the Reynolds number, a, b, c is the weighted coefficient, δ is the channel depth,
m; H is the channel height, m.

For the experimental device, the ratio is a fixed value, δ/H = 0.133. Therefore, the mass
flow rate Re can be characterized as a function of heat input, as shown in Equation (10),

Re = a(Ra∗)b (10)
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Based on the experimental data, the results of a multivariate regression analysis can
be given in Figure 9.

Re = 0.000129(Ra∗)0.658 (11)
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Figure 9. The relationship of Re and Ra.

Photoelectric synchronization can be achieved by the photoelectric fan and the mass
flow rate in the air gap has a power function relation with the solar irradiance.

3.3. Correlation Analysis of the Temperature Control Damper

The opening degree of the damper is related to the outlet air temperature. The
horizontal displacement distance and the air temperature of the outlet damper were tested
for two days, and the experimental results are shown in Figure 10. As shown in Figure 10,
the horizontal displacement distance of the temperature control damper is consistent with
the outlet air temperature, and it increases with the outlet temperature. The distance
reaches the longest when the outlet temperature reaches 60 ◦C, which is 32 cm. The damper
is closed when the outlet temperature is lower than 20 ◦C. Therefore, the temperature-
controlled damper can restrain the cold air inflow.
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Figure 10. The relationship between the outlet temperature and damper displacement distance.

The comparison results of the heat supplied by manual damper and temperature-
controlled damper are shown in Figure 11. Figure 11 indicated that from 8:00 a.m. to 9:00
a.m., a time lag of heating appeared due to the delayed opening of the manual damper.
Meanwhile, between 15:30 p.m. and 17:00 p.m., due to solar radiation and other weather
reasons, the air supply temperature was lower than the indoor air temperature and the
artificial air door did not close in time. Therefore, the phenomenon of cold air poured
backward and negative heat supply occurred. By contrast, it can be seen that the heat



Appl. Sci. 2021, 11, 6325 12 of 18

supplied by the temperature-controlled damper was always positive, which solved the
problem of insufficient heating or reverse circulation to some extent.
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4. Thermal Performance Optimization of Solar Walls

It is found that the thermal efficiency of the current solar wall is not high by the
experimental analysis. Therefore, based on the numerical simulation, the structure of this
solar wall is optimized in this section.

The thermal efficiency of solar walls in winter is affected by the structural dimension
(aspect ratio, vent size, air channel thickness, etc.), absorber materials and curtain angle,
etc. Therefore, parametric analysis was performed based on the theoretical model.

A cover, air gap, absorber plate and insulation plate formed the solar wall system.
Figure 12a shows the heat transfer process of the solar wall. In the daytime, the air in the
air gap is heated up by the hot absorber plate, then the indoor cold air flows into the air gap
from the bottom inlet and rises to the top outlet after heating, thus completing a cycle of
the heat exchange process. From the perspective of heat transfer, the heat transfer process
in the solar wall is complex, involving thermal conduction, convection and radiation. The
schematic diagram of the physical model is shown in Figure 12a.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 12 of 19 
 

backward and negative heat supply occurred. By contrast, it can be seen that the heat 

supplied by the temperature-controlled damper was always positive, which solved the 

problem of insufficient heating or reverse circulation to some extent. 

 

Figure 11. The heat gain comparison of different dampers. 

4. Thermal Performance Optimization of Solar Walls  

It is found that the thermal efficiency of the current solar wall is not high by the ex-

perimental analysis. Therefore, based on the numerical simulation, the structure of this 

solar wall is optimized in this section.  

The thermal efficiency of solar walls in winter is affected by the structural dimension 

(aspect ratio, vent size, air channel thickness, etc.), absorber materials and curtain angle, 

etc. Therefore, parametric analysis was performed based on the theoretical model. 

A cover, air gap, absorber plate and insulation plate formed the solar wall system. 

Figure 12a shows the heat transfer process of the solar wall. In the daytime, the air in the 

air gap is heated up by the hot absorber plate, then the indoor cold air flows into the air 

gap from the bottom inlet and rises to the top outlet after heating, thus completing a cycle 

of the heat exchange process. From the perspective of heat transfer, the heat transfer pro-

cess in the solar wall is complex, involving thermal conduction, convection and radiation. 

The schematic diagram of the physical model is shown in Figure 12a.  

 

Figure 12. Heat transfer process (a) and thermal network model (b) of the solar wall. 

A thermal network for the physical model considered is shown in Figure 12b. 

Through the above simplifications, combined with the thermal network model and as-

sumption conditions [28], heat balance equations of each component of the collector can 

be built. 

The heat balance equations from the thermal network at the points: 

cover plate tg: gi go g a gi g f cg g s= ( )+ ( )+ ( )t t t t tq h h t hr− − −
 (12) 

Figure 12. Heat transfer process (a) and thermal network model (b) of the solar wall.

A thermal network for the physical model considered is shown in Figure 12b. Through
the above simplifications, combined with the thermal network model and assumption
conditions [28], heat balance equations of each component of the collector can be built.

The heat balance equations from the thermal network at the points:

cover plate tg : qgi = hgo(tg − ta) + hgi(tg − tf) + hrcg
(
tg − ts

)
(12)

absorber plate ts : qs = hsu(ts − tf) + hsd(ts − tf) + hrcg
(
ts − tg)+hrsg(ts − tso) (13)

air gap t f : hsu As(ts − tf) + hsd As(ts − tf) + hgi Ag
(
tg − tf)+hso Aso

(
tso − tf) =mcp

(
tf − tr1

)
(14)
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insulation plate tso : hrsg(ts − tso) + hso(tf − tso) =
N

∑
j=0

X(j)tso(N − j)−
N

∑
j=0

Y(j)tsi(N − j) (15)

The values of the parameters were obtained by simulation using the MATLAB software
package. According to the formulae, values of the parameters were obtained by simulation
using the MATLAB software package. Experiment data on any given day were selected to
verify the accuracy of the model. The values of several temperature points were obtained
by simulation, and the comparison results are shown in Figure 13.
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Figure 13. Validation of simulation results under passive heating.

It can be seen from Figure 13 that there was a very good agreement between ex-
perimental findings and simulation results. Average deviation indices were adopted to
determine errors.

(1) algebraic average deviation:

σavg =
1
n ∑

n

αc − αm

αm
(16)

(2) average absolute deviation:

σabs =
1
n ∑

n

∣∣∣∣αc − αm

αm

∣∣∣∣ (17)

where αc and αm represent simulation and experimental values, respectively. Deviation
analysis results are summarized in Table 6.

Table 6. Difference between the measured value and simulated value.

The Average Deviation Interface Temperature of
South Wall Outlet Temperature Indoor Air Temperature

σavg 10.5% 11.7% 5.4%
σabs 12.7% 14.3% 6.4%
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Table 5 shows the average deviation of three representative parameters. The good
agreement observed between the simulated and experimental values verified the correct-
ness and accuracy of the proposed model for further thermal design optimum studies.

Several factors that affect the thermal performance of the solar air collector mainly are
absorber materials, structure size of the collector, such as aspect ratio, vent size, etc. There-
fore, based on the mathematical model, parametric analysis about the thermal performance
optimization of the solar wall system is discussed as follows.

4.1. Effect of Absorber Materials on the Thermal Performance of Solar Walls

The commonly used materials for absorber boards are galvanized iron sheet, stainless
steel plate, oxygenated copper, aluminum, paint and so on. The absorption rates are 0.23,
0.82, 0.65, 0.95, and 0.96 respectively within the temperature range of 20–100 ◦C. Figure 14
showed the thermal performance of the solar wall under various absorber materials with
an aspect ratio of 2. When the material of the absorber plate was galvanized iron sheet, the
outlet temperature and the heat supply were the minimum, within the range of 15−23.5 ◦C
and 0–80 W/m2. The absorption rate of paint and aluminum was approximately equal,
as was the thermal efficiency. The highest outlet air temperature reached 36 ◦C, and the
heat supply ranged between 0–370 W/m2. Due to a number of advantages, such as low
specific gravity, good thermal conductivity, less corrosion, easy processing and a relatively
cheap price, aluminum is widely used as an absorber plate material. Copper is expensive.
Stainless steel has some disadvantages, such as local corrosion, low thermal conductivity
and large mass, etc.
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4.2. Effect of Aspect Ratio on the Thermal Performance of Solar Walls

The aspect ratio is the ratio of the height and width of the solar wall, which affects
the volume flow in the air layer. Under the influence of solar irradiance, the instantaneous
change curves of the parameters show a cosine change. As shown in Figure 15, as the
aspect ratio increased, the outlet temperature and heat supply were increasing. Therefore,
the aspect ratio can be appropriately increased to improve thermal performance. However,
when the aspect ratio was larger than 2, the variation range of the outlet temperature
and heat supply gradually decreased, and the increasing magnitude barely changed.
Therefore, in practice, an optimal aspect ratio is between 2 and 3. In addition, under the
condition of a given aspect ratio, the thermal performance can be improved by increasing
ventilation quantity.
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4.3. Effect of Vent Size on the Thermal Performance of Solar Walls

The structure size of the vent affects the volume flow in the air gap. Figure 14 shows
the variation of volume flow and heat supply with the vent size. It can be seen that the
volume flow of air in the channel was increased with the diameter of the vent, so as the
heat supply. A larger ventilation volume can strengthen the heat transfer between the air
and the absorber board, and send the heated air into the room.

According to Figure 16, the increase of vent diameter would contribute to improving
thermal efficiency. However, the strengthening effect of heat supplied by the solar wall
was not obvious when the vent diameter was larger than 200 mm. At the same time, the
larger size of the vent may bring the inconvenience of engineering construction. Therefore,
in the actual design, the ideal diameter of the vent should be about 200 mm.
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5. Conclusions

To solve the problem of inconvenient manual control in the process of operation,
the optimized color-changing solar wall with rotatable shutters and automatic control
components was proposed in this paper. A quantitative study was conducted for improving
the thermal performance of solar walls. Conclusions were drawn as follows.

• Based on the monitoring, experimental data showed that the average daily heat
output of the color-changing solar wall is 1.08 MJ per unit floor area on clear days in
winter and the average thermal efficiency of the solar wall is 56.8%. Furthermore, the
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thermal characteristic of the automatic control components was also carried out by
field monitoring and theoretical analysis.

• Meanwhile, to improve the thermal performance of the solar walls system, thermal
characteristic optimization analysis of the solar wall was also conducted based on
the mathematical model. The structure dimensions and absorber materials were
optimized. Optimization results showed that an optimal aspect ratio is between 2 and
3 and the ideal diameter of the vent is about 200 mm.

The improved solar wall with color-changing absorber board and automatic control
components proposed in this paper had a positive effect on reducing building energy
consumption in cold areas, which presented the theoretical basis and technical support for
renewable energy utilization.
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Nomenclature

Symbols
a the weighed coefficient
A Absorber area, m2

Af Outlet area, m2

b the weighed coefficient
c the weighed coefficient
g acceleration due to gravity, =9.81(m/s2)
G Solar irradiance (W/m2)
h heat convection (W/m2 ◦C)
H the channel height, m
hc heat convection between indoor air and interior surface (W/m2 ◦C)
hrcg radiation heat transfer coefficient between cover plate and absorber plate (W/m2 ◦C)
hrsg the radiation heat transfer coefficient between insulation plate and absorber plate (W/m2 ◦C)
L length unit (m)
m mass flow rate, kg/s
M Mass unit (kg)
Pr Prandtl number
q solar radiation intensity (W/m2)
Ra Rayleigh number
Re Reynolds number
t temperature (◦C)
T Unit of time(s)
u air velocity, m/s
Subscripts
a outdoor air
f air gap
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fd/fu inlet/outlet
g cover plate
gi/go interior/exterior surface of cover plate
out/in outlet/inlet
r indoor air
s absorber plate
sd/su lower/upper surface of absorber plate
si/so interior/exterior surface of south wall (insulation board)
Greek symbol
a the thermal diffusivity (◦C)
δ thickness of the air gap
β thermal expansion coefficient (K−1)
ρ air density (kg/m3)
η Thermal efficiency
λ thermal conductivity
θ tilt angle of the blind (◦)
ν the kinematic viscosity coefficient
πi The dimensionless parameter
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