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Abstract: An important trend of Building Integrated Solar Thermal (BIST) system is to improve
the aesthetic aspect of the solar collector to meet the requirement of architectural style and energy
collection. Painting on the glass cover in an appropriate method is a simple and practical way. In this
study, a halftone coating was used to print a red brick wall pattern on the glass cover. A series of
comparative experiments were carried out to test the effect of the coating on the thermal behavior
of the solar collector. In heat collection processes, compared with the solar collector with blank
cover plate, the one with coated cover plate has lower absorber plate temperature and higher cover
plate temperature. The lower the solar irradiance, the smaller the effect of color coating on the
solar collector. Compared with the uncoated surface, the coated surface is more sensitive to solar
irradiation. In the same heat collection process, compared with the solar collector coated on the outer
surface of the cover plate, the one coated on the inner surface has 0.8 ◦C higher heat absorber plate
temperature and 5% lower top heat loss.
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1. Introduction

The utilization of renewable energy is one of the effective ways to solve the environmental
problems caused by the high energy consumption of buildings [1]. Solar energy is a kind of renewable
energy suitable for buildings due to its unlimited reserves and sustainability [2]. Photovoltaic (PV) [3–5]
solar collectors and hybrid photovoltaic–thermal (PV/T) [6] solar systems are all used on buildings.
Building energy consumption mainly comes from maintaining indoor thermal comfort and providing
domestic hot water, whereas solar thermal utilization can be effectively used to provide space heating
and domestic hot water. Therefore, the Building Integrated Solar Thermal (BIST) system is a new
trend in building development [7]. The combination of solar collectors and buildings is a key issue
that is related to energy collection and utilization, indoor thermal environment, urban style, and rural
landscape [8].

At present, however, solar collectors are integrated on the roof or facade as architectural elements,
in harmony with the appearance of buildings. For example, the flat plate collectors are mounted
parallel to the sloping roof, hung on the baluster for the balcony or the breast [9], the vacuum tube
collectors are mounted on the transparent part of the façade [10], and so on. This combination has both
aesthetic and functional problems. In terms of aesthetics, the monotonous shape and color of solar
collector make it hard to coordinate with some architectural styles, which severely limits the free play
of architects to design [11]. In terms of functions, the interspersed collectors can only provide domestic
hot water, but space heating and other functions require a larger heat collecting area, which cannot be
satisfied by the current combination [12].
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To solve the above problems, researchers focused on improving the appearance of solar collectors
and developing new types of solar collectors for some architectural styles. Z. Crnjak Orel et al. [13]
prepared different silicon coating for solar absorbers in non-black colors. The tested optical properties
such as absorptance, emissivity, and chromaticity values showed that the non-black coatings could
be used on the absorber plate of a solar collector. T.N. Anderson et al. [14] examined the thermal
performance of a series of building integrated solar collectors with different colored absorbers both
theoretically and experimentally. The results showed that the thermal efficiency of colored solar
collectors was lower than those with selective coating absorbers, but the improvement of aesthetic
integration with buildings of the solar collectors was obvious [15,16]. Istvan Fekete et al. [17] developed
a new type of shell-structured solar tile collector, which could be used in renovation of buildings along
with the solar thermal utilization. Based on the measurements, the solar tile collector could increase the
temperature of working fluid by 20–25 ◦C. Ji Jie et al. [18,19] developed tile-shaped and wave-shaped
solar collectors to match the roof appearance of Chinese traditional building by changing the shape
of the cover plate and tested the heat collecting performance. A. Schüler et al. [20–22] developed
the multilayer antireflection film to color the glazing cover of solar collectors or photovoltaic panels
integrated into buildings. The interference film brought the “high-tech” architectural style to the facade
due to the angle-dependent color. However, in order to pursue high transmittance, this multilayer
film could only provide a few colors with low chroma [23]. These studies have serious limitations.
On the one hand, some solar collectors are only suitable for warmer weather conditions due to low
energy efficiency. On the other hand, some solar collectors are only suitable for a certain architectural
style, such as traditional tile-shaped solar collector and “high-tech” colored glass [24]. In addition, the
current research does not provide enough knowledge to reveal the effect of aesthetic improvement on
the performance of solar collectors.

Therefore, it is necessary to explore more approaches to improve the appearance of solar collectors
and use our knowledge of this aspect to guide the practical applications. Coating the glass cover with
paint is a simple, practical, and low-cost way to change the appearance of a flat plate solar collector.
A flat plate solar collector is simple in structure and normally consists of a blackened heat absorber
plate, a high transmittance cover plate made of low-iron glass to reduce convection and radiation
losses to atmosphere, and both back and side insulation to reduce conduction losses [25]. Its structural
features are more suitable for the application of coating to improve the appearance because the large
area glass cover is a canvas for artistic expression by coating. The color coating will change the optical
properties of the cover plate, such as transmittance, absorptance, and reflectance. The change of the
optical properties of the cover plate will directly affect the thermal behavior of the solar collector [26],
and ultimately affect the heat collecting performance [27]. Nevertheless, improving the appearance
of solar collector by coating on the glass cover and the influence have not been researched. As a
preliminary exploration of a series of research studies, the effect of color coating of cover plates on
thermal behavior of flat plate solar collectors was discussed in detail in the present study.

2. Materials and Methods

Considering the aesthetic and functional requirements of the solar collector, we selected an
appropriate coating method. To compare the influence of coating on the thermal behavior of the solar
collector, a simplified solar collector was specially designed. Besides that, the experimental system and
scheme are described in detail in this section.

2.1. Halftone Coating

The visible optical transmittance and absorption of pigment in the coating is the fundamental
reason for the color effect of coating. For common prints or graphic arts, the coating is usually coated
or printed on a high reflectance substrate (such as white paper) [28]. When light enters the coating,
certain wavelengths are absorbed by the pigments. The remaining visible light, after penetrating the
coating, is reflected by the substrate and then re-enters the coating. After multiple reflections and
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absorptions in the coating, finally the remaining visible light that re-enters the air appears as the color
observed by the human eye [29]. Therefore, most pigment-containing color coatings (except metallic
pigments) have a certain transmittance. Because a glass cover is a substrate with high transmittance
and low reflectance, a considerable part of solar radiation passes through the glass cover and reaches
the absorber plate. Therefore, most common coatings (with non-metallic pigments) or inks can be
coated on the surface of the glass cover, so that it cannot only let part of the solar radiation pass through
but also can express a certain color effect.

In order to meet the functional and appearance requirements of a solar collector and the industrial
production of coating for cover plates, a kind of halftone coating approach was selected for this
experimental study. Firstly, halftone technology is commonly used in the current printing industry.
Secondly, the halftone coating is painted in a regular texture on a portion of the glass cover. The coated
part not only shows certain color effect but also has a certain transmittance. The uncoated part still
has the same transmittance as the blank glass plate. Therefore, the cover plate has relatively high
transmittance. We have tried spraying, thermal transfer printing, photosensitive stamp, and other
coating methods to express a variety of halftone texture. The final choice is a red mesh coating printed
by photosensitive stamp (as shown in Figure 1a). The photosensitive stamp was chosen because of its
simple operation and good repeatability under the existing experimental conditions. This mesh coating
was chosen because of its clear texture and uniform coloring effect. Red was chosen because quite a lot
of buildings in China are red or reddish. Spectrophotometric tests were performed on several glass
samples printed by this red mesh coating and the results showed a transmittance standard deviation
of only 0.0086. Fast drying stamp ink for all nonporous surfaces NORIS 007 with red color was used in
this study. The average spectroscopic test results of several coated glass samples (tested by LAMBDA
TM750 spectrometer made by PerkinElmer Co., Waltham, MA, USA) are shown in Figure 1c. In the
wavelength range of 380–1800 nm, the transmittance, reflectance, and absorptance are 0.832, 0.087, and
0.081, respectively. We printed the red brick wall pattern on the 3.2 mm ultra-white glass cover in this
coating method.
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Figure 1. The halftone coating: (a) a coated glass sample; (b) the details of mesh texture; (c) the
spectroscopic test results of coated glass samples.

2.2. Design of Experimental Apparatus

A comparative study of the effect of coating on the thermal behavior of solar collectors was carried
out. Therefore, a simplified solar collector was fabricated by dividing the main apparatus evenly into
two parts. The difference between the two parts lies in the difference of cover plate.
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2.2.1. The Structure of The Solar Collector

The simplified solar collector is composed of a glass cover, a heat absorber plate without fluid
flow passage, an insulation layer, and a shell (as shown in Figure 2). The shell with a size of 500 × 800
× 60 mm is assembled by several 1 cm thick PVC plates and separated into two equal parts from the
middle by a 1 cm thick PVC plate. The heat absorber plate is made of a 0.2 mm copper plate with black
coating on the upper surface. The bottom and surroundings of the shell are equipped with insulation
layers. To take infrared images of the inner surface of the cover plate from the back of the collector, an
observation window was opened at the middle position of the heat absorber plate, the insulation layer,
and the bottom plate of the shell. The size of the observation window is 16 cm × 1 cm in length and
width, respectively, corresponding to the field width of the infrared thermography with a focal length
of 40 cm. The focal length and window size were determined by several tests, which not only ensured
that the infrared image could clearly show the difference of the inner surface temperature between the
two halves of the cover plate but also prevented the thermal environment inside the solar collector
from being seriously disturbed.
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Figure 2. The structure of the simplified flat plate solar collector.

2.2.2. The Coated Cover Plate

We painted the cover plate in two ways. One method is that half of the cover plate is painted,
and half is left blank, with the blank part used as a reference cover plate. The other way is that half of
the cover plate is coated on the outer surface and the other half is coated on the inner surface.

2.3. Experimental Scheme

Each half of the solar collector can be considered as an independent solar collector. There are
three types for each half of the solar collector to select according to the different cover plate. The type
with coating on the outer surface of the cover plate is referred as Type A. The type with coating on
the inner surface of the cover plate is referred as Type B. The type with the reference (blank) cover
plate is referred as Type R. Three test scenarios based on different combinations of types were set up.
Scenario 1 is the combination of Type A and Type R. Scenario 2 is the combination of Type B and Type
R. Scenario 3 is the combination of Type A and Type B. The relationship between the scenarios and
the types is shown in Figure 3. In the experiment, the thermal behavior of the two parts in the three
scenarios were compared.
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2.4. Experimental System and Test Method

2.4.1. Experimental System

Except for the solar collector, there are temperature measuring instruments and meteorological data
acquisition instruments in the experimental system (as shown in Figure 4). A thermal infrared imager
(MAG62, 2% accuracy, Shanghai Magnity Electronics Co., Ltd., Shanghai, China) was used to observe
the temperature distribution of cover plates. Two K-type thermocouples (5 TC-TT-K-36-36, precision
0.1, Omega Company, Norwalk, CT, USA) were fixed on the heat absorber plate. Another K-type
thermocouple was installed in a thermometer screen to measure ambient temperature. Temperature
data were collected by a 4 Channel K thermometer SD Logger (Model 88598, accuracy 0.1, Manufacturer
AZ Instrument Corp., Taichung, Taiwan, China). The solar irradiance was measured by a general
pyranometer (PSP Serial NO 34329, sensitivity 8.43 µV/W·m2, 300~3000 nm, manufacturer Eppley
Laboratory Inc., Newport, RI, USA). Wind speed was measured by an anemometer (DEM6, Tianjin
Meteorological Instrument Factory, Tianjin, China).
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2.4.2. Test Method

The infrared thermal image can directly show the surface temperature difference between the
two halves of the cover plate. The outer surface temperature of the cover plate can be photographed
from the front. The inner surface temperature of the cover plate can be photographed from the
back through the observation window (which is closed for non-shooting periods). The heat absorber
plate temperature is measured by the K-type thermocouples attached to the back (the location of the
thermocouples is shown in Figure 3). After repeated testing of multiple positions, it is proved that the
position selected in the experiment can represent the average temperature of the cover plate and heat
absorber plate.

3. Analysis of Thermal Network

Thermal network is a schematic of heat transfer, which is helpful to understand heat transfer in a
solar collector. In this section, by analyzing the thermal networks of the solar collector with the blank
glass cover and coated cover plate, the key variables to be tested and the key issues to be discussed
are clarified.

3.1. Thermal Network of Solar Collector without Coating

The cover plate of a solar collector is mainly used to reduce the convective and radiative heat
transfer from the heat absorber plate to the external environment. Glass is always selected as the cover
plate due to its good optical properties, including high solar radiation transmittance, low absorptance
and reflectance, and opaqueness to far infrared radiation. Therefore, the absorption of solar energy in
the glass cover is limited, and the effect of absorption on the solar collector is included as the effective
transmittance-absorption product according to the empirical relation [30]. However, the solar energy
absorbed by the glass cover should not be ignored.

The thermal network for upward heat flow in a single-glazed flat plate solar collector, including
the solar energy absorbed by glass cover, is presented in reference [31] (as shown in Figure 5). For a flat
plate solar collector, most of the solar radiation reaches the heat absorber plate through the glass cover,
which greatly increases the temperature of the heat absorber plate. A small amount of solar radiation
is absorbed by the glass cover, slightly increasing the temperature of glass cover. Normally in the heat
collecting process, the temperature of the heat absorber plate is higher than the temperature of the
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cover plate, and the temperature of the cover plate is higher than the ambient temperature. As shown
in Figure 5, in the solar collector, heat is transferred from the heat absorber plate to the glass cover
by convection and radiation, and outside the solar collector, heat is transferred from the glass cover
to the ambient environment by convection and radiation. Under steady-state conditions the energy
absorbed by the glass cover plus the heat transferred from the absorber plate to the glass cover is equal
to the heat lost from the outer surface of the glass cover to the external environment. The heat balance
including the absorption of solar energy by the glass cover, is given by:

αgI +
(
hcpg + hrpg

)(
Tp − Tgi

)
=
(
hrga + hw

)(
Tgo − Ta

)
(1)

Because the absorption of solar radiation in the glass cover has been considered as a case of
uniform heat generation, the thermal balance equation on the outer surface of the cover plate is:

kg

Lg

(
Tgi − Tgo

)
+ 0.5αgI −

(
hrga + hw

)(
Tgo − Ta

)
= 0 (2)

The heat balance equation on the inner surface of the cover plate is:

(
hcpg + hrpg

)(
Tp − Tgi

)
+ 0.5αgI −

kg

Lg

(
Tgi − Tgo

)
= 0 (3)

where, hrpg is the radiative heat transfer coefficient between the heat absorber plate and the cover
plate; hcpg is the convective heat transfer coefficient between the heat absorber plate and the cover
plate; hrga is the radiative heat transfer coefficient between the cover plate and atmosphere; hw is the
wind heat transfer coefficient. The calculation method of each heat transfer coefficient is given in
reference [31–33].

Energies 2020, 13, x FOR PEER REVIEW 7 of 17 

 

plate to the glass cover by convection and radiation, and outside the solar collector, heat is transferred 
from the glass cover to the ambient environment by convection and radiation. Under steady-state 
conditions the energy absorbed by the glass cover plus the heat transferred from the absorber plate 
to the glass cover is equal to the heat lost from the outer surface of the glass cover to the external 
environment. The heat balance including the absorption of solar energy by the glass cover, is given 
by: 

( )( ) ( )( )g cpg rpg p gi rga w go aI h h T T h h T Tα + + − = + −  (1) 

Because the absorption of solar radiation in the glass cover has been considered as a case of 
uniform heat generation, the thermal balance equation on the outer surface of the cover plate is: 

( ) ( )( )0.5 0g
gi go g rga w go a

g

k
T T I h h T T

L
α− + − + − =  (2) 

The heat balance equation on the inner surface of the cover plate is: 

( )( ) ( )0.5 0g
cpg rpg p gi g gi go

g

k
h h T T I T T

L
α+ − + − − =

 
(3) 

where, rpgh  is the radiative heat transfer coefficient between the heat absorber plate and the cover 

plate; cpgh  is the convective heat transfer coefficient between the heat absorber plate and the cover 

plate; rgah  is the radiative heat transfer coefficient between the cover plate and atmosphere; wh  is 
the wind heat transfer coefficient. The calculation method of each heat transfer coefficient is given in 
reference [31–33]. 

 
Figure 5. The thermal network for upward heat flow in a flat plate solar collector including the solar 
energy absorbed by the glass cover. 

3.2. Thermal Network of Solar Collector with Coating 

The color-coated cover plate is composed of a glass plate and coating. Because the absorptance 
of the coating is higher than that of glass, the coating that absorbs solar energy becomes a major heat 
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energy absorbed by the glass cover.

3.2. Thermal Network of Solar Collector with Coating

The color-coated cover plate is composed of a glass plate and coating. Because the absorptance of
the coating is higher than that of glass, the coating that absorbs solar energy becomes a major heat
source for the cover plate. The cover plate is no longer a uniform glass plate, so the thermal network in
Figure 5 is no longer applicable to the solar collector with a color-coated cover plate.

Because there are two cases of coating on the outer or inner surface of the cover plate, two thermal
networks for upward heat flow of the solar collector with the color coated-cover plate were drawn



Energies 2020, 13, 6696 8 of 16

(as shown in Figure 6). Because the coating is extremely thin, the infrared imager was used to measure
the temperature of the coated surface of cover plate. The coating and the coated surface are regarded
as a node in the thermal network, which represents a cover plate’s surface temperature. Because of
the difference in absorptance and thermal conductivity between the coating and the glass, as well as
the existence of patterns, the cover plate is no longer a uniform glass plate. The thermal resistance
between the inner surface and outer surface is no longer the ratio of the thermal conductivity of the
glass to its thickness, which is expressed as Rcg here. For the two thermal networks, under steady-state
conditions the energy absorbed by the coating and glass cover plus the heat transferred from the
absorber plate to the glass cover is equal to the heat lost from the outer surface of the glass cover to the
external environment. The difference is the position of the solar energy absorbed by the coating in the
thermal network.
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Figure 6. Thermal network for upward heat flow including solar energy absorbed by the coating and
glass cover: (a) coating on the outer surface of the cover plate, (b) coating on the inner surface of the
cover plate. The part in the red dotted box is the solar energy absorbed by the coating. The part in the
green dotted box is the sketch of energy balance on the coated surface of the cover plate.

It can be seen from Figure 6a that the solar energy absorbed by the coating on the outer surface of
the cover plate can increase the outer surface temperature, but its effect on the inner surface temperature
is unknown, and vice versa. The effect of the difference in the position of the solar energy absorbed by
the coating in the thermal network on the solar collector is also unknown. For solar collectors with
blank glass covers, the empirical relations to calculate the inner and outer surface temperature Tgi and
Tgo of the cover plate is given in reference [31] based on the above heat balance equations. For the solar
collector with a coated cover plate, the coated cover plate is no longer a uniform glass plate, so the Tgi
and Tgo of the cover plate cannot be calculated by empirical relations. These key values in the thermal
network need to be measured. The difference between the effect of the coating on the inner or outer
surface of the cover plate on the solar collector also needs to be determined experimentally.

4. Results and Discussion

In this section, a series of infrared images and temperature measurement results obtained from
experiments are analyzed and discussed.
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4.1. General Effect of Coating on Solar Collector

4.1.1. Increase in The Temperature of Cover Plate

The infrared images shot from the front (Figure 7a) and the back (Figure 7b) in Scenario 1
illustrate that the absorption of solar radiation by the coating increases the temperature of the cover
plate. The brick wall pattern on the left half of the cover plate is very clear, as shown Figure 7a.
The temperature of the brick part (Pt1: 33.7 ◦C is significantly higher than that of the brick joint (Pt2:
30.6 ◦C, whereas the temperature of the brick joint is higher than that of the right half (Pt3: 28.6 ◦C due
to the influence of the temperature of the brick part. It can be seen that the solar energy absorbed by
the coating significantly heats the overall outer surface of the left half of the cover plate.
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Figure 7. The infrared images. (a) The infrared image of the solar collector was taken from the front
when irradiance was 791 W/m2 and the ambient temperature was 26.9 ◦C. (b) The infrared image of the
solar collector was taken from the back when irradiance was 915 W/m2 and the ambient temperature
was 32.9 ◦C. The dotted box in figure (a) corresponds to the position of the observation window in
figure (b).

Although it is difficult to visually compare the temperature of the left and right parts in the
observation window (as shown in Figure 7b), the corresponding temperature data in the image show
that the inner surface temperature of right half (coated cover plate) is slightly higher than that of the
left half (reference cover plate). It indicates that the inner surface temperature of the cover plate is
affected by the coating on the outer surface, and the solar energy absorbed by the coating can heat the
whole cover plate.

4.1.2. Effect on Energy Collection

Figure 8 shows the absorber plate temperature and the inner and outer surface temperatures of
the cover plate when the solar collector was in a short steady state in Scenario 1. Compared with Type
R, the heat absorber plate temperature of Type A is lower, but the inner and outer surface temperatures
of the cover plate are both higher. It can be seen that the coating on the solar collector increases the
cover plate temperature and reduces the heat absorber plate temperature, which is due to the optical
properties of the coating. The absorption of visible light by the coating reduces the transmittance of the
cover plate, thus increasing the heat absorption of the cover plate and reducing the heat absorption
of the heat absorber plate. The decrease in temperature of the heat absorber plate is greater than the
increase in temperature of the cover plate. Therefore, this effect is negative for energy collection.
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Figure 8. A short steady state of the solar collector in a heat collecting process when the solar irradiance
was about 915 W/m2 and the ambient temperature was 33 ◦C: (a) the temperature of cover plate; (b) the
absorber plate temperature and solar irradiance.

4.2. Effect of Solar Irradiance

The results in the previous section show that the effect of the solar absorption on the coated solar
collector and the direct factor that affects the heat absorption of coating is the solar irradiance. During
the experimental period, the solar irradiance on sunny days was 800–1000 W/m2, and on cloudy days
it was 300–500 W/m2. Figure 9 shows two 15-min heat collecting processes of the solar collector under
the conditions of high irradiance and low irradiance in Scenario 1. In each heat collecting process, after
initial fluctuations, the solar collector enters a stable heating process basically from the fifth minute.
Under low irradiance (as shown in Figure 9a), during the period from 5 to 15 min, the values of
Tp,R −Tp,A and Tgi,A −Tgi,R were about 2.2 ◦C and 0.6 ◦C, respectively. Under high irradiance (as shown
in Figure 9b), during the period from 5 to 15 min, the values of Tp,R − Tp,A and Tgi,A − Tgi,R were about
3.6 ◦C and 1.1 ◦C, respectively. It indicates that for Scenario 1, the lower the irradiance, the smaller the
values of Tp,R − Tp,A and Tgi,A − Tgi,R.

Figure 10 shows the effect of the change of solar irradiance on the outer surface temperature of
the cover plate during a heat collecting process in Scenario 1. It is clear to see that the response of the
outer surface temperature of the cover plate to the solar irradiance is rapid. The value of Tgo,A − Tgo,R

has the same variation trend with solar irradiance, with the maximum being 4.8 ◦C and the minimum
being 0.1 ◦C. Obviously, when the coating is painted on the outer surface of the cover plate, the effect
of solar radiation on the outer surface temperature of the cover plate is very strong.
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Figure 10. The change of the outer surface temperature of the cover plate with the fluctuation of
solar irradiance.

It can be seen from Figures 9 and 10 that the coating has less of an effect on the heat absorber plate
temperature at low irradiance and a greater effect at high irradiance. Because the absorptance of the
coating is fixed, the heat absorption of the cover plate is small when the irradiance is low, and the
decrease in solar collection due to the low transmittance of the cover plate is reduced as well. When
the irradiance is high, the heat absorption of the coating becomes larger, which will obviously increase
the temperature of the cover plate, especially the temperature of the coated surface of the cover plate.
Therefore, the effect of solar irradiance on the temperature of a coated surface is stronger than that of
an uncoated surface. The results measured in Scenario 2 is consistent with that of Scenario 1. Because
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the inner surface of the cover plate is coated in Scenario 2, the effect of solar irradiance on the inner
surface temperature of the cover plate is stronger than that of the outer surface temperature.

4.3. Effect of Different Coating Positions

In both Scenario 1 and 2, the comparison between the coated cover plate and the blank cover plate
was performed, and the general effect of the coating on the solar collector was basically the same. But
in practice, coating on the outer or inner surface of the cover plate is different, both have their own
advantages. The solar collector has a better color effect when the coating is painted on the outer surface
of the cover plate. When the coating is painted on the inner surface of the cover plate, the cover plate
can protect the coating and extend its service life. How does the coating on different surfaces of the
cover plate affect the thermal behavior of the solar collector? The test results in Scenario 1 and 2 did
not give an answer. Therefore, we made a direct comparison in Scenario 3.

Test-1 and Test-2 were two 45-min heat collecting processes with similar external climatic conditions
in Scenario 3. In the two tests, the solar irradiance and the ambient temperature were very close, and
the average wind speed was around 2 m/s. In Test-1, the heat absorber plate temperature Tp and the
inner surface temperature of the cover plate Tgi were tested, whereas in Test-2, the heat absorber plate
temperature Tp and the outer surface temperature of the cover plate Tgo were tested. In the 35–45 min
of the two tests, although the cover plate temperature changed due to the influence of the external
environment, the heat absorber plate temperature remained basically stable. For the 35–45 min in
Test-1, the value of Tp,B − Tp,A was about 0.6 ◦C (Figure 11a), and the value of Tgi,B − Tgi,A was about
1.0 ◦C (Figure 11b). For the 35–45 min in Test-2, the value of Tp,B − Tp,A was about 0.8 ◦C (Figure 11c),
and the value of Tgo,A − Tgo,B was about 1.6 ◦C (Figure 11d).Energies 2020, 13, x FOR PEER REVIEW 13 of 17 

 

 
Figure 11. Temperatures in the two heat collecting processes: (a) the absorber plate temperature in 
Test-1; (b) the inner surface temperature of cover plate in Test-1; (c) the absorber plate temperature in 
Test-2; (d) the outer surface temperature of cover plate in Test-2. 

From the tests in Scenario 1 and Scenario 2, the different transmittance of the cover plates caused 
the absorber plate temperature difference between the two parts, and the different absorptance of the 
cover plates caused the cover plate temperature difference between the two parts. For Scenario 3, 
both the transmittance and absorptance of cover plate of the two parts are the same, so the heat 
absorber plate temperature difference and the cover plate temperature difference between the two 
parts are determined by the difference of the position of the coating. 

According to the analysis in Section 3.2, the two heat networks are generally similar (as shown 
in Figure 6), but the coatings on different surfaces of the cover plate participate in different heat 
transfer processes. When the coating is on the outer surface of the cover plate, under steady-state 
conditions part of the solar energy absorbed by the glass and the solar energy absorbed by the coating 
plus the heat conducted from the inner surface to the outer surface of the cover plate is equal to the 
heat lost from the outer surface of the cover plate to the atmosphere (as shown in the green dotted 
box in Figure 6a). The energy absorbed by the coating increases the heat lost from the outer surface 
of the cover plate to the atmosphere due to the exposure of the coating in the atmosphere (as shown 
in Figure 12a). When the coating is on the inner surface of the cover plate, under steady-state 
conditions part of the solar energy absorbed by the glass and the solar energy absorbed by the coating 
plus the energy transferred from the absorber plate to the cover plate is equal to the heat conducted 
from the inner surface to the outer surface of the cover plate (as shown in the green dotted box in 
Figure 6b). The solar energy absorbed by the coating is retained in the solar collector due to the 
insulation of the cover plate, which compensates for the energy loss caused by the low transmittance 
(relative to the blank glass plate) of the cover plate to some extent (as shown in Figure 12b). 

Figure 11. Temperatures in the two heat collecting processes: (a) the absorber plate temperature in
Test-1; (b) the inner surface temperature of cover plate in Test-1; (c) the absorber plate temperature in
Test-2; (d) the outer surface temperature of cover plate in Test-2.

From the tests in Scenario 1 and Scenario 2, the different transmittance of the cover plates caused
the absorber plate temperature difference between the two parts, and the different absorptance of the
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cover plates caused the cover plate temperature difference between the two parts. For Scenario 3, both
the transmittance and absorptance of cover plate of the two parts are the same, so the heat absorber
plate temperature difference and the cover plate temperature difference between the two parts are
determined by the difference of the position of the coating.

According to the analysis in Section 3.2, the two heat networks are generally similar (as shown in
Figure 6), but the coatings on different surfaces of the cover plate participate in different heat transfer
processes. When the coating is on the outer surface of the cover plate, under steady-state conditions
part of the solar energy absorbed by the glass and the solar energy absorbed by the coating plus the heat
conducted from the inner surface to the outer surface of the cover plate is equal to the heat lost from
the outer surface of the cover plate to the atmosphere (as shown in the green dotted box in Figure 6a).
The energy absorbed by the coating increases the heat lost from the outer surface of the cover plate to
the atmosphere due to the exposure of the coating in the atmosphere (as shown in Figure 12a). When
the coating is on the inner surface of the cover plate, under steady-state conditions part of the solar
energy absorbed by the glass and the solar energy absorbed by the coating plus the energy transferred
from the absorber plate to the cover plate is equal to the heat conducted from the inner surface to the
outer surface of the cover plate (as shown in the green dotted box in Figure 6b). The solar energy
absorbed by the coating is retained in the solar collector due to the insulation of the cover plate, which
compensates for the energy loss caused by the low transmittance (relative to the blank glass plate) of
the cover plate to some extent (as shown in Figure 12b).
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Figure 12. Heat transfer diagram of a solar collector: (a) coating on the outer surface of cover plate; (b)
coating on the inner surface of cover plate.

The heat transfer from the heat absorber plate to the inner surface of the cover plate (referred
as Q1) and the heat lost from the outer surface of the cover plate to the atmosphere (referred as Q2)
are the two processes of the heat loss from the absorber plate to the atmosphere through the cover
plate. Q1 and Q2 were calculated according to the temperatures tested and the calculation method
provided in reference [31–33]. Figure 13 shows the Q1 and Q2 values of the two parts in the 35–45 min
of the two tests. In Test-1, Q1,B was slightly less than Q1,A, and the difference between them was less
than 1% of Q1,A. In Test-2, Q2,B was 4% to 5% smaller than Q2,A. It indicates that the heat transfer from
the heat absorber plate to the cover plate of the two parts are almost the same, whereas the heat lost
from the cover plate of Type B to the atmosphere is significantly less than that of Type A. From the
comparison results, the coating on the inner surface of the cover plate did not significantly reduce the
heat transfer from the heat absorber plate to the cover plate, but the energy absorbed by the coating
increased the heat absorber plate temperature. In contrast, the coating on the outer surface of the cover
significantly increased the top heat loss (heat lost from the cover plate to the atmosphere) of the solar
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collector. Because the transmittance of the two parts of the cover plate are the same, the amount of
solar radiation received by the two parts of the heat absorber plate are the same. The shell of the solar
collector has a good thermal insulation performance, and the heat collected by the solar collector is
mainly lost through the cover plate. Therefore, the Type B with less heat loss can obtain more useful
energy, to obtain a higher heat absorber plate temperature. As a result, under the premise of a certain
transmittance of the cover plate, coating on the inner surface of the cover plate is better than coating
on the outer surface of the cover plate for improving the heat collection of the solar collector and
increasing the useful energy.
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5. Conclusions

The effects of the coating of the cover plate on the thermal behavior of the solar collector under
different conditions are summarized as follows:

(1) The color coating reduces the transmittance of the cover plate and increases the absorptance
of the cover plate, thus reducing the heat absorber plate temperature and increasing the cover
plate temperature.

(2) The coating has a smaller effect on the solar collector under low solar irradiance. The effect of
solar irradiance on the coated surface temperature of the cover plate is stronger than the effect on the
uncoated surface temperature.

(3) The solar energy absorbed by the coating changes the upward heat transfer of the solar collector.
When the coating is on the outer surface, most of the solar energy absorbed by the coating is lost
directly. When the coating is on the inner surface, part of the solar energy absorbed by the coating is
retained, which reduces the top heat loss of the solar collector, thus increasing the useful energy gain
and the heat absorber plate temperature. In the two tests under similar external climatic conditions,
compared with the solar collector with coating on the outer surface of the cover plate, the one with
coating on the inner surface has 0.8 ◦C higher heat absorber plate temperature and 5% less top heat loss.

Future research should consider the effect of other factors on the solar collector with color coating
on the cover plate as well as the color effect of the solar collector in the case of coating on different
surfaces of the cover plate. The study on improving the appearance of PV panels by artistic treatment
of PV glass is also under consideration.
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Nomenclature

τg transmittance of glass plate
τc transmittance of coating
αg absorptance of glass plate
αc absorptance of coating
I solar irradiance projected onto the collector
hrpg radiative heat transfer coefficient between the heat absorber plate and the cover plate
hcpg convective heat transfer coefficient between the heat absorber plate and the cover plate
hrga radiative heat transfer coefficient between the cover plate and atmosphere
hw wind heat transfer coefficient
kg heat conductivity of glass plate
Lg thickness of glass plate
Rcg thermal resistance of coated glass plate
Tgi inner surface temperature of cover plate
Tgo outer surface temperature of cover plate
Tp heat absorber plate temperature
Ta ambient temperature
Subscript
A Type A
B Type B
R Type R
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