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Abstract: Environmental protection is an important issue in modern society. Most construction
demolition wastes cannot be easily decomposed, thus occupying a lot of space in landfill. Reducing the
demand for new resources is an efficient approach to decrease the environmental burden. Most green
buildings are made from reused and recycled materials. Although there are a variety of green building
materials available on the market, there is no material, as yet, with thermochromic functionality.
This study used a form of face bricks, and six recovered materials, including wood chips, iron powder,
fallen leaves, concrete, newspaper, and silt, to make smart green building materials. The modules were
made in accordance with Taiwan’s green building material regulations. The discoloration efficiency
of indoor and outdoor green building materials was tested, and the RGB (red, green, blue) values of
the face bricks were measured by a color analyzer to observe the discoloration effect. The findings
show that among the A, B, C, and D groups, Group D exhibited the optimal rate of change in color,
and the rates of change in the six recycled waste materials of indoor Group D were wood chips >

newspaper > fallen leaves > concrete > iron powder > silt, while the rates of change in the outdoor
group were newspaper > wood chips > fallen leaves. This study successfully reused waste materials
to reduce the environmental burden, achieve sustainable environmental protection, and ensure both
the aesthetics and quality of the building materials. The results of this study can offer an alternative
choice to architects or space designers when selecting green building materials.

Keywords: waste management; construction demolition waste; thermochromic; green building
material; recycled waste material

1. Introduction

While increased attention is being paid to environmental issues in current times, the issue of
the waste reused and recycled has been widely discussed. Most of the wastes from our daily life or
construction demolition cannot be easily decomposed, thus occupying more and more space in landfill.
Reused or recycled products can be used to reduce the environmental burden. In China, construction
and demolition waste accounts for about 30–40% of total waste production, and there is a large
potential demand for recycled material [1]. Solid wastes cause serious problems in Asian countries
and better solid waste management is needed [2]. In Europe, construction demolition waste accounts
for approximately 25–30% of all waste generated in the European Union (EU), and the EU requested
that its members reuse or recycle construction demolition waste to achieve 70% recycling rates by
2020 [3]. Taiwan’s highly developed social economy and city construction have led to a large amount
of construction waste every year, and effective recovery systems are needed for the proper use of these
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wasted resources [4]. The cyclic utilization of resources contributes to lessening the environmental
load, creates an effective decline in the consumption of waste landfill space, decreases CO2 emissions,
and implements energy saving and carbon reduction [5]. Reuse, recycling, and reduction of the use of
construction materials is the most effective way to solve the waste problem [6], and thus, developing
competitive recycled materials could benefit the construction industry. Moreover, many landfills are at
full capacity, and the high cost of fees increases the need to create a sustainable-resource construction
industry [7]. Applying zero waste concepts to manage construction demolition waste would lead
to a great improvement in waste management [8]. The recycled concrete bricks can be used in the
seismic design of multi-layer masonry buildings [9]. However, as the strength of the bonding mortar
increased, the bearing capacity and deformability of reclaimed concrete brickwork increased, leading
to an increase in the elastic modulus. The hybrid recycling of green building materials and the use of
different industrial or domestic general wastes according to the items of building materials and usable
waste materials showed that the recycling of green building materials had a blending ratio [10].

In terms of lightweight concrete panels, the ratio of waste materials other than cement should
be higher than 50%. Nearly 40% of the resources from building demolition were reused, while the
remaining 60% were sent to landfills. If 60% of waste resources could be completely reused, the effect
of demolition on the environment could be reduced [11–13]. As per the Building Technical Regulations
of Taiwan, the indoor usage rate of green building materials should be more than 60% of the total
area, and the outdoor usage rate of green building materials should be more than 20% of the total
area [14]. The use of green building materials has gained increased attention, and there have been
different green face-brick products available on the market; however, there are no reports regarding
their thermochromic functions.

Different temperature control factors have resulted in thermochromic materials at different
temperatures, which could be mixed with other pigments, and have no color at high temperatures and
color development at low temperatures. These thermochromic materials could change color by controlling
the temperature, solvent polarity, and pH by rearranging the molecules [15]. We overprinted 15 colors of
thermochromic materials by screen printing and observed 255 different trapping effects [16]. In order to
create a nondestructive testing (NDT) method for RC components that reinforce bar position, [17] coated
a thermochromic paint on a concrete specimen surface, and defined the different thermal conductivities
of the reinforcing bars and concrete, which induced differences in color change. The thermochromic
material could be applied to medical treatments, lenses, and packaging, and presented the potential of
color changing products [18]. To control the reversibility of color change for thin film technology, solar
sanitization was also used in [19].

Thermochromic green building materials control the color-changing mechanism of allochroic
microcapsules, mainly by temperature; thus, the average temperatures of different locations in Taiwan
should be determined. According to [20], northern Taiwan has the lowest annual mean temperature of
9.9 ◦C and the highest mean temperature of 39.3 ◦C; central Taiwan has the lowest mean temperature
of 11.3 ◦C and the highest mean temperature of 31.8 ◦C; southern Taiwan has the lowest mean
temperature of 12.0 ◦C and the highest mean temperature of 35.7 ◦C; eastern Taiwan has the lowest
mean temperature of 11.3 ◦C and the highest mean temperature of 36.3 ◦C. According to the above
air temperature variation ranges of different regions in Taiwan, the reference frame of the ambient
temperature for the indoor simulation experiment was set as 9–40 ◦C. Mixed waste materials with
gypsum and allochroic powder to make thermochromic face bricks; however, the strength of the
material required further enhancement [21,22]. White cement as the primary material and doped it
with thermochromic pigment to test the strength [23]. The experimental result showed that, while
the setting time and stability of the cement were not influenced, when the normal water content in
the cement paste was increased by about 13%, the mechanical properties of bending strength and
compressive strength were degraded by 20%–40%. The thermal conductivity of cement was 0.78,
and it had a fairly good thermal insulation effect among different materials, as well as a strong material
structure, high plasticity, good weather resistance, and is resistant to fire; thus, it could be extensively
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used [24]. Cement board has a high thermal insulation effect, and white cement has high quality,
better strength than common gray cement, very strong miscibility, and more optional pigments and
admixtures. The three primary colors of light colors are created with ”additive mixtures”, specifically
by mixing the three primary colors of light, such as R + G = yellow, G + B = cyan, and B + R = magenta,
and the “subtractive color mixture”, where the three pigments added up to black. In order to unify the
definition of light colors, in 1931, the International Commission on Illumination defined the standard
wavelengths of RGB (red, green, blue) as 700.0 nm, 546.1 nm, and 435.8 nm, respectively. The hue
values of three primary colors are defined as yellow (R = 255, G = 255, B = 0), blue (R = 0, G = 0,
B = 255), and red (R = 255, G = 0, B = 0) [25]. A study used a color analyzer to measure the RGB
values and HSL (hue, saturation, and lightness) values of object surface color, and analyzed the surface
coatings of different cement mortar specimens [25]. We applied the filling of Mater-Bi to nanoclays to
enhance the biofilm rigidity [26]. We developed biohybrid materials based on halloysite, sepiolite and
cellulose nanofibers, to change the materials’ character [27]. However, to date, there is no report of
allochroic green building material made of white cement mixed with transparent silicon and waste.
Hence, this study mixed white cement with waste and transparent silicon, in order to change the
material color and make it more apparent.

2. Materials and Methods

2.1. Materials

The production of recycling green building materials should follow a certain blending ratio,
which is as high as 50% of waste, in accordance to related regulations for production, indoors and
outdoors experimental analyses [11–13]. Moreover, the effects of color change should also be compared.
In this study, the smart green building materials were made into a face brick, which contained 60% of
waste materials. The size of the face brick was 4.5 cm × 4.5 cm × 1 cm. The face brick was divided,
from bottom to top, into three layers, namely the bottom layer, the allochroic layer, and the surface
layer (Figure 1).

Figure 1. The layering and configuration of face brick

Regarding the bottom layer, the wastes were made into micromolecules smaller than 0.3 cm and
mixed with white cement and water, where the proportions were white cement 15 g (25%), waste
36 g (60%), and water 9 g (15%), as well as 0.5 ml of antioxidants and stabilizers, respectively, which
were mixed for about 1 min and poured into 1.19 cm thick molds. Regarding the allochroic layer,
silicon was used, as it has favorable plasticity, is resistant to weather, UV, and ozone, is neutral,
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and does not influence the deterioration of the material. Moreover, as it has favorable viscosity for most
building materials, there is no aging or cracking, and it can bear a temperature range of −60~150 ◦C.
The allochroic powder 1.5–2 g (8%) was mixed with 11.25–15 g (60%) of transparent silicon and 6–8 g
(32%) of water, to make the allochroic layer, which was 0.3 cm thick and required a drying time of
nearly 24 h. The surface protection coating consisted of a 0.01 cm thick weather-resistant surface
protection coating of Plimates P226 waterproofing paint.

Six kinds of recycled waste materials and four types of allochroic powders of different percentages
were used; thus, 24 face bricks were made for experimental modules. The 24 face bricks were divided
into four groups (ABCD), according to different allochroic powder blending ratios (Table 1). Group
A consisted of common orange pigment (0.5 g model: acryliuqe301) added allochroic powder (Blue
25 ◦C, 2g); Group B consisted of allochroic powder at two different temperatures (Yellow 33 ◦C, 1 g;
Blue 25 ◦C, 1 g); Group C consisted of allochroic powder at three different temperatures (Yellow 33 ◦C,
0.5 g; Blue 25 ◦C, 0.5 g; and Red 20 ◦C, 0.5 g); Group D consisted of allochroic powder at three different
temperatures (Yellow 43 ◦C, 0.5 g; Blue 31 ◦C, 0.5 g; Red 20 ◦C, 0.5 g) (Table 2).

While the fallen leaves, newspaper, and concrete required pre-operation, the six recycled waste
materials were identical. The newspaper and fallen leaves were torn up, mashed in a juicer, soaked in
water, and drained for about one week. In order to reduce the content of chlorophyll and newspaper
ink in the material, and enhance the coloration effect, the water was changed about every 12 hours
during soaking. Before mixing, the concrete was scrapped, but not powdered; otherwise, the pH
level of the concrete would influence the color change. The diameter was controlled within 0.2 cm by
screening after knocking, followed by washing and draining. The silicon was not provided with the
allochroic layer until the bottom layer was semidry (water content 25–45%). The allochroic powder
was dissolved in water and mixed with silicon after uniform color mixing, in order to make the color
uniform. It was then mixed with waste material in particle sizes smaller than 0.1 cm, and finally,
the allochroic layer was prepared in the ratio of 1:1. The color analyzer TECPEL Tech-Link-TES 135 (TES
Electrical Electronic Corp., Taipei, Taiwan) was used for RGB color analysis, and a digital thermometer
was used for brick temperature measurement, where the temperature measurement range was –10 ◦C
to + 70 ◦C. Images were acquired using a Sony DSC-W620 digital camera (14.1 megapixels). Soil
moisture and a DM-15 acidity meter were used to estimate the water content for brick preparation.

2.2. Methods

This experiment was divided into indoor temperature change (both rise and drop) simulation,
and actual outdoor temperature measurement, where the range of simulated temperature change was
9 ◦C–40 ◦C. In the temperature rise test, the face brick was affixed to the wall, an electric heater (Sampo
HX-FB10F) was placed 20 cm in front of the face brick, and electronic thermometers were affixed to the
wall and face brick to measure the indoor temperature, and the face brick surface layer temperature.
The time of temperature change was recorded. In the temperature drop test, ice cubes were placed in a
measuring cup and covered with a plastic cloth to avoid direct contact with the face brick, then the face
brick was placed above the cup, an electronic thermometer was affixed to the surface of the face brick,
and the time of temperature change was recorded. The RGB measurement was performed by a color
analyzer when the temperature increased or dropped by one degree (data domain: 0–255), and the
difference was estimated. In the outdoor experiment, the observation time was 5 a.m. to 10 p.m., where
the face brick with the best effect was placed outdoors and irradiated by sunlight, and the RGB values
were measured per hour. Regarding the indoor and outdoor measurements, the color analyzer was
affixed to the brick surface, measurements were rapidly performed five times, and the average was
taken. The data can provide a basis for the design of indoor and outdoor setups in the future.
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Table 1. Intelligent Green Building Materials.

Materials
Groups

A B C D

Iron powder
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Table 2. Set up allochroic powder at different temperatures of groups A, B, C, and D.

Color A B C D

Yellow 33 ◦C (1 g) 33 ◦C (0.5 g) 43◦C (0.5 g)
Blue 25◦C (2 g) 2 ◦C (1 g) 25 ◦C (0.5 g) 31 ◦C (0.5 g)
Red 20 ◦C (0.5 g) 20 ◦C (0.5 g)
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3. Results

3.1. Test for Indoors Discoloration Efficiency of ABCD Groups

The 9 ◦C–40 ◦C RGB rates of change of six recycled waste materials of Group A are presented
in Figure 2. The highest rates of change in R value were fallen leaves (73%) and wood chips (58%),
and the lowest rate of change was iron powder (26%). The rates of change of R value from high to
low were fallen leaves > wood chips > concrete > newspaper > silt > iron powder. The highest rates
of change in G values were fallen leaves (21%) and wood chips (20%), and the lowest was silt (9%).
The rates of change of G value were in the order of fallen leaves > wood chips > concrete > newspaper
> iron powder > silt. The highest rate of change in B values was fallen leaves (16%), and the lowest rate
of change was iron powder (3%). The rates of change of B value were leaves > wood chips > concrete >

silt > newspaper > iron powder (Table 3).

Figure 2. Group A; RGB discoloration performance.



Sustainability 2020, 12, 5630 7 of 14

Table 3. Group A green building materials discoloration rate of 9 °C to 40 °C RGB.

RGB
Materials Wood Chips Iron Powder Fallen Leaves Silt Newspaper Concrete

R 58% 26% 73% 28% 39% 45%
G 20% 14% 21% 9% 17% 20%
B 14% 3% 16% 11% 8% 13%

The RGB rates of change of six recycled waste materials of Group B at 9 ◦C–40 ◦C are shown in
Figure 3. The highest rates of change in R value were fallen leaves (81%) and wood chips (85%), and the
lowest rate of change was iron powder (26%). The rates of change of R value from high to low were
wood chips > fallen leaves > newspaper > concrete > silt > iron powder. The highest rate of change in
G value was fallen leaves (59%), and the lowest were silt and newspaper (32%). The rates of change
of G value were in the order of fallen leaves > wood chips > concrete > iron powder > newspaper >

silt. The highest rate of change in B value was concrete (31%), and the lowest was silt (9%). The rates of
change of B value were concrete > Iron powder > newspaper > wood chips > fallen leaves > silt (Table 4).

Figure 3. Group B RGB discoloration performance.
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Table 4. Group B; green building materials discoloration rate of 9 °C to 40 °C RGB.

RGB
Materials Wood Chips Iron Powder Fallen Leaves Silt Newspaper Concrete

R 85% 26% 81% 36% 72% 62%
G 53% 40% 59% 32% 32% 53%
B 11% 19% 10% 9% 19% 31%

The RGB rates of change of six recycled waste materials of Group C at 9–40 ◦C are shown in
Figure 4. The highest rates of change in R value were for wood chips (97%) and fallen leaves (80%); the
lowest rate of change was iron powder (21%). The rates of change of R value from high to low were
wood chips > fallen leaves > newspaper > concrete > Silt > iron powder. The highest rates of change
in G value were fallen leaves (66%) and wood chips (63%), and the lowest was iron powder (22%).
The rates of change of G value were in order of fallen leaves > wood chips > concrete > newspaper >

silt > iron powder. The highest rates of change in B value were for fallen leaves (57%) and wood chips
(49%), and the lowest was iron powder (7%). The rates of change of B value were fallen leaves > wood
chips > newspaper > silt > concrete > iron powder (Table 5).

Figure 4. Group C RGB discoloration performance.
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Table 5. Group C green building materials discoloration rate of 9 °C to 40 °C RGB.

RGB
Materials Wood Chips Iron Powder Fallen Leaves Silt Newspaper Concrete

R 97% 21% 80% 43% 70% 61%
G 63% 22% 66% 36% 38% 53%
B 49% 7% 57% 22% 41% 22%

The 9–40 ◦C RGB rates of change of six recycled waste materials of Group D are shown in Figure 5.
The highest rates of change in R value were fallen leaves (99%) and wood chips (88%), and the lowest rate
of change was concrete (30%). The rates of change of R value from high to low were in the order of fallen
leaves > wood chips > newspaper > silt > iron powder > concrete. The highest rate of change in G value
was wood chips (81%), and the lowest was concrete (30%). The rates of change of G value were in the order
of wood chips > newspaper > fallen leaves > silt > iron powder > concrete. The highest rate of change in B
value was wood chips (52%), and the lowest rate of change was iron powder (16%). The rates of change of
B value were wood chips > fallen leaves > newspaper > silt > concrete > iron powder (Table 6).

Figure 5. Group D RGB discoloration performance.
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Table 6. Group D green building materials discoloration rate of 9 °C to 40 °C RGB.

RGB
Materials Wood Chips Iron Powder Fallen Leaves Silt Newspaper Concrete

R 88% 32% 99% 46% 85% 30%
G 81% 31% 65% 41% 68% 30%
B 52% 16% 38% 21% 29% 18%

Therefore, the amounts, specifications, and combinations of allochroic powders and the changes
in color of the end products resulted in different RGB color change effects and rates of change.
Cumulatively, the rates of change in color were in descending order: Group D > Group C > Group B >

Group A.

3.2. Color Analysis Diagram for RGB Color Change Among ABCD Groups

The RGB of smart green building material was evaluated by a color analyzer, and the data were
integrated, before displaying the actual colors by Photoshop. The color gradual transition process of
Group A recycled waste material was relatively dark in general. Due to contrast color, the color difference
was relatively apparent at low temperature, with an overall poor effect. The wood chips, fallen leaves,
and newspaper of Group B gave brighter colors than in the Group ACD, and they were displayed in blue
at low temperatures. However, the iron powder, silt and concrete were displayed in dark purple at low
temperature. The thermochromic microcapsule was colorless at high temperature and developed at low
temperature; therefore, Group C appeared bright at high temperature. At 25–40 ◦C, the color of Group
C began to fix. According to the color mixing principle, when the temperature was low, yellow + blue
appeared to be green, but green + red appeared to be dark brown, and the color darkened. Group D
appeared to be light green and light yellow at up to 30 ◦C, because of yellow allochroic microcapsule at
43 ◦C, and blue allochroic microcapsule at 31 ◦C (Figure 6).

Figure 6. Group A to D discoloration process of green building materials.
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3.3. Outdoor Group D Discoloration Efficiency Test

The outdoor experiment found that the wood chips, newspaper, and fallen leaves exhibited the
best color change effect. The discoloration range of Group D was wider than Groups A, B, and C;
therefore, they were applicable for outdoor use and the gradual color transition process could be
displayed by Adobe Photoshop. In terms of the amplitude of variations in the RGB values of the
wood chips of Group D in the outdoor experiment, the R, G, and B values were 58%, 27%, and 14%,
respectively, the maximum values of R, G, and B were 231.1, 239.1, and 172.6, respectively. The colors
were yellow to green in general. In terms of the amplitude of variations in the RGB values of the
newspaper of Group D in the outdoor experiment, the R, G, and B values were 58%, 40%, and 25%,
respectively, and with an apparent overall amplitude of variation. In this case, the maximum values of
R, G, and B were 239.3, 255, and 183.5, respectively, and in terms of the amplitude of variation, the R,
G, and B values were 36%, 16%, and 7%, respectively, and with the least apparent overall amplitude of
variation among the three groups. The maximum values of R, G, and B were 242.2, 234.7, and 175.3,
respectively, as shown in Figure 7.

Figure 7. Group D outdoor RGB.
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According to the outdoor experimental data of the three groups, newspaper exhibited the largest
amplitude of variation. The rate of change in the R value of newspaper and wood chips was 58%,
the difference in G value was 13%, and the difference in B value was 11% (Table 7). Therefore, newspaper
provided the best overall effect, followed by wood chips, and then fallen leaves, as shown in Table 7.

Table 7. Group D; green building materials outdoor experiment discoloration rate of RGB.

RGB
Materials Wood Chips Newspaper Fallen Leaves

R 58% 58% 36%
G 27% 40% 16%
B 14% 25% 7%

4. Discussion

This study prepared and tested six waste materials as smart green building materials, including iron
powder, newspaper, fallen leaves, silt, wood chips, and concrete. Although fallen leaves, newspaper,
and concrete required more preparation in the production process, the finished materials had good
structural properties and discoloration effect. Moreover, as iron powder may be rusted by water,
the chroma and lightness of the discoloration of the green building materials could be reduced, resulting
in a special color effect. In terms of the discoloration effect, as Group C and Group D were mixed with
multistage allochroic powder, they had a better abundance of hue change during discoloration than Group
A and Group B. Due to the properties of wood chips, fallen leaves, and newspaper, these materials had
a better discoloration effect than iron powder, silt, and concrete. The discoloration differences among
the materials can be observed in Figure 6, which may be due to the colors and pH of iron powder, silt,
and concrete influencing the abundance of discoloration hue. According to the outdoor measurement of
the smart green building materials, newspaper has the best overall discoloration effect, followed by wood
chips. Based on the results, newspaper and wood chips are recommended to be processed into green
building materials.

5. Conclusions

According to the results of the indoor experiment, the highest rate of change in RGB was exhibited
by Group D. The rates of change of six materials of Group D were in the order of wood chips >

newspaper > fallen leaves > concrete > iron powder > silt. When the outdoor temperature difference in
the daytime was 8 ◦C, the experimental rates of change were in the order of newspaper > wood chips >

fallen leaves. According to the indoor and outdoor data, the allochroic powder has a discolored reaction
under external environmental disturbance. As indicated, as long as the preset temperature of allochroic
powder was reached, the face brick would change color. These experimental results can provide a
reference to architects or space designers when designing different spaces. The strength of green
building materials, which includes compressive strength, bending resistance, tensile strength, thermal
insulation performance, and sound insulation performance, will be the direction of our further research.
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