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Abstract: The adoption of thermal insulation materials on roofs reduces the air-conditioning energy 
consumption of a building. However, an appropriate energy-saving envelope method must be adopted to achieve 
optimal hot climate control. The development of this method depends on the climate of the building’s location, 
and cannot be based on the envelope method used by other climate regions for hot climate control. In this study, 
research was conducted in Taiwan, a subtropical region. The smart temperature information material (STIM) 
developed by the researchers of this study was adopted and embedded in 5 reinforced concrete roof slab models 
(one control group and four experimental groups). The changes in temperature were monitored for 1 year. 
Subsequently, this study analyzed the effects that climatic factors (e.g., weather, seasons, and day/night) have on 
the efficiency of various thermal insulation materials used in Taiwan (i.e., sod roofs, Polystyrene(PS) insulating 
brick, painted corrugated sheets, and heat insulation paint). Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Climate, Sensor, Insulation material, Energy-saving, Roof. 
 
 
 
1. Introduction 
 

Climates differ according to differing 
geographical conditions and locations on earth. 
Climates on island countries differ greatly to that of 
land countries despite sharing the same latitude. In 
tropical regions, reinforced concrete buildings absorb 
a considerable amount of heat during the day, but the 
duration of night is insufficient to fully emit the heat. 
Therefore, substantial costs of energy resources are 
required for air-conditioning systems to maintain a 
comfortable indoor environment [1]. Currently, 
approximately 80 % of buildings in Taiwan, located 
in a subtropical region, are composed of reinforced 
concrete [2]. Based on calculations of air-
conditioning cooling load, approximately 30 % of the 

cooling load originated from the solar radiation 
absorbed by the walls (acting as the outer 
shell/building envelope) and windows [3]. The 
thermal storage property of reinforced concrete is 
among the main reasons for the high electricity 
consumption required for air conditioning an indoor 
environment. To mitigate the poor thermal storage 
property of building envelopes, incorporating thermal 
insulation materials in building envelopes is 
considered one of the most effective energy-saving 
methods. However, selecting poor thermal insulation 
materials may increase the reinforced concrete 
temperature to the extent that the material becomes 
non-functional [4]. Therefore, thermal insulation 
materials must be cautiously selected for energy-
saving, carbon reduction, and/or energy management. 
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Establishing new energy resources and saving 
energy resources are equally important. Energy-
saving methods are diverse. Using the design phase 
of the building life cycle as an example, architects 
may select envelope construction materials for 
various design methods. They can select materials 
with non-thermal storage or efficient thermal 
insulation properties to prevent building envelopes 
from absorbing excessive heat. In addition, during the 
operation and maintenance phase of the building’s 
life cycle, building supervisors may save energy 
resources by adopting electricity-saving procedures 
or employing energy-saving products (e.g., LED 
lights). However, regarding efficiency aspects, 
considering energy-saving strategies during the initial 
design phase of the building’s life cycle may 
substantially enhance the energy-saving effectiveness 
of the subsequent operation and maintenance phases. 

The thermal insulation efficiency of building 
envelopes is a crucial influential factor for energy-
saving performance. However, numerous analyses 
regarding the thermal insulation efficiency of 
building envelopes frequently adopt thermal 
insulation materials as the foundation. Moreover, 
measurements of reinforced concrete temperatures 
typically employ thermocouple sensors, fiber Bragg 
grating, or infrared thermography equipment. Despite 
the number of technologies available, numerous 
problems remain, such as high costs, partial 
measurements, poor constructability, and the inability 
of long-term monitoring. Based on fully developed 
novel technology, this study embedded an integrated 
radio frequency integrated circuit (RFIC) and smart 
temperature information materials (STIMs) in 
reinforced concrete to monitor the dynamic changes 
in concrete temperature. Subsequently, to actively 
maintain wireless monitoring of temperature changes 
in reinforced concrete, radio frequency (RF) 
transmission technology was employed, and a remote 
building physiology information system (BPIS) was 
adopted as the human-machine interface [5, 6]. 

To analyze the efficiency of thermal insulation 
materials for roofs of buildings, the experiment 
conducted in this study employed five roof slab 
reinforced concrete models (50 cm × 50 cm × 15 cm) 
for comparative analysis. The five specimens 
included a control group (no thermal insulation 
material) and four experimental groups with the 
following thermal insulation materials: sod roofs, PS 
insulation brick, painted corrugated sheet, and heat 
insulation paint. The STIMs were embedded in the 
five specimens to monitor their changing temperature 
changes in the specimens. Similarly, the STIM was 
also placed near the specimen to simultaneously 
monitor the atmospheric temperature. Subsequently, 
this study used experimental data collected from 
January 2011 to December 2011 to analyze the 
differing thermal insulation performance of various 
thermal insulation materials under the influence of 
the following climatic factors: rainy and non-rainy 
days, daytime and nighttime, and the four seasons 
(i.e., spring, summer, autumn, and winter). The 

findings of this study can ameliorate applications for 
building construction or renovation designs and 
provide a valuable reference to architects or building 
supervisors when selecting thermal insulation 
materials for roofs. 
 
 

2. Literature Review 
 

An energy-saving building design depends on the 
climate of a region because a design for one region is 
not necessarily suitable for other regions. One of the 
most effective energy-saving methods for buildings is 
the adoption of thermal insulation materials [7]. The 
quality of thermal insulation material affects the 
thermal comfort of a building. Thus, the effect that 
temperature has on reinforced concrete structures is 
an extremely valuable topic. Numerous studies have 
focused on the correlation of concrete strength and 
the initial hydration heat reaction of reinforced 
concretes; however, studies regarding follow-up 
maintenance procedures, that is, measuring the 
temperature of concrete, are scarce. Moreover, 
studies regarding long-term monitoring are 
substantially lacking as well. Therefore, this study 
examines extant empirical measurement methods and 
technologies. 
 
 
2.1. The Effects that Climate and Region 

Have on High-temperature 
Environments 

 
The Tropic of Cancer passes through central 

Taiwan. Thus, southern Taiwan has a tropical 
monsoon climate and northern Taiwan has a 
subtropical monsoon climate. In addition, Taiwan is 
situated on the coast of East Asia. Therefore, in the 
winter, Taiwan is affected by a cold front and high 
pressures from China, and in the summer is affected 
by high pressure from the ocean. Water in Taiwan is 
primarily sourced during May and June (i.e., the East 
Asian rainy season) and from July to September (i.e., 
the typhoon season); thus, these two seasons are vital 
for water suppliers in Taiwan. Energy-saving 
strategies for buildings vary with regional climates. 
Energy-saving designs for buildings are based on 
factors such as seasons, sunshine, temperatures, and 
rainfall. Ihm and Krarti [8] developed an analysis of 
energy efficiency optimization for houses in Tunisia, 
a Mediterranean country, and recommended various 
optimization processes for three types of climatic 
zones. M. D'Orazio, et al. [9] noted that reflective 
insulation material could be effective in hot and 
temperate climate, also compared with other roof 
solutions. The results indicated that an optimal design 
depends on climate and economic conditions. For 
example, windows and shaded areas are key factors 
for buildings in regions where the environment is hot, 
dry, and high in solar radiation [10]. A correctly 
designed shading system will strongly influence the 
entire building energy consumption, peak loads and 
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indoor comfort [11]. Furthermore, Elazığ in Turkey 
(38.4°N) is a cold region, where issues regarding 
energy consumption, as influenced by thermal 
insulation and the storage efficiency of building 
envelopes, present a significant concern [12]. 
According to Petter in a cold climate one wants to 
have as well thermally insulated building envelopes 
as possible [13]. Chan [14] adopted building energy 
simulation software to examine the effects that future 
climate changes will have on the energy consumption 
of buildings in Hong Kong. The hot climate and the 
abundance of sunlight during the day in Hainan 
Island, China, increases the energy consumed by air 
conditioners. Therefore, several scholars have 
suggested employing energy management approaches 
and installing solar energy systems to resolve this 
problem [15]. 

In summary, each region has a particular 
contingency measure to save energy based on the 
local climate properties. These methods focus on 
improving building envelopes and interior facilities, 
and management procedures. Various studies have 
proposed and verified concepts by applying 
simulation software. However, the climate and 
geographical conditions of each country and region 
vary. Thus, the research findings for hot climates are 
only pertinent to countries with similar climates and 
regional conditions. 
 
 
2.2. Common Temperature Measurements  

for Reinforced Concrete 
 

Technologies for measuring temperature changes 
in reinforced concrete buildings are limited. 
However, temperatures in reinforced concretes 
significantly affect building structures. For large 
building structures (e.g., bridges, tunnels, and tracks), 
the traditional sensor measurement technology is 
typically replaced by fiber optic sensor 
technology [16]. Norris et al. [17] indicated that the 
deterioration rate of reinforced concrete structures is 
associated with the moisture and temperature; 
however, an accurate evaluation of temperature and 
internal moisture using the destructive testing system 
is expensive and time consuming. In addition, 
installing fiber sensor pipelines in buildings is an 
inconvenient, complicated, and delicate process, 
requiring sufficient precautions to avoid excessive 
pressure and local twisting of the wires. Numerous 
experimental methods employ K-type and T-type 
thermocouple sensors to measure the temperatures of 
either the central portion or the surface of reinforced 
building envelope concrete [1, 18-20]. Few scholars 
have also adopted infrared technology to monitor 
temperature changes in reinforced concrete [20-22]. 
Numerical models were also adopted to evaluate the 
thermal properties of building envelopes for 
modification designs [23]. Furthermore, 
Computational fluid dynamics (CFD) was also 
applied for simulating building structures and  

wall designs to enhance the energy-saving 
performance [24]. 

Despite the rapid development of thermal 
insulation materials, valid data is still required to 
verify whether the materials possess optimal thermal 
insulation properties [25]. The developed STIM 
employed in this study actively monitors multiple 
temperatures at a regular interval. This facilitates the 
improvement of previous problems related to 
temperature measuring models, such as poor 
constructability, lack of empirical studies, the 
inability to monitor continuously and instantly, and 
the adoption of wire transmission technologies. 
Furthermore, STIM uses empirical methods to sustain 
long-term temperature measurement, and it is 
currently in the third year of implementation. 
 
 

2.3. The Energy Performance of Buildings 
and Thermal Insulation in Building 
Shells 

 

The climate in Taiwan is typically hot with an 
abundance of sunlight throughout the year. 
Therefore, the importance of the heat load of building 
envelopes must be emphasized. If thermal insulation 
measures are not employed, heat energy accumulates. 
Consequently, a comfortable indoor environment 
cannot be provided to people. Thus, selecting a 
suitable building envelope material with optimal 
insulation properties, specifically, insulation 
materials, is crucial. A building envelope with 
superior energy-saving properties is influential for 
reducing the energy consumption of buildings. 
Moreover, improving the thermal properties of a 
building envelope is the key to minimizing energy 
consumption [26]. 

In recent years, academic fields have focused on 
research related to the thermal insulation of roofs. 
According to Biwole et al. [27], a double-layered 
roof created by adding a metal separator to the top 
layer of a thin metal plate enhanced the passive 
cooling systems of a residence and reduced the 
electricity costs of air conditioning. This research 
finding is applicable for summer or dry tropical 
countries. In addition, experimental studies regarding 
cooling and energy-saving measures have been 
performed by constructing reservoirs on 
rooftops [28]. Similarly, in hot and dry regions, a 
pond was built on the roof of buildings with the 
addition of a mechanical ventilation system to reduce 
temperatures [29]. Regarding the adoption of green 
roofs, Lazzarin et al. [30] constructed a green roof for 
the Vicenza Hospital to examine the evaporative 
cooling system in the summer and the thermal 
insulation properties in the winter. Brunner and 
Simmler [31] replaced traditional thermal insulation 
with a vacuum insulation panel (VIP) on a flat 
rooftop to determine its thermal insulation properties 
and lifespan. Castellon et al. [32] improved the 
thermal comfort of a building and reduced energy 
consumption by experimentally testing various 
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phase-change materials (PCM). The use of thermal 
insulation materials reduces the energy consumed. 
For example, Wang and Lee [33] adopted roof 
thermal insulation specimens that reduced the power 
used by air conditioners by 2.91 %. According to the 
results of the Energy Plus™ simulation model 
employed by Jo et al., [34] installing reflective 
cooling materials on flat roofs reduced the total 
power consumed per month by 2.6 % to 3.8 %.  
This is equivalent to saving approximately 
22000 USD annually.  

The adoption of thermal insulation materials on 
roofs reduces the air-conditioning energy 
consumption of a building. However, an appropriate 
energy-saving method for building envelopes must be 
adopted to achieve optimal hot climate control. The 
development of this method depends on the climate 
of the building’s location, not employing the 
envelope methods used in other climate regions for 
hot climate control. If the building envelope energy-
saving method adopted for an ecological building in a 
certain climate is applied to an ecological building in 
another climate, the method may not be suitable for 
that region. 
 
 

3. Experimental Design and Plan 
 

In this study, the STIM comprised a SHT 1x/7x 
digital humidity and temperature sensor (Sensirion), 
XBee series wireless module (Maxstream, Digi 
International), and C8051F410 microcontroller 
(Silicon Lab).This STIM was placed in a specially 
designed encapsulation box and embedded in an 
experimental reinforced concrete specimen covered 
with thermal insulation roof material to monitor the 
temperature (Fig. 1). Subsequently, the dynamic 
changes in temperature and time were analyzed. 
Currently, the STIM can receive measurements of up 

to 58 m through air. In addition, when encapsulated 
in reinforced concrete, measurements can be received 
up to a distance of 15 m. 

In this study, the experiment included five groups 
of specimens: one control group with no thermal 
insulation materials, and four experimental groups of 
the thermal insulation roof materials commonly used 
in Taiwan (i.e., sod roof, PS insulation bricks, painted 
corrugated sheets, and heat insulation paint). The size 
of each specimen was 50 cm x 50 cm x 15 cm. In 
addition, to reduce external thermal interferences, the 
specimens were enclosed in 1.5-cm-thick polystyrene 
foam boards and 2-cm-thick wooden boards. The 
STIM temperature sensor was placed in the central 
core of the experimental specimens. Considering that 
the purpose of this study was to maintain long-term 
monitoring, an external power supply method was 
adopted to enable the STIM to continuously operate 
with stability. The experimental site was the roof of 
the Civil/Hydraulic Engineering Building at  
Feng Chia University of Taichung City, Taiwan 
(northern hemisphere, latitude 24.180974N,  
longitude 120.646889E). 

The STIM was set to actively measure the 
temperature every 5 min and transmit the data to the 
receiver. The data was then transmitted to the 
computer located on the fourth floor of the 
Civil/Hydraulic Engineering Building and stored in a 
BPIS system (Fig. 2). The study collected an entire 
year of experimental data, which was subsequently 
analyzed and investigated. In Fig. 3, the experimental 
data for January 2011 shows the effects that climatic 
factors have on the thermal storage properties of 
building envelopes. The temperature of the control 
group (No. 1) was comparatively higher. During cold 
or rainy days, the temperature difference between the 
control and experimental groups decreased. 
Conversely, the temperature difference increased 
during sunny days. 

 
 

 
 

Fig. 1. Diagram showing the STIM-embedded experimental specimen. 
 
 

 
 

Fig. 2. Experimental specimens and site. 
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Fig. 3. Experimental data for January 2011. 
 
 

4. Results Analysis 
 

4.1. The Effects of Rainy Days on Insulation 
Material Performance 

 

The experimental data collected in 2011 was 
separated into rainy days and non-rainy day 
categories. According to the Taiwan Central Weather 
Bureau, data from the Taichung station indicated that 

the number of rainy days in 2011 was 109. Of these 
109 days, 21 were in the spring, 40 in the summer,  
26 in the autumn, and 22 in the winter. The volume 
of accumulated rain each month is shown in Fig. 4. 
In 2011, the volume of rain accumulated ranged 
between 5.1 mm to 300.6 mm. Although the majority 
of the rainfall occurred in the summer, rain fell every 
month of the year, and the number of rainy days per 
month ranged from five to six days. 

 
 

 
 

Fig. 4. Data from the Taichung weather forecast station showing the volume of rain accumulated per month for 2011. 
 
 

As shown in Fig. 5, the hourly temperature was 
used as a basis for calculating the average 
temperatures. Data from the 109 rainy days was 
employed to produce statistics showing the 24-h 
average temperature changes. Similarly, data from 
the 251 non-rainy days was used for computing 
statistics, as shown in Fig. 6. The findings of this 
study regarding the trend and variations in rainy and 
non-rainy days are as follows: 

1. Similar changes in temperature trends: 
Between 24:00 and 09:30 (Line 1, Figs. 5 and 6), the 
temperature for the control group (reinforced 
concrete without thermal insulation material) was 
lower than that of the PS insulating brick. However, 
the temperature of both groups was consistent at 

24:00. Coincidently, the temperature of the control 
group at 11:15 in the morning was similar to the 
atmospheric temperature (Line 2, Figs. 5 and 6); 
however, the atmospheric temperature between 12:00 
and 13:00 reached a maximum and then decreased. 
The temperature of the control group reached the 
maximum between 16:00 and 18:00 before gradually 
decreasing to 25.5 °C to 27.1 °C at 24:00 midnight. 
Furthermore, before 13:45 (Line 3, Figs. 5 and 6), the 
temperatures of the four specimens covered with roof 
thermal insulation material were lower than the 
atmospheric temperature. After 2 h (16:45),  
the temperatures were higher than the  
atmospheric temperature. 
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Generally, the experimental groups covered with 
roof thermal insulation material exhibited significant 
thermal insulation effectiveness, despite the lower 
variation in thermal insulation efficiency during rainy 
days. Based on the effectiveness of the thermal 
insulation materials in the afternoon between 12:00 

and 18:00, the materials can be placed in the 
following order: No. 5 sod roof > No. 2 PS insulating 
brick > No. 4 painted corrugated sheet > No. 3 heat 
insulation paint> No. 1 control group (reinforced 
concrete only). 

 
 

 
 

Fig. 5. Experimental statistics for rainy days. 
 
 

 
 

Fig. 6. Experimental statistics for non-rainy days. 
 
 

2. Different changes in temperature trends: In 
Fig. 5, the rainy days temperature curve is relatively 
smooth. The temperature for the control group 
reached a maximum at approximately 16:00 (Line 4, 
Fig. 5). At 16:00, the temperature difference between 
Point A (32.6 oC) of the control group and Point B 
(27.6 °C) of the atmospheric temperature was 5 oC. 
At the same time point (16:00), the maximum 
temperature was 26.9 °C for the No. 2 PS insulating 
brick, 28.8 °C for the No. 3 heat insulation paint, 
27.6 °C for the No. 4 painted corrugated sheet, and 
25.9 °C for the No. 5 sod roof. On rainy days, the 
maximum temperature difference was 5 °C when the 
roof was not covered with thermal insulation 
materials. On non-rainy days, the maximum 
temperature difference was 10 °C (Fig. 6, Point C, 
37.0 °C, and Point D, 26.7 °C) when the roof was not 
covered with thermal insulation materials. This 
temperature difference was twice that of rainy days. 

4.2. Analysis of Insulation Material 
Performance in Different Seasons 

 

The experimental site was in Taiwan, Taichung 
City, which is situated north of the Tropic of Cancer 
and at the junction between the tropical and 
subtropical zones. The weather in this region is 
typically stable. The experimental data collected 
between 06:00 and 18:00 was processed into average 
temperatures for the four seasons (Table 1). During 
the spring (February to April), the average 
atmospheric temperature was 21.9 °C, and the 
maximum average temperature for the control group 
was 25.3 °C. The maximum temperature for the 
experimental groups were (in order) 21.3 °C for the 
painted corrugated sheet, 21.2 °C for the PS 
insulating brick, 21 °C for the heat insulation paint, 
and 20.2 °C for the sod roof. The average daytime 
temperatures for each thermal insulation material 
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during the summer (May to July), autumn (August to 
October), and winter (November to January) are 
shown in Table 1. Furthermore, the temperature 
differences between the control and experimental 
groups during the four seasons are presented in Table 
1 (the values in parentheses). The results show the 
degree to which the temperature of a roof covered 
with thermal insulation material is lower than that of 
a roof without thermal insulation material. 

Of the four thermal insulation materials, the sod 
roof presented the optimal performance (annual 
average cooling of 4.675 °C), followed by (in order) 
the PS insulating brick (annual average cooling of  
3.6 °C), painted corrugated sheet (annual average 
cooling of 3.3 °C), and heat insulation paint (annual 
average cooling of 2.975 °C). Subsequently, adopting 
the efficiency ratio and allocating the heat insulation 
paint (annual average cooling of 2.975 °C) the 
cardinal number 1, the performance of painted 
corrugated sheet (annual average cooling of 3.3 oC) 
was 1.109 times greater than that of the heat 
insulation paint (annual average cooling 2.975 °C). 
Similarly, the PS insulating brick and sod roof were 
1.21 and 1.571 times higher, respectively. 

Based on Table 1, the thermal insulation 
performance of heat insulation paint gradually 

decreased from 4.3 °C in the spring to 1.7 °C in the 
winter. Conversely, the other thermal insulation 
materials performed better in the summer, followed 
by the spring, and then the autumn. The average 
temperature difference between the spring and 
autumn was 0.2 °C for the sod roof, 0.4 °C for the 
painted corrugated sheet, 0.4 °C for the PS insulating 
brick, and only the heat insulation paint achieved a 
significant difference of 1.7 °C. This indicates that 
over time, the reflective efficiency of the heat 
insulation paint may be affected and 
polluted/damaged by the wind and sun, thereby 
affecting the thermal insulation efficiency. 

The values for the on air group (Table 1) 
indicated that when the reinforced concrete roof was 
not covered with thermal insulation materials, the 
daytime temperature in summer exceeded the 
atmospheric temperature by 4.5 °C, and by 2.95 °C 
for the entire year. This not only verified the thermal 
insulation properties of the reinforced concrete, but it 
also showed the amount of energy (i.e., power) 
unnecessarily consumed by air conditioners. In other 
words, if thermal insulation materials are not 
employed in reinforced concrete of building 
envelopes, the air-conditioning cooling load will 
increase to mitigate the hot climate. 

 
 

Table 1. Comparison of the average daytime temperature and temperature differences (in parentheses)  
during the four seasons (temperature unit in °C). 

 

Season 
No. 1 

Control 
group 

No. 2 
PS insulating 

brick 

No. 3
Heat 

insulation 
paint

No.4 Painted 
corrugated 

sheet 

No. 5 
Sod roof 

No. 6 
ON AIR 

Spring 25.3 (0) 21.2 (-4.1) 21.0 (-4.3) 21.3 (-4.0) 20.2 (-5.1) 21.9 (-3.4) 

Summer 35.2 (0) 30.3 (-4.9) 31.9 (-3.3) 30.9 (-4.3) 29.5 (-5.7) 30.7 (-4.5) 

Fall 33.8 (0) 30.1 (-3.7) 31.2 (-2.6) 30.2 (-3.6) 28.5 (-5.3) 30.9 (-2.9) 

Winter 22.3 (0) 20.6 (-1.7) 20.6 (-1.7) 21.0 (-1.3) 19.7 (-2.6) 21.3 (-1.0) 

Average value 29.15 (0) 25.55 (-3.6) 26.175 (-2.975) 25.85 (-3.3) 24.475 (-4.675) 26.2 (-2.95) 
 
 
4.3. Thermal Insulation Difference between 

Day and Night 
 

Besides analyzing the statistics of the weather and 
seasons, the monthly average temperature during the 
day (06:00 - 17:59) and at night (18:00 - 05:59) was 
also investigated. The results showed that the 
monthly average temperature of the control group 
was higher than that of the four experimental groups 
and the atmospheric temperature (Fig. 7). 
Conversely, the atmospheric temperature at night was 
significantly lower than that of the control and 
experimental groups (Fig. 8). This suggests the 
presence of a thermal storage property in reinforced 
concrete. Based on the average temperature for each 
month of 2011, the temperature difference between 
the minimum (18.8 °C, January) and the maximum 
(36.9 °C, June) was 18.8 °C during the day. 
Similarly, the temperature difference at night was 
16.7 °C. The monthly average temperature for the 

control group in September differed slightly from that 
for the experimental groups, although it gradually 
became similar in October and November. This 
similarity was maintained until December when the 
temperature became consistent with that for the 
experimental groups.  

Furthermore, the control group trend shown in 
Fig. 8 was similar to that in Fig. 7, even displaying a 
smaller temperature difference with that for the four 
experimental groups. This indicates that with lower 
temperatures, the efficiency of the thermal insulation 
material becomes less apparent. 

Although reinforced concrete has thermal 
insulation properties, the experimental data indicated 
that the concrete ceased absorbing heat in the evening 
on a sunny day. The temperature in the concrete 
decreased until the next morning. As shown in 
Table 2, the daytime temperature of the control group 
was high, but a substantial amount of heat was 
released at night, forming a significant temperature 
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difference of up to 1.9 °C between the day and night. 
Oddly, for the on air group, the average temperature 
difference between the day and night reached 4.5 °C. 

A contradiction in this arbitrary result was 
identified when Fig. 5 and Fig. 6 were compared. For 
this study, the split method was adopted for statistical 
analysis of the day and night temperature differences, 
where a day of 24 h was split into two time periods: 
daytime (06:00 to 17:59) and nighttime (18:00 to 
05:59). The daily temperature of the control and 

experimental groups reached the maximum between 
16:00 and 18:00. Observing the chart lines from a 
statistical perspective, the portion of the data where 
the temperature decreased after reaching the 
maximum was incorporated into the nighttime 
statistical values, consequently increasing the 
nighttime temperatures. This explains the arbitrary 
phenomenon where the day and night temperature 
difference for the on air group (4.5 °C) was higher 
than that for the control group (1.9 °C). 

 
 

 
 

Fig. 7. The average temperature during the day for each month of 2011. 
 
 

 
 

Fig. 8. The average temperature at night for each month of 2011. 
 
 

Table 2. Average temperature difference between the day and night for each season (temperature unit °C). 
 

Season 
No. 1 

Control 
group 

No. 2
PS insulating 

brick

No. 3
Heat insulation 

paint

No. 4 Painted 
corrugated 

sheet

No. 5 
Sod roof 

No. 6 
ON AIR 

Spring 1.7 -1.2 0.2 -0.1 -1.0 4.5
Summer 2.8 -0.8 1.3 0.3 -0.7 4.7
Fall 1.8 -1.2 0.7 0.2 -0.8 5.3
Winter 1.2 -0.9 0.4 0.1 -0.8 3.6
Annual Average value 1.9 -1.0 0.7 0.1 -0.8 4.5
 
 
4.4. Property Analysis of Daily Temperature 

in Reinforced Concrete 
 

Because the results shown in Table 2 exhibited an 
arbitrary phenomenon, this study adopted an 
alternative approach. Instead of employing the split 
method to examine the temperature difference 
between the day and night, this study categorized the 
time analysis periods into Time Phase 1 (24:00 to 
07:59), Time Phase 2 (08:00 to 15:59), and Time 

Phase 3 (16:00 to 23:59). In Time Phases 1 and 2, the 
results showed that the temperatures for the on air 
group were respectively 2.725 °C and 1.725 °C lower 
than that for the control group. Furthermore, the 
Time Phase 3 temperature was 8.35 °C lower (control 
group value minus the on air value). This result 
exhibited a similar temperature trend as shown in 
Fig. 5 and Fig. 6. 

Based on Table 3, only the annual average 
temperature of the PS insulating brick was 1.35 °C 
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higher than that of the control group, whereas that for 
the remaining groups were similar to the control 
group. That is, in the morning, only the PS insulating 
brick showed a slight thermal storage performance in 
response to the temperature changes in reinforced 
concrete building envelopes. The remaining thermal 
insulation materials had no significant difference to 
that of the control group. The annual average 
temperatures during Time Phase 2 were generally 
lower than the atmospheric temperature; thus, the 
performance of the thermal insulation materials 
optimally reduced the temperature by 3.725 °C to 
1.245 °C compared to the atmospheric temperature 
(e.g., subtracting -1.725 °C for the on air group from  
-5.0 °C for the sod roof group provides 3.725 °C). 
During Time Phases 2 and 3, the materials could 
perform effectively and presented similar average 
temperatures. For example, the annual average 
temperature of the sod roof during Time Phases 2 and 
3 differed (in comparison to the control group) by  
-5 °C and -5.25 °C, respectively. This shows a 5 % 
difference. Similarly, the remaining three 
experimental groups differed by approximately 2.4 % 
to 9.5 %. These results indicated that for Time Phases 
2 and 3, the effects that daily temperature changes 
have on the temperature of building envelopes 
exhibited similar trends. At night, the reduction in 
atmospheric temperature did not cause the 
temperature of the building envelope to decrease 
instantaneously and approach the atmospheric 
temperature. Examination of Time Phase 3 showed 
that for the spring, summer, and autumn, the 
temperatures of the reinforced concrete roofs without 
thermal insulation were 9.2 °C to 9.4 °C higher than 
the atmospheric temperature. However, this was 
lower in the winter (-5.4 oC). Generally, employing 
thermal insulation materials reduces the energy 
consumed by air conditioners and the average 
temperature by 3.075 °C to 5.25 °C. 
 
 
4.5. Research Limitations 
 

Although the STIM employed in this study 
included a battery design, the transmitter and 
surrounding circuit consumes a significant amount of 
power during signal processing. This study 
considered that STIM is completely embedded in the 
reinforced concrete building, and that the power 
capacity of a compact battery currently available on 
the market cannot be maintained throughout the life 
cycle of the building (> 50 years). Therefore, this 
study initially adopted an external power supply as 
the source of power for the circuit; however, the 
actual lifespan of the compact battery cannot yet be 
verified. Nevertheless, the researchers are currently 
planning a study of STIM maintenance issues to 
resolve sensor module maintenance and battery 
replacement problems. Currently, under a limited 
amount of financial, human, and time resources, this 
study could only focus on analyzing the four 

common thermal insulation materials for roofs in 
Taiwan. Future studies should include additional 
thermal insulation materials, actual building roofs, 
and comparative simulation software. 
 
 
4.6. Discussion and Recommendations 
 

1) The split method, where temperature is 
differentiated between the day and night, corresponds 
to the properties of atmospheric temperature (i.e., the 
temperature is higher during the day and lower at 
night). However, according to the chart lines for the 
experimental and control groups (i.e., increasing and 
decreasing, and the maximum temperature), the 
temperature of the reinforced concrete materials 
increased from 08:00 in the morning and reached a 
maximum after approximately 8 h (16:00) (Fig. 5 and 
Fig. 6). After 16 h, the temperature decreased 
becoming constant (i.e., chart line flattens in the low 
temperature portion of the graph). Therefore, because 
the 15 cm thick reinforced concrete roof slab has 
thermal insulation properties, future analysis of 
temperature changes may consider separating days 
into the following three time phases: 24:00 to 07:59, 
08:00 to 15:59, and 16:00 to 23:59 (Table 3). Various 
buildings (e.g., restaurants and motels) consume 
more energy between 16:00 and 23:59 than during 
the day; thus, the energy consumption of air 
conditioners for this type of building can be reduced 
if the thermal insulation material performs optimally. 

2) Between 09:00 and 24:00 (Fig. 5 and Fig. 6), 
the gradients (i.e., temperature changes) of the sod 
roof and PS insulating brick were small and similar, 
indicating a gradual temperature change and small 
temperature variation. Conversely, the gradients of 
the painted corrugated sheet and heat insulation paint 
were larger, indicating a rapid temperature change 
and larger temperature variation. These results 
indicated that the thermal insulation efficiency of the 
green roof was significant. Thus, applying a thick 
layer of material with poor thermal conductivity (i.e., 
insulation material) between the building envelope 
and the atmosphere provides superior thermal 
insulation efficiency compared to adopting reflective 
property materials (e.g., heat insulation paint) or 
coverage (e.g., painted corrugated sheet) methods. 

3) The reason for the ineffectiveness of the 
proposed white insulation paint was that the paint 
was easily subjected to pollution or damage 
(purposive simulations of usage under non-touch up 
and unclean conditions were conducted). These 
unfavorable conditions reduced the reflective 
properties of the paint, affecting the thermal 
insulation efficiency. If white heat insulation paint is 
employed, problematic factors such as fading and 
pollution must be considered. In addition, the 
maintenance expenses, service life, and replacement 
costs should also be considered when selecting heat 
insulation paint. 
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Table 3. Seasonal and annual average temperature differences for the 3 time phases. 
 

Time Phase 1  00:00-07:59 

 
No. 1 

Control 
group 

No. 2 
PS insulating 

brick 

No. 3 
Heat 

insulation 
paint 

No.4 Painted 
corrugated 

sheet 

No. 5 
Sod roof 

No. 6 
ON AIR 

Spring 0.0 1.3 -1.3 -0.3 0.3 -3.1 
Summer 0.0 1.1 -0.9 0.1 0.6 -2.9 
Fall 0.0 1.4 -0.8 -0.3 -0.1 -3.3 
Winter 0.0 1.6 -0.4 0.6 0.9 -1.6 
Annual 
average value 

─ 1.35 -0.85 0.225 0.425 -2.725 

Time Phase 2  08:00-15:59 

 
No. 1 

Control 
group 

No. 2 
PS insulating 

brick 

No. 3 
Heat 

insulation 
paint 

No.4 Painted 
corrugated 

sheet 

No. 5 
Sod roof 

No. 6 
ON AIR 

Spring 0.0 -4.4 -4.5 -4.1 -5.4 -2.0 
Summer 0.0 -5.4 -3.6 -4.4 -6.2 -3.6 
Fall 0.0 -4.1 -2.7 -3.7 -5.6 -1.5 
Winter 0.0 -2.1 -1.8 -1.4 -2.8 0.2 
Annual 
average value 

─ -4.0 -3.15 -3.4 -5.0 -1.725 

Time Phase 3  16:00-23:59 

 
No. 1 

Control 
group 

No. 2 
PS insulating 

brick 

No. 3 
Heat 

insulation 
paint 

No. 4 
Painted 

corrugated 
sheet 

No. 5 
Sod roof 

No. 6 
ON AIR 

Spring 0.0 -4.8 -4.9 -4.9 -6.1 -9.4 
Summer 0.0 -4.6 -3.1 -4.3 -5.8 -9.4 
Fall 0.0 -4.0 -2.5 -4.2 -6.2 -9.2 
Winter 0.0 -1.7 -1.8 -1.5 -2.9 -5.4 

Annual 
average value 

─ -3.775 -3.075 -3.725 -5.25 -8.35 

 
 

4. For this study, the research site was located in 
Taichung City, Taiwan, at a longitude of 120.646889 
East and latitude of 120.646889 North. According to 
the temperature of the on air group shown in Table 1, 
the average atmospheric temperature was 30.7 °C in 
the summer and 26.2 °C in the winter. This shows 
that the temperature in the summer was only 4.5 °C 
higher than that in the winter, indicating an 
environment with no major climate change. 
Furthermore, the results indicated that when the heat 
insulation paint (annual average temperature of 2.975 
°C) was allocated the cardinal number 1, the 
efficiency of the painted corrugated sheet, PS 
insulating brick, and the sod roof was 1.109, 1.21, 
and 1.571 times higher. These results may not be 
referenceable for countries at lower latitude and 
located near the equator or cold countries at higher 
latitude (e.g., employing temperature difference 
values to calculate the increased energy consumption 
of air conditioners in indoor environments). This is 
because regional climates differ according to the 
latitude and geographical properties of an area; 
therefore, the experimental results may also vary. 
Unless additional experimental data exhibit small 
variations between areas of varying latitudes and 

geographical properties, similar climate and region 
research results are preferable to be referenced. 
 
 

5. Conclusion 
 

The thermal storage and insulation properties of 
materials for building envelopes affect the thermal 
conditions of a building at night. This is because 
thermal insulation materials are affected by the heat 
released from solar radiation and people. Materials 
with superior thermal storage properties (e.g., 
reinforced concrete) can store substantially more 
radiation heat, which results in the temperature of a 
building envelope at night exceeding that of the outer 
atmospheric temperature. Materials with superior 
thermal insulation efficiency reduce the amount of 
external heat transferred internally, thereby reducing 
indoor temperatures and the energy consumed by air 
conditioners. In this study, the successfully 
developed STIM was adopted and embedded in 
reinforced concrete roof models (covered with 
thermal insulation materials). The annual average 
values (temperature reduction) for thermal insulation 
efficiency and comparative values for each item were 
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obtained by analyzing the values of the reinforced 
concrete temperatures recorded for one year. In 
addition, this study considered factors such as the 
properties of daily temperature changes, seasons, 
rainy days, and the temperature difference between 
the day and night. Besides providing a valuable 
reference for architects or building supervisors to 
select suitable insulation material, and considering 
the calculated carbon prints of materials, the findings 
of this study can indirectly show the carbon reduction 
effects of thermal insulation material reducing the 
energy consumed by air conditioning. 
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