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Abstract: As the window-to-wall ratio, a microclimatic factor in residential districts, regulates the
indoor thermal environment and implicates the energy consumption, this research was aimed at
interpreting the microclimate effects of the window-to-wall ratio on the indoor thermal environment
of the non-Hvac building located in the block from the view of a full year. Urban built parameters
and building material parameters applied in Chenzhou were investigated, with the ENVI-met model
serving as the analytical tool calculating the meteorological data recorded in the local national
meteorological station. The thermal perception criterion of Chenzhou citizens was investigated,
and thermal isotherms were employed to interpret the thermal perception distribution throughout
the year. Analytical results revealed that the annual indoor thermal environment would deteriorate
along with the growth of the window-to-wall ratio in Chenzhou, with the very hot thermal perception
environment covering the months from March to October once the window-to-wall ratio outnumbered
60.00%. Furthermore, the hot and very hot thermal perception environments originated in the ranges
of 0.00% to 20.00% and that of 20.00% to 40.00%, respectively. Furthermore, if the window-to-wall
ratios (WWRs) outnumbered 40%, their effects on the indoor thermal perception environment would
gradually decrease and be powerless once that exceeded 80%.

Keywords: microclimate effects; window-to-wall ratio; thermal distribution; thermal perception isotherm

1. Introduction

The energy consumption in residential buildings represents roughly 21.1% of the total energy
consumption in China [1], among which heating and cooling account for about 70% of all the residential
energy consumption [2]. Thus, reducing the building energy demand in residential buildings for both
cooling and heating is a great opportunity for energy savings. Microclimate, a passive solution to
minimize the energy demand, has been proposed by urban designers as it optimizes urban thermal
comfort [3,4]. Among the aspects related to the design of the urban environment, the window-to-wall
ratio (WWR), namely, the ratio of the transparent area to the opaque wall, is a parameter that deeply
affects both the energy consumption [5,6] and the appearance of the buildings [7]. However, in the
architectural design process, the “transparency” of the building is generally considered more for
aesthetic implications than for energy-saving performance [8,9]. Furthermore, this set is usually made
in the initial stage of the total design process and will not be subject to subsequent modifications,
different from that of many other aspects, including materials, operations, and equipment, which
can be easily optimized at the later stage [10]. The set of a suitable WWR for a building should be
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implemented at the very first stage with an energy-wise method, and therefore it is of significance that
this set is made rationally.

In terms of building thermal performance, the influences of the WWR have been broadly
investigated [11,12]. However, more often, such research only analyzed individual buildings [13,14],
ignoring their surrounding environments, while the effects of the WWR have been confirmed to be
influenced by the surroundings evidently [15,16] including the topography, layout, and structural
features [17]. Moreover, most of the research did not consider a full-year evaluation of the environmental
impacts of the WWR. Only typical summer days or hours were considered [18,19]. The existing studies
also lack a comprehensive evaluation which integrates both the confirmed positive effects and the
rarely noticed negative impacts of the WWR on the environment.

Residential buildings located in economically backward areas of China are not equipped with air
conditioning. A passive environmental regulation design is particularly important for those residents’
life. Due to the diversities existing in the local climate, building materials, the heat tolerance of the
human body;, etc., each place has its own optimal WWR for non-Hvac residential buildings. While the
design criterion of the WWR in China is that the WWR facing north shall not exceed 0.25, that of the
east-west direction is not more than 0.3, and that of south direction is not higher than 0.35, which is
a general rule in China’s five climatic regions [20]. Therefore, it is greatly important for urban and
rural designers to study the influence of the WWR on the indoor thermal environment based on local
climate characteristics and building material properties to identify the optimum WWR locally.

This research was aimed at, first, interpreting the yearly variation of indoor thermal conditions
in non-Hvac residential buildings according to different WWRs, and second, identifying the critical
value of the WWR for achieving the acceptable indoor thermal perception of the non-Hvac building in
Chenzhou, Hunan, China, exploring a referable method for identifying the critical value of the WWR
in cities of other climates. Specifically, urban setting parameters and building materials of Chenzhou
were investigated, as well as the hourly meteorological data of each day in 2018 were derived from the
local meteorological station. Then, the hourly indoor air temperature of each month was simulated
in six different cases using ENVI-met [21], covering 1728 h (24 h/1 day X 12 months/year X 6 cases).
Subsequently, the Kriging algorithm of the SURFER software [22] served to draw the indoor thermal
isotherms of the six WWRs (0.00%, 20.00%, 40.00%, 60.00%, 80.00%, 100.00%).

2. Research Methods

Based on the local climate parameters and building material properties, the indoor thermal
environments under different WWRs were calculated by ENVI-met, and the regulations of WWRs on
the indoor thermal environment were explored. Based on the thermal perception characteristics of local
citizens, the indoor thermal acceptability under different WWR scenarios was analyzed. The details of
the method are shown as follows.

2.1. Evaluation Index

There is no unified thermal perception standard as an individual’s physiological acclimatization
and psychological habituation are variable [23]. Many researchers have carried out studies on thermal
comfort criteria in different geographical areas, such as Singapore, Taiwan, and Changsha [24]. In this
research, the classification of the temperature perception was derived from 7851 sample surveys in
Changsha City [25], which shared the same climatic conditions as Chenzhou, with similar local climate
and individual’s physiological acclimatization and psychological habituation [26,27]. The thermal
perception standard of this research is shown in Table 1.
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Table 1. The thermal perception standard of this research.

Thermal Perception Temperature Range
Very cold <=8°C
Cold -8-1°C
Slightly cool -1-7°C
Cool 7-15°C
Neutral 1522 °C
Slightly warm 22-30 °C
Warm 30-38 °C
Hot 38-46 °C
Very hot >46 °C

2.2. Study Model

2.2.1. Technical Model

The ENVI-met model was employed to calculate the indoor air temperature in varied
meteorological conditions for its function of the interaction between outdoor microclimate and
indoor climate. ENVI-met provides high-resolution modeling of the heat and humidity transfer at the
building facade and a prognostic calculation of wall and indoor temperatures. Compared with the
other traditional computational fluid dynamic simulation software platforms, ENVI-met realizes the
analysis of small scale changes in urban design, such as tree setting and building configuration [28,29],
which makes it a widely used analytical tool in the field of the built environment. ENVI-met is also
well known among the scientific community for its higher accuracy, with the Pearson value of its
predictions being proved as 0.956, exceeding 0.866 (Solweig model) and 0.867 (Rayman model) [30,31].
The principles and mathematical models of ENVI-met can be seen in Bruse’s paper [32].

2.2.2. Case Model

Chenzhou city is located at the northern foot of Nanling Mountain in the southern part of the
hot summer and cold winter climatic zone of China. This location has the strongest heat radiation in
summer and the coldest winter caused by the cold fronts blocked by the Nanling Mountain [33,34].
Chenzhou is the main city in the north of Nanling Mountain, making it the most suitable target for this
research. The case model was located at 113°04’ E, 25°79’ N, 149 m above the sea level and was built in
conformity with the actual residential community of Chenzhou, specifically, constructed by the actual
height of 6 m, the height/width ratio of 1.2 [35]. The WWRs of 0%, 20%, 40%, 60%, 80%, and 100% were
selected to explore their impacts on indoor thermal comfort, which are shown as a, b, ¢, d, e, and f
subgraphs in Figure 1. The indoor air temperature of the center building in red was adopted as the
analysis data, seen in Figure 1.
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Figure 1. The models of residential community. WWR: window-to-wall ratio. (a) 0.00% WWR.;

()

(b) 20.00% WWR.; (c) 40.00% WWR.; (d) 60.00% WWR.; (e) 80.00% WWR.; (f) 100.00% WWR.

2.3. Window-to-Wall Ratio Settings

50f13

An investigation of the local construction materials was first carried out by visiting the Chenzhou
housing-management department. Concrete hollow-brick wall and plexiglass are the most commonly
used building materials in Chenzhou city, and these two materials were considered respectively for the
walls and the windows in this research (see the specific parameters in Table 2).
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Table 2. The attributes of concrete hollow brick and plexiglass.

Parameter Value (Concrete Hollow Brick) Value (Plexiglass)
Thickness (m) 0.30 0.05
Absorption (Frac) 0.70 0.90
Transmission (Frac) 0.00 0.05
Reflection (Frac) 0.30 0.90
Emissivity (Frac) 0.90 1500.00
Specific Heat 840.00 0.19
Thermal conductivity (w/m?-k) 0.86000 0.19000
Thermal Conductivity 0.86 1180.00
Density (kg/m?) 930.00 1180.00

2.4. Sources and Settings of Meteorological Data

The meteorological data were collected from the National Meteorological Station (No. 57972)
located at 113°02" E, 25°48’ N, at 184.9 m above the sea level in Chenzhou city. Hourly data
(air temperature, humidity, wind speed, and direction) in the year of 2018 were collected, with a total
of 8760 (24 x 365) items of meteorological data achieved.

To represent the general monthly characteristics of the climate, average hour meteorological
data of each month were calculated. For instance, the average air temperature recorded at 6 a.m.
of the 31 days in January was employed to indicate the general air temperature of 6 a.m. in January.
By analogy, 288 (12 x 24) pieces of monthly general data were calculated, affiliated to 12 months
respectively. The total monthly characteristics of the Chenzhou air temperature are presented in
Figure 2 where the middle line of each yellow box indicates the median air temperature. The bottom
and top lines of each box represent the lower and upper quartiles, respectively, and the upper and
lower bars represent the 90% and 10% limits.
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Figure 2. The total month characteristics of the Chenzhou air temperature.

The meteorological setting of the research is shown in Table 3.
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Table 3. The meteorological setting of the research.

Month Initial Meteorological Parameters Value Month Initial Meteorological Parameters Value
wind velocity (10 m off the ground) 1.5m/s wind velocity (10 m off the ground) 44 m/s
wind angle 0° wind angle 135°
January relative humidity 79% July relative humidity 67%
min air temperature 3°C min air temperature 25°C
max air temperature 9°C max air temperature 34°C
wind velocity (10 m off the ground) 1.5m/s wind velocity (10 m off the ground) 3.3m/s
wind angle 0° wind angle 135°
February relative humidity 78% Agust relative humidity 72%
min air temperature 5°C min air temperature 24°C
max air temperature 12°C max air temperature 32°C
wind speed (10 m off the ground) 2.5m/s wind speed (10 m off the ground) 1.5m/s
wind angle 75° wind angle 45°
March relative humidity 78% September relative humidity 75%
min air temperature 11°C min air temperature 22°C
max air temperature 20°C max air temperature 29°C
wind velocity (10 m above the ground) 44 m/s wind velocity (10 m above the ground) 3.3 m/s
wind angle 125° wind angle 15°
April relative humidity 75% October relative humidity 74%
min air temperature 16 °C min air temperature 14°C
max air temperature 24°C max air temperature 22°C
wind velocity (10 m off the ground) 5m/s wind velocity (10 m off the ground) 3.3m/s
wind angle 150° wind angle 9°
May relative humidity 76% November relative humidity 80%
min air temperature 22°C min air temperature 11°C
max air temperature 29°C max air temperature 18°C
wind velocity (10 m off the ground) 44 mfs wind velocity (10 m off the ground) 1.6 m/s
wind angle 90° wind angle 0°
June relative humidity 76% December relative humidity 76%
min air temperature 23°C min air temperature 5°C
max air temperature 29°C max air temperature 9°C

3. Results and Discussion

3.1. The Mean Monthly Effects of WWRs on Indoor Air Temperature

The monthly indoor temperatures of the six cases are shown in Figure 3, where the x coordinate
indicates the 12 months and the y coordinate represents the monthly average air temperature, with six
different lines showing the corresponding cases. In general, the annual variation range of indoor
temperature increased with the rise of the WWR. In winter (December, January, February), the lower
WWR benefited the indoor thermal environment by conserving heat indicated by approaching “neutral”.
For summer, the higher WWR deteriorated the indoor thermal environment indicated by escaping
the “neutral”. For the 0.00% WWR, the “neutral” thermal environment months covered January,
February, March, April, November, and December, while that of 20% decreased to only February,
March, and November. As for the other cases, the “neutral” thermal environment only comprised
February and November.

Specifically, the annual indoor thermal perception of 0.00% WWR ranged from 15 °C to 26 °C,
followed by that of 20.00% with the range of 13 °C to 34 °C. The indoor temperature difference gradually
narrowed when the WWR varied from 40% to 100%, which revealed that when the WWR exceeded the
threshold of 40%, the influence of WWR on the indoor thermal environment became weak.
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Figure 3. The mean monthly effects of indoor air temperature by WWR.

3.2. The Distribution of Annual Thermal Comfort

Although the total month characteristics of the indoor thermal environment were clarified
according to varied WWRSs, its statistical data were unable to reflect the indoor thermal environment
from the time dimension and it was impossible to describe the daily variation of the indoor thermal
environment (for example, the difference between 9:00 a.m. and 9:00 p.m. in the same day). Kriging
model has been proved to be suitable for the interpolation of temperature data in many references [36].
Therefore, the Kriging model of the SURFER software was selected for calculation, with the thermal
isotherm for each WWR formed for exhaustive interpretation.

Figure 4 shows the thermal perception, where the x coordinate means the 12 months, the y
coordinate represents the daily time, and z-value represents the average indoor temperature at the hour,
which was calculated from the average temperature at this time on all days of the month. For example,
the general indoor air temperature of 9:00 a.m. in March was derived from the average meteorological
data recorded at 9:00 a.m. of the 31days in March. Based on this calculation principle, 1728 (24 X 12 X 6)
cases of indoor air temperature was calculated. Adopting the temperature perception criterion of
Changsha, the indoor thermal isotherms of the six cases of WWRs were drawn with the Kriging
algorithm of the SURFER software, presented as a, b, ¢, d, e, and f subgraphs in Figure 4.

For the 0.00% case, the high air temperature occurred at around 22:00 according to the characteristics
of daily distribution, while for the other cases with windows, the maximum temperature occurred at
roughly 15:00. On the contrary, the general minimum temperature all happened at about 6:00.

From the view of temperature perception, the 0.00% WWR case comprised three temperature
perceptions (slightly warm, neutral, and slightly cool) followed by that of 20.00% WWR case with
six temperature perceptions composed of hot, warm, slightly warm, neutral, slightly cool, and cool.
Meanwhile, the other four cases all contained seven temperature perceptions (very hot, hot, warm,
slightly warm, neutral, slightly cool, and cool). Thus, decided by the climate and building material
features of Chenzhou, the problem occurred in the indoor thermal environment of the non-Hvac
building in Chenzhou lies in extreme heat, rather than extreme cold, since the indoor thermal
perceptions of “very cold” and “cold” did not happen. Furthermore, the percentage of “very hot” and
“hot” perceptual duration expanded with the rise of the WWR. Therefore, the lower the WWR was,
the better the annual thermal perception of building interior would be.
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Figure 4. The annual distribution of indoor thermal environment caused by WWRs. (a) The annual
indoor thermal distribution of 0.00% WWR.; (b) The annual indoor thermal distribution of 20.00%
WWR.; (¢) The annual indoor thermal distribution of 40.00% WWR.; (d) The annual indoor thermal
distribution of 60.00% WWR_; (e) The annual indoor thermal distribution of 80.00% WWR.; (f) The
annual indoor thermal distribution of 100.00% WWR.
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3.3. The Total Improvement of Indoor Air Temperature Perception Caused by the WWR

To evaluate the annual improvement of indoor thermal environment caused by different WWRs,
the time length and proportion of each perceptual temperature (PT) were statistically analyzed, with
the proportion counted by area ratio, as shown in Table 4.

Table 4. Time length and proportion of each PT caused by the WWRs.

WWR PT 0.00% 20.00%  40.00%  60.00%  80.00%  100.00%
Vervhot  hour 0.00 0.00 561.69 139152  1901.81  1973.80
y % 0.00 0.00 6.41 15.88 21.82 22.53
Hot hour 0.00 43036 143327 109483  763.99 721.39
0 % 0.00 491 16.36 12.50 9.31 8.24
W hour 0.00 2577.80 157807  1152.83  1022.05  959.83
arm % 0.00 29.43 18.01 13.16 11.70 10.96
Slight hour 384237 331450  2789.06  2522.85  2194.80  1894.65
& % 43.86 37.84 31.84 28.80 24.99 21.63
Neutral hour 464526 147129 109855  1094.88 119046  1361.94
eutra % 53.03 16.80 12.54 12.50 14.99 15.55
Slight hour 272.37 93357 103854  1025.68 104455  1083.66
& % 3.11 10.66 11.86 11.71 11.72 12.37
Cool hour 0.00 32.48 260.82 477 40 644.99 764.73
00 % 0.00 0.37 2.98 545 547 8.73

From the perspectives of time length and proportion, it indicates that the “hot” temperature
perception originated in the ranges of 0.00% to 20.00% WWR and the “very hot” temperature perception
happened between 20% and 40% WWR. Table 4 demonstrates that when the WWR was less than 40%,
the time length of “very hot” and “hot” temperature perceptions can be prolonged by an average of
0.56 percent for each additional percentage of WWR. However, if that was between 40% and 80%,
each additional percentage of WWR brought only a 0.29 percent extension of “very hot” and “hot”
perceptions. Furthermore, once the WWRs exceeded 80%, the “very hot” temperature perception only
had 0.71% room for change, as well as the “hot” temperature perception only had 1.07 percent left
to vary. Generally, if the WWRs outnumbered 40%, their effects on the indoor thermal perception
environment gradually decreased and were powerless once that exceeded 80%.

4. Conclusions

This research analyzed the impacts of WWRs on their improvement and distribution of indoor
thermal environment. Meteorological data from the national weather station were employed and the
ENVI-met model served as the analytical tool. The temperature perception criterion of Changsha
investigated by Qihong Deng was employed as the evaluation criteria, and the thermal isotherms were
generated for further interpretation of the variation of the indoor temperature perception according to
the WWR. The research originates a new technical approach by integrating the existing meteorological
data and the ENVI-met model to clarify the perceptible effects of WWRs on non-Hvac buildings in the
study area. This methodology can be used for reference in other climate regions.

Decided by the local climatic conditions and the typical building material used in Chenzhou,
indoor thermal discomfort in non-Hvac buildings in Chenzhou is more perceptible under extreme
heat conditions, rather than extreme cold conditions. The WWR has four types of impact on indoor
temperature perception. First, it changes the occurrence time of indoor peak temperature; second,
the lower the WWR, the better the annual indoor thermal perception; third, the “hot” and “very hot”
temperature perception originates in the ranges of 0.00% to 20.00% and 20% to 40% WWRs, respectively;
fourth, the impact of the WWR on indoor thermal perception gradually decreases after the WWR
surpasses 40% and has almost no effect once beyond 80%.
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The evaluation of the annual effect of the WWR on indoor thermal perception as demonstrated
above is of significance to the architectural design of non-Hvac buildings in Chenzhou city. And the
method introduced in this research can be used for reference to identify the critical WWR values in
cities of other climatic zones. However, there are still some issues worthy of further study, including
the combination performance of the WWR and building orientation, the coupling effect of outdoor
vegetation layout, and others.
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