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Abstract: Indoor cooling is preferred during hot summers but unappreciated in cold winters. With
this research, we aimed to clarify the cooling performances of roof greening throughout the year and
identify the optimum roof greening coverage for the indoor thermal environment in Chenzhou, a city
in China with hot summers and cold winters. The layout of buildings, building materials, and local
climate data of Chenzhou were collected. The ENVI-met model was applied as the analytical tool
after its accuracy was confirmed by a field experiment. The Kriging model was employed to interpret
the annual effects of roof greening. The analytical results revealed that in Chenzhou, roof greening
reduced indoor temperatures throughout the year, and the higher the coverage of roof greening,
the greater the performance of indoor cooling. Moreover, hot climates enhanced the indoor cooling
performances of roof greening. From the view of annual thermal perception, the increase in roof
greening coverage reduced the duration of warm perceptions throughout the year and extended the
perceptions of slightly warm, slightly cool, and cool. Generally, increased roof greening coverage
improved the indoor thermal perception in Chenzhou throughout the year. The ENVI-met + Kriging
model, an evaluation method of annual cycles, can be used to evaluate the annual performance of
roof greening in terms of indoor thermal environment in other climate zones.

Keywords: roof greening; annual cycle; indoor cooling; ENVI-met; Kriging model

1. Introduction

The natural landscape has been superseded by hard facilities such as roads and
buildings in the urbanization processes, causing urban heat islands (UHIs) in the built
environment [1-3]. The UHI worsens thermal comfort, increases energy consumption, and
poses threats to human health in cities [4,5]. Nowadays, architects and urban planners,
professionals who are at the frontline of transforming our living environment, have different
ways of approaching global warming [6]. Green infrastructures, including green roofs
and vertical green walls, are commonly employed by planners to mitigate UHI [7-10].
A green roof is a building roof covered with vegetation and a growing medium [11,12],
and has been adopted by many municipal agencies as an effective measure to mitigate
UHlIs. In Germany, the Landscaping and Landscape Development and Research Society
(FLL) established the first guideline for green roof planning, called the “Guideline for the
planning, Execution and Upkeep of Green-Roof Sites”, requiring newly planned buildings
to implement roof greening to compensate for environmental ruin [13]. Since then, Canada,
Japan, Singapore, and Hong Kong, China, have also promoted green roof planning though
incentive or mandatory policies [14,15].

In addition to the promotion from the government, roof greening has also been
widely explored by scholars all over the world. They have proved roof greening to be
effective in cooling buildings and saving energy [16,17]. The cooling performance of roof
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greening has been extensively investigated. With regard to the influencing factors, the
mode of roof greening [18], species of vegetation [19], leaf area index (LAI) [20], thickness
of substrate [21], and water content [22] have been explored in detail in previous studies.
Fewer investigations concentrate on the effects of its coverage. Except for the comparison
by Morakinyo et al. that quantified the cooling demands of full-coverage roof greening,
the semi coverage of roof greening, and the bare roof [18], there are no other studies that
explore the impacts of roof greening coverage. Additionally, almost all the existing studies
on roof greening focus on their influence on the outdoor thermal environment rather than
the indoor environment [12,23,24].

For the hot summer and cold winter climate zone, the cooling effect in the summer is
appreciated while undesirable in the winter. Almost all of the existing studies evaluate the
cooling effects of roof greening from the view of typical summer days or winter days rather
than the annual cycle [25-27]. Many investigations have been conducted in cold climate
areas, including in the USA, Sweden, and Germany, and some others have been carried
out in tropical cities, including Singapore and Hongkong, China [28,29]. However, few
researchers consider the effects of roof greening in both summer and winter. Different from
the cold or hot climate zones, the use of roof greening in the hot summer and cold winter
climate zone must consider its performances in different seasons [30,31]. The conclusions
drawn from the tropical cities or cold cities are not applicable to cities in the hot summer
and cold winter climate zone.

This research aimed to clarify the thermal effects of roof greening on the indoor thermal
environment throughout the year in Chenzhou, which is a city with typical hot summers
and cold winters, with a resident population of approximately 870 thousand. We aimed to
propose a method that can be widely used to evaluate the influence of roof greening on
the indoor thermal environment in other climate zones. The method proposed is labelled
“ENVI-met + Kriging”, where the ENVI-met model was employed to simulate indoor
temperature [32] and the Kriging model was applied to visualize the annual distribution of
indoor air temperature [33].

2. Materials and Methods
2.1. Analytical Scenarios

This study was conducted in Chenzhou, Hunan province, China. Chenzhou is located
in the south of China’s hot summer and cold winter climate zone, receiving strong short-
wave radiation [34]. In addition, Chenzhou is located at the northern foot of the Nanling
Mountain of China, which blocks the cold air from the north in winter [35]. The unique
geography endows Chenzhou with typical hot summers and cold winters, where roof
greening is not always beneficial to the urban thermal environment in cold seasons.

Five scenarios of roof greening were constructed with the roof greening coverage
levels of 0%, 25%, 50%, 75%, and 100%, which are shown in Figure 1. The size of each
model was 156 m long and 72 m wide and composed of 26 x 12 grids, with each grid being
6 x 6 m?. The height of each building was 20 m, the length was 48 m, and the width was
12 m. The east-west distance between buildings was 6 m, and the north—south distance
was 18 m, which were set according to the urban management requirements of Chenzhou
to ensure its fire rescue safety and building sunshine lighting [36].

The green roof consisted of a mixed substrate and Funkia (Hosta) plant. The total
thickness of the substrate was 15 cm, including 10 cm of sandy loam and 5 cm of Styrofoam.
The properties of the mixed substrate are shown in Table 1.
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Figure 1. Research models of this study.

Table 1. Properties of the mixed substrate in this research.

Parameters Value
Thickness (cm) 15
Emissivity of substrate 0.95
Albedo of substrate 0.3
Water coefficient of substrate for plant 0.5
Air gap between substrate and wall (m) 0.01
Funkia (Hosta) is commonly used as the green roof plant in China and the properties of Funkia (Hosta) are

presented in Table 2 [37].

Table 2. Properties of Funkia (Hosta).

Parameters Value
Albedo 0.2
Transmittance 0.3
Plant height (m) 0.4
Root zone depth (m) 0.5
Leaf area profile 0.15
Root area profile 0.1
LAI 15
Leaf angle distribution 0.5

Table 3. Properties of concrete and glass.

Parameters Value
Concrete
Thickness (m) 0.31
Absorption (Frac) 0.5
Transmission (Frac) 0
Reflection (Frac) 0.5
Emissivity (Frac) 0.9
Specific heat ]/ (kg-K) 850
Thermal conductivity W/(m-K) 1.6
Density (kg/ m?) 2220
Clear float glass
Thickness (m) 0.02
Absorption (Frac) 0.05
Transmission (Frac) 0.9
Reflection (Frac) 0.05
Emissivity (Frac) 0.9
Specific heat ]/ (kg-K) 750
Thermal conductivity W/(m-K) 1.05

Density (kg/m?) 2500
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The walls and roofs were made of concrete. The ratio of windows to walls on the
north and south facades was 20%. Building materials and the window-to-wall ratio were
set according to the actual situation of Chenzhou city. Clear float glass is commonly used
in Chenzhou and it was employed as the glass in this simulation. The properties of the
concrete and glass are shown in Table 3 [38,39].

2.2. Research Tools

Many simulation tools have been used to simulate indoor air temperatures, such as Eco-
tect [40], Trnsys [41,42], and Energy plus [43,44]. However, these tools are not computational
fluid dynamics (CFD) models, and cannot simulate the shading effects of plants because
these non-CFD models cannot simulate the translucency of leaves towards radiation [45].
Additionally, these non-CFD models cannot calculate the evaporative cooling in the leaves [45].
In this research, the ENVI-met model was used as the simulation tool as it can calculate the
shading effect of plants, as well as the leaf temperature, taking into account the photosynthetic
rate, water availability in the soil, and the ambient evapotranspiration [46]. Apart from
simulating the thermal effects of plants, the ENVI-met model also can calculate the indoor air
temperature. The indoor air temperature calculated by ENVI-met comes from the conversion
of heat from the indoor surfaces and the energy transmitted through the window [47]. The
indoor temperature is calculated by Equation (1) [48].

* 1 E tr k
Ti = Ti + Cp_V /e:1 A(E)( sw(e) + hc,i(T3 (6) - Ti))dt (1)

where T; represents the previous air temperature in zone i, V is the volume of zone 7, and T}
indicates the updated air temperature after the time dt. E is the number of facades forming
zone i, and A(e) is applied to show the surface area of zone i. Qf, is the solar radiation
transmitted into zone i though the facade ¢, and /. ; refers to the heat convection coefficient
calculating the heat transfer between ambient air and the inner walls.

Some researchers have validated the accuracy of the ENVI-met model. We also
conducted a survey in Hunan province to confirm the accuracy of the ENVI-met model in
terms of the simulating plants. The field experiment was conducted in the east of Hunan
(113.109° E, 28.235° N) from 10:00 on 22 August to 10:00 on 24 August with two HOBO
Data Loggers (MX2302). During the 48 h, the indoor air temperatures—as well as the
outdoor air temperature, relative humidity, and wind velocity—were recorded. The field
experiment and the ENVI-met model of the experiment are displayed in Figure 2. One
HOBO Data Logger recorded the outdoor weather conditions and the other measured the
indoor air temperatures.

Figure 2. Validation experiment. (a) Field measurements; (b) ENVI-met model of field measurement.
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The outdoor air temperature recorded by the HOBO Data Logger is presented as the
blue line in Figure 3. We simulated the indoor air temperatures with the recorded outdoor
thermal index, and the simulated indoor air temperature is shown as the red line in Figure 3.
The indoor air temperatures recorded by HOBO Data Logger are shown as the yellow line
in Figure 3.

38 mdoor measured temperature(°C )
--& - indoor simulated temperature(°C )
—=— outdoor air temperature (°C )

Temperature (°C)

‘. ’
26 T T T T  Bm— T T T T T

10:00 14:00 18:00 22:00 2:00 6:00  10:00 14:00 18:00 22:00 2:00 6:00
Time (hour)

Figure 3. Field experiment data.

The red line and the yellow line had a similar trend. The Pearson coefficient of the
measured data and the simulated data was 0.969 [49]. This field experiment improved
confidence in the accuracy of the ENVI-met model in this study.

2.3. Data Resources

We collected meteorological data from 2007 to 2020 from the weather station of
Chenzhou (https:/ /tiangi.2345.com/wea_history /57972 htm; accessed on 11 April 2021).
The average air temperature, wind velocity, and relative humidity of each month were
calculated based on these data with an interval of one hour. These statistical results reflected
the long-term and stable climate characteristics of Chenzhou, which were employed as the
boundary conditions for the simulation. The boundary conditions for the simulation are
shown in Table 4.

Table 4. Boundary conditions of the simulation.

Month  Initial Meteorological Condition Value Month  Initial Meteorological Condition Value
Wind speed (10 m above the ground) 27m/s Wind speed (10 m above the ground) 3.34m/s
Wind direction 315° Wind direction 135°
Max air-temperature 9°C Max air-temperature 15°C
Jan. Feb.
Min air-temperature 5°C Min air-temperature 9°C
Max relative-humidity 78% Max relative-humidity 80%

Min relative-humidity 68% Min relative-humidity 70%
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Table 4. Cont.

Month  Initial Meteorological Condition Value Month  Initial Meteorological Condition Value
Wind speed (10 m above the ground) 3.51m/s Wind speed (10 m above the ground) 53m/s
Wind direction 315° Wind direction 315°
Max air-temperature 16 °C Max air-temperature 19°C
Mar. Apr.
Min air-temperature 11°C Min air-temperature 13 °C
Max relative-humidity 84% Max relative-humidity 77%
Min relative-humidity 74% Min relative-humidity 67%
Wind speed (10 m above the ground) 459 m/s Wind speed (10 m above the ground) 3.52m/s
Wind direction 315° Wind direction 315°
Max air-temperature 28 °C Max air-temperature 30°C
May. Jun.
Min air-temperature 21°C Min air-temperature 24°C
Max relative-humidity 78% Max relative-humidity 77%
Min relative-humidity 68% Min relative-humidity 67%
Wind speed (10 m above the ground) 4.72m/s Wind speed (10 m above the ground) 2.79m/s
Wind direction 270° Wind direction 135°
Max air-temperature 33°C Max air-temperature 32°C
Jul. Aug.
Min air-temperature 26 °C Min air-temperature 24°C
Max relative-humidity 71% Max relative-humidity 74%
Min relative-humidity 61% Min relative-humidity 64%
Wind speed (10 m above the ground) 2.77m/s Wind speed (10 m above the ground) 2.77m/s
Wind direction 0° Wind direction 315°
Max air-temperature 25°C Max air-temperature 19°C
Sep. Oct.
Min air-temperature 20°C Min air-temperature 14 °C
Max relative-humidity 72% Max relative-humidity 79%
Min relative-humidity 62% Min relative-humidity 69%
Wind speed (10 m above the ground) 2.53m/s Wind speed (10 m above the ground) 2.8m/s
Wind direction 0° Wind direction 315°
Max air-temperature 17 °C Max air-temperature 7°C
Nov. Dec.
Min air-temperature 11°C Min air-temperature 4°C
Max relative-humidity 85% Max relative-humidity 78%
Min relative-humidity 75% Min relative-humidity 68%

3. Results and Discussions

3.1. Cooling Effects of Roof Greening Coverage in Each Month

To better understand the effect of roof greening on the indoor temperature in different
months, the variations in indoor air temperature of the five roof greening coverages were
analyzed, which are displayed in Figure 4.
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The analytical results revealed that in Chenzhou, roof greening can reduce indoor tem-
peratures throughout the year. The indoor air temperatures of the 12 months had the same
trend: the higher the roof greening coverage, the lower the indoor temperature. Many other
studies also investigated the impact of greening systems on the indoor thermal environ-
ment, and proved that the indoor cooling caused by roof greening was determined by the
“evapotranspiratory effect” of plants [50,51], the “shading effect” of plants [52,53], and the
“thermal insulation” of the growing medium [54,55]. The other conditions, including the
roof insulation and climate, also determined the performance of roof greening in terms of
the indoor thermal environment [21]. On the contrary, another field experiment conducted
by Xing et al. in Hunan with a room covered with greening showed an improved indoor
air temperature in the winter [56]. The reason for the contradictory conclusion is that the
building types were different. In Xing et al.’s research, the buildings were temporary build-
ings with a 2 mm thick steel sandwich structure. The thermal insulation of the sandwich
structure with 2 mm thick steel plates was weaker than that of vertical greening. In our
research, the buildings were constructed with 31 mm thick concrete walls that perform
better than roof greening in terms of thermal insulation.

In addition, the analytical results revealed that the hot climate strengthened the indoor
cooling of roof greening. The biggest cooling differences among the five roof greening
coverages happened in August, the hottest month in Chenzhou. The biggest gap in indoor
air temperatures between the rooms with the roof greening coverages of 0% and 100% was
0.48 °C. The smallest cooling differences among the five roof greening coverages occurred in
December, when the maximum temperature difference was only 0.17 °C. Previous studies
also pointed out the same conclusion that the cooling performance of roof greening is
affected by the local climate [57]. In terms of the daily temperature, roof greening modified
the indoor air temperature at night stronger than that during the day. The strongest
modification of indoor air temperature caused by green roofs occurred at around 2:00 p.m.

3.2. Annual Distribution of Indoor Air Temperature Regulated by Roof Greening Coverage

Although the statistical data and figures in the above section provide an understand-
ing of the impacts of roof greening in different months, these data and figures hardly reflect
their annual impacts on indoor air temperatures. The air cooling in summer benefits the
indoor thermal perception while that in winter deteriorates the indoor thermal percep-
tion [32]. Therefore, a comprehensive evaluation throughout the year is necessary for a
comprehensive understanding of the impact of roof greening on indoor air temperatures.
The Kriging model has proved to be appropriate for temperature interpolation [58], and
was used to translate the annual distribution of indoor air temperature caused by different
roof greenings in this study [59]. Some researchers investigated the thermal sensation of cit-
izens in Hunan, China. Yang et al. compared the human thermal sensation in Changsha, a
city in Hunan province, with that of Singapore [60]. In addition, Liu et al. also investigated
the thermal sensation of Changsha in summer and winter [61]. According to their research
results, we employed the following standards to quantify the benefits of roof greening.
The air temperatures between —1 °C and 7 °C are defined as cool, those between 7 °C and
15 °C are slightly cool, 15 °C to 22 °C are neutral, 22 °C to 30 °C are slightly warm, and
30 °C to 35 °C are warm. Because the indoor air temperatures in Chenzhou were higher
than —1 °C and lower than 35 °C, the cold thermal sensation (<—1 °C) and hot thermal
sensation (>35 °C) would not happen in the indoor environment. Therefore, the standard of
the indoor thermal sensations in this research only contained five thermal conditions. The
annual distributions of the indoor thermal sensations modified by the five roof greening
coverages are shown in Figure 5. The sub-graphs of a, b, ¢, d, and e indicate the green roof
coverages of 0%, 25%, 50%, 75%, and 100%, respectively.
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Figure 5. Annual thermal sensations modified by the five roof greening rates. (a) Indoor thermal
sensation of 0% green roof rate scenario; (b) Indoor thermal sensation of 25% green roof rate scenario;
(c) Indoor thermal sensation of 50% green roof rate scenario; (d) Indoor thermal sensation of 75%
green roof rate scenario; (e) Indoor thermal sensation of 100% green roof rate scenario.
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Figure 5 shows that with the increase in roof greening coverage, the annual proportion
of warm thermal sensations gradually decreased, and the proportion of cool sensations
gradually increased. The hours of each thermal sensation in different roof greening cover-
ages are presented in Table 5.

Table 5. Durations of indoor thermal perceptions of different roof greening coverages.

Warm Slightly Warm Neutral Slightly Cool Cool

0% greening roof coverage % 10.0% 36.1% 25.4% 25.0% 3.4%
hour 879.3 3163.3 2229.3 2189.5 298.5

25% greening roof coverage Yo 9.7% 36.2% 25.4% 25.1% 3.6%
hour 849.2 3174.4 22254 2198.1 313.0

50% greening roof coverage % 9.4% 36.3% 25.4% 25.2% 3.7%
hour 821.7 3183.5 22244 2204.4 326.1

75% greening roof coverage % 9.1% 36.4% 25.4% 25.2% 3.9%
hour 793.7 3192.1 2224.0 2208.2 342.0

100% greening roof coverage Y% 8.7% 36.5% 25.4% 25.3% 4.1%
hour 765.0 3201.0 2222.5 2215.0 356.5

The analytical data revealed that the increase in roof greening coverage reduced the
duration of warm perceptions throughout the year and extended the perceptions of slightly
warm, slightly cool, and cool. The duration of neutral remained stable with the variations
in roof greening coverage. Specifically, an additional 25% of roof greening may reduce the
duration of warm perceptions by approximately 0.3%, equaling 28.5 h. An additional 25%
of roof greening extended the duration of cool perceptions by about 0.2%, equaling 14.5 h.
The durations of slightly warm perceptions and slightly cool perceptions only increased
roughly 0.1% with an additional 25% of roof greening. The durations of neutral perceptions
in the five scenarios varied from 2222.5 h to 2229.3 h, with gaps between them of less than
0.1%. Slightly warm, slightly cool, and neutral were acceptable thermal sensations, and
these sensations increased with the rise in roof greening coverage. Therefore, increasing
the coverage of roof greening benefited the annual indoor thermal perception in Chenzhou.
From the perspective of indoor thermal perception, incentive policy towards roof greening
is appropriate for Chenzhou. However, compared with the efficiency of roof greening
in tropical cities such as Hong Kong, China, the annual improvement in indoor thermal
comfort is relatively small [62]. Therefore, for Chenzhou, incentive measures are more
appropriate for the promotion of roof greening, rather than mandatory measures.

This study clarified the annual impact of roof greening on indoor thermal perceptions
in Chenzhou. However, unlike countries with a single climate zone, such as Singapore,
China has multiple climate zones, posing a challenge to the standard of national guidelines
for roof greening. For example, is roof greening beneficial to the year-round thermal
environment of buildings in mild climate areas? This is a core issue that urban planners
should consider in roof greening planning.

4. Conclusions

This research evaluated the impacts of roof greening based on an annual cycle rather
than a typical summer day, which is a more suitable method for climate zones with hot
summers and cold winters. Moreover, instead of the outdoor microclimate, we focused
on the impact of roof greening on the indoor thermal environment, which is a problem
that planners have neglected for a long time. The analytical results revealed that, in
Chenzhou, roof greening reduced indoor temperatures throughout the year, and the higher
the coverage of a green roof, the greater the performance of indoor cooling. Furthermore,
the hot climate strengthened the indoor cooling effects of roof greening. From the view
of annual thermal perception, increased roof greening coverage reduced the duration
of warm perceptions and extended the perceptions of slightly warm, slightly cool, and
cool throughout the year. Generally, increasing the coverage of roof greening benefited
the annual indoor thermal perception in Chenzhou. The ENVI-met + Kriging model, an
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evaluation method of annual cycles, can be used to evaluate the annual impact of roof
greening on indoor thermal environments in other climate conditions, such as in warm
climate zones. In future research, we will use this method to study the annual performance
of roof greening in terms of the indoor thermal environment in other climatic regions in
China, which is essential to establish the national incentive policy for the development of
roof greening.
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