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/ ABSTRACT
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Website: www.neptjournal.com The thermal environment problems of pedestrian streets space are becoming increasingly
important with the growing rate of urbanization, especially in regions with hot summers and
cold winters. Taking Cinnamomum camphora as an example, several urban design scenarios
with dynamic setting parameters of streets orientation (N-S, E-W), aspect ratio (0.5, 1,1.5,
2) are simulated by ENVI-met to analyze the impact of the green coverage on the thermal
comfort of the street canyons in Shanghai. Results showed that: (1) green coverage has an
impact on the thermal comfort of the street both in summer and winter and the significance
of this effect is affected by the orientation and aspect ratio of the streets. (2) In summer, with
the increase in aspect ratio, N-S orientation streets need more and more green coverage to
bring a significant impact on thermal comfort, while E-W orientation streets only need 24 %
green coverage. (3) In winter, with the increase in aspect ratio, N-S orientation streets also
need more green coverage to significantly reduce thermal comfort. For E-W orientation, only
when the aspect ratio is 1/2, the green coverage can effectively reduce the thermal comfort
of the street. (4) The planting layout had no significant effect on the thermal comfort effect of
trees. Based on the above conclusions, the greening strategy was proposed for pedestrian
streets in the hot summer and cold winter region in China.
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INTRODUCTION that street canyon orientation is the most influential factor,

The thermal comfort of urban street space is related to peo- followed by aspect ratio.

ple’s comfortable experience of outdoor activities (Lee et Landscape elements such as trees, waterscapes, and

al. 2018, Zhu et al. 2020). This is particularly evident in the
pedestrian street space, because people are not just for traffic,
but will stay, talk and hang out on foot, which will prolong
people’s stay time in the pedestrian street.

The thermal comfort of street space has been widely
discussed by many scholars. Yahia & Johansson (2014) dis-
cussed the advantages and disadvantages of different urban
design patterns in Damascus and argue that efficient use of
vegetation positively affects the thermal environment. Deng
et al. (2016) found that deep street canyons with higher
aspect ratios reduce solar access and air temperature. In
a study conducted by Rodriguez Algeciras et al. (2016),
to achieve acceptable thermal comfort in the summer and
winter seasons, the value for this design factor (aspect ra-
tio) was suggested as 1 and 1.5. Achour-Younsi & Kharrat
(2016) discussed the impact of the geometry of an urban
street canyon on outdoor thermal comfort and found that the
deepest streets are the most comfortable. Abdollahzadeh &
Biloria (2021) evaluated the thermal performance of streets
in residential zones of Liverpool, NSW, Australia, and found

shading facilities play a positive effect on the regulation of
thermal comfort (Soares et al. 2021, Zhao & Fong 2017).
However, research mainly focuses on the influence of street
space morphology (e.g., orientation, aspect ratio, sky view
factor, and surface conditions) at the present stage, ignoring
the role of streetscape (Li et al. 2020). The spatial morphol-
ogy of the street is more stable and difficult to be changed,
but the streetscape can be easily modified (Yang et al. 2018).
Moreover, these studies mainly focus on the summer season,
and there is a lack of studies that take into account both
summer and winter. Therefore, the study of the influence
of street landscapes on thermal comfort in different seasons
should be taken seriously.

Table 1 shows the relationship between the values of PET
and heat feeling. The thermal comfort model is divided into
an eight-point scale by combining physiological parameters
and environmental parameters. Based on the human body’s
energy balance, PET is matched to the human biometeoro-
logical evaluation of the thermal component in each different
climate. According to the literature reviewed, although PET



1544

is not proposed for the climate in China, it can still be an
effective evaluation index for thermal comfort in China. In
China’s cold (Lai et al. 2014), hot summer and cold winter
(Rupp et al. 2015), and hot summer and warm winter (Li et
al. 2016) climate zone, PET has been proven to be applicable.

Shanghai is located in the hot summer and cold winter
climate region in China. As the economic center of China,
it has a wide variety of pedestrian streets. Tree planting
patterns in pedestrian streets are more diverse, but the effect
of trees on thermal comfort in pedestrian streets is unclear.
In this study, we will use ENVI-met as a simulation tool to
explore the impact of greening trees on the thermal comfort
of pedestrian streets (Hu et al. 2021). The objectives of this
study are to (1) explore the influence of green coverage on the
thermal comfort of pedestrian streets in summer and winter
under different street orientations and aspect ratio conditions.
(2) Analyze the influence of planting layout on the thermal
comfort effect of trees. (3) Propose the landscape greening
strategy for pedestrian streets.

MATERIALS AND METHODS
Study Area

Shanghai is located in the east of China at a longitude between
120.5°E and 122.1°E and latitude between 30.4°N and 31.5°N.
In summer, the average daytime air temperature is 26°C and
the mean relative humidity is 77%. The mean wind speed
is 3.2 m.s” and the primary wind direction is southeast. In
winter, the average daytime air temperature is 18°C and the
mean relative humidity is 65%. The mean wind speed is 3.0
m.s" and the primary wind direction is northwest. July and
January are the hottest and coldest months respectively in
Shanghai.

Construction of Simulation Models

Tree model

Table 1: PET value and thermal perception.

PET(°C) Human Subjective Comfort Feeling
<4 Very Cold

4-8 Cold

8-13 Cool

13-18 Slightly Cool

19-23 Neutral

23-29 Slightly Warm

29-35 Warm

35-41 Hot

>41 Very Hot

L. S. Cao et al.

Leaf Area Index (LAI) can describe an area or a plant’s over-
all degree of lushness (Cao et al. 2021). Changes in the LAI
can contrast different degrees of greening. LAD is defined as
the ratio of the total leaf area to the unit volume in different
levels of the canopy. LAD can describe the leaf density and
the distribution of a plant (Ng et al. 2012). Where the LAD
is 0, it means the trunk is in this area.

LAI = [,'LAD - AR (1)

Where H (m), Height of the vegetation; Ah (m), Vertical
Grid Size; LAl Leaf Area Index; LAD (m.”.m™), Leaf Area
Density

In this study, the evergreen tree species Cinnamomum
camphora (L.) Presl., which is widely grown in Shanghai,
was modeled. The tree’s height of 10 m was ideal for the
Shanghai street’s urban design pattern. According to the
measurement results of Gao et al. (2010), the LAI value of
Cinnamomum camphora was set to 3.8 both in summer and
winter. The vertical grid size was set to Im and the LAD value
(from top to bottom) of the model is calculated according to
Eq. (1), as shown in Fig. 1. The remaining conditions adopt
the default values of the system.

Street Model

The setting of the aspect ratio of streets refers to the actual
size of Shanghai pedestrian streets and related architectural
design guidelines (Abdollahzadeh & Biloria 2021). The
width is set to 18 m, and the building models on both sides
of the street are established according to four aspect ratios
(0.5, 1, 1.5, 2) (Fig. 2). The length of the street is set to 60
m. The green coverage of streets was estimated by the ratio
of the vertical projection area of the tree crown to the street
area. Increase the green coverage with a gradient of 12%
(4 trees) based on a blank street (Fig. 3). To simplify the
experimental process, this study only modeled the streets
in the east-west (E-W) and north-south (N-S) orientations.

Simulation by ENVI-Met

A model domain with a 60 x 60 x 30 grid version was ap-
plied in the simulations. The grid sizes for the site were set
to be 2 m. In addition, 10 nesting grids were added around
the model to improve simulation accuracy (Yang et al. 2020).
The simulation was carried out on the 15th of July since this
day is more or less in the middle of the three hottest months in
summer, and the day 15th of January was studied to represent
the winter season because it is in the middle of the three coldest
months. The simulated period lasted from 9:00 local time (LT)
in the morning until 16:00 LT in the afternoon including the
time period with obvious sunshine. The main parameters used
in the summer and winter simulations are shown in Table 2.

Vol. 21, No. 4, 2022 ® Nature Environment and Pollution Technology
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Fig. 1: Description of the tree model.
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Fig. 2: Description of the aspect ratio of the street(m).
12% 24% 36% 60% 72% 84%

Fig. 3: Planting layout of the tree and its corresponding green coverage.

RESULTS
Effect of Green Coverage on PET in Summer

Characterization of PET

Fig. 4 shows the relationship between green coverage and the
PET means (9:00-16:00) of the streets in summer. It can be
found that as the green coverage increases, the PET values
of the streets all tend to decrease, and this trend tends to level

off after the green coverage reaches 60%. The PET values of
E-W orientation street are higher than that of N-S orientation
street under the same green coverage, and the gap between
the two increases with the increase of street aspect ratio.

With the increase of the aspect ratio, the influence of
the green coverage on the PET becomes smaller, which
is particularly obvious in the N-S orientation street. With
the increase of green coverage, the standard deviation of

Nature Environment and Pollution Technology ® Vol. 21, No. 4, 2022
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Table 2: Main parameters input in the ENVI-met.

L. S. Cao et al.

Simple forcing: air temperature (K)

Simple forcing: relative humidity (%)

Wind speed at 10 m above ground level (m.sh
Wind direction (°)

Cloud cover

Materials of buildings and roads

Clothing parameters

Body parameters

Min 298 at 6:00; max 305 at 16:00
Min 70 at 16:00; max 85 at 6:00

Simulation Parameters Summer Winter
Day 15 July 15 Jan
Time 9:00-16:00 9:00-16:00
Roughness length 0.1 0.1

Min 276 at 6:00; max 282 at 16:00
Min 60 at 16:00; max 75 at 6:00

32 3.0
135 315
0 0

Default settings in ENVI-met
0.3

Default settings in Biomet

Default settings in ENVI-met
0.9

Default settings in Biomet

K - —e—N-S —=—EW
43 —e—N-S —=—EW 43
\\

39 39

35 S S 35 S

31 ‘ﬁ } 31

27 1 1 1 1 1 1 1 27 1 1 L L 1 1 1

0 12 24 36 48 60 72 84 0 12 24 36 48 60 72 84

&) (a) aspect ratio 1/2 (b)aspect ratio 1
=
5
o

23 —e—N-S —=—E-W 43 —e—N-S —m—E-W

39 39

\\\\ N
. .

35 B 35

31 Tl 31 N =

27 1 1 1 1 1 1 1 27 1 1 1

0 12 24 36 48 60 72 84 0 12 24 36 48 60 72 8

(c) aspect ratio 3/2

(d) aspect ratio 2

Fig. 4: Mean (9:00-16:00) and standard deviation of PET in summer.

PET values decreases, indicating that green coverage could

stabilize thermal comfort in the daytime.

Difference Analysis of PET Means

The single-sample T-test method was used to analyze the
differences in PET means between green streets and blank
streets. The results are shown in Table 3. For the N-S ori-
entation, with the increase in aspect ratio, more and more

Vol. 21, No. 4, 2022 ® Nature Environment and Pollution Technology
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green coverage is needed to significantly reduce the PET
means of the street. For the E-W orientation, regardless
of the aspect ratio, 24% green coverage can significantly
reduce the PET mean of the street. It can be seen that green
coverage has more influence on the thermal comfort of the
E-W orientation streets.

The Impact of Green Coverage on PET at Different
Time Points

To analyze the difference in green coverage on PET at dif-
ferent time points, taking Table 1 as a standard, mark the
greening coverage corresponding to the PET grade difference
(relative to the blank street) at each time point. The results
are shown in Figs. 5-6.

With the increase of aspect ratio, the time points
that PET values have grade difference become less.
Relatively speaking, the number of impacted time
points in N-S orientation streets is less than in E-W

1547

orientation streets, which is consistent with the previous
results.

For the N-S orientation, when the aspect ratio is less
than or equal to 1, almost all time points will be affected
effectively. When the aspect ratio is 3/2, only the PET val-
ues at 10:00, 13:00, and 14:00 are effectively affected. And
when the aspect ratio reaches 2, only the thermal comfort
at 10:00 is upgraded. For the E-W orientation, regardless of
the aspect ratio, the thermal comfort of most time points has
been improved. As the aspect ratio increases, green coverage
has little effect on thermal comfort between 11:00 and 13:00.

Effect of Green Coverage on PET in Winter

Characterization of PET

Fig. 7 shows the relationship between green coverage and
the PET means (9:00-16:00) of the street in winter. Although
there is still a downward trend in the PET values with the
increase of green coverage, this effect is relatively weaker

Table 3: The results of the single-sample T-test between green streets and blank streets.

Aspect ratio Orientation Green coverage
12% 24% 36% 48% 60% 72% 84%
172 N-S 208 017* L0027 001 .000%* .000%: .000%:*
E-W .094 0047 .000%* .000%* .000%* .000%* .000%*
11 N-S 376 077 011%* .004% .001 % L0071 % 007 %
E-W 117 .006%* .000%* .000%* .000%* .000%* .000%*
3/2 N-S .683 371 .095 .046% .016%* 014 011%*
E-W 121 007 .000% .000%: .000%: .000%: 000
2/1 N-S .796 570 .193 .108 .044% .041% .035%
E-W .193 015% .001 % .000% .000% .000% .000%*

Note: * Significance at the 0.05 level. ** Significance at the 0.01 level. The same is below.

36 -

60 [~

Green coverage (%)

72 —

84

9 10 11 12 13 14 15 16
Aspect ratio 1/2

9 10 11 12 13 14 15 16
Aspect ratio 1/1

9 10 11 1213 14 15 16
Aspect ratio 3/2

9 10 11 1213 14 15 16 Time
Aspect ratio 2/1

Fig. 5: The green coverage of N-S orientation streets when PET produces grade change.
Note: Light green: one-level difference; Dark green: two-level difference; Blank: no grade difference. The same is below.
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than in summer and mainly affects the N-S orientation streets.
Similarly, with the increase in aspect ratio, the impact of
green coverage on thermal comfort is gradually weakened.
For the E-W orientation, only when the aspect ratio is 1/2,
the green coverage has an effective impact on the PET values.
In addition, with the increase of green coverage, the standard
deviation of PET values decreases. It can be seen that the
green coverage also makes the thermal comfort of streets
tend to be stable in winter.

Difference Analysis of PET Means

Table 4 shows the differences in PET means between green
streets and blank streets. For the N-S orientation, when the
aspect ratio is 1/2, starting with 24 % green coverage, the
PET means can be significantly reduced. After the aspect
ratio reaches 1, 36% green coverage is needed to make the
PET mean decrease significantly. For the E-W orientation,
only the street with an aspect ratio of 1/2 has a significant
difference in PET mean starting from 24% green coverage.
For streets with other aspect ratios, the green coverage does

L. S. Cao et al.

not have a significant impact on the thermal comfort of the
streets.

The Impact of Green Coverage on PET at Different
Time Points

Fig.8-9 shows the greening coverage corresponding to the
PET grade difference (relative to the blank street) at each
time point. In contrast to summer, the green coverage of N-S
orientation streets has a greater influence on thermal comfort
than N-S orientation streets in winter. The thermal comfort
of the majority of time points has decreased when the aspect
ratio is 1/2. The green coverage no longer significantly af-
fects thermal comfort after the aspect ratio reaches 1 except
between 10:00 and 14:00.

The Impact of Planting Layout Factors on PET

Whether the planting layout of trees has an impact on their
thermal comfort effect? To make clear it, we took the street
with an aspect ratio of 1/2 and 36 % green coverage as an
example and summarized four planting layouts based on on-

24

48 -

60 -

Green coverage (%)

84 | —

9 10 11 1213 14 15 16
Aspect ratio 1/2

9 10 11 1213 14 15 16
Aspect ratio 1/1

9 10 11 1213 14 15 16
Aspect ratio 3/2

9 10 11 1213 14 15 16 Time
Aspect ratio 2/1

Fig. 6: The green coverage of E-W orientation streets when PET produces grade change.

Table 4: The results of the single-sample T-test between green streets and blank streets.

Aspect ratio Orientation Green coverage
12% 24% 36% 48% 60% 72% 84%
172 N-S .061 .005%%* .000%* .000%* .000%* .000%* .000%*
E-W 278 .023%* .000%* .000%* .000%* .000%* .000%*
1/1 N-S 541 151 .013%* .002%%* .000%* .000%* .000%*
E-W 451 406 493 .698 .587 789 .891
32 N-S .630 205 .028%* .003%* .000%* .0007%* .000%*
E-W .530 526 742 465 271 .386 439
2/1 N-S 671 239 .033* .003** .000** .000%* .000%*
E-W .570 .619 877 .368 191 255 292

Vol. 21, No. 4, 2022 ® Nature Environment and Pollution Technology
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Fig. 7: Mean (9:00-16:00) and standard deviation of PET in winter.
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Fig. 8: The green coverage of N-S orientation streets when PET produces grade change.
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24

36 - — —

48

Green coverage (%)
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9 10 11 1213 14 15 16
Aspect ratio 1/2

9 10 11 1213 14 15 16
Aspect ratio 1/1

9 10 11 12‘13 14 15 16 Time
Aspect ratio 2/1

9 10 111213 14 15 16
Aspect ratio 3/2

Fig. 9: The green coverage of E-W orientation streets when PET produces grade change.

site investigations on pedestrian streets (Fig. 10). The PET
values of these four cases in different street orientations and
seasons were simulated and calculated. Single-factor ANO-
VA analysis is used to analyze the difference in calculation
results. The results are shown in Fig.11.

Fig. 11 shows that regardless of the street orientations
and season, planting layouts cannot bring about significant
differences in the thermal comfort effects of trees. For N-S
orientation, in both summer and winter, the ‘two-group’
planting layout results in the highest PET values for the
street, and the ‘two-row-middle’ planting layout results in
the lowest PET values. For E-W orientation, in both summer
and winter, the ‘two rows side planting layout can make the
street more suitable. But it should be pointed out that these
differences are not significant.

DISCUSSION

Effect of Green Coverage on Thermal Comfort of Streets
The study found that tree greening has a positive impact on

(@) (b)

the thermal comfort of the street in summer, and a negative
impact in winter. However, the significance of this effect
is affected by the orientation and aspect ratio of the street.

In summer, tree greening has less influence on thermal
comfort in N-S orientation streets than in E-W orientation
streets. with the increase in aspect ratio, the N-S orientation
streets need more and more green coverage is needed to
significantly improve the thermal comfort of the street, while
E-W orientation streets only need 24 % green coverage. For
the N-S orientation, building shadows on both sides can affect
the thermal comfort of the street. For the E-W orientation,
only the shadows of the building on the south side can affect
the thermal comfort of the street. This is the main reason
why the N-S orientation streets can provide better thermal
comfort (Srivanit & Jareemit 2020). However, more building
shadows cover trees, which weakens the blocking effect of
trees on light, resulting in a reduction in the plant’s regula-
tion of thermal comfort(Zheng et al. 2020). That’s why the
influence of trees in N-S orientation streets is weaker than
that in E-W orientation streets. Similarly, with the increase

© (d)

Fig. 10: Four planting layouts of trees: (a) two rows-side; (b) two groups; (c) two rows-middle; (d) one row-middle

Vol. 21, No. 4, 2022 ® Nature Environment and Pollution Technology



EFFECT OF GREENING TREES ON THERMAL COMFORT OF THE PEDESTRIAN STREETS

Otwo rows-side
@ two rows-middle

O two groups
M one row-middle

a a

PET(°C)

38 | a a

36

34

32

30 | )
N-S orientation

E-W orientation

(a)summer

1551

Otwo rows-side
@ two rows-middle
a a

O two groups

M one row-middle
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(b)winter

Fig. 11: Difference in thermal comfort effect of four planting layouts.

of the aspect ratio, the shadow range of buildings on both
sides of N-S orientation streets expands, and more trees are
covered by building shadows. Therefore, more trees are
needed to effectively regulate the thermal comfort of the
street. In contrast, the building shadow range on the E-W
orientation streets changes little. No matter what the aspect
ratio is, 24 % of the green coverage can effectively improve
thermal comfort.

On the contrary, in winter, tree greening has a bigger
influence on thermal comfort in N-S orientation streets than
in E-W orientation streets. This is also because of the impact
of building shadows on trees. In winter, the direct angle of
sunlight becomes smaller, resulting in a larger shadow range
of the building. The shadow of the building on the south side
of E-W orientation streets easily covers the whole street.
That’s why for E-W orientation, green coverage can only
effectively improve the thermal comfort of streets with an
aspect ratio of 1/2. For S-W orientation, although the shad-
ow range of buildings is also expanded in winter, the streets
have sufficient light at noon (11:00-14:00), and trees can
effectively reduce the thermal comfort of this time period.

In addition, the study found that the planting layout
had no significant effect on the thermal comfort effect of
trees. The shading effect of the canopy is the main reason
trees regulate thermal comfort(Chen et al. 2021, Speak et al.
2021). However, different planting layouts will not have a
significant impact on the shade range of trees under the con-
dition of a certain number of trees. So there is no significant
difference in the thermal comfort effect brought by different
tree planting layouts.

Greening Strategy for Pedestrian Streets

For the N-S orientation, to get a more suitable thermal

feeling in summer, the larger the aspect ratio of the street,
the more trees need to be planted. The specific relationship
between green coverage and aspect ratio can be referred to
in Table 1. But inevitably, evergreen trees such as camphor
trees also reduce the thermal comfort of streets in winter.
Therefore, for the N-S orientation streets, planting decidu-
ous trees is a more appropriate choice. This ensures that the
thermal comfort of the streets in winter is not significantly
reduced.

For the E-W orientation, in summer, when the green
coverage reaches 24%, the thermal comfort of the street can
be significantly improved. In winter, the green coverage has
little effective impact on street thermal comfort (except for
streets with an aspect ratio of 1/2). Therefore, for the sake
of landscape effect, evergreen trees could be planted in E-W
orientation streets.

In addition, the planting layout had no significant effect
on the thermal comfort effect of trees. This suggests that
we can design the planting layout of trees according to the
landscape needs. At the same time, the green coverage of
streets should be controlled by 60%.

Limitations and Future Research

In this study, only one type of evergreen tree was considered,
and the influence of tree morphology such as tree height,
LAI and crown shape on the results was not considered.
Many studies have found that the morphological variables
of trees have an important impact on their thermal comfort
effect (Cao et al. 2020, Wai et al. 2021). Besides green
trees, landscape elements such as shrubs, waterscape, and
shading facilities can also influence thermal comfort (Liu et
al. 2021), which can continue to be explored in future street
thermal comfort studies.

Nature Environment and Pollution Technology ® Vol. 21, No. 4, 2022
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CONCLUSIONS

Taking Shanghai as an example, we used ENVI-met to sim-
ulate the impact of green coverage on the thermal comfort
of pedestrian streets in summer and winter. Results showed
that green coverage has an impact on the thermal comfort
of the street both in summer and winter, and the significance
of this effect is affected by the orientation and aspect ratio
of the street. Overall, the PET value of the street decreases
as the green cover increases. In summer, green coverage
has more influence on thermal comfort in E-W orientation
streets. With the increase in aspect ratio, N-S orientation
streets need more and more green coverage to bring a sig-
nificant impact on thermal comfort, while E-W orientation
streets only need 24 % green coverage. Inversely, in winter,
green coverage has a greater impact on thermal comfort in
N-S orientation streets. With the increase in aspect ratio, N-S
orientation streets need more green coverage to significantly
reduce thermal comfort. For E-W orientation, only when the
aspect ratio is 1/2, the green coverage can effectively reduce
the thermal comfort of the street. The study also found that
the planting layout had no significant effect on the thermal
comfort effect of trees. Based on the above conclusions, the
greening strategy was proposed for pedestrian streets in hot
summer and cold winter regions in China.
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