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Abstract: The residential block is the cognitive unit for residents to constitute urban imagery. As
one of the most frequently used urban outdoor public spaces by residents, the thermal comfort of
street canyons is an essential indicator for assessing sustainable and livable cities. The problem of
the uncomfortable summer climate in the warm temperate zone of China has not been adequately
studied. The study aims to analyze the influence of the building layout form of residential block
units and block configuration on the outdoor summer thermal comfort of street canyons. Outdoor air
temperature (Ta), mean radiant temperature (Tmrt), wind speed (Va), and physiological equivalent
temperature (PET) were simulated using ENVI-met. A new index, PETws, was introduced based
on a statistical analysis of the PET index to assess the overall street canyon thermal comfort of the
block. The results indicate that the number of rows of buildings in the building row layout has a more
significant effect on the summer thermal comfort PET of street canyons than the number of columns
in the warm temperate zone, especially on N–S-oriented streets. Reducing the number of rows can
increase the overall thermal comfort PETws of street canyons by a maximum of 2.2%. The best choice
for the number of building columns is two columns. Adopting different block configurations can
increase the thermal comfort PETws of street canyons by up to 2.5%. An optimal block form has been
created to improve the overall street canyon summer thermal comfort of the block.

Keywords: block form; street canyon; thermal comfort; PET; ENVI-met

1. Introduction

With rapid urbanization and continuous human intervention in the natural environ-
ment, the climatic environment of urban areas has changed significantly. The urban heat
island (UHI) effect, deterioration of habitat, and public health crisis have led to the real-
ization that sustainable practices are needed to avoid human thermal comfort problems
caused by extreme microclimatic environments [1–3]. A good microclimate environment
can effectively extend the time of outdoor activities of residents and improve the sustain-
ability and livability of urban space and environment [4]. Early involvement in urban
microclimate issues before the design decision stage and the adoption of appropriate urban
design strategies is a necessary and effective way to address climate change and improve
outdoor thermal comfort [5,6].

Blocks are the basic building units of cities. Blocks with different morphologies and
interfaces are bound to have different heat transfer characteristics in their internal spaces
and thus exhibit different microclimatic characteristics. As one of the representative urban
activity places and behavioral spaces in the built environment, street canyons are units
with specific microclimate and play an important role in improving urban microclimate.
In previous studies, how street canyon geometry such as building height to street width
(H/W) [7–9], orientation [7,9,10], sky view factor (SVF) [8], width and length [11] affects the
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microclimate and thermal comfort of street canyons in urban blocks has been investigated.
It was found that H/W and orientation have a greater effect on the thermal comfort of street
canyons [12]. Under hot and dry climatic conditions, the intensity of UHI increases as the
H/W ratio decreases [13]. The high aspect ratio can increase wind speed and shade in street
canyons, thus improving thermal comfort at the pedestrian level, especially in summer.
However, as the ratio between canyon length and the height of buildings (L/H) increases,
there is no obvious change in thermal comfort [11]. Chatzidimitriou et al. [14] discussed
that the most comfortable in summer are deep canyons, while the most comfortable in
winter are canyons of medium width. By evaluating wind flow and temperature variation,
it has been demonstrated that the ratio of H/W = 1 and the ratio of the street length to
width (L/W) = 2 are optimal values for controlling UHI [15]. Almost all studies have shown
that east–west (E–W)-oriented street canyons have the worst thermal comfort relative to
other orientations [16,17]. For hot and humid environments, north–south (N–S)-oriented
street canyons can obtain the most comfortable time, followed by northwest-southeast
(NW–SE)-oriented and northeast–southwest (NE–SW)-oriented [18]. In a study conducted
in Tabriz, analysis of Ta, Tmrt, and PET showed that 135◦, 145◦, and 155◦ are the best
street orientations for thermal comfort in the relatively hot summer, and 135◦ is the most
comfortable choice in the cold winter [19]. The research on street canyons conducted
in a cold city has indicated significant quadratic correlations between SVF and thermal
environmental elements of the street canyon [20].

The inappropriate arrangement of buildings in urban blocks causes less efficient air
exchange in the canyon. It is difficult for outside winds to enter and heat to escape from
the canyon, resulting in heat buildup in the canyon in summer. A study in Nanjing, China,
showed a correlation between building layout patterns and microclimate elements. The
building layout had a more significant impact on Tmrt and wind speed than on Ta [17].
Taleghani et al. [21] conducted a comparative study of the thermal comfort of five different
building forms and layouts at pedestrian height at the hottest time of summer. The results
indicated that the courtyard type can provide the best thermal comfort for the human
body in summer compared to other spatial forms of building complexes. Shareef et al. [22]
demonstrated that in hot climate regions, a meandering building layout reduced the block
air temperature by 1.9 ◦C compared to the baseline case of a grid arrangement. However, a
grid arrangement of pavilions with straight canyons was more beneficial to increase the
wind speed within the canyons than a block with staggered canyons. Ma et al. [23] found
that when the ratio of surrounding building height to street building height (SH/h) ≥ 1.8
and building coverage ratio (BCR) ≥ 47%, street pedestrian thermal comfort can be achieved
for at least three comfort hours regardless of street orientation or layout form. Among the
studies that have been conducted so far, some through numerical models [24,25] and some
based on field measurements [26,27].

As a result of climate change, the combined effect of the buildings and environment
around the street on the microclimate and thermal comfort of the street canyon is be-
coming more and more significant. Therefore, the thermal comfort performance of street
canyons should be considered for analysis at the block scale rather than in an isolated
street space [28]. Referring to the above literature review, most of the urban morphological
parameters involved in the current studies are related to street geometry, including street
aspect ratio, orientation, SVF, etc. Among them, studies on orientation generally focus
on the variation of the thermal environment in a single orientation or the comparison
between different orientations. However, fewer studies have focused on the impact of
street block unit building layout and block configuration around streets on the thermal
comfort performance of street canyons. There is a lack of an index that considers the
combined effect of the thermal environment of canyons with different street orientations at
the block scale to assess the thermal comfort performance of canyons. At present, research
related to thermal comfort in street canyons tends to target specific climatic regions or
areas, with more research on humid and hot climates [29,30]. The conclusions are not
applicable to other climatic conditions. Studies in China in recent years have also been
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conducted mainly in Guangzhou [31,32], Nanjing [17], and Harbin [33]. Existing studies
have not paid attention to the frequent hot summer weather, the significant reduction of
outdoor thermal environment quality in urban residential blocks, and the decline of thermal
comfort of residents in the warm temperate zone of China in recent years. In the design
of residential blocks, there is a need to provide a spatial form that creates a comfortable
outdoor thermal environment.

This study takes residential blocks in Jinan, China, as the object of study to investigate
the effects of block unit building layout and block configuration on the summer thermal
comfort of street canyons under specific climatic conditions in the warm temperate zone.
Based on a quantitative simulation study, this paper provides an optimal block configura-
tion that can improve the summer thermal comfort of street canyons. It helps to reasonably
control the spatial form of the block at the beginning of block planning and design to create
an excellent outdoor thermal environment at the lowest cost and provides a reference for
the design of climate adaptability residential blocks.

2. Methods
2.1. Study Area

The warm temperate zone is one of the climate zones in China classified by the stan-
dard “ Names and codes for climate regionalization in China-Climatic zones and climatic
regions” [34]. The warm temperate zone is hot and rainy in summer and cold and dry in
winter. Little attention has been paid to the thermal comfort of warm temperate summer in
China. In recent years, the high summer temperatures in China’s warm temperate zone
have been frequent, and the quality of the thermal environment in residential blocks has de-
clined significantly. Jinan (36.40◦ N, 117.00◦ E) is one of the representative cities in the warm
temperate zone of China. The summer in Jinan is hot and rainy. The topography of Jinan is
high in the south and low in the north, surrounded by mountains on three sides, thus form-
ing a unique semi-basin terrain in Jinan, which makes it difficult to obtain convection in the
stratosphere. It is one of the reasons for the high temperature in the summer. The frequency
of extreme temperatures shows an overall upward trend in Jinan. In 2022, the extremely
highest temperature exceeded 40 ◦C. According to the data of the National Meteorological
Information Center, the monthly temperature and relative humidity of Jinan from 2010 to
2020 are shown in Figure 1. Average monthly temperature variation throughout the year
ranges from −0.2 ◦C to 27.8 ◦C. The annual average number of high-temperature (daily
maximum temperature ≥ 35 ◦C) days is 12 d. In addition, July has the highest temperature,
with a monthly average temperature of 27.8 ◦C. In summer (June–August), the relative
humidity is between 44% and 79%. The summer thermal environment in Jinan shows an
overheating trend.
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Jinan has a diverse urban morphology due to its long history, and the block form is
diverse as it has gone through different stages of urban development. Influenced by the
ancient traditional city layout and foreign planning ideas brought by the self-opening of
commercial ports in the Republic of China, the road layout of residential blocks in the
old city of Jinan mostly adopted the planning model of small blocks. In the process of
expanding and spreading the urban space form of the main city of Jinan in all directions,
due to the restriction of the Yellow River in the north and the mountainous area in the south,
the urban space shows the form of developing to the east and west flank axes, forming the
new urban area in the east and west. The “ Standard for urban residential area planning
and design” [35] proposes that “residential areas should adopt the traffic organization
mode of ‘small block, dense road network’, and the road network density should not be
less than 8 km/km2; the spacing between urban roads should not exceed 300 m, and it is
appropriate to be 150–250 m and should be combined with the layout of residential blocks”.
The scale of residential blocks in new urban areas is also gradually decreasing under the
influence of the theory of New Urbanism and the practice of New Urbanism in Jinan. In
this study, the main urban area within the Jinan City bypass expressway was selected as
the study area (Figure 2), and small-scale residential blocks were used as the study object.
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2.2. Research Framework

The study analyzes the effect of small-scale residential block forms on the thermal
comfort of street canyons in Jinan. The methodological framework of this study is shown
in Figure 3.
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2.3. Building Ideal Models of Residential Blocks
2.3.1. Block Scale Setting

This paper is based on the analysis and study of the actual road network scale of
residential blocks in the study area, and according to “the Technical Regulations for the
Management of Urban and Rural Planning in Jinan” and other relevant specifications on
road width, building setback distance and building spacing, 100 m × 100 m is selected as
the building line range of the block unit. It is offset 8 m outward as the boundary line of
the road, and then offset 10 m outward as the boundary line of the block unit, forming a
block unit with a scale of 136 m × 136 m. The block unit is gridded in 2 × 2 to generate an
ideal residential block of 272 m × 272 m (Figure 4).
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2.3.2. Basic Block Morphology Abstraction

In this paper, through the research of small-scale residential blocks in the study area,
the row layout is selected as the building plan combination form. Row layout is conducive
to light and ventilation and is a more commonly used building group layout mode. Nine
building layout types were extracted using the number of rows and columns of buildings
as the parameter variables (as shown in Figure 5, the number of rows refers to the number
of buildings in north–south orientation, and the number of columns refers to the number of
buildings on east–west orientation) in the row layout (Figure 6). Considering the scale of the
street block and building size, the number of rows and columns is set to 1–3, respectively.
To keep the building floor area ratio in the block constant, the building height decreases
with the increase in the number of rows. According to the regulation that the height of
residential buildings in Jinan shall not be greater than 80 m, the building height is set at
72 m (24 floors), 36 m (12 floors), and 24 m (8 floors). Combining the requirements for
daylight spacing in the above relevant specifications and taking into account the differences
in the design of daylight spacing between multi-story and high-rise buildings, the N–S
and E–W spacing of buildings is set. In order to facilitate the calculation of floor area and
data processing analysis, it is assumed that the building density is the same in the model
with the same number of rows. Only N–S and E–W orientations are selected for street
orientation in this study, which is the main orientation of streets in residential blocks in
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Jinan. Nine different base block unit models were formed by combining the number of
rows and columns (Table 1) and labeling them based on rows and columns.
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Table 1. Cont.

Prototypes R1C1 R2C1 R3C1

Plane diagram
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2.3.3. Urban Residential Blocks Design Scenario

In this study, two urban residential block design scenarios are set up. First, the building
layout of the four block units is the same form, which can form nine block forms, as shown
in Figure 7.
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By simulating and analyzing the thermal comfort of N–S- and E–W-oriented street
canyons, the number of building columns has no significant effect on the thermal comfort
of N–S-oriented street canyons. Therefore, in the second scenario, the number of building
columns is considered to be constant. The number of building columns with optimal
thermal comfort in E–W-oriented street canyon was selected, and the block configuration
was carried out with three basic block unit models, R1C2, R2C2, and R3C2, depending on
the number of rows. Considering the issues of daylighting, shading, and ventilation, the
building heights on both sides of the E–W-oriented street are set to the same height or north
high and south low in block configuration scenarios, without considering the south high
and north low. Building height restrictions are not set on both sides of the N–S-oriented
street. This generates 36 different block configuration scenarios (Figure 8), including the
three block configuration scenarios BR1C2, BR2C2, and BR3C2 in the first scenario.

2.4. Simulation Study

In recent years, the ENVI-met V5.0 3D urban microclimate simulation software [36]
developed and continuously improved by Bruse et al. has become increasingly mature for
outdoor microclimate simulation studies due to its strong relevance and applicability [37,38],
especially in residential environments [39]. Researchers have applied it to a variety of
scenarios including streets, blocks, botanical gardens, industrial areas, and campuses. Its
reliability has been verified in studies in several climatic zones [40,41]. In this study, outdoor
thermal comfort was calculated using the BIO-met V5.0 in ENVI-met. BIO-met can simulate
the universal thermal index, including the standard effective temperature, physiologically
equivalent temperature, predicted mean vote, and universal thermal climate index.
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2.4.1. Initialization Model and Boundary Conditions

The initial model of typical residential blocks in Jinan was established by using ENVI-met
software. The computational domain was finally set to 320 m × 320 m × 152 m (x × y × z)
based on a series of pre-simulations. The grid resolution of all models was 4 m × 4 m × 4 m
(x × y × z).

As mentioned earlier, July is the hottest month of the year in Jinan. In this paper,
8 July 2022 is selected as the simulation date, which is the hottest day in July, and there is
no rain in the two days before and after that day. In addition, the meteorological data of
that day were obtained from the Jinan meteorological station (area station number: 54823,
36.36◦ N, 117.00◦ E, altitude of the observation site: 170.3 m), which was used as the initial
meteorological conditions for the simulation. The specific meteorological data are shown
in Table 2. In addition, considering the daily temperature variation, the total simulation
duration was set to 18 h in order to avoid the effect of initial conditions. The main input
parameters of the simulation are set as shown in Table 3, and the rest of the parameters are
default values.

Table 2. Meteorological data from Jinan Meteorological Station on 8 July 2022.

Time 0:00 1:00 2:00 3:00 4:00 5:00 6:00 7:00 8:00 9:00 10:00 11:00

Ta 27.1 27.4 26.8 26.6 26.9 27.3 28 29.1 30.2 31.3 31.9 32.7
RH 67 64 69 69 64 57 53 53 52 50 47 46

Time 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00

Ta 33.8 34 34.4 34.1 34.2 33.7 33.1 32 30.3 29.9 30 29.5
RH 45 44 46 43 45 46 47 50 54 52 52 52
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Table 3. Input parameters for simulations with ENVI-met.

Parameters Input Data

Date 8 July 2022
Domain size (dx, dy, dz) 320 × 320 × 152 m

Size of grid cells 4 × 4 × 4 m
Duration 2:00–20:00

Initial Ta and RH Hourly data from weather station
Wind speed and direction at inflow border 2.7 m/s, 180◦

Albedo of walls/roofs 0.3
Thermal conductivity of walls/roofs 1.74 W/(m·K)

Albedo of pavement material Asphalt: 0.2, cement brick: 0.3
Body parameters A 35-year-old male, 1.75 m, 75 kg

Static clothing insulation 0.4 clo
Walking speed 1.21 m/s

Total metabolic rate 86.21 W/m2

A total of 18 points on each block model N–S- and W–E-oriented street canyon were
selected as the output data, and the average of the 18 receptors for each street was the data
for that street (Figure 9). The same street cross-section has three output points: the center
point of the carriageway and a point on the sidewalk on both sides (one point on each side),
with each output point located at a height of 1.2 m from the ground (Figure 10).

2.4.2. Simulation Validation

A typical residential block (positioned at 36.43◦ N, 117.06◦ E) was selected as the
measured site. The field measurement was conducted on 8 July 2022 from 6:00 to 20:00.
As shown in Figure 11a, the red outline indicates the location of the measured street. The
TRM-GPS1 handheld network weather station instrument used for the field measurements
is shown in Figure 11b to record the hourly Ta and RH at 1.2 m height. To calibrate the
simulation model, Figure 11c provides a photograph of the street canyon taken with a
fisheye lens, which was used to calculate the SVF.
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As shown in Figure 12, the simulated results of the environmental elements of the
street canyon have a strong correlation with the measured results. It can also be found
that the simulated results are lower than the measured values. In a natural environment,
Ta and RH are affected by various complex factors, such as changes in cloudiness, wind
fields, reflections from the surrounding environment, etc., and the measured values fluctu-
ate. However, during the simulation, ENVI-met cannot take into account environmental
changes and human interference. Considering the error range of the instruments used
(temperature ± 0.4 ◦C, relative humidity ± 3%) and the measurement range (tempera-
ture: −30~70 ◦C, relative humidity: 5~100%), the relevant simulations using ENVI-met
are reliable.
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2.4.3. Thermal Comfort Evaluation

The Physiological Equivalent Temperature (PET) Index is currently one of the most
used indexes for outdoor thermal comfort evaluation. Höppe et al. [42] proposed PET
based on the Munich energy balance model for individuals (MEMI). The PET index takes
into account various factors such as the main meteorological parameters, activity intensity,
clothing, and individual parameters, and is therefore relatively more objective. This index
is now used in different climatic regions [43]. PET has been shown to be applicable in cold
regions of China [44–46]. Residents in different climate zones have different temperature
tolerance, and the range of heat index may also vary. This paper selects the PET range
defined in Table 4 to evaluate pedestrian thermal comfort [47].

Table 4. PET value and thermal perception.

Thermal Perception PET (◦C)

Very cold <4
Cold 4~8
Cool 8~13

Slightly cool 13~18
Neutral 18~23

Slightly warm 23~29
Warm 29~35
Hot 35~41

Very hot >41

2.5. Introducing PETws and SOw

In this study, considering that the thermal comfort of street canyons with different
orientations in the block has different trends with the change in block morphological
parameters, PETws and SOw were introduced in order to accumulate different orientation
PET values and thus evaluate the overall street canyon thermal comfort of the block. PETws
is a weighted sum taking into account the weight of PET values for different street canyons
orientations (SOw).

The objective weighting method is based directly on the raw information of the
indicator and obtains the weights after processing by statistical methods. Entropy method
is a common method in objective assignment methods. The greater the variance of an
evaluation indicator, the lower the entropy value, the more information the indicator
contains and transmits, and the greater the corresponding weight.
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In an assessment problem with m indicators and n evaluated objects, the entropy Hi
of the ith indicator is defined by Equation (1):

Hi = −k
n

∑
j=1

pijlnpij, i = 1, 2, . . . , m (1)

where k = −ln(n)−1, pij = xij/∑n
j=1 xij, when pij = 0, pijlnpij = 0. xij is the jth evaluated

object of the ith indicator.
The entropy weight wi of the ith indicator is defined as in Equation (2):

wi =
1 − Hi

m − ∑m
i=1 Hi

(2)

where 0 ≤ wi ≤ 1, ∑m
i=1 wi = 1.

Calculate the PETws for each configuration block according to Equation (3):

PETws =
m

∑
i

PETi × SOwi (3)

where PETi is the PET value in i orientation and SOwi is the weight in i orientation.

3. Results

This paper focuses on Ta, Tmrt, Va, and PET, which are environmental factors affecting
outdoor thermal comfort, as the basic factors for studying the thermal comfort of street
canyons. The average of Ta, Tmrt, Va, and PET in street canyons of each block from 6:00 to
20:00 were counted for statistical analysis. This time period is the main time for residents’
outdoor activities.

3.1. Impact of Building Row Number on Ta, Tmrt, Va, PET

Figure 13 illustrates that in summer, the average of Ta, Tmrt, Va, and PET change sig-
nificantly with the increase in the number of rows and columns of the building layout, and
the change trend is different. There are significant differences in the influence of the same
factors by the number of building rows and columns on streets with different orientations.
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As the number of building rows increases, in E–W-oriented street canyons, the average
of Ta first increases and then decreases, but the decreasing trend is not significant. The
average value is minimized when the number of rows is 1. The Ta of BR2C1 is 0.29 ◦C
higher than that of BR1C1. The average of Tmrt decreases and then increases. The average
value is maximum when the number of rows is 1. The Tmrt of BR2C3 decreased by 2.22 ◦C
compared to BR1C3, and BR3C3 increased by 0.98 ◦C compared to BR2C3. The wind
speed gradually decreases with the rows. The average of PET increases gradually with the
increase in the number of rows, and the maximum variation trend between BR1C3, BR2C3,
and BR3C3 increased by 4.12 ◦C and 1.49 ◦C, respectively. In N–S-oriented street canyons,
the average of Ta increases with the increase in the number of rows. The Ta of BR3C1 is
0.31 ◦C higher than that of BR1C1. The average of Tmrt, Va, and PET all decrease with the
increase in the number of rows. The Tmrt, Va, and PET of BR3C3 are reduced by 0.14 m/s,
4.71 ◦C, and 2.06 ◦C, respectively, compared with BR1C3. The change trends of Ta, Tmrt, Va,
and PET average values are similar in significance with increasing number of rows between
different columns, but the trends of all four factors are different between streets with
different orientations. The change trends of PET average values in E–W- and N–S-oriented
street canyons are opposite, resulting in a gradual increase in the mean difference between
differently oriented street canyons as the number of building rows increases. The mean
difference in PET between different orientations in BR1C3 is 2.39 ◦C, while in BR3C3 the
difference reaches 10.06 ◦C.

Among the block models with different numbers of building columns, the average
Ta of the E–W-oriented street canyon is the lowest when the number of columns is 1, and
BR1C1 is the model with the lowest Ta at 32.87 ◦C in 1 column. The average of Tmrt is the
smallest when the number of columns is 3. The average Tmrt of BR1C1, BR1C2, and BR1C3
models are almost unaffected by the number of columns. The reason for this result may
be related to its building height and the location of the building in the block units. The
average of PET decreases and then increases with the increasing number of columns, and
it is the smallest when the number of columns is 2. Figure 14a presents the curves of PET
in the E–W street canyon at different time points for each block model. BR2C1, BR2C2,
and BR2C3 mutate at 11:00am and show a decreasing trend, different from the trend of the
other block models, and then gradually increase. The average Ta of the N–S-oriented street
canyon is the lowest when the number of columns is 1. The average of Tmrt decreases with
the increasing number of columns, but the decreasing trend is not obvious. The maximum
value of the change is 0.16 ◦C. The effect of building column number on the average Va and
PET of N–S-oriented street canyon is not significant (Figure 14b), with variations ranging
from 0.01 to 0.11 m/s, and 0.01 to 0.08 ◦C, respectively.
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The results indicate that the influence of the number of building rows on the four in-
dicators is more significant than the number of building columns. For example, in E–W-
oriented street, the maximum variation values of average Ta, Tmrt, Va, and PET with the
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number of building rows are 0.29 ◦C, 2.22 ◦C, 0.71 m/s, and 4.12 ◦C, respectively, while
the maximum values with the number of building columns are 0.12 ◦C, 0.15 ◦C, 0.11 m/s,
and 2.9 ◦C, respectively. The influence of the number of building columns on the N–S
orientation of the street canyon PET is not significant compared to the E–W orientation. In
the same block model, the thermal comfort of the N–S-oriented street canyon is significantly
better than the E–W orientation. Therefore, considering four factors comprehensively, the
number of building columns with the lowest PET value of E–W-oriented street canyon
2 columns, is selected for block configuration with different numbers of building rows. The
second scenario is configured based on the results of this section and the optimal choice of
the number of columns.

3.2. Impact of Block Configuration on Ta, Tmrt, Va, PET

According to the results in Figure 15, when the other blocks have the same building
layout, the average of Ta in E–W-oriented street canyons gradually increases as the number
of rows in block unit 1 in Figure 4 increases. The average of Ta increases from B1233 to
B3233 by 0.06 ◦C and 0.07 ◦C, respectively. Both Tmrt and PET mean values decrease and
then increase. The mean value of Tmrt decreases by 0.6~0.8 ◦C when the number of rows
changes from one to two and increases by 0.07~0.17 ◦C when it changes from two to three.
The change trend of PET between B1131, B2131, and B3131 is the largest, decreasing by
0.71 ◦C and increasing by 0.51 ◦C. The change in wind speed is not obvious. When the
number of building rows in unit 1 changes from one to two, the average Ta of N–S-oriented
street canyon increases. When the number of rows changes from two to three, there is no
significant change in Ta. The average of N–S orientation Tmrt and PET decreases with the
increase in the number of building rows in block unit 1. When other block building layouts
are identical, as the number of building rows in block unit 2 increases in Figure 4, the trends
of the E–W-oriented and N–S-oriented street canyons Ta, Tmrt, Va, and PET averages are
the same as in block unit 1. The maximum values of E–W orientation Ta, Tmrt, Va, and PET
variations are 0.09 ◦C, 0.75 ◦C, 0.03 m/s, 0.61 ◦C, and N–S orientation are 0.07 ◦C, 0.87 ◦C,
0.05 m/s, 0.47 ◦C, respectively. When the building layout of other blocks is the same, in the
E–W-oriented street canyons, the mean value of Ta first increases and then decreases as the
number of rows in block unit 3 in Figure 4 increases. The average of Tmrt decreases and
then increases, and the value is maximum when the number of rows is three. The wind
speed decreases gradually. The mean value of PET gradually increases. The average of Ta
and PET gradually increases in the N–S-oriented street canyon. The average of Va and Tmrt
decreases. When other block building layouts are identical, as the number of building rows
in block unit 4 increases in Figure 4, the trends of the E–W-oriented and N–S-oriented street
canyons Ta, Tmrt, Va, and PET averages are the same as in block unit 3.

The mean difference in Ta, Tmrt, Va, and PET in E–W-oriented street canyons between
B1313 and B3131 is 0.01 ◦C, 0.04 ◦C, 0.02 m/s, 0.03 ◦C, respectively, and the difference in
N–S orientation is 0.05 ◦C, 0.62 ◦C, 0.04 m/s, 0.3 ◦C, respectively. The difference in E–W
orientation between B1133 and B1313 is 0.11 ◦C, 0.52 ◦C, 0.20 m/s, 1.00 ◦C, respectively,
and the difference in N–S orientation is 0.00 ◦C, 0.48 ◦C, 0.04 m/s, 0.23 ◦C, respectively.
The average of Ta, Tmrt, Va, and PET for two street block units of the same building layout
configured on the north and south sides of the street differ significantly from those on the
east and west sides, especially in E–W-oriented streets.

3.3. Impact of Block Configuration on PETws

Using the entropy method to calculate the mean PET values of the 36 block config-
uration scenarios, the PET weight of the E–W-oriented street canyon is 0.61 and the N–S
orientation weight is 0.39. The street canyon PETws values for each block model are shown
in Figure 16.
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B1212 and B1133 are the block configuration models with the lowest and highest PETws
of block street canyons, respectively. The PETws of B1212 decreases by 2.5% compared to
B1133. The value of PETws increases as the number of building rows increases when the
block is evenly configured. The PETws of BR3C2 increases by 2.2% compared to BR1C2,
reaching 42.72.

When configuring mixed blocks, by comparing the PETws values of B1131, B2131,
B3131, and B1113, B1213, and B1313, respectively, it can be observed that as the number of
building rows in the block unit on the north side of the street increases, the PETws value
first decreases and then increases. The value is maximum when the number of rows is
one. B2131 compared to B1131 and B1213 compared to B1113 thermal comfort improves by
about 1.3% and 1%, respectively. By comparing the PETws values of B1112, B1122, B1132,
and B2131, B2132, and B2133, respectively, as the number of building rows in the block
unit on the south side of the street increases, the PETws value gradually increases. B1112
compared to B1132 and B2131 compared to B2133 thermal comfort improves by about 1.5%
and 1.6%, respectively. Comparing the PETws values of B1212, B2121, B1122 and B1313,
B3131, B1133, respectively, it can be found that the change in PETws is not significant when
the two street block units of the same building layout are configured on the east or west
side of the street. However, there is a significant difference in the PETws when they are
configured on the north and south sides of the street compared to the east and west sides.
The PETws of B1212 decreases by about 2% compared to B1122. In the B2131, B1213, B1123,
and B1132 block models, the block units adopt the same building layout but are configured
in different locations on the block. The PETws of B1213 decreases by about 2.2% compared
to B1132.

4. Discussion

The extensive urbanization development in China has led to urban characteristics
such as excessive block scale and wide roads. This urban morphology of wide roads, sparse
road network, and large block outline changes the characteristics of the urban underlying
surface, forming the UHI. The urban microclimate environment is deteriorating year by
year, leading to a decrease in the quality of the living environment. Jinan adopts the
planning layout of small blocks and dense road networks in community life circle planning,
which has inherent advantages in regulating microclimate and energy saving and carbon
reduction. Analyzing the specific impact mechanism between the morphology of small-
scale residential blocks and microclimate provides a reliable basis for residential block
planning. Jinan, as a typical city with a warm temperate climate in China, has hot summer
and poor ventilation potential. Adjusting the building layout form of street block units and
block configuration is an effective way to improve the thermal comfort of residential blocks
in summer.

In this paper, the effect of residential block morphology on the microclimate and
thermal comfort of street canyons in summer is simulated and analyzed using ENVI-
met. The study first explored the effects of different building rows and columns on the
microclimate and thermal comfort of street canyons in residential blocks based on the same
floor area ratio. The results show that the number of rows of buildings in the row layout
has a higher significance than the number of columns on the summer thermal comfort PET
in the block street canyon. On this basis, the optimal number of columns is determined as
two columns. Then, with the same number of columns, the four block units were combined
according to the different number of building rows in the block units to generate 36 different
block configuration models. Based on the analysis of the above simulation results:

The thermal comfort of street canyons is mainly influenced by Tmrt, Ta, Va, and other
factors. The prevailing summer winds in Jinan are in a southerly direction. N–S-oriented
streets are significantly better ventilated than E–W-oriented streets. In addition, the solar
altitude angle in the study area is larger in summer, and the shadow area shaded by
buildings is smaller for N–S-oriented streets and E–W-oriented streets, and the variability
of the influence of solar radiation is not significant. Therefore, in the above simulation
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results, it can be seen that the thermal comfort of N–S-oriented street canyons in the same
block is significantly better than E–W oriented. In summer, the PET of the E–W-oriented
street canyon gradually increases with the number of building rows and first decreases
and then increases with the number of building columns. The PET of N–S orientation
decreases with the number of building rows, while the number of building columns has no
significant effect on the PET of N–S orientation. With the increase in the number of rows
and columns of buildings in the building layout, the trend of the average value of PET
varies among different trends. Therefore, a new index, PETws, is introduced to evaluate
the thermal comfort of residential blocks, and the thermal comfort of streets with different
orientations is evaluated comprehensively, so as to evaluate the outdoor thermal comfort
of blocks as a whole.

When the four block units have the same building layout form, the number of building
rows increases from one to three rows and the PETws value increases by 2.2%. When the
four block units were combined according to the different forms of building layout in the
block units, the PETws of B1212, which has the best thermal comfort, were reduced by 2.5%
compared to the PETws of B1133, which has the worst thermal comfort. As the number of
building rows in the block units on the north side of the street increases, the PETws values
first decrease and then increase. As the number of building rows in the block units on
the south side of the street increases, the PETws values gradually increase. PETws can be
reduced by about 2% for 2 block units of the same building layout configured on the east
and west sides of the street compared to the north and south sides. Block units with the
same building layout but configured in different locations on the block can reduce PETws
by about 2.2%.

In a block design, the form of the building layout within block units can simultaneously
influence the spatial form of the canyon with different street orientations. Therefore, when
assessing the thermal comfort of block street canyons, attention should be paid to the
block morphology around the streets, instead of considering isolated, single-oriented street
spaces. The thermal comfort variation of street canyons with different orientations should
be evaluated comprehensively to form an appropriate block morphology. PETws can be
used as an indicator to assess the overall outdoor thermal comfort of a block. In the
block planning with row layout for warm temperate cities, when the blocks are uniformly
configured, the building layout can be in one row and two columns in order to make the
street canyon have better thermal comfort in summer, as in BR1C2. When the blocks are
mixed configuration, the block units on the north side of the street can be laid out with
two building rows, and the south side can be laid out with one building row. Block units of
the same building layout are configured on the east or west side of the street.

This study only analyzes the influence of the building row layout pattern on the
summer thermal comfort of street canyons in the warm temperate city of Jinan, China,
which can provide a research framework for the study of urban microclimate and thermal
comfort belonging to other climate zones. In addition, the study was conducted based
on the field measurement and the software simulation. The response of people may be
included in future studies in order to better understand the human body’s perception
of thermal comfort in outdoor environments. The field measurement was conducted on
a typical day and at specific hours of the summer. In a realistic environment, vehicles,
pedestrians, and surrounding buildings all have an impact on the thermal comfort of street
canyons in summer, and a better model is needed to evaluate the impact of block building
layout forms on the thermal comfort of street canyons.

5. Conclusions

The objective of this research paper is to explore the effects of building layout form
and block configuration on the summer thermal comfort of street canyons in residential
blocks. The present study takes Jinan, a typical city in the warm temperate zone of China,
as the study area, extracts the typical forms of residential blocks, and establishes ideal block
models. Environmental factors such as Ta, Tmrt, and Va in residential blocks are simulated
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using ENVI-met, and PET is calculated by Bio-met. The data of street canyon space of each
block model are extracted. The impact of the number of building rows and columns on
outdoor thermal comfort is analyzed by comparing the thermal comfort of nine uniformly
configured block models for block configuration. Using the entropy method, the PET
of street canyons in 36 block configuration models was calculated statistically. PETws
considering PET weights of different oriented streets are used to evaluate the thermal
comfort of the whole street canyon in the block. The block morphology model with the best
summer thermal comfort is selected, in other words, the block with the lowest PETws value.

The study is based on the same building floor area ratio and the number of building
rows and columns as variables for block configuration to explore its effect on the micro-
climate and thermal comfort of residential summer block street canyons. In addition, the
results can provide references and guidance for urban residential block planning and street
design. The results of the study are summarized as follows:

The number of rows of buildings in the building row layout has a higher significance
than the number of columns on the summer thermal comfort PET in the block street canyon,
especially on the N–S-oriented street canyons. The best choice for the number of building
columns is two columns. The number of building rows had opposite trends in the effect of
PET on the summer thermal comfort of E–W-oriented and N–S-oriented street canyons in
the block. The N–S-oriented street canyon thermal comfort PET is significantly better than
the E–W-oriented in the same block.

When four block units have the same form of building layout, by adjusting the
number of building rows and columns, the overall summer thermal comfort of the block
street canyon PETws can be improved by a maximum of 2.2%. When the four block units
are combined according to the different forms of building layout in the block units, the
maximum increase in thermal comfort PETws of the block street canyon can be 2.5%. The
thermal comfort of each block model street canyon was evaluated by statistical calculation
of PETws, and B1212 was the best block form to improve the overall summer thermal
comfort of the street canyon in the warm temperate zone.
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