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Abstract: Global warming, the urban heat island effect (UHI), and the risks of fossil fuel depletion ne-
cessitate a re-evaluation of traditional settlements that have been adapted to local climatic conditions,
topography, and available resources, including materials and construction methods, through passive
strategies to achieve thermal comfort. Although vernacular settlements have received considerable
attention, few have examined and evaluated their streetscapes. This study investigates the impact of
topographical features and architectural forms on insolation and ventilation conditions in traditional
settlements in China’s southern subtropical climate. The aim is to explore traditional planning config-
urations of streetscapes at different altitudes to identify architectural forms and planning strategies
that effectively improve outdoor users’ thermal comfort conditions. For this purpose, case studies are
conducted on three traditional settlements in Lingnan; the Lingnan region has a typical subtropical
climate in southern China. The chosen cases represent the main features of different topographical
conditions, architectural forms, and climate zones in the Lingnan. We systematically simulated
the insolation and ventilation in these settlements’ streetscapes on a monthly and quarterly basis
and analyzed their sunlight hours, incident solar radiation, shading percentages, sky view factors
(SVF), and wind speed. The findings show the following: (1) Specific terrains can affect streetscapes’
shading percentages and wind speed. The mountain settlement (With an average elevation of 600 m)
is located on a southeast-facing slope (10◦ < slope < 20◦). It receives an additional 10% of incident
solar radiation compared to gentle terrain. (2) Compared to settlements located in coastal hills and
mountainous, plain settlements have better shading and ventilation conditions in streetscapes. In
terms of insolation, plain settlements have denser building configurations and narrower, elongated
street corridors with a height-to-width ratio (H/W) = 1.9~5.5 (the height–width ratio value as street’s
H/W (H = height, W = width); note that it is unitless), which can generate greater lower SVF (44.5%),
and shading percentages (63.6%). Regarding ventilation, it is easier to create a “cool lane” (i) when
the main street, oriented towards the dominant wind direction in summer, forms an angle <30◦ with
it, (ii) when the primary street follows a NE–SW longitudinal orientation, while SE–NW horizontal
streets intersect and weave through it, and (iii) with a H/W = 3~4 resulting in wind speeds of
2.9~4.0 m/s. (3) All the streetscapes have overshadowing occurring in winter; similarly, varying
sizes of calm wind zones are created in summer. To alleviate these issues, widening the streetscapes
along the buildings can permit solar penetration and natural ventilation. (4) In summer, installing
shading devices along the horizontal plane of covered street corridors with a H/W = 1~4 and N–S
longitudinal orientation can provide an additional shading of 3.6–22%.

Keywords: traditional settlements; climate-adaptive design; the subtropical climate; streetscapes;
insolation and ventilation condition; topographical features
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1. Introduction
1.1. Background and Objectives

In recent years, the increasing urbanization rate and the impact of industrialization
have led to the construction of modern and standardized buildings in both urban and
rural areas, aiming to provide residents with convenient and comfortable contemporary
lifestyles. However, this development comes at the cost of high energy consumption [1].
The construction industry accounts for approximately 40% of global energy consumption,
36% of carbon dioxide (CO2) emissions, and 50% of the electricity demand [2,3]. In 2018,
the total carbon emissions of buildings accounted for 51.2% of China’s energy carbon emis-
sions [4]. To achieve the international goal of net-zero emissions by 2050 [5,6], it is urgent
that we improve the energy efficiency of buildings and reduce their negative impact on the
environment. The buildings’ energy efficiency can be enhanced through design strategies
that incorporate green streetscapes connecting indoor and outdoor areas [7]. It is generally
accepted that vernacular architecture adapts to local climatic and socio-cultural features
with traditional techniques and available materials, and achieves a thermally comfortable
outdoor environment with low energy consumption through the incorporation of passive
design approaches [8,9]. The present study introduces a comparative investigation and eval-
uation of insolation and ventilation conditions for traditional settlements’ streetscapes in
different topographical and climatic zones of the Lingnan region, located in southern China,
with a typical subtropical climate. The goal is to showcase the potential of transforming tra-
ditional passive design approaches into modern urban-outdoor-space climate-responsive
design strategies and environmental policy drafting, specifically targeting the specific
climatic and topographical characteristics of a region.

1.2. Literature Review

The climate-responsive design is one of the specialized concepts and strategies for
dealing with global warming and UHI [10]. Thermal comfort is usually defined as “that
condition of mind that expresses satisfaction with the thermal environment”, and the pro-
vision of comfort indoors is a fundamental objective of architects, engineers, and the allied
building sector professions [11]. According to Wenting Yang et al., the climate-responsive
design concept refers to architectural design that is adapted to specific local climates and
natural environmental conditions [12,13]. According to Mobark M. Osman et al., the
climate-responsive design is defined in terms of spatial planning that provides thermal
comfort for occupants while reducing energy consumption [14]. According to Yan Du, archi-
tects can create a healthy and comfortable indoor and outdoor microclimate without relying
on heating, ventilation, and air conditioning systems (HVACs) [15]. The first step in energy-
efficient building design is to adapt to the climate through passive design techniques [16].
Therefore, climate-responsive design involves adapting buildings to their specific climatic
conditions through passive strategies before resorting to active solutions [14]. This ap-
proach aims to create thermal comfort in indoor and outdoor environments, leading to
reduced energy consumption, CO2 emissions, and lower UHI, and contributing to the
mitigation of global warming [17].

Research on streets, especially green streets, can be regarded as a sustainable approach
to a linear public outdoor space that may form a part of connecting urban green grids [18,19].
It is widely recognized that traditional settlements’ streets play a crucial role in influencing
the energy consumption of buildings. If properly designed, this street model based on pas-
sive strategies can mitigate negative environmental impacts and provide thermal comfort
and favorable microclimate conditions in a low-energy manner [20]. According to Yongxin
Xie et al., solar radiation and wind speed are the key parameters affecting the thermal
comfort of pedestrians in outdoor spaces in hot-humid climate regions [21]. Some previous
studies have confirmed the correlation between outdoor space microclimate environment
and building density, street morphology, greenery arrangement, pavement materials, and
shading devices [8,12,22]. More specifically, the morphology of buildings on both sides
of the streets, street width, building height on both sides of the street, and the texture of
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the surrounding area are all factors that contribute to streetscapes’ formation [23]. Among
these factors, the street’s orientation and H/W significantly impact the microclimate envi-
ronment of the streetscape [24]. However, research results in different regions have shown
some variations.

Regarding the street corridor layout, there is evidence that deep street corridors work
better in improving outdoor thermal comfort than shallow street configurations in hot-
humid regions. Yunfang Jiang et al. notes that continuous long-narrow street corridors can
have a significant cooling effect, forming “cool lanes” during extreme daytime heat hours in
summer [19]. In contrast, during field measurements in shallow streets, higher temperatures
are observed because these streets are more exposed to solar exposure. Some studies have
found that, as the SVF value decreases, the duration of solar exposure decreases, resulting
in larger shaded areas and better cooling effects during the day [25]. This is because SVF
determines the value of thermal radiation exchange between the outdoor space and the
sky during the day, which influences the degree of temperature fluctuation, whether it be
lower or higher [26]. Regarding wind performance, the natural ventilation and insolation
in street corridors are not correlated. Xuemei Han et al. proves that the natural ventilation
in street corridors was better when the build-to-line ratio was similar to the H/W and had
low SVF [27]. It is worth noting that narrow and unconnected street corridors also reduce
the ventilation of the internal space within settlements [28]. For example, static wind zones
are often found in the interior spaces of densely networked streets [29].

Building density is another factor that affects outdoor thermal comfort. On sweltering
summer days, a compact building layout is more effective in reducing temperatures than an
open building layout [30]. For example, Yingjie Jiang et al. conducted a study on the impact
of different public-space-planning schemes on outdoor thermal comfort for pedestrians
in the city of Wuhan. They found that street corridors located in open areas were more
susceptible to high temperatures than those in dense areas [31]. Galal, O.M. et al. conducted
measurements of shading patterns and on-site air temperatures in two sites located in New
Aswan, Egypt [32]: the first site is situated in a dispersed modern urban area, while the
second site is found in a compact traditional urban area. The results revealed that the
second site consistently had lower temperature recordings during the summer.

In addition to the architectural environment, the natural environment and local to-
pography also influence the passive design concepts of insolation and ventilation [33].
Topographical characteristics not only affect a settlement’s scale but also impact the indi-
vidual street’s thermal comfort [34]. According to Hermawan, variations in elevation are
the most significant factor influencing the traditional settlements’ outdoor microclimate
conditions [35]. Xiong et al. assessed the Jiangnan traditional villages in China’s subtropical
climate zone and inferred that their overall spatial layout conforms to the ideal model
of “Feng Shui” in Chinese culture [8]. These villages are surrounded by mountains on
both the east and west sides, with the latter being closer to the village outskirts. During
winter, the western mountains act as a barrier against the monsoon winds, reducing their
impact on the village. The eastern side of the hill is further away from the village’s edge,
creating a wide expanse of flat farmland as a barrier between the villages, providing a
gyratory space for the summer monsoon and facilitating ventilation and heat dissipation.
A meandering water system to the east and a large body of water to the south increase the
village’s humidity and assist the farmland’s irrigation. These waters also promote living
and production, while creating a favorable microclimate.

On the one hand, this overview points to a strong relationship between topographical
characteristics, street corridor layout, building density, and outdoor thermal comfort, and
the insolation and ventilation; and, on the other hand, a review of the relevant literature
shows that compact urban layouts, long-narrow street corridors with traditional archi-
tectural features, and the settlements’ overall spatial pattern in synergy with the natural
environment and local topographical features can have the effect of improving outdoor
thermal comfort. The methods used in the above studies are based on qualitative and
quantitative results obtained from on-site observations, topographic map analysis, field
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measurements, and simulation studies. Comparative analysis methods have also been
used to demonstrate the thermal comfort conditions of different built forms and massings
between specific urban old and new districts; however, there is still a limited amount of
literature available on the comparative evaluation of climate-responsive design in tradi-
tional settlements’ streetscapes under different topographies, climate regions, and spatial
planning configurations.

2. Materials and Methods

First, based on this study’s purposes, specific standards are set for three representative
traditional settlement selections for comparative analysis. Second, the topographic features,
building forms, and streetscape characteristics of selected traditional settlements are inves-
tigated by examining topographic maps, wind field simulation and spatial pattern maps,
aerial photographs, field measurements, and meteorological data (the meteorological data
in these settlements have been obtained from the National Meteorological Science Date
Center, China). Third, the research conducted a series of calculations and data visualization
to assess and evaluate various variables related to thermal comfort in streetscapes. These
variables include sunlight hours, incident solar radiation, shading percentage, SVF, H/W,
and wind speed. Fourth, we introduce the research significance and reveal the passive
design approaches embedded in it, and explore the future works of climate-adaptive design
in urban outdoor spaces.

2.1. Selection Criteria

For the goals of this study, three representative traditional settlements located in the
Lingnan region were selected for comparative evaluation (Figure 1). The standards set for
these traditional settlements in this study are as follows: (i) There are distinctive traditional
architectural features and are relatively well-preserved. (ii) They have representative
climatic conditions, topographies, and landscape configurations, including mountains,
plains, and coastal hills. (iii) The settlements’ overall spatial layout and streetscapes can
represent the characteristics of Lingnan traditional settlements.
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2.2. Mapping of Insolation Conditions

First, using the Relative Geo-location tool in SketchUp Pro 2021 software, we can
connect to satellite maps (such as Google Earth, 2022) to generate a 3D model of the terrain
of a sample settlement. Second, to improve computational efficiency, this study used
AutoCAD 2022 to depict the settlement layout plans and then imported the CAD plan
into 3DMAXS 2020 to build the geometric models of buildings and streets, based on the
feasibility of previous experimental methods, combined with data from the site surveys,
relevant research literature, and Google satellite maps (4K UHD). Third, elevation and
slope recognition of the terrain is accomplished using the “Color by slope” plugin within
SketchUp Pro 2021 software. After that, the topographic and architectural digital models
were imported into the environmental simulation software Ecotect-Analysis 2011.

Ecotect is a 3D environmental simulation program that is widely used by scholars to
simulate energy efficiency under various climate conditions, including solar radiation, day-
lighting, and thermal comfort, with passive design as a concept [36]. The simulation results
obtained using Ecotect are known for their accuracy, efficiency, and visual responsiveness.
The specific experimental steps are as follows:

1. Computational domain and grid.

According to the “Chinese Lighting Design Standard” [37], based on the light and
climate zones, offset the 2D Slice positions by 0.6 m along the Y-axis. Based on the principle
of building density and staying as square as possible, set the grid size for BanLing (T1) as
follows: Grid Size, 102 m × 212 m × 0.2 m; Number of Cells, 1.2 m × 1.2 m × 1.2 m.
Set Langtou (T2) as follows: Grid Size, 192 m × 272 m × 2.8 m; Number of Cells
0.6 m × 0.6 m × 0.6 m. Set Chaoxi (T3) as follows: Grid Size 335 × 430 × 2.8 m; Number of
Cells 0.8 m × 0.8 m × 0.8 m.

2. Light environment settings.

First, we load the corresponding meteorological data (in .wea format) based on the
meteorological characteristics of the settlement’s location. The meteorological data were
obtained from “the Special Meteorological Dataset for Building Thermal Environment
Analysis in China” [38,39]. Then, select “calculate < lighting analysis < natural light
levels-daylight factors-levels” mode and turn on the high precision and “CIE Overcast
Sky” (4500 lux) calculation models, and “Calculate Over for the Analysis Grid”. Finally,
based on these settings, the software can calculate the monthly values of incident solar
radiation on different terrain surfaces and mappings of total average daily sunlight hours
for each quarter and month. It also generates the mapping of SVF and sunlight hours
on the horizontal surface of the streetscapes and the monthly statistical table of shading
percentage and insolation.

Furthermore, the calculation of incident solar radiation data and mappings is based
on the monthly values of incident solar radiation from 08:00–18:00 in the representative
traditional settlements. Insolation simulations are to identify the solar characteristics of
different terrain and spatial forms’ planning configuration. The contour lines between
varying street corridors in the SVF mappings use different colors to mark SVF values,
indicating the level of the sky exposed along the street corridors. For example, the red color
shows a region with 100% exposure to the sky, while blue indicates a part with 0% sky
exposure. In other words, red plays a region with a low-stable thermal environment, while
blue shows an area with a high-stable thermal environment. Based on the 3D models of the
terrain and building massing, generate mappings of average daily values of sunlight hours
between 08:00 and 18:00 during summer and winter. Different colors are used between the
contour lines in the sunlight hours mapping to mark the corresponding sunlight hours,
thus distinguishing between insolation and shaded portions. For example, yellow and
blue colors present two poles, yellow presenting the part of streetscapes where the sun
can penetrate, and blue indicates the obscured streetscapes. Finally, the monthly average
shading percentage distributions throughout the year and the shading are calculated.
Shading simulations also assess the streetscapes with shade facilities during the summer.
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2.3. Mapping of Ventilation Conditions

The Computational Fluid Dynamics (CFD) software Phoenics 2019 was used to simu-
late the natural ventilation of representative traditional settlements. Phoenics is currently
the leading CFD analysis software and its “flair specialization module” has been widely
used by many researchers to simulate buildings’ wind environments at different scales, and
the accuracy of its calculation results has been well-proven [40]. The numerical simulation
process can be divided into geometric modeling, determination of the control equations,
construction of the computational domain and mesh generation, natural wind boundary
condition setting, and post-processing operations.

1. Geometric modeling. Due to the real mountain models with numerous curved surfaces,
it can be challenging for computers to handle them. About previous experimental
methods [41], the DEM data need to be converted into contour lines using the “Intersect
Faces” command in SketchUp Pro 2021 software. This allows for the creation of a new
sandbox to work with. Based on the complexity of the terrain, the simplification of
the Banling (T1) model adopts an 80 m contour interval, while the simplification of
the Langtou (T2) and Chaoxi (T3) models adopts contour intervals of 1 m and 5 m,
respectively.

2. Determination of the control equations. Considering that the airflow around the
building is generally incompressible and has low-velocity turbulent flow, in line with
Boussinesq assumptions [42], the contact between the airflow and the building forms a
restricted flow. The standard RNG k-εmodel has better results for restricted flow (with
wall constraints) and has the advantages of low computational cost and relatively
accurate predictions. Therefore, it is widely used.

3. Construction of the computational domain and mesh generation. According to the
calculation region range recommended by Xiaoyu Ying et al. [43], the model should
be set with a longitudinal (x) extent of 5 times, a transverse (y) extent of 5 times, and a
vertical (z) extent of 3 times. The positive Y-axis direction should be set as the north
direction. As the mountain is a simplified surface with an extremely irregular shape,
this paper adopts an unstructured grid that is employed for mesh partitioning, and
local refinement is applied to the grid in the area where the building is located.

4. Natural wind boundary condition setting and post-processing operations (Table 1).
(i) Selection of different boundary layers according to the natural environment fea-
tures, “the Design code for heating ventilation and air conditioning of civil buildings”
(GB50736-2012, China), and the on-site wind conditions through which the settlement
winds mainly pass [44]. (ii) The outdoor wind at a pedestrian height of 1.5 m is
adopted. Since the gradient wind at the site varies with the height of the building,
the profile type operation rate is chosen as a power law, with a power law index of
0.14 (based on wind pressure height variation factor). (iii) Set the dominant wind
direction, wind speed, and temperature for summer and winter in Chaoxi (T3), Lang-
tou (T2), and Banling (T1). The velocity contour mapping of the street corridors is
marked with a different color. For example, red represents a high-wind-speed area,
while blue represents a low-wind-speed area. The convergence residuals for velocity,
momentum, and turbulence kinetic energy should be set to be below 10−4. However,
if the convergence of the continuity equation is poor, the criterion can be relaxed
to 10−3 [43,45]. Based on Soligo’s findings on comfort wind speed and frequency
under different conditions [46], as well as the research by Murakami et al., which
introduced the outdoor comfort wind range under different temperature ranges [47],
it has been determined that the comfortable wind speed for the Lingnan region in
summer is 0.7–5.0 m/s. The calm wind speed is 0–0.5 m/s, and wind speeds >5.0 m/s
are considered uncomfortable.



Buildings 2023, 13, 1611 7 of 22

Table 1. Natural wind boundary condition setting.

Banling (T1) Langtou (T2) Chaoxi (T3)

Topographic calculation domain size 17,385 m × 19,625 m × 2400 m 4515 m × 5685 m × 45 m 6310 m × 6660 m × 125 m
Building calculation domain size 450 m × 1100 m × 24 m 1950 m × 2200 m × 30 m 1930 m × 2240 m × 24 m

Summer wind direction & average
wind speed Southeast, wind speed 7.0 m/s Southeast, wind speed 1.9 m/s Southwest, wind speed 3.4 m/s

Winter wind direction & average
wind speed Northeast, wind speed 6.5 m/s Northwest, wind speed 2.05 m/s Northwest, wind speed 4.6 m/s

Daily maximum temperature 39◦ 37◦ 38◦

Select terrain type & effective
roughness height Type = C; α = 0.75 Type = B; α = 0.1 Type = B; α = 0.1

Total number of iterations 1000 500 500

3. Results
3.1. Selection of Settlements

Banling (T1) is located in Ruyuan Country in northern Guangdong Province (at 24◦28′

N and 112◦52′ E), with an average altitude of 600 m, and is a typical Yao traditional settle-
ment (Figure 1). The topographic map (Figure 2A, Table 2) shows that the settlement lies
at a hillside, and buildings spread out along the contour lines, forming closely connected
buildings and long-narrow street corridors. Most of the buildings show a linear configu-
ration. Due to the high altitude, this area is relatively cold in winter (Figure 3). There are
mostly S–E winds in summer, and an N–W monsoon prevails in winter (Table 1).
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Table 2. Natural and man-made characteristics of the three traditional settlements under study.

Banling Langtou Chaoxi

Topography N–E-facing steep slope Flat terrain A concave gentle slope
(T1)—Mountainous regions (T2)—Plains regions (T3)—Coastal hills regions

Spatial Layout of the
Settlement

Linear with narrow facades
(compact)

Comb-like spatial layout
(compact)

Comb-like spatial layout
(semi-dispersed)

Building Form Linear or U-shaped Linear with narrow facades Linear or U-shaped
Building Stories Single-story, double-story Single-story, double-story Single-story

Street Orientation N–S axis, SE–NW axis NE–SW axis, SE–NW axis NW-SE axis,
SW-NE axis

H/W 1.9~4.8 1.9~5.5 0.9~2.3
Open Spaces Small courtyards Small courtyards Large courtyards

Langtou (T2) is located on a plain with a dense network of rivers (at 23◦24′ N and
113◦13′ E), with an average elevation of 3 M (Figure 1). Figure 2B shows that the overall
spatial layout of Langtou (T2) is neatly arranged, with buildings tightly connected in a
typical comb-like spatial layout. (The majority of architectural floor plans are designed in
the style of a U-shaped configuration, with each courtyard arranged in a N–S orientation
in the shape of a comb, forming rows of buildings. Each courtyard is nested within
another courtyard.) There are vast fields and large fish ponds in the settlement’s front,
and the long-narrow NE–SW longitudinal street corridors are perpendicular to the fish
ponds. The narrow corridor between two rows of buildings, commonly known as “Li” or
formerly referred to as a “fire corridor”, is the main transportation street corridor within the
traditional settlement. One can discover certain streetscapes equipped with shading devices
along this street corridor. The southern side of the settlement is far from the northern side;
a transverse transportation street corridor was established to connect the SE–NW. The
buildings within Langtou (T2) are mostly one-or-two-story high, with a compact layout,
towering building walls, and a ”U” courtyard shape (small-scale courtyards), resulting in
a more concentrated building layout and street corridors (Table 2). This region has long
summers and short winters, with hot-humid summers and warm winters (Figure 3), and
S–E winds in summer and N–W winds in winter (Table 1).

Chaoxi (T3) is located in the coastal hilly area of Leizhou Peninsula (at 20◦43′ N and
110◦05′ E), facing the mainland to the north and bordered by the sea on three sides, with an
average elevation of 38 m (Figure 1). Chaoxi (T3) also has a comb-like layout, but it is not
as straight and neat as observed in Langtou (T2). Compared with Langtou (T2), Chaoxi (T3)
has a more significant number of E–W street corridors and higher H/W, breaking the comb-
like spatial layout to some extent. Most of the buildings here have semi-enclosed spaces and
are primarily one-story high (Table 2). Since this area is located in the transitional climate
zone between the tropics and the subtropics, it is characterized by hot and long-lasting
summers and warm winters (Figure 3). The S–E winds prevail throughout the year, with
more S–W winds in summer and N–W winds in winter (Table 1).
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Figure 3. Minimum, mean, and maximum air temperature for (A) Banling (T1), (B) Langtou (T2),
and (C) Chaoxi (T3). Source: National Meteorological Science Date Center, China.

3.2. The Environmental Impact of Topographical Features

The wind field simulation and spatial pattern map shows (Figure 2A) that Banling
(T1) has low wind speeds in winter as it is located on the southeast slope of the river valley,
surrounded by mountains on three sides, with the western side closely adjacent to the
mountain. The settlement is open to the east and south, and at a distance from the hills to the
east, so that the summer winds can follow the slope and enter the settlement without much
influence on the wind speed. According to the calculations based on monthly and quarterly
incident solar radiation data in the settlement’s different directions (Table 3), we found that
the settlement takes advantage of the lower solar angles and south-facing exposure, creating
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favorable sunlight conditions during the winter. Compared to the relatively gentle slopes in
the northern, western, and southern directions, the southeast-inclined terrain receives more
incident solar radiation due to its orientation. More specifically, in winter, the southeast,
west, south, east, north, and flat regions distributed at slopes of 10◦–20◦ have a cumulative
incident solar radiation of 180.94 MJ/m2, 159.55 MJ/m2, 178.20 MJ/m2, 181. 87 MJ/m2,
177.44 MJ/m2, and 85.10 MJ/m2, respectively. The incident solar radiation in the southeast
direction has increased by 10% compared to the flat terrain. In addition, mountainous
terrain significantly impacts building massing configurations and street corridor planning
in Banling (T1). Due to the topographical constraints and lack of available space, buildings
develop upwards, resulting in a long-narrow street corridor (H/W = 1.9~4.8) and a more
compact building layout (Table 2).

Table 3. Mean monthly and mean seasonal incident solar radiation for the flat surface of Banling (T1)
and for surface tilted by 20–30◦ for southeast, west, south, east, north, and flat.

Incident Solar Radiation (MJ/m2)

Month/Surface Southeast West South East North Flat

June 347.15 299.76 325.42 338.48 336.25 1586
July 412.57 370.88 379.09 428.04 422.64 184.98
Aug 398.17 337.46 345.35 389.89 381.68 175.43

Summer 385.92 336.06 349.99 385.56 380.29 172.80
Dec 223.32 193.12 220.15 230.59 213.52 102.53
Jan 165.32 149.99 162.91 163.15 165.38 78.87
Feb 154.13 135.61 151.57 151.88 153.52 73.94

Winter 180.94 159.55 178.20 181.87 177.44 85.10
Mar 153.69 136.15 151.64 150.24 153.55 73.01
Apr 220.15 195.35 217.13 214.1 218.45 106.45
May 304.63 265.43 300.06 295.5 300.86 142.42

Spring 226.15 198.97 222.95 219.96 224.28 107.28
Sept 356.05 303.88 349.31 352.19 351.26 157.54
Oct 297.32 256.19 292.72 295.88 293.44 137.09
Nov 255.86 209.82 253.40 269 248.51 109.45

Autumn 303.08 256.58 298.48 305.68 297.72 134.68

As shown in the wind field simulation and spatial pattern map (Figure 2B), we find
that the plain river network plays a fundamental role in the “comb-like spatial layout
“and landscape configuration of Longtou (T2): (i) The settlement is located in the north,
facing south, and is built along the slope with a low front and higher back. (ii) In front of
the settlement are vast fields and large fish ponds, surrounded by trees to the north. The
wind blows from the fields in front of the settlement and enters the public outdoor space
through the street corridors (H/W = 1.9~5.5, orientated NE–SW) and the “U” courtyard
during summer, while the wind is blocked by the tall trees in the north during winter
(Table 2). Although the settlement’s topography has a certain inclination, the inclination
of the surrounding terrain is ≤10◦, which has little effect on the incident solar radiation
on the surface in different directions. The simulated cumulative incident solar radiation
values in the different settlement directions were 91.12 MJ/m2~91.74 MJ/m2 in winter and
123.16 MJ/m2~124.51 MJ/m2 in summer.

According to the wind field simulation and spatial pattern map (Figure 2C), Chaoxi
(T3) is located in a low-lying hilly area along the coast, with a gradual slope from N~S
(Figure 1). The overall gradient is ≤10◦. Winter’s maximum accumulated incident so-
lar radiation value occurs in the central part with the most considerable inclination an-
gle (733.60 MJ /m2), and the minimum in the southern region with a flat inclination
(670.71 MJ/m2). In summer, the accumulated incident solar radiation values on different sur-
face orientations in the settlement exhibit minimal changes (1158.16 MJ /m2–1166.94 MJ /m2).
The settlement experiences higher wind speeds during the summer, especially on the west
(5.2 m/s–6.3 m/s) and northeast sides (5.8 m/s–7.3 m/s). The settlement has a circular
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pond located to the southeast as an opening, while tall trees surrounded the other direc-
tion. During the summer, the prevailing wind can be introduced to the settlement’s front
buildings through the pond’s opening. To withstand typhoons and facilitate drainage,
the buildings are designed with specific considerations. Firstly, the spatial layout of the
buildings is relatively open, avoiding the presence of continuous long-narrow streets
(H/W = 0.9~2.3). Additionally, the buildings are designed with a lower front and higher
back, gradually increasing in elevation. This design approach promotes optimal storm
resistance and effective drainage. However, in summer, this planning configuration can
lead to ineffective shading in the streetscape and difficulty in creating “cool lanes” (Table 4).

3.3. Environmental Explanation of Streetscapes Based on SVF and Sunlight Hours

Analysis of SVF mappings in Banling (T1) shows that the low SVF values ranging from
0.01~0.20 and 0.21~0.40 account for 8.8% and 35.7% of the streetscape area, respectively
(Table 5, Figure 4). (SVF represents the proportion of visible sky from the ground and is
closely related to the amount of solar radiation received on a horizontal plane. SVF is a
dimensionless quantity ranging between 0 and 1, where a value of 1 indicates that the sky is
completely visible. When there are buildings or trees surrounding the measurement point,
the SVF will be proportionally reduced.) The lower SVF values are a result of the shading
caused by the long-narrow, variable street layout, and the interweaving of buildings within
the area. The SVF values ranging from 0.41–0.50 and 0.51–0.60, respectively, account for
19.5% and 14.2% of the area of street corridors, respectively. The higher SVF values result
from several factors, including low-rise buildings, loose street corridors, and undulating
mountainous terrain that enhance the visibility of streetscapes. Regarding sunlight hours,
insolation simulations indicate that most of the streetscapes in Banling (T1) can avoid being
affected by intense solar radiation, with a shading rate of 63.6%. In contrast, in winter, the
streetscapes’ shading rate is too high, accounting for 85.7% (Table 4, Figure 5).

Table 4. Percentage of the street area with predominantly sunny and shady conditions for wintertime
and summertime for the three settlements under study.

Insolation Conditions (%)

Banling (T1) Langtou (T2) Chaoxi (T3)

Summer
sunny 36.4 37.6 71.6
shady 63.6 62.4 28.4
Winter
sunny 14.3 25.3 50.5
shady 85.7 74.7 49.5

Table 5. Sky view factor mappings of streets for the three settlements under study.

Sky View Factor
Distribution (%)

Banling (T1) Langtou (T2) Chaoxi (T3)

0.01–0.10 1.4 7.1 2.0
0.10–0.20 7.4 12.9 0.9
0.21–0.30 14.4 23.2 2.0
0.31–0.40 21.3 19.7 3.3
0.41–0.50 19.5 16.2 6.6
0.51–0.60 14.2 10.1 12.0
0.61–0.70 7.3 5.6 16.0
0.71–0.80 7.8 4.2 18.2
0.81–0.90 4.9 1.1 16.2

0.91–1 1.8 0 15.6
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In the case of Langtou (T2), the analysis of SVF mapping indicates that low SVF
between 0.10 and 0.20 and 0.21 and 0.40 cover 20% and 42.9% of the streetscape area,
respectively (Table 5, Figure 4). This is due to the organized layout of buildings in Langtou
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(T2), with closely connected building clusters and a predominant linear spatial arrangement.
The street corridors in the settlement are long-narrow (H/W = 1.9~5.5). This design
approach, to some extent, increases the shading in local streetscapes and reduces incident
solar radiation. The high SVF values in the ranges of 0.51–0.60 and 0.61–0.80, respectively,
account for 10.1% and 9.8%. Analysis of sunlight hours received by the streetscape surfaces
indicates that the streetscape shading rate is 62.4% in summer, which can somewhat reduce
incident solar radiation and lower temperatures. In winter, the streetscape shading rate is
74.7% (Table 4, Figure 5).

In the case of Chaoxi (T3), the SVF mappings at the street level show that high SVF,
which ranges from 0.40~0.80, accounts for 52.9% of the streetscape area (Table 5, Figure 4).
This indicates that the majority of the settlement’s streetscape has a relatively high SVF. This
can be attributed to the presence of low-rise buildings and the semi-dispersed configuration
of the settlement. In contrast, the low SVF range of 0.01 to 0.40 only covers 8.1% of the
streetscapes area. High SVF values in the range of 0.81–0.90 and 0.91–1 accounted for
16.2% and 15.6% of the streetscapes area, respectively. In the widened streetscapes along
the buildings, high SVF was simulated. In summer, most settlements’ streetscapes are
exposed to incident solar radiation, with a shading rate of only 28.4%, which provides an
uncomfortable walking experience for pedestrians. In winter, the shading rises to 49.5%
(Table 4, Figure 5).

This study, through surveys conducted in the three settlements, revealed that the
lowest SVF occurred in Banling (T1), followed by Lantou (T2), and then Chaoxi (T3).
Simulations confirmed that street corridors with low SVF would result in higher local
shading. As a result, Banling (T1) had the highest shading ratio throughout the year,
followed by Lantou (T2), and then Chaoxi (T3). In winter, most of the street corridors
experience overshadowing, especially in Banling (T1). It is worth noting that, in the
streetscape’s high SVF values in Chaoxi (T3), widening the streetscape along the buildings
can provide sufficient solar penetration capacity, thereby alleviating overshadowing during
the winter. In summer, most of the streetscape in Banling (T1) can avoid intense incident
solar radiation, while a significant proportion of the streetscape in Lantou (T2) also receives
sufficient shading. In contrast, the shading effect along the street corridors is not ideal in
Chaoxi (T3), due to some unshaded widening streetscapes.

3.4. Environmental Explanation of Streetscapes Based on Ventilation Simulation

Analyses of wind speed mappings indicate (Figure 6) that the wind speed of 0.7 m/s
~5.0 m/s accounts for 41% of the streetscape area. The maximum wind speed zone in
Banling (T1) occurs at A-1, with a wind speed of 7 m/s~12 m/s, and the minimum wind
speed zone occurs at A-2 with a wind speed of <0.7m/s. Ventilation street corridors are
formed in A-S-1 and A-S-2, probably because street corridors are in the same direction
as the prevailing wind and the continuous and narrow street corridors (S–N orientation)
with small directional angles (<30◦). In contrast, the occurrence of continuous large areas
with wind speeds >5.0 m/s may be attributed to the constraints imposed by the moun-
tainous terrain on the settlement, resulting in winding and meandering streets corridors.
Additionally, the presence of certain buildings and street corridors with significant angles
(>60◦) relative to the prevailing wind direction could contribute to the formation of these
high wind speed zones. More specially, under the influence of vertical wind direction,
some areas of A-S-2, A2, and A1 may form three patterns of isolated bypass flow, mutual
influence bypass flow, and glide flow, and include the “Street Canyon Effect” in the middle
of the street and at the corners.
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The summer wind speed simulation results in Longtou (T2) show that the overall
wind speed in the area is more desirable (Figure 6). The wind speed of 0.7 m/s~5.0 m/s
accounts for 41% of the streetscape area. The maximum wind speed zone occurs at B-1,
with wind speed reaching 5 m/s, and the minimum wind speed zone occurs at B-2,
with almost no wind there during summer. Streets (B-S-1 and B-S-2) oriented in an N–S
direction and parallel to the prevailing wind are susceptible to the narrow tube effect. The
street structure is intersected by the NE–SW and SE–NW directions, resulting in a small
internal ventilation environment. However, there are noticeable differences in ventilation
conditions among various street corridors. For instance, the N–E direction of B-S-3 and
B-S-4 exhibits lower wind speeds ranging from 0.31 m/s~0.94 m/s. This is attributed to the
complex airflow penetrating internally and forming vortex airflow near B-S-3 and B-S-4.
This phenomenon may be caused by wind paths with certain turns and street corridors
intersecting the semi-enclosed space of the courtyard inside the settlement, as shown in
the figure.

The simulation results of summer wind speeds in Chaoxi (T3) showed that the wind
speed of 0.7 m/s~5.0 m/s accounts for 76% of the streetscape area (Figure 6). However, the
overall air circulation within the settlement is poor, lacking continuous and interconnected
“cool lanes”. The areas with higher wind speeds were mainly concentrated around the
boundaries of the settlement, with the maximum wind speed occurring at C-1, with wind
speed reaching 6 m/s~8.5 m/s. The gaps between buildings at the front and back edges of
the settlement formed potential channels for the natural wind to enter the village (C-S-1).
However, due to the opposite orientation of the settlement’s buildings to the prevailing
southwest wind direction in summer, and the lack of appropriate wind channeling space
planning, combined with the loosely arranged internal building layout and narrow and
shallow streets, the external wind is unable to penetrate the public spaces within the
settlement. As a result, a significant number of clam wind zones are generated within the
settlement (c-2, c-3, and c-4). It is worth noting that the Leizhou Peninsula is a primary
landing site for typhoons, and the enclosed spaces formed by residential courtyards can
significantly enhance their wind and drainage resistance capabilities. The connected
buildings around the periphery of the settlement and the loose alleys inside can also serve
as barriers, reducing the possibility of the accommodation being damaged by typhoons.

This study, based on investigations of the ventilation environment in three settlements,
reveals that the area with the highest proportion of pedestrian wind comfort is found in
Longtou (T2), followed by Chaoxi (T3), and then Banling (T1). The simulation confirms
that the buildings are densely arranged, and the street corridor openings are parallel to
or form angles <30◦ with the dominant wind direction in summer. The overall layout of
the streetscape is primarily oriented in NW–SE longitudinal street corridors, with SW–
NE horizontal street corridors intersecting and intertwining with them. Additionally, by
incorporating semi-enclosed streetscapes along the buildings within the settlement, it is
easier to create internally interconnected “cool lanes”. In Banling (T1), the ventilation
effect along the streets corridors is not ideal, mainly due to the constraints imposed by the
mountainous conditions. The street corridors are winding and meandering, and certain
buildings and street corridors have a large angle of deviation from the prevailing wind
direction, resulting in dramatic variations in wind speed, while, in Chaoxi (T3), due to
the intention of reducing typhoons’ negative impact, the overall architectural layout is
loose, and the street corridors are shallow. As a result, it is not possible to form continuous
natural ventilation corridors within the settlement’s interior spaces.

3.5. Environmental Explanation of Public Covered Streetscape

A comparative analysis of streetscapes’ insolation and ventilation environments in
plain settlements with different H/W, and shaded and unshaded facilities was conducted.
From the results of existing studies and data from field research, it can be found that the
sample settlements have H/W ranging from 1 to 4 (streetscape height is determined by the
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eaves and ridge heights of the buildings on both sides, with the relatively fixed building
height as a constant value and the streetscape width as a variable.).

The results in Table 6 show that, as H/W increase, the obstructive effect of shading
facilities on streetscapes decreases. This suggests that streetscapes with low H/W (i.e., high
SVF) are more likely to be exposed to solar radiation, In contrast, those with high H/W (i.e.,
low SVF) can reduce solar radiation. As shown in Table 6, in summer, streetscapes with
shading facilities and H/W in the range of 1–4 produce more additional shading (3.6–22%)
compared to streetscapes without shading facilities. Regarding the ventilation environment,
taking the street corridor with an S–E orientation as an example, they were divided into
four groups for calculation. Table 7 shows that the wind speed at A1 and A3 are relatively
stable, while the wind speed at A2 exhibits fluctuating undulations. The wind speed at
A4 shows a rapid increase trend. When the H/W is equal to 1, the natural wind passing
through the street corridors experiences a significant decrease in speed. When H/W is 3~4,
the wind speed at the street entrance will experience a certain decrease. However, the wind
speed variation in the middle and at the end of the street corridor remains relatively small,
resulting in a higher level of pedestrian comfort.

Table 6. Mean monthly and mean seasonal additional shading contribution of covered over uncovered
south–north-oriented street corridor for different H/W.

Additional Average Shade on a Horizontal Surface (%)

H/W = 1 H/W = 2 H/W = 3 H/W = 4

Winter 19 9 5 3
Dec 18 9 4 2
Jan 19 10 5 3
Feb 20 10 6 4

Spring 22 10 4.6 3
Mar 22 9 5 3
Apr 23 10 5 3
May 21 11 4 3

Summer 22 13 5.3 3.6
June 20 14 4 4
July 20 13 6 4
Aug 26 12 6 3

Autumn 20 10 4.6 2.6
Sept 21 10 5 3
Oct 21 10 4 2
Nov 18 10 5 3

Table 7. Wind speeds simulation for different H/W specifications.

Sample
Number

Street
Height–Width

Ratios

Street Entrance
Wind Speed

(m/s)

Wind Speed in
the Middle of

the Street (m/s)

Wind Speed at
the End of the

Street (m/s)

A1 H/W = 1 2.3 2.9 3.2
A2 H/W = 2 4.1 3.3 4.3
A3 H/W = 3 3.2 3.3 4.0
A4 H/W = 4 2.9 3.3 4.0

4. Discussion

The comprehensive analysis of representative Lingnan traditional settlements in sub-
tropical China indicates that different topographic features and architectural forms can
result in variations in insolation and ventilation in the streetscape. Findings suggest that
topographies significantly impact the spatial arrangement of street corridors and building
massing configurations, particularly in mountainous regions. This finding is consistent
with the conclusions of other scholars [35]. It indicates that the orientation, slope, and
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natural landscape enclosure of the topography are essential factors affecting incident solar
radiation and wind speed in the settlement [12,48]. Specifically, during the winter, tradi-
tional accommodations situated on the south-facing slopes can maximize their absorption
of solar radiation. Settling in hilly river valleys with the back facing the mountains and the
front facing the summer prevailing wind direction provides better ventilation conditions
for the traditional settlement. Consistent with previous research findings, this study also
found that, in addition to topographical factors, mountain-water pattern characteristics,
building massing configurations, street corridor structure, and landscape configuration can
also affect the solar radiation and wind speed in streetscapes [8]. In addition, simulation
studies have also confirmed the previous research findings, demonstrating that compared
to streetscapes with a low H/W distributed in loosely structured building layouts, those
with a high H/W allocated in regular building layouts have higher shading rates and more
comfortable ventilation conditions throughout the year [20].

The investigation results indicate that different building density configurations will
result in varying shading patterns for traditional settlements located in coastal hills, plains,
and mountainous regions. The building density configurations increase with the terrain’s
slope and the construction’s difficulty. Due to geographical and available land area limi-
tations, mountainous settlements have narrower, more varied, and more compact street
corridor organization and a scattered and intertwined architectural spatial layout, with
the highest shading rate (63.6%) in summer. Notably, traditional settlements in plains,
with their “comb-like spatial layout,” also exhibit a high shading rate of 62.4% during
summer. The findings presented in this paper also supplement the conclusions of previous
studies conducted by Jiafeng Weng [49]. Specifically, installing shading devices above street
corridors has been shown to reduce solar radiation in summer. At the same time, it has
been demonstrated that such covered street corridors do not generate excessive additional
shading in winter. In addition, the overshadowing, particularly in mountainous areas, is
also a concern during the winter. Findings suggest that overshadowing can be moderated
by adjusting the building fabric and widening the streetscape.

Regarding ventilation conditions, the plain traditional settlement performs better than
the traditional settlement in the mountains and coastal hills. The optimal ventilation perfor-
mance of interior spaces within plain traditional settlements is attributed to a combination
of factors, including the compact arrangement of buildings, alignment of building orienta-
tion and corridor direction with the prevailing summer winds, a high H/W, semi-enclosed
open courtyards, and site-specific landscape configurations. Figure 6 indicates that the
overall wind environment is favorable in the periphery of the mountainous traditional
settlement. The settlement is located in a canyon area, with tall mountains to the west and
hills to the north. The open areas to the east and south and at a distance from the hills to the
east, can block the cold winter winds while welcoming the cool summer breeze. However,
the ventilation conditions within mountainous settlements are not ideal, primarily due to
the changes in street layout caused by the topography. This can result in local areas where
the angle between the corridors and the prevailing wind direction becomes excessively
large, even approaching 90◦, which is unfavorable for ventilation. In the summer, coastal
hill traditional settlements built on gently sloping peninsulas benefit from good ventilation
because the peripheral buildings (in the southeast direction) are connected and oriented
parallel to the prevailing wind direction. This, combined with plant enclosures and water
features, creates a micro-environment conducive to ventilation. However, due to the lack
of corresponding wind guidance planning within the settlement, the loose building layout
and the low H/W fail to draw the surrounding winds further into the settlement’s interior
space. This is because the region is prone to typhoons, and such a building layout can help
resist them and accelerate drainage. The simulation results of Table 7 indicate that the H/W
= 3~4 can effectively improve ventilation conditions.
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5. Conclusions

The novelty of this study is the investigation and evaluation of insolation and ventila-
tion conditions in traditional settlement streetscapes in different topographical and climatic
zones. It explores the transfer of knowledge from the traditional passive design approaches
to the climate-responsive design strategies of modern urban outdoor spaces and the po-
tential for improving existing streetscape thermal comfort. It also presents an analytical
method based on the comparative evaluation of environment variables at different sites.
The research results will apply to other regions with subtropical climate characteristics,
especially in coastal hilly areas, plains, and mountainous regions. The improvements in
future research will include the use of higher-resolution satellite data and other thermal
comfort variables such as air humidity, physiological equivalent temperature (PET), and
wind pressure to study the synergistic effects of these variables. This will achieve more
accurate simulation results and precise mapping for specific locations. Within the accurate
range allowed by the selected data sources, this study confirms that the passive design
approaches of traditional settlements can provide valuable knowledge and inspiration.
It has a practical significance in providing recommendations for urban-outdoor-space
climate-responsive design strategies and environmental policies.

More specifically:

(1) The unique topographic characteristics of settlement locations, such as orientation,
elevation, and slope, have a significant impact on incident solar radiation. It is
recommended that settlement sites with an average elevation of 600 m be located
on southeast-facing slopes with slopes ranging from 10◦~20◦. Compared to a gentle
terrain, this inclination can provide an additional 10% of incident solar radiation, thus
increasing incident solar radiation during winter.

(2) In summer, the comb-shaped architectural spatial layout of settlements on plains, with
long-narrow street corridors (H/W = 1.9~5.5) oriented in the NE–SW longitudinal,
can result in a low SVF of 62.9% and 62% shading ratio. However, these spaces
require the implementation of deciduous tree planting or sun-shading devices fixed
on horizontal surfaces along the street corridors to reduce incident solar radiation
during the summer.

(3) Installing shading facilities along the horizontal surfaces of covered street corridors
is considered to be the most effective measure for enhancing additional shading in
streetscapes and reducing incident solar radiation during the summer. Based on the
simulation, compared to a H/W = 4, which provides an additional shading of 3.6%,
this spatial configuration in a H/W = 1 can achieve an additional shading of 22%.

(4) Improving pedestrian comfort with wind speeds in streetscapes requires attention to
the following factors: (i) Settlement sites in mountainous areas are preferably located
in hilly river valleys. These sites are situated on slopes adjacent to water bodies
or on flat terrains near mountain passes, which helps to avoid the intense airflow
variations on mountaintops and the calm wind zones in low-lying areas. (ii) In plains
settlements, creating a favorable external ventilation environment can be achieved
by positioning water bodies or open spaces at the periphery of buildings, aligned
with the dominant wind direction during the summer. Additionally, enclosing these
areas by planting trees can further enhance ventilation. (iii) The following measures
can help improve the ventilation environment within the settlement: Creating a
compact arrangement of buildings with a H/W = 3~4 is beneficial for improving
the internal ventilation environment within a settlement. The main street, oriented
towards the dominant wind direction in summer, should form an angle of <30◦ with
it. The primary street corridors should follow a NE–SW longitudinal orientation,
serving as the main thoroughfare, while SE–NW-oriented horizontal street corridors
should intersect and weave through it, forming a grid-like pattern of the streetscape.
Expanding the streetscape along the buildings allows for the introduction of wind
into the interior of the settlement. For coastal hilly areas, low-rise buildings, internally
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dispersed building layouts, and a H/W = 0.9~2.3 can help mitigate the typhoons’
negative impacts.

In conclusion, research indicates that traditional settlements achieve low energy con-
sumption for thermal comfort and create favorable microclimate conditions by implement-
ing passive design approaches and concepts that bridge the gap between buildings and
the natural environment. This is particularly evident in the case of settlements in plains.
For that reason, we believe that vernacular architecture can be transformed into a pow-
erful design database to identify, enhance, and evolve architectural forms that promote
thermal comfort in particular regions. In the future, it is worth researching other spatial
characteristics of urban areas, such as traditional building courtyards, building envelopes,
and architectural typologies. Researchers can revisit traditional passive design concepts
to improve the thermal comfort of outdoor spaces in a broader range of geographical
and climatic contexts. This will provide inspiration and recommendations for developing
climate-responsive design strategies and environmental planning policies for contemporary
urban outdoor spaces.
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