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Abstract

:

The rapid development of urbanization has caused obstructed urban natural ventilation and the contribution rate of urbanization is relatively high. Therefore, there is an urgent need for urban development planning that should respect natural ventilation and local climate to reduce negative impacts. By optimizing the urban construction layout to reduce obstruction and leave a passageway for wind to blow in, the natural ventilation environment could be improved. This paper presents a promising approach for natural ventilation planning at both the city and community scales. Based on the assessment of wind environment, heat island intensity, and ventilation potential, the results revealed that winds blowing from the western and northern mountainous area of Shijiazhuang play a natural ventilation inlet role which can provide clean air. The SSHI and SHI were mainly distributed within the Second Ring Road, which has a large proportion of the low ventilation potential level. Thus, six first-class ventilation corridors and thirteen secondary corridors were recommended, which were set to be adapted to the dominant wind direction. Subsequently, an urban climate analysis map (UCAnMap) was developed considering climate sensitivity, and planning recommendations were provided for different climate zones. The relationship between architectural spatial structure and ventilation efficiency was analyzed; the results revealed that increasing the height of the buildings will decrease the proportion of comfortable wind zones, and the overall ventilation efficiency will weaken, so the average building height of a typical block should be controlled within 45 m, which matches ventilation performance requirements. The ventilation efficiency of the block has a certain negative correlation with the building density, and as the building density decreased by more than 10%, the proportion of the comfortable wind zones could increase by 4–5%.
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1. Introduction


The effectiveness of urban natural ventilation depends on the exchange and flow of air in an urban canopy, and it is related to the surrounding terrain, proportion of the impervious surface area, vegetation coverage type, and whether it is blocked by tall buildings. Numerous studies have shown that the surface energy balance is altered by the construction of physical urban infrastructure, driving detrimental impacts on urban climate such as increased temperatures and low-wind conditions [1]. Chen L et al. proposed that the existence of high-density and high-rise buildings has caused the narrowing of airflow channels or changes in direction when air passes through them, which easily forms a large scale of small wind zones on the leeward side of the buildings and significantly reduces the ventilation environment and climate comfort of a city. Peng Wang et al. (2021) showed that urbanization significantly increases the frequency of extreme heat in summer, and this trend is more prominent in densely populated and urbanized areas [2].



Due to the urbanization effect in Shijiazhuang, the annual average temperature significantly increased during 1981–2010, with a warming rate of 0.36 °C/10 a. Furthermore, from 1972 to 2012, the annual average wind speed decreased at a rate of −0.15 (m/s)/10a under an urbanization contribution rate of 86% [3]. Based on the air quality rankings of 74 cities that have already implemented the new city air quality standards published in 2017, Shijiazhuang ranked last, with an average annual proportion of excellent days of only 41.4% [4]. Therefore, there is an urgent need for planners and policy-makers to adopt Nature-Based Solutions with the lowest cost to reduce the negative impact on the local climate and make comfortable living conditions for high-quality urban living.



How can we leave a passageway for wind through optimizing an urban construction layout and allowing more natural wind to blow in? Chun-Ming Hsieh used the frontal area index (FAI) and the least cost path (LCP) methodology, identifying wind corridors based on the concept that wind moves along paths of low urban roughness [5]. Jeong min Son et al. used the KALM model to analyze the characteristics of local cold air, formed and maximized the use of it, and proposed wind corridor planning and management strategies in three Korean cities [6]. Shu Zheng et al. developed an empirical formula to determine an appropriate spatial domain for different combinations of building height, density, and arrangement, and they effectively predicted the influences and wind flow characteristics around a specific building in order to give suggestions on building layouts for a ventilation-friendly, livable urban environment [7]. However, there is a lack of a combination for urban natural ventilation research at both the city and community scales.



This paper, based on meteorological observation, numerical simulation, and remote sensing inversion methods, established a multi-scale natural ventilation planning technology which involves planning for fresh-air ventilation paths at the city scale, thereby giving suggestions on building layouts for ventilation performance requirements at the community scale and providing support for the effective connection of ventilation capacity between the whole city and typical blocks.




2. Study Area


Shijiazhuang is located in the southwestern part of Hebei Province, 270 km away from Beijing. The elevation of Shijiazhuang is shown in Figure 1. The elevation decreases from northwest to southeast. The western part of Shijiazhuang is located in the Taihang Mountains, with an elevation of about 1000 m, and the eastern part is located on the Hutuo River plain, with elevations of 30–100 m. Thus, the winds are blocked by the mountains, resulting in the weakening of the wind coming from the north and northwest. In addition, the southeast wind easily acts as a flux vortex. These wind-field conditions and characteristics in Shijiazhuang have resulted in its poor air circulation and difficulty in pollutant diffusion. The temporal and spatial distributions and daily changes in haze in Hebei Province were analyzed by Fu et al. [8]. The reason for the formation was discussed using hazy days in Shijiazhuang as a case study. The results revealed that the effect of the bell-mouth-shaped terrain plays a negative role in pollutant diffusion. The findings of Chen et al. also suggest that the terrain in the Taihang Mountains plays an important role in pollutant gathering [9].



In this paper, the central urban area and the four surrounding administrative districts of Shijiazhuang, namely Luquan, Zhengding, Gaocheng, and Luancheng, are taken as the study area, which is hereinafter collectively referred to as the metropolitan area. The study area is about 2638 km2 (Figure 1). The metropolitan area received special attention in the 2017–2030 urban master plan revision of Shijiazhuang City. Its natural geographical characteristics and the distribution of meteorological stations used in this research are shown in Figure 1.




3. Data and Methods


The technical workflow of this research is shown in Figure 2.



3.1. Data Acquisition


The meteorological data used in this paper were obtained from 16 national meteorological stations and 25 regional automatic meteorological stations of Shijiazhuang Meteorological Bureau, and they were subjected to quality control. Among them, the national meteorological stations provided climate compilation data from 1981 to 2010, which included the wind speed changes and the spatial distribution of wind directions, and they were used for the assessment of the prevailing wind environment in Shijiazhuang City. The regional automatic meteorological stations provided hourly data for the 10 min wind speed and wind direction between 2017 and 2018, which were used to identify the local wind characteristics in the metropolitan area. Figure 1 shows the geographic location of these stations.



A satellite image of the clear sky with a resolution of 30 m in Shijiazhuang on 20 July 2018, from the Landsat8 operational land imager (OLI) sensor, was captured. It was mainly used to extract the land surface temperature, land use types, leaf area index, and green quantity. The thermal infrared sensor (TIRS) captured data with a resolution of 100 m, which were used to assess the heat loads. The data were obtained from the Geospatial Data Cloud (http://www.gscloud.cn/sources, accessed on 11 July 2018) and can be freely downloaded.



The basic geographical information data on a scale of 1:2000, which were acquired from the Shijiazhuang Planning and Design Research Institute, were used to calculate the ventilation potential assessment factors and to estimate the surface ventilation potential.



The global forest vegetation height data, which were inverted by the US Geoscience Laser Altimeter System (GLAS), were on a resolution of 1000 m. Meanwhile, for crop vegetation height, it was acquired from Shijiazhuang Agro-Meteorological Observing Station and obtained based on the physiological and phenological characteristics of crops in plain areas. Interpolation method was used to resample both the vegetation height of forest and crop to a resolution of 25 m, which were used to calculate surface roughness and ventilation potential in vegetation areas.




3.2. Methods


3.2.1. Assessment of Wind Environment


For winds with an excessive or slight velocity, the presence or absence of ventilation corridors has no obvious impact on the internal ventilation of the city. According to the Specifications for climatic feasibility demonstration—Urban ventilation corridor (QX/T 437-2018), the medium and small wind speed sections, which account for the largest proportion of wind frequencies, were regarded as soft and light breezes. The soft and light breezes can be used more efficiently in ventilation corridors to improve the actual ventilation effect [10]. According to the Beaufort wind scale, wind speeds of 0–0.2 m•s−1 represent calm wind, wind speeds of 0.2–1.5 m•s−1 represent light air, and wind speeds of 1.5–3.3 m•s−1 represent a light breeze. In this study, the statistics of the wind speed, direction, and frequency, and local characteristics of the soft and light breezes which affect the ventilation corridor were obtained, in order to conduct a background wind environment assessment and to grasp where the wind comes from and in what direction it probably will move.




3.2.2. Assessment of Thermal Environment


The Landsat 8 satellite image was used for surface temperature inversion and urban green quantity estimation. On this basis, heat island intensity assessment and ecological cold-source analysis can be carried out, and different local circulations will be generated according to the thermal differences between the heat islands and cold sources, accelerating the air flow inside the city.



The surface heat island intensity (SUHI) refers to the difference in the average land surface temperature between a certain location and the rural area, which is observed via remote sensing [11]. In this study, Landsat data were used for land surface temperature retrieval, and the SUHI was obtained. The heat island intensity was categorized into seven levels [12]: a strong cold island (SCI), sub-strong cold island (SSCI), weak cold island (WCI), no heat island (NHI), weak heat island (WHI), sub-strong heat island (SSHI), and strong heat island (SHI) (Table 1).



Studies have shown that in summer, urban surface temperatures follow the following pattern: bodies of water < forests < crops < lawns < bare lands < buildings [13]. Due to the temperature difference between the built-up area and water bodies or forest land, the flow of cold fresh air can be generated even under weak background wind conditions, which can effectively alleviate the urban heat island effect [14]. Therefore, bodies of water, forests, and crops, as well as urban green spaces with a high vegetation coverage, are defined as natural cold sources. They are important zones that can produce cold, fresh air, and they play a fundamental role in natural ventilation planning and improve air circulation in the living environment.



The green quantity is an important index that comprehensively reflects the vegetation leaf area index, vegetation coverage, and vegetation structure. It is considered to be an important parameter for measuring the ecological benefits and greening level of different spaces in cities and has significant effects for cooling, humidifying, and improving the urban microclimate [15]. It is calculated as follows:


S = 1/ (1/30,000 + 0.000.2 × 0.03NDVI)










NDVI = (b5 − b4)/ (b5 + b4)








where S represents the urban green quantity (m2), and b4 and b5 represent the reflectance of the 4th and 5th bands recorded by the Landsat8 OLI.



Eventually, taking both the land use type and green quantity into consideration, the ecological cold-source levels and their significance can be categorized [16] (Table 2).




3.2.3. Estimating the Ventilation Potential


The ventilation potential refers to the air circulation capacity, which is determined by the surface vegetation, the coverage of the buildings, and the openness of the surroundings. Thus, the surface roughness length and sky-view factor (SVF) are essential indexes in the evaluation of the urban ventilation potential [16,17]. Since the ventilation potential is primarily related to the roughness of the underlying surfaces, the roughness in the urban built-up areas is mainly caused by buildings, while in the suburbs, it is mainly caused by vegetation. Therefore, the calculation of the roughness length is divided into two parts: that for urban areas and that for suburban areas.



	
For urban areas, buildings are the main factor that affects the momentum roughness of the air circulation in the atmospheric boundary layer [18]. A building morphological model was obtained using the 1:2000 topographic map and was used to extract two parameters: the building density and building height. Then, we obtained the surface roughness length in the urban areas with a resolution of 25 m.



	
For suburban areas, the surface roughness mainly depends on the vegetation type, leaf area index, and vegetation height. In this study, we used the polynomial regression relationship between the leaf area index (LAI) and normalized vegetation index (NDVI), which was established by Wang et al. [19], as well as the morphological model parameters of the different vegetation types, which were determined by Jasinski et al. [20], and the method of calculating the vegetation canopy area index Λ, which was defined by Zeng et al. [21], was used to estimate the vegetation roughness in the suburban areas. Based on the survey data, there are two different vegetation types in the suburban areas: forest and crops. Therefore, we considered the differences in the vegetation height estimation method. The forest vegetation height was obtained from the global vegetation height data with a resolution of 1000 m, while the crop height was acquired from observations from the Shijiazhuang Agro-Meteorological Station [22]. In summary, the surface roughness length with a resolution of 25 m suburban areas in Shijiazhuang was obtained.






Open spaces are important areas for air circulation and urban ventilation and also serve as an important place for people’s leisure and entertainment. Indeed, they are of great significance for the stability and optimization of the ecological environment [23]. The SVF is a description of the visible spatial characteristics and can quantitatively reflect the degree to which specific urban spaces are sealed off. In this study, the SVF was estimated using the raster calculation method based on a high-resolution digital elevation model (DEM) proposed by Zakšek et al. [24], and a 1:2000 topographic map’s data were used to obtain a rafter model of the building elevation and the spatial distribution of the SVF with a resolution of 25 m in the metropolitan area.



Good natural ventilation requires a greater ventilation potential so that the wind passes through as easily as possible. According to Matzarakis [25], the primary indicator of a good air circulation capacity for a ventilation corridor is an aerodynamic roughness length of less than 0.5 m. Therefore, 0.5 m is regarded as the upper limit of the higher ventilation potential, and 1.0 m is regarded as the prescribed minimum. Oke [26] identified an inverse correlation between the SVF and urban heat island effect on the city block scale and found that the smaller the SVF is, the greater the probability and intensity of the urban heat island effect are. Chen et al. [17] studied the SVF in Hong Kong City and found that the upper limit of the effective range of the SVF in the relationship between the SVF and heat island intensity was 0.76. Therefore, the minimum value of the SVF for a relatively high ventilation potential is defined as 0.75. The ventilation potential was classified according to the principles presented in Table 3. The ventilation potential levels and their significance were used to identify the areas with a greater ventilation potential under the existing built-up area conditions.




3.2.4. Computational Fluid Dynamic Numerical Simulation


Optimizing the small-scale architectural spatial structure through reasonable air circulation guidance is necessary for the effective connection of ventilation capacity between the whole city and the local microclimate of the community scale. Computational fluid dynamic (CFD) numerical simulation is the main tool for studying the interaction and impact between the layout of the buildings and the local microclimate at the community scale [27,28,29]. Sketch Up physical design software was used for building a 3D model, and Wind perfect DX fluid dynamic software was used for simulation and calculation of wind environment around buildings [30,31]. In this study, we selected the surrounding area of Wanda Plaza as a typical block and used 1:2000 topographic map data to obtain the building information and the distribution of the floors in this typical block. Based on the actual building height and shape boundaries, a three-dimensional model of this typical block was constructed. In addition, the model was imported into CFD software, and then all of the terrain and surface objects and their surroundings were gridded in order to finish the simulation parameter settings of the scale and azimuth.



Figure 3 shows the location and scope of this typical block, which extends from Huaibei Road in the north to Huai’an Road in the south and from Huaqing South Street in the west to Jianshe South Street in the east. The typical block is located in an urban construction area with various types of buildings, such as residential communities, commercial offices, and public services. The building height is between 3 and 102 m including multi-story buildings and high-rise buildings, and the building density is moderate at about 40–50%. Both the building height and building density are consistent with the characteristics of the average building parameters in the central urban area of Shijiazhuang. Thus, this typical block could serve as a good representation in the metropolitan area.



By adjusting the building height and density, the impact of the building form on the ventilation environment was studied. Using the control variate method, in which the building density remains unchanged and the building height takes different simulation schemes for the typical block, the wind field at different building heights was analyzed. Similarly, we adjusted the building density via the random and uniform removal of some buildings, with the building height remaining unchanged at the same time, and the wind environment of the typical block for different building densities was simulated. The six building-height simulation schemes and five building-density simulation schemes are described in Table 4. According to the comparison of the original wind fields and those under the simulation schemes with different building heights and building densities, the impact of the change in the building form on the wind environment was investigated [32,33].






4. Results and Analysis


4.1. Analysis of Background Wind Environments


According to the national meteorological observation data from the Shijiazhuang stations, the south-southeast wind with a cumulative frequency of 12% was identified as the predominant wind direction throughout the year, followed by the north wind, with a cumulative frequency of 10%. In terms of the annual average wind speed of each wind direction, the south-southeast wind had the highest wind speed, followed by the west-northwest and west winds. The annual wind direction frequency statistics are shown in Figure 4. The results have shown that wind blowing from the western mountainous area with a high vegetation coverage was a significant source of clean air for the metropolitan area, including the west and northwest winds, making it the natural ventilation inlet of Shijiazhuang City. According to the statistics of the automatic meteorological stations, the dominant wind direction of the soft breeze was shown in Figure 5. The results indicate that as Luquan District is located along the mountainous area, due to the thermal difference between the mountainous area and the plain, the predominant wind direction of the soft breeze was mainly west and northwest. As Xinhua, Qiaodong, and Chang’an Districts are located in the northern part of the metropolitan area, the predominant wind direction of the soft breeze was mainly northeast and north. Qiaoxi and Yuhua Districts are located in the southern part of the metropolitan area and have a predominant wind direction of southeast and south. In Luancheng and Gaocheng District, the winds are predominantly south and southeast winds.




4.2. Analysis of Urban Heat Islands and Ecological Cold Sources


It was ascertained that the distribution of heat islands in the metropolitan area of Shijiazhuang was generally elliptical with an east–west long axis. The SSHI and SHI were mainly distributed within the Second Ring Road, and they were concentrated in the Xinhua, Qiaodong, and Chang’an Districts, as well as the commercial and industrial areas in Yuhua District (Figure 6a). Overlaying the land utilization situation (Figure 6b), it was observed that areas with a strong heat island effect were primarily characterized by impervious surfaces, with relatively less vegetation coverage. In addition, the heat island center extended significantly to the east and exhibited a contiguous trend from the central urban area to Gaocheng District.



As shown in Figure 7, the spatial distribution of the ecological cold sources exhibited the opposite pattern to the heat island, and the area within the scope of the heat island generally lacked cold sources. For example, the heat island area was concentrated within the Second Ring Road, and the ecological cold sources were scarce and dispersed in this area. The central area of the four surrounding administrative districts exhibited a significant heat island effect; however, it had a scarce distribution of ecological cold sources. The SCI was mainly located in the water body areas such as the Huangbizhuang Reservoir and Hutuo River, and it had a significant cold island effect. The SCI was mainly distributed in the mountainous area, specifically in the western part of Luquan District where the vegetation coverage was high. Indeed, the Hutuo River, which cut off the contiguous heat islands between Zhengding and the central urban area, played a significant role in relieving the heat island. The suburban green spaces and the large amount of farmland in the southeast plain were generally composed of a WCI and NHI, exhibiting a weak cold island effect, or at least the lack of a heat island.




4.3. Analysis of Urban Ventilation Potential


The spatial distribution of the roughness length (RL) in the metropolitan area was integrated using the RL in the urban and suburban areas (Figure 8). The results indicate that the RL of the urban area was relatively high, mostly exceeding 1 m, while it reached more than 3 m in some areas between the North Second Ring Road and the North Third Ring Road, as well as the western part of Chang’an District within the Second Ring Road. Due to the low building height and building density outside the Third Ring Road, the RL was generally less than 1 m, which was significantly lower than that within the Second Ring Road. The suburban area was mainly composed of forest, cropland, bare land, and water, with an RL ranging from 0 to 0.3 m, which is very similar to the results of Shinsuke K., who defined the values of water bodies, bare land, ice, flat grassland, and crops as 0.0002–0.25 m [34]. The RL value in Luquan District was relatively high, mostly between 0.2 m and 0.3 m, which was directly related to the high vegetation height in the mountainous areas [35].



The spatial distribution of the SVF in the metropolitan area with a resolution of 25 m was obtained from the 1:2000 topographic map data (Figure 9). The SVF in the region from the central part of Qiaodong District to the western part of Chang’an District, as well as the areas between the North Second Ring Road and the North Third Ring Road, was less than 0.6 m. The values in the other urban built-up areas were generally between 0.6 m and 0.8 m. In some mountainous and piedmont areas, the RL value ranged from 0.7 m to 0.9 m, while in the surrounding plain areas the values were greater than 0.9 m.



The ventilation potential can be calculated by combining the sky-view factor and roughness length. Based on the above results, Figure 10 depicts the distribution of the ventilation potential classification with a resolution of 25 m for the metropolitan area. The results show that the overall surface ventilation potential within the Second Ring Road was poor, with a large proportion of a low ventilation potential level, while the areas with better ventilation capacities had smaller scales and lacked continuity. Except for the areas surrounding the Beijing–Guangzhou high-speed railway line, there was no available wide and continuous high-ventilation corridor in this area. In contrast, tiny river channels, parks and green spaces, wide streets, and low-rise buildings were identified between the Second Ring Road and Third Ring Road, had a high ventilation potential, and were scattered throughout the central urban area. Establishing connections between these high ventilation potential plots is conducive to creating a good ventilation environment. In addition, there were coherent and broad areas outside the Third Ring Road that had a high ventilation potential, and these areas had relatively good ventilation conditions.




4.4. Analysis of Computational Fluid Dynamic Numerical Simulation


Based on the statistics of the annual average wind speed presented in Section 3.1, the initial meteorological conditions for the simulation were set. The west-northwest wind was selected as the input wind field, and the average wind speed was set to 1.7 m•s−1. The atmospheric edge parameters were set as urban terrain with dense building clusters according to the load code for the design of building structures [36]. Due to the fact that the impact of the wind environment on human comfort is concentrated on the pedestrian-level wind velocity, which is about 1.5 m above the ground, the simulation results consisted of a 1.5 m height wind environment diagram and the corresponding wind speed values of the typical block.



According to Section 3.2.1, in this study, we calculated the number and percentage of the grids with three different wind speeds in the typical block, including calm wind, light air, and light breeze, in order to evaluate the quantitative impacts of the building height and building density adjustments on the wind environment in the typical block.



The evaluation of the impact of the building form on the wind environment in the typical block can be calculated using the ratio of the wind speed after the airflow passes through the building to the incoming flow speed (i.e., the average wind speed ratio, R). The impact of the building form on the wind environment can be calculated using the average wind speed ratio R, which is the ratio of the original wind speed to the wind speed after the airflow passes through the building. It serves as a ventilation performance parameter to evaluate the quality of the wind environment, reflecting the impact of the presence of buildings on the wind speed [9,10,34], and it can be calculated as follows:


    R   i   =     V   i       V   0      











Ri is the wind speed ratio at point i;     V   i     is the pedestrian-level wind velocity at point i, which is reflected in the average wind speed of the typical block; and     V   0     is the undisturbed wind speed at the pedestrian level, which is usually taken as the initial wind speed.



Researchers have conducted on-site measurements of a large number of completed buildings and have conducted wind tunnel tests to establish models. By comparing different pedestrian-level wind comfort standards, they have summarized the relationship between wind speed probability and comfort at the pedestrian level (Table 5) [32,37,38]. Based on this, the comfort-limit wind speed was calculated, and the evaluation standard for the wind environment comfort was defined as a wind speed at the pedestrian level of 1 m•s−1 to 5 m•s−1. The comfort wind zone ratio S, which is the proportion of the above wind speed range in the entire block, was also calculated. The larger the S value is, the greater the coverage of the comfort wind zone is, and this actually makes the wind environment better [38,39].



4.4.1. Impact of Building-Height Changes on Wind Environment


Figure 11 shows the spatial distribution of the wind fields in the typical block at a height of 1.5 m above ground under the different building-height simulation schemes, and Table 6 shows the corresponding changes in the different wind speed ranges. The results show that when the height of each building in the typical block was reduced, the breeze zone on the leeward side of the buildings in the upwind area decreased, while the wind speed increased in the streets. The more the building height decreased, the more significant the increasing effect was. The proportion of the calm wind (wind speeds of <0.2 m•s−1) decreased and the proportion of the light breeze (wind speeds of 1.5–3.3 m•s−1) significantly increased. Under the simulation scheme of reducing the building height by 10 m per building, the proportion of the light breeze increased by about 3% compared to that for the original building height. This is consistent with the research findings of Ikegaya et al. [40], which show that the correlation coefficient between the wind speeds averaged over the entire region, the values in the front or side region were greater than 0.9, while in the area behind a building, the wind speeds were weakly correlated. The proportion of the calm wind in the typical block increased, and the proportion of the light air significantly decreased. Under the simulation scheme of increasing the building height by 20 m per building, the proportion of light air decreased by about 4% compared to that for the original building height, and the proportion of the light breeze increased slightly. This may be caused by the narrow pipe effect.



The statistical results of the average wind speed ratio and the comfortable wind zone ratio at the pedestrian level in the typical block under the different building height simulation schemes are presented in Table 7. It was found that the R value under the scheme with an increase of 20 m per building was less than 0.5, while under the schemes of increases of 5 m and 15 m per building, the R values were equal to 0.5. The R values for the schemes of a decrease of 10 m per building, a decrease of 5 m per building, and an increase of 10 m per building were greater than 0.5. Among them, the scheme of a decrease of 10 m per building had the highest R value. Based on the principle that the R value is no less than 0.5, we determined which construction form had the least impact on the wind speed reduction, and thus, we obtained a conclusion regarding the reasonable ranges of the building form parameters. The results also indicate that by reducing the height of each building, the proportion of the comfortable wind zones in the typical block will increase. Under the simulation scheme of a decrease of 5 m per building, the comfortable wind zone ratio will increase the most, by about 5% compared to that for the original building height. In contrast, if the height of each building is increased, the proportion of comfortable wind zones in the typical block will decrease. An increase of 20 m per building will lead to the largest decrease in comfortable wind zone ratio, by about 3% compared to that for the original building height. In summary, by reducing the building height, the average wind speed ratio and comfortable wind zone ratio of the typical block can be appropriately increased, resulting in an improvement in the ventilation environment.




4.4.2. Impact of Changes in Building Density on Wind Environment


Similarly, the relationship between the average wind speed in the typical block and the building density was analyzed, and it a certain negative correlation was observed, the research results are consistent with Kubota, T. [41]. As the building density decreases, the small wind zones in the upwind direction are eliminated first, while those in the downwind direction are eliminated more slowly. If the number of buildings in the upwind direction is reduced, the wake effect of the building cluster will be weakened. If the number of buildings in the downwind direction is reduced, there will be no significant change in the average wind speed in the typical block. If the central building in the typical block was removed to set up an open space, the increase in the average wind speed would be very significant. Moreover, Table 8 has shown that if the building density is decreased slightly, the positive feedback effect on the ventilation performance of the typical block would not be sensitive. The more the building density decreases, the more obviously the proportion of the calm wind decreases and the proportion of the light breeze increases. For the scheme of a decrease in the building density of more than 20%, the proportion of the light-breeze areas will increases by about 3%–4% compared to that for the original building density situation.



There is a certain negative correlation between the average wind speed ratio of the typical block and its average building density, that is, reducing the building density can increase the average wind speed ratio. The more the building density decreases, the more obviously the average wind speed ratio increases. However, a slight decrease in the building density is not significant for the positive feedback effect of the average wind speed ratio. When the building density is decreased by 25%, the average wind speed ratio of the typical block exhibits a relatively high increasing trend. This indicates that the wind environment can only be improved by reducing the building density to a certain threshold.



According to the comfortable wind zone ratio at the pedestrian level in the typical block, as shown in Table 9, there is also a negative correlation between the comfortable wind zone ratio and the average building density. As the building density decreases, the proportion of the comfortable wind zones in the typical block gradually increases. When the building density is decreased by 5%, the difference in the proportion of the comfortable wind zone ratio is not obvious, indicating that if the building density decreases slightly, the positive feedback effect on the ventilation performance of the typical block would not be sensitive. When the building density is decreased by more than 10%, the proportion of the comfortable wind zones could increase by 4–5%, resulting in an improvement in the ventilation environment.






5. Application and Strategy


5.1. Construction of Wind Corridors Based on Climatopes


Based on the method of categorizing urban climatic zones, called climatopes, proposed by Yonghong Liu et al. [16], we unified the evaluation results of the thermal environment and ventilation potential to the same resolution, and then, we created an urban climate analysis map (UCAnMap) and produced a climatic analysis diagram for the metropolitan area of Shijiazhuang according to the climate sensitivity [42] (Figure 12). The red areas are mainly high-intensity development zones with a strong heat load, low ventilation potential, and extremely low vegetation coverage where the climate environment needs major improvement. The orange areas are mainly urban or rural construction areas with a relatively strong heat load and a poor ventilation potential. Unreasonable development of these areas will lead to the deterioration of the climatic environment. Thus, these areas considered to be the main target areas for future improvement and management in urban planning, and it is necessary to guard against an increase in the heat island and deterioration of the ventilation potential. The yellow areas are mainly the marginal regions of the orange areas, and they have a moderate heat load and relatively low ventilation potential. If the adjacent area of a red or orange area is large, the ecological isolation space should be taken into consideration. The light green areas are mainly low-heat-load zones with a relatively high ventilation potential. These areas have good vegetation coverage and are always located in shallow mountainous areas, parks, or in the country side. The dark green areas are mainly the climate compensation areas with good vegetation coverage, such as suburban forests and farmland. These areas are considered to be ecological cold-source zones that produce cold fresh air, and attention should be paid to the protection of the vegetation coverage and ventilation potential. Based on the above analysis, the typical block is located in the red areas with strong heat load and low ventilation potential; therefore, carrying out research on its building form and layout optimization could provide a reference for improving local air conditions.



Based on the UCAnMap, a climate planning technique is proposed, and the natural ventilation corridors with effective climate resources and a high ventilation potential are applied in the metropolitan area of Shijiazhuang. The size and quantity of the air channels are related to the capacity and the required ventilation efficiency of the city. Therefore, if the edge length of the urban built-up area is L (km) and the wind speed is V (km•h−1), the change in the daily air frequency is T, and T = 24 V/L. The proportion of the total width of the air channel (W) to the edge length of the city (L) is 1/T, so when W/L = 1T, L = WT, and W = L/T, then W = L1∗L2/24V [43]. The metropolitan area is about 26 km long in the east–west direction and 20 km long in the north–south direction, and the annual average wind speed is 1.7 m•s−1 (6.12 km•h−1). According to the above equations, the change in the daily air frequency (T) in the east–west direction is 5.65 km, and the total width of the air channel (W) is 2.72 km. If each first-class ventilation corridor is about 1 km wide, two first-class corridors will be needed. Thus, the total remaining width of the secondary corridors is 0.72 km. Assuming that the average width of each secondary corridor is about 100 m, seven secondary corridors will be required. Regarding the north–south direction, T is 7.34 km and W is 4.6 km. Four first-class corridors with widths of 1 km and six secondary corridors with widths of 100 m are required. In summary, the total number of ventilation corridors in the metropolitan area is six first-class corridors and thirteen secondary corridors [42] (Figure 12). Due to the fact that the wind source mainly comes from the western mountainous area, including the west and northwest wind, then the ventilation corridor is set to be northwest-southeast and east–west directions. In the coherent open spaces with the high ventilation potential of suburbs, first-class ventilation corridors could be formed, in order to bring fresh air from the edge of the city. Full use should be made of the rivers, such as the Hutuo River and its tributaries, as well as the forested green belts of the city’s external transportation arteries including highways, national roads, and railways such as the Beijing–Guangzhou Railway and the Beijing–Hong Kong–Macao Expressway. It is important to take advantage of cold sources such as the Shijiazhuang Garden Expo, the Botanical Garden, and parks; large, open spaces such as Zhengding Station, Yunlong Bridge, and Zhengding Middle School; as well as main roads such as Heping Road, Huai’an Road, and the Second Ring Road that cross through the urban area, which are carriers for secondary ventilation corridors that export hot air from the urban area. In addition, the ventilation corridors should be evenly distributed in a network throughout the entire area as much as possible. By interconnecting the first-class corridors and extending the secondary corridors, a “blue net” may be formed, thereby promoting a healthy operation of urban air circulation.




5.2. Suggestions for the Buildings in the Block


In this paper, we present a general description of the impacts of the building height, building density, and other spatial layouts and forms on the wind environment of the typical block through six building-height simulation schemes and five building-density simulation schemes, with a total of twelve wind-field numerical simulations.



The ventilation efficiency of the typical block exhibits a certain negative correlation with the building height. When the height of each building in the typical block is decreased, the average wind speed ratio increases, the proportion of the calm-wind areas decreases, and the proportion of the light-breeze areas significantly increases. The more the building height is decreased, the more obvious the increasing effect is. In summary, the overall ventilation efficiency of the typical block will increase when the building height is decreased. When the height of each building in the typical block is increased, the average wind speed ratio decreases, the building height increases, and the average wind speed ratio decreases. The proportion of calm-wind areas increases, while the proportion of light-air areas significantly decreases, and the proportion of light-breeze areas slightly increases. In summary, the overall ventilation efficiency of the block will be weakened.



There is a certain negative correlation between the proportion of comfortable wind zones and the average building height. When the height of each building in the typical block is decreased, the proportion of the comfortable wind zones increases. When the height of each building is increased, the proportion of the comfortable wind zones in the typical block decreases. Based on the principle that the R value is no less than 0.5, we confirmed the reasonable control ranges of the corresponding building form parameters. According to the simulation results for the typical block, the R value is less than 0.5 under the simulation scheme with a decrease of 20 m per building, which is not consistent with the demands of the ventilation performance. Therefore, the threshold of the increase in the average building height in the typical block needs to be controlled within 20 m compared to the original building height, that is, only the building height controlled within 45 m can result in a smaller wind speed reduction effect.



The ventilation efficiency of the typical block has a certain negative correlation with the building density. Reducing the building density can increase the average wind speed ratio of the typical block. The more the building density decreases, the more obvious the increase in the average wind speed ratio is. When the building density is decreased by 5%, 10%, or 15%, the average wind speed ratio of these adjustment schemes does not exhibit a significant difference compared to that for the original building density. When the building density is decreased by 25%, the average wind speed ratio exhibits an increasing trend. As the building density decreases, the proportions of the calm wind and light air generally decrease, while the proportion of the light breeze gradually increases. The more the building density decreases, the more significantly the proportions of the calm and light air decrease and the proportion of the light breeze increases. In summary, by decreasing the building density, the average wind speed ratio and comfortable wind zone ratio of the typical block can be appropriately increased, resulting in an improvement in the ventilation environment. However, if the decrease in the building density is smaller, the positive feedback effect on the ventilation performance of the typical block would not be sensitive. The more the building density is decreased, the better the wind environment will be. According to the results of this study, it is necessary to reduce the building density by about 20%.





6. Discussion


In this study, only the impact of building height and building density on wind environment was utilized, and the simulation schemes were evaluated under a specific meteorological background, which have certain limitations. The wind environment of a city is usually influenced by the building spatial form of the surroundings and not only the average height and density, but also the heterogeneity, arrangement patterns, as well as orientation [44]. Even if the average building height is the same, non-uniformity promotes the vertical mixing of air and increases ventilation efficiency. Even at the same building density, the effect on ventilation efficiency varies depending on the building arrangement pattern and orientation to the wind [45]. Therefore, it is also necessary to consider urban morphology and the arrangement patterns in optimizing ventilation to regulate urban environmental problems, and to compare the differences between the evaluation results, which would be effective for air circulation guidance and improving the local microclimate [46].




7. Conclusions


In this study, we established a natural ventilation planning technology based on the relationship between urban construction and the ventilation environment. We used indicators such as the SUHI, ecological cold source, and ventilation potential, and we also took into account urban climate sensitivity and effective climate resources, in order to analyze the spatial characteristics of the urban climate and develop an urban climate analysis map (UCAnMap). A “6+13” two-level ventilation corridor network, comprising six first-class ventilation corridors with widths of 1000 m and 13 secondary corridors with widths of 100 m, is proposed. Based on numerical simulation methods, we investigated the impacts of building height and building density on the wind environment and developed urban ventilation climate guidelines for the community scale, which was a kind of set of recommendations for the building form and layout control indicators. The results indicate that based on the principle that the average wind speed ratio is greater than or equal to 0.5, the appropriate ranges of the average building height and density can basically meet ventilation performance requirements. The optimum building height for the typical block was proposed, and these results can be used as a guide for controlling the building parameters, which is unique, highly original, and conducive to ventilation. However, mitigating the impacts of the building layout and establishing ventilation corridors are only two of the many considerations toward eco-city construction. Further research should be conducted on the relationship between the urban wind environment (UWE) and urban building energy (UBE), in order to reduce energy consumption from the perspective of UWE impact [22]; therefore, urban climates and living conditions may be greatly improved with science-based planning and constructions.
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Figure 1. Geographical location and the distribution of the meteorological stations in Shijiazhuang City. 
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Figure 2. Research workflow diagram. 
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Figure 3. Location and 3D model of the typical block and its building height. 
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Figure 4. Spatial distribution of wind direction frequency in Shijiazhuang City. 
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Figure 5. Dominant wind direction of the soft breeze in the metropolitan. 
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Figure 6. Spatial distributions of the heat islands (a) and land use types (b) in the metropolitan area. 
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Figure 7. Spatial distribution of ecological cold sources in the metropolitan area. 
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Figure 8. Spatial distribution of the roughness length in the metropolitan area. 
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Figure 9. Spatial distribution of SVF in the metropolitan area. 
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Figure 10. Spatial distribution of ventilation potential in the metropolitan area. 
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Figure 11. Spatial distribution of wind fields in the typical block at a height of 1.5 m above the ground under the different building-height simulation schemes. 
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Figure 12. UCAnMap and natural ventilation corridor planning for the metropolitan area. 
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Table 1. Levels and implications for different periods for SUHI.
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	Levels
	Diurnal SUHI (°C)
	Significance





	1
	SUHI < −7.0
	SCI



	2
	−7.0 ≤ SUHI ≤ −5.0
	SSCI



	3
	−5.0 < SUHI ≤ 3.0
	WCI



	4
	−3.0 < SUHI ≤ 3.0
	NHI



	5
	3.0 < SUHI ≤ 5.0
	WHI



	6
	5.0 < SUHI ≤ 7.0
	SSHI



	7
	>7.0
	SHI










 





Table 2. Green source levels and their significance.






Table 2. Green source levels and their significance.





	
Item

	
Levels




	
1

	
2

	
3

	
4






	
Land use types

	
Water body

	
Forest or Green Land

	
Forest or Green Land

	
Other




	
Green quantity (m2)

	
-

	
Forest: ≥10,000

Green Land: ≥12,000

	
Forest: <10,000

Green Land: <12,000

	
Crops: ≥12,000

Sparse wood




	
Significance

	
SCS

	
SSCS

	
GCS

	
WCS











 





Table 3. Ventilation potential levels and their significance.
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	Level
	Significance
	Roughness Length (Z0)
	SVF (F)





	1
	Poor
	Z0 > 1.0
	—



	2
	General
	0.5 < Z0 ≤ 1.0
	F < 0.75



	3
	Relatively high
	0.5 < Z0 ≤ 1.0
	F ≥ 0.75



	4
	High
	Z0 ≤ 0.5
	F < 0.75



	5
	Very high
	Z0 ≤ 0.5
	F ≥ 0.75










 





Table 4. Simulation schemes for the typical block.
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Simulation Scheme

	
Typical Block






	
Adjustment of building height

	
Decrease of 10 m per building




	
Decrease of 5 m per building




	
Increase of 5 m per building




	
Increase 10 m per building




	
Increase 15 m per building




	
Increase 20 m per building




	
Adjustment of building density

	
Decrease of 5%




	
Decrease of 10%




	
Decrease of 15%




	
Decrease of 20%




	
Decrease of 25%











 





Table 5. Classification of comfort for pedestrian-level wind environment and the corresponding wind speed ranges.
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	Wind Speed Ranges
	Comfort





	1 m/s < V < 5 m/s
	Comfort



	5 m/s < V < 10 m/s
	Discomfort, movement affected



	10 m/s < V < 15 m/s
	Significant discomfort, movement severely affected



	15 m/s < V < 20 m/s
	Insupportable



	20 m/s < V
	Dangerous










 





Table 6. The number of grids and percentage in the different wind speed ranges under the seven building-height simulation schemes for the typical block.
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≤0.2 m/s

	
0.2–1.5 m/s

	
1.5–3.3 m/s




	

	

	
Number of Grids

	
Percentage

	
Number of Grids

	
Percentage

	
Number of Grids

	
Percentage






	
Decrease of 10 m per building

	
166

	
8.75%

	
1345

	
70.86%

	
387

	
20.39%




	
Decrease of 5 m per building

	
155

	
8.17%

	
1392

	
73.34%

	
351

	
18.49%




	
Original building height

	
187

	
9.85%

	
1384

	
72.92%

	
327

	
17.23%




	
Increase of 5 m per building

	
192

	
10.12%

	
1345

	
70.86%

	
361

	
19.02%




	
Increase of 10 m per building

	
198

	
10.43%

	
1347

	
70.97%

	
353

	
18.60%




	
Increase of 15 m per building

	
195

	
10.27%

	
1335

	
70.34%

	
368

	
19.39%




	
Increase of 20 m per building

	
220

	
11.59%

	
1302

	
68.60%

	
376

	
19.81%











 





Table 7. Statistics of wind environment indicators under the different building height simulation schemes for the typical block.
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Decrease of 10 m per Building

	
Decrease of 5 m per Building

	
Original Building Height

	
Increase of 5 m per Building

	
Increase of 10 m per Building

	
Increase of 15 m per Building

	
Increase of 20 m per Building






	
average wind speed ratio

	
0.57

	
0.52

	
0.53

	
0.50

	
0.51

	
0.50

	
0.49




	
comfortable wind zone ratio

	
41.04%

	
44.84%

	
40.09%

	
39.25%

	
38.99%

	
40.15%

	
37.67%











 





Table 8. The number of grids and percentage in the different wind speed ranges under the six building density simulation schemes for the typical block.
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≤0.2 m/s

	
0.2–1.5 m/s

	
1.5–3.3 m/s




	

	

	
Number of Grids

	
Percentage

	
Number of Grids

	
Percentage

	
Number of Grids

	
Percentage






	
Original building density

	
187

	
9.85%

	
1384

	
72.92%

	
327

	
17.23%




	
Decrease of 5% in building density

	
187

	
9.75%

	
1399

	
72.98%

	
331

	
17.27%




	
Decrease of 10% in building density

	
188

	
9.67%

	
1396

	
71.77%

	
361

	
18.56%




	
Decrease of 15% in building density

	
194

	
9.88%

	
1390

	
70.81%

	
379

	
19.31%




	
Decrease of 20% in building density

	
215

	
9.71%

	
1392

	
70.32%

	
348

	
19.97%




	
Decrease of 25% in building density

	
186

	
8.60%

	
1482

	
70.52%

	
442

	
20.88%











 





Table 9. Statistics of the wind environment indicators under the different building-density simulation schemes for the typical block.
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Original Building Density

	
Decrease of 5% in Building Density

	
Decrease of 10% in Building Density

	
Decrease of 15% in Building Density

	
Decrease of 20% in Building Density

	
Decrease of 25% in Building Density






	
Average wind speed ratio

	
0.53

	
0.54

	
0.54

	
0.54

	
0.54

	
0.56




	
Comfortable wind zone ratio

	
40.09%

	
42.04%

	
44.20%

	
44.41%

	
44.73%

	
45.09%
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