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Abstract

:

Large-scale urban green spaces exert a cooling effect in cities and have great potential for optimizing the urban climate. In this study, taking the typical green space Xingfulindai in Xi’an as an example, we carried out field measurements and ENVI-met simulations of the area and the surrounding high-rise residential areas to analyze the cooling effect. The results show that the cooling effect is the strongest at night in summer seasons, spreading up to 250 m, and the cooling intensity along the downwind direction can be up to 2 °C. On this basis, a total of 16 ideal models of seven groups of high-rise residential blocks were established to analyze the effect of three morphological indices, namely, building orientation, podium ratio, and otherness with respect to the cooling effect of the green space, and a block morphology design strategy for high-rise residential areas was proposed to enhance the cooling effect of the green space. This study provides climate-adaptive optimization strategies for the construction and renewal of residential blocks.
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1. Introduction


Global urbanization continues to increase, and the urbanization level is expected to reach 68% in 2050 [1]. Large urban population concentrations have led to high-density urban development, especially in developing countries, which in turn has altered surface geometries and urban energy balances. This has introduced many problems to the urban climate environment, including global warming [2], the frequent occurrence of extreme weather [3], and air pollution. The urban heat island (UHI) effect is one of the most serious problems, jeopardizing the life and health of citizens [4], deteriorating the urban ecological environment, and increasing urban energy consumption [5]. As a result, many studies have been carried out on UHI effect mitigation.



1.1. Mitigation Effects of Urban Green Spaces on UHI


The causes of the UHI effect mainly include changes in subsurface characteristics and anthropogenic heat emission released by high energy consumption. Changes in subsurface characteristics include a decrease in natural vegetation, such as soil and water bodies, and an increase in impervious surfaces, such as concrete and tarmac [6]. To mitigate the UHI effect, large urban green spaces, as the most common blue and green infrastructure in cities, are able to optimize the urban climate by exerting a cool island effect via vegetation transpiration, which is considered to be an effective measure for cooling down a city sustainably [7,8,9]. Therefore, many studies have been conducted on the cool island effect of urban green spaces.



Research has shown that the cooling effect of green spaces is a complex phenomenon of multiple elements. On the one hand, the cooling effect is influenced by the characteristic of a green space itself, such as the size and shape of the green space and the composition of landscape elements [10,11,12]. Studies in this area started early and have produced relatively mature research results. Among them, park size is the most important influencing factor [13]. The cooling intensity of an urban green space increases with its scale and decreases with distance [11]. The cooling range decreases with an increase in distance [14], ranging from tens of meters to more than 1 km [15,16]. In terms of time, it has been shown that the cooling effect of green spaces is strongest during summer nights [17].



On the other hand, the geometry of the built environment around a green space can further affect the cooling effect by influencing elements such as urban airflow and solar radiation. These include building density, floor area ratio, building height, building layout, and other morphological factors. As early as 2006, a study in Singapore using field measurement and ENVI-met simulation suggested the existence of the influence of building height and floor area ratio on the cooling effect of green space, but no quantitative results were developed [18]. A field measurement study of parks in Seoul, South Korea, demonstrated that building layout affects cold air dispersion [19]. Recently, a study of 36 green spaces in Xi’an using remote sensing showed that building densities of 0.25–0.3 and floor area ratios of 2.5–3 were more conducive to the diffusion of cooling effects in green spaces [20]. A study in Nanjing showed that a sparse high-rise building layout around a park was more favorable for the diffusion of cooling effects than a compact layout [21]. A study in Hangzhou analyzed the influence of building height, building intervals, and building orientation on the cooling effect of pedestrian levels in small urban parks. The building height has the greatest influence on the cooling intensity, which can reach 1.2 °C, and the building orientation has the greatest influence on the cooling distance, which can reach up to 100 m in the downwind direction [22]. The influence of the above built environment on the cooling effect of green spaces has produced extensive achievements, but they all focus on the height of pedestrians, and there is insufficient consideration of different heights in the vertical direction. In addition, there are more studies on related mechanisms and a lack of research on morphology optimization strategies.




1.2. Residential Block Spatial Morphology and Urban Climate


The rapid advancement in urbanization in developing countries has brought about drastic changes in land cover and urban geometric features. Residential land use is the most common land use type in cities, which can account for 40% of a city [23]. As the basic unit of a city, the level of climate of residential blocks directly affects the thermal environment of an entire city. In China, high-rise residential blocks are the main type of high-rise buildings in Chinese cities. To mitigate the UHI effect, many studies have been conducted on the impact of residential planning and design factors on the urban climate.



Studies have analyzed the effects of the two-dimensional and three-dimensional indices of urban subsurface characteristics on the urban climate by means of field measurements and numerical simulations [23,24]. The two-dimensional morphology indices comprise different subsurface ratios, such as the greening cover ratio, impervious area ratio, and building density. Three-dimensional indices include the sky view factor, mean building height, floor area ratio, building orientation (BO), otherness [25], etc., where SVF mainly affects the received solar radiation. MBH and BO can affect solar radiation and wind speed and direction. Otherness can represent the overall height difference of a block, which can affect the solar radiation and wind environment. Most of these indicators are mandatory control indicators for urban planning [26], which have developed extensive achievements. In addition, the allocation of ground floor podiums is mandatory in Chinese settlements. Ground floor podiums affect the enclosure of the block, which in turn affects airflow and has an impact on the pedestrian-height microclimate. Therefore, it is still necessary to explore and propose refined settlement planning strategies for a certain refined morphology.




1.3. Motivation and Objective


Xi’an is in the geographic center of China and located in a continental monsoon climate region. As of 2017, the city’s area is 10,750 km2 with a population of 12 million [27]. Xi’an is prone to high air temperatures (AT) in summer (June to August), with an average AT of 27.3 °C and an extreme maximum AT of 42.9 °C. In addition, Xi’an has a significant UHI effect, with a UHI intensity of up to 7.3 °C [28]. As shown in Figure 1, there are a total of 36 qualified green space areas within the third ring road of Xi’an [29]. Many large green spaces are distributed in the urban area of Xi’an (Figure 1), and as they are the highest potential cooling measures in the city, it is necessary to explore how to enhance the cooling effect of large green spaces by optimizing the built environment of the city for cold island cooling.



In China, large green spaces are usually located next to many residential areas. For the residential district around a large green space, methods that optimize spatial morphology and expand the cooling effect of the green space at the pedestrian level and at the vertical height of the surrounding residential blocks need to be further investigated. Based on this, we analyzed the effects of the morphology of the surrounding residential blocks on the cooling effect of the green space and formulated strategies for optimizing the morphology of high-rise residential buildings. Figure 2 illustrates the flow of the study. This study can provide guidance for the development of urban form optimization strategies oriented toward the enhancement of green space cooling effects in future urban renewal.





2. Materials and Methods


2.1. Selection of Study Area


This study takes Xi’an as the research object, and it has the typical characteristics of a first-tier city in a developing country. Established studies have shown that the green space that forms the cooling effect needs to have a greening rate of more than 40% and an area of more than 1.34 hm2. Based on this, XFLD was selected as a typical green space, which is located on the east side of the second ring road, where there is no influence of other large-scale green space cold sources near its upwind direction, and many high-rise residential areas are built on both sides of the adjacent green space. Furthermore, as shown in Figure 3a–c, in order to eliminate the uneven cooling effect at the two ends of the green space, we further chose the middle cross-section of this green space for field measurements and simulations.




2.2. Evaluation of Simulation Software


This study uses ENVI-met 4.5 simulation software, which is one of the most widely used tools in the field of urban climate research. ENVI-met can analyze the impact of different urban built environment factors on urban climate [6,30].



To validate the software’s performance, we measured the cross-section in the middle of XFLD on a clear and dry typical summer day from 18:00 on 23 August 2021 to 08:00 on 25 August 2021. This cross-section is located at the center of the cold island, and the residences on both sides contain slab-type and point-type towers for residential buildings and residential buildings of different heights, representing different subsurface characteristics of urban high-rise residences (Figure 3a). As shown in Figure 3e, we used a mobile weather station (brand and model: Onset HOBO MX2301) to measure the AT and relative humidity (RH). The AT and RH recording ranges were −40–70 °C and 0–100% RH, and the accuracies were ±0.2 °C and ±2.5%. To truly reflect the thermal environment at the pedestrian level, as shown in Figure 3f, the measurement height was set at 2 m above the ground under the tree canopy. All sensors had louvered covers to ensure ventilation and prevent solar radiation (Figure 3d). A total of 15 measurement points were arranged for the field measurement (Figure 3b). When arranging the measurement points, we chose to extend the green space at the center at both sides for an equidistant distribution of points.



Based on Google Maps and field investigations, we constructed the ENVI-met model (Figure 3c). The simulation time was consistent with the measured time, and the average AT and RH of the 15 measurement point data were used as meteorological input parameters. The wind speed (WS) and direction were adopted from the meteorological data of the weather station, in which the WS was 1.5 m/s and the wind direction was northeast. The rest of the meteorological parameters are adopted from the EnergyPlus Weather data of the day. Figure 4 demonstrates the measured and simulated hour-by-hour AT, with an overall R2 value of 0.912, a root-mean-square error (RMSE) of 1.906 for the AT, and an RMSE value of 0.485 for RH, which proves that the ENVI-met simulation results and measured values are extremely correlated and have high accuracy in microclimate simulations.




2.3. Selection of Morphological Indices


To explore the factors of urban morphology that may cause differences in the spread of cooling effects, based on the simulation results of the real scenario in Section 2.2, we extracted the simulation results with the highest AT and the largest AT difference at each point (15:00). At the same time, to avoid the influence of the model boundary value, we chose the downwind direction of the southwest side of a green area near the central green area for the analysis. Through comparison, it was found that particularly significant ATs and wind variations were found in the three groups of areas, with significant differences in BO, the degree of enclosure of podiums, and building heights, with close building densities and development intensities in their domains. Based on this, as shown in Figure 5a, we identified three indices: BO, podium ration (PR), and otherness.




2.4. Modeling of Typical Residential Blocks


2.4.1. Morphological Characterization Investigation of Existing Residential Blocks


We extracted point-of-interest data from Baidu Map (https://lbsyun.baidu.com/ (accessed on 25 September 2021)) for settlements built after 2010 and obtained a total of 578 high-rise blocks. Figure 6 illustrates their floor area ratio and building size parameters. The results show that 48% of the residential blocks have site areas between 4 and 16.2 ha. The average length of the blocks is 280 m; the average width is 270 m. Moreover, 62.3% of the blocks have floor area ratios concentrated within 2.8–5.1 and greening ratios concentrated within 30–40%. The length of high-rise buildings is mainly 50 m–70 m; the width of buildings is mainly 15 m–25 m; and 61% of the buildings are oriented mainly in the north–south direction. Among them, 42% of the residential blocks are equipped with commercial podiums, and 73% of the commercial podiums have a height of three floors. Based on this, 300 m × 300 m is chosen as the side length of a typical residential block, and 30 m × 15 m is chosen as one unit of a slab unit, which is the same as in a similar study [12]. The highest building is 27 stories, and 25 stories is commonly used. The floor area ratio of the residential area is 2.5, with a building density of 11% and a greening rate of 35%.




2.4.2. Construction of Three Ideal Model Groups


To analyze the relationship between the green space and the residential blocks, the residential blocks are arranged in the upstream and downstream wind direction of the green space. The dominant wind direction in Xi’an is northeast in summer, as shown in Figure 5b, so the residential blocks are arranged along the east and west sides of the green space. Based on the common BO, PR, and building height layout patterns in Chinese settlements [31], a total of 16 simplified ideal models are set up for the three morphology indices. Figure 7 shows a schematic diagram of the 16 ideal models, taking the residential block in the northwest corner in Figure 5b as an example, with the green space to the east of it. Table 1 quantifies the differences between the 16 models.



	
For BO, two models were set up, one perpendicular and one parallel to the green space.



	
For PR, four different PR values were set to represent different degrees of openness.



	
For otherness, two otherness patterns were set up; otherness pattern 1 (OP1) is the sequential increase in building height starting with the building along the green side, which is the lowest building. Otherness pattern 2 (OP2) is the symmetrical change in building height from the center building of the block in all directions from high to low, with the center building being the tallest.








2.5. Modeling Settings


We set up 16 models in ENVI-met. A grid of 5 m × 5 m × 3 m was set up, totaling 219 × 108 × 40 grids. The hour-by-hour AT and RH data on 24 August after averaging the measured data with the realistic simulation data were used as the input data. The wind speed (WS) and direction were adopted from the meteorological data of the weather station, in which the WS was 1.5 m/s and the wind direction was northeast, which is consistent with a typical summer day in Xi’an according to the Chinese residential design standards [26]. The rest of the meteorological parameters were adopted from the EnergyPlus Weather data of the day. The geographic location of the study area was established as Xi’an City. The time pace of the simulation was 10 s, and the simulation start time was 18:00 on 23 August 2021, with a simulation duration of 36 h.





3. Results


3.1. Characterization of the Cold Island Effect in Typical Green Spaces


The cooling effect of XFLD is analyzed by combining the field measurements and the simulation results of the real scenario. The field measurements show that the cooling effect is most significant at 23:00. Figure 8a demonstrates the AT of the section at 23:00, and the AT of the central green space is significantly lower than that of the residential blocks on both sides, with a maximum AT difference of up to 2 °C. The average AT at 23:00 at the five measurement points in the central green space was 1.5 °C lower than that in the west and 1 °C lower than that in the east. This is due to the fact that the building heights on either side of the green space are significantly higher than those in the green space itself, thus creating a large shaded area inside the block during the daytime, avoiding direct solar radiation. In contrast, the interior of the green space absorbed all the solar radiation during the daytime, so the AT at the pedestrian level was higher during the daytime and did not reflect a significant cooling effect. In the absence of solar shortwave radiation at night, transpiration from the green space vegetation lowered the AT, while the high-rise buildings inside the blocks on both sides began to release the heat absorbed during the day through longwave radiation, resulting in higher ATs in the residential blocks on both sides.



Figure 8b shows the AT simulation results at 23:00, where the greenfield AT is significantly lower and exerts a significant cooling diffusion effect downwind. Note that the green space exerts a significant cooling diffusion effect towards the middle of the western parcel, with a downwind diffusion distance of up to 250 m to the west due to the fact that the middle of the western parcel is significantly more open without a podium. Therefore, the wind produces a more significant cooling effect spread. The cooling effect is the strongest at 150 m, with the cooling effect decreasing by 0.2 °C from 150 m to 250 m. The AT is significantly higher in the southwest corner of the western blocks, which may be attributed to the higher building height there. The high development intensity leads to higher anthropogenic heat emission, which results in a higher average AT in the west than in the east.




3.2. Influence of High-Rise Residential Block Morphology on the Cooling Effect of Green Space


As shown in Figure 9a, the model is divided into 12 equal sections along the east–west direction (transverse) based on the wind direction—with each section spaced 50 m apart and four sections in each of the three east, center, and west regions—to compare the thermal environment of the green space and upwind and downwind residential blocks. Based on the simulation results, the AT, RH, and mean radiant temperature (MRT) for the different ideal models at the pedestrian level and the WS and AT distribution characteristics for different longitudinal heights of 10 m, 30 m, 50 m, and 80 m are plotted. The effects of the green-side BO, PR, and otherness on the cooling of the green island are analyzed.



3.2.1. Influence of BO along the Green Side on Cooling Effects


	
At the pedestrian level






There is one group of models (G1) for BO, as shown in Figure 7. Model 1 is laid out perpendicularly to the greenbelt along the greenbelt side of the building, and model 5 is laid out in a parallel manner. At the pedestrian level, Figure 9b–d show the AT, RH, and MRT at a pedestrian level of 1.5 m.



	
AT






Figure 9b shows the average AT for each cross-section of Models 1 and 5, where the upwind eastern block of both Models 1 and 5 has higher AT than the downwind western block, suggesting that the green space embodies a cooling effect downwind. In addition, the AT is lower for the four sections of model 1, which is 0.1 °C lower than that of Model 5.



	
RH






Figure 9c show the comparison the RH of the east and west blocks, with a significant humidification effect of 1.1% in the downwind direction of the green space.



	
MRT






The MRT of model 1 is also lower, but the difference between the east and west plots is not significant, suggesting that the cooling effect does not have much influence on the MRT.



Overall, the buildings along the green space that are laid out perpendicular (model 1) at the pedestrian level are more conducive to the diffusion of the cooling effect of the green space and have a lower MRT.



	2.

	
At different heights in the vertical direction







	
WS






At different heights in the vertical direction, changing the BO has a significant effect on the WS and AT below 50 m and no significant effect at 80 m.



Figure 10a illustrates the average daily WS at 10 m, 30 m, 50 m, and 80 m. Overall, the difference in WS between the different sections decreases with height. In addition, Figure 9a shows the section 8 at 10 m is located upwind of the greenbelt, where the combined effect of urban winds and the tree canopy will create a larger WS, whereas WSs are weakened within the greenbelt due to tree foliage, but not at heights above the tree canopy.



	
AT






Figure 10b illustrates the daily average AT for each section at different heights. Overall, the vertical layout has a lower AT up to 50 m, with no difference between the two BOs at 80 m. Anomalous fluctuations were observed in sections 3 and 10 at heights of 10 m, 30 m, and 50 m. Combined with the insolation analysis in Figure 9a, a 1.28 °C variation is formed due to the proximity to the building wall, which is different from the open environment of the other sections. In addition, the AT is also lower downwind of the buildings along the street when they are perpendicular to the greenbelt, contributing to the greenbelt’s cooling effect in the settlement, and the overall AT is also lower in the west, center, and east.




3.2.2. Influence of PR along the Green Side on Cooling Effects


	
At the pedestrian level






There are two groups of models (G2 and G3) for the PR along the greenbelt side. In terms of pedestrian levels, Figure 11 shows the AT, RH, and MRT for each section of G2 and G3.



	
Perpendicular






G2 shows the results of different PRs when buildings are laid out perpendicular to the greenbelt. Model 1, with a PR of 0, performs the best with the lowest AT and MRT and the highest RH, and the AT in the downwind area is lower than that in the upwind area, which means the greenbelt in the middle has a significant cooling effect. At 30%, 80%, and 100% PRs, the thermal environment is not as good as it could be at 0 and does not reflect a cooling effect.



	
Parallel






When the buildings along the greenbelt side are parallel to the greenbelt in G3, model 5, with a PR of 0, performs the best, and the entire area exhibits the lowest AT and MRT and the highest RH. Meanwhile, the western AT is lower than the central one, reflecting the diffusion of the cooling effect. Model 7, with an 80% PR, also reflects the cooling effect, while the performance of the MRT is close to that of model 1. The models with 30% and 100% PRs perform worst. This may be because at an 80% PR, the openings between the podiums form an “isthmus effect”, which increases the WS and results in a circulation of wind between the plots, further resulting in the cooling of the plots.



This shows that when there2. is no podium on the windward side, the thermal environment of the blocks at the pedestrian level will be better than when there is a podium. In addition, when the buildings along the street are parallel to the green space and the PR is 80%, there will also be a good cooling effect.



	2.

	
At different heights in the vertical







At different heights relative to the longitudinal direction, Figure 12 demonstrates the average WS and AT throughout the day for each 10 m, 30 m, 50 m, and 80 m section for models G2 and G3. The results show that a different PR can have a significant effect on the WS at a height of 10 m and the AT at a height of below 80 m.



	
Perpendicular






The results of G2 show that when the buildings along the side of the greenbelt are perpendicular and the PR is 0, the WS and AT at 10 m perform best, and a better low-temperature linkage can be formed between the center green space and downwind settlements, which is consistent with the results for the 1.5 m pedestrian level. Moreover, the 30 m and 50 m models also have significantly lower ATs than the other models. Model 4 shows that when the PR is 100%, the average WS in the middle green space at a 10 m height is the lowest, which is not conducive to the diffusion of cooling effects. Therefore, when considering the thermal environment at a 10 m height, the case where the buildings along the green side are perpendicular and the PR is 100% is not recommended.



	
Parallel






When the buildings along the green side are parallel, the WS at 10 m with a 100% PR is the highest, which is 1.17 m/s higher than the WS without a podium. Above 10 m, different PRs have little effect on the WS. In addition, the models with 0 and 80% PRs have the lowest ATs at 10 m and 30 m, while those with 50% and 100% PRs perform the worst.



Taken together, increasing the PR has a significantly detrimental effect on the cooling effect of the greenbelt below 50 m by altering the windward area of the ground floor. Arranging podiums when the buildings along the green side are perpendicular is not recommended. When the buildings along the street are parallel to the direction of the green space and the PR is 80%, this will produce similar optimization effects to the case with no podiums, which is worth using as a reference in designs.




3.2.3. Influence of Otherness on Cooling Effect


There were four groups of models (G4–G7) with different values of otherness, with pattern 1 (OP1) for G4 and G5 and pattern 2 (OP2) for G6 and G7 (Figure 7).



	
At the pedestrian level






In terms of pedestrian levels, Figure 13 shows the AT, RH, and MRT for each section of the four groups.



	
OP1






When the otherness is OP1 and the buildings are laid out perpendicularly to the green space along the green-space side, there is a cooling effect when the AT in the west is lower than the AT in the east at otherness values of 0 and 0.16. Meanwhile, this model has a lower AT and MRT and a higher RH. The higher the otherness, the higher the AT of the model. When the otherness value is 0.32, this model has the highest AT and MRT, and the central green space does not reflect a cooling effect. Therefore, using 0 or 0.16 for the perpendicular layout is recommended, and 0.32 should be avoided. When the parallel layout of buildings along the side of the green space is used, the AT, RH, and MRT are the best when the otherness is 0; the otherness in the west is lower than that on the east side, and there is a significant cooling effect. There is no cooling effect at otherness values of 0.16 and 0.32, and the model has the highest AT at 0.16. Therefore, it is best to use 0 for the parallel case, and 0.16 and 0.32 are not recommended.



	
OP2






When the otherness is OP2, regardless of whether the perpendicular or parallel case is used, an otherness value of 0.16 performs the worst, with the highest AT and MRT and the lowest RH. Also, there is no cooling effect. A cooling effect exists both perpendicularly and parallelly at otherness values of 0 and 0.32. Therefore, when otherness adopts the OP1 layout and the perpendicular layout of the buildings along the side of the green space is used, an otherness value of 0 or 0.16 is recommended, and 0.32 should be avoided; 0 is the best in the parallel case. In the OP2 layout, the otherness value should be taken as 0 or 0.32, and 0.16 is not recommended regardless of whether the buildings along the side of the green space are perpendicular or parallel.



	2.

	
At different heights in the vertical direction







With respect to different height, Figure 14 and Figure 15 show the daily average WS and AT for each 10 m, 30 m, 50 m, and 80 m section for the four groups, G4–G7. Changing the otherness has the most significant effect on the WS at 80 m, and the fluctuation of the WS between the sections is most obvious at an otherness of 0.32, with a maximum difference of 0.49 m/s in G5. The difference is not significant below 50 m. The opposite is true for the AT, where changing the otherness has no significant effect on the AT at 80 m, and the AT at 50 m and below has a significant effect. For the WS, when the otherness value is 0.32, the WS at a 30 m–80 m height is significantly higher than that of the other models, regardless of the parallel or perpendicular case and regardless of OP1 or OP2, which is conducive to the diffusion of cooling effects.



	
OP1






When the otherness is OP1 and the perpendicular layout is used, otherness values of 0 or 0.16 reflect lower ATs and cooling effects at 10 m, 30 m, and 50 m, with a maximum cooling of down to 1.83 °C. There was no significant effect with respect to a change in otherness on different heights relative to the longitudinal direction in the parallel case.



	
OP2






When the otherness was OP2, regardless of the perpendicular or parallel layout, the 10 m height of the model with an otherness value of 0 or 0.32 embodied a lower AT and significant cooling effects. The otherness value of 0.16 had the worst effect. At a 30–80 m height, 0 and 0.32 embodied lower ATs, but the cold diffusion effect was not significant.






4. Discussion


This study verified the spatial and temporal characteristics of the cooling effect of large urban green spaces and the influence of the surrounding building morphology on the cooling effect through field measurements and simulations. The results show that in terms of the intensity of the cooling effect, the cooling intensity can reach 2 °C; spatially, the cooling distance can spread up to 250 m; and temporally, the cooling effect is most significant at night. This is consistent with many similar studies. Research in Chongqing, a hot and humid city in China, showed that the intensity of a green space cool island of 4.5 ha can reach 2 °C [32]. A study on 262 urban green spaces in Bangalore, India, a city in a developing country, showed that the cooling effect of green spaces during daytime in summer averaged 2.23 °C, with median and mean cooling distances of 270 m and 347 m [14]. It has also been shown that the cooling range of a park is roughly equal to the width of the park [33]. A study in Changchun, China, showed that green spaces have the highest cooling intensity at night in summer [17]. A field measurement study in Japan showed that the cooling effect of large green spaces during summer nights can reach 200 m–300 m in urban areas, and the cooling distance of this study is consistent with our study. However, this study found that the cooling effect during the daytime is stronger than at night, the maximum cooling intensity during the daytime can be up to 1.9 °C, and the cooling distance can be more than 300 m [34]. This is because the green space in the Japanese study area is surrounded by two-story residential houses, which differs from the built-up environment with a high density in the urban area of China where our study is located. Therefore, multiple factors, such as development intensity and the building layout around the green space, can significantly influence the difference in the green space cooling effect, and high-density, high-rise buildings and low-density, low-rise buildings may cause opposite results. Therefore, the influence of finer urban morphology on the cooling effect of green spaces in the future needs to be further explored. There are some limitations to this study, which only discussed the cooling effect in summer and lacked a winter-related analysis, and subsequent studies should comprehensively analyze the results of winter and summer seasons.




5. Conclusions


This study focuses on high-rise residential blocks around green spaces and simulates their thermal environment at the internal pedestrian level and at different heights relative to the longitudinal direction. Based on the comparison results of BO, PR, and otherness, optimization strategies are proposed. When only the BO along the green side is changed, it is recommended that the BO is set to the perpendicular configuration, which is more conducive to the diffusion of the cooling effect in the central green area and produces a lower MRT at the pedestrian level and a lower AT below 50 m. When only changing the PR, residential blocks without podiums will create a more optimal climate. However, podiums are usually a mandatory feature in Chinese residential design. Therefore, we recommend using a 30% PR for the perpendicular layout of buildings along the green side with a lower pedestrian-level AT and MRT, which is better than 80% and 100% PRs. In parallel, an 80% PR is recommended in order to have a cooling effect at the pedestrian level of up to 1.83 °C while simultaneously having a lower AT at 10 m and 30 m of up to 0.83 °C. For block otherness, when the otherness is PO1 and the perpendicular building layout along the green side is used, otherness values of 0 and 0.16 are recommended, but not 0.32; when a parallel layout is used, an otherness value of 0 is recommended. When the otherness is PO2, values of 0 or 0.32 are recommended, which exhibit better AT diffusion and cooling effects at the pedestrian level and different longitudinal heights; 0.16 is not recommended.



Overall, this study draws the following conclusions: (1) The cooling effect of the green space is the strongest up to 150 m; the cooling effect decreases from 150 m to 250 m; and the cooling amplitude can be up to 2 °C along the downwind direction. (2) The design strategy of high-rise residential blocks around the green space to maximize the cooling effect is proposed based on three morphology indices, namely, BO, PR, and otherness, which provides a basis and guideline for planners and architects to formulate design schemes of climate-adapted residential areas.
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Figure 1. Distribution of large green cool islands in Xi’an City. 
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Figure 2. Flow diagram of this study. 
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Figure 3. Field measurement and simulation-related information: (a) the location of the measurement section in XFLD; (b) distribution of the 15 measured points in selected central section of XFLD; (c) modeling of the measurement section in ENVI-met; (d) external louvered cover for mobile weather stations; (e) HOBO MX2301; (f) pedestrian-level view of the mobile weather stations installed under the tree canopy. 
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Figure 4. Validation of measured and simulated data: (a) AT; (b) RH. 
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Figure 5. (a) Areas with significant differences in thermal environments in the realistic model; (b) schematic diagram of the ideal models. 
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Figure 6. Characteristics of residential buildings in Xi’an. 
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Figure 7. Three ideal model groups (16 models in total). 
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Figure 8. (a) Distribution of AT at each measurement point at 23:00 in the section; (b) AT simulation results at 23:00 in the realistic model in the section. 
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Figure 9. (a) Daylight analysis and schematic diagram of 12 sections for model 1; average daily AT, RH, and MRT distribution of 12 sections at the pedestrian level in model G1: (b) AT; (c) RH; (d) MRT. 
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Figure 10. Distribution of daily average WS and AT for 12 sections at 10 m, 30 m, 50 m, and 80 m heights for model G1: (a) WS; (b) AT. 






Figure 10. Distribution of daily average WS and AT for 12 sections at 10 m, 30 m, 50 m, and 80 m heights for model G1: (a) WS; (b) AT.



[image: Buildings 14 00183 g010]







[image: Buildings 14 00183 g011] 





Figure 11. Distribution of daily average AT, RH, and MRT for 12 sections at the pedestrian level for different PR models G2 and G3. 
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Figure 12. Distribution of daily average WS and AT for 12 sections at 10 m, 30 m, 50 m, and 80 m heights for PR models G2 and G3. 
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Figure 13. Distribution of daily average AT, RH, and MRT for 12 sections at the pedestrian level for different otherness models G4–G7. 
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Figure 14. Distribution of daily average WS for 12 sections at 10 m, 30 m, 50 m, and 80 m heights for otherness models G4–G7. 
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Figure 15. Distribution of daily average AT for 12 sections at 10 m, 30 m, 50 m, and 80 m heights for otherness models G4–G7. 
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Table 1. Morphological parameters of three groups of ideal models (corresponding to three morphological indices).
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Indices

	
Group No.

	
Model No.

	
Value of BO

	
Value of PR

	
Otherness Pattern

	
Value of Otherness






	
Building orientation along the greenbelt side (BO)

	
G1

	
1

	
perpendicular

	
null

	
null

	
null




	
5

	
parallel

	
null

	
null

	
null




	
Podium ratio along the greenbelt side (PR)

	
G2

	
1

	
perpendicular

	
0%

	
null

	
null




	
2

	
30%

	
null

	
null




	
3

	
80%

	
null

	
null




	
4

	
100%

	
null

	
null




	
G3

	
5

	
parallel

	
0%

	
null

	
null




	
6

	
30%

	
null

	
null




	
7

	
80%

	
null

	
null




	
8

	
100%

	
null

	
null




	
Otherness

	
G4

	
1

	
perpendicular

	
null

	
pattern 1 (OP1) *

	
0




	
9

	
null

	
0.16




	
10

	
null

	
0.32




	
G5

	
5

	
parallel

	
null

	
pattern 1 (OP1) *

	
0




	
11

	
null

	
0.16




	
12

	
null

	
0.32




	
G6

	
1

	
perpendicular

	
null

	
pattern 2 (OP2) *

	
0




	
13

	
null

	
0.16




	
14

	
null

	
0.32




	
G7

	
5

	
parallel

	
null

	
pattern 2 (OP2) *

	
0




	
15

	
null

	
0.16




	
16

	
null

	
0.32








Note: OP1 * is the sequential increase in building height starting with the building along the green side, which is the lowest building. OP2 * is a symmetrical change in building height from the center building of the block in all directions from high to low, with the center building being the tallest.
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