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Under the background of global warming, the thermal comfort in summer in historical conservation areas in China has also been significantly negatively affected. How to optimize the spatial pattern of the street space of historical conservation areas to improve the thermal comfort in summer in these areas undoubtedly deserves the consideration of scholars. In this study, Taiping Street, a historical conservation area in Changsha, China was taken as an example. Combined with the actual conditions of Taiping Street, the models with different street interface densities, different sizes and positions of open space, and different D/H (the ratio between the width of a street and the height of its surrounding buildings) were built through ENVI-met. The measured meteorological data from 10:00 to 20:00 on July 12, 2022 in Changsha are used as the initial meteorological data for simulation. The effects of the difference in the above factors on the thermal comfort of street space of historical conservation areas were explored through simulation analysis and comparison of the thermal comfort in different models. In the study, it was found that the thermal comfort of street space in such a historical street space with narrow roads was significantly affected by architectural shadows. As a result, among the simulated models, the higher the street interface density in the street in the east-west direction is, the better the overall thermal comfort of the area is. The lower the street interface density of the street in the north-south direction is, the better the overall thermal comfort of the area is. by adding a small open space in the middle of the north-side of the building, the thermal comfort of the area can be improved. The higher the D/H ratio is, the better the thermal comfort of the model is. During the renewal of historical conservation areas, people should make full use of the architectural shadows in such historical blocks to improve the thermal comfort of the area. Besides, the commonly-used method of constructing ventilation corridors to improve the thermal comfort of the block did not have an obvious effect in this study and might not make obvious improvements in similar street spaces of historical conservation areas.
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1 INTRODUCTION
During the urbanization of China in the past, there existed an unignorable contradiction between urban development and the conservation of historic conservation areas; the preservation of these areas had been ignored to some extent amidst the rapid development of cities. New construction of buildings had been carried out inside and outside of the historic conservation areas. As a consequence, the internal texture and historical style of these areas had been negatively influenced. In recent years, China has paid increasing attention to the preservation and inheritance of history and culture. Preserving and activating historic conservation areas have become one of China’s primary focuses, but preservation does not mean fully preserving the current conditions as they are (Wan, 2017).
Climate change is one of the most important global environmental phenomena faced by mankind in this century (Seto and Shepherd, 2009). Global surface temperature has increased by 0.99°C since the beginning of the 21st century and by 1.09°C since 2011 compared to the 1960s to the end of the 20th century, and the global surface temperature increasing from year to year makes the human body increasingly uncomfortable (IPCC, 2021; Qiao et al., 2022). Meanwhile, outdoor comfort is of great importance for historic conservation areas that serve as important activity places for urban residents and tourists. A good outdoor microclimate can attract flow of personnel, increase the vitality of historic conservation areas, and perpetuate urban cultural connotations. In existing reconstruction of these areas, more emphasis is placed on the activating styles and functions of historic conservation areas than on the comfort of an outdoor microclimate. Therefore, it is necessary to carry out the micro-reform of historic conservation areas, aiming to continue the city’s vitality, by adapting and activating these areas to the needs of the times.
Most of the existing research has paid more attention to the impact of urban buildings, city underlying surface, greenery, interactions between buildings and trees and other factors on urban surface temperature. At a city or larger regional scale, much research has been conducted on how surface temperature can be influenced by retrieving surface temperature through remote sensing and analyzing some surface features, in particular, the differences between green space and building-related features. For example, research was conducted on the optimization of green space form by analyzing the correlation between green space landscape layout index and surface temperature (Fan et al., 2015; Masoudi and Tan, 2019; Gherraz et al., 2020). The influence of urban land coverage changes on surface temperature was also investigated (Ashwinian Sil, 2022; Hashim et al., 2022; Moisa et al., 2022). When studying the microclimate in small areas such as plazas, parks, and residential communities, some researchers conducted research based on the measured data and proposed suggestions for improving thermal comfort (Liu et al., 2020; Jiang et al., 2022). Some scholars have explored how to optimize urban spaces to improve urban thermal comfort at the micro-level by Urban canopy models, Urban energy balance models, combined advection-diffusion equations, and Navier-Stokes equations (Bruse and Fleer, 1998; Huttner, 2012; Wang et al., 2013; Wang et al., 2021). Ansys Fluent, ENVI-met, and other software developed based on computational fluid dynamics have been widely used in microclimate simulation at small and micro scales in urban settlements. The spatial layout, ground materials, vegetation coverage, water body, and other factors were considered to simulate the impact on the microclimate environment (temperature, humidity, wind direction, wind speed, radiant temperature, etc.). Based on relevant microclimate simulation research, many researchers have put forward targeted improvement strategies for spatial layout, vegetation coverage, water body, different impervious/permeable surfaces and interactions between buildings and trees in different microenvironments within a city to improve thermal comfort of microenvironments (Tsoka et al., 2018; Jänicke et al., 2021; Liu et al., 2021; Hu et al., 2022).
Many researchers have attached importance to improving the thermal comfort in historic buildings while protecting them (Stolow, 1994; Silva, and Henriques, 2014; Marcelli et al., 2020; Hu et al., 2022). However, few of them have focused on the thermal comfort of streets in historic conservation areas. At the same time, although they have highlighted the thermal comfort of old residential communities and explored the optimization of the microclimate of old urban areas by changing the spatial form of these communities during the process of urban renewal (Gaspari and Fabbri, 2017; Renard et al., 2019; Wang and Sun, 2020; Nardino et al., 2021), very few of them have focused their research on historic conservation areas. Historic conservation areas tend to have longer histories and stricter preservation requirements than ordinary old communities. Street spaces are the most important outdoor space in historic conservation areas. Great importance should be attached to researching the microclimate of the street space of these areas. This study on the microclimate in the street space of historic conservation areas focuses on spatial layouts of buildings and street spaces.
2 MATERIALS AND METHOD
2.1 Research object
Changsha is an important central city in central China and the capital of Hunan Province, located at latitude 27°51′to 28°40′N and longitude 111°53′to 114°15′E. By the end of 2021, the total land area of Changsha was 11,815.96 square kilometers, of which the built-up area was 700 square kilometers. The population of Changsha has reached 10.2393 million (Changsha Bureau of Industry and Information Technology, 2022). Changsha has a typical climate characterized by hot summers and cold winters. Some researchers have conducted studies on how to optimize the spatial pattern of Changsha to reduce summer temperatures in the city (Li, et al., 2019; Xiong and Zhang, 2021; Tang et al., 2022; Xiang and Zheng, 2022; Chen et al., 2023). Changsha is one of the first 24 famous historic and cultural cities announced by the State Council of China, and Taiping Street is the only historic conservation area that has been preserved to date (Long, 2021). For this reason, Taiping Street is studied in this paper. The Taiping Street Area is situated in the Wuyi Business District, the center of the bustling Changsha City, and borders Wuyi Avenue to the north, Jiefang West Road to the south, Weiguo Street to the west, and Sanxing Street to the east.
A simplified study of the texture relationship of the Taiping Street Area revealed that it has an architectural layout of the plate layout. This means that the street interfaces along streets are short, forming many branch streets (Cui, 2020). The fishbone-shaped streets are composed of Taiping Street, Majia Lane, Fujia Lane, Jinxian Street, Xipailou Road, Taifuli Lane, and several other branch streets (Figure 1).
[image: Figure 1]FIGURE 1 | Taiping street area.
2.2 Research indicators and software
In view of the fact that Changsha’s summer has a very high temperature and lower number of tourists than the other three seasons, it was selected as the season for research in this paper, and the research indicator selected is the physiological equivalent temperature (PET), which can be used to estimate the human body’s feeling in summer.
PET is defined as the air temperature at which the core temperature and skin temperature of the human body reach equilibrium, in typical indoor conditions and under complex outdoor conditions that need to be evaluated. The higher the PET value, the hotter the weather. Indoor reference climates are made based on the following assumption: Mean Radiant Temperature equal air temperature, Air velocity(v) = 0.1, Water vapor pressure (VP) = 12 hPa。 It is an indicator of thermal comfort that describes body feelings and can be used to evaluate the thermal environment in a physiological sense. It is derived using the Munich Energy Balance Model for Individuals (MEMI) and takes into account the impact of various meteorological indicators, human activities, human clothing, and personal body parameters on environmental comfort (Höppe, 1999; Lee et al., 2016; Hang et al., 2021). The principle of the MEMI model is based on the human heat balance equation (Eq. 1), the equation for heat transfer from the core of the body to the skin (Eq. 2), and the equation for heat transfer from the skin surface to the clothing surface (Eq. 3). The combination of these three equations can be used to solve the three key indicators that determine human thermal sensation: clothing surface temperature, skin surface temperature, and core body temperature, and thus predict human thermal sensation (Höppe, 1999; Krüger and Drach, 2017; Ji et al., 2022).
[image: image]
In the equation, [image: image] represents the metabolic rate, [image: image] is the physical work output, [image: image] represents the net radiation of the body, [image: image] represents the convective heat flow, [image: image] represents the latent heat flow to evaporate water into water vapour diffusing through the skin, [image: image] is the sum of heat flows for heating and humidifying the inspired air, [image: image] the heat flow due to evaporation of sweat, and [image: image] is the storage heat flow for heating or cooling the body mass.
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In Eq. 2, [image: image] represents the heat flow from the core of the body to the skin, [image: image] is the blood flow rate from the core of the body to the skin, [image: image] is the density of blood, [image: image] is the specific heat of blood, [image: image] is the core body temperature, and [image: image] is the skin surface temperature.
[image: image]
In Eq. 3, [image: image] represents the heat flow from the skin surface to the clothing surface, [image: image] is the clothing thermal resistance, [image: image] is the skin surface temperature, and [image: image] is the clothing surface temperature. Matzarakis et al. (1999) summarized PET, ranges of PET for different grades of thermal sensation by human beings and physiological stress on human beings. This index is measured on a nine-level scale, as shown in Table 1.
TABLE 1 | Thermal sensation and physiological reaction corresponding to PET (Jendritzky et al., 1990; Matzarakis and Mayer, 1997; Matzarakis et al., 1999).
[image: Table 1]ENVI-met is a dynamic numerical simulation software designed by German scholars Bruse et al. in the 1990s based on hydrodynamics, thermodynamics, urban meteorology, and other related theories to reproduce the overall impact factors of the urban microclimate environment and is widely used for calculating outdoor microclimate research indicators (Yu and Hien, 2006; Li and Wang, 2016). The research time segment selected by researchers is from 10:00 to 20:00 on 12 July 2022. The initial conditions required for software simulation are derived from the China Meteorological Data Network (http://data.cma.cn), as listed in Table 2. Researchers input the hourly temperature and humidity as indicated in Table 2 as the original weather parameters for initial simulation per hour. With regard to the wind direction and speed, researchers chose the average wind direction and speed of the 11 h as the feature of the initial wind environment, of which the wind direction is 178° and the wind speed is 3.7 m/s. The prevailing wind direction of Changsha city in summer is south wind (Ministry of Housing and Rural-Urban Development of the People’s Republic of China, 2014), while the simulated wind direction is south wind which is in line with the actual summer prevailing wind. The wind direction is typical and can properly reflect the wind environment feature of Changsha city in summer.
TABLE 2 | Initial simulation conditions (Source: China Meteorological Data Network).
[image: Table 2]2.3 Research content and method
The measured meteorological data used as input in the modeling process came from the Changsha Station (No. 57687) of the China National Meteorological Science Data Center, and the data measured from 10:00 to 20:00 on 12 July 2022 were used for simulation. The temperature, humidity, and average wind direction and speed for 11 h (from 10:00 to 20:00 on July 12) were input as relevant meteorological parameters for the simulation. The researchers collected hourly data using a JT2020 multifunctional tester from Beijing JANTYTECH (BJJT) in an area of Taiping Street between 10:00 and 20:00 on 12 July 2022. The temperature and humidity sensor component of this instrument was used to measure the temperature and humidity of the environment on an hourly basis. The temperature range of the sensor is from −20°C to 125°C, with an accuracy of ±0.5°C, and the humidity range is from 0% to 100% RH, with an accuracy of ±3% RH. The researchers constructed an actual model based on the actual conditions in an area of Taiping Street and used meteorological data from the Changsha Station of the China National Meteorological Science Data Center for simulation. The number of grids in the Taiping Street model was 252 (length) × 213 (width) × 25 (height), with a length, width, and height of 2 m for each grid. The actual volume simulated by the model was 504 m (length) × 426 m (width) × 50 m (height). The researchers compared simulated values of temperature and humidity for each hour in the study area with measured values to analyze the errors in the simulation data.
The researchers mainly analyzed the simulated values for each time period between 10:00 am and 8:00 pm on 12 July 2022. The idealized model grid for the east-west street was 136 (length) × 86 (width) × 15 (height), with each grid measuring 2 m in length, width, and height. The actual volume of the east-west street idealized model simulated was 272 m (length) × 172 m (width) × 30 m (height). The idealized model grid for the north-south street was 91 (width) × 211 (length) × 15 (height), with each grid measuring 2 m in length, width, and height. The actual volume of the north-south street idealized model simulated was 181 m (width) × 422 m (length) × 30 m (height). Because there was sufficient distance between the buildings in the east-west and north-south street models and the model boundaries, the model did not produce negative effects on the entire simulation result due to the buildings being too close to the boundaries. In both models, the researchers did not add nested grids to the boundaries of the models.
When simulating using ENVI-met, the temperature and humidity distribution within the study area are simulated based on the combined advection-diffusion equation (Bruse and Fleer, 1998; Huttner, 2012)
[image: image]
where [image: image] represents the temperature inside the atmosphere. [image: image] represents turbulent exchange coefficient for heat and humidity. [image: image] links heat and vapor exchange at plant surface.
[image: image]
In which [image: image] represents the humidity inside the atmosphere respectively, [image: image] represents turbulent exchange coefficient for humidity, [image: image] links heat and vapor exchange at plant surface.
Wind speed and wind direction is caculated based on Navier-Stokes Equations 6–8 (Bruse and Fleer, 1998; Huttner, 2012).
[image: image]
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In which f is Coriolis parameter, [image: image]. [image: image] is the potential air temperature at level z. [image: image] represent local pressure perturbation. [image: image] is the reference temperature, which represents the larger scale meteorological condition. It is calculated as the average temperature of all grid cells except those occupied by buildings at a height of z.
In ENVI-met, the soil is treated as a vertical column, and its temperature and humidity are calculated using the following equation (Bruse and Fleer, 1998; Huttner, 2012):
[image: image]
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In which T represents heat, [image: image] represents soil volumetric moisture content, [image: image] represents its saturation volume. [image: image] represents the hydraulic connectivity, [image: image] represents the hydraulic diffusivity. [image: image] is water uptake by vegetation root.
The turbulent fluxes of momentum, vapor, heat at the wall and ground surface are calculated based on the similarity law from Monin and Obhukov (Asaeda and Ca, 1993; Stull, 1994; Bruse and Fleer, 1998; Huttner, 2012):
[image: image]
Where [image: image] is scaling velocities of momentum, [image: image] represents heat; [image: image] represents vapor.
Temperature and humidity at surface and wall are calculated from (Deardorff, 1978; Stull, 1994):
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Where [image: image], [image: image] represents the net shortwave and longwave radiation absorbed by the surface, [image: image] is the shielding factor, [image: image] is the surface humidity, [image: image] is the field capacity of the soil at level z = −1.
Researchers simulated the microclimate of various idealized models using ENVI-met and then calculated the PET values of each model using Bio-met in ENVI-met. The principle of PET calculation is explained in detail in Section 2.2, including formulas (1), formulas (2), formulas (3) and related text descriptions. The height at which PET is simulated is usually chosen to be the centroid height of a person whose height equals the average height. This better reflects the overall thermal comfort of the human body (Matzarakis et al., 1999). According to the average height of Chinese men and women, which is 171.8 cm and 159.7 cm, respectively, and the fact that the center of gravity of the human body is located at around 56% of the height (Chi and Dan, 2016; NCD Risk Factor Collaboration, 2016; Guo, 2017; Lu et al., 2022), the simulated height of PET in this study is 1 m. The human factors in the study include gender, age, height, weight, Total Metabolic Rate, and clothing parameters, which are male, 35 years old, 175 cm tall, 70 kg, 86.21 W/m2, and 0.9 clo, respectively.
The ENVI-met model includes a one-dimensional boundary model and a three-dimensional boundary model. The one dimensional model includes vertical profile of different meteorological parameters like temperature, humidity, wind speed and wind direction. In addition, the ENVI-met model also includes a three-dimensional co-model which consists atmosphere, soil and buildings. At its bottom, the 3-dimensional model links to a 3-dimensional soil model. The one-dimensional model generates one-dimensional profile for meteorological parameters. The boundary model extends to a height of 2,500 m (average height of the planetary boundary layer). With simple forcing, the values of one-dimensional model are coped to the border (Bruse, 2004; Huttner, 2012; ENVI-met, 2023).
The parameters used in studying the relationship between buildings and streets in this paper are primarily street interface density (length of buildings along the street/street length), the open space of the street, and D/H; the indicator system composed of these three parameters can better reflect the form characteristics of the street space in historic conservation areas. The street length, average street width, average building height, the length of buildings along the street, and the average length of building blocks were obtained through the extraction of the form elements of main streets in the Taiping Street Area. Then, the idealized model was extracted to study the microclimate environment characteristics of different street street interface densities, space layouts, and D/H values.
It was found through field observation that the flow of personnel is mainly gathered on the main street Taiping Street and secondary streets Majia Lane, Fujia Lane, Jinxian Street, Xipailou Road, and Taifuli Lane, with less flow of personnel on the branch streets. Researchers established different idealized scenario models according to the street characteristics summarized in the table below to explore how different street characteristics influence the street microclimate.
The main street Taiping Street measures 364 m in length, and since the majority of buildings on both sides of the street are not aligned horizontally, resulting in an uneven street width, has an average width of 12.4 m. The D/H value of the street ranges from 0.77 to 3.75, and the density of the street interface is 90% on the east of the street and 89.01% on the west. Secondary streets include Majia Lane, Fujia Lane, Jinxian Lane, Xipailou Road, and Taifuli Lane. These streets range in length from 57 m to 216 m, with an average value of 156.2 m; in width from 6 m to 11.6 m, with an average value of 7.86 m; in D/H values from 0.52 to 2.17; in density of the frontage interfaces of streets from 86.77% to 100%. In the Taiping Street Area, the main street runs from the north to south, while the secondary streets run predominantly from the east to west; the different street directions result in varying relationships between building shadows and streets, and different microclimate environments of streets. To comprehensively explore the microclimate environment of the street space, the main street in the north-south direction and the secondary streets in the east-west direction were studied separately in this paper. Based on the relevant conditions of Taiping Street in Mainland China as described in Table 3, researchers constructed idealized scenario models. After determining the street length, width, building length, width, and height in the idealized model based on the actual length, width, and characteristics of buildings along the streets of Taiping Street, researchers reserved enough space between the building and the model boundary to ensure that the simulation results were not negatively affected by the building model being too close to the model boundary. All north-south model sizes are set to 181 m (width) × 422 m (length) × 30 m (height). The buildings on both sides of Taiping Street are mostly three stories high (about 9 m). To better study the different effects of D/H values on the microclimate of the neighborhood, the building height in the scenario model is uniformly set to 9 m. The distance between the buildings on both sides of Taiping Street is about 12 m. The width of all scenario models is set to 12 m. The density of the street interface in the current Taiping Street area is between 86.77% and 100%. Researchers first set the density of the street interface as a single variable and created four scenario models with densities of 85%, 90%, 95%, and 100%, respectively. Researchers attempted to explore the impact of increasing the open space area within different areas of the historic district by demolishing some buildings on the thermal comfort of the neighborhood. They created three groups of models: increasing the open space area at both ends of the street, increasing the open space area in the middle of the street, and increasing the open space area in both the middle and ends of the street. Using 9-m-tall buildings, 12-m-wide streets, and a streetstreet interface density of 85% as the microclimate baseline conditions, the microclimate environment characteristics of open spaces under different conditions were studied. According to Table 3, the D/H values in the Taiping neighborhood range from 0.52 to 3.75. Researchers have attempted to explore the differences in street thermal comfort under different street aspect ratios. Using 12-m-wide street and a street interface density of 85% as the baseline conditions, the microclimate environment characteristics when D/H was 0.5, 1.0, 1.5, 2.0, and 3.0, as well as when there is a combination of multiple D/H values were studied. Figure 2 shows the diagrams of the models.
TABLE 3 | Form element extraction results of streets in the Taiping Street Area.
[image: Table 3][image: Figure 2]FIGURE 2 | A diagram of the models. (A) North-south streets with different street interface densities, (B) North-south streets with different open spaces, (C) North-south streets with different building heights, (D) East-west streets with different street interface densities, (E) East-west streets with different open spaces and (F) East-west streets with different building heights.
Based on the conditions of the Taiping neighborhood and the five east-west streets within, as described in Table 3, and ensuring sufficient distance between the building and model boundaries, all east-west models were set to a size of 272 m (length) x 172 m (width) x 30 m (height). Since there are many 6-m-tall buildings in the east-west streets, the idealized scenario model had a uniform building height of 6 m. The east-west street width is mostly around 7 m, so the street width was uniformly set to 7 m. According to the density of the street interface in the Taiping neighborhood, which ranges from 86.77% to 100%, scenario models were created with street interface densities of 85%, 90%, 95%, and 100%, respectively. Then, using 6-m-tall buildings, 7-m-wide streets, and a street interface density of 85% as the microclimate baseline conditions, different scenario models were constructed by increasing the open space area in different areas of the street (Figure 2), and the differences in thermal comfort among different scenario models were compared. As shown in Table 3, the D/H values for the east-west streets in the study area range from 0.52 to 2.17. The researchers tried to explore the impact of different D/H on the thermal comfort. Using 7-m-wide street and a street interface density of 85% as the baseline conditions, the microclimate environment characteristics when D/H was 0.5, 1.0, 1.5, and 2.0, as well as when there is a combination of multiple D/H values were studied. Figure 2 shows the diagrams of the models.
3 RESULTS AND DISCUSSIONS
3.1 Research validation
The measured temperature and humidity values and their corresponding simulated temperature and humidity values at a fixed observation point in the study area between 10:00 and 20:00 on July 12, 2022 are as shown in Table 4 below. By analyzing the measured and simulated temperature and humidity data at a fixed location on Taiping Street during the hours of 10:00–20:00 on 12 July 2022, researchers found that the coefficient of determination (R2) between the two sets of data was 0.91, the root mean square error (RMSE) was 1.68, and the index of agreement (d) was 0.75 for temperature, while the R2 was 0.92, the RMSE was 3.2, and the d was 0.86 for humidity. Typically, an R2 greater than 0.5 is considered reasonable (Santhi et al., 2001; Balany et al., 2022). The RMSE values for air temperature and relative humidity are within the range reported in many related studies (RMSE of relative humidity ranging from 2.04% to 11.12% and air temperature ranging from 0.52°C to 4.30 °C) (Tsoka et al., 2018). The closer the index of agreement is to 1, the higher the consistency between the simulated and measured values. The d values for temperature and humidity are both greater than or equal to 0.75, indicating a high level of consistency between the simulated and measured values. Therefore, the range of simulation errors in this study is reasonable.
TABLE 4 | Temperature and humidity values were measured and simulated at various time points between 10:00 am and 8:00 pm on 12 July 2022.
[image: Table 4]3.2 Microclimate characteristics corresponding to the street interface density
3.2.1 Microclimate characteristics corresponding to the north-south street interface density
The model with a street interface density of 85% has seven rows of buildings on both sides of the street separated by a 7.5-m-wide street, with each row measuring 36.4 m in length. The model with a street interface density of 90% has five rows of buildings on both sides of the street separated by a 7.5-m-wide street, with each row measuring 54 m in length. The model with a street interface density of 95% has three rows of buildings on both sides of the street separated by a 7.5-m-wide street, with each row measuring 95 m in length. The model with a street interface density of 100% is full of buildings that are not separated by any street on both sides of the street. The schematic diagrams of the four models are shown in the row A of Figure 2.
By conducting a variance analysis (two-way ANOVA without replication) of the PET values in the study area under different street interface densities and time conditions based on the simulation results of the north-south street model shown in Figure 3, it was found that the p-values for the significant difference tests between each group of data when time and street interface densities were used as sources of variation were both less than 0.01. This indicates that significant differences in PET values within the study area under different street interface densities and the same time are unlikely to be caused by sampling errors.
[image: Figure 3]FIGURE 3 | Temporal variation of PET at a height of 1.0 m in the street under different street interface densities.
Figure 3 shows the average PET values within the study area for each scenario model at each hour between 10:00 and 20:00. Figure 8 shows the simulation results of each model at 14:00. A comparison and analysis of the average PET values of the 12-m-wide north-south streets between 10:00 and 20:00 under different street interface densities (Figure 3) show that a higher value indicates a poor microclimate and vice versa. When only the density of the street interface is changed, the microclimate environment characteristics do not change significantly; the difference between the average PET values under the street interface densities of 85% and 100% is less than 0.1. In terms of thermal sensation, the PET values of these streets are within the range of “warm”. From 10:00 to 11:00, the PET value reaches its minimum when the street interface density is 100%, and the lower the street interface density, the higher the PET value. At 12:00, the PET value is minimum when the street interface density is 90%. From 13:00 to 20:00, the PET value reaches its minimum when the street interface density is 85%, and the higher the street interface density, the higher the PET value.
The PET simulation results of the four models (Figure 4) at 14:00 were analyzed. Changsha is located north of the Tropic of Cancer, and the position of building shadows relative to buildings changes constantly throughout the day, following a general pattern of moving from the west side of the buildings to the north side of the buildings and then to the east side of the buildings. At noon, shadows always face due north (CGZDL, 2022). In Figure 4, different colors represent different ranges of PET values. As the street interface density value decreases in the four models, the number of narrow east-west streets between buildings increases. The buildings on the north and south sides of these narrow streets can shade the sunlight and create shaded areas. In the models with higher street interface densities, the area of streets with better thermal comfort in the narrow historic blocks is larger. In addition, narrow streets between buildings can also facilitate the formation of ventilation corridors for ventilation and heat dissipation (Peng, 2016).
[image: Figure 4]FIGURE 4 | PETs at a height of 1.0 m at 14:00.
3.2.2 Microclimate characteristics corresponding to the east-west street interface density
The model with a street interface density of 85% has three rows of buildings on both sides of the street separated by a 11.25-m-wide street, with each row measuring 42.5 m in length. The model with a street interface density of 90% has three rows of buildings on both sides of the street separated by a 7.5-m-wide street, with each row measuring 45 m in length. The model with a street interface density of 95% has three rows of buildings on both sides of the street separated by a 3.75-m-wide street, with each row measuring 47.5 m in length. The model with a street interface density of 100% is full of buildings that are not separated by any street on both sides of the street. The schematic diagrams of the four models are shown in the first row of Figure 2.
By conducting a variance analysis (two-way ANOVA without replication) of the PET values in the study area under different street interface densities and time conditions based on the simulation results of the east-west street model shown in Figure 5, it was found that the p-values for the significant difference tests between each group of data when time and street interface densities were used as sources of variation were both less than 0.01. This indicates that significant differences in PET values within the study area under different street interface densities and the same time are unlikely to be caused by sampling errors.
[image: Figure 5]FIGURE 5 | Temporal variation of PET at a height of 1.0 m in the streets under different street interface densities.
A comparison and analysis of the average PET values of the 12-m-wide east-west streets between 10:00 and 20:00 under different street interface densities (Figure 5) show that the PET values of these streets are within the range of “warm” in terms of thermal sensation. The PET value reaches its maximum when the street interface density is 85%, and the higher the street interface density, the lower the PET value; the gap is the most obvious between 14:00 and 16:00.
From Figure 6, it can be seen that at 14:00, the temperature at the north-south streets between buildings is higher in the model with a street interface density of 85%. The main reason is that there are no buildings on the north and south sides of these streets to shade the sunlight and create shaded areas. The prevailing wind direction in Changsha in the summer is from the south. Even if the north-south streets form ventilation corridors, the lack of building shading makes the wind passage area less thermally comfortable. At 14:00, the building shadows are located northeast of the buildings, and the width of the north-south streets in the model with a street interface density of 95% is narrower than those in the models with street interface densities of 85% and 90%. The shaded areas created by the buildings on the east and west sides of the street under the sunlight have also contributed to the improved thermal comfort of the north-south streets. Overall, in the four models, the PET value reaches its minimum when the street interface density is 100%.
[image: Figure 6]FIGURE 6 | PETs at a height of 1.0 m at 14:00.
The simulated wind direction selected is south wind, with the wind speed of 3.7 m/s. The north-south streets form ventilation corridors, which helps increase the thermal comfort of the study area. However, the thermal comfort of the north-south street in the picture is poor. On the contrary, affected by the building shadow, the east-west street is generally better in thermal comfort. This also shows that, in the idealized models, building shadow is more effective in improving microclimate.
Taking into account the information presented in Figures 2–6, it is suggested that in cities located north of the Tropic of Cancer, such as Changsha, China, in historic districts with shorter buildings and narrower streets, it would be advantageous to demolish some buildings on both sides of the north-south streets to create narrower east-west streets. This would help to create street areas with relatively better thermal comfort. This is mainly due to the fact that during the hot morning, noon, and afternoon periods of the day, shadows cast by buildings form on the east-west streets, which provide better thermal comfort in shaded areas. In contrast, considering that the dominant wind direction in Changsha during the summer is southerly, if some buildings are demolished on the north and south sides of the east-west streets, even if it creates a ventilation corridor, there will be no buildings on the north and south sides of the north-south streets to provide shade, making the north-south streets hotter in the historic district.
3.3 Analysis of microclimate environment characteristics in the open space
3.3.1 Analysis of microclimate environment characteristics in open spaces of north-south streets
Researchers explored how to increase open space to improve thermal comfort in historic districts. Three open space models were developed based on the model with a street interface density of 85% in Figure 2 by demolishing some buildings and increasing the open space area. The three models are shown in the row B of Figure 2 as open space 1, 2, and 3. The open space studied by the researchers is located in an area with one north-south street and six east-west streets. The total area of open space increased by demolishing buildings is the same in all three models. In open space model 1, no open space was added at the ends of the north-south street, and open space was only increased by demolishing some buildings where the east-west and north-south streets intersect. In open space model 2, some buildings were demolished and larger open spaces were added only at the ends of the street. No open space was added where the east-west and north-south streets intersect. In open space model 3, buildings were demolished and open space was added at the ends of the streets and at some intersections of the north-south and east-west streets. The open space area added at the intersection of the six east-west streets and one north-south street in model 3 was smaller than that in model 1. The open space area added at the ends of the north-south street in model 3 was smaller than that in model 2. Model 2 did not increase the open space area at the intersection of the east-west and north-south streets.
By conducting a variance analysis (two-way ANOVA without replication) of the PET values in the study area under different open spaces and time conditions based on the simulation results of the north-south street model shown in Figure 7, it was found that the p-values for the significant difference tests between each group of data when time and street interface densities were used as sources of variation were both less than 0.01. This indicates that significant differences in PET values within the study area under different street interface densities and the same time are unlikely to be caused by sampling errors.
[image: Figure 7]FIGURE 7 | Temporal variation of PET at a height of 1.0 m in the streets in the case of different open spaces.
Figure 7 shows the mean PET (physiological equivalent temperature) values in the study area for each scenario model at each hour between 10:00 and 20:00. A comparison and analysis of the average values of PET from 10:00 to 20:00 in the one north-south street and six east-west streets of three different open space models (Figure 7) found that, among the three open space models, open space model 2 has the best thermal comfort (lowest PET values) for 10:00 and 20:00. Open space model 1 has the best thermal comfort for all other time periods. However, open space model 3 has the worst thermal comfort (highest PET values) for all time periods except for 10:00 and 20:00. Overall, model 1 has the best thermal comfort (lowest PET values), while model 3 has the worst. This suggests that removing smaller buildings with a smaller footprint and adding open space is the most effective way to improve thermal comfort at street intersections. However, removing larger buildings and adding open space at the ends of streets has the worst effect on thermal comfort.
[image: Figure 8]FIGURE 8 | PETs at a height of 1.0 m at 14:00.
The simulation time is 14:00 and when the building shadow is located in the northeast direction, the open space added to the south of the street becomes an area with poor thermal comfort because it is not covered by the shadow. Removing smaller buildings with a smaller footprint and adding open space to historic streets can create more areas covered by building shadows during the day, resulting in better thermal comfort in these areas. This explains why model 1 has the lowest PET values and model 2 has the highest PET values at 14:00 in Figure 7.
3.3.2 Analysis of microclimate environment characteristics in open spaces of east-west streets
Based on the east-west street model with a street interface density of 85% in Figure 2, researchers constructed three models with different scenarios of demolishing parts of buildings and adding open space to explore which one has the best thermal comfort. Open space model 1 involves removing parts of the buildings on one side of the street away from the historic district and adding open space. Open space model 2 involves demolishing parts of buildings at the intersection of north-south and east-west streets and adding open space. Open space model 3 involves removing parts of the buildings in the middle of the side of the buildings close to the historic street and adding open space.
By conducting a variance analysis (two-way ANOVA without replication) of the PET values in the study area under different open spaces and time conditions based on the simulation results of the east-west street model shown in Figure 9, it was found that the p-values for the significant difference tests between each group of data when time and street interface densities were used as sources of variation were both less than 0.01. This indicates that significant differences in PET values within the study area under different street interface densities and the same time are unlikely to be caused by sampling errors.
[image: Figure 9]FIGURE 9 | Temporal variation of PET at a height of 1.0 m in the streets in the case of different open spaces.
According to Figure 9 and the corresponding PET values of each model at each whole hour, it can be seen that between 10:00 and 20:00, open space model 3 has the lowest PET values and the best thermal comfort among the three models. From 10:00 to 11:00 and from 17:00 to 20:00, model 1 has the highest PET values and the worst thermal comfort. Between 11:00 and 17:00, model 2 has the highest PET values and the worst thermal comfort.
Researchers comprehensively considered the PET values of each model in each period in Figure 9 and the simulation results of each model at 14:00 in Figure 10. In Model 3, additional open space was added in the middle area between the buildings on both sides of the historic street. Due to the rotation of the Sun, the direction of the movement of the building shadows in Changsha City north of the Tropic of Cancer is from the west side of the buildings to the north side of the buildings and then to the east side of the buildings, from sunrise to sunset. In Scenario Model 3, the newly added open space is surrounded by buildings on three sides, and the open spaces are easily covered by the building shadows when they are in different orientations. In Model 1, the newly added open space is on the south side of the building. When the building shadows are on the north side of the building, the open space is more affected by the sunlight and becomes a relatively hotter area. In Model 2, some buildings were demolished at the intersection of the east-west and north-south streets to form open space. In some periods of the morning, afternoon, and evening, especially when the building shadows are on the west or east side of the building, the overall thermal comfort of Model 2 is inferior to that of Model 3.
[image: Figure 10]FIGURE 10 | PETs at a height of 1.0 m at 14:00.
3.4 Microclimate characteristics for streets with different D/H values
3.4.1 Microclimate environment characteristics of north-south streets with different D/H values
The building heights and street widths adopted in the study above are typical sizes of real historic conservation areas. Through previous research in which the density of the street interface of the building or the microclimate environment characteristics of the open-space street were changed, instead of the building height and street width, it was found that the microclimate improving effect of this micro-renovation under these microclimate conditions is not obvious. To find a more effective strategy to improve microclimate, in this paper, the building height or the street D/H was changed without changing the street width in this paper to study the microclimate environment characteristics under different D/H values without changing the street width.
By conducting a variance analysis (two-way ANOVA without replication) of the PET values in the study area under different D/H and time conditions based on the simulation results of the north-south street model shown in Figure 11, it was found that the p-values for the significant difference tests between each group of data when time and street interface densities were used as sources of variation were both less than 0.01. This indicates that significant differences in PET values within the study area under different street interface densities and the same time are unlikely to be caused by sampling errors.
[image: Figure 11]FIGURE 11 | Temporal variation of PET at a height of 1.0 m in streets with different D/H values.
The north-south streets in all six models are 12 m wide, but have different building heights. The building height is 24 m for the D/H = 0.5 model, 12 m for the D/H = 1 model, 8 m for the D/H = 1.5 model, 6 m for the D/H = 2 model, and 4 m for the D/H = 3 model, and has a combination of heights in a D/H mix model, which has five combinations of D/H values in each row of buildings from the south to the north; the D/H of the first row of buildings from the south is 0.5, 1, 1.5, 2, and 3, and that of the second row of buildings is 3, 2, 1.5, 1, and 0.5, and so on. When building height is the only variable, it can better explore the impact of building shadows on the microclimate of the block while excluding the influence of the different layouts of building space on winding paths.
A comparison and analysis of the average values of PET of the streets with a width of 12 m at the central section of the street from 10:00 to 20:00 under six different D/H values (Figure 11) reveal that the order of the microclimate environment quality of north-south streets from 10:00 to 11:00 is D/H = 0.5 > D/H = 1 > D/H = mix > D/H = 1.5 > D/H = 2 > D/H = 3; that from 12:00 to 19:00 is D/H = 0.5 > D/H mix > D/H = 1 > D/H = 1.5 > D/H = 2 > D/H = 3; that at 20:00 is D/H = 0.5 > D/H = 1 > D/H = mix > D/H = 1.5 > D/H = 2 > D/H = 3.
Considering the information in Figures 11, 12, overall, the PET value is lowest and the thermal comfort is best when D/H = 0.5. In all models, the width of the north-south street is the same, and in this model, the building height is the highest, the area covered by building shadows is the largest, and the thermal comfort in the area covered by building shadows is the best. When D/H = 3, the PET value is highest, and the thermal comfort in the research area is the worst. In this model, the building height is the shortest, the area covered by building shadows is the smallest, and the research area is most affected by sunlight, resulting in the worst thermal comfort.
[image: Figure 12]FIGURE 12 | PETs at a height of 1.0 m at 14:00.
3.4.2 Analysis of microclimate environment characteristics of east-west streets with different D/H values
The east-west streets in all five models are 7 m wide, with different building heights. The building height is 14 m for the D/H = 0.5 model, 7 m for the D/H = 1 model, 4.5 m for the D/H = 1.5 model, and 3.5 m for the D/H = 2 model, and has a combination of heights in a D/H mix model. In the D/H mix model, which has four combinations of D/H values in each row of buildings from the east to the west; the D/H of the first row of buildings from the west is 2, 1.5, 1, and 0.5, that of the second row of buildings is 0.5, 1, 1.5, and 2, and that of the third row of buildings is 2, 1.5, 1, and 0.5.
By conducting a variance analysis (two-way ANOVA without replication) of the PET values in the study area under different D/H and time conditions based on the simulation results of the east-west street model shown in Figure 13, it was found that the p-values for the significant difference tests between each group of data when time and street interface densities were used as sources of variation were both less than 0.01. This indicates that significant differences in PET values within the study area under different street interface densities and the same time are unlikely to be caused by sampling errors.
[image: Figure 13]FIGURE 13 | Temporal variation of PET at a height of 1.0 m of streets with different D/H values.
A comparison and analysis of the average values of PET of the streets with a width of 7 m at the central section of the street from 10:00 to 20:00 under five different D/H values (Figure 13) reveal that the order of the microclimate environment quality of east-west streets is D/H = 0.5 > D/H = 1 > D/H = mix > D/H = 1.5 > D/H = 2.
It was found by comparing the PETs of the model in Figure 14 that the microclimate change rule of the east-west streets with different D/H values is similar to that of the north-south streets. This means that the larger the D/H, the worse the microclimate environment. Due to the diversity of building height in the D/H mix model, the comfort of the microclimate environment is moderate, which is related to the area and degree of buildings on both sides of the streets to avoid direct sunlight on the streets.
[image: Figure 14]FIGURE 14 | PETs at a height of 1.0 m at 14:00.
3.5 Local renewal strategy of street space
3.5.1 Controlling street interface density
According to the simulation result in Part 3.4 and the features of the historical block with lower architectures and narrower streets, architectural shadows have obvious effect on improving the thermal comfort in the historical block. On the contrary, airway increment has unobvious effect on improving the thermal comfort of the historical block. In overall consideration of the fact that Changsha city is geologically located to the north of the Tropic of Cancer and the directions of the architectural shadows relative to the architectures in different time periods around a year, particularly during the relatively hot months in spring, summer and autumn, the researchers first proposed suggestions on how to reach the purpose of optimizing the microclimate in the historical block by changing the street interface density of east-west streets and north-south streets. Figure 15 is a schematic diagram of controlling street interface density. What Picture 15-a shows is the scenario model of a historical block where all the architectures are 9 m high, the main north-south street is 10 m wide, other north-south streets are 4 m wide and the east-west streets are 4 m wide. It is preferred to build new architectures on both ends of north-south streets, so that the architectural shadows may be fully used to cover the Sun from the north-south streets, especially at noon or around when the temperature is the highest in a day. Picture 15-b is the scenario model after architectures are added on both ends of north-south streets on the basis of Picture 15-a. If the said deduction is right, Picture 15-b will perform better than Picture 15-a in the general thermal comfort simulation under the weather parameters condition of July 12. The result is in line with the deduction after relevant simulations are finished and compared, with the process and relevant data neglected hereby. The east-west streets in the historical block are narrower in width and are obviously impacted by architectural shadows in a whole day. For reconstructing the historical block, city planners may consider to add new east-west streets to increase zones with good thermal comfort in a whole day, especially at noon and around, under the influence of architectural shadows, so as to reach the purpose of optimizing the entire by improving the part. Picture 15-c is the model after a east-west street as an open space is added on the basis of the historical block model shown in Picture 15-b. After simulating the average PET from 10:00 to 20:00 in the research areas in two different scenarios and making comparison, it was found that the result of simulation is in line with the said deduction.
[image: Figure 15]FIGURE 15 | Schematic diagram of controlling street interface density. (A) The model before the transformation, (B) Increase the street interface density of east-west streets, (C) Decrease the street interface density of north-south streets.
3.5.2 Reasonably setting open spaces in the base
When reconstructing the historical block, planners sometimes need increase the open space to relieve the jam problem of the historical block in some time segments due to relative high visitors flow. Considering the historical block features narrower architectures and streets and to meet the need of expanding the open space at the intersections between east-west streets and north-south streets, it is preferred to dismantle part of the architectures at many intersections to increase many open spaces with relatively small area, rather than dismantle part of the architectures at few intersections to increase few open spaces with relatively large area. It is mainly because increasing more relatively small open spaces is beneficial for increasing small open spaces in more areas which enjoy better thermal comfort in different time segments on the condition of reducing overall negative impact on the intersections. For the architecture height and road width vary in different historical blocks, this finding may not necessarily apply to any situation, but undoubtedly guide planners to give priority to relatively small rather than big open spaces. In consideration of the direction of the architectural shadows relative to the architectures in the daytime, setting more relatively small open spaces in the middle of the north-side of the architectures can make full use of architectural shadows in different time segments around the day and thereby create an area with good thermal comfort. Figure 16 is a schematic diagram for the demolition of corner buildings. As shown in Picture 16, the architectures are 9 m high, the main north-south streets in the middle is 10 m wide, other north-south street are 4 m wide and the east-west streets are 4 m wide (The street width does not include the length or width of the increased open space). Pictures 16-a, 16-b and 16-c separately refer to adding fewer and larger open spaces, adding more and smaller open spaces and adding more and smaller open spaces in the middle of the north-side of the architectures. After the PET simulation and analysis and comparison of average PET in the research areas of all time segments based on the weather parameters of Changsha city from 10:00 to 20:00 on 12 July 2022, it was found that the overall thermal comfort of 16-c is better than 16-b and 16-a. The simulation result can strongly support the said finding.
[image: Figure 16]FIGURE 16 | Schematic diagram for the demolition of corner buildings. (A) Demolish fewer buildings with larger floor space at intersections, (B) Demolish more buildings with smaller floor space at intersections. (C) Demolish more buildings with smaller floor space in the middle of the north-side of the buildings.
3.5.3 Appropriately changing the building height
From the perspective of architectural shadows, the higher the architectures are, the larger the architectural shadows are in most time segments of a day. When the historical block is located to the north of the Tropic of Cancer, the architectural shadows are at some position on the northwest, due west or southwest of their corresponding architectures at the sunrise time; from then on, the architectural shadows generally move to the northeast relative to their positions then, until they reach on the due north of their architectures at 12:00. After 12:00, the architectural shadows generally move to southeast relative to their positions at 12:00, until the Sun sets.
Figure 17 is a schematic diagram for the optimising of building heights. In overall consideration of the position changing situation of the architectural shadows relative to their architectures in the areas to the north of the Tropic Cancer in a whole day, increasing either the architectural height on both sides of east-west streets or that on both sides of north-south streets will increase the area of architectural shadows in some time segments of a day, so as to increase the area of the zones with good thermal comfort and further optimize the thermal comfort of the historical block. Picture 17-a is the base-case scenario where the architectural height is as indicated on the picture, the main north-south streets in the middle is 10 m wide, other north-south streets are 4 m wide and the east-west streets are 4 m wide. Picture 17-b is the model after the height of some architectures on both sides of north-south streets are changed on the basis of the base-case scenario. Picture 17-c only changes the height of some architectures on both sides east-west streets. According to the simulation as per the weather parameters from 10:00 to 20:00 on 12 July 2022, the general thermal comfort of 17-b and 17-c is superior than 17-a. The general thermal comfort can be effectively improved by increasing the architectural height in this scenario model of the historical block.
[image: Figure 17]FIGURE 17 | Schematic diagram of the building heights. (A) All buildings are 9 m high (B) Some buildings on the north and south sides are 15 m high and the rest is 9 m high, (C) Some buildings on the east and west sides are 15 m high and the rest is 9 m high.
4 CONCLUSION
The historic conservation area is composed of linear street spaces, and its internal street space form is closely related to the characteristics of the microclimate environment. The activation and renewal of the historic conservation area for the purpose of microclimate improvement can be realized by studying the characteristics of street form. In this paper, Taiping Street in Changsha is selected as the historic conservation area studied. The linear street spatial form formed by the enclosure of buildings on both sides of the area was extracted, and the street spatial form in summer was studied through field survey, field measurement, and software simulation.
5 Historical blocks are generally narrow, with lower buildings on both sides of the street. By properly renovating historical buildings to make full use of their advantages in blocking sunlight at different times and forming building shadows, the overall thermal comfort of the block can be effectively improved. Based on the specific situation of Changsha City located north of the Tropic of Cancer, the researchers fully considered the orientations of building shadows at all times of the day and fully utilized the specific feature of building shadows that can form areas of better thermal comfort by blocking sunlight. The study takes the historical blocks of Taiping Street in Changsha City as the research object and proposed optimization strategies that are beneficial to improving thermal comfort. This undoubtedly helps guide relevant scholars, especially urban planners, to fully consider the situation where thermal comfort is better in building shadow areas during the process of renovating historical blocks and to renovate historical blocks specifically to improve thermal comfort. Based on the specific situation of Taiping Street, the researchers explored the relationship between different values of street interface density and the thermal comfort of the area from the perspective of street interface density and found that increasing the street interface density of east-west streets is beneficial to fully utilizing building shadows to improve thermal comfort. Reducing the street interface density of north-south streets and forming new east-west streets can fully utilize building shadows to block sunlight, form shades, and improve thermal comfort. Removing some buildings and adding smaller open spaces in the middle of the north side of the building is also beneficial for using building shadows to improve thermal comfort. When adding open spaces, priority should be given to adding more smaller open spaces at the intersections of east-west and north-south streets rather than fewer larger open spaces. This is beneficial for forming many new small open spaces with better thermal comfort during the day while minimizing the negative impact on the thermal comfort of intersections. Increasing building height on both sides of east-west and north-south streets and reducing the D/H ratio is also beneficial for improving the thermal comfort of the block by increasing the area of building shadows during certain periods of the day. Our findings are beneficial for guiding researchers to think about fully utilizing building shadows and improving the thermal comfort of historical blocks from the three aspects of street interface density, open space, and D/H ratio. In our study, the effect of wind passages on improving the thermal comfort of historical blocks is not significant, which also helps guide planners to think about whether it is a suitable choice to blindly increase wind passages in historical blocks at a high cost without considering the role of building shadows.
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