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Evaluation of the role of green walls in enhancing outdoor thermal comfort in different morphologies of building blocks
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Various research has been conducted to enhance thermal comfort as a disturbed indicator in the unbalanced development of built environments. Some researchers have focused on the form and geometry of urban blocks as influential factors. Also, some have studied the effect of greenery in urban walls on improving thermal comfort. By defining six categories and 22 subgroups of the geometry of urban blocks in Tehran, this research is focused on identifying the effect of green walls on urban blocks in Tehran and the effect on thermal comfort in summer. Different geometries were changed based on changes in the direction of wind corridors, the height of blocks, and shading. The simulation of scenarios to conduct studies has been done in ENVI-met software. The results showed that changing the building typology (even by applying green walls) was insufficient to provide outdoor thermal comfort in Tehran; however, the separate cubes scenario provided better outdoor thermal conditions. The results of this study highlighted the importance of solar shading for outdoor spaces, as well as considering adaptive opportunities in site design for landscape architects and site designers.
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1 Introduction

Climate change, as one of the most significant environmental challenges facing the world, has extensive consequences for ecosystems and human societies. The unprecedented increase in temperatures and the frequent occurrence of heatwaves in recent years have revealed both the direct and indirect effects of this phenomenon on the environment and human life. This phenomenon is not limited to rising temperatures; it is also associated with changes in precipitation patterns, increased intensity and frequency of extreme events such as storms and floods, and the depletion of water resources. Reconsidering the designing of buildings and cities is essential for adaptation to these climate changes. Urban form is one of the fundamental factors affecting urban microclimate (Elnabawi et al., 2015; Middel et al., 2014), outdoor thermal comfort (Taleghani et al., 2015), urban heat island (Aflaki et al., 2017) and, ultimately, human health (Sanagar Darbani et al., 2021; Sharbafian et al., 2024). Several studies tried to evaluate the environmental performance of urban forms, which were summarized in Table 1. Urbanized urban air temperatures affect the buildings’ energy performance and outdoor thermal comfort (Tsoka et al., 2018).



TABLE 1 Previous studies considering the impacts of urban form on outdoor thermal comfort.
[image: Table1]

Ratti et al. (2003) and Goharian et al. (2023) compared the environmental performance of the courtyards with pavilions and found large courtyards to be environmentally suitable in cold climates. Bourbia and Awbi (2004a, 2004b) investigated the effects of height-to-width (H/W) ratio and sky view factor (SVF) in traditional and contemporary urban canyons on the urban microclimate and solar shading and proposed design guidelines for preventing excessive temperature increase in urban canyons. Yezioro et al. (2006) simulated 15 different courtyard-shaped urban squares in four orientations, using SHADING software, and found a rectangular courtyard facing North–South responding better for cooling purposes. Ali-Toudert and Mayer studied the effects of the H/W ratio and orientation of an urban canyon (Ali-Toudert and Mayer, 2006) as well as asymmetrical canyon shapes and using galleries/shading devices in various orientations (Ali-Toudert and Mayer, 2007) on outdoor thermal comfort using ENVI-met simulation. They found lower air temperatures in higher H/W ratios. Johansson (2006) compared outdoor thermal comfort in two neighborhoods using field measurements and found compact urban forms more suitable in the summer, while dispersed forms were more favorable in the winter. Okeil (2010) proposed a building form called “Residential Solar Block (RSB)” and compared its thermal performance with linear slabs and pavilion courtyards, and found RSB to be more energy-efficient than others in the hot and humid climate. Middel et al. (2014) studied outdoor thermal comfort in four residential neighborhood landscape types in a residential community at a university campus. The studied neighborhoods had different orientations, surrounding surfaces, and vegetation types while building forms and morphologies were almost identical. Deng and Wong (2020) studied the impacts of urban canyon geometries (including aspect ratio and orientation) on outdoor thermal comfort and the street microclimate. However, few building morphologies were assessed in each of the mentioned studies. There is still a need to perform a comprehensive study that compares the environmental performance of multiple urban forms. Also, another study investigates the effect of greeneries (Type and Position) in urban canyons on thermal comfort and air pollution. Results stated that coniferous trees on sidewalks have the weakest, and Deciduous trees in the median strip alone can have the most favorable effect on improving air quality and thermal comfort in different seasons (Hosseini Alamdari et al., 2022).

It is worth mentioning that Thorsson et al. (2011) compared outdoor thermal comfort in urban squares with courtyard and N–S/E–W canyons and found unshaded open squares to be warmer than the street canyons in summer. A comparison of outdoor thermal comfort between singular building blocks, linear blocks, and courtyard blocks was also conducted by Taleghani and colleagues. They found shapes with a longer duration of solar radiation to have the worst comfort situation. However, these studies were conducted in the De-Bilt (Netherlands) and Gothenburg (Sweden) Marine West Coast climates, and investigations in other climates should be conducted (Taleghani et al., 2015).

Finally, Chen et al. (2020, 2021) studied the effects of different aspect ratios and tree species on wind speed and thermal environment. They conducted scaled outdoor experiments in a SOMUCH platform (Scaled Outdoor Measurement of Urban Climate and Health), including 33-row North–South street canyon models in Guangzhou, China. They found that vegetation can reduce wind speed by 29–70% at the pedestrian level while better shading is provided by single-row.

Based on the analysis of previous studies (Table 1), it has been identified that each research focuses on specific parameters depending on its objectives. However, only a limited number of studies have comprehensively and simultaneously evaluated the impact of these parameters. This highlights a scientific gap that the present study aims to address. The innovation of this research lies in the diversity and breadth of scenarios and parameters considered, particularly those related to thermal comfort. The primary aim of this study is to identify and analyze the significance of design parameters utilized in prior research and their impact on enhancing thermal comfort in buildings integrated with greenery elements. Overall, this study seeks to contribute to the improvement of the design process for buildings that prioritize sustainability and thermal comfort by offering a comprehensive approach (Acero and Herranz-Pascual, 2015; Salata et al., 2016).

In this research, we aim to identify the typical patterns of urban blocks in Tehran. After classifying these patterns into six main groups, we will discuss the effect of green walls on thermal comfort on a human scale. Therefore, 22 patterns were defined in six groups (Acero and Herranz-Pascual, 2015).

Changing the orientation of the forms and the height of different parts of the blocks in each group led to the construction of different subgroups. These changes lead to effects on lighting, changes in wind direction, and wind tunnels and chimney effects. Identifying the effect of these changes in the appearance of green walls on thermal comfort was one of the goals of this research, which was done by computer optimization in Envi-met software and measuring various indicators related to thermal comfort (Cortes et al., 2022; Wang and Zacharias, 2015).



2 Methods


2.1 Study area

The study was conducted in the city of Tehran (Figure 1), which is the capital of Iran (35.62°N; 51.42°E; 1,190.8 m Elevation), with a hot and semi-arid climate, classified between Csa (in the northern areas) and BWk (in the southern regions) in the Köppen-Geiger classification system. As shown in Figure 1, August is the warmest month (mean Ta = 30.1°C), and January is the coldest (mean Ta = 3.9°C); while max Ta exceeds 40.0°C in July, the minimum air temperature surpasses −5.0°C in January. The average relative humidity is highest in January (60%) and lowest in June (22%) (Hedquist and Brazel, 2014).
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FIGURE 1
 The monthly average of min and max temperature and relative humidity average in Tehran, Iran (based on the experimental study in Tehran by the Iran Meteorological Organization).


Considering that there have been no significant climate changes in the last few years in the city of Tehran, the climate data for 2019 is considered a typical climate year for the city of Tehran. The diagram in Figure 1 can be a basis for the present research. They are also considering that in this research, the amount of temperature change and indicators related to thermal comfort due to the amount of greenness and the type of tissue typologies and urban blocks are considered. Therefore, in case of slight changes in metrological parameters, the study’s results will not be affected. However, based on the data of the Iranian Meteorological Organization, the above diagram has been a reference for the modeling of this research.



2.2 Microclimatic model and simulation

Computational Fluid Dynamics (CFD) simulation software is the most effective technique for evaluating the impacts of urban forms on microclimatic variables and thermal comfort (Aflaki et al., 2017). ENVI-met is an easy-to-use CFD modeling software commonly used by researchers in various disciplines focused on the urban environment (e.g., landscape architecture, urban planning, civil engineering, and urban climate). The model’s relatively simple input scheme and user-friendly interface allow almost any researcher with minimal expertise to simulate complex urban geometries and vegetation. It is widely employed not only for investigating existing outdoor microclimate environments but also for assessing the performance of urban heat island mitigation strategies and studying outdoor air quality based on the dispersion and deposition of pollutants.

ENVI-met relies on RANS equations to solve the model physics (Fischereit and Schlünzen, 2018). The design of the model interface is intuitive and simple enough for any researcher to be able to quickly set up an experimental domain and begin to conduct simulations with the software (Faragallah and Ragheb, 2022; Ghaffarianhoseini et al., 2015).



2.3 Model validation


2.3.1 Validation of ENVI-met

ENVI-met (Bruse and Fleer, 1998) is an on-hydrostatic Computational fluid dynamics (CFD) model used to simulate microscale interactions between surfaces, vegetation, and the atmosphere in the urban canopy layer. The ENVI-met model is one of the most widely employed dynamic simulation tools (Tsoka et al., 2018). The analysis revealed that the model can be considered as a helpful tool for urban climate analysis, provided that its limitations and features are accounted for by the user during the interpretation of the simulation outcome (Tsoka et al., 2018).

Many previous studies validated the ENVI-met simulation results; e.g., Simon et al. (2018) found that ENVI-met can accurately simulate microclimate models in a complex urban environment. Some other studies found strong correlations between simulated and observed meteorological variables. The reported coefficient of determination (R2) between the simulated and measured values was between 0.783 and 0.976. The reported Root Mean Square Error (RMSE) values indicated the average error between 0.26 and 0.626, indicating ENVI-met as an appropriate tool for simulating the outdoor thermal environment with acceptable accuracy (Jänicke et al., 2015).

Several studies validate their results for air temperature using observed vs. modeled error metrics, but they have not examined how sensitive the model is to its parameters (Chow and Brazel, 2012; Emmanuel and Fernando, 2007; Middel et al., 2014; Yang et al., 2013). Some researchers have also recommended for more thorough testing of numerical modeling of the environment because they are less confident in ENVI-ability met’s to accurately describe heat transfer between buildings and the atmosphere (Buccolieri et al., 2015; Maggiotto et al., 2014). There are statistical disparities amongst models, but according to Crank et al. (2018), these differences aren’t as significant as the shift in surface albedo. As a result, the estimated variations in mitigation measures are less significant than the relative amount of the error associated with model resolution (Ketterer and Matzarakis, 2015; Lee et al., 2016).

Crank et al. mentioned some failures of grid independence in the “flat” domain simulations. Relief methodologies result in temperature changes that are an arrange of greatness bigger than the blunders presented by network reliance for the level space, a need for network freedom itself does not fundamentally nullify the utilize of ENVI-met for warm relief inquiries (Crank et al., 2018).



2.3.2 Measurement versus simulation

In this step, one ENVI-met model (the courtyard shape as a sample) was validated through a comparison between field measurements and simulation results. The measurements were done in Tehran according the Figure 2.
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FIGURE 2
 Plan of the simulation space based on the existing situation in an east–west street and the views of the buildings in the wall (Top). Heatmap for air temperature index on May 17, 19 and 21, 2023. From left to right, respectively (Bottom).


To validate the simulation within the software, a comparative analysis has been conducted between the software-generated data and environmental measurement data. The typology selected for validation follows the East–West linear pattern. Based on the current condition of the street wall, the modeled cut spans a length of 60 m. This street runs east to west, with one side featuring a continuous row of tall trees approximately 14 m in length, while the opposite side consists of a row of buildings incorporating green walls in various sections of the facade, along with plants and green spaces (Figure 2). The simulation inputs in the software are precisely based on the parameters and characteristics of the existing situation.

The simulation was conducted for the temperature variable, with a comparative analysis performed over 3 days: May 17, 19, and 21, 2023. The simulation hours on these days ranged from 7: 00 am to 10:00 pm. During each hour, the simulation outputs and field measurements were recorded and compared. The data from the simulation and temperature measurements were collected at points 2, 5, 7, and 10 (Figure 2, bottom). A comparative analysis of the field measurements and simulation outputs was carried out, ensuring that both sets of data were captured at a height of 140 cm above the ground. The data collection locations and methods were consistent at points 2, 5, 7, and 10, and a detailed comparison between simulation results and field measurements was performed. As it is clear from the heat map maps in 3 days, the temperature varies noticeably on different days and hours.

Figure 3 has been prepared to determine the degree of difference between simulation-generated data and real-world data. Specifically, these data were collected from four distinct points between the blocks, covering the time period from 7 a.m. to 10 p.m. An analysis of the results indicates the presence of a clear and identifiable pattern between the data obtained from the two methods used. This pattern accurately and transparently illustrates the trends over different time intervals and reflects a relative consistency between the information recorded by the two methods. Analyzing such a pattern can contribute to a deeper understanding of the processes and various aspects of the data and provide a credible basis for evaluating and refining future methodologies in this field. Therefore, by highlighting the meaningful correlation between these datasets, greater clarity can be achieved in analyzing and interpreting the results, which plays a significant role in decision-making processes (Figure 3, bottom).

[image: Figure 3]

FIGURE 3
 Comparative air temperature comparison using simulation and field measurement data and correlation between them (Bottom).


To evaluate the quality and reliability of simulated data compared to real-world data, a linear correlation chart has been utilized. This chart systematically and accurately illustrates the relationship between the two datasets. Statistical analysis conducted on these data reveals that the calculated correlation coefficient is 0.92, indicating a strong and meaningful relationship between the simulated and real data. This finding significantly underscores the credibility of the modeling approach and the precision of the simulation methods. The positive linear correlation between these two datasets demonstrates that the methods used in the simulation process have effectively predicted the actual behavior of the system. This alignment highlights the efficiency of the models in adapting to real-world conditions and their capability to deliver reliable results for use in research and practical projects. The final conclusion of this analysis confirms the accuracy and applicability of the simulation tools, as well as the alignment of predicted data with existing realities. This serves as a solid foundation for making informed decisions and designing optimized solutions for future applications (Figure 3, bottom).




2.4 Modeling process

Based on the buildings ‘form, simulation scenarios were divided into six main groups. Each group consisted of several subsets. The independent variables included form, height, the orientation of the buildings, and the percentage of the external walls covered by each material (concrete wall, glazing, and green wall). In contrast, the dependent variables included biometeorological indices (PET, PMV, PPD, and SET). The material types were similar in all scenarios.


2.4.1 Simulation scenarios

In the process of selecting the morphological types under investigation, every effort was made to carefully consider all essential factors to ensure that the research results are comparable with prior related studies. Accordingly, the morphological types chosen as the primary basis are those that have been utilized in credible modeling and previous research related to the city of Tehran. This selection was aimed at achieving more accurate results while enhancing the scientific validity of the study (Figure 4).

[image: Figure 4]

FIGURE 4
 Blocks selected from related research to compare results and blocks recognized as valid and valid in previous research (Taleghani et al., 2014).


Furthermore, to ensure complete compatibility of the selected morphological types with the urban fabric and construction characteristics of Tehran, only common and widely-used types that are aligned with the city’s urban structures were taken into account. This approach, considering the structural diversity and unique features of Tehran, has enabled more precise analysis and effective application in both practical and research-oriented contexts. Therefore, the selection of morphological types was carried out in a manner that aligns with research requirements as well as the practical needs associated with urban planning (Figure 5).

[image: Figure 5]

FIGURE 5
 Typical morphologies of building blocks in Tehran based on research.


It should be noted that the pattern of the central courtyard is widely used and repeated due to its excellent compatibility with climatic conditions. Therefore, it is one of the most critical patterns for modeling the central courtyard with different complete and three-sided shapes and in different directions. It is worth mentioning that the diversity and multiplicity of morphologies and typologies in the urban block are high, and the basis for choosing typologies to limit the scope of modeling is to use patterns similar to previous research and common patterns in the urban context of Tehran.

Basic and standard models justified in previous studies have been used to justify dimensions (Figure 5). The researchers analyzed the common configuration in Tehran and selected four different configurations (singular blocks E–W [SC1], singular blocks N–S [SC2], Linear blocks E–W [SC3] and Linear blocks N–S [SC4]) and courtyard blocks based on previous studies (Taleghani et al., 2014). After determining the optimal dimensions of a building block, we studied 6 of them in a different configuration (Figures 4, 5).

The studied scenarios were classified into six prototypes as follows: (A) Modular separate cubes, (B) Parallel Strips, (C) Closed Courtyard, (D) U-shaped Courtyard, (E) Cross Corridor Courtyard, and (F) Indirect Corridor Courtyard (Figure 6).

[image: Figure 6]

FIGURE 6
 Specifications of the studied scenarios.




2.4.2 Materials

The specifications and features of the applied materials and other simulation settings are mentioned in Table 2.



TABLE 2 Specifications and profile of the road surface material (Asphalt-0100st) (Part1), specifications and profile of the wall and ceiling materials (Part 2), specifications and profile of the green wall materials (Part 3).
[image: Table2]

The ground surfaces were covered with asphalt with 20% albedo and emissivity of 0.9, which was not irrigated (Table 2, Part 1). Default walls and ceilings were made of concrete with 30 cm thickness (Table 2, Part 2). The external walls were green (including a green layer plus sandy-loam substrate) with different characteristics, which are presented in Table 2. The glazing materials for external windows were selected from “Plexi-Glass,” with specifications given in Table 2, Part 3.

The X–Y–Z dimensions of the model were 60 × 60 × 60 grids, while the grid resolutions were 2 m × 2 m × 2 m (Table 3, Part 1). The total simulation time for each scenario spanned 6 h from 13:00 until 19:00 on June 21, 2020; when the air temperature ranged between 25.3°C and 37.3°C, and relative humidity ranged between 9 and 20%. The meteorological boundary conditions are presented in Table 3, Part 2.



TABLE 3 Specifications of the Glazing material (Part 1), settings in the ‘spaces’ subprogram (Part 2), and simulation settings (Part 3).
[image: Table3]




2.5 Selecting thermal indices

Three thermal indices (including PET, PPD, and SET*) and Ta were outputted by ENVI-met software and further used for detailed analysis of the thermal environment. A brief description of the selected thermal indices is as follows.


2.5.1 Physiologically equivalent temperature (PET)

PET was proposed and developed by Höppe (1999) based on the Munich energy-balance human body model (MEMI). PET is considered the most widely used index for evaluating thermal comfort in outdoor spaces (Potchter et al., 2018). This index is also accepted by the VDI 3787 German guideline (VDI 3787, 2008). Accordingly, the physiologically equivalent temperature index was used in the present study to evaluate the thermal comfort conditions in the simulated models.



2.5.2 Predicted percentage of dissatisfied (PPD)

The PMV index, initiated is accepted by the ISO 7730 international standard (ISO 7730, 2005). PPD is another index proposed by the ISO 7730 standard for evaluating the level of thermal comfort. This index, which predicts the estimated percentage of people dissatisfied with thermal conditions, is not independent and is calculated using the PMV value based on the following formula (ISO 7730, 2005).

[image: image]

The lowest defined PPD value is 0.05, which means that even in the best comfort conditions, at least 5% of people still feel dissatisfied with the thermal environment. However, the maximum PPD rate in harsh environmental conditions can reach up to 100%, which means everyone is likely to feel dissatisfied with thermal conditions.



2.5.3 Standard effective temperature (SET*)

SET* was first proposed by Gagge et al. (1986) based on Gagge’s two-point model. This index is the third most widely used index for evaluating thermal comfort in outdoor spaces (Potchter et al., 2018) and has been used in many studies to evaluate thermal comfort in outdoor spaces (Johansson et al., 2018; Sen and Nag, 2019; Ulpiani et al., 2019). In Tehran, the thermal comfort ranges for the Physiological Equivalent Temperature SET are between 20.5°C and 25.5°C, a range that depends on the specific climatic conditions of the area. Due to its predominantly hot desert or semi-arid climate, Tehran displays a significant diversity in thermal indices and a need to ensure comfort in various spaces. These climatic conditions have a direct impact on the design and management of heating and cooling systems, architectural styles, and urban spaces in order to provide suitable thermal comfort based on optimal values of the physiological equivalent temperature.

However, a comparison of the nine most widely used indices for assessing thermal comfort conditions in Tehran has shown that SET*’s original scale is one of the weakest indices for evaluating thermal comfort in outdoor spaces in Tehran. However, since this index can be obtained as one of the outputs of ENVI-met software, and considering the availability of the modified scale of this index for Tehran, values of this index were also assessed in this study.





3 Results


3.1 Maximum air temperature

The mean maximum temperature of the site areas at different afternoon hours on June 21 is shown in Figure 7. The results make it clear that the mean maximum air temperature of the entire site reaches its lowest value in A-2 and A-3 scenarios (Nine detached cubes, while southern and eastern cubes were 12–14 m high and others were 10–12 m high). As a result, thermal dissatisfaction is minimized in these two scenarios.

[image: Figure 7]

FIGURE 7
 Mean maximum air temperature of the site areas from 13:00 to 19:00 on June 21.


The simulation outputs indicating air temperature in the A-3 scenario, at 1 meter high above the ground, between 13:00 and 19:00 on June 21 are presented. It is worth mentioning that the legends of the temperature ranges could not be adjusted in these output files because the free version of ENVI-met software was used in simulations. That is why the colors indicating the Ta ranges are not similar at different output results shown in Figures section discussion.



3.2 Maximum PET

Considering Figure 8, which demonstrates the mean maximum PET of the site areas at different afternoon hours on June 21, it is clear that the mean maximum PET is minimized in the A-3 scenario (Nine detached cubes, while northern and western cubes were 14 m high and others were 12 m high), indicating that A-3 has the lowest thermal discomfort and highest thermal comfort within the studied scenarios. This is in consistent with the results of air temperature analysis and confirms the results obtained in the previous section.

[image: Figure 8]

FIGURE 8
 Mean maximum PET of the site areas from 13:00 to 19:00 on June 21.


ENVI-met simulation results presenting PET values of the A-3 scenario between 13:00 and 19:00 on June 21 are demonstrated in the figure section discussion.

At 13:00, the minimum and maximum PET values were 22.2°C and 42.6°C, respectively, while PET ranges between 28.3°C and 32.4°C dominated most of the site areas. At 14:00, the minimum and maximum PET values increased to 23.2°C and 51.6°C, respectively, while PET ranges between 34.6 and 37.4°C had the most frequency within the site areas. At 15:00, the thermal environment reached its warmest conditions and minimum and maximum PET values reached 24.4°C and 53.8°C respectively, while most of the site areas had PETs ranging from 36.2°C to 39.1°C. After 16:00, the weather starts to cool down until 19:00 when minimum and maximum PET values were 18.2°C and 20.5°C respectively; besides, at this hour, PET ranges between 18.4°C and 18.7°C had the most frequency within the site areas.



3.3 Maximum PPD

The mean maximum PPD of the site areas between 13:00 and 19:00 on June 21 is shown in Figure 9. The results show that the mean maximum PPD was minimal in the A-3 model, indicating better thermal comfort conditions in this scenario comparing to the other studied cases, and confirming the results obtained in the previous sections.

[image: Figure 9]

FIGURE 9
 Mean maximum PPD of the site areas between 13:00 and 19:00 on June 21.


PPD outputs resulting from A-3 scenario simulations between 13:00 and 19:00 on June 21 are presented in the figure section discussion. As the free version of ENVI-met software was used in simulations, the legends could not be adjusted in this output file either and that is why the colors indicating the PPD ranges are not similar at different output results.

The minimum and maximum PPD values at 13:00 were 5.9 and 55.1%, respectively, while PPD ranges between 25.6 and 30.5% dominated most of the site areas. At 14:00, the minimum value did not change much from 5% while the maximum PPD values increased to 92.3%. Meanwhile, PPD ranges between 74.8 and 83.5% had the most frequency within the site areas. At 15:00 and 16:00, the thermal environment reached its hottest conditions and maximum PPD values increased to 99.6–99.9%, respectively, (the minimum PPD value remained 5%), while most of the site areas had PPDs above 90.1–90.5%. After 17:00, the weather started to cool down when minimum and maximum PPD values were 5.1 and 90.4% respectively; besides, the most frequent PPD ranges between 13.6 and 22.1% had the most frequency within the site areas at this hour.



3.4 Maximum SET*

The mean maximum SET* of the premises from 13:00 to 19:00 on June 21 is presented in Figure 10. The results show that the mean maximum SET* is minimized in A-2 and A-3 simulated models, indicating better comfort in these two scenarios. That is following the results obtained in the previous sections.

[image: Figure 10]

FIGURE 10
 Mean maximum SET* of the site areas between 13:00 and 19:00 on June 21.


SET* values resulting from the A-3 scenario simulations between 13:00 and 19:00 on June 21 are specified in the figure section discussion. As the colors indicating SET* ranges cannot be edited in the free version of the ENVI-met software, the legends of the output files are not similar. It can be found that the minimum and maximum SET* values at 13:00 were 21.1°C and 37.7°C, respectively, while SET* ranges between 26.1°C and 27.7°C dominated most of the site areas. At 14:00, the minimum and maximum SET* values increased to 22.1°C and 39°C respectively, while SET* ranges between 28.9 and 30.5°C had the most frequency within the site areas. The warmest thermal conditions of the day occurred at 15:00 when minimum and maximum SET* values reached 23.1°C and 40.4°C respectively, while most of the site areas had SET*s ranging from 30°C to 31.8°C. 16:00 is still one of the warmest hours of the day when minimum and maximum SET* values were 22.6°C and 40.2°C, while most of the site areas had SET*s between 29.7°C and 31.4°C. After 17:00, the weather starts to cool down until 19:00 when minimum and maximum SET* values reached 16.1°C and 19.5°C respectively; besides, at this hour, SET* ranges between 16.4°C and 16.7°C had the most frequency within the site areas.




4 Discussion

The results showed that the A-3 scenario had better thermal comfort conditions than the other simulated models during the afternoon hours of June 21. That can be attributed to the better distribution of building blocks in this scenario, which prevented unshaded open spaces from forming within the site. Other simulated scenarios included an open piazza measuring approximately 60 m by 60 m which was not shaded in any of the simulated hours. As a result, the temperature of this unshaded space increases sharply in the summer afternoon and thermal dissatisfaction rises far beyond the acceptable limits. Whereas in the A-3 scenario, the width of the building blocks equals their adjacent empty spaces (~20 m), creating a better proportion between mass and empty space. Thus, the shading provided by the building blocks prevents excessive temperature increases in summer afternoon hours. The findings of this study align with the conclusions drawn by Deng and Wong (2020), who emphasized the significance of compact urban geometries in creating more comfortable environmental conditions. Their research demonstrated that such urban arrangements contribute to enhanced thermal comfort by generating substantial shading effects, which mitigate the impact of solar radiation and reduce heat accumulation.

The analysis revealed that the D-2 scenario, characterized by an open piazza without building blocks to the north, and the B-4 scenario, featuring three north–south oriented strips with a height of 12 m, exhibited the poorest outdoor thermal comfort conditions among the studied models. The thermal discomfort in the B-4 scenario is primarily attributed to the orientation of the linear building forms along the north–south axis, which fails to provide adequate solar shading during midday and afternoon hours. Meanwhile, the D-2 scenario, consisting of an approximately 90-m by 60-m unshaded open space, resulted in significant thermal dissatisfaction due to the absence of protective shading features in the area.

The findings of this study align closely with the research conducted by Al-Rabghi et al. (2017), which highlighted the thermal discomfort associated with open, unshaded piazzas in the hot and arid cities of Saudi Arabia. Their research underscores the critical need for implementing solar shading solutions in outdoor urban spaces, including piazzas, corridors, and similar environments, to enhance thermal comfort in such climates. Al-Rabghi and colleagues strongly recommended the integration of shading strategies as a key approach to mitigate excessive heat exposure and improve the usability and overall livability of outdoor public spaces in regions with extreme climatic conditions.

Also, in the north–south oriented streets (scenarios B-1, B-2, and B-3) one of the sidewalks is always in the shade while the other side is always in the sun; thus, the pedestrians have the opportunity to choose the most suitable sidewalk based on their thermal requirements. While thermal conditions are the same on both pavements of the north–south oriented streets (scenarios B-4, B-5, and B-6); so, they give the passengers little adaptive opportunities. What is more, the interior conditions of the building blocks would not be favorable in B4–6 scenarios either, since these buildings receive daylight just from the east and west façades.

Due to the better performance of the A-3 scenario in providing outdoor thermal comfort compared to the other simulated models, air temperature along with PET, PPD, and SET* indices are analyzed in this scenario as follows (Figure 11).
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FIGURE 11
 ENVI-met results of A-3 scenario presenting air temperature at 1 m high, between 13:00 and 19:00 on June 21 (Row 1), ENVI-met results of A-3 scenario presenting PET values between 13:00 and 19:00 on June 21 (Row 2), ENVI-met results of A-3 scenario presenting PPD values between 13:00 and 19:00 on June 21 (Row 3), ENVI-met results of A-3 scenario presenting SET* values between 13:00 and 19:00 on June 21 (Row 4).



4.1 Analyzing air temperature

Air temperature is undoubtedly the most important meteorological variable in thermal comfort studies. However, some studies suggest that analyzing air temperature alone is not sufficient for assessing thermal comfort, especially in outdoor environments, and other environmental variables, such as the mean radiant temperature, should also be considered while evaluating thermal comfort conditions. However, some ranges of air temperature were proposed in the previous studies as the thermal comfort zone; for example, based on the Olgyay bioclimatic chart, air temperatures between 21.5°C and 29°C can be considered as the summer comfort conditions in latitudes between 25° and 40°N (Olgyay and Olgyay, 1963). In a more recent study, Sharmin and colleagues reported the air temperatures between 30°C and 33°C (in the shade), as appropriate summer thermal conditions in Dhaka, Bangladesh (latitude 23.77°N) (Sharmin et al., 2019). For the Hong Kong city in China (latitude 22.3°N), air temperatures between 15.4°C and 29.9°C were suggested as thermal comfort range (Cheung and Jim, 2018), while air temperature range between 20.7°C and 29.1°C was reported as comfort air temperature range in Athens, Greece, (latitude 37.98°N) (Tseliou et al., 2015). Considering Tehran’s climatic similarities to Athens (both cities are located at the same latitude 35–37°N and categorized as Csa in Köppen’s climate classification), Athens’s thermal comfort range (20.7°C–29.1°C) can also be considered as a comfort zone in Tehran. This temperature range also corresponds to the comfort range specified in the Olgyay bioclimatic chart.

Simulation results of the A-3 scenario between 13:00 and 19:00 on June 21 (Figures 11, 12) show that apparently, both maximum and minimum air temperatures were within the comfort range (20.7°C–29.1°C) throughout this period. However, it should be noted that this temperature range is only comfortable in the “full shade” conditions. Therefore, since many parts of the site area were exposed to direct sunlight during this period, it is impossible to evaluate thermal comfort conditions during these hours by examining the air temperature alone. It is necessary to analyze thermal indices.
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FIGURE 12
 Maximum, minimum, and mean air temperatures of the A-3 scenario between 13:00 and 19:00 on June 21.




4.2 Analyzing PET

Although the ranges of PET in the A-3 scenario were presented in Figure 4, outdoor thermal comfort within the day cannot be analyzed without comparing the results with thermal comfort scales. Matzarakis and Mayer proposed the original scale of PET at the same time as the development of this index in 1996 (Matzarakis and Mayer, 1996) and has been used in many papers and international studies since then. However, concerning the need to use calibrated scales of thermal indices for different regions, the PET Modified scale for Tehran is presented, which may provide a more appropriate basis for analyzing thermal comfort in this city (Table 4). However, to fully ensure the accuracy of the results, the PET ranges were compared with the international (original) thermal stress scale and with the modified scale for Tehran.



TABLE 4 Comparing PET original scale (Matzarakis and Mayer, 1996) with PET modified scale for Tehran.
[image: Table4]

Comparing the minimum, maximum, and mean PET of the A-3 scenario with the original thermal stress categories (Figure 13-left) shows that except for 15:00 and 16:00, the minimum PET values were within the neutral range during the rest of the afternoon hours of June 21. In other words, except for 15:00–118:00, at least one place can be found within the site, which is in neutral thermal conditions during the rest of the day. However, most parts of the site area were in the “hot” (at 13:00 and 17:00) or “very hot” categories (at 14:00, 15:00, and 16:00) in the afternoon hours of June 21, which are considered as unpleasant thermal conditions. The maximum amounts of PET were in the “very hot” category between 14:00 and 16:00, which is undesirable.
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FIGURE 13
 Maximum, minimum, and mean PET of the A-3 scenario between 13:00 and 19:00 on June 21 comparing with the international thermal stress categories (left) and a modified scale for Tehran (right).


Figure 13 compares the mean, minimum, and maximum PET values of the A-3 scenario with thermal stress categories modified for Tehran. According to Figure 13-right, the minimum amounts of PET were within the neutral range at all afternoon hours of June 21. That means that a person who can move around and change his location can find at least one place on the site that provides thermal comfort during all afternoon hours of June 21. Exactly similar to the analysis performed using the international scale, the “hot” (13:00 and 17:00) and “very hot” (14,00, 15:00, and 16:00) categories had the highest frequency within the site. The maximum PET value was also in the “very hot” category from 14:00 to 16:00 However, after sunset, the maximum PET value entered the “slightly warm” category at 18:00 and entered the neutral zone at 19:00.



4.3 Analyzing PPD

Different assessment scales were suggested for classifying the percentages of thermal dissatisfaction. One of the most common classifications, which is also the basis of the thermal comfort definition, refers to thermal comfort as the condition in which at least 80% of people are satisfied with the thermal environment (PPD ≤ 20%).

The ISO 7730 standard considers three categories of “PPD ≤ 6%,” “PPD ≤ 10%,” and “PPD ≤ 15%” as acceptable PPD limits in different categories of building interiors (ISO 7730, 2005). However, PPD classifications are different outside the building. Based on two recent studies (Mi et al., 2020), the neutral temperature in outdoor spaces is defined as thermal conditions in which thermal satisfaction is greater than 90% (or thermal dissatisfaction is less than 10%). Similarly, the “slightly warm” category is defined by thermal satisfaction of 80–90% (thermal dissatisfaction of 10–20%), “warm” category occurs when thermal satisfaction is between 56.7 and 80% (thermal dissatisfaction is between 20 and 43.3%), in the “hot” category thermal satisfaction is 33.3–56.7% (thermal dissatisfaction is 43.3–66.7%). Finally, thermal satisfaction of less than 33.3% (thermal dissatisfaction of more than 66.7%) defines the “very hot” category. These values are summarized in Table 5.



TABLE 5 Thermal stress categories based on percentages of thermal satisfaction their equivalent PPD (Mi et al., 2020).
[image: Table5]

According to Figure 8, it can be found that at 15:00 and 16:00 on June 21, thermal dissatisfaction in significant parts of the site area is higher than 90%. This excessive increase in thermal dissatisfaction can be attributed to the exaggerated nature of the PPD index. As mentioned earlier, the PPD index is calculated based on the PMV value; however, it was shown in the previous studies that using PMV for outdoor thermal comfort assessment would lead to exaggerated results; so PMV would overestimate actual sensation votes by the factors of 1.6–1.8.

The minimum, maximum, and mean values of PPD from the A-3 scenario between 13:00 and 19:00 on June 21 compared to outdoor thermal stress categories are specified in Figure 14. The results are in agreement with those obtained in the previous sections. Figure 14 shows that minimum PPD was in comfortable conditions during all afternoon hours of June 21, indicating that at least one point with neutral comfort conditions could be found within the site area in all these hours. Someone who can adapt to the environment by changing his location can find at least one point with neutral conditions during all afternoon hours of this day. At the same time, “hot” conditions had the most frequency in the site areas, while the maximum PPD values were in the “very hot” category during the simulated hours. The extreme values of PPD in these hours can be attributed to the exaggerative nature of the PPD index in assessing outdoor thermal comfort as mentioned, yet, the PPD results were inconsistent with the results obtained by analyzing air temperature and PET in sections 4.1 and 4.2, indicating uncomfortable thermal conditions in most parts of the site. These results indicate that paying attention to the form and location of the buildings cannot guarantee outdoor thermal comfort, and taking other parameters (such as providing shade, using green spaces, albedo, etc.) into account is also necessary to achieve thermal comfort.
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FIGURE 14
 Maximum, minimum, and mean PPD values of the A-3 scenario between 13:00 and 19:00 on June 21 compared with thermal stress categories.




4.4 Analyzing SET*

The original assessment scale of SET* (Johansson et al., 2018) compared with its modified scale for Tehran are presented in Table 6. It should be noted that the basis of thermal stress categorization in these two classifications was the ASHRAE 7-point scale. These two scales were compared in Figure 15 with SET* values of the A-3 scenario.



TABLE 6 Original assessment scale (Johansson et al., 2018) versus modified scale of SET* for Tehran.
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FIGURE 15
 Maximum, minimum, and mean SET* of the A-3 scenario between 13:00 and 19:00 on June 21 compared with the international thermal stress categories (left) and a modified scale for Tehran (right).


Comparison of the minimum, maximum, and mean SET* values of the A-3 scenario from 13:00 to 19:00 on June 21, to the original thermal stress categories of SET* (Figure 15-left) show that minimum SET* values at 13:00, 17:00, 18:00, and 19:00 and even maximum SET* values at 19:00, are below the original neutral range of SET* (22.2°C) and were in the “cool” thermal stress category. However, this does not seem correct, considering that simulations were performed in the afternoon hours of one of the hottest days of the year in Tehran. Accordingly, this is in line with the results obtained. They found the SET* original scale inappropriate for assessing outdoor thermal conditions in Tehran and intensified the need to use the modified scale of SET* for outdoor comfort analysis in this city.

Figure 13 compares the mean, minimum, and maximum SET* values of the A-3 scenario from 13:00 to 19:00 on June 21 with Tehran’s SET* modified scale. According to Figure 15-right, the minimum SET* values were within the neutral range at 13:00, 17:00, 18:00, and 19:00, indicating that except for 14:00, 15:00, and 16:00, in the other afternoon hours of June 21, at least one point with neutral temperature can be found within the site area. If the site design allows the users to adapt to the environment, an assumed user can find at least one point with a neutral temperature by changing his location. This result follows the results of PET, PPD, and air temperature analysis in the previous parts.

Figure 15-right also shows that the maximum SET* values were within the “very hot” range from 13:00 to 17:00, while most of the site areas were in the “hot” range during these hours, only in the late afternoon hours (after sunset) that the maximum SET* was in the neutral zone. These results are by the results obtained by analyzing PET and PPD indices in the previous two sections and show the insufficiency of mere attention to the building morphologies in achieving outdoor thermal comfort, even while other strategies such as green walls were applied.




5 Conclusion

This study investigated the impacts of 22 different building morphologies (including modular separated cubes, parallel strips, and Courtyards) and applying green walls on achieving outdoor thermal comfort in Tehran’s summer conditions. These scenarios were simulated using ENVI-met software during the afternoon hours of June 21.

The findings of the study revealed that changes in building morphology, even with the use of green walls, are not sufficient on their own to ensure outdoor thermal comfort in the city of Tehran. Green walls, in addition to their aesthetic and ecological roles, can significantly enhance thermal comfort by providing shade, lowering ambient temperatures, and improving air quality. However, the complex climatic conditions and environmental factors in Tehran necessitate more comprehensive and multidimensional approaches to achieve optimal thermal comfort. This highlights the importance of integrating diverse urban design strategies, such as optimizing green spaces, controlling solar radiation reflection, utilizing innovative materials, and enhancing the role of green walls as part of urban ecological infrastructure, alongside architectural form considerations.

However, the “Modular separate cubes” (the “A” group scenarios) and especially the A-3 scenario (Nine detached cubes, while northern and western cubes were 14 m high and others were 12 m high) provided better outdoor thermal conditions during the afternoon hours of June 21. The better performance of the A-3 scenario can be attributed to the distribution of building blocks in this scenario, which prevented large unshaded open spaces from forming within the site, and the shading provided by the building blocks prevented excessive temperature increase in summer afternoon hours.

Thermal indices of the A-3 scenario were also compared with original and modified thermal comfort scales. The results showed that the minimum values of thermal indices were within the neutral range during almost all afternoon hours of June 21, indicating that in all these hours, at least one point with neutral comfort conditions could be found in the site area. If the site design provides enough adaptive opportunities for the users, then pedestrians who can change their location within the site can find at least one point within the neutral temperature range during the afternoon hours of June 21. However, the results also showed unsatisfactory thermal conditions on most site areas in the afternoon hours of June 21 even in this scenario. Since the A-3 scenario provided the best thermal conditions among the simulated case studies, it can be inferred that thermal conditions were not satisfactory in other scenarios as well. Therefore, it can be concluded that the morphology of buildings alone does not have a significant impact on outdoor thermal comfort in Tehran, and green walls, when used individually, are also unable to create substantial changes in the city’s climatic conditions. However, the combination of these two factors—appropriate morphological design along with the use of green walls—can effectively contribute to improving thermal conditions and yield satisfactory results. At the same time, implementing other complementary measures, such as planting trees and expanding vegetation cover, altering the albedo of external surfaces, and incorporating permeable materials in urban infrastructure and pathways, appears essential to optimize outdoor thermal comfort in urban spaces. Addressing such influential factors not only creates a more favorable environment but also plays a crucial role in enhancing the quality of life for citizens and improving the urban ecosystem.



6 Limitations and suggestions for further studies

It is important to emphasize that the scenario of separate cubes has been presented as an optimal option in architectural design; however, this should not prevent the exploration of other proposed scenarios in this study. Specifically, considering various ratios between width and height in different building forms, such as courtyard designs, can be beneficial for better adaptation to the climatic and environmental conditions of Tehran. Accordingly, it is recommended that future research conduct a more detailed examination of different architectural forms with diverse width-to-height ratios, taking into account factors such as the sky view factor in these studies. This approach could help identify more optimal and region-specific solutions.

Considering the results obtained from the green wall performance in this study, it is recommended that future research conduct a more comprehensive examination of the use of greenery on rooftops, as well as the combination of green walls and green roofs. Analyzing the impact of this type of design on Tehran and similar climates can provide valuable information that ultimately leads to the formulation of common and practical guidelines for builders and urban designers. Consequently, by implementing these strategies, it is possible to enhance the quality of the urban environment and promote sustainability in urban planning.
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