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ABSTRACT

The expansion of cities has led to an increase in man-made surfaces, exacerbating the urban
heat island effect. One effective strategy for mitigating urban heat and regulating climate change
is the implementation of urban green spaces. This study aimed to compare the cooling potential
of various types of urban green infrastructure. The current conditions and different types of green
infrastructure were designed and simulated using the ENVI-met model across four scenarios. The
results indicated that green walls and green roofs significantly influence the micrometeorological
conditions within urban canyons by increasing relative humidity and decreasing air temperature
(Ta). Trees, in addition to these effects, also reduce mean radiative temperature (Tmrt) and
physiological equivalent temperature (PET). When comparing the cooling potential of different
green infrastructure types, the study found that, in terms of thermal comfort, only trees have a
substantial impact on reducing PET, with reductions ranging from 6°C to 8.9°C, significantly more
than green walls and green roofs, which showed no significant effect. However, in terms of
micrometeorological conditions, all three types of urban green infrastructure demonstrated
positive effects. Trees exhibited the highest cooling potential, with a reduction of 0.2°C to 1.5°C in
air temperature, while green roofs had the lowest impact. The findings of this study provide
valuable insights for landscape and urban designers in selecting and designing appropriate urban
green infrastructure to enhance micrometeorological conditions and improve thermal comfort.
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1. INTRODUCTION

More than half of the world's population lives in urban areas, and the urban population is growing, with
30 megacities in the world with a population of more than 10 million (Saaroni et al., 2018). The
expansion of cities led to increase in man-made surfaces and thus to the increase the effect of urban
heat island (Chun & Guldmann, 2018). The increase in temperature of urban centers compared to
suburban and rural areas is defined as the urban heat island (Oke, 1982). Climate change also raises
the average temperature in cities and exposes citizens to heat stress, which has negative effects such
as increased mortality, reduced worker efficiency, increased urban pollution and increased energy
consumption (Zélch et al., 2016).
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More than half of the world's population now resides in urban areas, and this number is steadily
increasing, with 30 megacities across the globe hosting populations exceeding 10 million (Saaroni et
al., 2018). The expansion of cities has led to an increase in man-made surfaces, which in turn has
amplified the urban heat island (UHI) effect (Chun & Guldmann, 2018). The UHI effect refers to the
rise in temperature in urban centers compared to suburban and rural areas (Oke, 1982). Additionally,
climate change is raising average temperatures in cities, exposing residents to heat stress with
serious consequences such as increased mortality, heightened urban pollution, and greater energy
consumption (Zélch et al., 2016).

One effective strategy to combat urban heat and regulate the impacts of climate change is through
urban green spaces. Urban green infrastructure plays a crucial role in enhancing the microclimate in
cities by promoting evapotranspiration, providing shade, and reducing the intensity of heat waves
(Bartesaghi Koc et al., 2018). According to Herz and Schlink (2019), heat stress is more severe in
densely populated areas with less vegetation and materials that absorb sunlight.

Various studies have highlighted the significance of urban green infrastructure (UGI) in enhancing
thermal comfort in urban areas. Research has shown that different types of UGI, such as green
stormwater infrastructure (GSI) combinations (Xu et al., 2024), trees, living facades, and high albedo
pavements (Taher et al.,2024), play a crucial role in mitigating urban heat islands (UHIs) and
improving outdoor thermal environments. For instance, the effectiveness of UGI in improving heat
comfort can vary based on factors like precipitation levels and relative humidity (Byeong et al.,2024).
Additionally, the impact of UGI on thermal comfort differs based on the specific form of greening, with
studies indicating that planting trees has the best effect on outdoor thermal environments compared to
green facades and green roofs (Chang et al.,2024).

Urban green infrastructures that contribute to lowering air temperature (Ta) in cities include parks,
street trees, green walls, and green roofs (Lu et al., 2017). On the other hand, Plants enhance
microclimatic conditions and mitigate the UHI effect through shading and evapotranspiration (Abdi et
al., 2020; Hami et al., 2019), the creation of cool air islands (Lin & Lin, 2016), reflecting solar radiation
and reducing mean radiant temperature (Tmrt) (Salata et al., 2017). Understanding these nuances is
essential for designing sustainable and effective UGI strategies to enhance thermal comfort in urban
settings.

Previous research has frequently looked at the impact of certain forms of urban green infrastructure
separately. Unal et al. (2018) discovered that planting street trees in hot and humid areas increases
thermal comfort, with planting density and tree canopy size impacting cooling potential. Morakinyo et
al. (2017) demonstrated that tree height is an essential factor in the cooling potential of street trees,
with taller trees in deep urban canyons and shorter trees in shallow canyons providing the best
cooling effects. Yang et al. (2018) showed that the distance of trees from buildings and other
vegetation also affects the microclimate of streets. According to Ahmadi Vehari et al. (2019), the
arrangement of street trees improves pedestrian thermal comfort by reducing the physiologically
equivalent temperature (PET) by up to 0.5 °C. Similarly, Park et al. (2019) discovered that as tree size

increases and planting distance decreases, the Tmrt on sidewalks and street surfaces declines.
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Vertical Greening Systems have played a crucial role in enhancing thermal comfort in both indoor and
outdoor environments. Baghaei Daemei et al. (2018) measured the cooling effect of vertical greenery
systems, finding that Ta decreases by 0.39 °C to 0.75 °C within 0-0.5 meters of these systems.
According to Koch et al. (2019), the morphological properties of plants in green walls can help reduce
air pollution and the UHI effect. Also, Ottelé and Perini (2017) reported that during 8 hours of
summer heat, direct green fagades reduced temperatures by 1.7 °C while living walls with planter
boxes reduced temperatures by 8.4 °C. Zhang et al. (2019) identified leaf transpiration and
photosynthesis as critical factors in the cooling effect of green fagades. Yin et al. (2017) highlighted
other factors influencing the cooling potential of vertical green systems, including vegetation coverage,
plant thickness, point density, and green fagade volume.

Green roofs are one type of green infrastructure that has been shown to reduce heat. According to
Dong et al. (2020), research demonstrates that green roofs directly mitigate the UHI effect in dense
metropolitan areas, lowering average land surface temperatures by 0.91 °C. Berardi (2016)
emphasizes that the combination of green roofs and water-to-air heat exchangers successfully lowers
indoor and outdoor temperatures. In another study, Jin et al. (2018) found that green roofs lowered Ta
by up to 0.5 °C. Rahimi and Nobar (2023) also show how green infrastructure can revitalize urban
agricultural land by enhancing thermal comfort and improving people's well-being. Alcazar et al. (2016)
discovered that leaf area density has a substantial effect on the cooling potential of green roofs, with
larger densities capable of reducing Ta by approximately 1 °C.

Some studies demonstrate the cooling impacts of different urban green infrastructures. Gromke et al.
(2015), the pedestrian level, and street trees provided a maximum reduction in Ta of 1.6 °C,
outperforming green fagades, which only reduced Ta by 0.3 °C, while the cooling effect of green roofs
was negligible. ZéIch et al. (2016) obtained similar results, reporting that trees decreased the PET
index by 13% compared to the current situation, offering better thermal comfort than green fagades,
which only reduced the PET index by 5-10%. Herath et al. (2018) also concluded that curbside trees
were more effective in improving thermal comfort and reducing the UHI effect by reducing Ta by
1.87 °C compared to green walls and green roofs. Comparing the cooling effects of different green
infrastructures is crucial, as it is not always feasible to implement all types of these infrastructures in
various urban environments. For example, in deep urban canyons, limited space may prevent tree
planting, or the conditions for green wall plant growth may be inadequate. Since different green
infrastructures may have varying impacts in other urban settings, such as deep canyons versus open
spaces, it is critical to evaluate their cooling capability in these scenarios. This research looks at the
plant's impact on densely inhabited urban buildings in Tehran. Three scenarios are designed to
contain three types of green infrastructure: trees, walls, and roofs. In this study, we began by
identifying the study location and then conducted field studies. On the simulation day, we used
meteorological data to simulate the chosen section of the study area in ENVI-met for model validation.
We then designed and simulated scenarios incorporating urban green infrastructure, including street
trees, green walls, and green roofs. To evaluate the micrometeorological conditions, we compared the
thermal outputs of the ENVI-met model, specifically the simulated air temperature (Ta), across

different scenarios. Furthermore, the PET index was calculated using RayMan software to measure
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thermal comfort across various circumstances." Given the need for a more detailed examination of the
cooling benefits of various urban green infrastructures, taking into account their area and
effectiveness under different climatic conditions. The best infrastructures for enhancing thermal
comfort and reducing the UHI impact are identified by comparing their cooling effects in this study.
and ultimately provided answers to these queries:

- How Does Urban Green Infrastructure Influence Thermal Comfort in Urban Canyons?

- What role do street trees, green walls, and green roofs play in mitigating urban heat island

effects?

2. MATERIAL AND METHODS
2.1. STUDY AREA
The study site is in Tehran, Iran's capital city, at a latitude of 39.52° N and a longitude of 54.26° E. We
chose a specific section of Modares Street, near Haft Tir Square, as the focus of this research (see
Fig. 1). With peak summer temperatures between 28°C and 30°C from July to September, Tehran
has a cold, semi-arid climate. The city receives an average annual precipitation of approximately 200
mm (Daemei et al., 2018). Positioned at an elevation of 1,189 meters above sea level, Tehran
features minimal vegetation within the study area, bordered by tall buildings. The street is subject to
heavy vehicular traffic and significant pedestrian movement, primarily due to the concentration of
shopping centers in the vicinity. For this study, the simulation day was set for July 16th, 2020.
Meteorological data, including air temperature, relative humidity, wind speed, and direction, were

obtained from the Geophysics Meteorological Station near the study site (Table 1).

;‘. : e IRAN

Figure 1. Location of Tehran and study area google map.
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Table 1: meteorological data and model features.

Variable Value

Longitude, Latitude 54°26'E, 39°52'N
Grids resolution (horizontal, vertical) 4 m, 4m
Simulation date 16.07.2020

Start time (hh:mm) 06:00

Total simulation time 14 h

Minimum and Maximum Ta 25.4°C, 31.3°C
Minimum and maximum relative humidity 25 %, 42 %
Wind speed at 10 m 2.0m/s

Wind direction 200°

2.2 SIMULATION MODEL

The ENVI-met model was utilized to simulate various scenarios. This model can simulate interactions
between the atmosphere, plants, and surfaces with a spatial accuracy greater than 0.5 m and a
temporal resolution of 10 seconds. It is particularly effective in complex environments with diverse
surfaces, materials, buildings of different shapes and heights, various types of vegetation, and varying
arrangements of elements (Morakinyo et al., 2017). RayMan software (Matzarakis et al., 2010) was
employed to calculate the PET index. The RayMan model is suitable for simulating temporal and
spatial radiation fluxes and their density (Morakinyo et al., 2017). While RayMan operates based on
three-dimensional radiation simulation, the ENVI-met model is grounded in the principles of
computational fluid dynamics and thermodynamics (Acero & Herranz-Pascual, 2015). RayMan is
highly capable of estimating changes in radiation fluxes across different environments, making it
suitable for simulating micrometeorological conditions in complex urban settings (Sodoudi et al., 2018).
In the simulation, ENVI-met treats plants as dynamic entities, taking into account plant properties such
as porosity, evapotranspiration, photosynthesis, and energy absorption (Morakinyo et al., 2018;
Zhang et al., 2018). Several studies have employed this model to evaluate thermal comfort and
micrometeorological conditions across various scenarios (Morakinyo et al., 2017; Morakinyo & Lam,
2016; Sodoudi et al., 2018; Zhao & Fong, 2017).

Meteorological data were initially input into the ENVI-met model. After simulation, the ENVI-met output
was used as input to the RayMan model to derive the PET index. According to H6ppe (1999), PET is
defined as "the air temperature at which, in a typical indoor setting, the heat budget of the human
body is balanced with the same core and skin temperature as under the complex outdoor conditions
to be assessed." Factors such as shortwave and longwave radiation, which influence the thermal
balance of the human body, are also included in the calculation of PET (Morakinyo et al., 2018;

Morakinyo & Lam, 2016). The PET index is based on considering the physiological conditions of the
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human body and uses the principles of the Munich Energy-balance Model for Individuals (H6ppe,

1999) to model the thermal condition of the human body.
2.3 . MODEL VALIDATION

To validate the ENVI-met model, air temperature (Ta) and relative humidity were measured at two
validation points, V01 and V02, through field measurements conducted between 9:00 and 16:00 on
the simulation day. These points were selected based on the feasibility of placing measurement
instruments and the suitability of the locations. The validation points were not situated under the direct
shade of trees to avoid unrealistic results, and artificial shading was used to prevent direct sunlight
from affecting the measuring instruments. Measurements were taken at a height of 1.2 meters,
representative of the pedestrian level. The validation points were positioned as close to the center of
the model as possible. Additionally, there was no vegetation around the validation points that could
have influenced the relative humidity readings, nor were there any tall objects casting shadows on the
instruments. The locations of the validation points were chosen near the edge of a building and a side
street to minimize the impact of building shadows on the results.

The measured values were then compared with the simulated values at the same points using the
coefficient of determination (R?) and the Root Mean Square Error (RMSE). At validation point V01, a
Digital Temperature and Humidity Meter (Clock/Humidity) — HTC 1 was used, with an accuracy of
11 °C for Ta and £5% for relative humidity. At V02, a data logger model Mic 98581 was used, with an
accuracy of 0.6 °C for Ta. At validation point V01, the R? value was 0.95, and the RMSE value was
0.65 for Ta, while the R? value for relative humidity was 0.91, and the RMSE was 2.12. At validation
point V02, the R? value was 0.96, and the RMSE was 0.57. In previous studies, R? values ranged from
0.52 to 0.96, and RMSE values ranged from 0.26 to 4.83 (L6pez-Cabeza et al., 2018). Therefore, the

simulation results in this study were deemed valid and closely aligned with the measured values.

2.4 . SCENARIO DESIGN

This study examined four scenarios and compared them during the eight hours(9:00- 17:00). The first
scenario reflected existing conditions, with less green space around the street. In all cases, the
vegetation in the median stayed consistent.

The second scenario entailed green walls, with the walls along the street recognized as appropriate
for such installation. The third scenario centred on the construction of green roofs, with the total area
of the green roofs matching that of the green walls in the previous scenario. The last scenario
consisted of trees that, taking into the height and width dimensions of the tree, attempted to make the
total area equal to the green wall and green roof scenario, with a total of 30 trees. That's 30 trees,
regardless of how many trees were in the middle of the street in all scenarios, all scenarios utilized
deciduous species.

Four receptor sites were strategically positioned on both sides of the roadway to evaluate thermal
comfort and micrometeorological parameters at the pedestrian level in various situations. Receptors
R0O1 and RO3 were on the east side, whereas R02 and R04 were on the west (Fig. 2). These areas

were chosen based on their lot of traffic, notably on sidewalks near shopping malls. The building

55



International Journal of Ecology & Development

adjacent to RO1 is 15 meters tall, while the structures near the other three sites are 10 meters tall.
These receptor locations are not located beneath tree canopies and are not considerably affected by
shading. While there is some greenery at the R04 receptor, the other three points are not surrounded
by flora. The overall methodology and approach adopted in this study are comprehensively depicted
in Fig. 3, providing a visual representation of the study's design and execution.
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Figure 2. Scenarios and receptor’s location
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Figure 3. General approach of the study
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3. RESULTS
The simulation outcomes were analyzed at four distinct receptor points positioned at a height of 1.2
meters. To assess the micrometeorological impacts of green infrastructure and its influence on the
urban heat island effect, air temperature (Ta), mean radiant temperature (Tmrt), and physiological
equivalent temperature (PET) were compared during the timeframe of 9:00 to 17:00. The extent of
reduction in each of these indices, relative to the current baseline conditions, was systematically

evaluated.

3.1 OUTDOOR COOLING
The results of the air temperature analysis conducted over eight hours from 9:00 to 17:00
demonstrate that the current condition, represented by receptor RO1, exhibited the highest
temperature, reaching 32 °C. In contrast, the scenario involving trees, as observed in receptor R04,
recorded the lowest temperature at 29.8 °C. The simulation findings suggest that the lack of green
space within the urban canyon is the cause of the higher temperatures observed in the current
scenario. Across all four receptor points analyzed, it was evident that the tree-based scenarios
outperformed others in mitigating air temperature, whereas the green roof scenarios demonstrated
comparatively limited effectiveness in reducing Ta. Notably, at 13:00, receptor RO2 experienced a
reduction of 2°C in air temperature relative to the current state, marking the most significant hourly
decrease (see Fig. 4). The mean air temperature across the four receptors further reinforces the
superior cooling performance of the tree scenario, which achieved an average reduction of 1.5 °C.
Thus, the deployment of street trees, when compared to green walls and green roofs, proves to be
more effective in reducing Ta within urban canyons. This improved performance of trees can likely be
attributed to their ability to obstruct the absorption of solar radiation by hard surfaces, thereby
reducing surface temperatures through shading, decreasing short-wave radiation exposure, and

enhancing the cooling effects of evapotranspiration.
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Figure 4. Ta change in different scenarios in receptors (R01, R02, R03, and R04).

A comparison of Ta through the canyon revealed that trees' surroundings have cooling impacts on
areas further away, including the canyon's centre. In contrast, the green wall scenario reduced the air
temperature exclusively near the wall and did not affect the canyon's core (Fig. 5). Furthermore, the
green roof had a low effect, decreasing the Ta by an average of 0-0.3 °C. The canopy of trees
reduces Ta in various areas of the canyon by preventing solar radiation from reaching vertical and
horizontal surfaces, whereas green roofs and walls do not have this impact, which is why trees have a
better cooling effect than other green infrastructures. Green roofs and green walls reduce air
temperature through evapotranspiration while reducing solar radiation absorption on the surfaces of
built green infrastructures. The results showed that, while the green roof at roof heights has more of a
cooling impact than the pedestrian level and the green wall at heights has a different cooling effect, a
comparison of the cooling potential of types of green infrastructure at building roof heights also shows
that trees have a higher cooling effect on the canyon and the entire environment than the green wall

and green roof.
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Figure 5. Comparison of simulated Ta in different scenarios at a height of 1.2m at 13:00.

3.2 HUMAN THERMAL COMFORT
Thermal comfort was assessed in each condition using PET and Tmrt for eight hours (9:00-17:00) at a
height of 1.2 m. The results revealed that the means of PET in the receptors was 42.5-45.6 °C,
indicating severe heat stress in the pedestrian area. This thermal discomfort is caused by a lack of
vegetation in the canyon and the absorption of solar radiation by the canyon's hard surfaces during
the hottest hours of the day. The mean PET in the tree scenario ranged between 34.5 and 36.7 °C,
indicating an increase in thermal comfort at the sensors. The tree scenario had the best decrease in
PET relative to the current circumstance at the R04 receptor at 14:00, with a 15.7 °C drop. Trees had
a better effect on Ta and relative humidity than green walls, and they provided more shade, resulting
in improved thermal comfort for people. The green wall, with an average PET of 39.4-42.7 °C, had
minimal influence on thermal comfort due to its modest shading effects. Because of the long distance
from the walkways and the absence of shade, the green roof had little influence on relative humidity,

Ta, and Tmrt, resulting in no meaningful effect on PET (Fig 6).
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Figure 6. Mean PET (°C) values averaged over 9:00-17:00 at height of 1.2m

Temperature mean radiation has the best effect on outdoor thermal comfort; this index was evaluated
in various settings from 9:00-17:00 at a height of 1.2 m. The simulation results of the Tmrt revealed
that the scenario of trees with a mean of 44.6-48.7 °C had the lowest rate, and the green roof
scenario had an unuseful influence on decreasing this index. The green roof scenario has a
somewhat higher Tmrt than the current situation since the numerous trees in the canyon decreased in
the green roof and other scenarios. The trees decreased the Tmrt by limiting shortwave radiation and
providing shade, whereas the green wall and roof had negligible or no impact. The Tmrt is affected by
these circumstances, which is the reason. Based on the TMR data, trees are the most effective of

green infrastructure to enhance thermal comfort in urban canyons(fig.7).
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Figure 7. Mean Tmrt (°C) values averaged over 9:00-17:00 at height of 1.2m.

4. DISCUSSION
4.1 IMPACT OF URBAN CANYONS' GREEN INFRASTRUCTURE ON THERMAL COMFORT

The integration of green infrastructure in urban canyons significantly enhances thermal comfort,

particularly during hot summer days. Research indicates that optimizing landscape patterns and
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vegetation types can lead to substantial improvements in thermal conditions, although the
effectiveness varies based on environmental factors. Urban green infrastructure, including trees,
green walls, and green roofs, significantly influences thermal comfort in urban canyons by mitigating
the urban heat island (UHI) effect and enhancing micrometeorological conditions. Studies such as
Nobar et al.,(2025), Ahmadi Venhari et al. (2019), Aminipouri et al. (2019), and Klemm et al. (2015)
have confirmed that green infrastructure reduces the ambient temperature (Ta) and surface
temperatures within canyons through shading and the evapotranspiration process. This reduction in
solar radiation absorption results in improved thermal comfort for residents. Liu et al. (2023) found that
optimizing road greening can improve daytime thermal comfort in street canyons, with a maximum
difference in the Universal Thermal Climate Index (UTCI) of 0.76 °C during the day, while nighttime
improvements were minimal. Park et al. (2023) highlighted that green infrastructure's cooling effects
are contingent on humidity levels, suggesting that in humid regions, additional strategies may be
necessary to enhance thermal comfort. While the thermal comfort provided by different types of green
infrastructure varies, the overall impact is positive. Trees, for example, significantly lower Ta and
physiological equivalent temperature (PET) by shading vertical and horizontal surfaces, as well as
enhancing evapotranspiration. Trees are most effective at reducing mean radiant temperature and air
temperature, with the cooling effect positively correlated to plant area index (Rahimi and Nobar, 2023;
Rahimi et al.,2025) Street trees, green spaces, and green walls show great cooling potential at the
pedestrian level, while green roofs have negligible effects (Quadros & Mizgier, 2023). Mature trees
provide thermal comfort by offering sufficient shading and reducing mean radiant temperature and
physiologically equivalent temperature (Zheng et al., 2023). The effectiveness of UGI varies with
climate, urban form, and vegetation patterns. Closed urban forms tend to have higher air
temperatures, while open forms experience higher wind speeds. Vegetation density and leaf area
influence thermal comfort improvement, with trees and shrubs being more effective than ground-cover
plants (He & Reith, 2023; Rahimi and Nobar,2024). Weather conditions can significantly impact UGl's
effectiveness in regulating microclimate (Yang et al.,2024). The presence of street trees not only
improves thermal comfort within the canyon but also influences microclimates in more distant areas,
demonstrating a broader cooling effect on the urban environment. Additionally, green walls contribute
to thermal comfort through evapotranspiration, although their impact on shading is less pronounced.
Green roofs provide localized cooling benefits at rooftop levels, though their effects on pedestrian-
level thermal comfort are often minimal. Various factors, such as building height, vegetation type, and
urban layout, can affect the microclimatic benefits of green roofs, leading to variations in cooling

performance across studies.

4.2 THE FUNCTION OF STREET TREES, GREEN WALLS, AND GREEN ROOFS IN MITIGATING
URBAN HEAT ISLAND EFFECTS.
Urban green infrastructure, including street trees, green walls, and green roofs, plays a crucial role in
mitigating the Urban Heat Island (UHI) effect, which is characterized by elevated temperatures in
urban areas compared to their rural surroundings. The integration of these green elements can

significantly enhance urban thermal comfort and contribute to climate adaptation strategies.
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Street trees, green walls, and green roofs each play a distinct role in mitigating the urban heat island
(UHI) effect by reducing ambient air temperatures and surface temperatures through different
mechanisms. Trees have been identified as the most effective urban green infrastructure in reducing
Ta, Tmrt, and PET within urban canyons, primarily due to their ability to provide extensive shading
and promote evapotranspiration (Aminipouri et al., 2019; Morakinyo et al., 2017). Street trees provide
shade and release moisture through transpiration, effectively lowering surface and air temperatures in
urban settings (Fernandez & Navarro, 2024). The results also highlight the role of trees in influencing
wind speed and direction, which contributes to improved ventilation in urban streets, further enhancing
their cooling potential. Street trees thus emerge as a critical tool for addressing UHI in densely
populated urban environments. Studies indicate that areas with dense tree cover experience
significantly cooler temperatures, particularly during the summer months (Fernandez & Navarro,
2024). Green roofs and walls have been shown to reduce UHI effects by insulating buildings and
lowering surrounding temperatures. In Nigeria, for instance, these structures contributed to notable
energy savings and improved air quality (Singh & Chandra Tiwari ,2024;Unegbu et al., 2014). Green
walls, while less effective than trees in terms of shading, contribute to cooling primarily through
evapotranspiration and the reduction of solar radiation on vertical surfaces (Lee & Jim, 2017; Tan et
al., 2014). Although their impact on temperature reduction is typically more localized, green walls still
play a supportive role in moderating urban temperatures and improving thermal comfort. However, the
effectiveness of green roofs can vary based on their design and the local climate. Realistic
assessments suggest that while they can provide cooling benefits, their impact may be limited without
widespread implementation (Joshi & Teller, 2024). Green roofs, similarly, affect UHI by reducing
surface temperatures through shading and evapotranspiration, although their overall cooling impact is
often limited. Factors such as direct sunlight, wind speed, and the specific characteristics of the green
roof (e.g., vegetation type and coverage) can influence its effectiveness. Studies have found mixed
results regarding the cooling potential of green roofs, with some reporting negligible impacts (Gromke
et al., 2015), while others suggest a significant effect in certain conditions (Herath et al., 2018b).
Nevertheless, when combined with other forms of green infrastructure, green roofs can contribute to

reducing UHI in diverse urban environments.

5. CONCLUSION
The accelerated growth of urban populations and the concomitant expansion of cities have
exacerbated climate change and intensified the urban heat island (UHI) effect This study evaluated
the cooling performance of three types of urban green infrastructure—street trees, green walls, and
green roofs—through ENVI-met simulations validated by in-situ measurements and interpreted using
thermal indices derived from the RayMan model. Given that urban street canyons are critical urban
spaces particularly vulnerable to UHI, targeted interventions to improve thermal comfort are urgently
required. Among the examined strategies, street trees exhibited the most significant reduction in
physiological equivalent temperature (PET), outperforming green walls and green roofs. While all
three green infrastructure type improved micrometeorological conditions, their performance varied

substantially. Trees were the most effective, significantly reducing air temperature (Ta), mean radiant
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temperature (Tmrt), and PET. In contrast, green roofs had negligible impact on PET, while green walls
provided moderate improvements. Notably, the tree scenario led to a PET reduction of up to [15.7°C]
compared to baseline conditions, reflecting a substantial improvement in thermal comfort during peak
afternoon hours. Simulations were carried out using the ENVI-met model to model existing and
modified Gl scenarios, and these were validated with field measurements of air temperature (Ta) and
relative humidity. The RayMan model was then employed to calculate PET, allowing for a
comprehensive assessment of the micrometeorological and thermal comfort outcomes across all
configurations. These findings offer significant implications for urban climate resilience by providing a
robust, evidence-based framework for prioritizing Gl investments in thermally stressed urban canyons.
Urban vegetation improved thermal comfort primarily by reducing direct solar radiation and enhancing
evapotranspiration, thus mitigating the UHI effect. Street trees, in particular, were shown to exert
broader and deeper cooling influences, including on pedestrian-level zones and rooftop microclimates.
Even at rooftop heights, tree canopies outperformed green roofs and walls, emphasizing their vertical
and horizontal thermal regulation capacities. green roofs showed only marginal cooling effects at the
pedestrian level (0-0.3°C). While green walls produced localized improvements near their placement,
they were less effective than trees across canyon-wide metrics. This research also provides
methodological contributions through the integrated use of ENVI-met and RayMan models alongside
empirical data. Importantly, the study advances applied modeling techniques that can guide decision-
making in urban heat mitigation. Future studies are encouraged to explore hybrid solutions—such as
combining trees with green walls or roofs—and assess their long-term performance under various
urban morphologies and projected climate change scenarios. However, the findings are subject to
limitations. This study focused exclusively on summer daytime conditions, analyzed specific canyon
morphologies, and used simplified vegetation types within ENVI-met. These factors may limit the
generalizability of results to different climates and urban forms. Overall, this study offers practical
guidance for urban planners, architects, and policymakers in selecting and implementing green
infrastructure. Street trees should be prioritized where spatial configurations allow due to their
superior cooling effects. Where tree planting is not feasible, green walls and green roofs may serve as
complementary alternatives, though their effectiveness is highly dependent on urban geometry and
building characteristics. Future research should also assess the synergistic performance of combined
green infrastructure elements across diverse canyon typologies, accounting for variables such as

canyon depth, orientation, sky view factor (SVF), and surface albedo characteristics
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