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Abstract: Urban expansion and climate change intensify the urban heat island effect. Mitigating heat stress 
and improving micrometeorological conditions in urban areas can be effectively achieved through nature-
based solutions, particularly by integrating them into urban green infrastructure. This study evaluates the 
cooling efficacy of various urban green infrastructure combinations. Simulations were conducted using 
ENVI-met and validated against existing meteorological data. Four scenarios with different categories of 
nature-based solutions were analysed. The results demonstrated that all scenarios with urban green 
infrastructure improved micrometeorological conditions and thermal comfort. Notably, configurations with 
street trees showed a significant cooling effect, reducing the mean air temperature (Ta) by 1.5°C and the 
mean Physiological Equivalent Temperature (PET) by 8.8°C. In contrast, green roofs had a lesser impact, 
with Ta decreasing by 0.2°C and PET by 0.7°C. These findings offer valuable insights for designers, helping 
them select optimal urban green infrastructure combinations to enhance micrometeorological conditions 
and thermal comfort in street canyons. Beyond its relevance to urban climate research, this study contributes 
to a broader interdisciplinary dialogue on sustainable urban development and climate adaptation strategies, 
making it of interest to policymakers, planners, and scholars across environmental and social sciences. 
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1. INTRODUCTION 
 
Urban expansion has a severe impact on 

densely populated areas (Ng et al., 2012; Grădinaru 
et al., 2023), altering biophysical and socioeconomic 
conditions (Rahimi & Nobar, 2023; Velea & Bojariu, 
2018), including the impact of urban green 
infrastructure (Grădinaru et al., 2023). Thus, it 
contributes to the rise of urban densities and the 
intensification of urban heat islands. These challenges 
threaten the urban environment and increasingly 
affect city inhabitants' physical and mental well-being 
(Huang et al., 2020). Consequently, there is an urgent 
need to implement measures to enhance the livability 
of urban areas, improve thermal comfort, and 

promote urban sustainability (Raymond et al., 2017). 
It is important to note that this study focuses 
specifically on air temperature as a key factor in 
assessing urban thermal comfort without considering 
land surface temperature (LST). 

 
1.1 Conceptual Prioritization of Nature-

Based Solutions over Green Infrastructure 
 
Although green infrastructure (GI) and nature-

based solutions (NBS) are often used interchangeably 
in urban climate discourse, a careful distinction 
between them is essential for conceptual clarity and 
methodological precision. Both frameworks aim to 
enhance urban resilience and ecological functionality 
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by integrating vegetation and natural systems into 
urban design (Artmann et al., 2019a). However, they 
differ in scope, policy framing, and theoretical 
grounding. 

Green infrastructure traditionally refers to the 
strategically planned network of green spaces that 
provide ecosystem services such as cooling, 
stormwater management, and biodiversity support 
(Benedict et al.,2006). It is rooted in land-use planning 
and ecological engineering and is generally concerned 
with the physical configuration of vegetated elements. 

Nature-based solutions, by contrast, represent a 
broader and more integrative paradigm encompassing 
ecological, social, and institutional dimensions 
(Cohen-Shacham et al., 2016; Frantzeskaki et al., 
2019). NBS are not limited to spatial interventions but 
include governance models, participatory approaches, 
and co-benefit strategies to address societal challenges 
such as climate change, public health, and equity 
(Nesshöver et al., 2017; Raymond et al., 2017). 

While GI can be considered a subset of NBS, 
focusing mainly on the infrastructural and spatial 
implementation of green elements, NBS emphasize 
multifunctionality, stakeholder involvement, and 
alignment with broader sustainability goals (Kabisch et 
al., 2016). For this reason, and given the study’s focus 
on enhancing thermal comfort through ecologically 
and socially embedded strategies, the term Nature-
Based Solutions is adopted as the overarching 
framework throughout this research. Green 
infrastructure components such as green roofs, vertical 
greenery, and urban tree systems are thus interpreted as 

spatial manifestations of the broader NBS framework. 
This distinction allows the study to align with 

international policy trajectories such as the EU 
Biodiversity Strategy and the UN Decade on 
Ecosystem Restoration, where NBS are positioned not 
only as environmental interventions but also as 
transformative tools for inclusive, climate-adaptive 
urban futures (He & Reith, 2023), (Figure 1). 

 
1.2. Based Solutions 
 
1.2.1 Enhancing Thermal Comfort through 

Nature-Based Solutions: 
Nature-based solutions require a holistic 

approach that integrates ecological, social, and 
economic benefits, ensuring multifunctionality and 
stakeholder engagement in urban regeneration projects 
(Panzaru et al., 2020). Research indicates that these 
measures can yield a cooling effect of approximately 
1–2°C in terms of air temperature at the urban scale 
when applied across an entire city (Milošević et al., 
2023). However, in microclimatic studies at the local 
scale, such as the present research, the magnitude and 
spatial extent of the cooling effect may vary based on 
proximity to green infrastructure and urban geometry. 
These solutions alleviate urban climate impacts and 
improve outdoor thermal comfort by reducing local air 
temperature by up to 2–3°C near green infrastructure  
(Randelović et al., 2023). Additionally, incorporating 
green elements such as laws, trees, and green walls 
within urban landscapes can further enhance thermal 
comfort by  reducing the Universal Thermal Climate

 

 
Figure 1. NBS over Green Infrastructure (Anderson & Gough, 2022)  
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Index (UTCI) by over 8°C, which reflects the combined 
effects of air temperature, humidity, wind, and radiation 
on human thermal comfort (Cascone & Leuzzo, 2023). 
The combination of urban design and vegetation holds 
promise for effectively mitigating heat stress and 
enhancing overall thermal comfort conditions within 
dense urban environments (Zheng et al., 2023).  
 

1.2.2 Investigating the Cooling Effects of 
Vertical Green Infrastructures 

Previous studies have demonstrated the cooling 
effects of vertical green infrastructures, such as green 
façades and living walls. Extensive research has further 
highlighted significant reductions in surface 
temperatures. For instance, Ottelé & Perini (2017) 
recorded a decrease of up to 8.4°C on wall surfaces. In 
contrast, other studies that report temperature reductions 
of up to 30°C (e.g., Victorino et al., 2015) pertain to 
surface temperature changes, not ambient air 
temperature, and often describe isolated façade behavior 
rather than integrated urban microclimate effects. 

Compared to other methods, the decrease in air 
temperature around vertical greenery is usually less 
pronounced, yet it still offers valuable benefits. For 
example, Daemei et al., (2018) observed a maximum air 
temperature reduction of 0.75°C within 0.5 m from 
green walls in semi-arid climates, reflecting a localized 
cooling effect. This aligns with the scope of the current 
study, which similarly evaluates local-scale 
microclimatic impacts of nature-based solutions. Coma 
et al. (2017) reported a decrease in building energy 
consumption of 58.9% for living walls and 33.8% for 
green façades during warm seasons, illustrating indirect 
cooling benefits. Further investigations (Koch et al., 
2019; Zhang et al., 2019; Yin et al., 2017) highlight the 
importance of plant morphological features (e.g., leaf 
density, thickness) in determining cooling potential. 
 

1.2.3 Assessing the Cooling Potential of Green 
Roofs in Urban Environments 

Green roofs have also been studied for their 
cooling capabilities.  Both in terms of air temperature 
and surface temperature reductions. Although surface 
temperature reductions are often more pronounced, 
this study focuses on air temperature improvements as 
a key factor in urban thermal comfort . Schindler et al., 
(2019) found that green roofs planted with Sedum 
species improve thermal comfort by reducing air 
temperature by approximately 1.5°C compared to 
roofs planted with annual species, while roofs without 
any vegetation exhibited up to 7°C higher surface 
temperatures under similar conditions.  Dong et al., 
(2020) demonstrated that  a 1000 m² increase in green 
roof area leads to an average reduction of 0.4°C in 
surface temperature at a broader urban scale. Although 

informative, such findings pertain to city-wide 
applications. In contrast, the present study focuses on 
localized cooling effects within street canyons, and 
within a 1000 m radius, the presence of green roofs 
results in a measurable cooling effect on the 
surrounding air, reducing air temperature by 
approximately 0.91°C compared to areas without 
green roofs. Additionally, Ávila-Hernández et al. 
(2020) showed that green roofs contribute to building 
energy efficiency by lowering indoor air temperatures 
by up to 4.7°C. However, this internal cooling effect is 
beyond the primary scope of this study.  Berardi (2016) 
emphasized that increasing green roof plants' leaf area 
index (LAI) can reduce daytime air temperatures by 
0.4°C, enhancing outdoor thermal comfort more 
effectively than traditional roof coverings. Jin et al. 
(2018) found that the most significant air temperature 
reduction (up to 0.5°C) occurs when green roofs are 
implemented in enclosed urban configurations. 
Although this indicates potential in dense 
neighbourhoods, their analysis remains at a broader 
spatial level compared to the street-level resolution 
used in this study. Furthermore, Alcazar et al. (2016) 
evaluated both green roofs and urban forests in a 
Mediterranean-continental climate. They concluded 
that green roofs play an important role in enhancing 
microclimatic conditions, including modest reductions 
in air temperature and improvement of urban thermal 
comfort. It is therefore crucial to distinguish between 
studies assessing the city-wide thermal impact of green 
infrastructure and those that examine localized 
microclimatic modifications. This manuscript is 
situated within the latter category, aiming to determine 
the fine-scale thermal performance of different green 
infrastructure configurations using high-resolution 
microscale simulation. 

 
1.3 Advanced Microclimate Analysis: 

ENVI_MET and Rayman Software 
 
ENVI_MET Software, utilizing 

micrometeorological fluid dynamics modeling, 
ENVI_MET software assesses the impact of various 
vegetation arrangements on outdoor thermal comfort 
(OTC). It considers crucial factors such as air 
temperature, relative humidity, wind speed, and 
direction, enabling comprehensive evaluations of 
environmental conditions (Amores et al., 2023). With 
its high simulation accuracy, ENVI_MET provides 
detailed representations of construction features, 
surface materials, vegetation types, and atmospheric 
interactions, offering spatial precision down to 0.5 
meters and a temporal resolution of 10 seconds for 
precise microclimate simulations (Morakinyo et al., 
2017). 
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A distinguishing feature of ENVI_MET is its 
incorporation of plant characteristics, including branch 
and leaf type and density, evaporation, transpiration, 
photosynthesis, and energy exchange. This enables 
dynamic and active plant simulation, enhancing the 
understanding of the microclimatic effects of vegetation 
(Morakinyo et al., 2018). 

Rayman Software, specializing in modeling 
radiation flux in three dimensions, Rayman analyzes its 
properties and spatiotemporal variations under diverse 
environmental conditions (Acero & Herranz-Pascual, 
2015). Particularly effective in simulating radiation flux, 
Rayman proves valuable for microclimatic assessments 
in complex urban settings with varied physical attributes 
(Sodoudi et al., 2018). Rayman calculates the 
Physiologically Equivalent Temperature (PET) by 
utilizing data generated by ENVI_MET, including air 
temperature (Ta), relative humidity, mean radiant 
temperature (Tmrt), and wind speed. PET represents the 
temperature in a complex outdoor environment that 
balances the heat budget within the human body, 
considering factors such as environmental radiation. 
PET computations rely on the Munich Energy-balance 
Model Individuals (MEMI) to simulate physiological 
conditions and calculate human body temperature 
(Höppe, 1999; Morakinyo et al., 2018; Morakinyo & 
Lam, 2016). 

Currently, studies are scarce on how using NBS 
for regreening and rewilding urban environments might 
solve challenges such as climate change, biodiversity 
loss, and resource depletion. These strategies develop 
urban resilience while promoting biodiversity, 
providing ecosystem services, and improving the urban 
microclimate (Lehmann, 2021; Basarin et al.,2014). 
According to research by He & Reith (2023), 
vegetation, as part of NBS, can effectively reduce wind 
speed and lower the rate of change in the mean radiant 
temperature, thereby enhancing thermal comfort. 
Furthermore, employing green roofs, walls of greenery, 
and other nature-based initiatives can improve the 
overall urban environment. 

This research focuses on densely built urban 
areas characterized by compact constructions and 
limited open spaces rather than exclusively addressing 
street canyon configurations. NBS, often incorporating 
elements of green infrastructure (GI), is increasingly 
recognized as a comprehensive strategy for enhancing 
environmental comfort in challenging urban 
environments by mitigating air pollution and reducing 
urban heat island effects (Artmann et al., 2019a). 

Among the typologies within NBS, interventions 
such as green roofs and vegetated open spaces are 
particularly notable  for their potential to regulate urban 
air temperatures and promote well-being. Recent 
research highlights that NBS can significantly reduce 

urban temperatures  and mitigate urban heat island 
hotspots, especially in densely built-up areas (Fernández 
& Navarro, 2024).  Although specific GI elements 
within NBS—such as street trees, green walls, or 
roofs—have demonstrated potential for improving 
urban microclimates and thermal comfort,  existing 
research often fails to address the synergetic 
performance of integrated NBS configurations, 
indicating a critical need for broader and more 
integrated studies (Sanusi, 2022). 

Based on these gaps, this study aims to assess the 
cooling performance of diverse NBS typologies, 
individually and in combination, and their role in 
improving microclimate and thermal comfort in densely 
built environments .  

To achieve this aim, the research addresses the 
following questions: 

- How do various types of urban green 
infrastructure affect thermal comfort in densely 
populated areas? 

- In what ways does the composition of green 
infrastructure contribute to enhancing thermal comfort 
in densely populated areas? 
 

2. MATERIALS AND METHODS 
 
2.1. Study area 
 
The study area encompasses a section of 

Modares Street leading to the northern part of Haft Tir 
Square in Tehran, the capital of Iran (Figure 1). 
Positioned at Latitude 39.52° N, Longitude 54.26° E, 
and an altitude of 1189 m above sea level, Tehran 
experiences a maximum temperature typically 
reaching 30 °C, with peaks observed in July and 
September. The annual rainfall is approximately 200 
mm, and the city's climate is cold and semi-arid 
(Daemei et al., 2018). The vegetation cover along 
Modares Street is sparse, with only a few small trees in 
the central median and limited vegetation on either side 
of the street. The surrounding buildings range in height 
from 10 to 20 meters and are primarily utilized for 
commercial and retail purposes, contributing to the 
high population density of the neighborhood. The 
simulations were conducted on July 16, 2020, one of 
the year's hottest days. Meteorological data for the 
simulation, including the lowest and highest air 
temperature, relative humidity, wind speed, and wind 
direction, were gathered from the local Geophysics 
meteorological station (Table 1). The land surface 
temperature was assessed using Landsat 8 satellite 
images. Figure 2 depicts the surface temperature on 
July 16, 2020, in Tehran, illustrating the urban heat 
island effect due to a lack of vegetation cover in the 
research location. 
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Figure 1. Location of the study area in Tehran . 

 
Figure 2. Land surface temperature map in Tehran and the 

study area. (2015) 
 

Table 1. Model inputs. 
Variable Value 
Longitude, Latitude 54°26′E, 39°52′N 
Horizontal grid resolution 4 m × 4m 
Vertical grid resolution 4 m 
Simulation date 16.07.2020 
Start simulation time 06:00 
Total simulation time 14 h 
Minimum Ta 25.4 °C 
Maximum Ta 31.3 °C 
Minimum relative humidity 25 % 
Maximum relative humidity 42 % 
Wind speed at 10 m 2.0 m/s 
Wind direction 200° 
Wind speed at 10 m 4.7 m/s 
Wind direction 110° 

 
2.2 Model Validation 
 
Previous studies have verified the ENVI-met 

model by comparing simulated and measured values 

(Rahimi & Nobar.,2023; Forouzandeh, 2018), which 
was also used in this study. Two points suitable for 
instrument placement (V01, V02) were selected. At 
point V01, relative humidity and Ta were measured 
using a Digital Temperature and Humidity Meter – 
HTC 1 with an accuracy of ±1 °C for Ta and ±5% for 
relative humidity, while at point V02, Ta was measured 
using a data logger model Mic 98581 with an accuracy 
of ±0.6 °C for Ta (measurement period 9:00-16:00). 
Subsequently, the study area was simulated using the 
ENVI-met model on the measurement day, July 16, 
2020, and Ta and relative humidity values at the 
validation points were extracted. Comparison of 
simulated Ta and relative humidity values with 
measured values utilized the coefficient of 
determination (R2) and Root Mean Square Error 
(RMSE). Previous studies have shown RMSE values 
ranging from 0.26 to 4.83 and R2 values between 0.52 
and 0.96 (López-Cabeza et al., 2018). The comparison 
results for relative humidity at validation point V01 
showed an RMSE of 2.12 and R2 of 0.91. In contrast, 
for Ta at validation point V01, an RMSE of 0.65 and 
R2 of 0.95 were observed, and at validation point V02, 
an RMSE of 0.57 and R2 of 0.96 were recorded, 
indicating the validity of the ENVI-met model. 
 

2.3. Scenario design 
 
The study examined the impact of green 

infrastructure on thermal comfort using five NBS-
based scenarios. The scenarios were based on the 
current situation and included a variety of urban green 
infrastructure, including the tree-green wall, tree-green 
roof, green wall-green roof, and tree-green wall-green 
roof. All scenarios made use of deciduous plants. 
Furthermore, the area allocated to each scenario's 
infrastructure is uniform, allowing for the calculation 
of the horizontal and vertical dimensions of the plants 
as specified in the ENVI-met model. In the central 
segment of the street, there was a continuous presence 
of trees and grass vegetation, maintaining consistency 
across all scenarios. In addition, four receptor sites 
were purposefully selected to investigate 
micrometeorological variables and thermal comfort. 
These points were positioned to cover the street's east, 
west, north, and south directions, ensuring that their 
spacing matched the extent of green infrastructure in 
all scenarios (Figure 3, Table 2). All thermal variables 
(Ta, Tmrt, and PET) were evaluated at a height of 1.2 
meters, corresponding to the typical breathing zone 
and the average height of the human body’s center of 
mass. This standard height is widely adopted in 
outdoor thermal comfort studies to simulate realistic 
pedestrian exposure conditions (Emmanuel & 
Johansson, 2006). 
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Current situation (S0) 

 
Tree-green wall (S1) 

 
Green wall-green 

roof(S3) 

 
Tree- Green roof(S2) 

 
Tree-Green wall-green 

roof(S4) 

Figure 3. Scenarios and receptor’s location 1.2 m, 9 h 
(9:00-17:00 - Local Solar Time). 

Note: The central trees and grassy median shown in Fig. 3 are part 
of the original site condition and remain constant across all 
scenarios. The term "no plant type" in Table 2 refers to the absence 
of additional green infrastructure interventions in the baseline 
scenario. Green roofs implemented in scenarios S3, S4, and S5 are 
not visible here due to the street-level perspective but are fully 
integrated into the ENVI-met model. 
 

All scenarios incorporate deciduous vegetation 
selected from ENVI-met’s default plant database, 
which ensures standardized modeling of plant 
characteristics (e.g., foliage density, transpiration 
capacity, and seasonal behavior). Exact species 
selection and precise heights are based on ENVI-met 
default parameters for deciduous trees and green 
infrastructure, ensuring modeling consistency. The area 
and dimensions of green infrastructure elements (trees, 

Table 2. Description of Scenarios for Urban Thermal 
Comfort Assessment 
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Current 
situation (No 

Green 
Infrastructur

e) 

None None 

To compare the 
effects of all 

NBS scenarios, 
a reference 

scenario 
representing 
the current 
situation 

without any 
green elements 

was used. 
S1 

Trees + 
Green Wall 

Street 
trees 

combine
d with 
green 

walls on 
facades 

Deciduou
s plants 
(using 
ENVI-

met 
default 

database) 

Trees line both 
sides of the 
street; green 

walls are 
applied 

vertically on 
adjacent 
building 
facades 

S2 

Trees + 
Green Roof 

Street 
trees 

combine
d with 
green 

roofs on 
buildings 

Deciduou
s plants 
(using 
ENVI-

met 
default 

database) 

Trees in the 
street center; 

green roofs on 
all adjacent 

building 
rooftops 

S3 

Green Wall + 
Green Roof 

Green 
walls and 

green 
roofs 

combine
d, 

without 
trees 

Deciduou
s plants 
(using 
ENVI-

met 
default 

database) 

Vertical and 
horizontal 
greenery 
applied to 
building 

facades and 
rooftops; no 
trees present 

S4 

Trees + 
Green Wall + 
Green Roof 

Integrate
d use of 

trees, 
green 
walls, 
and 

green 
roofs 

Deciduou
s plants 
(using 
ENVI-

met 
default 

database) 

A combination 
of trees, 
vertical 

greenery 
(walls), and 
horizontal 
greenery 

(roofs) applied 
simultaneously 

Note: Current situation: This is a reference point for evaluating 
and comparing all other scenarios' thermal and microclimatic 
impacts.  
 
walls, and roofs) are kept uniform across all scenarios to 
ensure a fair comparison. While exact plant species are 
not specified, typical urban-suitable deciduous 
vegetation settings available within ENVI-met have 
been applied. Across all scenarios, a continuous strip of 
trees and grass is preserved in the central segment of the 
street to maintain spatial consistency. To monitor 
microclimatic variables and thermal comfort, four 
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receptor points were strategically positioned around the 
street (east, west, north, and south), aligned with the 
extent of green infrastructure elements in each scenario.  

 
3. RESULTS  
 
The Leonardo tool analyzed the results of the 

scenarios simulated by the ENVI-met model. 
Micrometeorological conditions and thermal comfort 
were evaluated by comparing Ta, Tmrt, and PET, which 
were extracted by the Rayman model in the current 
situation with each scenario. Each scenario consisted of 
a combination of urban green infrastructure: trees, green 
walls, and green roofs. Four receptors evaluated thermal 
comfort and micrometeorological indexes at a height of 
1.2 m from 9:00 to 17:00. 

 
3.1. Outdoor thermal comfort  
 
The Ta simulation results revealed that the mean 

Ta at the receptors between 9:00 and 17:00 in the current 
circumstance is 31.2–32 °C, while the mean Ta in all 
four other situations was less (Table 2). Therefore, the 
high temperature in the current condition is due to the 
lack of green space, and urban green infrastructure 
effectively reduces the temperature in the urban canyon. 
The tree-green wall scenario had the best cooling 
performance among the urban green infrastructure 
combinations, with an average Ta of 29.9–30.5 °C, 
while the green wall-green roof scenario had the lowest 
cooling performance, with a mean Ta of 30.7–31.4 °C. 
The tree-green wall scenario significantly decreased Ta 
at 13:00 in the R04 receptor by 1.8 °C. (Figure 4- Figure 
5). The other two scenarios, tree-green wall-green and 
tree-green roofs, immediately improved thermal 
comfort. 

In a broader analysis, the findings indicate that 
scenarios incorporating trees exhibit superior cooling 
capabilities, whereas those with green roofs 
demonstrate comparatively weaker cooling 
performance. Trees significantly reduce air temperature 
(Ta) by providing shade and blocking direct short-wave 
radiation. Similarly, green walls lower Ta through 
evapotranspiration and mitigate solar radiation 
absorption on vertical surfaces. Consequently, 
combining a green fence with trees presents a more 
effective cooling strategy than their combination with a 
green roof, which yields a less pronounced cooling 
effect. The inferior cooling performance of green roofs 
can be attributed to their elevated position relative to 
pedestrian levels, resulting in limited shading effects. 
Their cooling efficacy primarily depends on 
evapotranspiration and the reduction of solar radiation 
absorption on roof surfaces. 

The air temperature (Ta) evaluation across 

various canyon sections revealed distinct cooling effects 
depending on the scenario. Expressly, in the green wall-
green roof scenario, the cooling impact was limited to 
the immediate vicinity of the green infrastructure, with 
no significant decrease in Ta observed in more distant 
areas, particularly in the canyon's central region. 
However, the other three scenarios demonstrated a 
broader cooling effect, extending to the farther and 
central parts of the canyon due to urban green 
infrastructure. Notably, all three scenarios featured trees, 
combining trees and green walls to exhibit the most 
effective Ta reduction across street canyons to enhance 
micrometeorological conditions. One key factor 
contributing to trees' higher cooling potential compared 
to green roofs and walls is their shading effect on both 
vertical and horizontal surfaces, reducing solar radiation 
absorption on these surfaces. 

 
3.2. Human thermal comfort 
 
Table 3 demonstrates the average Physiologically 

Equivalent Temperature (PET) values for the current 
situation and various scenarios across four receptors, 
averaged from 9:00 to 17:00 at a height of 1.2 meters. 
Comparing these mean values reveals that although all 
four scenarios reduced the PET index compared to the 
current situation, the green wall-green roof scenario 
exhibited weak performance in enhancing thermal 
comfort, with mean PET values ranging from 40.1 to 
44.9°C. Despite the micrometeorological effects of green 
walls and roofs, such as evapotranspiration and solar 
radiation blockage on vertical and horizontal surfaces, 
they have a limited impact on shading within the canyon, 
leading to the observed weak performance of this 
combination in PET reduction. On the other hand, the 
tree-green wall scenario, with a mean PET of 35.1 to 
36.8°C, demonstrated the most substantial cooling effect, 
followed closely by the tree-green wall-green roof and 
tree-green roof scenarios, with a slight difference. 
Notably, the tree-green wall scenario achieved a 
maximum PET reduction of 15.3°C compared to the 
current situation at 14:00 in the R04 receptor. These 
findings highlight the superior cooling potential of trees, 
attributed to their effective shading and reflection of 
direct shortwave radiation, emphasizing that scenarios 
incorporating trees outperformed those with green roofs 
in improving thermal comfort. 

The thermal comfort assessment within the street 
canyon, including the influence of mean radiant 
temperature (Tmrt) on the Physiologically Equivalent 
Temperature (PET), was conducted across different 
scenarios and current conditions. Table 4 presents the 
average Tmrt values at a height of 1.2 meters from 9:00 
to 17:00 across four receptors. The findings revealed 
that the current situation exhibited the highest mean 
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R01 

 
R02 

 
R03 

 
R04 

 Current situation (S0) 
 Tree-green wall (S1) 
 Tree-Green Roof (S2) 
 Green wall-green roof (S3) 
 Tree-Green wall- Green roof (S4) 

 

Figure 4. Ta change in different scenarios in receptors (R01, R02, R03, and R04) 1.2 m, nine h (9:00-17:00 (Local Solar Time). 
 

 
Tree-green roof(S2)  

Green wall-green roof(S3) 
 

Current situation(S0) 

 
Tree-green wall-green roof(S4) 

 
Tree-green wall(S1)  

Figure 5. Comparison of simulated Ta in different scenarios at a height of 1.2 m, 9 h (9:00-17:00 (Local Solar Time)).  
 
Tmrt values, ranging from 59.1 to 65.6 °C. These 
elevated Tmrt values indicate intense sunlight and a 
lack of shading within the canyon. Green infrastructure 
that offers increased shading showed higher 
effectiveness in reducing the average radiation 
temperature. Specifically, the tree-green wall scenario 

demonstrated the most effective performance with a 
mean Tmrt of 45.1 to 48.8 °C. In contrast, the green 
roof-green wall scenario exhibited the weakest 
performance with an average temperature of 54.0 to 
64.1 °C (Table 4, Figure 6). Scenarios combining green 
walls and roofs, including limited shading effects,  
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Table 3. Mean PET (°C) values averaged over 9:00-17:00 
at a height of 1.2m. 
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Table 4. Mean Tmrt (°C) values averaged over 9:00-17:00 

at a height of 1.2m. 
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Figure 6. The difference in performance PET and Tmrt, 

1.2 m, 9 h (9:00-17:00 - Local Solar Time). 
 
showed lesser effectiveness in reducing Tmrt than 
scenarios incorporating trees within the green 
infrastructure. Additionally, the considerable distance 
between green roofs and pedestrian levels resulted in a 
lesser impact on reducing Tmrt than scenarios 
combining trees with green walls. In conclusion, 
scenarios combining multiple urban green 
infrastructures with substantial shading and shortwave 

radiation blocking exhibited superior performance in 
enhancing human thermal comfort within the street 
canyon. 
 

4. DISCUSSION 
 

4.1. The Impact of Various Types of Urban 
Green Infrastructure on Thermal Comfort in 
Densely Populated Areas 

 
The study examined how various types of urban 

green infrastructure affect thermal comfort in densely 
built urban areas, where open spaces are limited and the 
urban heat island effect is intensified. The results indicate 
that different Urban Green Infrastructure types, such as 
green roofs, walls, and trees, have varied impacts on 
improving microclimate and human thermal comfort, 
which aligns with findings from studies such as Wu et al. 
(2024) and Wang et al. (2024). Recent advancements in 
remote sensing techniques have further emphasized the 
significance of small-scale urban green areas. Using high-
resolution (3 m) PlanetScope imagery and GEOBIA-
based time series analysis, Popa et al. (2022) successfully 
identified and evaluated the quality of minor green 
patches in dense urban fabrics. These methods provide 
accurate spatial insights, essential for identifying 
potential sites for implementing green infrastructure 
where land availability is limited. Among the evaluated 
scenarios, the tree-green wall combination demonstrated 
the most substantial cooling effect, significantly reducing 
UTCI values at all receptor points. This finding is 
consistent with previous research, emphasizing the 
superior cooling potential of tree and vertical green 
infrastructure combinations in densely built urban 
environments (Herath et al., 2018; Zölch et al., 2016). 
This outcome aligns with previous studies that have 
highlighted the superior performance of trees and vertical 
greenery (e.g., green walls) in reducing urban heat and 
enhancing outdoor comfort (Gromke et al., 2015; Herath 
et al., 2018; Zölch et al., 2016). This effect is primarily 
due to shading and enhanced evapotranspiration, which 
is especially crucial in dense urban environments where 
direct radiation and heat accumulation in built surfaces 
are problematic. The significant effect of these elements 
can be attributed to their dual capacity to provide shading 
and enhance evapotranspiration, a feature emphasized by 
previous studies on green infrastructure (Elsadek  et al., 
2024). These processes are essential in compact urban 
environments where direct radiation and heat storage in 
built surfaces exacerbate the effect of urban heat islands 
(Meili et al.,2020). Although green roofs also improved 
thermal comfort by lowering roof surface temperatures 
and slightly reducing air temperatures, their cooling effect 
was less pronounced than tree-based or wall-integrated 
greenery. This is consistent with studies indicating that 
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green roofs primarily affect surface temperatures and 
provide limited shading at the pedestrian level, making 
them less effective in densely built urban areas 
(Mihalakakou et al., 2023). This limitation can be 
attributed to the lack of direct shading at the pedestrian 
level, especially in dense urban fabrics where vertical and 
horizontal layers of greenery are needed for effective 
microclimate regulation. Previous research has also 
pointed out that green roofs, while beneficial, are less 
effective in providing shading and cooling at the ground 
level, which is crucial for human comfort in urban spaces. 
Therefore, green elements' spatial arrangement and 
structural diversity (e.g., vertical walls vs. rooftop 
greenery) are critical to their overall performance in 
enhancing thermal comfort (Li et al.,2024). Furthermore, 
this study confirms that integrating multiple forms of 
green infrastructure, rather than relying on singular 
solutions, yields higher cooling potential and more 
substantial improvements in thermal comfort, supporting 
recent evidence that combined NBS can effectively 
mitigate urban heat islands and improve urban 
microclimates (Irfeey et al., 2023; Jain et al., 2023). These 
findings align with recent evidence that Nature-Based 
Solutions (NBS), when applied in diverse forms — such 
as trees, green walls, green roofs, and shaded spaces — 
act synergistically to mitigate urban heat islands effects 
and foster more comfortable urban microclimates (Irfeey 
et al., 2023; Jain et al., 2023; Turhan et al., 2023). 
Moreover, increasing vegetation cover across urban 
environments, including trees, shrubs, and gardens, has 
proven effective in lowering ambient temperatures and 
reducing the intensity of urban heat islands (Eslamirad et 
al., 2023; Hu et al., 2023). 

Globally, the application of NBS through different 
green infrastructure types has gained momentum and has 
been incorporated into urban planning policies as an 
effective strategy for sustainable urban development, not 
only by mitigating heat stress but also by reducing energy 
demands and enhancing outdoor comfort for city 
dwellers (Jayakaran et al., 2023).  In addition to physical 
cooling performance, the perceived accessibility and 
social experience of green spaces also influence their 
effectiveness. A case study in Bucharest by Stoia et al. 
(2022) found that walking and cycling routes to parks 
were strongly shaped by demographic factors such as 
age, income, and family status. These findings underline 
the need to design green infrastructure for environmental 
performance and equitable access and experiential 
quality across different user groups. Nevertheless, the 
current study demonstrates that combinations involving 
trees and green walls offer the most efficient cooling 
performance, supporting earlier research that identified 
trees and vertical greenery as superior to green roofs 
when addressing urban heat in dense environments 
(Herath et al., 2018; Zölch et al., 2016).  Thus, this 

research highlights that designing integrated and multi-
layered green infrastructure is necessary to improve 
thermal comfort in densely built areas effectively, 
emphasizing vertical and horizontal greenery synergy to 
maximize shading, evapotranspiration, and temperature 
regulation. 

 
4.2 The Role of Green Infrastructure 

Composition in Enhancing Thermal Comfort in 
Densely Built Urban Environments 

 
Improving thermal comfort modeling in densely 

built urban environments involves accurately assessing 
various urban green infrastructure types and their 
collective role in enhancing microclimate conditions. 
Nature-based solutions (NBS) such as green roofs, green 
walls, and street trees have gained significant attention 
due to their capacity to mitigate urban heat island effects 
and improve the thermal comfort of urban areas. 

Recent advances in modeling thermal comfort 
have demonstrated the importance of refining mean 
radiant temperature (Tmrt) calculations for more precise 
simulations. In this regard, tools like ENVI-met and 
RayMan have evolved significantly, enabling improved 
shading, radiation simulations, and urban obstacles' 
effects on thermal comfort. For instance, six-directional 
radiative flux and shortwave radiation projection factors 
incorporated into ENVI-met have enhanced the 
accuracy of thermal comfort assessments by allowing 
for detailed evaluations of shading patterns and 
radiation exchanges between different Urban Green 
Infrastructure components (Sinsel et al., 2022; Yilmaz et 
al., 2021; Middel et al., 2023). Additionally, using 
RayMan for point analysis and SkyHelios for spatial 
assessments provides insights into shading effects, wind 
speed, and the influence of urban morphology on 
thermal comfort, such as the impact of trees and 
vegetation in mitigating mean radiant temperature 
(Matzarakis et al., 2021; Fröhlich et al., 2019). 

The analysis reveals that combining different 
types of Urban Green Infrastructure leads to significant 
improvements in thermal comfort and microclimatic 
conditions. Notably, trees in street canyons have been 
found to provide substantial cooling effects, especially 
when combined with green walls. The tree-green wall 
scenario consistently outperforms others in reducing 
mean radiant temperature (Tmrt) and improving overall 
thermal comfort, as it leverages both horizontal shading 
(from trees) and vertical shading (from green walls). 
This combination effectively enhances 
evapotranspiration and reflects shortwave radiation, 
leading to cooler pedestrian environments (Aminipouri 
et al., 2019; Andreou, 2014; Milosevic et al., 2017; 
Morakinyo & Lam, 2016; Park et al., 2019; Shashua-bar 
et al., 2012; Unal et al., 2018; Yang et al., 2018).  



357 

Complementary to this, a study by Kim et al (2024) used 
ENVI-met coupled with Urban Building Energy 
Modeling (UBEM) to simulate how integrated planning 
of high-rise buildings and green spaces in Seoul affected 
thermal comfort and energy use. The findings showed 
that such integration led to a 0.94 °C decrease in air 
temperature and a 1.80% reduction in energy 
consumption, indicating that urban form and vertical 
structure can enhance the performance of green 
infrastructure under extreme climate conditions.  On the 
other hand, green roofs, while beneficial in cooling 
building surfaces and reducing urban heat island effects, 
are less effective at improving pedestrian-level thermal 
comfort than tree-green wall combinations. This is due 
to the limited shading impact of green roofs, which 
primarily affects building façades rather than street-
level microclimates. Therefore, the composition of 
green infrastructure—particularly the vertical layering 
of trees and green walls—emerges as a more efficient 
strategy for enhancing thermal comfort in densely 
populated areas where space is limited and vertical 
integration is key. 

Studies have shown that ENVI-met is highly 
effective for analyzing shading patterns and identifying 
optimal greenery configurations to improve mean 
radiant temperature (Tmrt) and, thus, thermal comfort. 
For example, Égerházi & Gál (2012) assessed thermal 
comfort in urban environments using ENVI-met, 
focusing on how land cover and vegetation impact 
human sensation. However, they did not directly 
compare their findings with RayMan, highlighting the 
need for multi-model approaches to capture the full 
range of urban green infrastructure impacts on thermal 
comfort (Ridha et al., 2018). 

In summary, combining trees and green walls 
provides the most significant cooling effect among the 
evaluated green infrastructure scenarios, emphasizing 
the crucial role of vertical and horizontal green 
interventions in enhancing thermal comfort in dense 
urban environments. These infrastructures' composition 
and strategic placement are essential to mitigate the 
urban heat island effect, optimize shading, and improve 
thermal comfort in cities worldwide. 

 
4.3. Study Limitations 
 
While this study provides important insights into 

the role of urban green infrastructure (UGI) types, such 
as trees, green roofs, and green walls, in enhancing 
thermal comfort within dense urban environments, 
several limitations should be acknowledged. First, the 
simulations were conducted over a fixed daytime period 
using ENVI-met, limiting the analysis's temporal scope. 
Thermal comfort in urban settings is highly sensitive to 
diurnal and seasonal variations in solar radiation, 

humidity, and wind flow. Therefore, the findings may 
not fully represent long-term or extreme-event scenarios 
such as heatwaves. Future research would benefit from 
expanding the simulation timeframe (e.g., 24–48 hours) 
or incorporating seasonal simulations to capture better 
temporal variability and the full spectrum of thermal 
responses in diverse climatic conditions. Second, the 
study primarily assessed microclimatic effects at the 
pedestrian level but did not fully account for user 
mobility, behavioral responses, or green space 
accessibility—all of which are important for 
understanding real-world implications of thermal 
comfort. Recent studies emphasize the role of shaded 
walking routes, perceived safety, and socio-
demographic factors in shaping how people interact 
with urban greenery (Russo, 2024). Integrating spatial 
behavior modeling and user-centered surveys could 
enrich the human dimension of future studies. Third, 
while ENVI-met allows detailed modeling of vegetation 
structure, it has inherent limitations in species-specific 
representation. This may affect the ecological realism of 
the cooling performance simulated for specific 
typologies. Future research should explore enhanced 
modelling tools or custom vegetation datasets to 
improve the accuracy of native-species performance 
assessment (Sarabi et al., 2023; Russo, 2024). Finally, 
although different UGI combinations were compared, 
the study did not employ remote sensing or spatial 
classification techniques that could support multi-scalar 
analysis of vegetation distribution across the urban 
matrix. High-resolution object-based remote sensing 
(e.g., GEOBIA using PlanetScope data) offers an 
opportunity to assess the spatial continuity, quality, and 
density of urban greenery—tiny and fragmented green 
spaces often overlooked in coarser simulations (Ren et 
al., 2022). Future work could combine remote sensing 
analysis with urban climate models to provide a more 
integrated and scalable evaluation framework. 

 
5. CONCLUSION 
 
Climate change and urban heat islands adversely 

affect street canyons, resulting in elevated energy usage 
and discomfort from heat. Introducing urban green 
infrastructure is proposed as a solution to mitigate heat 
stress and enhance micro-meteorological conditions. 
Various forms of urban green infrastructure, including 
trees, green walls, and green roofs, exhibit distinct 
cooling properties. This study aimed to assess the 
cooling efficacy of diverse combinations of urban green 
infrastructure, comparing them against the current 
environmental conditions. The findings indicated that 
all scenarios incorporating urban green infrastructure 
positively impacted micro-meteorological conditions 
and thermal comfort. Notably, street trees demonstrated 
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superior cooling effects owing to their ability to provide 
shade, reduce mean radiant temperature (TMR), and 
reflect shortwave radiation. Combinations of trees and 
green walls exhibited the most effective cooling 
performance, whereas green walls and roofs showed 
limited effectiveness in restricting solar access. It is 
recommended that landscape architects integrate trees 
into their designs, with a preference for combining trees 
with green walls, particularly in areas with space 
constraints. Future research endeavours should focus on 
evaluating the cooling impact of combining various 
percentages of green infrastructure in diverse urban 
densities and canyons. Additionally, exploring the 
cooling potential of different plant species, shrubs, and 
intensive green roofs in combined scenarios is 
warranted. 
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