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Abstract: This study utilizes ENVI-met simulations to examine the effectiveness of nature-based
urban design strategies in enhancing outdoor thermal comfort for senior citizens during
Mediterranean heat waves. The research focuses on a high-density, post-refugee neighborhood in
Greater Athens, assessing both baseline and optimized urban scenarios featuring mature trees and
water elements. Simulations conducted on July 23, 2023 —the hottest recorded day of the year—
demonstrate substantial reductions in Physiologically Equivalent Temperature (PET), with
improvements ranging from 11.17 K to 22.45 K in the morning, 2.17 K to 14.55 K in the afternoon, and
0.56 K to 4.78 K in the evening. Furthermore, dynamic comfort analysis reveals a reduction in energy
balance of up to 191.92 W during peak heat hours, alleviating thermal strain on elderly individuals.
These findings highlight the pivotal role of shading and evaporative cooling strategies in mitigating
urban heat stress, particularly for vulnerable populations. The study underscores the urgency of
integrating climate-responsive urban interventions into policy frameworks to enhance resilience
against extreme heat events.

Keywords: vegetation; heatwaves; senior adults; elderly; cities; fountains; water; ENVI-met; PET;
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1. Introduction

Outdoor public spaces are vital for promoting human well-being, as they provide environments
that support relaxation, social interaction, and physical activity, all of which contribute to better
mental and physical health [1-3]. As cities face increasing climate-related challenges, the resilience of
outdoor public spaces must be prioritized to ensure they remain functional and accessible for all,
particularly vulnerable groups [4]. These spaces offer opportunities to connect with nature, reduce
stress, and enhance overall life satisfaction [5,6]. Thoughtful design that takes into account the diverse
needs of various demographics—such as age, gender, and mobility —ensures that public spaces are
inclusive and accessible for all [7-9]. Considering these factors, spaces can foster a sense of belonging
and community, allowing individuals from different walks of life to feel welcomed and engaged.
While outdoor public spaces are integral to human well-being, their design must not only address
the diverse needs of different demographics but also account for increasing environmental risks
[2,10].

One such risk is the rising frequency and intensity of heat waves, which pose significant health
threats, especially to vulnerable populations. Recent studies have shown that heat-related mortality
among older adults has increased significantly, particularly in urban environments with insufficient
green infrastructure [11-13]. Among these, the elderly are particularly at risk due to age-related
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declines in the body’s ability to regulate temperature [4]. Studies suggest that age 60 serves as a
threshold for vulnerability to heat stress, while others highlight increased concerns for individuals
over 80 [14]. Even in healthy aging, the body's capacity to regulate temperature declines, increasing
susceptibility to heat stress, dehydration, cardiovascular complications, and the exacerbation of
chronic diseases [15]. Physiological factors such as diminished sweat gland function, impaired
circulation, and chronic diseases—including cardiovascular disorders, diabetes, and respiratory
conditions—exacerbate these risks [16]. Medications, both independently and in combination, can
interact with the aging process and chronic diseases, leading to alterations in homeostatic
mechanisms that regulate body temperature during heat stress [17]. Beyond physiological
vulnerabilities, social and environmental factors significantly influence elderly susceptibility to heat
waves. Social isolation may also limit their access to immediate assistance during extreme heat events
[18]. Also, reduced mobility, financial constraints, and energy poverty issues further increase
exposure risks. Elderly individuals from lower-income backgrounds are often at even greater risk, as
they may lack access to air conditioning, cooling centers, or medical assistance during extreme heat
events.[19].

Urban environments, characterized by heat-retaining materials and limited greenery, amplify
thermal stress, disproportionately affecting older populations [20]. Urban morphology plays a critical
role in shaping microclimatic conditions, as narrow streets and high-rise buildings can trap heat,
exacerbating the urban heat island effect [21]. Mitigating the impact of heat waves on the elderly
requires a multi-dimensional approach, integrating medical interventions, community support, and
urban design strategies. Medical and behavioral adaptations are essential, such as maintaining
hydration, monitoring medications, avoiding outdoor exposure during peak heat hours, and utilizing
cooling methods. Public health initiatives, including heat alert systems, community outreach
programs, and cooling centers, play a crucial role in reducing heat-related mortality among older
adults [22,23].

Urban planning and design are pivotal in enhancing outdoor thermal comfort for the elderly.
Community-driven approaches, where elderly residents contribute to the design of urban
interventions, can improve the effectiveness and social acceptance of climate adaptation strategies
[24]. Age-friendly urban spaces should incorporate shaded areas, hydration stations, well-ventilated
walkways, and reflective materials to minimize heat absorption [25-27]. Green infrastructure, such
as trees and water features, significantly contributes to reducing the urban heat island effect, creating
more thermally comfortable environments [28]. In addition to vegetation, blue infrastructure —such
as fountains, ponds, and misting systems—can provide evaporative cooling, further enhancing
thermal comfort [29]. Physiologically Equivalent Temperature (PET) is a key metric for assessing
thermal comfort, integrating factors such as air temperature, humidity, solar radiation, and wind
speed to provide a comprehensive understanding of outdoor heat exposure [30-32]. By employing
dynamic PET analysis, urban planners can evaluate real-time thermal conditions and implement
targeted cooling strategies. Integrating these urban design strategies into local climate adaptation
policies and heat action plans is essential for achieving resilience [33]. Advanced modeling tools like
ENVI-met further support the optimization of outdoor thermal comfort by simulating microclimate
conditions and assessing the long-term impact of urban interventions [34-37]. Through static and
dynamic PET simulations, planners can refine designs to ensure effective cooling strategies,
ultimately reducing heat stress among elderly populations [38].

These evidence-based approaches reinforce the importance of interdisciplinary collaboration in
creating resilient urban spaces that prioritize the health and well-being of older adults during extreme
heat events. Addressing heatwave risks for the elderly requires a convergence of medical expertise,
social policies, and sustainable urban design [39]. With the frequency of extreme heat events expected
to rise, developing age-inclusive urban environments should be a priority for policymakers, urban
planners, and public health officials alike [40]. By integrating physiological insights, community-
driven interventions, and microclimate modeling, cities can develop effective strategies to enhance
thermal comfort and resilience. Future research should explore how combinations of green and blue
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infrastructure, alongside innovative materials, can optimize outdoor thermal comfort for older
citizens [41,42]. As climate change intensifies, prioritizing age-friendly environments will be critical
in safeguarding the health and quality of life of older populations worldwide.

2. Materials and Methods

The study follows a structured methodology divided into three main stages: the pre-field work
stage, fieldwork stage, and post-field work stage. These stages are designed to systematically analyze
and optimize thermal comfort for senior adults in outdoor spaces, particularly during Mediterranean
heat waves. The selected case study is an area situated within the capital of Greece. Located within
Athens, the study area experiences a hot Mediterranean climate with dry summers, classified as Csa
according to the Koppen-Geiger system. This climate type is characterized by generally mild
temperatures and moderate seasonal fluctuations [28]. It was designed as an urban refugee settlement
in the aftermath of the Asia Minor Catastrophe of 1922. [43] Following a Hippodamian grid, the area
consists of rectangular city blocks (around 57x82 m each) with communal open space in the middle,
characterized by high building and population density [44]. It is essential to note that this study is
part of a broader research project involving multiple ENVI-met simulations aimed at investigating
the potential for improving outdoor thermal conditions in the selected area [28,45]. It includes
unpublished data and findings that focus on the specific needs of elderly individuals. Building on
previous research, elderly individuals represent a substantial segment of the area's population [46].
Consequently, this study aims to explore the specific aspects of senior-friendly design to address their
needs effectively.

The pre-field work stage begins with a contextualization of the research problem through an
extensive literature review. A general review explores the challenges related to thermal comfort for
senior adults in outdoor spaces and examines the impact of heat stress during Mediterranean heat
waves. (Figure 1). Following this, a more specific literature review is conducted to assess existing
research on optimizing thermal comfort in outdoor environments. This step also identifies research
gaps and modifies new studies. The insights gained from this stage lead to the formulation of research
questions, which guide the subsequent phases of the study. The research questions are presented
below:

RQ1: What is the impact of existing urban conditions in a densely built neighborhood of Greater
Athens on the outdoor thermal comfort of senior adults during extreme heat events?

RQ2: How do nature-based interventions, such as mature trees and water features, mitigate thermal
stress by reducing Physiologically Equivalent Temperature (PET) and enhancing dynamic thermal
comfort for elderly individuals?

RQ3: How effective are established urban design strategies in enhancing thermal resilience for
vulnerable populations, such as senior adults?

The fieldwork stage focuses on collecting relevant field data to analyze the physical
characteristics of the selected study area (Figure 1 and Figure 2). This involves examining the urban
topography, urban layout, and focal points, as well as identifying the flora species, surface materials,
and construction elements that influence microclimate conditions. The data gathered is then
synthesized into a general 2D masterplan, which serves as the foundational reference for further
analysis and simulations. In the post-field work stage (Figure 1), the study employs ENVI-met 5.6.1
simulations to evaluate different thermal comfort scenarios. The first step is to establish a baseline
scenario that reflects the existing urban conditions. An optimal scenario is then proposed,
incorporating a significant number of adult trees and fountains (each measuring 1 square meter, with
four per block, Figure 3) to enhance thermal comfort.
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The simulation was conducted on the hottest day of July 2024, ensuring the results account for
extreme heat conditions. On that particular day, the highest recorded air temperature was 41.7°C at
3:00 p.m., while the lowest temperature was documented as 30.9°C at 6:00 a.m. Relative humidity
peaked at 54% at 6:00 a.m. and decreased to a minimum of 23% at 3:09 p.m. The average wind speed
was measured at 4.6 km/h (1.27 m/s), with a wind direction 180°. These data were derived from the
Meteosearch website and were utilized as input for the ENVI-met software to initialize the
microclimatic simulations. The total duration of the simulation for each scenario was 48 hours. The
designated study area spans approximately 181.91 square meters in length and 82.73 square meters
in width (Figure 2). In the ENVI-met model, the spatial configuration consists of 182 grids along the
x-axis, 83 grids along the y-axis, and 30 grids along the z-axis. Each grid cell is uniformly sized at 1
meter in all directions (dx =1 m, dy =1 m, dz =1 m). The model is oriented at an angle of -22 degrees
relative to the grid north. The site's geographic coordinates are approximately 23.67° longitude and
37.98° latitude. The study location, Nikaia-Agios Ioannis Rentis, falls within the Eastern European
Standard Time zone. The designated soil profiles for the nesting grids include [0200ST] Asphalt Road
(Soil A) and [0200PP] Pavement Concrete, categorized as worn and unclean. Building heights range
from 3 to 15 meters, with the majority of buildings standing at approximately 7.5 meters in height.
Tree height ranges from 3 meters along the pavements to 15 meters in the central areas of each city
block, within the open communal spaces. The area includes medium-sized trees with a cylindrical
trunk and spherical canopy. For the optimal scenario, as noted in previous studies, the geometry of
the tree canopy plays a crucial role in shading [28]. The newly planted trees, with their heart-shaped
canopy, are bound to provide a broader shaded area compared to the cylindrical canopy of the
existing trees, as observed in earlier research.

Bio-met 5.6.1 PET and Dynamic Comfort models are used to assess thermal comfort levels for
senior adults (default option 80-year-old male, 0.5 clo, preferred speed of 0.9 m/s)) at different times
of the day, including morning, afternoon, and evening. It is important to note that the Mediterranean
PET scale has been employed for the interpretation and analysis of the results.

Table 1. Original and Mediterranean PET Scale [47].

PET (°C). Mediterranean Scale PThermal comfort Assessment

Original Scale 2
>41.1 >40.0 Very hot
35.1to 41.0 34.0 to 40.0 Hot
29.1 to 35.0 28.0 to 34.0 Warm
23.1t0 29.0 26.0 to 28.0 Slightly warm
18.1t023.0 19.0 to 26.0 Neutral
13.1t0 18.0 15.0t0 19.0 Slightly cool
8.1to13.0 12.0 to 15.0 Cool
41t08.0 8.0 to 12.0 Cold
<4.0 <8.0 Very cold

aMatzarakis and Mayer 1996 *Cohen et al., 2013.

By following this structured methodology, the study aims to provide insights into the
effectiveness of urban design interventions in mitigating thermal stress for vulnerable populations,
contributing to the development of more resilient and inclusive outdoor spaces.
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Figure 2. Aerial view of the selected case study and section A-A.
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Figure 3. 2d and 3d images of the study area in baseline and optimal scenarios.
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3. Results

3.1. Baseline Scenario — 9 a.m.

The diagram in Figure 4 illustrates the environmental conditions affecting elderly individuals at
9 a.m. in the baseline scenario. Key parameters such as air temperature, humidity, wind speed, and
thermal comfort indices are depicted. PET values vary from 34.45 to 61.85°C indicating ‘Hot" and
“Very hot’ thermal conditions from early in the morning. The data suggest a relatively moderate
thermal environment, with values indicating a stable energy balance. However, early signs of thermal
discomfort may be present, particularly in areas with limited shade or high surface heat retention,
such as along the main vehicular roads and the inner parts of the blocks where no vegetation is
present. The diagram, thus, highlights differences in urban and vegetated zones, showing how
localized microclimates impact thermal comfort. The effects of varied solar radiation exposure are
also evident, affecting heat dissipation rates and individual comfort levels. As presented in Figure 4,
shaded areas provide lower PET values (from 43.45 to 41.49 °C).

Figure 1: 30T 09.00.01
24.07.2023
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Figure 4. Baseline scenario, 23/07/2023, PET, male 80 years old, 9:00 A.M.

3.2. Baseline Scenario, 3 p.m.

This diagram in Figure 5, presents the conditions at 3 p.m., a critical period due to peak ambient
temperatures. The results indicate increased thermal discomfort levels, with higher Physiologically
Equivalent Temperature (PET) values and energy balance deviations. PET values vary from 38.14 to
62.39 °C indicating ‘Hot” and “Very hot’ thermal conditions. The elderly population is particularly
susceptible to these conditions, as shown by elevated discomfort indicators. The diagram visualizes
significant heat accumulation in paved areas and urban heat islands, emphasizing the need for
shading and cooling strategies. Thermal strain is pronounced, suggesting that without mitigation
measures, individuals in these environments may experience severe thermal discomfort and
increased health risks. The influence of building orientation and material reflectivity is also
noticeable, affecting the temperature distribution across different urban sections. To be more specific,
shaded areas by adjacent buildings provide pockets with lower PET values up to 49.86°C, while non-
vegetated enclaves exposed to direct sunlight provide higher PET values, around 62.39°C. It is
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important to note, though, that all enclaves of the examined area, show high levels of thermal
discomfort with values that rise higher than 39°C.

Figure 1: 30T 15.00.01
23.07.2023
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Figure 5. Baseline scenario, 3 p.m.

3.3. Baseline Scenario, 8 p.m.

The evening scenario demonstrates a decline in temperature and overall thermal load. PET
values vary from 36.35 to 45.79 °C, indicating ‘Hot” and “Very hot’ thermal conditions and, therefore,
residual heat from the day may still contribute to discomfort, particularly in urban pockets with high
thermal mass. The diagram in Figure 6 shows a gradual return to more tolerable conditions, yet
variations in energy balance suggest localized thermal retention effects. Buildings, pavements, and
unshaded surfaces continue to emit heat, which may prolong the thermal strain into the night. The
elderly, especially those with limited mobility, may still experience elevated physiological stress,
highlighting the need for better night-time ventilation and cooling solutions. The persistence of high
ground surface temperatures in certain urban pockets indicates a need for strategies such as increased
nighttime airflow, enhanced vegetation, or modified materials with lower thermal conductivity.
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Figure 6. Baseline scenario, PET, 8 p.m.

3.4. Optimal Scenario — 9 a.m.

In the optimal scenario at 9 a.m. (Figure 7), the diagram highlights improved thermal conditions
through various mitigation measures. PET values vary from 34.23 to 61.79°C (‘Hot” and ‘Very hot’
thermal conditions). Compared to the baseline, air temperature and PET values are lower, indicating
enhanced thermal comfort. The modifications applied in this scenario contribute to a more stable
energy balance, reducing early-day discomfort. Figure 7 also shows a more uniform temperature
distribution, suggesting that interventions have successfully minimized localized heat extremes. The
inclusion of shaded pedestrian areas and enhanced natural ventilation pathways further enhances
overall thermal resilience in the morning hours.
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Figure 7. Optimal scenario, 9 a.m., PET.
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3.5. Optimal Scenario — 3 p.m.

Figure 8 presents conditions during peak afternoon hours under the optimal scenario. PET
values vary from 37.94 to 61.86 °C ("Hot’ and ‘Very hot’ thermal conditions). Compared to the
baseline, significant reductions in thermal discomfort markers are evident. Lower PET values,
through improved shading, contribute to an overall enhancement in thermal comfort. Figure 8
showcases a more sustainable thermal environment, where green infrastructure, passive cooling, and
urban design elements help to mitigate extreme heat exposure, reducing potential health risks. The
presence of water features in urban design further contributes to cooling effects, demonstrating the
multifaceted approach to heat mitigation.
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Figure 8. Optimal scenario, PET, 3 a.m.

3.6. Optimal Scenario — 8 p.m..

The nighttime conditions in the optimal scenario depict a further improvement in thermal
comfort compared to the baseline. In the optimal scenario PET values at 8 p.m. vary from 36.36 to
44.67°C (‘Hot’ and ‘Very hot’ thermal conditions). Figure 9, demonstrates a more consistent decline
in thermal load, mitigating late-evening heat stress effects. The presence of natural ventilation
corridors and strategic landscaping contributes to improved cooling, making the nighttime
experience more comfortable. The optimal scenario illustrates the long-term benefits of climate-
responsive urban planning. The reduction of retained heat in key urban sections suggests that well-
planned mitigation techniques can significantly lower nighttime discomfort levels, leading to an
overall improvement in livability.
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Figure 1: 30T OPTIMAL
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Figure 9. Optimal Scenario, PET, 8 p.m.

3.7. Comparison Between Baseline and Optimal Scenarios

This set of diagrams provides a direct comparison between the baseline and optimal scenarios
at three key time points (9 am., 3 p.m., and 8 p.m.). The data reveal that mitigation strategies
significantly lower thermal stress, particularly during peak hours. The optimal scenario exhibits a
more stable energy balance and reduced PET values across all periods. The comparison underscores
the effectiveness of adaptive measures, including shading through green infrastructure, in enhancing
elderly individuals' thermal comfort. The visual representation of temperature distribution in both
scenarios further highlights the effectiveness of interventions in reducing urban heat stress. The
statistical differences in temperature gradients between the two scenarios serve as concrete evidence
of the benefits of climate-sensitive urban planning. To be more specific, the absolute difference in PET
values, at 9 a.m. varies from -11.17 K to 22.45K (Figure 10). During the hottest period of the day, at
3 p.m., the absolute difference in PET values varies from 2.17 to 14.55K (Figure 11). In addition, at 8
p.m., absolute PET difference varies from -0.56 to 4.78K.
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Figure 1: Comparison 30T
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Figure 10. Absolute difference PET, baseline, and optimal scenarios, 9 a.m.
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Figure 11. Absolute Difference in PET values, 3 p.m.
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Figure 1: Comparison 30T
20.00.01 23.07.2023 with 30T
OPTIMAL 20.00.01 23.07.2023
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Figure 12. Absolute PET difference, 8 p.m.

3.8. Further Analysis of Peak Temperature Hours. Dynamic Comfort, Dpet, Static PET, and Energy Balance.
Comparison Between Baseline and Optimal Scenarios

The following diagrams focusing on 3 p.m. provide additional insights into heat stress during
the hottest period of the day. The baseline scenario exhibits high PET values, indicating significant
thermal discomfort. In contrast, the optimal scenario showcases mitigative effects, including lower
PET values and a more balanced energy profile. These findings suggest the importance of urban
planning interventions in reducing heat-related risks. Research results provided below (Figures 13—
18) highlight the stark contrast in heat absorption and dissipation between scenarios, reinforcing the
need for well-integrated passive cooling strategies. The comparison also demonstrates the
proportional influence of various mitigation factors, reinforcing the importance of a multi-layered
approach to thermal management. In particular, this section examines dynamic comfort parameters,
including Dpet, static PET, and energy balance variations. The results indicate that under the baseline
scenario, fluctuations in PET values correlate with heightened discomfort during peak hours.
Conversely, the optimal scenario demonstrates a more consistent and favorable thermal
environment, reflecting the efficacy of intervention measures. The effectiveness of cooling
interventions such as urban greening and water elements, is evident through the stabilized comfort
indices. To be more specific, static PET values in the baseline scenario range from 46.06 to 61 °C
(Figure 13), while in the optimal from 42.77 to 60 °C (Figure 16). In addition, dPET values in the
baseline scenario vary from 21.78 to 23.43 °C (Figure 14), while in the optimal range from 21.78 to
22.98 °C (Figure 17). As for energy balance, values range from 248.47 to 525.16W (Figure 15) in the
baseline scenario, whereas in the optimal we observe lower values that vary from 192.14 to 523.36W
(Figure 18).

The optimal scenario consistently outperforms the baseline in terms of thermal comfort and
energy balance stability. The data suggest that implementing targeted mitigation strategies can
substantially improve the well-being of elderly individuals, particularly during periods of extreme
heat exposure. The visuals reinforce these conclusions by illustrating the spatial distribution of
thermal discomfort and energy flux, making it clear that urban design plays a crucial role in shaping
comfort and resilience to extreme weather conditions.
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Figure 13. Baseline scenario, static PET, 3 p.m.
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Figure 14. dPET, Baseline scenario, 3 p.m.
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Figure 1: Methusalem
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Figure 15. Energy balance, baseline scenario, 3 p.m.
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Figure 16. Static PET, optimal scenario, 3 p.m.
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Figure 1: Methusalem
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Figure 17. dPET, Optimal scenario, 3p.m.
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Figure 18. Energy Balance, Optimal scenario, 3 p.m.

4. Discussion

The findings of this study highlight the significant impact of urban design interventions in
mitigating heat stress for senior adults during extreme heat events. By employing ENVI-met
simulations, the study assessed thermal comfort in a densely built neighborhood of Greater Athens
under both baseline and optimized scenarios. The results indicate that the integration of mature trees
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and water features contributes to substantial reductions in Physiologically Equivalent Temperature
(PET) values, particularly during peak afternoon hours when heat stress is most pronounced. A key
observation from the baseline scenario is the pronounced heat stress experienced in non-vegetated
areas, where PET values exceed critical thresholds for thermal discomfort.

The findings are consistent with previous research suggesting that intense urbanization,
characterized by urban surfaces with high thermal mass, contributes to prolonged heat retention and
intensifies the urban heat island effect [48]. The optimal scenario, however, demonstrates the
effectiveness of shading and evaporative cooling in reducing PET values, with absolute reductions
reaching up to 22.45 K in the morning, 14.55 K in the afternoon, and 4.78 K in the evening. These
findings support the argument that nature-based solutions play a vital role in enhancing outdoor
thermal comfort, highlighting the special benefits for vulnerable populations such as the elderly [48-
53]. In addition to static PET analysis, the study examined dynamic thermal comfort parameters,
including dPET and energy balance variations. The optimized scenario consistently outperformed
the baseline condition, with energy balance reductions reaching up to 191.92 W during peak
afternoon hours. This result suggests that targeted urban interventions can significantly moderate
the energy flux experienced by individuals, thereby reducing strain and the risk of heat-related
illnesses.

The findings indicate that nature-based interventions in high-density Mediterranean cities
produce significant Physiologicallyly Equivalent Temperature (PET) reductions, with maximum
decreases of up to 12°C observed under tree shading [54,55]. A breakdown of the contributions of
different mechanisms suggests that tree shading accounts for the largest share, typically contributing
60-80% of the total PET reduction, while evapotranspiration and soil thermal properties provide
secondary contributions of 10-25% and 5-15%, respectively [55,56]. The primary reason for shading’s
dominant role is its direct modification of mean radiant temperature (Tmrt), the key meteorological
factor influencing PET in high-solar environments. Studies indicate that dense canopy coverage can
lower Tmrt by 15-20°C, leading to PET reductions of over 10°C in shaded zones. Shading blocks
shortwave solar radiation, reducing surface heating and preventing dangerous heat exposure during
peak afternoon hours. PET reductions are especially pronounced in urban squares and streets where
trees provide overhead coverage and lower direct solar exposure [54,55,57].

Evapotranspiration enhances cooling through latent heat flux, but its contribution is limited in
water-scarce Mediterranean environments [58]. Studies show that without consistent soil moisture
availability, vegetation’s latent cooling potential declines dramatically during peak dry season
months [55]. Models indicate that tree-pit irrigation and engineered soils improve transpiration
efficiency, allowing evapotranspirative cooling to contribute up to 20-25% of total PET reductions in
well-optimized scenarios [59]. The observation of PET reductions up to 12°C under well-shaded
environments aligns with existing findings from Mediterranean cities such as Rome, Athens, and
Thessaloniki [55,60]. Similar studies report PET drops of 10-15°C in shaded areas compared to
unshaded streets, reinforcing the central role of tree canopies [56,61]. In Rome, tree shading provided
the most substantial cooling effects, with PET reductions ranging from 8-12°C, comparable to our
reported values [62]. In Athens, thermal comfort benefits were notable in urban spaces with extensive
canopy cover, where PET reductions reached 6-10°C during peak sun hours [56,61]. In Thessaloniki,
tree-based shading cooled streets by up to 12°C, but cooling pavement materials provided only
marginal additional benefits [54].

A critical gap in the existing literature is the lack of elderly-focused PET assessments. While
general PET reductions are well-documented, few studies explicitly examine how older adults
perceive and physiologically respond to these cooling interventions. Older adults exhibit reduced
sweat efficiency and impaired thermoregulation, making direct temperature reductions via shading
more beneficial than reliance on evaporative cooling [29]. Thermal comfort perception differs; studies
suggest that elderly populations experience heat stress at lower PET thresholds than younger
individuals, making even modest shading improvements critically important [54,63].
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The reduction of energy balance in optimized urban scenarios is particularly significant for
elderly populations, as aging is associated with altered thermoregulation and metabolic energy
expenditure. Senior adults experience lower resting metabolic rates and impaired energy balance
regulation, increasing their susceptibility to heat strain [64]. Energy balance is vital for successful
aging, as it supports metabolic function and resilience to environmental stressors [65]. This study’s
findings, showing up to 191.92 W reduction in energy flux through nature-based interventions,
highlight the role of optimized urban environments in mitigating heat strain for elderly populations.
By enhancing thermal comfort, climate-responsive urban planning can promote healthier and more
resilient aging in high-density Mediterranean cities. Moreover, this study’s findings have important
implications for urban planning and policy-making. The results underscore the necessity of
incorporating green infrastructure in high-density urban environments to enhance microclimatic
conditions and protect at-risk populations [12]. The observed improvements in thermal comfort also
highlight the need for interdisciplinary collaboration between urban planners, environmental
scientists, and public health officials to develop holistic strategies that enhance urban resilience to
climate change-induced heat extremes.

5. Conclusions

This study demonstrates that strategic urban design interventions, particularly the incorporation
of mature trees and water features, can significantly enhance outdoor thermal comfort for senior
adults during Mediterranean heat waves. ENVI-met simulations provided quantifiable evidence of
thermal improvements, with optimized scenarios yielding lower PET values and enhanced energy
balance stability. The findings emphasize the importance of integrating nature-based solutions into
urban planning to mitigate heat stress, particularly in neighborhoods characterized by high building
and population density. Given the increasing frequency of extreme heat events, policymakers must
incorporate nature-based solutions into urban climate adaptation plans. Municipal authorities should
prioritize the expansion of green and blue infrastructure through regulatory frameworks, financial
incentives, and community-driven initiatives. Integrating these interventions into zoning regulations
and urban regeneration programs will ensure their long-term sustainability and maximize their
benefits for vulnerable populations, particularly senior citizens. The implementation of shading and
cooling elements not only reduces ambient temperatures but also contributes to broader climate
adaptation strategies, reinforcing the role of sustainable urban development in fostering resilient
cities. Future research should explore the long-term impact of such interventions, considering
seasonal variations and the potential for adaptive design solutions that evolve with changing climate
patterns. However, this study has certain limitations. The use of ENVI-met simulations provides
valuable insights into microclimatic conditions, yet real-world observational data would further
validate the effectiveness of the proposed interventions. Additionally, while this research focuses on
thermal comfort improvements, other social and behavioral factors —such as elderly individuals’
perceptions and adaptive responses to heat —should be considered in future studies. Additionally,
studies incorporating real-world observational data alongside simulation models would provide a
more comprehensive understanding of the effectiveness of different mitigation strategies. Further
research should also explore how elderly individuals interact with climate-adaptive urban
environments in everyday life. Combining qualitative approaches, such as interviews and surveys,
with quantitative microclimatic analyses would provide a holistic understanding of thermal comfort
needs. Moreover, experimental studies incorporating physiological measurements could offer deeper
insights into the actual health benefits of urban cooling interventions. By prioritizing age-friendly
urban environments, policymakers can help safeguard vulnerable populations against the escalating
risks posed by extreme heat events, ensuring equitable access to safe and comfortable public spaces.
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