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Abstract: The urban heat island effect can be studied through satellite imaging, field measurements,
or analytical and numerical tools. However, the latter methods are considered more comprehensive
due to the complexity of the built environment and the large quantity of data required for an adequate
analysis. This study aims to investigate the extent to which specific urban bioclimatic design concepts
and strategies affect the urban heat island intensity in Mediterranean semi-arid environmental
conditions, classified as subtropical. The case study site chosen was Kaimakli, an urban district in
Nicosia, Cyprus, known for high urban heat island intensities due to its location and rapid growth
characterized by more impervious materials and less green vegetation. The analysis of the specific
site considers parameters such as urban density, vegetation, soil sealing effect, building age and
materials, land coverage ratio, and orientation. A design scenario consisting of three mitigation
policies of different building types, heights, and vegetated types was developed and investigated.
The study found that under semi-arid conditions, the use of extensive vegetation in an urban block of
a 200 x 200 m? area and the reduction of the built area by about 10% resulted in an air temperature
reduction of 1.5 °C during the summer solstice at 3:00 pm. These findings quantify the impact
of specific urban heat island mitigation practices on decreasing the intensity of the effect under
subtropical climatic conditions. This study provides valuable insights into the potential of specific
urban bioclimatic design concepts and strategies to mitigate the urban heat island effect. The use of
extensive vegetation and a reduction in the built area have been shown to be effective in reducing air
temperatures, which can have significant implications for public health, energy consumption, and
overall urban sustainability.

Keywords: urban heat island effect; urban planning; mitigation; microclimate model; computational
analysis

1. Introduction

Urban heat islands occur when cities replace natural land cover with dense concentra-
tions of pavement, buildings, and other surfaces that absorb and retain heat [1], resulting to
an urban area that is significantly warmer than its surrounding rural areas [2]. This effect
increases energy costs, air pollution levels, and heat-related illness and mortality [3]. In
view of the continues efforts to mitigate the Urban Heat Island (UHI) Effect, numerous
policies have been adopted in recent years which include financial incentives [4], remote
working [5], and the reduction of the energy performance of buildings [6,7]. Extensive re-
search in recent decades proved that urban climates and heat islands are diverse and related
to various features; some of them are more local and others, universal. Bouvert et al. [8],
Santamouris [9], and Li et al. [10] summarize the causes of UHI: less evapotranspiration

Sustainability 2023, 15, 6133. https:/ /doi.org/10.3390/s5u15076133

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su15076133
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-6562-9529
https://orcid.org/0000-0001-5779-7805
https://orcid.org/0000-0003-4112-3819
https://doi.org/10.3390/su15076133
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15076133?type=check_update&version=1

Sustainability 2023, 15, 6133

2 of 21

because of soil sealing; the reduced albedo of the surface results to solar energy absorption;
for the same reason, as well as due to the high density of the buildings in urban blocks, the
infrared radiative loss of the city during the night is also reduced; the reduced velocity of
the air which is caused by the city surface terrain also leads to the reduction of convection;
also, the human factor and the heat rejections from air-conditioning devices lead to a
significant anthropogenic thermal load. It is obvious that these interactions are complex
on their own. It is clear that the urban design demands and principles are affecting all
of the above; urban development is, by definition, increasing soil sealing, albedo of the
traditional building materials are low, densities are desirable and related to development
feasibility, and constructions and buildings usually produce a rough urban surface [11].
Mitigation tools are usually trying to balance between the demand for less UHI but without
compromising the functionality and the amenity of the build environment. Mitigation
strategies are grouped in three sets of tools: urban morphology and geometry; soil sealing
and green; and building and surface materials.

The first set of mitigation tools applies to the initial design principles or planning
restrictions that produce the geometries of urban space. What is the climate performance of
urban morphology in terms of coverage, building block volumes, and heights in relation to
the open spaces, their orientation, and their insolation capacity [1,12]? Do urban canyons
and layout settings facilitate cooling, especially at night [13]?

The second set has to do with soil sealing and the management of greening and
trees. The benefits of trees and unsealed soil have been extensively investigated by many
researchers for both their thermal and social aspects [9,14,15]. The process of evapotranspi-
ration allows solar radiation to transform into latent heat, as a tree can withhold around
75% of the solar radiation that it receives. Greenery can also reduce longwave radiation
between buildings [16,17]. Layout design decisions can increase unsealed soil and provide
the minimum necessary hard surfaces for vehicle movement or other uses, maximizing
natural soil surfaces.

The third but equally important set of mitigation strategies is related to the construction
materials and mainly their external surfaces, as well as their heat capacity. Albedo is a
surface indicator that shows what part of the energy from the sunlight reflects into the
atmosphere. High albedo means high reflectivity, when it is combined with materials with
low heat capacity, heat trapping from solar radiation is minimized [18,19]. However, in
cases where the use of low thermal capacity materials is not desirable, there are strategies
for smart heat storage; for example, humid soil or water (heat capacity = 4.2J/ (cm3-K))
could absorb heating and release it gradually through evaporation [9,20].

UHI may be investigated either by using images from satellites, by conducting mea-
surements in the field, or with the development of models, analytical or numerical. On
some occasions, qualitative practices are also employed to perform the analysis of the UHI
effect. Before taking decisions on the mitigation practices of the phenomenon, a good
practice is to perform the testing and validation of computational models which were
especially developed for this purpose [21]. ENVI-met serves this specific purpose well—i.e.,
the pre-validation and the evaluation of proposed UHI mitigation strategies—by providing
the ability to document and simulate the microclimate conditions in very high detail [22].
ENVI-met is a 3D microclimate simulation software used for a wide range of applications
including urban planning, building design, and energy efficiency, considering multiple
climate parameters. ENVI-met can simulate a variety of climate conditions, including day-
and night-time temperatures, humidity, wind speed, and solar radiation in cities. It can
also simulate the effects of different building materials, such as glass and stone, on the
climate of the surrounding environments [23].

Empirical validation (in situ temperature observations) of the ENVI-met modelling re-
sults in the current situation can also be useful in cases where one or several of the examined
development scenarios are physically constructed. In any case, ENVI-met enables the under-
standing of the contribution of different building elements and materials to this phenomenon
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and, particularly, how they affect the urban microclimate. This application also enables the
assessment of heat transfer between the indoor and the outdoor microclimate [24].

The local conditions in Cyprus have boosted UHI in recent decades. The semi-arid
climate conditions, especially at the central plane where Nicosia, the capital of the island,
is located, include heat waves, especially during the extended summer periods [25]. The
plot-to-plot urban development patterns, the specifications regarding coverage, building
volumes and heights, and the fragmentation of the open spaces have negatively influenced
the issue. Water shortage, lifestyle choices, and inadequate planning have minimized the
presence of private and public green spaces in the city [26,27]. The extensive asphalt road
network, the predominance of concrete structures, and the use of materials of low albedo
and high heat capacity have also increased UHI [28,29].

It is obvious that large-scale mitigation measures are hard to implement for the whole
city of Nicosia and their results are applicable for the short-term. The extended urban
sprawl and the large number of urban voids in every urban district [26] may provide the
opportunity for the future diffusion of UHI-improved developments that would eventually
reaps benefits on a large scale in the long term. New building developments that adopt
mitigation strategies and offer microenvironments with a better performance regarding
UHI could be pilots for new urban design and building development approaches.

2. Materials and Methods

The purpose of this study is to investigate whether mitigation strategies at the micro
scale of a private development complex could adequately affect the UHI effect. An area
of 200 m x 200 m at the edge of the Kaimakli urban district [30] was strategically selected
for a comparative UHI simulation. The selected area purposely includes both existing
conventional plot-to-plot developments at its east site and an empty field/plot (temporarily
given to agricultural use) of approximately 1.5 hectares to the west site. The existing
building plot ratio at the area is 1.2, a fact that allows a gross density of around 100 residents
per hectare, which allows for an urban design that meets major economic [31], social [32],
and environmental [33] challenges [34]. The simulation follows two steps:

= Investigation of the current UHI performance of the existing fabric and the nearby
empty field;

= Investigation of the same area, with a new development proposed at the empty field
at the west. The new development maintains similar scale, building densities, and
coverage as the surrounding fabric. Several mitigation strategies also apply which
include the following:

i Coverage management, building volumes, and heights in relation to the open
spaces and their orientation designed to minimize solar heat trapping;

ii. A dry stream as an existing natural feature is preserved and turned into a water
feature; soil sealing is minimized, while greenery and trees are maximized;

iii. High albedo and low heat capacity materials are strategically used for pave-

ments and external surfaces.

The comparative case study approach can indicate to which extent new urban de-
velopments that apply mitigation strategies can improve the UHI effect in relation to the
existing built environment.

It should be noted that Envi-met, as any other software tool, may perform uncertain-
ties relevant to the microscale assurance of its grid independency; in situ temperature
observations could mitigate this risk [26]. Unfortunately, the assessment of building and
development scenarios does not allow these kinds of checks.

2.1. Investigated Site

The purpose of this study is the investigation of the Urban Heat Island (UHI) features
and the evaluation of their magnitude in the context of an urban area in Kaimakli, Nicosia,
with the use of the ENVI-met V5 software. The weather conditions of the analysis aimed
to represent the conditions under a heat wave in Nicosia. In Nicosia, high UHI intensities
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have been documented in the past due to the city’s location as well as the fact that the
city is constantly growing; the use of materials such as concrete and bricks help the UHI
effect [27]. The simulated zone includes a combined built-up and vegetated area. Figure 1
presents an aerial view of the studied area.

Figure 1. Aerial view of the studied area.

The properties of the impervious materials and plants are provided in Table 1. Absorp-
tion concerns the fraction of shortwave radiation absorbed by the material; reflection refers
to the fraction of shortwave radiation reflected by the material (Albedo); and emissivity
concerns the longwave thermal radiation.

Table 1. Properties of impervious materials and plants.

Parameter Buildings  Asphalt Soil Pavements Trees
Absorption 0.7 0.8 0.6 0.6 0.8
Reflection 0.3 0.2 0.4 0.4 0.2
Transmittance - - - - 0.3
Emissivity 0.9 0.9 0.9 0.9 -
Plant Height [m] - - - - 5
Specific Heat [J/kg °C] 1100 - - - -
Thermal Conductivity [W/m °C] 0.5 - - - -
Density [kg/m?] 1500 - - - -

The simulation was conducted for two different case studies:

s The baseline scenario presents the current status of the investigated area, with conven-

tional construction and materials and more impervious surfaces with no vegetation
or trees;

s The green scenario includes impervious surfaces and vegetation. In this advanced

design scenario, more bioclimatic design elements, building types and heights, as
well as vegetated types, pervious surfaces, and vegetation were included.
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The analysis considered Kaimakli, a large northeastern suburb of Nicosia, with a
population of 11,564 and an average elevation of 162m [30], near the old walled city of
Nicosia. The climate of this suburb is similar to the city of Nicosia, which is subtropical
semi-arid. The annual precipitation of Kaimakli is low. In the city, hot and dry summers, as
well as cool-to-mild winters are observed. The rainfall mainly occurs in the winter. The
average high temperature in summer is 37.2 °C and the low temperature is 22 °C. The
average high temperature in winter is 22.2 °C and the low temperature is 5.7 °C. A synopsis
of the climatic conditions at the Kaimakli area [35] is given in Figures 2 and 3, which show
graphical representations of the extracted data from the PV GIS tool.

Temperature (°C) 38 38

e High's

— LOWS

6 6

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Rainfall 57.7

51.4 B millimeters
46.3
w Days

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Daylight Hours
145 145
5 135
12 125
11 115
10 105

Jan Feb Mar Apr May Jun Ju Aug Sep Oct Nov Dec
Figure 2. Climatic Conditions—Kaimakli Nicosia [35].

Table 2 and Figure 4 displays temperature measurements taken on a specific day
during the simulation, as well as corresponding temperature data from the nearest weather
station in Athalassa. Figure 5 illustrates the precise location of the weather station on
a map.
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Figure 3. Twenty-four-hour average temperature (°C).
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Table 2. Simulated and Athalassa weather station temperatures for a specific day (°C).

Date T, ENVI-met (°C) T, Station (°C) Deviation (%)

23 June 2022 0:00 27.69 26.3 5%
23 June 2022 1:00 26.15 25.8 1%
23 June 2022 2:00 24.62 25.7 4%
23 June 2022 3:00 23.08 254 9%
23 June 2022 4:00 21.54 249 13%
23 June 2022 5:00 20 243 18%
23 June 2022 6:00 21.82 23.7 8%
23 June 2022 7:00 23.64 26.3 10%
23 June 2022 8:00 25.45 294 13%
23 June 2022 9:00 27.27 31.9 15%
23 June 2022 10:00 29.09 32.6 11%
23 June 2022 11:00 30.91 33.1 7%
23 June 2022 12:00 32.73 355 8%
23 June 2022 13:00 34.55 34.5 0%
23 June 2022 14:00 36.36 35 4%
23 June 2022 15:00 38.18 36.7 4%
23 June 2022 16:00 40 35.9 11%
23 June 2022 17:00 38.46 359 7%
23 June 2022 18:00 36.92 343 8%
23 June 2022 19:00 35.38 32.8 8%
23 June 2022 20:00 33.85 29.8 14%
23 June 2022 21:00 32.31 28.3 14%
23 June 2022 22:00 30.77 27.6 11%
23 June 2022 23:00 29.23 27 8%
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Figure 4. Simulated and Athalassa weather station temperatures for a specific day (°C).

Figure 5. Athalassa Radiosonde Station.

In the chosen area, a good presence of vegetation is shown around the house yard and
trees along the street, while the area has a typical urban canyon layout: narrow streets and
densely built structures.

Thirty-two buildings in total were considered in the model, ranging from 4 to 15 m
height. Each of the two investigated cases had its own features, resulting mainly from
the urban planning, the landscape, and the building materials. For the modelling of the
vegetation, three different plant types were considered, namely, palm, olive, and citrus
trees, which are considered as typical for the Mediterranean urban environment. Vegetation
was observed mainly along the streets and in the house yards. The chosen plot area lies next
to the buffer zone, in a densely built neighbourhood of Kaimakli, and combines both rural
and urban features. The buildings in the considered plot are residential, both in apartment
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blocks and detached single-family houses. An analysis of the built and the unbuilt spaces in
the study area are presented in Figure 6, and Figure 7 provides an overview of the surface
materials in the study area. In Figure 8, the panoramic view of the land use is given.

Unbuilt_
30.8%

Figure 7. Surface materials analysis in studied area.

The proposed development concerns the design of 21 building blocks, with maximum

heights of 15 m and minimum heights of 12 m. The plot was divided into three parts:

Part A consisted of 10 building blocks, arranged in ‘L’ and ‘U’ shapes, open towards
the south in order to allow maximum heat gain inside the buildings. The height of
the buildings was 15 m. The land surface consisted of soil and paving materials, in
order to identify differences between them. The trees faced west along the street. On
the road between the buildings, two arrays of trees were placed at the southern and
northern sides of the road, respectively. Under the specific case, the contribution of the
trees to the mitigation of the high temperatures, caused by the impervious materials,
was evaluated;

Part B consisted of a green corridor, which included an array of trees, as well as a
lake. The land surface consisted of soil, which was located in the middle of the plot,
dividing the two types of buildings. This part was aimed at evaluating the impact of
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a green corridor on the plot and on the site area, and specifically at assessing whether
using materials of high thermal mass helped to decrease the temperature;

= Part C consisted of 11 building blocks arranged around a square. The height of these

buildings was assumed to be 12 m. The land surface consisted of soil and pavement
materials, in order to identify the differences between them. The absence of trees was
also taken into consideration. Based on this configuration, the interactions between
the impervious and permeable soil surfaces were evaluated, as well as the temperature
increase caused by the absence of trees.

Built
13.2%

Household Types

ﬁm

Residential Double Dwelling
Block detached
dwelling

Figure 8. Land use analysis in studied area.

2.2. Computational Tool: ENVI-Met Model

ENVI-met is a three-dimensional microclimate modelling software designed to sim-
ulate the interactions between the built fabric surface, the natural landscape, and the
atmosphere in urban environment [36]. ENVI-met simulates the evolution in time of se-
lected thermodynamic parameters on a micro-scale, delivering multi-dimensional models
of the interactions between the vegetation in urban areas and the atmosphere in the ur-
ban environment. The level of analysis of ENVI-met is the microclimate. The horizontal
resolution of the analysis ranges between 0.5 m and 10m. Concerning the time step of
analysis, this may vary from 1 to 5 s. The analysis is usually conducted between 24 and 48 h.
ENVI-met is applying well established fundamentals of thermodynamics and fluid me-
chanics, with emphasis on the simulation of the interaction between the buildings and the
environment, to deliver results which include the heat flow around and between buildings;
the heat and humidity exchange at the soil level and between walls; thermohydrometric
exchange in vegetation; and pollutant dispersion.

2.3. ENVI-Met Air Temperature Validation

The PVGIS system employs solar radiation data of a high quality derived from satellite
imagery, alongside ambient temperature and wind speed data obtained from climate
reanalysis models. The energy yield model undergoes validation based on measurements
obtained from commercial modules tested at the European Solar Test Installation (ESTI),
an ISO 17025-accredited photovoltaic calibration laboratory for all photovoltaic materials
that operates under the Joint Research Centre (JRC). The PVGIS tool is utilized to extract
monthly average historical data spanning.

The Athalassa Radiosonde Station is situated in a separate municipality; nonetheless,
it represents the closest meteorological station available. Due to the lack of valid mete-
orological data at our site, the suggested validation process requires several months for
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completion in order to ensure the eventual passage of appropriate dates. The dedicated
section added provides, to an extent, a validation of the model.

Air temperatures that are significant for evaluating heat islands are those defined
in the urban canopy. The urban canopy is defined as the area between the ground level
and the dome of the buildings. They are most suitable for a study in which the goal is
to moderate public health dangers, as they represent the most appropriate indicators of
physical conditions essentially experienced by individuals. The height of the analysis was
in accordance with the human level and the urban canopy level.

ENVI-met consists of the model groups below [37,38]:

" An atmospheric module, which computes air motion, 3-D turbulence, temperature,
and relative humidity, taking into consideration obstacles (e.g., buildings, vegetation).
The difference of radiation due to vegetation is also included in the analysis;

= A surface module, which analyses the emitted longwave and reflected shortwave
radiation from diverse surfaces, taking into consideration the incident longwave and
shortwave radiation. It reflects the albedo of the exteriors and shade as a function
of the solar path and computes water vapor evaporation from the vegetation and
transpiration from the soil, in view of the airflow-modifying effect of the vegetation.
It is adapted to model flat surfaces;

= A vegetation module, which computes foliage temperature and the energy balance of
the leaves, considering physiological and meteorological parameters;

= A soil module, which computes the thermo- and hydrodynamic processes that take
place in the soil. This model considers the combination of the natural and artificial
surfaces of the selected neighborhood, and it can also calculate heat exchange between
a water body and its environment.

The area was rendered with a 100 x 100 x 30 (x-y-z) grid of 2 m each unit, with fixed
spacing on the x- and y-axes, and a thicker grid near the ground, allowing a more accurate
analysis of edge effects. The resolution was an average within the suggested values (for
minimum 0.5 m to maximum 10 m). With the above constraints, a reasonable combination
of accuracy and calculation time was achieved.

3. Results and Discussion
3.1. Baseline Scenario

Figure 9 shows a map of the air temperatures at lower elevations (1.5 m from ground
level) at 3 p.m. and 11 p.m. As expected, the road surfaces were the hottest zones,
whereas the surroundings, which are less dense, experienced milder effects. The maximum
temperature, from above the road surface, was 40 °C, while the minimum, recorded in
densely vegetated areas, was 36.5 °C. Due to the northwesterly wind direction, the air
temperature is relatively low. During the night, the air temperature decreases considerably
compared to daytime temperatures. Due to the wind direction at night, air temperatures in
a southeastern orientation were lower than in areas located in different orientations (lower
than 30 °C, higher than 31 °C).

In Figure 10 the soil temperatures at 3:00 p.m. and 11:00 p.m. are depicted for the
summer solstice. During the night, as expected, the soil temperature decreased considerably,
compared to the day temperatures (maximum 33 °C, minimum 25 °C); however, the
temperatures for the asphalt remained relatively high (above 31 °C). Indisputably, during
the UHI effect, the temperature characteristics of dense street canyons are very distinct
compared to those of rural or semi-urban areas. The narrower a street “canyon”, the less
the potential insolation penetration to a street surface such as asphalt. On the other hand, in
a less densely built fabric, the possibility of vegetation on larger areas of the ground surface
increases. Hence, this affects both density and urban morphology. This observation is
also due to the absorption and reflection of solar radiation in urban areas, the construction
materials of high thermal mass, and also the emissivity (concrete, brick, asphalt, etc.).
Therefore, from the simulation maps, it was concluded that in areas that impervious
materials exist, such as soil, and in vegetated areas, the temperature is considerably lower
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compared to areas represented by permeable surfaces. In addition, the orientation of
buildings, trees, and other vegetation can contribute to the mitigation of UHIs. During
the afternoon, at 1 p.m., the highest temperature was recorded for asphalt (above 55 °C),
and the lowest temperatures were recorded around trees (below 30.5 °C). The existence
of trees along the street decreased the temperature by 8 °C, as well as at the points where
there were permeable surfaces, such as soil (14 °C lower than the asphalt surface). At
the north orientations of buildings, the temperature was relatively low (30 °C) due to
shade from the buildings and minimal solar radiation. For the buildings with a northern
orientation, temperatures tend to be lower compared to the buildings oriented to the south;
the same applies for the trees that face south. These results verify that both permeable
surfaces and vegetation can reduce high urban temperatures and, consequently, the effects
of heat islands.
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35.00 °C
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Figure 9. Baseline Scenario—air temperature at 1.5 m, 3:00 p.m. (above) and 11:00 p.m. (below),
summer solstice; black shapes indicate buildings.
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Figure 10. Baseline Scenario—soil temperature at 3:00 p.m. (above) and 11:00 p.m. (below), summer solstice.

3.2. Proposed Urban Development for the Unbuilt Area

A scenario was undertaken to assess and quantify the benefits that could result from
the adoption of bioclimatic and sustainable design strategies for the investigated urban
block. To evaluate the impact of the main requirements necessary to diminish urban
microclimate effects, different vegetation strategies, building volumes and heights, soil
sealing, and green spaces were considered for the same scenario.

Figure 11 illustrates the study area and the proposed development for the unbuilt area.
In the proposed development, sustainable design strategies were pursued, such as a green
corridor, trees along the street, green space, soil, and water surfaces. In addition, for certain
points for the studied area, impervious surfaces without trees were proposed in order to
evaluate the differences between impermeable and permeable materials.
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m

Figure 11. Proposed development for the unbuilt area: Part A (left), B (middle), and C (right).

The proposed development in the unbuilt area for Parts A, B, and C is presented in
Figure 12 and presents the analysis of the percentage of buildings and surface material
intended for the proposed development. The simulation was performed for 24 h during the
summer and winter solstice. The analysis focused on the air temperature for land urban
heat island, the canopy layer and soil temperature surface, the diffused solar radiation, and
the albedo. Figure 13 presents the albedo for the proposed development around the unbuilt
area. Albedo is the ratio of the amount of solar radiation reflected from a surface to the
total amount reaching that surface. Albedo is measured on a scale of 0-1, with 0 being a
surface of material that absorbs all the wavelengths of the solar radiation, and 1 meaning
that a material reflects all the wavelengths of the solar radiation. According to Figure 13,
the surface albedo of the asphalt is 0.15 to 0.2 and for the concrete is 0.4. Vegetated areas
offer greater heat absorption, resulting in lower air temperatures. Conversely, asphalt
and pavement absorb the solar radiation due to their low albedos, emitting it to the
surroundings at night. This causes high values of air temperatures and UHI effect.

, Bu g w‘

materials 14.1%
16.3 %

q

water_
2.20%

Figure 12. Percentage of buildings and surface materials analyzed for the proposed development.
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Figure 13. Albedo for the proposed development in the unbuilt area.

3.3. Urban Heat Island Effect for the Unbuilt Area for the Proposed Development

Figure 14 presents the air temperature for the proposed development in the unbuilt
area at a level of 1.5 m height above land surface. During the day of Summer Solstice
(21.06), the maximum temperature values were recorded from the road surfaces at 3 pm; as
a result of the urban canyon layout. areas that were less densely filled, with more vegetation
and/or a water surface, experienced lower temperatures. The maximum temperature was
39.9 °C, while the minimum temperature, recorded from densely vegetated areas in the
green corridor and at the water surface, was 35.6 °C. Thus, the maximum thermal gradient
was 4 °C. For the agricultural land with exposed barren earth, the minimum temperature
value was 36.6 °C and the maximum 38 °C. Compared to the current urban setup, the
proposed development, with the green corridor and water, reported temperatures 1 °C
lower over the newly developed area. Note that both setups serve the same density (approx.
plot ratio 1:0). According to this value, it is confirmed that sustainable design strategies, as
well as bioclimatic strategies, such as the green corridor and a water surface, can mitigate
higher temperatures and also the UHI.

Figure 15 presents the temperature of the surface at the land level for the proposed
development for the unbuilt area during the summer solstice. Surface temperatures are
caused mainly by the emitted thermal energy of the land and the buildings. The soil
temperatures were calculated at 3 pm. During the daytime, at the summer solstice, the
maximum land temperature recorded for the streets and pavement surfaces was 54.1 °C,
while the minimum temperatures for the soil surfaces, green spaces, and water was 30.1 °C.
The temperature difference between the permeable and impermeable surfaces was about
24 °C. During the night, the temperature tended to be above 31.5 °C. For the green space
and water, the minimum temperature recorded was 22.4 °C. The temperature difference
between the high and low temperatures was 9.1 °C. Thus, it can be concluded that a
high proportion of impervious surface, with differing radiative, thermal, and moisture
properties, results in high temperatures. The temperature differences between the day
and night were 24 °C and 9 °C, respectively. As a result, it can be verified that the use of
permeable surfaces and vegetated areas can mitigate the high temperatures and also the
UHI effect.
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Figure 14. Air temperature for the proposed development in the unbuilt area, x-y view atz = 1.5 m
at 3:00 p.m., summer solstice (above); and 11:00 p.m., summer solstice (below); black shapes indi-
cate buildings.
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Figure 15. Soil surface temperature for the proposed development in the unbuilt area for summer
solstice for 3 p.m. (above) and 11 p.m. (below).

4. Conclusions

This study identifies several significant factors that contribute to the intensity of the
urban heat island (UHI) effect. The increased urbanization, building density, geometry, and
use of construction materials such as concrete and asphalt result in urban environmental
degradation, particularly in the summer when high temperatures are prevalent. Moreover,
the location and orientation of buildings also play a crucial role in determining air temper-
ature. The study finds that the location of buildings and the creation of west-shadowed
open spaces provide a milder air temperature for the most vibrant areas. The study area’s
results indicate that even in an average built-up area, an UHI effect can occur with high
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temperature differences between built-up areas, open green spaces, and water surfaces.
Consequently, the urban microclimate of the Kaimakli region has been significantly altered,
and a fully developed UHI is possible. In conclusion, this study highlights the need to
adopt sustainable and bioclimatic design strategies to mitigate the adverse impacts of
urbanization on microclimates, soil processes, and human health.

Athalassa Radiosonde Station is situated in an undeveloped region; thus, adjustments
were made to the data based on the findings of this study. These modifications serve to
enhance the overall accuracy of the measurements [26]. One of the advantages of the followed
methodology is that the case-study area combined two types of urban structures—the conven-
tional development, which physically exists on site, and the future development scenario
in which mitigation strategies were applied and will expand on an existing rural area. As
concluded from this study, Figure 16 shows the air temperature in the urban area ranged at
high levels during the hotter hours (above 40 °C); compared to the existing rural landscape
in which the temperature varied at lower levels (36.5 °C), the temperature difference was
almost 4°C (Table 3). Of course, the downside of the current methodology is that the larger
image at a city scale is missing, especially knowing that this area lies at the edge of the
city and not in the center of a continuous built area. This shortcoming is mitigated by
taken into consideration the conclusions of previous large-scale studies referring to the
same area [22,39].

Table 3. Air temperature difference between baseline scenario and proposed development.

Scenario Minimum Temperature (°C)  Maximum Temperature (°C) Median Temperature (°C)
Baseline Scenario 36.58 40.24 37.64
Propc?sed urban (?levelopment 3513 38.65 36.63
in the unbuild area
Air temperature difference 1.45 1.59 1.01
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Figure 16. Cont.
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Figure 16. Air temperature difference between Baseline Scenario at 1.5 m, 3:00 p.m. (above); and for
the proposed development in the unbuilt area at 3:00 p.m. (below), summer solstice; black shapes
indicate buildings.

Indisputably, urban design and soil sealing are parameters that can either aggravate
or mitigate the UHI phenomenon, observed in dense urban environments around the
world. The soil surface during the day, recorded from impermeable surfaces such as asphalt
and pavement, was above 55 °C, while in the permeable materials, such as soil, a lower
temperature was recorded at 38.7 °C.

According to the analysis of the proposed development, there were differences of up
to 9 °C from the early hours to night time during the summer solstice. The maximum air
temperature was above 39 °C, while the maximum air temperature during the night was
above 30 °C. The high proportion of impervious surface, with differing radiative properties,
resulted in high air temperatures, compared to the surrounding rural landscape, which is
typical of the UHI effect. At the canopy level, the air temperatures during the day and night
during the summer and winter solstices varied near the same values for all areas, while
the temperature differences were negligible (0.2 to 0.3 °C). The air temperature remained
high during the day and night, at 35 °C and 30 °C, respectively. From these values, it can
be concluded that increased impermeable surfaces, as well as the absence of open green
spaces, can cause high values of elevated temperatures during all seasons.

Urban green spaces can mitigate the effects of UHIs by changing the surface energy
balance of the system. Evapotranspiration from urban green spaces can cool leaf surfaces
and air temperatures, as the energy from solar radiation can be stored as latent, rather
than sensible heat. Vegetation cover and green roofs affect soil surface temperature; specif-
ically, soils beneath trees and shrubs have lower summer temperatures than soils with
impermeable surfaces. In Part A of the proposed development, the trees were placed in
western orientations along the street. At a specific point on the road between the buildings,
an array of trees was placed on the southern and northern sides of the road. For the
summer solstice day, at points with existing trees, the elevated surface temperature of the
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asphalt road could be decreased by about 7 °C (from 54.18 °C to 47.32 °C). This verifies the
important contribution made by trees in the mitigation of high temperatures. Comparing
temperatures between the green corridor and individual trees, it can be concluded that, in
places where there are organized urban green spaces, temperatures tend to be lower. In
Part B of the proposed development—the green scenario with a green corridor and an array
of trees and soil and water surfaces—the temperature recorded was lower than that of the
impermeable surfaces. The soil temperature difference between the vegetated area, water,
and pavement surfaces during summer solstice was above 24 °C (54.18 °C to 30.17 °C),
while during the daytime at the winter solstice, the difference was above 13 °C (25.7 °C to
39.4 °C). Another important parameter used to mitigate elevated temperatures is the shade
from buildings and single trees. For these, the minimum temperature was below 30.4°C at
the summer solstice and below 23 °C for the winter solstice.

The absence of vegetated areas and increased impervious surfaces, such as asphalt
and pavement, are the main factors that contribute to high air temperatures and urban
heat island (UHI) effects. However, the proper landscaping of green spaces, building
orientation, and sustainable and bioclimatic design strategies, including the use of per-
meable materials, soil, and vegetation, can help mitigate the UHI effect in urban areas.
This study demonstrates that implementing bioclimatic design strategies can reduce the
adverse impacts of urbanization on microclimates, soil processes, and human health. The
findings highlight the importance of incorporating sustainable design practices in urban
planning and development to mitigate the effects of urban heat islands and promote overall
urban sustainability.
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