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Abstract: The urban heat island (UHI) effect is the main problem regarding a city’s climate. It is the
main adverse effect of urbanization and negatively affects human thermal comfort levels as defined by
physiological equivalent temperature (PET) in the urban environment. Blue and green infrastructure
(BGI) solutions may mitigate the UHI effect. First, however, it is necessary to understand the problem
from the degrading side. The subject of this review is to identify the most essential geometrical,
morphological, and topographical parameters of the urbanized environment (UE) and to understand
the synergistic relationships between city and nature. A four-stage normative procedure was used,
appropriate for systematic reviews of the UHI. First, one climate zone (temperate climate zone C)
was limited to unify the design guidelines. As a result of delimitation, 313 scientific articles were
obtained (546 rejected). Second, the canonical correlation analysis (CCA) was performed for the
obtained data. Finally, our research showed the parameters of the UE facilities, which are necessary to
mitigate the UHI effect. Those are building density and urban surface albedo for neighborhood cluster
(NH), and distance from the city center, aspect ratio, ground surface albedo, and street orientation
for street canyon (SC), as well as building height, material albedo, and building orientation for
the building structure (BU). The developed guidelines can form the basis for microclimate design
in a temperate climate. The data obtained from the statistical analysis will be used to create the
blue-green infrastructure (BGI) dynamic modeling algorithm, which is the main focus of the future
series of articles.

Keywords: UHI mitigation strategy; UHI intensity; BGI; PET; built-up environment parameters;
urban space parameterization; urbanized environment; street canyon; climate changes

1. Introduction
1.1. The Urban Heat Island (UHI) Effect–Causes, Effects, and Countermeasure

The UHI effect describes the solar radiation balance, which for urbanized areas is
low compared to non-urbanized areas. The UHI intensity is based on the temperature
difference between the measurements taken in the city and at reference stations outside the
city. Measurements are performed in various scales depending on the research needs [1,2]
and using terrestrial equipment or remote sensing. Over a century of observing, the UHI
effect has become the best-described climate change phenomenon [3–19].

For millennia, humanity has been modifying the natural landscape by transforming its
coverage patterns for its own purposes. However, in recent decades, the increased intensity
of these changes related to rapid and uncontrolled urbanization contributes massively
to natural environment degradation and rises with city expansion [20–22]. Recently, the
aggressive urbanization effects in the form of the UHI effect have increased and the emer-
gence of local climate anomalies have been noticeable. For this reason, it is widely believed
that increased city temperatures are a direct result of excessive urbanization.
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A positive radiation balance is recorded in all cities throughout the year [23–26]. How-
ever, the UHI effect intensity shows diurnal, seasonal [4,6,27], and geographical variability,
which will differ for cities in various climatic zones [28,29]. Solar radiation intensity, air tem-
perature, relative humidity, and wind speed affect UHI appearance and its course [9,30–36].
The distribution of the UHI effect inside the city and its intensity depend on the degree of
development of the area, interior geometry, and materials used [13,37–41]. Urban factors af-
fect, among other things, increased solar exposure, absorption of short-wave radiation and
trapping of long-wave radiation, reduction of the radiation reflection coefficient, increase
of the radiation absorption rate, heat capacity, shift of the emission phase, changes in the
dominant winds patterns, reduction of wind speed and its humidity, reduced evaporation,
post-transport cooling, and turbulent and convective heat transport [42–51]. In addition,
the built-up area density and the anthropogenic heat emission (buildings heating and cool-
ing, transport and industry fumes emission, and general air pollution) [52,53] increase the
latent heat gains. There is also a dangerous cause-and-effect loop in this case. The increased
UHI intensity increases the temperatures inside the buildings and forces their occupants
to cool them. On the other hand, the building’s cooling causes an additional increase in
the temperature outside the building. The cause-and-effect loop closes, increasing the heat
gain in the city canyons.

The UHI increase caused by the deteriorating quality of the urban environment impacts
the overall increase in air temperature in the city, air circulation reduction, heatwaves
intensity and frequency, and the concentration of the pollutants [54–60]. Those factors
reduce the internal and external thermal comfort referred to as physiological equivalent
temperature (PET) and increase morbidity and mortality [61–67]. In addition, they can
be associated with health problems such as exhaustion, heat shock, thermoregulation
processes disturbance, and cardiovascular stress [68,69].

Global warming will undoubtedly increase the frequency, duration, and intensity
of related heat waves [70,71]. Therefore, it is necessary to counteract its formation now,
bearing in mind that UHI mitigation also reduces the climate change rate [72,73].

1.2. Countermeasure Strategies

Researchers related to urban planning, architecture, and climatology are developing
the city-UHI relationship’s mechanics and effective mitigation strategies based on the
already-known dependencies [74,75].

Many tools have been developed to mitigate the elevated city temperature related to
(1) reducing the emission of anthropogenic heat, (2) increasing albedo and evapotranspi-
ration, (3) introducing nature-based solutions such as the blue and green infrastructure
(BGI), (4) the use of regenerative design practices taking into account the local climate, and
(5) modification of city geometry and de-urbanization [76–90]. However, the most efficient
and striking root cause solution seems to be creating the BGI, which is introducing and
increasing greenery and water object areas [91].

In previous studies, the researchers carried out a qualitative systematization of the
BGI object parameters influencing the UHI effect mitigation (Table 1).

It has been proven that the BGI solutions, understood as vegetation and water objects,
can significantly affect the urban microclimate by reducing the ambient temperature and
increasing humidity. In addition, greenery definitely affects air quality by absorbing
harmful gases, carbon dioxide, aromatic hydrocarbons, and dust, while replenishing the air
with oxygen, essential oils, and alleles and ionizing them. Requiring supplementation is the
development of the topic from the degrading side, i.e., examining the quality parameters
of the urbanized space elements affecting the UHI intensity increase. Understanding the
context and its impact on the local thermal image is necessary for the most accurate selection
of the BGI parameters to reduce the ambient temperature.

This review article aims to systematize the geometric, structural, and spatial parame-
ters of the elements of the urbanized environment, which may increase the intensity of the
UHI effect in urbanized areas of the temperate climate zone. This review is a continuation
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of a series of articles describing the creation of a dynamic algorithm using the BGI solutions
to control the city thermal landscape in the temperate climate zone.

Table 1. The review of the blue-green infrastructure (BGI) element parameters relevant to urban heat
island (UHI) effect mitigation [92].

BGI
Structure Parameter Family Dominant Parameter

Water structure
Geometrical Area

Morphological Degree of vegetation along the bank
Topographical Wind exposure (trend of cold transfer)

Green area
Geometrical Area

Morphological Percentage of an area covered by trees

Topographical Exposure to solar radiation/degree of shading
by surrounding structures

Greenery along the street
Geometrical Tree crown width/diameter

Morphological Leaf size/leaf area index (LAI)
Topographical Canyon geometry/height/width

Green roof
Geometrical Substrate layer thickness

Morphological Degree of hydration/moisture of the substrate

Topographical Height of structure above the ground/distance
from the nearest BGI (synergy)

Green wall
Geometrical Degree of vegetation coverage of a

building/the extent of the green wall
Morphological Leaf width/leaf area/foliage density/LAI
Topographical Orientation relative to the sun

2. Materials and Methods

Over the last 2 decades, many scientific papers have been published presenting the
current scientific achievements related to the city elements’ influence on the PET and UHI
effect (Table 2). Most articles, however, describe achievements in a reasonably narrow
range, within a particular branch of parameters, a given scale, and different climate zones.
Moreover, authors often focus on uncontrollable elements, forgetting possible architectural
and urban design changes.

Table 2. Review articles published so far on the impact of urbanized environment (UE) parameters
on UHI propagation.

Author Title Usefulness for Creating Design Guidelines

[93] Street geometry factors influence urban
microclimate in tropical coastal cities: a review

Identify the impact of street geometric, morphologic, and topographic
factors and explain water body effects on urban microclimate. The

study was conducted only for tropical coastal cities.

[94] Urban design parameters for heat mitigation
in tropics

Focus on heat mitigation strategies, with the use of modifications and
urban geometry (shading), urban greening (street greenery, parks,

green walls, green roofs), urban ventilation (street orientation),
albedo, and water bodies area. Case studies only from the tropics.

[95]

Street design and urban microclimate:
analyzing the effects of street geometry and

orientation on airflow and solar access in
urban canyons

Discussion about street geometry factors and street topography
(orientation), mainly focusing on parameters providing solar access

and airflow along streets. Hot climate regions case studies.

[96]
The impact of urban design descriptors on

outdoor thermal environment:
a literature review

Design strategies based on parameters: canyon geometry and
topography, land-use intensity, building form and materials, space

enclosure, and urban vegetation. The research focused on street scale
urban thermal comfort. In addition, it considered the synergy of most

climate zones case studies.
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Table 2. Cont.

Author Title Usefulness for Creating Design Guidelines

[97]
A parametric approach to optimizing urban

form, energy balance, and environmental
quality: the case of Mediterranean districts

The paper lists building and street form design parameters: shape
factor, floor area ratio (FAR), site coverage, orientation, sky view

factor (SVF), aspect ratio (H/W), the distance between buildings, and
average building height. Case studies from different climate zones.

[98]
Review of the impact of urban block form on

thermal performance, solar access,
and ventilation

The research discussed urban blocks’ geometrical parameters impact
and buildings’ geometrical and topographical parameters. It is

focused on solar access and ventilation. Case studies from different
climate zones.

[31] A review on the generation, determination,
and mitigation of the UHI

List case studies for UHI mitigation strategies based on urban matter
parameters alteration: albedo, air conditioner occurrence, building

design, water bodies. Case studies from different climate zones.

[99]
A review on outdoor thermal comfort

evaluation for building
arrangement parameters

Building Arrangement Parameters for the densely built area impact
the outdoor thermal comfort. Parameters listed in a review include
SVF, H/W, building height, plot size, pavement cover ratio, green

plot ratio, vehicle traffic density, building density. Cases from
different climate zones.

[100] Overview of the UHI phenomenon toward
human thermal comfort

Lists building and street design parameters such as albedo,
imperviousness, canyon openness, glazing ratio, H/W ratio, type of

material, heat conductivity, orientation. There are examples from
different climate zones.

[101]
The influence of building height variability on
natural ventilation and neighbor buildings in

dense urban areas

Focus only on the influence of building height and dense urban areas.
Case studies form different climate zones.

[102]
Reducing urban heat island effects: a
systematic review to achieve energy

consumption balance

The paper considered different types of green spaces and material
properties based on parameters (incl. albedo) as a design strategy for

UHI mitigation.

[103]
Combating urban heat island effect: a review

of reflective pavements and tree
shading strategies

The strategies focused on applying chip seals, white toppings, and
coatings were discussed. In addition, the role of surface reflectance,

including those from asphalt and concrete pavements, albedo
improvements and technological trends, application of waste

materials, and industrial by-products, are presented. Finally, the
contribution of urban tree shading systems to pavement temperature

and microclimate systems is presented.

[104] Thermal performance of cooling strategies for
asphalt pavement: a state-of-the-art review

The authors show how alternating road material thermophysical
properties throughout the material mix and treating changes can

affect thermal comfort in cities. They describe the role of vegetation
in cooling strategies. Case studies from different climate zones.

[105]
Urban heat island: causes, consequences, and

mitigation measures with emphasis on
reflective and permeable pavements

The paper focuses on reflective and permeable pavements and lists
road and pavement morphologic parameters: material density,
albedo, emissivity, heat capacity, thermal conductivity, thermal

diffusivity, thermal admittance. Case studies from different
climate zones.

[106] Cool pavements for urban heat island
mitigation: a synthetic review

Investigating the efficiency of reflective and permeable pavement as
the UHI control elements. The USA case studies from different

climate zones.

[107] Sustainable pavement: a review on the usage
of pavement as a mitigation strategy for UHI

Short description of the UHI mitigation strategies: green and blue
surfaces, cool roofs, cool pavements (reflectivity, evaporation rate,
permeability, porosity, water content, and heat conduction). Case

studies from different climate zones.

[108]
Review of studies on outdoor thermal comfort

in warm, humid climates: challenges of the
informal urban fabric

The paper describes the parameters’ influence on outdoor thermal
comfort: canyon axis orientation, SVF, H/W. Studies only for warm

and humid climates.
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The urbanized environment parameters influencing the temperatures inside the city
are highly interactive with the city’s climate. Climate describes annual geographical
location weather patterns. As a result, it is an essential uncontrollable factor in urban
planning [109,110] that must be followed. The lack of holistic systematics of design param-
eters for a given climate is necessary to fill. Such an approach will increase the normativism
of research [111].

The delimitation of the UHI crisis area allowed us to designate the climatic zone
marked by the most significant civilization imprint [112]. Since historic times, the temperate
climate zone has been associated with a high degree of urbanization, and its cities have a
high completion degree [113]. Those factors translate directly into the highest density of
human settlement occurrence in that climate area and the highest intensity of UHI within
its borders [114]. Therefore, it seems justified to select a temperate climate as a criterion for
selecting studies for the review.

2.1. Selection Criteria for Papers

The bibliographic query was carried out to limit the number of scientific articles to
those that most fully describe the impact of modulating individual parameters of elements
of urban space on UHI. Therefore, only case studies from the temperate zone of the
last 2 decades were included in the presented review paper.

For the selection of the scientific paper, the normative procedure for systematic reviews
in the field of the UHI effect was used [115,116]: (1) a broad search criterion was identified
to obtain many articles, (2) the number of research articles was limited to those eligible for
the detailed criteria, (3) the required information was collected from the results of selected
studies, and finally (4) a discussion of this research and its conclusions was presented.

The climatic delimitation was performed with the re-analyzed algorithm modeling the
climatic distribution in the Köppen–Geiger classification [117]. In addition, the case study
locations were analyzed if they belonged to the temperate climate in the year of publication.
Therefore, the borderline climate cases have been included in the review.

The logical diagram of the bibliographic query is presented in Figure 1.

2.2. The Systematizing Elements Structure

The city should be understood as an ecosystem category because it is deceptively
similar to a forest or a coral reef despite the significant differences in the building mate-
rials. However, for the ecosystem to function correctly, it must be in a state of dynamic
equilibrium—a climax that cannot be noticed in modern cities. It took a lot of time to de-
velop the complex relationships that led to the equilibrium state of ecosystems. Humanity
slowly begins to understand the dependencies that it creates when building a city and what
parameters of individual city elements influence one another. This barely discovered net-
work of connections creating deep synergies between elements and parameters [118–127]
shows how much solid work scientists and designers must do, understand, and learn to
translate the laws governing the city’s climate for the purpose of design.

To better understand the spatial and microclimatic relationships occurring in an urban
unit, it is worth applying the islands’ theory in terms of landscape. For this reason, this
chapter’s sections are logically divided into four scales corresponding with three different
landscape formations with a significant impact on the microclimate. The scales are hierar-
chical, and each item lower in the hierarchy is a component of a higher scale (Figure 2). The
smallest scale is related to the properties of materials, i.e., the basic physical building blocks.
It is related to morphological parameters and describes the quality through the properties
of materials that make up elements and objects at various scales. It is problematic to classify
the parameters responsible for anthropogenic emission. They define the de-facto quality of
the space and have also been classified into the family of morphological parameters. Higher
in the hierarchy, a building corresponds logically to the tree. The third scale, or city canyon,
is made of the buildings and the street layout, just as trees and the river make up the valley.
The fourth and last scale corresponds to the neighborhood unit, where buildings, streets,
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and other elements of the urban environment create complex spatial patterns, as well as
biotic and abiotic components in a forest massif. These three scales represent a variety of
geometric family parameters. There are significant differences in the types of parameters,
as well as in the different distribution of the parameters’ dominance in the family. The geo-
metrical parameters family describes quantitative parameters (mathematically countable)
synonymous with length, width, height, area, volume, distribution density, percentage,
area, and interrelationships. Extra scale, there are also universal temperature modulators,
identical for the elements and responsible for the energy balance, determining the function
of space, the geometry of the entire unit, and the external factors that influence the objects
on the scale. It is the most problematic scale closely related to the group of topographic
parameters. Its problems result from the inability to assign to the scale because, depending
on the hierarchical level of the scale, individual geometric parameters become topographic.
In this way, on the scale of the estate, all geometric parameters for the entire city become
topographic parameters for the estate because they become external factors—the context.

Figure 1. Logical diagram of papers selected for the research.
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Figure 2. Logical diagram of the hierarchy and relationships between scales and parameters’ families.

It may be controversial to include the turnover parameter in the family of topographic
parameters, despite the possibility of assigning urban units to scales. However, when
looking at the nature of the influence of this parameter on solar gain, it can be seen that
the influence of this parameter is fully dependent on the temperature depending on the
position of the sun on the horizon. This relation brings to mind other factors classified as
external to the scale, like the distance from the sea and the associated gain in air humidity.

2.3. Statistical Analysis of the Results

A zero-one distribution was used to prepare the matrix of results and interpolate the
data from the literature review into numerical data. Each publication was treated as one n,
and then a matrix was constructed containing repetitive variables for:

(a) Elements of the built environment: neighborhood cluster, street canyon, and building;
(b) Parameter family: geometric, morphological, and topographic parameters;
(c) Country where the research was conducted.

The above-described method allowed an advanced statistical technique for this type
of descriptive data.

Statistical analyses were based on the discriminant analysis. The result of the analysis
was to check which of the families of parameters are the most important for the UE and
countries most often tested.

Ordering techniques were used, ordering the test samples along the gradient repre-
sented by the ordinate and the abscissa. A compliance analysis (CA) was performed to
check which technique would be most appropriate for the analyzed dataset. This procedure
was to respond to the nature of the structure of the analyzed dataset based on the gradient
length (linear or unimodal). The gradient length (>3) suggests that the canonical correlation
analysis (CCA) is suitable for this dataset type.

The families of parameters and their testing frequency were compared in discriminant
analysis. It was also checked which parameter families are most relevant for the UE. For
this purpose, a progressive stepwise analysis was used. All variables were assessed. The
variables that contributed most to group discrimination (based on p and F values for
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each analyzed variable) were included in the model. This process was repeated until the
p-value dropped below 0.05 for the studied variable. The Monte Carlo permutation test
was performed to determine the significance level (separately for each variable and then for
the entire model). All tests, calculations, and graphic elements were prepared in Canoco for
Windows software and Microsoft Excel spreadsheet. The following tools were used with
Canoco for Windows: Canoco for Windows 4.5, CanoDraw for Windows, and WCanoIMP.

A Pareto diagram was built to determine which parameter families appeared most
often in scientific papers.

3. Results

The results of the research are presented in Table A1 in Appendix A. The specified
groups of parameters, geometrical, morphological (intra-structural), and topographical
(depending on the context) for individual elements of the UE, contain individual parameters
and their occurrence in the literature.

Statistical Analysis Results

The significance of individual parameters was expressed as a percentage, depending
on the number of articles. The analysis results (Table 3) showed that the research on the UE
influence on the UHI propagation in a temperate climate mainly focused on geometrical
parameters belonging to two elements of the UE: neighborhood cluster and street canyon
(Figure 3). The fewest citations concerned the group of topographic parameters, which can
be explained by the relatively small range of this group of parameters. In the literature,
the most frequently quoted geometry parameters are the basic indicators describing the
elements of the UE.

Table 3. The urbanized environment (UE) elements’ validity classification influencing the urban heat
island (UHI) effect intensity in a temperate climate zone.

UE
Structure

Parameter
Family Dominant Parameter Number of Reports

in Scientific Papers Percentage

Neighborhood
cluster (NH) 380 100

Geometrical
parameters 277 72.3

Building density (BD) 76 -
Morphological

parameters 82 21.4

Urban surface
albedo (WAS) 24 -

Topographical
parameters 24 6.3

Distance from the
city center (CBD) 6 -

Street
canyon (SC) 398 100

Geometrical
parameters 234 58.1

Aspect ratio 88 -
Morphological

parameters 111 27.5

Ground surface
albedo 25 -

Topographical
parameters 58 14.4

Street orientation 50 -
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Table 3. Cont.

UE
Structure

Parameter
Family Dominant Parameter Number of Reports

in Scientific Papers Percentage

Building
(BU) 230 100

Geometrical
parameters 80 34.8

Building height (BH) 55 -
Morphological

parameters 128 55.7

Material albedo 40 -
Topographical

parameters 22 9.5

Building
orientation (O) 12 -

Figure 3. Pareto diagram. The frequency of scientific paper citations based on the analysis of the
parameters’ families.

For the neighborhood cluster (NH), the most crucial parameters are for the geometry
parameter family–building density (BD), the morphology–urban surface albedo (WAS),
and the topography–the distance from the city center (CBD).

The following were highly important for the street canyon (SC) structure for the
geometry–aspect ratio, morphology–ground surface albedo, and topography–street orientation.

Finally, the most critical parameters for the building structure (BU) were in the group
of parameters: geometrical–building height (BH), morphological–material albedo, and
topographical–building orientation (O).

The CCA analysis showed that the most frequently described UE objects were the
neighborhood cluster (NH) and street canyon (SC), as indicated by the exceptionally
high F-values (Table 4). Both for the NH and SC, geometric parameters turned out to
be significant, while for the BU, morphological parameters turned out to be substantial.
Most often, information on the UE elements influencing UHI propagation can be found
in the papers with examples from China, Italy, the USA, Greece, Germany, and France.
The distribution of publications depending on the country of origin is very scattered.
However, some dependencies can be found. The most frequently described geometric
and topographic parameters for the street canyons were in Brazilian, Portuguese, Syrian,
Algerian, and Tunisian research papers. In Indian, Serbian, Danish, Vietnamese, Polish, and
Czech papers, elements related to the geometry of the neighborhood cluster were studied
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more often. Buildings, i.e., the smallest units, were the object of research in such countries
as Italy, France, Switzerland, and Lebanon (Figure 4).

Table 4. Statistical parameters for the canonical correlation analysis (CCA) presented in Figure 3.

Number of Variables 9
Number of Rejected Variables 1

Number of Permutations 9999

Parameter Family 1 p-Value F-Value % Expl.

NH-Geom 0.001 25.69 12.63
SC-Geom 0.001 21.08 10.22

BU-Morph 0.001 19.36 10.79
SC-Morph 0.002 15.23 8.66
SC-Topo 0.003 13.56 7.66

NH-Morph 0.005 10.49 6.15
BU-Geom 0.012 7.36 5.33
BU-Topo 0.028 5.88 5.07

1 NH-Geom–neighborhood cluster-geometrical parameters; NH-Morph–neighborhood cluster-morphological
parameters; SC-Geom–street canyon-geometrical parameters; SC-Morph–street canyon-morphological parame-
ters; SC-Topo–street canyon-topographical parameters; BU-Geom–building-geometrical parameters; BU-Morph–
building-morphological parameters; BU-Topo–building-topographical parameters.

Figure 4. The canonical correlation analysis (CCA) (n = 948). Relationships between the research
frequency and parameter families in selected countries based on papers included in the analyses.

Although we have determined the most critical parameters of the urbanized envi-
ronment elements, the modulation of which can bring the most significant changes in the
UHI effect, many more design variables are involved in creating the thermal image of the
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city. The section below describes all the essential modulators, synergistic relationships they
create, and how they affect the intra-city PET and UHI.

4. Discussion and Urban Design Strategy Recommendations
4.1. Out-of-Scale Parameters

The basic property of urban space is its solar exposure influencing the internal energy
balance [128]. This is referred to as the sky view factor (SVF). By scientists in general, SVF
was considered the basic indicator determining mainly the geometry of the city canyon.
However, SVF is a qualitative parameter; therefore, its translation into urban planning is
problematic [129]. To understand what is responsible for the city’s chiaroscuro distribution,
we need to break SVF into smaller elements. Land cover with buildings [130], building
density [130,131], building volume [130], aspect ratio [132,133], building symmetry [131],
building element proportions [130], building orientation [134], building height [134], and
the presence and size of trees [135] and other shading elements [136] are parameters that
build up SFV. SVF is positively associated with land surface temperature (LST) [137,138],
atmospheric temperature (AT) [139–145], and the UHI effect [146–149], both during the
day [150–156] and at night [157–164] in all seasons [165]. Only after a deeper analysis, can
the complicated pattern of dependencies governing SVF be seen. The availability of the
sun changes with the season changes, and the growing season seems to have an obvious
influence on this change [159]. The same level of SVF affects incoming radiation during
the day and outgoing radiation at night [159,164]. At the same time, it can hinder sunlight
access and retain the heat accumulated in the urban tissue. Moreover, solar availability is a
basic element influencing the albedo efficiency [166], emissivity [167], and convective air
movements related mainly to the heating of various surfaces [168,169].

The type of land cover is partly responsible for the temperature distribution within
the city. Different city zones affect PET and UHI differently because of their function
and class [170]. The type of coverage is characterized by its specific anthropogenic emis-
sion, pollutant concentration, a combination of spatial parameters such as the density
of buildings and roads, and the size of impervious surfaces that receive solar radiation.
For this reason, residential, commercial, and industrial zones have a particular impact on
increasing intra-city temperatures [171–174]. The industrial areas are characterized by the
highest pavement temperatures, high gas emissions, and energy consumption, increasing
the daily anthropogenic heat. Accordingly, they are considered the main UHI propagation
points [175] with a limited contribution to the overall city’s UHI effect because of the small
total area [171]. Commercial spaces are also characterized by high anthropogenic heat. In
this case, it is result of high daily energy consumption, traffic, and crowds of people [176].
Finally, the residential area may be the largest radiator of anthropogenic heat during the
day, mainly from space heating and cooling [177]. This zone, similar to the office, education,
health, tourist, and religious zones, usually has a low built-up area density and high green
area coverage, which reduces the impact of heat emission on the UHI effect [170]. The most
favorable type of cover for PET and UHI are green areas, agricultural lands, and water
objects [178–183].

The thermal behavior of an urban unit is directly influenced by its size. In the forest
case, its size is of great importance for the inside temperature and humidity amplitude.
However, this dependence is inversely analogous for urbanized areas. Research shows
that the larger the city, the higher the temperature. However, one must deal with a specific
hierarchy resulting from the original city size in this case. Increasing the large city size
will bring more significant changes than increasing a small city size. It happens because of
the number and density of urbanized areas showing higher temperatures and the synergy
among the elements [118,137,172]. The densification of various urbanized areas may disturb
that relationship’s linearity. Aggregated smaller cities may have a higher UHI intensity
than large cities with low building density [184].

Another temperature modulator of an urban unit is its degree of centrality. A greater
degree of centralization shows many city hotspots and thus the higher UHI levels. This
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dependence is built by spatially complex street layouts with a high degree of irregulari-
ties, with more intersections, greater density of impervious surfaces, a more significant
number and density of buildings with irregular distribution and shapes, and the related
anthropogenic heat [185–187] characteristic for a centralized city. This description perfectly
reflects the center’s image of an old and large city [136].

The distance from heat sinks, both cold and hot, affects the temperatures inside an
urban unit [151]. The proximity to the unit’s center (a city or a housing estate) increases
the local temperature [188,189]. Distance to a cooler green area heat sink is impactful
throughout the day [154]. The closer the green areas are, the cooler it is during the day [190]
and it is slightly warmer at night [188]. A similar relationship can be noticed concerning
water objects [191]. These diurnal differences are related to the thermal capacity of water,
heat retention under the canopy of trees, and the landscape context [192].

4.2. Material Properties

This scale shows the thermal behavior of the city’s basic building material and the
impact of its thermal properties on the immediate and farther surroundings. In this context,
the significant thermal parameters of building materials include surface permeability for
water, heat capacity, albedo, insulation and conductivity degree, absorption rate, diffusivity,
and emissivity.

One of the essential material parameters is the permeability or porosity of the pave-
ment. This affects the intensity of evapotranspiration and has a significant impact on the
temperature of pedestrian and road surfaces [193,194], the UHI effect [195], and the high
AT duration [176]. Due to their structure, green areas [142], both with predominantly high
or low greenery, are characterized by the highest degree of transpiration [155,193]. The
effect of evaporative cooling from permeable surfaces is noticeable within 150 m. Since
the intensity of evapotranspiration is influenced by the temperature of the city air, the
lower temperature can be felt, especially in summer. Literature reports that the daytime
temperature may drop by 3.4 ◦C and night temperature by 1.2 ◦C because of the use of
permeable surfaces [195].

Besides its evident influence on building temperature, thermal insulation impacts
the city air temperature because of the energy exchange between the building and the
canyon [196]. Poor thermal insulation increases the intensity of this exchange. The impact
of this parameter on the city’s energy balance becomes more important, especially in winter,
when building heating prevails [163]. The size of the heat exchanger is not insignificant.
With the increase of the building wall area determined by the canyon height, the effect is
multiplied, which is noticeable in the rise of the canyon temperature [163,197].

The decrease in the thermal conductivity of the pavement reduces heat absorption [198]
and contributes to the formation of higher pavement temperatures [199]. In turn, increasing
the conductivity parameter contributes to greater heat transmission into the pavement,
which may be dangerous for underground infrastructure [193,200].

Increasing thermal diffusivity reduces the daytime ambient temperature and raises
the night temperature [147]. An example of a material with high diffusivity is a granite
surface [193].

The radiation absorption rate is another parameter that strongly influences the pave-
ment temperature. Reducing the absorption rate can significantly lower the temperature
of the material [199,201] and bring more significant thermal benefits to the city than the
increase in emissivity [199].

The materials’ heat capacity depends on, among other things, the density, mass,
and material albedo [202]. For this reason, both hard construction materials such as
asphalt, concrete, and dense bricks and natural surfaces such as grass/soil and water are
characterized by high heat capacity. These surfaces have a greater tendency to store large
amounts of heat in their volume. This property affects the time shift in heat release because
the heat absorbed during the day will be released to the atmosphere at night [203–205].
The capacity of the pavement can be increased by manipulating the density and thickness
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of the pavement foundation. Increasing these parameters causes an increase in thermal
capacity [206]. On the other hand, its decrease is caused by an increase in the material’s
porosity, i.e., its density, in fact [206]. Thermal mass, which has similar dependencies, has
a more significant impact on the city-scale temperature [44]. In this case, it is possible to
manipulate the building’s density, volume, and area. A higher building density similarly
increases the area thermal mass [155]. On a larger scale, the stored heat does not affect
the average air temperature but significantly affects the amplitude and phases [44]. The
stored heat reduces the city temperature fluctuations but, on the other hand, it increases
the intensity of UHI [163,200,201]. Moreover, the district’s high heat capacity may increase
anthropogenic heat resulting from cooling rooms in the summer [184]. For example, old
city centers tend to have a high thermal mass, and therefore PET in these districts during
the day is much lower, and nighttime UHI is much higher than in newer districts [155,207].
The thermal mass can be modulated with the canyon’s shape [48] by increasing or reducing
the area of the walls of the building [155]. However, this dependence is only available for
canyons with a high degree of surface development [208].

The urban surface emissivity results from the physical and chemical material
structure [209]. It has a significant impact on the energy balance of the canyon, influ-
encing the total radiation emitted from it [196,209]. During the day, the emissivity influence
is invisible. At night, it can cause temperature drops [147,199] even by 0.3 ◦C with a change
of 0.1 in emissivity unit [124]. The emissivity can be modulated by the housing estate
geometry [167], using so-called cold materials [210], or painting the material surface with
special film-forming paints [211]. Decreasing the emissivity of roofing materials may reduce
a building’s thermal losses [211]. Thus, reducing emissivity may decrease anthropogenic
heat emissions caused by heating or cooling buildings.

Material Albedo

The albedo is the ratio of reflected radiation to incoming shortwave radiation [212]. In
other words, it is a material’s ability to reflect solar radiation from the city surface [213].
Therefore, the influence of albedo can be considered only when the surface is exposed
to high sunlight during the day [166]. Other essential elements, such as greenery, take
control of the temperature in the case of sunlight absence [161,183]. The higher albedo
leads to lower surface and air temperatures [132,161,214] and a shorter duration of high
temperatures. Similarly, materials with lower albedo, e.g., asphalt, increase the ambient
temperature and hinder cooling [176]. Research shows that increasing the global urban
albedo by 0.13 units can lead to a temperature drop of up to 4 ◦C [196]. The urbanized area
differs in albedo distribution. Its distribution in the unit defines LST and PET [215,216].
The albedo increase is possible because of a decrease in the density of the buildings [217],
structure irregularities of housing estates [218], the buildings’ heights, and an increase
in building height uniformity [217] and the bituminous aggregates exposition [219]. The
albedo decline is associated with age and material consumption [219]. By varying the albedo
level in an urban unit, it is possible to improve human thermal comfort [188]. Albedo can
soothe both day and night UHI effects [151,220]. The world of science is divided here. In
some studies, albedo has a more significant impact on daytime temperatures [151,161,221].
Other studies indicate a more substantial albedo impact at night [188,212]. A settlement of
this dispute may be the fact that there is a critical point in the afternoon. At this point, high
albedo materials, by reducing sunlight, lose their influence in favor of low albedo materials
that initiate radiation re-emission into canyons [188].

Albedo is highly correlated with building density. Low proportions of canyons create
better conditions for a higher albedo [213]. In addition, the use of high albedo materi-
als in scattered housing and the low aspect ratio (H/W) canyons have more significant
benefits [132,222] because of prolonged ground surface exposure to solar radiation. In
the case of the same albedo level, the temperature will be lower in the square than in
the courtyard [133]. The use of a high albedo surface in a dispersed context may improve
thermal comfort at the pedestrian level [222], and alleviate UHI [212,223], but also lower the
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ambient peak temperature [183,224] and thus also the cooling load in buildings [196,224].
Research in Australia has shown that for every 10% albedo increase, the decrease in
peak cooling load was about 3.5% [224]. The USA example shows that increasing the
parking lot albedo can lower temperatures by about 1 ◦C [223]. Increasing the albedo
in densely built-up areas is unwise because it implies an increase in the mean radiation
temperature [214,225]. This is due to radiation reflection multiplication in the canyon [226].
Increasing the ground surface albedo increases the temperature of the walls [225,227].
The use of high albedo on the walls lowers the walls’ temperatures and raises the road
temperature [205]. In this case, the wall temperature increase may equal 3.5 ◦C [227].
This situation may exacerbate thermal and optical discomfort and increase cooling energy
consumption by reflecting the radiation inside the buildings in the canyon [166,227]. Thus,
it may directly affect the UHI intensity increase [161]. The solution to this problem is either
lowering the street albedo or using retroreflective (RR) materials in the canyon [228]. This
coated material has a high equivalent albedo in any urban context and does not multiply
the canyon radiation. When the light falls on the RR material, it is reflected in the same
direction. In this way, it is possible to avoid the radiation scattering effect in the city canyon
specific for high albedo materials and reduce the absorption of radiation in the urban areas
at a level that balances the anthropogenic emission [218].

The increase in the roofs’ albedo does not reduce ground-level air temperature [197],
but it significantly reduces the LST [229–231]. Using a phase change material (PCM) roof
coating may lower its temperature by 20 ◦C [173]. This is also an effective method of
reducing peak cooling and heating loads in buildings [229,230,232], especially if the entire
building is covered with high albedo materials [197]. The intensity of the UHI effect
mitigation caused by the roofs’ high albedo can be forced by increasing the roofs’ area and
building density, and reducing the heights of buildings [173,231,233].

4.3. Building Scale Design Parameters

This scale shows the influence of building parameters on both its internal and external
thermal behavior. On this scale, one can notice the significant impact of two groups of
parameters on temperature changes. Those groups are the building geometry determined
by its surface, shape, height, and anthropogenic emissions related to air-conditioning use
and energy efficiency.

4.3.1. Envelope Geometry

The building area size significantly affects the UHI effect [234–236], both during the
day and at night [153]. Increasing the building area leads to an increase in LST [237]
and extends the duration of high air temperature. This relationship is more evident in
commercial than residential buildings [176]. Despite the negative impact of buildings’
large area on temperature, in the initial phase of increasing the building floor area factor, a
reduction in the heating energy consumption can be noted [238]. This means that the ideal
proportions of the building area should be found, which will not significantly affect the
LST and reduce anthropogenic emissions.

The shape of a building influences the local thermal environment and daytime comfort
in different ways [131,174]. An increase in the complexity of a building shape may lead
to the LST increase because of increased solar exposure of facades [190]. However, the
increased facade surface area may contribute to more intense energy exchange between
built-up areas and vegetation [190,239]. In addition, shortening the length of the building
itself may improve thermal comfort and help avoid the occurrence of ventilation shade on
the other side of the building [54]. The above dependencies suggest that buildings with
compact and regular plans are the best for the external thermal environment if there is no
greenery near the building [240].

Building height is one of the most critical factors affecting temperature [123,178] and
UHI [170]. It influences the local thermal environment around the building, changing the
conditions of insolation and ventilation [241,242]. As the building height increases, the



Int. J. Environ. Res. Public Health 2022, 19, 4365 15 of 60

LST and the daily temperature amplitude increase [164]. Buildings with a height of 10 m
show the highest temperature amplitude during the day [123,243]. The significance of the
building height is strongly dependent on solar exposure [122,126], which is modulated
by the density of the surroundings [129,244]. For this reason, the temperature amplitude
of the high parts of the building will always be higher [164]. In the case of a pillar-based
building, raising the height of the building increases the wind flow underneath the building,
especially in the corner zones, which slightly improves the PET around the area [245].
Increasing the height of a highly exposed building increases the evapotranspiration cooling
effect of nearby trees [54,178]. The building height by shadowing determines the energy
consumption of buildings [246].

4.3.2. Anthropogenic Emission

Japanese researchers believe about 40% of anthropogenic heat comes from buildings [247].
This contributes to UHI intensity and the thermal comfort deterioration at the pedes-
trian level, and extends the duration of the elevated temperature [135]. The heat emitted
from buildings depends on their energy efficiency. A building’s energy efficiency is influ-
enced mainly by the percentage of the building envelope, its material, and daytime sun
exposure [246,248]. It depends less on the patterns of wind flow and air temperature [48,248];
therefore, the context contribution of the building location cannot be ruled out in this
relationship. A building in a densely built-up area will be more energy efficient than an
insulated building [249], especially if there are large roads in its immediate vicinity [227].
Excessive anthropogenic heat emitted from a building is highly correlated with two seasons:
summer and winter. In winter, space and water heating are responsible for emissions [197].
In summer, the air conditioning used to cool rooms takes over [177,184].

Air conditioners installed outside the building affect local heat fluxes. They can raise
the building’s ambient temperature by up to 1.7 ◦C [184]. Their effect on temperatures
appears to be paradoxical and self-perpetuating. The increased temperature outside ne-
cessitates cooling inside the building. In this case, the heat emitted from the A/C heats
the air outside, increasing the need to cool the building. In this way, air conditioners can
significantly increase heat wave mortality [177]. Studies in France and Hong Kong show
that this unfortunate loop can be broken by managing air conditioning in rooms [135,177].
Energy-saving A/C operation helps to reduce the emission of anthropogenic heat, the
intensity of UHI, and the duration of elevated temperatures by up to 28%, especially at
night [135].

Using a green roof or a cool roof [224] will help reduce both the cooling and heating
load, the latter being more effective [231]. The green roof also has a slight influence on the
ambient building temperature. However, effective space cooling depends on increased con-
text density and its albedo decrease [183]. The problem of this solution is the maintenance
itself in climate varieties that are less favorable for vegetation [250].

4.4. Street Canyon Scale Design Parameters

The scale of the city canyon includes buildings and a road, square, or other element
forming its bottom. It may consist of both a canyon in the sense of a street with a parallel
arrangement of buildings and closed courtyard arrangements. Elements in this scale have
both local and supra-local impacts. The obvious factor to discuss is the canyon’s shape,
which affects all its thermal relationships. In addition, the influence of orientation and
shading elements on the local thermal environment of the canyon is noticeable compared
to others.

4.4.1. Surface Geometry

The mutual height ratio to the canyon width is referred to as aspect ratio and denoted
as H/W. This parameter is responsible for the cross-sectional geometry image of the street,
square, or courtyard and tells about its depth/openness and, in a way, solar exposure. The
canyon height and width modifies the thermal conditions in the street space [201,251–253].
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One can observe a special relationship between the elements which create the canyon
aspect ratio. The greater the canyon height, the narrower the canyon, and the higher the
H/W ratio, the greater the canyon depth. The H/W influences the shading patterns [170]
and wind [47,133,170], thermal mass [155], and canyon radiation balance [155]. It also
significantly influences the LST, canyon air temperature fluctuations [133,137,155,163], the
occurrence of the thermal peak at the pedestrians level, their thermal comfort [47,254],
and less significantly the UHI [142,255]. It should be noted that the influence of the
shape factor is more dominant in the case of road surface temperature than in the case of
the roof temperature [152]. However, equalizing the canyon height and width blur this
difference [164,207].

The canyon geometry dynamically influences its thermal behavior during the day and
throughout the year [227,256–260], and changes in canyon depth have better mitigation
potential for the nocturnal UHI [121,188]. Wide canyons are characterized by a rapid LST
increase in the morning, and because of the greater heated surface area, they reach higher
maximum temperatures earlier [227,261,262]. At night, their thermal response is better
than the high canyons. The low H/W ratios canyons have much greater net longwave
radiation exiting the canyon and more significant convective cooling [257,261]. As a result,
they cool down faster and show a greater proportion of cool area than high H/W ratio
street canyons [201]. That explains why wider canyons have a smaller overall UHI than
deep canyons [207,262] despite a greater intensity variation during daytime [261,263]. As
the aspect ratio increases in the morning, the UHI effect becomes the urban cool island
(UCI) effect because of the strong shading effect [132,135]. By reducing the penetration of
direct sunlight [227], higher H/W allows the bottom of the canyon to remain completely
shaded and thus to heat slower [256]. The maximum short-wave radiation in such a canyon
occurs around noon [227]. The increase in shaded areas results in lower maximum temper-
atures [155], daily temperature ranges [201], the mean radiant temperatures (Tmrt) [133],
and the LST [142,146,264–266], especially walls with greater sun exposure [261]. Human
thermal comfort is also improved [133,222]. That can be seen in the courtyards case. Their
deepening can lower their air temperatures by about 2–2.5 ◦C [267,268]. The deep canyon
is cooler in the afternoon than the shallow one [269]. However, the situation changes in the
late afternoon. At night, the higher street aspect ratio and symmetry result in less outgoing
net longwave radiation by reducing SVF, air cooling, and multiple radiation reflections
inside the canyon, resulting in a thermal trap effect [242,248,256]. Those increase the air
temperature [265,269,270], PET [254] and the UHI [227,263,270] compared to shallow and
open canyons [127]. Even a small change in the canyon geometry at low shape factor
values can cause heat island condensation [155]. However, the H/W impact on the UHI
only gains importance for buildings higher than two stories [181] or a ratio greater than
1.3–1.5 [132,239]. The canyon smoothness and symmetry also contribute to a slight tempera-
ture increase at night [131]. The seasonal relationship correlates with solar access variability
and is more pronounced in summer than in winter, depending on the different angles of
sunlight incidence [256,258–260,271,272]. The temperature difference between the deep and
shallow canyons drops significantly during the winter [256]. Due to the greater sunlight
access, shallow canyons in winter have the highest daily Tmrt and are more comfortable
than deep ones [119,256]. However, the increased street width does not improve thermal
comfort equally in all orientations during the winter [253]. Increasing the building height
and reducing the street width initially increases the minimum and average daytime and
night temperatures [273]. The lower solar angle and the higher H/W ratio of the courtyard
increase the reflected long-wave buildings’ radiation and reduce heat dissipation. This
effect can increase with the building’s height until the H/W ratio is 5.5 [258]. Above this
ratio, less and less sun reaches the canyon bottom.

The relationship between the canyon geometry and the wind environment is quite com-
plex. It affects both the wind speed [133] and the nature of the canyon air circulation [47,170]
and can cause mechanical turbulence [124]. The importance of geometry becomes apparent
when one intends to use wind cooling [270]. In open canyons, the convection cooling qual-
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ity is more significant than in narrow and closed canyons [133]. However, this relationship
can be modulated. When the wind directions are parallel to the canyon, it is possible to
increase the wind speed by increasing the H/W ratio [133,274]. In this scenario even a
deeper street canyon allows weaker wind loads to penetrate to the pedestrian level [275].
Where the predominant wind directions are transverse to the canyon, great depth is not
suitable for pedestrian level ventilation [257,275]. The wind speed reduction in this config-
uration is caused by the formation of vortices between buildings [227] and the increased
air displacement above the roofs [256]. In this case, the high canyon smoothness and
symmetry work unfavorably [131]. Increasing the asymmetry may be helpful [245]. The
step-down canyons always have a higher temperature under high and low wind speeds
than step-up canyons [276]. In addition, reducing the buildings’ heights at intersections
to two floors may increase the canyons’ wind speeds. At the same time, this may reduce
temperatures by 0.2 ◦C [250]. Care should be taken in modulating the wind environment
to keep the canyon temperature down. In hot conditions of warmer climate variety, the
H/W reduction can lead to canyon convection heating and warm air flowing from outside
the urban unit [133,270].

The canyon geometry is not affected only by the aspect ratio itself [240]. The canyon
space also has important thermal geometric features, mainly its symmetry. There can be
various openings, recesses, protrusions, and the building’s facade elements, e.g., balconies
or arcades [131,133]. Opinions on the effect of spacing between buildings along the street
are divided. Some studies confirm their significant impact on temperature [271], others
are negligible [190]. This is probably related to the prevailing wind patterns and street
orientation. In studies conducted in China, wider spacing between buildings along the
street resulted in poorer thermal comfort for pedestrians [264]. In studies conducted in the
USA, the ground surface temperature decreased with increasing mean distances between
buildings [190]. It is possible that several canyon configuration parameters may dominate
the effect of spacing on the temperature. The canyon’s length does not significantly affect
the thermal comfort at the level of pedestrians [47], but its elongation results in a more
evenly distributed temperature during the day [277]. The effect of urban canyon width on
the UHI effect may be multiplied by the simultaneous increase in the percentage of road
coverage [154,170]. Wider streets also result in more significant traffic, which may intensify
the UHI effect caused by increased heat and exhaust emissions in the canyon [170].

4.4.2. Street Orientation

The street orientation affects the duration and intensity of solar radiation introduced
into city canyons [155,202]. Therefore, its importance in modulating the canyon temper-
ature is mainly influenced by the radiation intensity [222]. When a day is sunny, the
orientation determines the air temperature and soil temperature. The orientation effect
is neglected when the day is cloudy [120,278]. That relationship also occurs with regard
to the seasons [132]. Canyon orientation is a parameter that produces intra-city thermal
anomalies [155,226]. It affects thermal comfort [186,208,264], including size and duration of
pedestrian-level thermal peaks [254]. Moreover, it shows a strong linear correlation with the
temperature of the ground surface [208], walls [261], and the intensity of AT or UHI [186].
Street orientation determines the average ground radiation intensity stronger than the
average facade radiation intensity [278]. Depending on the direction of the prevailing
winds, the canyon’s orientation may also increase or decrease its speed [202] and increase
the humidity [48], which affects the way the temperature is percepted.

By ingerention in the shadow areas, the canyon’s area density differentiates the daily
air temperature between streets oriented in different configurations [269]. The orientation
influence weakens when a canyon’s built-up area density and the H/W ratio decrease [208].
In a narrow canyon, orientation is not correlated or is slightly correlated with canyon air
temperature, both in summer and winter [132]. However, it contributes to lower wind
speeds [235], which positively concerns PET in the winter [132]. In addition, increasing
the direction variation in the narrow street may result in less radiation infiltration into the
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canyon, irrespective of the street main direction [256]. In a wide canyon, orientation entails
significant variations in wall surface temperatures during all seasons [132].

The N–S direction provides the shortest period of solar radiation in canyons [205],
and the shading percentages on horizontal surfaces vary very little over the year. Hence,
shading in the streets along the N–S axis is much more favorable than on the streets along
the E–W axis, both in summer and winter [272,279]. Although the mean Tmrt is similar in
the N–S and E–W canyons [119], the number of Tmrt hours exceeds the threshold values for
moderate and robust heat stress. Therefore, the stress may be higher in the N–S canyons
than in the E–W canyons [119,132,279]. In the N–S canyon, the opposite facades are equally
shaded throughout the year, but the hourly temperature distribution of these walls varies.
During the day, the western wall temperature rises faster. Still, the eastern wall, which has
a higher solar load, shows greater amplitudes of daily temperatures and higher maximum
temperatures [261]. The daily temperature amplitude of the east and west walls can be
greater than that of the canyon air [261]. This relationship is visible above the fourth floor
and on the ground floor (radiation from the ground) [280]. The lowest Tmrt can be observed
in the shaded areas of the east-facing walls [281]. The temperature of these walls rises
until 10 a.m. and then drops [48]. The subsequent increase in Tmrt starts on the west-facing
wall around 3 p.m., but there is no heat stress until 5 p.m. From 8 p.m., there is a Tmrt
decrease [282]. The spatial N–S canyon air distribution and the WE and E walls become
much more uniform at nighttime [261]. The best thermal comfort conditions for streets
along the N–S axis are found for medium and high H/W ratio values (0.8–3.0) [272,279,283].
This way, it reduces the daily temperature amplitude and equalizes the differences in the
diurnal temperature range (DTR) and maximum temperature of canyon walls [261]. For
this reason, both the W and E canyon facades have more favorable conditions than the
southern facades [279]. Increasing the H/W ratio significantly reduces cooling loads and
increases heating loads in the canyon [284]. Increasing the spacing between buildings along
the N–S street may lower Tmrt and improve pedestrians’ thermal comfort [264]. Moreover,
the shortening of N–S streets contributes to arcaded streets cooling [283].

The E–W direction provides the most extended duration of direct sunlight in the
canyon and courtyard [272,279], and it is considered a warmer thermal configuration [269,279].
Due to the northern exposure of the canyon wall, the E–W orientation is exposed to sun-
light from early morning. The result is the earliest maximum surface temperature [257].
Depending on the season, high Tmrt only occurs for few hours, from 11 a.m. until approx-
imately 3–5 p.m. [282], when it reaches its highest level. After this time, due to the solar
radiation blocking, the absorbed heat is relatively quickly released into the surrounding
environment [48,282]. However, it increases AT [257,272]; hence, thermal stress may be felt
almost until 8 p.m. [282]. The increased H/W ratio for the E–W streets has no significant
effect on the shading percentages [269,279]; therefore, it does not lower PET levels [222] and
has little effect on daytime air temperatures [269]. On the E–W axis, the low H/W ratios
(0.6–3.0) can therefore represent PET outside the comfort zone for most of the day [222].
With the H/W ratio above 3.0, it is possible to achieve a satisfactory daily thermal comfort
level on the E–W streets [119,222]. A low H/W ratio (<0.6) is the most favorable in terms
of solar gain in summer and winter for southern facades. As a result of short-wave and
long-wave reflections, radiation emitted from the south-facing canyon walls can have an
exceptionally high Tmrt [281], especially on low floors [257]. The Tmrt difference between
the north and south walls can be 20 ◦C [119]. Increasing the H/W ratio on E–W streets
reduces cooling loads and significantly increases heating loads [279,284]. Increasing the
spacing between buildings along the E–W-oriented street increases cooling loads [284],
and narrowing the spacing reduces Tmrt and improves PET [264]. Increasing the canyon’s
length in the E–W direction extends the duration of solar radiation. It increases the street
temperature [250,285], but in the case of arcaded streets, it improves their cooling [283].

The shading intensity of diagonal streets is similar in all their rotation configurations.
It is between the N–S and E–W axis streets’ shading intensity [279]. SE–NW street canyons
provide more shade, higher wind speed [264], and better pedestrian thermal comfort
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conditions than other scenarios [264]. The H/W ratio impact on the number of sunlight
hours suddenly decreases for street orientation angles of less than 30◦. In comparison,
when the street orientation angle exceeds 60◦, the H/W ratio impact increases rapidly. The
H/W ratio increase in the NW–SE canyons considerably reduces their daily temperature
amplitude [269]. Diagonal streets with a H/W ratio between 1.5 and 3.0 can provide
satisfactory thermal comfort conditions for most of the day [285], similar to streets on
the N–S axis [222,279]. For H/W ratios higher than 1.3, diagonal canyons are similar
to the E–W axis streets in terms of solar access to building facades in winter [279]. A
closer look at the facade’s thermal dependencies in diagonal configurations shows that the
maximum temperatures for the NE facade appear in the early morning. They are lower
than the SW facades, where the maximum temperatures appear around noon. The NE
facade minimum temperatures in the late afternoon are higher than SW facades, where
the minimum temperature is measured in the early morning [196]. The SSW facade has
higher maximum temperatures than the NNE elements. The most significant differences
observed between these directions are visible in the afternoon and the lowest in the early
morning [280].

4.4.3. Canopy Properties

The trees and free-standing building elements’ presence in the canyon modifies its
shadow patterns. During the day, this directly leads to a reduction in LST and PET [242,254].
At night, it increases its temperature by obstructing the long-wave radiation exit from
the canyon [207,286]. This type additionally intensively reduces the wind speed at the
pedestrian level [262,286]. The temperature level changes in street canyons associated
with the trees’ presence depend on the tree crown-cover size [287,288], their planting
density [245], their height [135], and solar exposure [267]. Small greenery elements in the
canyon will only affect the local thermal conditions [285]. Due to more effective radiation
shading and more substantial turbulent transport, tall trees have a more beneficial effect on
the canyon temperature than small trees [135].

The city canyons’ geometry significantly modifies the trees’ thermal behavior in
alleviating the street microclimate [286,287]. Due to changes in sun exposure, canyon
shallowing and widening increase the trees’ cooling effect in the canyon. [264,287]. Research
shows that high-tree-coverage streets can achieve better cooling quality when the H/W
aspect ratio exceeds 0.67 [283]. For H/W aspect ratio = 1.0, increasing tree cover or reducing
the spacing between trees may result in better tree shading and cooling during the day and a
night temperature increase [285]. For H/W aspect ratio = 1.2 small and low-crown trees can
generate a lower wind speed at the pedestrian level [286]. When the H/W aspect ratio = 2.0,
both small-crowned and large-crowned trees may have the most significant air temperature
cooling ability in daytime [271,286] and heating ability at night in the canyon [286]. When
the H/W aspect ratio ≥ 3.0, the shadow cast by building walls can dominate the trees’
shading. Their influence on temperature reduction becomes less critical [286]. Dredging
a canyon without increasing the number of trees reduces the cooling effect because the
evapotranspiration cooling energy has to handle a larger air volume [208,267]. Adding
trees in this situation could lower the temperature by as much as 4.5 ◦C on a summer
afternoon [267,271]. For the high H/W aspect ratio, the diffusive planting of small-crowned
trees favors street ventilation. It is a more preferable solution for summer cooling in these
canyons than the higher density of trees and large-crowned trees [286]. This relationship is
inversely proportional to the low H/W aspect ratio [135]. A large-canyon tree area in the
canyon with a high H/W aspect ratio may adversely affect the tall building thermal load.
Street albedo, enhanced by the color of tree leaves, can multiply the radiation reflections
reaching the upper reaches of the canyon [242].

4.5. Design Parameters of Neighborhood Cluster Scale

As the scale increases, the relationship complexity between the elements that make
up urban areas increases. At this hierarchy level, the high synergy that characterizes the
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ecosystem is noticeable. Allelopathic compounds, both antagonistic and non-antagonistic,
can be found here. Understanding the urban unit as an interconnected network of abiotic
and biotic objects allows us to grasp how the areas of coverage, density, and spatial
configuration affect its temperatures.

4.5.1. Coverage Area

Covering with elements of the urbanized environment is one of the indicators of the in-
tensity of development, showing a close relationship with the surface temperatures [289,290].
Impermeable surfaces in the neighborhood unit represented by buildings and roads have
constant high LST and UHI [161,172], and modulation of the coverage parameter strongly
influences their variability [291–294]. The increase of paved surface coverage leads to LST
and UHI increases [295]. Increasing the built-up area coverage by 1% may cause a rise of
the UHI effect intensity up to 1.7% [170]. On the other hand, a 1% reduction may cause
a decrease in the night-time near-surface air temperature by 0.1 ◦C [292]. Urbanization
degree is proportional to the distance from the city center [187] and size-dependent urban
area [172]. It is also inversely proportional to the greenery area [293,296]. Therefore, it
seems logical that old cities are usually characterized by the highest concentration of imper-
vious surfaces [136]. Large-scale architecture and infrastructure and a high percentage of
commercial and industrial areas [122,170] have a high UHI correlation. It is worth mention-
ing that the modernistic districts from the 1950s–1960s are better in terms of the number
of porous surfaces than the currently built districts and those from earlier centuries [234].
This is related to the Athens Charter implementation.

The building cover ratio in a given area significantly impacts the intensity of AT,
LST, UHI, and PET [142,297]. As it increases, the degree of pedestrian-level ventilation
decreases [298], and the LST and UHI intensity increase [299]. In China, with a 10% increase
in building land cover within a 500 m radius, a daily Tmax increase of approximately 3.4 ◦C
was noted [186]. The correlation of building cover with temperature can be positive
and negative [299] and may similarly affect the nighttime and daytime UHI [180,204].
These relations are distinguished by the type of land cover, building materials’ thermal
properties, and exposure of the urbanized environment to solar radiation [161]. Increasing
the building cover degree may reduce the maximum Tmrt during the daytime by reducing
the canyon’s solar exposure [125]. A stronger positive correlation between building cover
and temperature is noticed at night. That correlation results from the heat release after
dusk from the housing estate thermal mass [294,300] and the anthropogenic heat trapped
in the canyons [143]. The time at which the highest correlation is achieved depends on the
temperature level on a given day and occurs later in the nights after hot days compared to
the nights after cool days [238]. The influence of land cover on air temperature strongly
correlates with built-up area density [129]. In a dense context, the percentage of built-up
coverage has a greater impact on the increase in UHI than its density itself [250]. In this
context, reducing buildings’ land cover would increase solar exposure for buildings and
paved surfaces and thus affects the radiation and temperature increase [301]. However,
paradoxically reducing the temperature in densely built-up areas is possible with a building
cover increase [190]. There is, however, a limitation. The adjustable LST range decreases
when the built-up area exceeds a certain critical threshold. This means the ability to
mitigate high temperatures by adjusting the built-up area is also limited [182]. This ability
is evidenced by the fact that, in some specific cases, increasing the land cover index in
high-density regions may increase the temperature and UHI [129]. A possible reason for
this is the reduced convection cooling at the pedestrian level [298]. In such a situation, it is
necessary to reduce the coverage density to mitigate the UHI [129]. These dependencies
may explain the lack of correlation between the building cover percentage and the UHI
intensity in some studies [251].

The road coverage degree strongly correlates with the AT, UHI, and PET intensity [186].
Its increase within the city leads to a rise in LST [182,237] and enhances the UHI effect [185].
Due to the increased thermal mass, the duration of high air temperature is also extended [121],
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making the city’s microclimatic conditions more stable throughout the day. Unfortunately,
this also contributes to the formation of the nighttime UHI. An increase in the road surface
ratio causes a temperature increase [204]. That is especially true when the roads are highly
congested—this increases the anthropogenic heat in the area [184].

Green area coverage is a significant predictor of elevated temperature for the neighbor-
ing unit scale [255], explaining up to 50% of the variability of intra-city temperatures [186].
There is a strong negative linear correlation between greenery coverage and the intensity of
AT, UHI, PET [214,302,303], LST [266], and buildings’ peak cooling loads [224]. There is also
a positive correlation with soil permeability, urban spaces water capacity, ground surface
shade percentage, and wind speed [168]. The surfaces may have a similar daily effect on
the UHI [161], significantly reducing the peak air temperature and the UHI during the
day [302,304] and at night [305]. In a study conducted in China, a 10% increase in green area
coverage decreased the mean UHI by approximately 0.94 ◦C in a 250 m radius [186]. Green
area coverage shows a positive relationship with the SVF. Increasing the exposure of green
areas to direct solar compensation results in better plant conditions and greater efficiency
of evaporative cooling. Due to the above, these cover types cool the space exceptionally
well in summer and in warmer climate types [185].

The water object coverage percentage shows a strong negative linear correlation with
the LST, AT, UHI, and PET intensity [186]. The cooling effect of water reservoirs also
depends on their size, location, and wind direction [138]. For example, after reducing the
lake’s surface in the built-up area of Wuhan by 130 km2, the UHI intensity increased by
0.2 ◦C–0.4 ◦C [306].

4.5.2. Elements’ Density

The density of the urbanized area is an urban geometry parameter that significantly
affects the minimum temperature, LST, and UHI intensity [238]. This parameter is the most
complex, as increasing the built-up area’s density may have a negative [190] or a positive
impact on the LST and UHI [178–180]—depending on the climate type. Its importance is
greater [197] in warmer regions than in cooler areas [190]. The urbanized area’s density is a
hybrid parameter that describes the mutual synergistic relationship of other parameters,
such as population density, anthropogenic heat, the vegetation ratio, building and road
coverage, building height, and spatial configuration [118,155]. There is also a group of
parameters such as the floor area ratio (FAR) related to density but primarily determining
the building development volume. They significantly impact the thermal building mass
and the shade patterns [155]. These parameters also negatively correlate with the LST and
AT [307]. The influence of these aspects makes it challenging to infer one universal relation.
The collective effect of all the elements influencing the density is the final density effect on
the city temperatures [155,303].

The buildings and roads coverage density are mainly responsible for the density of
land development. The influence of the building cover density on the ambient temperature
rises with the increase of the built-up space radius [294]. The density is negatively corre-
lated with the distance from the urban center [187]. The built-up area density parameter
significantly influences the solar exposure of the housing estate [241]. As the built-up area
density increases, the average SVF decreases [308]. A similar relationship occurs for the
building’s volume [130], but it has a more substantial effect in already densely built-up
areas [240]. The influence of these parameters on the air temperature is significant, but its
distribution shows diurnal differences [302]. An increase in the buildings’ cover density
and their volume can reduce the AT [241,304], the surface temperature of the lower canyon
parts [152,217], and the heat stress at the pedestrian and UHI levels during the sunny hours
of the day [183,304]. Those are easy to see in the example of squares. Their temperature can
be even 18 ◦C higher than that of dense built-up areas [301]. During a cloudy day, densely
built-up areas remain warmer, but the difference in Tmrt between dense and scarce contexts
decreases because of the reduced radiation intensity [301]. The increase of built-up areas’
volume and density can reduce the wind speed and the convective heat transfer. That
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increases the thermal mass, thus having a more substantial impact on the radial energy ab-
sorption and lower SVF leading to the thermal trap effect [235,241]. That leads to the growth
of wall, street, and air temperatures in canyons and causes the nighttime UHI [227,241].
These dependencies are appropriate for warm seasons. In colder seasons, a temperature
rise associated with high built-up areas’ density may be desirable to provide better thermal
comfort [119,123]. The density is related to the anthropogenic heat emission [155]. A higher
proportion of building walls means more anthropogenic heat and significantly influences
the LST and UHI [170,180]. Depending on the season and context, it may positively or
negatively affect thermal comfort and the environment. The increase in the built-up areas’
density reduces the annual energy demand [249,309] but makes the heating load more
sensitive to solar radiation [238,307]. Moreover, intensified anthropogenic heat emitted
from buildings may modify the thermal response of other city geometry parameters [310].

There is a particular paradox for the built-up areas’ density parameter—the total area
of roofs, facades, and streets changes with an increase or a decrease of those areas [126,217].
That means one can increase the surface temperature by increasing or decreasing the
building density. By increasing the density, we increase the fractional area of the roofs.
As roofs get hotter more easily than streets, the UHI increases as the fractional roof cover
increases [126]. On the other hand, we increase the sun exposure of road surfaces by
reducing the density. Since roads are associated with a low albedo, they strongly influence
UHI [152,244]. The solution to this situation is to manipulate the density by changing
the height. In this way, it is possible to increase the shadow area without changing the
fractional roof cover [126] and reduce the surface temperature as a result [244]. At a
constant high density, the spatial configuration of blocks has a dominant effect on surface
temperatures [179]. The increase in density for interlaced and linear block systems reduces
the daily UHI [150], and the simultaneous increase in height and building density increases
the frontal area index (FAI) [123,298] and night UHI effect [139]. This relationship can be
seen in Hong Kong, where a 10% density and height reduction resulted in a 10% UHI
reduction [303]. This shows how the density and configuration of construction objects on
the estate are strongly correlated.

The road surface density depends on the urbanization degree of the area [296]. The
LST and UHI are positively correlated with the coverage density of roads, parking lots,
and sidewalks [311,312]. This is directly influenced by the thermophysical properties of the
materials used for the construction [170]. However, the road connections density alone is
insufficient to understand the relationship between city texture and the UHI effect. Other
factors, such as road connection size and capacity, are also important determinants of the
UHI effect intensity [170]. The areas closer to the functional city center are characterized by
more significant node and communication link density, making these areas warmer than
the rest [185,189]. The UHI effect is negatively affected by a higher transit route density.
The reason may be trivial—faster vehicle traffic and the absence of congestion reduce
the amount of heat, pollutants, and greenhouse gases discharged into the canyon [170].
Scattered and anisometric settlements are associated with more traffic, affecting higher
emissions [291,313]. Therefore, increasing the built-up areas’ density can help deal with
anthropogenic heat emission problems [170].

The vegetation density is determined by its height, cover type, and greenery amount.
It depends on the growing season during a year, too. In addition to shade patterns,
the density of the vegetation models the airflow [235,314]. Increasing the greenery den-
sity within a green area reduces not only the daily LST [171,172] but also the wind
speed [235,314] and the convective cooling effect. Increasing the vegetation patch density
reduces temperature [190,295], especially at night [150,273]. Increasing the edge density
of these patches reduces the ambient LST by having a larger heatsink contact area with
the paved area and increased energy flow between them [190]. The vegetation cover den-
sity is negatively correlated with the built-up areas’ density [155,180]. The more dense
built-up area ensures greater efficiency of green roofs and green facades [183]. An increase
in built-up area density increases green infrastructure’s impact on the LST changes [179].
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However, after exceeding a certain density threshold, other variables related to the housing
estate spatial configuration, e.g., the heights of buildings, begin to significantly impact the
lowering of temperature by vegetation [310].

4.5.3. Spatial Pattern

The 2D and 3D composition of the housing estate, which consists of the mutual spatial
relationship and the configuration of green areas, water objects, streets, and blocks of flats,
is significantly related to the LST and UHI [202,208].

The spatial distribution of the impervious surface within the estate, significantly when
fragmented and insulated, can increase the LST [123]. On the other hand, increasing
hardened surfaces with complex shapes sometimes cools the study area because of a more
extensive contact between built-up areas and vegetation [190]. However, the relationship
emergence condition is the presence of green spaces in the vicinity. The permeable surface
system of green areas may play an essential role during intense solar radiation [54]. A
compact green-space layout is generally accompanied by more significant amounts of
permeable land [234]. An evenly distributed complex shape pattern of trees and its high
dispersion can provide more shade and enhance energy exchange between green spaces
and built-up areas while reducing the LST [190,234]. Moreover, low plants’ scattered
distribution and irregular shapes can help mitigate the UHI effect [122]. In the case of
water objects located within the estate, their cooling effect depends on their location in the
urbanized area and wind directions [138].

The layout of buildings may be the most influential factor in changing the thermal en-
vironment during the day [54]. Different urban designs affect the insolation and ventilation
patterns of the housing estate diversely [315] and thus determine their thermal efficiency
during the day and at night. Clustered blocks of flats raise the AT and LST [121,122] because
of the higher roof surface density and a lower greenery percentage. Therefore, the dispersed
distribution of buildings facilitates the LST reduction [122], allowing the introduction of
other mitigation features into the estate. It has been proven that the surface temperature
and thermal comfort outside free-standing blocks of flats are slightly influenced by street
orientation and H/W. The vegetation has a stronger influence [208]. Thus, in the absence of
sufficient greenery, a higher open-space factor increases the UHI effect [255,312] and Tmrt
because of increased direct sunlight exposure [281]. Regular block of flats patterns may
facilitate air circulation in the canyon [170]. Higher irregularity in the layout of buildings,
and the complexity of their shapes and diversity, affects wind patterns and also increases
LST and UHI levels through higher solar exposure [190,301].

The dense linear apartment block systems that make up the city canyon have the
highest UHI level [316] because they provide a long solar radiation duration for the
estate [166,203] in the case of incorrect spatial orientation. By controlling the direction
of the linear form, it is possible to influence both passive cooling and heating of the blocks
of flats [166]. This way, the apartment block orientation as a whole has a significant impact
on energy consumption, especially for high linear systems [309]. The windward buildings
are blocking the airflow [274]. Therefore, adjusting the building blocks’ layout and orienta-
tion concerning the prevailing wind directions is essential. Proper arrangement of buildings
can positively affect urban porosity, create wind corridors, strengthen the narrowing effect
in the ventilation corridor, and increase wind speed [274,298] and thus can shorten the du-
ration of high air temperatures in the area [176]. On the other hand, inappropriate building
arrangements and orientation, increased building density, asymmetry, and the number
of alleys may block the airflow, resulting in increased temperature at night [131,274]. For
example, suppose the binary system is perpendicular to the wind directions. In that case,
its ventilation and thermal comfort in summer can be improved by increasing the space
between buildings along the road and creating small green areas [253,298]. However, this
treatment will lower thermal comfort in winter [253]. An example of traditional Greek city
development shows how to eliminate this problem by using small linear blocks of flats and
a complicated street pattern [132].
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Although building arrangements may negatively affect air circulation, they provide
more shade [274]. Therefore, the closed layout of the apartment blocks is characterized
by a more comfortable thermal environment during the day [274,309], provided that the
H/W ratio is high. However, the low SVF associated with this system may result in poor
radiant cooling capacity and thus increase the nighttime temperature [305,306]. The low
H/W ratio of the closed apartment blocks layout increases its LST [305]. Nevertheless, the
natural compactness of the apartment blocks with a peripheral configuration makes these
systems more suitable in an urban environment than linear systems [150].

The average building height significantly affects the ambient temperature [157,197]
and wind patterns [203,241]. It also determines the shading value in densely populated
urban areas [298,301,308]. Therefore, greater building heights indicate a lower AT and a
better outdoor comfort level [217,302]. Building height can influence cooling efficiency
through its relationship to the UHI formation and propagation. Up to a certain height,
the building’s height strongly influences the evapotranspiration cooling and the shade
provision by the vegetation in the estate [178]. When buildings are lower than trees,
the buildings do not obstruct the cool horizontal airflow and do not reduce the cooling
capacity [152,275]. As the buildings’ heights increase, the average wind speed above
buildings increases [265]. However, it harms the ventilation at the pedestrian level [275]
and increases the internal heat gain by thermal trapping [139]—especially in public and
residential areas [122]. The buildings’ heights increase the urban unit’s FAI, thus blocking
the natural wind corridors [166]. Due to all these unfavorable relationships in the case of
high buildings, the influence of ventilation significance on city air temperatures rises [44].
It is worth introducing a gradual lowering of buildings in the direction of prevailing winds
to reduce the FAI [166]. It is also possible to modulate the urban roughness, determined
by the differences in the buildings’ heights. This affects both the shadow distribution and
the wind speed and direction in urban areas [176]. Hence, it may also impact the UHI
effect [126,197]. Identical building heights lead to a stronger vertical turbulent movement
favorable for pedestrian-level ventilation [275] and increase the albedo [217]. However, an
increase in the difference in building height increases the shadow area and the aerodynamic
roughness. That affects convective district cooling positively, especially at night [126]. It
should be remembered that high surface roughness values make it challenging for adequate
wind ventilation [176] through the vortices generated. It can be concluded that the benefits
of this parameter modulation in an urban environment can be obtained by carefully mixing
the building heights [150,166].

For the elongated apartment blocks’ shapes and increased H/W ratios, block
orientation becomes a vital parameter influencing temperature rise and energy
consumption [239,261,309]. Buildings facing south have the highest daytime tempera-
tures for the northern hemisphere because of insolation [274]. Although these are suitable
conditions for a low-energy urban form, this solution’s balance of losses and profits loses
to other savings forms [309].

5. Conclusions and Recommendations for Future Research

The literature review revealed significant urban environment parameters in terms of
the UHI, which was discussed in the above section. The research specified three groups of
parameters corresponding to their geometry, morphology, and topographic relation. The
parameters significantly affecting the city’s temperature are: (1) building density, urban
surface albedo, and distance from the city center for NH; (2) aspect ratio, ground surface
albedo, and street orientation for SC; and (3) building height, material albedo, and building
orientation for BU. The diversified distribution of research interest is presented in various
examples from different countries. Moreover, the relationship between the BGI [92] and
UE parameters was confirmed. The BGI and urbanized environment parameters facilities
overlap in some dependencies. Significant geometrical urban space parameters turn out to
be critical topographic parameters for the BGI facilities. That confirms the correctness of
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understanding the greenery and water objects’ impact on the city geometry UHI mitigation,
and thus the synergy effect in the city.

Based on the analysis in the discussion chapter, it was possible to create microclimatic
design guidelines at various scales.

5.1. Guidelines for Microclimatic City Design

The complete elimination of the UHI effect seems impossible in the current urbaniza-
tion form. However, it is possible to improve the thermal city environment. Following some
universal guidelines to improve the existing urban tissue and create the new one makes
it possible to influence the entire city PET and UHI effect significantly. Only holistically
planned preventive measures and interventions can make the city climate-neutral and
make it resistant to the rapidly approaching climate change.

The guidelines based on the discussion chapter show a strong shifting vector of
changing the current urban environment toward de-urbanization. This rather old concept
returns in the climate change context of the 21st century and sheds a new “green light” on
the city’s appearance in the future. As in the de-urbanization concept, the microclimatic
design reduces and distributes rationally the built-up areas’ coverage and the density
and height of the buildings, concerning the natural landscape and well-known weather
patterns. The main principle of this design trend is to adjust the solar intensity as the
leading energy carrier to the needs of the specific temperate climate type. In warmer
varieties, less radiation will be needed to provide the same conditions as in colder regions.
When planning the radiation balance in the urban areas, one cannot forget the vegetation
duration appropriate for each space. It is necessary to consider both in situ and ex situ
factors in microclimatic design because the city’s energy flow remains open [151]. The
designers should not rely on wind cooling a city with a poor wind environment and
avoid creating large and compact urbanized areas [313]. They should also intertwine
building areas with forests and lakes, develop urbanized areas toward greenery, and create
decentralized systems with highly amorphous, organic shapes. Inside the designed cities,
they should diversify the environment, improve the distribution of buildings, roads, and
BGI elements [168,172], reduce the amount of industrial and commercial areas, limit road
transport (by planning ring roads and smart transport links), and promote a zero-emission
life [90].

5.1.1. Material

When creating, introducing, or modifying city materials, one should pay particular
attention to some of their properties. It is recommended to use materials with increased
diffusivity, transmission, and a reduced speed of radiation absorption [199]. It is necessary
to increase pavement permeability and the materials’ porosity [206]. Permeability can be
increased by using various types of vegetation surfaces. Cities’ poor ventilation requires
the extension of road material porosity [182]. When night ventilation is provided at a high
level, materials with a high heat capacity, such as grass, stabilized sand, and granite, can be
used [193]. In any other case, it is recommended to reduce the heat capacity and thermal
mass using, for example, reclaimed asphalt pavement (RAP) materials [206] or limiting
the thickness of the foundation layers [199]. The use of asphalt and concrete as a surface is
strongly discouraged [193]. Thermal insulation of building partitions should be increased,
especially in colder climate zones.

The urban areas’ albedo should be varied [188]. Retroreflective materials can be safely
used on all hard surfaces and contexts [317–319]. The guidelines for high albedo materials
are dependent on the area density. In the densely built-up areas, the albedo should not be
increased. In this situation, attention should also be paid to the leaf’s albedo. It is safe to
use high albedo materials only on the highest roofs. Increasing the albedo on each surface
for low H/W ratio values is desirable. When increasing the albedo, the PCM and RR
coatings, white paints and membranes, bituminous surfaces modified with oxides, colored
roof tiles [320], and resin surfaces with exposed light-colored aggregate can be used [198].
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It is necessary to ensure high color durability. Resin surfaces have significant limitations in
use. It is recommended to use them as pavement surfaces for pedestrian use [211].

5.1.2. Building

In the case of buildings’ geometries, it is necessary to reduce both their floor and
wall areas. This is essential for commercial and residential buildings. Facilities must
take on a compact, regular, and simple form [240]. The best solution would be to use
spherical, domed shapes [321]. In addition, the buildings’ heights should not be significant.
It is suggested their heights should be in the range of 20–50 m [265] and much lower for
buildings located near main roads [294]. The best solution is to place buildings on high
pillars [298].

Increasing the buildings’ energy efficiency and reducing their thermal emissions is
necessary [197,247]. For this purpose, one can use location-related, orientation, greenery,
building covering materials, and cooling or heating solutions. One should also avoid using
the A/C. If this is not possible, it is recommended to use A/C and heating in energy-saving
mode and timers [135]. Instead, it is possible to use ground heat exchangers and water
cooling [177]. It is also worth using other low-energy solutions. For example, RR materials
are desirable to limit A/C usage [232]. A similar task is fulfilled by increasing the building
albedo [197,224] and applying better insulation [197]. Green roofs effectively reduce cooling
and heating loads [141,178]. In addition, buildings should be reasonably located in relation
to chiaroscuro and wind corridors, depending on the desired effect.

5.1.3. Street Canyon

Proportions, orientation, and greenery patterns should be selected appropriately [208,268].
The designer’s primary goal should be to obtain a low solar exposure of the canyon [322],
but the optimal value for a given climatic zone should be considered [256,278].

The most crucial guideline for canyon geometry is to reduce its height while increasing
the tree crown cover [278,323]. In hotter types of climate where tree shade cannot be
introduced, canyon height can be increased [258]. Limiting the canyons’ heights is especially
important in the case of canyons that are transverse to the main winds. In this case, it is
worth increasing a building’s height slightly on the leeward side and increasing the spacing
between the buildings along the road. The depth of the street canyon oriented parallel
to the airflow may be higher, but it is worth increasing their horizontal asymmetry and
smoothness. Nevertheless, it is worth reducing the heights of buildings in the vicinity of
intersections. Reducing the road surface area or increasing shading solutions is another
critical issue. The answer is to use traffic circles, reducing traffic congestion and the
anthropogenic heat increase.

There is no single preferred city canyon orientation. The desired direction varies
with the climate zone and the need for sunlight or shade [155]. The best general solution
seems to be the use of irregular road runs, in which the orientation changes from time to
time, creating a balanced thermal environment. In addition, it is worth using diagonal
streets [264,324]. In warmer temperate climates, the orientation of the roads along the N–S
axis is suggested as the most appropriate [253,281]. In this situation, it is worth ensuring a
considerable height of the canyon [222,324]. One can also reasonably increase the streets’
width to provide better comfort of their use [322]. It is also good to extend the road length
unless it is an arcaded street. Streets oriented on the E–W axis are suggested as optimal for
colder regions [285]. They may also be optimal in warmer climate zones, but only if the
canyon is deep [283,324]. In that case, the canyon’s length should be shortened [250], and
the spaces between buildings along the street should be increased.

Shaders (artificial or natural) in canyon space are generally considered a good
solution [262,269]. A tree crown cover is preferable to artificial shaders for many eco-
logical and microclimatical reasons [136]. The trees should be as tall as possible to create a
lot of shade and ultimately cover most of the street. However, their use legitimacy should
be considered, and the optimal tree species should be selected for the given canyon open-
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ness and orientation [281,287]. It is necessary to introduce trees into vast canyons [251,283].
In wide canyons, dense canopy cover and compact artificial shaders should be used. It
is not recommended to introduce many trees into high canyons, and their canopy cover
should be sparse [135,286]. Shading with greenery, arcades, or artificial shaders should be
used to avoid the E–W-oriented streets overheating [259,283].

5.1.4. Neighborhood

During the construction of new neighborhood units, it is recommended to generally
reduce the intensity of urban development [299] and manipulate the parameters of the
spatial configuration to create the most diverse landscape. In this way, certain areas will
lower daytime temperatures, and others will reduce nighttime temperatures, and the whole
will ensure correct cross-ventilation [151]. It might seem the best development strategy
for an urbanized area for its microclimate is the foundation of skyscrapers surrounded by
greenery [325]. However, the efficient creation of an optimal thermal environment is also
possible in other already existing conditions.

The main goal of microclimatic design on the city scale is to reduce the urban surfaces
cover (impermeable) in favor of natural ones (pervious surfaces). The buildings and
roads should be reduced, thus increasing the fraction of the green spaces and water object
areas [295,300]. That is especially important in the context of very intensively built-up
areas [250,325]. It is sometimes enough to decanalize rivers hidden underground during
intense urbanization to increase the number of water objects.

Reducing the road and built-up area densities and volumes to increase the BGI cover-
age density is generally required to improve the urban climate [300,326]. The legitimacy
of modulating the built-up area density depends on the climate type and the possibility
of introducing tall greenery. For this reason, in warmer temperate climate zones, it will
be justified to increase the built-up area density to ensure better thermal comfort in the
urbanized area [256]. The transit road density may be increased, but only when accom-
panied by shading trees. It is not recommended to excessively increase the tree-planting
density in green areas; instead, tree species with the desired parameters should be selected
appropriately for the available space [234].

One should reasonably manipulate the area density by distributing the buildings
horizontally and vertically [278]. A desirable solution is to lower the buildings’ heights and
carefully differentiate the buildings’ sizes in apartment block areas [166,278], especially
those with high building density [129,176]. In that case, the climate variation must be
considered. In warmer regions, it will be preferable to increase the buildings’ heights to
increase density [122] and decrease the heights of south-facing apartment blocks. Moreover,
to maintain the same built-up areas density, it is possible to reduce the coverage area with
low buildings in favor of tall buildings [172]. An essential aspect of creating a housing estate
microclimate is to ensure even wind access throughout its area [176]. For this purpose, tall
buildings must not be located on the neighborhood units’ outskirts from the prevailing
wind’s side [166]. The same principle applies to tall buildings near water objects and green
areas. The buildings’ heights may increase with the distance from the boundary and cooling
objects. Nevertheless, it is worth adjusting the heights of the tallest buildings so that the
roofs are under the tree crowns. The designers should modulate the buildings’ sizes to
allow the wind and humid airflow to penetrate the housing estate’s interior [294]. They
should plan uniform and compact green areas that are spatially interconnected [234]. In
high-density built-up areas, one should create irregular green areas and fill any free space
with them [182]. Green roofs and facades are recommended [142]. Even distribution of the
tree crowns in the housing estate area should cover as much area as possible [54,294]. Water
objects should be located from the windward side. It is crucial to not canalize streams and
rivers on a given site [294].

The relationships of the shape, length of apartment blocks, and spaces between build-
ings should be rationally planned, considering the creation of insolation areas and wind cor-
ridors [274]. The best buildings’ covering pattern is dispersed distribution in the neighbor-
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hood greenery [54,182]. This principle also applies to the housing estate layout design [294],
especially if the surroundings are excessively dense built-up areas [121]. It may also be
helpful to use a variable apartment building configuration [121]. One should avoid building
an estate as a closed structure of excessive depth [54]. Instead, it is better to use average
building heights, which let the sunlight reach the bottom of the courtyard. Furthermore,
designers should orient regular patterns relatively parallel to the prevailing wind directions
while controlling the rotation relative to the optimal solar exhibition. Finally, free spaces
between buildings appropriately oriented to the wind corridors are recommended.

5.2. Vision of Climate-Resilient and Climate-Neutral Cities

The urbanization principles need to be changed to eliminate the UHI effect and thus
ensure optimal PET comfort in the city. In addition, the microclimatic approach to housing
estate design may affect the scale of the changes. Still, the vision of a future temperature
increase in a temperate climate zone requires researchers and designers to brainstorm and
create ideas for preventing a simulated crisis.

According to the ecosystem pulse theory, each civilization’s violent disintegration is
associated with an excessive complexity increase [327]. Research clearly shows that urban
development and uncontrolled spatial configuration exacerbate the temperature difference
between urban and non-urbanized areas. Vegetation is essential to achieving ecosystem
climax, and progressive surface reduction leads to climate anomalies and crisis deepening.

In the contemporary understanding of urban planning, solar exposure is the most criti-
cal factor influencing the overheating of urbanized areas. Of course, there are more reasons.
Still, using already known smaller-scale solutions, solar exposure can be transformed into
something desirable together with the underground placement of the building. With this
change of approach, the problem becomes the solution. Earthship-type buildings show that
construction can be energy-saving and reduce emissions to virtually zero. In that case, the
large thermal mass of buildings also becomes an advantage, and its internal microclimate is
easier to control because of the constant lower temperatures prevailing underground [328].
Despite the modern name, life underground does not bear the hallmarks of modern times.
Since prehistory, people worldwide have lived in earthworks [329,330] and archaeological
research shows that even entire cities can be created this way [331].

The vision of the underground city seems abstract, but only in this way is it possible
to ensure a parallel, undisturbed existence of nature and architecture. Building cities under-
ground does not seem to be technically impossible, and that concept appears from time to
time in urban planning and architecture [332]. The earthscraper is a skyscraper, only upside-
down—instead of rising, the earthscraper is built deep into the ground. Building heating
requirements will force designers working in the field of temperate climate area to change
the apartment blocks’ spatial patterns, taking inspiration from warmer climates [203,333].
Creating neighborhoods covered with the earthscrapers and Earthship-type buildings
surrounded by greenery, water features, and underground public transport can effectively
solve the upcoming climate challenge.

5.3. Future Research Direction

Based on this review article, three main directions for future research can be identified:
(1) carrying out a similar analysis for different climate zones; (2) implementing and testing
the developed guidelines in different urban surroundings; (3) theoretical work and practical
tests related to developing a vision of underground urbanization; and (4) developing a
clear range of possible solutions and materials for both BGI and the UE.

1. Reviews of the UE parameters relevant to the UHI propagation for different climate
zones are necessary to develop homogeneous guidelines for every climate zone
separately. Only then would it be possible to compare the microclimatic design
policies and learn about the diversity of the individual parameter impact in different
climate zones. The model of this publication can be used to create a normative series
of reviews.
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2. The introduction of changes to the urban environment to modify the microclimate
is already taking place. Microclimate modeling programs (such as the ENVI-met)
implemented geometry changes and UE morphology solutions. BGI implementation
is carried out as well. Although these programs are based on many years of research,
it is impossible to generate solutions depending on the preferred temperature change
automatically. The research on an automated algorithm able to model a city’s thermal
solutions will be the area of the next stage of research of the presented paper’s authors.

3. Another research area worth undertaking is underground building development.
Models should be made based on the theoretical knowledge obtained from this
review, creating prototype constructions and analyzing their performance. Solutions
should be designed to enable the entire urban unit’s autonomy in energy and a closed
cycle of matter and raw materials. The review authors plan to research these solutions
in the future.

4. The necessary gap to fill is the development of a clear range of techniques and
materials desirable for microclimatic reasons, which can be used in local interventions
and in creating a new urban environment. A good solution would be to construct
specialized tables for both BGI elements and UE facilities listing possible techniques,
solutions, and plant and building material pallets. Material pallets should define their
averaged quantitative impact on the microclimate and the urban environment quality,
including carbon dioxide, oxygen, temperature, humidity, dust, wind, and shade. Full
parameterization of the solutions range should form the basis for further research into
microclimatic design automation.

The results of this work should serve as the basis for a broad discussion on the
architectural and urban environment. Based on the results of the review, in consultation
with local governments, strategies for adaptation to climate change and plans for the
development of new urban forms may be developed. The authors declare actions for the
future verification of the developed design guidelines. Appropriate steps will be taken to
popularize the achieved results among professionals, local authorities, and researchers in
the form of training sessions, courses, and industry articles.
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Appendix A

Table A1. Designing parameters of the urbanized elements (UE) elements affecting the urban heat
island (UHI) propagation in warm temperate climate zone.

Element/Urban
Matter Scale Parameter Family Parameter Subparameter Description Author

Neighborhood
cluster Geometrical Plot area - - [150]

Plot type (Semi-enclosed, interspersed,
long-linear) [150]

Parcel density
(PD) - - [189]

Urbanization
ratio -

The total artificial area to plot
area ratio.

Synonyms: artificial area ratio
Acronyms: (AAR)

[124,182,187,242,
334,335]

Building
intensity (BI) -

The ratio of building volume and
area/plot/total block area.

Synonyms: building volume,
number of building volumes
within the area, the territorial

utilization index,
three-dimensional volume index

Acronyms: (CI), (NOB),
(cum/sqm), (3DVI)

[118,234,278,297,
336,337]

Building
complexity

(Cex)
-

The ratio of the vertical surface
area (walls) to the site area

Synonyms: facade-to-site ratio
Acronyms: (VH urb)

[174,278,338]

Building edge
density

(EDBuild)
- The density of wall facets within

a site [190]

Mean area
covered by

buildings (BF)
-

Synonym: mean architecture
projection area

Acronym: (MAPA)
[297,299]

Building
density (BD) -

The building base footprint area
to plot area ratio describes the
proportion of built ground in

an area
Synonyms: building surface

fraction, building area, built-up
ratio, built-up footprint, build up
density, built-up index, housing

density, urban density,
aggregation of buildings, building

coverage, site coverage ratio,
building footprint ratio, building

planar area index, building
coverage ratio, gross space index,

building site coverage,
two-dimensional area Index
Acronyms: (BUILT), (SvW),

(BSF%), (ba), (B), (B0), (HD), (BA),
(SCo), (ρ urb), (Bfr), (BCR), (GSI),

(BSC), (2DAI)

[97,118,121,123,
125,126,128,137–
139,142,146,149,
152,153,155,157,
166,168,172,174,
175,178,179,184,
186,189,191,204,
207,234–236,238,
240,241,243,244,
249,278,291,294,
296,297,299,301–
303,306,308,313,

326,337–355]
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Table A1. Cont.

Element/Urban
Matter Scale Parameter Family Parameter Subparameter Description Author

Building
density at the
height of 10 m

(DENSITYbot_St)

- [240]

Building
density at the
height of 30 m

(DENSITYmid_St)

- [240]

Building
density at the
height of 60 m

(DENSITYtop_St)

- [240]

The gross floor
area (GFA) of

residential and
commercial
buildings

- [176]

Block shape
configuration -

Spatial distribution of the
buildings on plot/site, without

consideration of orientation
distribution

[274]

Urban
structure -

The spatial configuration of the
buildings within the

site considered
orientation distribution

Synonyms: street/
block structure

[218,356]

Block layout - The layout of buildings within the
plot [157,202]

Orientation
variance (OV) - Variation of the buildings’

orientations on site [122]

The coverage
ratio of the

mid-to-high-
rise building

(CRMB)

- - [357]

Block length - -

[121,137,138,154,
168,179,186,189,
235,238,240,297,
307,309,340,341,

356,358]

Building floor
area ratio

(FAR)
-

Total building floor area to the
site area/plot ratio

Sum of gross floor area and total
block area ratio

The floor area ratio of all
the buildings

FAR_St

Floor area ratio
of the towers
(FARtow_St)

- [240]
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Table A1. Cont.

Element/Urban
Matter Scale Parameter Family Parameter Subparameter Description Author

Floor area ratio
of the podiums
(FARpod_St)

- [240]

Building
surface

area/site area
(SAR_St)

-
The sum of exterior building

surface area to total site area ratio.
Acronyms: (COMP_St)

[240]

Wall facet area
index (F) -

The ratio of the wall facet area to
the building footprint area (which

contains the building and the
road around it).

[355]

The standard
deviation of

building
footprint area

(StF)

- - [278]

Building mean
shape index - - [190]

Frontal area
index (FAI) - The total area of wind exposition

calculated on buildings and trees. [123,359]

Compactness
(Com) - Total building surface-to-volume

ratio. [278]

Mean volume
of buildings

(BV)
- - [297]

Mean volume
of buildings

per floor
(BV/F)

- - [297]

The ratio of
tree volume
and building

volume
(VV2BV)

- - [297]

Perimeter–area
ratio (FD) - Mean complexity of buildings. [297]

Mean distance
between

buildings and
their nearest

neighbor (D2B)

- - [297]

Mean ratio of
length and
width of
buildings

LW (B)

- - [297]

Most extensive
patch index for

building
(LPIBuild)

- - [190]
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Table A1. Cont.

Element/Urban
Matter Scale Parameter Family Parameter Subparameter Description Author

Mean outdoor
distance
(MOD)

- Mean distance of outdoor space
from the nearest building façade. [278]

Building
spacing - Distance between buildings. [155]

Mean sky view
factor (SVF) -

Mean sky view factor for entire
plot described as solar admittance

factor (integrated measured).
Synonyms: total site factor, tree
view factor, terrain view factor,

visible sky.
Acronyms: (TSF), (TVF), (VS)

[146,150]

Enclosure
degree (Ed) -

The ratio of the sum of lengths of
buildings’ facade in a plan to the
perimeter of the enclosed block

[186]

Mean building
height (BH) -

Mean building height in a block,
which represents the 3D

roughness.
Synonyms: average

building height.
Acronyms: (MH), (H), (m H_St),

(Hbld), (Mbh), (MAH)

[97,122,124,138,
184,186,234,236,
238,240,256,257,

263,297–
299,338,345]

Urban surface
roughness

(USR)
-

Height variation of buildings
within a block.

The relative height difference of
urban surface within a specific

region.
Building height variance (HV)

[122,126,137,240]

Height of
roughness
elements
(HRE),

- Height of buildings and trees [346,347]

Average height
to floor area
ratio (HA)

-

Mean building height weighted
by footprint area

Synonyms: mean building height
Acronyms: (MeH), (H/FA_St)

[151,240,278]

Average height
to total floor

area ratio of the
street block

- Mean building height weighted
by total site area [356]

Average height
to the depth of
the street block

- - [356]

The standard
deviation of

building height
(StH)

-
Synonyms: mean architecture

height standard deviation
Acronyms: (AHSD)

[299,360]

Normalized
height variance

(NHV)
-

The ratio between the standard
deviation of building height and

the mean building height. It
measures the relative height

variance

[122]
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Table A1. Cont.

Element/Urban
Matter Scale Parameter Family Parameter Subparameter Description Author

Number of
stories (L) - Indicates the average number of

floors in an area [125]

Elevation
factor (EF) - Overall height of the elevation

feature (building and trees) [266]

Building
average width

(W)
- - [263]

Normalized
number of

buildings per
block area

(#B/A)

- - [297]

Open public
space plot ratio - - [255]

Road density
(RD)

The ratio of traffic road surface
area to a plot area

Synonyms: road surface area
density, road cover, road and
parking aggregation, street

network intensity, traffic space
density, road area

Acronyms: (RDS), (RND), (RSD),
(ROAD%)

[54,137,143,161,
176,189,255,311,

312,361,362]

The average
width of streets - - [362]

Pavement area
(pA) - - [204]

Pavement
mean shape

index
- - [190]

Pavement
patch density - - [190]

Pavement edge
density - - [190]

Asphalt space
ratio (Asr) - - [186]

Impervious
surfaces area

(ISA)
-

The area covered by
buildings/impervious surfaces

and total block area ratio
Synonyms: impermeable rate,
Impervious surface fraction,

impervious ground
surface fraction

Acronyms: (I), (ISF%), (IR)

[128,171,180,185,
186,235,291–

294,297,342,345–
347,363–367]

Pervious
surface fraction

(ISC)
-

The permeable surface on the
territorial surface ratio.

Synonyms: the permeability ratio
Acronyms: (NHRLC)

[128,234,345,346]
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Table A1. Cont.

Element/Urban
Matter Scale Parameter Family Parameter Subparameter Description Author

Size of the
urban park or
another heat

sink

- - [356]

Waterbody
ratio
(W)

-

The ratio of water body area to
total site/block area

Synonyms: water surface ratio,
water body percentage, water

cover.
Acronyms: (WBP), (Wr)

[133,146,186,237,
294,306,349,350,

353,368]

Bare soil cover
ratio (S) - The area covered by bare soil and

a total block area ratio. [297]

Green cover
ratio (GCR) -

The designed area of all
vegetation types and site

area ratio
or

the vegetation leaf density to site
area ratio.

Synonyms: green plot ratio,
greening rate, green cover ratio,

greenspace ratio, green plot ratio,
urban greenery plot ratio,

planting rate, plant fraction,
residential area green ratio, green
area ratio, urban greenery ratio,
vegetation fraction, vegetation

coverage
Acronyms: (Gcr), (Gsr), (GnPR),
(GR), (PR), (GPR), (Pv), (GAR),

(Fv)

[133,150,171,184,
186,187,235,236,
243,255,260,267,
273,294,297,302,

312,325,340–
342,361–363,369]

Tree cover ratio
(TCR)

Tree shading percentage to total
site area

Synonyms: canopy cover
percentage, shade coverage,

tree shade coverage

[133,184,260,267,
340,363]

Grass cover
ratio - [133]

Tree volume - - [334]

Vegetation
height (m) - - [243]

The density of
vegetation

(LAI)
- - [356]

Morphological

Normalized
difference
vegetation

index (NDVI)

-

Synonyms: transformed
normalized difference vegetation

index
Acronyms: (TNDVI)

[142,149,161,170,
237,293,343,370–

375]

Enhanced
vegetation

index (EVI),
- - [182]
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Table A1. Cont.

Element/Urban
Matter Scale Parameter Family Parameter Subparameter Description Author

Normalized
difference

water index
(NDWI)

- - [170]

Normalized
difference bare

land index
(NDBLI)

- - [170]

Soil humidity - Moisture availability [133,376]

Imperviousness
of material - - [161]

Mean value of
impervious

surfaces (imp)
- - [289]

Surface evapo-
transpiration

intensity
- - [195]

Material
surface

roughness
- - [176]

Urban porosity - - [176]

Land cover - - [364]

Land use - - [290,340,347,361]

Function of
space - - [339]

Global urban
albedo -

Mean albedo of all surfaces
within the site

Synonyms: average urban albedo,
urban equivalent albedo

[161,176,212,217,
218,224,234]

Urban surface
albedo (WAS) -

The albedo of urban surface (road,
pavement, building wall, building

roof)
Synonyms: reflectivity

Acronyms: (SAL)

[124,153,180,182,
186,214,215,220,
221,229,233,247,
335,346,362,363,

377–381]

Horizontal
surface albedo

Hemispherically and
wavelength-integrated reflectivity

of ground surfaces
Synonyms: ground

surface albedo
Acronyms: (GSA)

[150,380,381]

Urban surface
emissivity - - [124,209,214,335]

Material heat
capacity - - [335]

Thermal
effusivity of

soil
- - [376]

Material
thermal

conductivity
- - [335]
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Table A1. Cont.

Element/Urban
Matter Scale Parameter Family Parameter Subparameter Description Author

Surface
admittance

(SAD)
- [346]

Anthropogenic
heat output

(AHO)
- - [174,184,260,346]

Anthropogenic
heat from

traffic (w/m2)
- [184,260]

Anthropogenic
heat flux
density

- - [347]

Population
density (PD) - Synonyms: urban population

Acronyms: (p), (POP)
[128,182,187,361–

363,375]

Topographical City radius - - [184]

Form and
geometry of

the city
- Synonyms: city shape [118,352]

Irregularity of
the city - - [362]

Building block
orientation - - [203,309]

Street grid
orientation - - [298]

Distance from
the city center

(CBD)
-

Distance between the center of
districts and site

Synonyms: distance
to downtown

Acronyms: (Dtd)

[186,189,336,350,
351,382]

Distance from
the city

boundary (D)
- - [375]

Distance to a
water body - - [176,180]

Distance to
green space - - [176]

Distance to sea - - [161]

Distance to
industrials

(Dti)
- - [186]

Distance to the
major road - - [192]

Location of the
green open

spaces
- Within the city [383]
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Table A1. Cont.

Element/Urban
Matter Scale Parameter Family Parameter Subparameter Description Author

Wind
exposition -

Amount of wind reaching
building block (dependent

of surroundings)
Synonyms: wind velocity,

ventilation rate

[203,260,342]

Street canyon Geometrical Canyon width
(W) -

Distance between neighboring
building plots or between

adjacent buildings (street width +
building setback)

[119,120,124,136,
170,242,250–

252,256,270,335,
348,384–386]

Canyon length
(L) - - [170,257,262]

Width to
length ratio - - [284]

Canyon height
(H) - - [251,252,384]

Length to
height ratio - - [277]

Aspect ratio -

The ratio between the building
height and the width of the
distance between buildings

Synonyms: canyon geometry
factor, H/W aspect ratio,

Height/width, canyon geometry,
Acronyms: (cgf), (h/d)

[42,97,119,120,
127,128,132,133,
135,136,139,141,
142,147,155,160,
163,169,181,183,
186,201,203,207,
208,213,222,226,
227,232,239,248,

251,254,256–
262,264,269–

273,277,279,282–
288,300,309,310,
315,319,322,324,

335,345–
347,384,386–399]

The aspect
ratio of square - [133]

The aspect
ratio of the
courtyard

- [133]

Canyon
asymmetricity

(H1/H2)
-

Reflects whether the street is
symmetrical concerning the

central axis
Synonyms: symmetry ratio,

asymmetry ratio
Acronyms: (Rsy), (Ra)

[131,276]

Opening ratio
(Ro) -

Represents the proportion of
street opening length to the total

length
[131]

Closing ratio
(Rc) -

Represents the proportion of the
length of a street without

openings to the total length
[131]
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Table A1. Cont.

Element/Urban
Matter Scale Parameter Family Parameter Subparameter Description Author

Smoothness
ratio (Rs) -

Represents the proportion of
perimeter of the study area to the

total line length of a
street contour

[131]

Road and
parking area - - [311]

Road and
parking shape - - [311]

Sky fraction
that is formed

only by the
surrounding

buildings
(SVFbld_Pt)

- [240]

Building ratio - Building density along
the canyon [131,300]

Green ratio - Vegetation percentage [269,288,300]

Trees’ canopy
coverage area

ratio
- [288]

Street planting
pattern - - [254]

Street trees’
dimensions - - [254]

Street plant
canopy height -

Synonyms: mean height of trees,
vegetation height

Acronyms: (TH), (VH)
[236,287,297]

Mean volume
of trees (TV) - - [297]

Sky view
factor (SVF) -

Fraction of the sky hemisphere
which can be seen from a certain
point in the urban model (on the

ground or building facade)

[42,97,120,122,
123,126–131,134,

137,138,140–
145,149,150,152–

154,157–
159,161,162,165–
169,176,182,188,
191,217,235,237,
240,244,253,256,
258,262,269,272,
273,281,282,297,
307,308,310,314,
316,323,325,334,
342,345–349,351,
353,356,359,368,
383,384,386,387,
389,396,400–412]

Regular sky
fraction

(SVFall_Pt)
- [240]

Morphological Surface
emissivity - - [133,147,199,213,

226,260,355]
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Table A1. Cont.

Element/Urban
Matter Scale Parameter Family Parameter Subparameter Description Author

The material
emissivity of

road
- [355]

Pavement
surface

emissivity
- [133,199,213,260]

Material
volumetric

heat capacity
- - [133,147,199,226,

260]

Pavement
thermal
capacity

Synonyms: pavement
heat capacity [133,147,199,226]

Material
thermal

conductivity
- - [147,198,199,226,

260,413,414]

Pavement
thermal

conductivity
- [147,198,199,226,

413,414]

Pavement heat
absorption - - [199,413]

Material
thermal

diffusivity
- - [147]

Material
thermal

emittance
- - [148]

Retro-
reflectivity of

material
- - [319]

Material solar
reflectance - - [148,398]

Canyon albedo - Synonyms: street albedo, street
surface albedo, net street albedo

[147,196,213,221,
224,226,260,286,

310,317,398]

Ground surface
albedo - Synonyms: horizontal

surface albedo

[132,133,166,183,
184,188,193,219,
222–224,227,228,
233,318,359,377–
379,405,415–418]

Pavement
albedo

Synonyms: pavement reflectivity,
pavement albedo

[133,183,193,194,
219,224,228,415–

418]

Road albedo - [184,318,377–
379,405]

Parking lot
albedo - [223]

Pavement
Material color - - [198]

Surface
material type - Type of pavement materials,

type of ground surface
[127,254,268,282,

352]
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Table A1. Cont.

Element/Urban
Matter Scale Parameter Family Parameter Subparameter Description Author

Pavement
material
density

- - [206]

Material
porosity - - [206]

Pavement
Permeability - - [194]

Pavement
water contain - - [292]

Pavement
Evaporation - - [193]

Underlaying
material

diffusivity
- - [193]

Underlaying
material

effusivity
- - [193]

Type of heat
transfer in
material

- (Unidirectional
heat-transfer UHT) [414]

Quantity of
vegetation - - [268]

Topographical Street
orientation -

Synonyms: canyon axis
orientation, alley orientation

Acronyms: (Ao)

[119,120,127,132,
166,169,186,196,
202,203,218,222,

225,250–
254,257,259,261,
262,269,271,272,

276,279,281–
285,319,322,324,
348,362,386,389,
390,393,394,404,
408,415,418–420]

Shadow factor -

Related to street orientation
Synonyms:

shading percentage, sun exposure,
solar exposure, solar access

[156,166,207,279,
404]

Windexposure -

Related to street orientation
Synonyms and related

parameters: wind speed, wind
speed over a street

[227,276]

Building Geometrical Building area - - [170]
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Element/Urban
Matter Scale Parameter Family Parameter Subparameter Description Author

Buildingheight
(BH) - -

[119–
121,123,126,128–
130,134,136,139,
152,157,164,166,
170–172,178,188,

191,217,242–
245,248,263,265,
267,268,270,275,
276,283,287,301–
303,306,308,326,
339,340,349,351,
353,362,385,387,

394,404,421]

Building width - - [335]

Buildinglength - Synonyms: facade length [54,274]

Building depth - - [242]

Building depth
ratio -

The ratio of building depth to
frontal length

Synonyms: horizontal building
aspect ratio

[271,275]

Building
roof-top area

(BGFA)
- Synonyms: building ground floor

area [237]

Total floor area - - [150]

Mean area of
all floors of a

building (GFA)
- Synonyms: gross floor area [153,297]

Number of the
floors - Synonyms: number of stories [309,382]

Average floor
height - - [260]

Building
setback - - [358]

Roof widths - - [422]

Building
weighted

volumetric
compactness

(Cv)

- - [146]

Mean
compactness of

the building
(Cm)

- The ratio of the building surface
(Sb)and the cube surface (Sc) [146]

Shape
coefficient (SC) -

The ratio between the external
surfaces and the volume of the

building
Synonyms: surface/volume ratio,

surface to volume ratio, shape
factor, building facade
Acronyms: (SVR), (SV)

[97,122,142,161,
246,397]
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Element/Urban
Matter Scale Parameter Family Parameter Subparameter Description Author

Building
perimeter to

area ratio (PA)
- - [397]

Morphological
Building
Material

emissivity
- Synonyms:

surface emissivity
[147,167,232,260,

355]

The material
emissivity of
the rooftop

Synonyms:
roof emissivity/insulation [232,355]

The material
emissivity of

wall facet

Synonyms:
the material emissivity of walls [355]

Material
Thermal

diffusivity
- - [147]

Material
thermal

insulation (D)
- - [163,232]

Roof ab-
sorbance/insulation - [232]

Material
thermal

conductivity
- - [180,184,197,200,

260]

Roof material
thermal

conductivity
- [197]

Wall material
thermal

conductivity
- [180,184]

Material
volumetric

heat capacity
- Synonyms: material heat

capacity/thermal storage
[147,180,184,200,

207,226,260]

Wall
volumetric

heat capacity

Synonyms: wall material
heat capacity [180,184,226]

Thermal
effusivity - - [163]

Material
Albedo - Material reflectance

[147,174,184,205,
211,216,221,224,
230,231,233,260,
306,317,359,369,
378,379,405,409,

410]

Roof material
albedo Synonyms: roof solar reflectance

[174,184,197,211,
216,224,230–

233,306,359,369,
378,379,405,422]

Wall material
albedo Synonyms: albedo of the facades

[184,197,205,210,
216,225,228,233,
288,318,359,377,

378,405,423]
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Element/Urban
Matter Scale Parameter Family Parameter Subparameter Description Author

Roof Material
phase - (Phase-change material PCM) [173]

Construction
types - - [260]

Type of Surface
material - - [180,184,282,318,

352]

Type of
materials used
on the facade

of the
buildings

(brick/veneer, frame/concrete
Block, open steel skeleton, and
wood frame, stucco, masonry

bearing, brick masonry)
Synonyms: building wall material

type, wall layers material

[180,184,318,352]

Wall thickness - - [184,260,424]

Façade glazing
ratio -

The ratio of glass area and
external wall area, describing heat

loss from a building
[163,260,356]

HVAC system
presence - - [177]

Type of HVAC
system - [177]

The heat
released to the
canyon from

the
HVAC system

- - [184]

The efficiency
of HVAC
systems

- - [260]

Building
cooling set

point
- The agreed temperature that the

building will meet [184]

Infiltration
rates - The number of interior volume air

changes that occur per hour [260]

Internal heat
gains -

generated by the activity of
occupants as metabolic heat, by

utilization of electrical devices, or
other thermal emissions

[260]

Topographical Building
orientation (O) -

Variation between the primary
longitudinal angle of a building

footprint and the north
Acronyms: (BO)

[54,97,155,205,
226,246,280,383,

397,425]

Facade
orientation - [205,280,425]

Building
shadow area

ratio (BS)
-

The ratio of the building shadow
area to the unit horizontal area,

dependent on surroundings
Synonyms: building shadow,

solar exposure, area of the
shadow cast on building surfaces,
Percentage of shade on building

Acronyms: (BS), (ASV)

[123,156,166,397]
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Element/Urban
Matter Scale Parameter Family Parameter Subparameter Description Author

Obstruction
angle (θ) -

The obstruction angle parameters
reflect the urban canyon geometry
surrounding the corresponding

building, and they were
calculated using the obstruction

height and street width

[246]

Obstruction
angle on the
facade (θf)

[246]

Obstruction
angle on the

roof (θr)
[246]

References
1. Gonzalez-Trevizo, M.E.; Martinez-Torres, K.E.; Armendariz-Lopez, J.F.; Santamouris, M.; Bojorquez-Morales, G.; Luna-Leon, A.

Research Trends on Environmental, Energy and Vulnerability Impacts of Urban Heat Islands: An Overview. Energy Build. 2021,
246, 111051. [CrossRef]

2. Martin, P.; Baudouin, Y.; Gachon, P. An Alternative Method to Characterize the Surface Urban Heat Island. Int. J. Biometeorol.
2015, 59, 849–861. [CrossRef] [PubMed]

3. Lontorfos, V.; Efthymiou, C.; Santamouris, M. On the Time Varying Mitigation Performance of Reflective Geoengineering
Technologies in Cities. Renew. Energy 2018, 115, 926–930. [CrossRef]

4. Oke, T.R.; Johnson, G.T.; Steyn, D.G.; Watson, I.D. Simulation of Surface Urban Heat Islands under ‘Ideal’ Conditions at Night
Part 2: Diagnosis of Causation. Bound. Layer Meteorol. 1991, 56, 339–358. [CrossRef]

5. Parsaee, M.; Joybari, M.M.; Mirzaei, P.A.; Haghighat, F. Urban Heat Island, Urban Climate Maps and Urban Development Policies
and Action Plans. Environ. Technol. Innov. 2019, 14, 100341. [CrossRef]

6. Sachindra, D.A.; Ng, A.W.M.; Muthukumaran, S.; Perera, B.J.C. Impact of Climate Change on Urban Heat Island Effect and
Extreme Temperatures: A Case-Study. Q. J. R. Meteorol. Soc. 2016, 142, 172–186. [CrossRef]

7. Sharifi, E.; Sivam, A.; Boland, J. Resilience to Heat in Public Space: A Case Study of Adelaide, South Australia. J. Environ.
Plan. Manag. 2016, 59, 1833–1854. [CrossRef]

8. Zhao, L.; Lee, X.; Smith, R.B.; Oleson, K. Strong Contributions of Local Background Climate to Urban Heat Islands. Nature 2014,
511, 216–219. [CrossRef]

9. Oke, T.R. The Energetic Basis of the Urban Heat Island. Q. J. R. Meteorol. Soc. 1982, 108, 1–24. [CrossRef]
10. Oke, T.R.; Maxwell, G.B. Urban Heat Island Dynamics in Montreal and Vancouver. Atmos. Environ. 1975, 9, 191–200. [CrossRef]
11. Easterling, D.; Horton, B.; Jones, P.; Peterson, T.; Karl, T.R.; Parker, D.; Salinger, M.; Razuvayev, V.; Plummer, N.; Jamason, P.; et al.

Maximum and Minimum Temperature Trends for the Globe. Science 1997, 277, 364–367. [CrossRef]
12. Karl, T.R.; Jones, P.D.; Knight, R.W.; Kukla, G.; Plummer, N.; Razuvayev, V.; Gallo, K.P.; Lindseay, J.; Charlson, R.J.; Peterson, T.C.

A New Perspective on Recent Global Warming: Asymmetric Trends of Daily Maximum and Minimum Temperature. Bull. Am.
Meteorol. Soc. 1993, 74, 1007–1024. [CrossRef]

13. Kwak, Y.; Park, C.; Deal, B. Discerning the Success of Sustainable Planning: A Comparative Analysis of Urban Heat Island
Dynamics in Korean New Towns. Sustain. Cities Soc. 2020, 61, 102341. [CrossRef]

14. Grimmond, C.S.B.; Oke, T.R. An Evapotranspiration-Interception Model for Urban Areas. Water Resour. Res. 1991, 27, 1739–1755.
[CrossRef]

15. Taha, H. Urban Climates and Heat Islands: Albedo, Evapotranspiration, and Anthropogenic Heat. Energy Build. 1997, 25, 99–103.
[CrossRef]

16. Mitchell, V.G.; Mein, R.G.; McMahon, T.A. Modelling the Urban Water Cycle. Environ. Model. Softw. 2001, 16, 615–629. [CrossRef]
17. Peron, F.; Maria, M.M.D.; Spinazzè, F.; Mazzali, U. An Analysis of the Urban Heat Island of Venice Mainland. Sustain. Cities Soc.

2015, 19, 300–309. [CrossRef]
18. Kolokotroni, M.; Ren, X.; Davies, M.; Mavrogianni, A. London’s Urban Heat Island: Impact on Current and Future Energy

Consumption in Office Buildings. Energy Build. 2012, 47, 302–311. [CrossRef]
19. Santamouris, M. Cooling the Buildings—Past, Present and Future. Energy Build. 2016, 128, 617–638. [CrossRef]
20. Salazar, A.; Baldi, G.; Hirota, M.; Syktus, J.; McAlpine, C. Land Use and Land Cover Change Impacts on the Regional Climate of

Non-Amazonian South America: A Review. Glob. Planet. Change 2015, 128, 103–119. [CrossRef]
21. Shiflett, S.A.; Liang, L.L.; Crum, S.M.; Feyisa, G.L.; Wang, J.; Jenerette, G.D. Variation in the Urban Vegetation, Surface Temperature,

Air Temperature Nexus. Sci. Total Environ. 2017, 579, 495–505. [CrossRef] [PubMed]

http://doi.org/10.1016/j.enbuild.2021.111051
http://doi.org/10.1007/s00484-014-0902-9
http://www.ncbi.nlm.nih.gov/pubmed/25234752
http://doi.org/10.1016/j.renene.2017.09.033
http://doi.org/10.1007/BF00119211
http://doi.org/10.1016/j.eti.2019.100341
http://doi.org/10.1002/qj.2642
http://doi.org/10.1080/09640568.2015.1091294
http://doi.org/10.1038/nature13462
http://doi.org/10.1002/qj.49710845502
http://doi.org/10.1016/0004-6981(75)90067-0
http://doi.org/10.1126/science.277.5324.364
http://doi.org/10.1175/1520-0477(1993)074&lt;1007:ANPORG&gt;2.0.CO;2
http://doi.org/10.1016/j.scs.2020.102341
http://doi.org/10.1029/91WR00557
http://doi.org/10.1016/S0378-7788(96)00999-1
http://doi.org/10.1016/S1364-8152(01)00029-9
http://doi.org/10.1016/j.scs.2015.05.008
http://doi.org/10.1016/j.enbuild.2011.12.019
http://doi.org/10.1016/j.enbuild.2016.07.034
http://doi.org/10.1016/j.gloplacha.2015.02.009
http://doi.org/10.1016/j.scitotenv.2016.11.069
http://www.ncbi.nlm.nih.gov/pubmed/27894802


Int. J. Environ. Res. Public Health 2022, 19, 4365 46 of 60

22. Norton, B.A.; Coutts, A.M.; Livesley, S.J.; Harris, R.J.; Hunter, A.M.; Williams, N.S.G. Planning for Cooler Cities: A Framework
to Prioritise Green Infrastructure to Mitigate High Temperatures in Urban Landscapes. Landsc. Urban Plan. 2015, 134, 127–138.
[CrossRef]

23. Santamouris, M. Analyzing the Heat Island Magnitude and Characteristics in One Hundred Asian and Australian Cities and
Regions. Sci. Total Environ. 2015, 512–513, 582–598. [CrossRef] [PubMed]

24. Santamouris, M. Innovating to Zero the Building Sector in Europe: Minimising the Energy Consumption, Eradication of the
Energy Poverty and Mitigating the Local Climate Change. Sol. Energy 2016, 128, 61–94. [CrossRef]

25. Taleb, D.; Abu-Hijleh, B. Urban Heat Islands: Potential Effect of Organic and Structured Urban Configurations on Temperature
Variations in Dubai, UAE. Renew. Energy 2013, 50, 747–762. [CrossRef]

26. Shahrestani, M.; Yao, R.; Luo, Z.; Turkbeyler, E.; Davies, H. A Field Study of Urban Microclimates in London. Renew. Energy 2015,
73, 3–9. [CrossRef]

27. Arnfield, A.J. Two Decades of Urban Climate Research: A Review of Turbulence, Exchanges of Energy and Water, and the Urban
Heat Island. Int. J. Climatol. 2003, 23, 1–26. [CrossRef]

28. Mirzaei, P.A.; Haghighat, F. Approaches to Study Urban Heat Island – Abilities and Limitations. Build. Environ. 2010,
45, 2192–2201. [CrossRef]

29. Oke, T.R. Boundary Layer Climates, 2nd ed.; Routledge: London, UK, 1987; ISBN 978-0-203-40721-9.
30. Wong, K.V.; Paddon, A.; Jimenez, A. Review of World Urban Heat Islands: Many Linked to Increased Mortality. J. Energy

Resour. Technol. 2013, 135, 022101. [CrossRef]
31. Rizwan, A.M.; Dennis, L.Y.C.; Liu, C. A Review on the Generation, Determination and Mitigation of Urban Heat Island.

J. Environ. Sci. 2008, 20, 120–128. [CrossRef]
32. Santamouris, M.; Mihalakakou, G.; Papanikolaou, N.; Asimakopoulos, D.N. A Neural Network Approach for Modeling the Heat

Island Phenomenon in Urban Areas during the Summer Period. Geophys. Res. Lett. 1999, 26, 337–340. [CrossRef]
33. Santamouris, M.; Kolokotsa, D. Urban Climate Mitigation Techniques; Routledge: London, UK, 2016; ISBN 978-1-315-76583-9.
34. Santamouris, M. Cooling the Cities—A Review of Reflective and Green Roof Mitigation Technologies to Fight Heat Island and

Improve Comfort in Urban Environments. Sol. Energy 2014, 103, 682–703. [CrossRef]
35. Rajagopalan, P.; Lim, K.C.; Jamei, E. Urban Heat Island and Wind Flow Characteristics of a Tropical City. Sol. Energy 2014,

107, 159–170. [CrossRef]
36. Lauwaet, D.; De Ridder, K.; Saeed, S.; Brisson, E.; Chatterjee, F.; van Lipzig, N.P.M.; Maiheu, B.; Hooyberghs, H. Assessing the

Current and Future Urban Heat Island of Brussels. Urban Clim. 2016, 15, 1–15. [CrossRef]
37. Lehmann, S. Low Carbon Districts: Mitigating the Urban Heat Island with Green Roof Infrastructure. City Cult. Soc. 2014, 5, 1–8.

[CrossRef]
38. Coseo, P.; Larsen, L. How Factors of Land Use/Land Cover, Building Configuration, and Adjacent Heat Sources and Sinks

Explain Urban Heat Islands in Chicago. Landsc. Plan. 2014, 125, 117–129. [CrossRef]
39. Nakata-Osaki, C.M.; Souza, L.C.L.; Rodrigues, D.S. THIS—Tool for Heat Island Simulation: A GIS Extension Model to Calculate

Urban Heat Island Intensity Based on Urban Geometry. Comput. Environ. Urban Syst. 2018, 67, 157–168. [CrossRef]
40. Santamouris, M. Minimizing Energy Consumption, Energy Poverty and Global and Local Climate Change in the Built Environment: Inno-

vating to Zero. Causalities and Impacts in a Zero Concept World; Elsevier: Amsterdam, The Netherlands, 2019; ISBN 978-0-12-811417-9.
[CrossRef]

41. Erell, E.; Pearlmutter, D.; Boneh, D.; Kutiel, P.B. Effect of High-Albedo Materials on Pedestrian Heat Stress in Urban Street
Canyons. Urban Clim. 2014, 10, 367–386. [CrossRef]

42. Zakhour, S. The Impact of Urban Geometry on Outdoor Thermal Comfort Conditions in Hot-Arid Region. J. Civ. Eng. Archit. Res.
2015, 2, 862–875.

43. Oke, T.R. Street Design and Urban Canopy Layer Climate. Energy Build. 1988, 11, 103–113. [CrossRef]
44. Wang, Y.; Li, Y.; Xue, Y.; Martilli, A.; Shen, J.; Chan, P.W. City-Scale Morphological Influence on Diurnal Urban Air Temperature.

Build. Environ. 2020, 169, 106527. [CrossRef]
45. Papadopoulos, A.M. The Influence of Street Canyons on the Cooling Loads of Buildings and the Performance of Air Conditioning

Systems. Energy Build. 2001, 33, 601–607. [CrossRef]
46. Britter, R.E.; Hanna, S.R. Flow and Dispersion in Urban Areas. Annu. Rev. Fluid Mech. 2003, 35, 469–496. [CrossRef]
47. Muniz-Gäal, L.P.; Pezzuto, C.C.; Carvalho, M.F.H.; de Mota, L.T.M. Urban Geometry and the Microclimate of Street Canyons in

Tropical Climate. Build. Environ. 2020, 169, 106547. [CrossRef]
48. Kantzioura, A.; Kosmopoulos, P.; Zoras, S. Urban Surface Temperature and Microclimate Measurements in Thessaloniki.

Energy Build. 2012, 44, 63–72. [CrossRef]
49. Terjung, W.H.; Louie, S.S.-F. Solar Radiation and Urban Heat Islands. Ann. Assoc. Am. Geogr. 1973, 63, 181–207. [CrossRef]
50. Jamei, E.; Rajagopalan, P.; Seyedmahmoudian, M.; Jamei, Y. Review on the Impact of Urban Geometry and Pedestrian Level

Greening on Outdoor Thermal Comfort. Renew. Sustain. Energy Rev. 2016, 54, 1002–1017. [CrossRef]
51. Oke, T.R. Canyon Geometry and the Nocturnal Urban Heat Island: Comparison of Scale Model and Field Observations. J. Climatol.

1981, 1, 237–254. [CrossRef]
52. Yang, X.; Li, Y.; Luo, Z.; Chan, P.W. The Urban Cool Island Phenomenon in a High-Rise High-Density City and Its Mechanisms.

Int. J. Climatol. 2017, 37, 890–904. [CrossRef]

http://doi.org/10.1016/j.landurbplan.2014.10.018
http://doi.org/10.1016/j.scitotenv.2015.01.060
http://www.ncbi.nlm.nih.gov/pubmed/25647373
http://doi.org/10.1016/j.solener.2016.01.021
http://doi.org/10.1016/j.renene.2012.07.030
http://doi.org/10.1016/j.renene.2014.05.061
http://doi.org/10.1002/joc.859
http://doi.org/10.1016/j.buildenv.2010.04.001
http://doi.org/10.1115/1.4023176
http://doi.org/10.1016/S1001-0742(08)60019-4
http://doi.org/10.1029/1998GL900316
http://doi.org/10.1016/j.solener.2012.07.003
http://doi.org/10.1016/j.solener.2014.05.042
http://doi.org/10.1016/j.uclim.2015.11.008
http://doi.org/10.1016/j.ccs.2014.02.002
http://doi.org/10.1016/j.landurbplan.2014.02.019
http://doi.org/10.1016/j.compenvurbsys.2017.09.007
http://doi.org/10.1016/B978-0-12-811417-9.00012-X
http://doi.org/10.1016/j.uclim.2013.10.005
http://doi.org/10.1016/0378-7788(88)90026-6
http://doi.org/10.1016/j.buildenv.2019.106527
http://doi.org/10.1016/S0378-7788(00)00123-7
http://doi.org/10.1146/annurev.fluid.35.101101.161147
http://doi.org/10.1016/j.buildenv.2019.106547
http://doi.org/10.1016/j.enbuild.2011.10.019
http://doi.org/10.1111/j.1467-8306.1973.tb00918.x
http://doi.org/10.1016/j.rser.2015.10.104
http://doi.org/10.1002/joc.3370010304
http://doi.org/10.1002/joc.4747


Int. J. Environ. Res. Public Health 2022, 19, 4365 47 of 60

53. Masson, V. A Physically-Based Scheme For The Urban Energy Budget In Atmospheric Models. Bound. Layer Meteorol. 2000,
94, 357–397. [CrossRef]

54. Yang, S.; Zhou, D.; Wang, Y.; Li, P. Comparing Impact of Multi-Factor Planning Layouts in Residential Areas on Summer Thermal
Comfort Based on Orthogonal Design of Experiments (ODOE). Build. Environ. 2020, 182, 107145. [CrossRef]

55. Lee, D.O. Urban—Rural Humidity Differences in London. Int. J. Climatol. 1991, 11, 577–582. [CrossRef]
56. Livesley, S.J.; McPherson, E.G.; Calfapietra, C. The Urban Forest and Ecosystem Services: Impacts on Urban Water, Heat, and

Pollution Cycles at the Tree, Street, and City Scale. J. Environ. Qual. 2016, 45, 119–124. [CrossRef]
57. Sailor, D.J.; Fan, H. Modeling the Diurnal Variability of Effective Albedo for Cities. Atmos. Environ. 2002, 36, 713–725. [CrossRef]
58. Santamouris, M. Regulating the Damaged Thermostat of the Cities—Status, Impacts and Mitigation Challenges. Energy Build.

2015, 91, 43–56. [CrossRef]
59. Sarrat, C.; Lemonsu, A.; Masson, V.; Guedalia, D. Impact of Urban Heat Island on Regional Atmospheric Pollution. Atmos. Environ.

2006, 40, 1743–1758. [CrossRef]
60. Agarwal, M.; Tandon, A. Modeling of the Urban Heat Island in the Form of Mesoscale Wind and of Its Effect on Air Pollution

Dispersal. Appl. Math. Model. 2010, 34, 2520–2530. [CrossRef]
61. Krüger, E.L.; Minella, F.O.; Rasia, F. Impact of Urban Geometry on Outdoor Thermal Comfort and Air Quality from Field

Measurements in Curitiba, Brazil. Build. Environ. 2011, 46, 621–634. [CrossRef]
62. Fahed, J.; Kinab, E.; Ginestet, S.; Adolphe, L. Impact of Urban Heat Island Mitigation Measures on Microclimate and Pedestrian

Comfort in a Dense Urban District of Lebanon. Sustain. Cities Soc. 2020, 61, 102375. [CrossRef]
63. Rosso, F.; Pisello, A.L.; Cotana, F.; Ferrero, M. On the Thermal and Visual Pedestrians’ Perception about Cool Natural Stones for

Urban Paving: A Field Survey in Summer Conditions. Build. Environ. 2016, 107, 198–214. [CrossRef]
64. Taleghani, M. Outdoor Thermal Comfort by Different Heat Mitigation Strategies—A Review. Renew. Sustain. Energy Rev. 2018,

81, 2011–2018. [CrossRef]
65. Iping, A.; Kidston-Lattari, J.; Simpson-Young, A.; Duncan, E.; McManus, P. (Re)Presenting Urban Heat Islands in Australian

Cities: A Study of Media Reporting and Implications for Urban Heat and Climate Change Debates. Urban Clim. 2019, 27, 420–429.
[CrossRef]

66. O’Malley, C.; Piroozfar, P.; Farr, E.R.P.; Pomponi, F. Urban Heat Island (UHI) Mitigating Strategies: A Case-Based Comparative
Analysis. Sustain. Cities Soc. 2015, 19, 222–235. [CrossRef]

67. Gabriel, K.M.A.; Endlicher, W.R. Urban and Rural Mortality Rates during Heat Waves in Berlin and Brandenburg, Germany.
Environ. Pollut. 2011, 159, 2044–2050. [CrossRef] [PubMed]

68. Rydin, Y.; Bleahu, A.; Davies, M.; Dávila, J.D.; Friel, S.; De Grandis, G.; Groce, N.; Hallal, P.C.; Hamilton, I.; Howden-Chapman, P.; et al.
Shaping Cities for Health: Complexity and the Planning of Urban Environments in the 21st Century. Lancet 2012, 379, 2079–2108.
[CrossRef]

69. McMichael, A.J.; Haines, J.A.; Slooff, R.; Sari Kovats, R.; World Health Organization. Climate Change and Human Health: An
Assessment; World Health Organization: Geneva, Switzerland, 1996.

70. Meehl, G.A.; Tebaldi, C. More Intense, More Frequent, and Longer Lasting Heat Waves in the 21st Century. Science 2004,
305, 994–997. [CrossRef]

71. Pascal, M.; Laaidi, K.; Ledrans, M.; Baffert, E.; Caserio-Schönemann, C.; Le Tertre, A.; Manach, J.; Medina, S.; Rudant, J.;
Empereur-Bissonnet, P. France’s Heat Health Watch Warning System. Int. J. Biometeorol. 2006, 50, 144–153. [CrossRef]

72. Augusto, B.; Roebeling, P.; Rafael, S.; Ferreira, J.; Ascenso, A.; Bodilis, C. Short and Medium- to Long-Term Impacts of Nature-
Based Solutions on Urban Heat. Sustain. Cities Soc. 2020, 57, 102122. [CrossRef]

73. Founda, D.; Santamouris, M. Synergies between Urban Heat Island and Heat Waves in Athens (Greece), during an Extremely Hot
Summer (2012). Sci. Rep. 2017, 7, 10973. [CrossRef]

74. Boyko, C.T.; Cooper, R. Clarifying and Re-Conceptualising Density. Prog. Plan. 2011, 76, 1–61. [CrossRef]
75. Chokhachian, A.; Perini, K.; Giulini, S.; Auer, T. Urban Performance and Density: Generative Study on Interdependencies of

Urban Form and Environmental Measures. Sustain. Cities Soc. 2020, 53, 101952. [CrossRef]
76. Aflaki, A.; Mirnezhad, M.; Ghaffarianhoseini, A.; Ghaffarianhoseini, A.; Omrany, H.; Wang, Z.-H.; Akbari, H. Urban Heat

Island Mitigation Strategies: A State-of-the-Art Review on Kuala Lumpur, Singapore and Hong Kong. Cities 2017, 62, 131–145.
[CrossRef]

77. Akbari, H.; Cartalis, C.; Kolokotsa, D.; Muscio, A.; Pisello, A.L.; Rossi, F.; Santamouris, M.; Synnefa, A.; Wong, N.H.; Zinzi, M.
Local Climate Change and Urban Heat Island Mitigation Techniques—The State of the Art. J. Civ. Eng. Manag. 2016, 22, 1–16.
[CrossRef]

78. Alchapar, N.L.; Correa, E.N. The Use of Reflective Materials as a Strategy for Urban Cooling in an Arid “OASIS” City.
Sustain. Cities Soc. 2016, 27, 1–14. [CrossRef]

79. Barakat, A.; Ayad, H.; El-Sayed, Z. Urban Design in Favor of Human Thermal Comfort for Hot Arid Climate Using Advanced
Simulation Methods. Alex. Eng. J. 2017, 56, 533–543. [CrossRef]

80. Huang, Q.; Meng, X.; Yang, X.; Jin, L.; Liu, X.; Hu, W. The Ecological City: Considering Outdoor Thermal Environment.
Energy Procedia 2016, 104, 177–182. [CrossRef]

81. Stone, B., Jr.; Vargo, J.; Liu, P.; Habeeb, D.; DeLucia, A.; Trail, M.; Hu, Y.; Russell, A. Avoided Heat-Related Mortality through
Climate Adaptation Strategies in Three US Cities. PLoS ONE 2014, 9, e100852. [CrossRef]

http://doi.org/10.1023/A:1002463829265
http://doi.org/10.1016/j.buildenv.2020.107145
http://doi.org/10.1002/joc.3370110509
http://doi.org/10.2134/jeq2015.11.0567
http://doi.org/10.1016/S1352-2310(01)00452-6
http://doi.org/10.1016/j.enbuild.2015.01.027
http://doi.org/10.1016/j.atmosenv.2005.11.037
http://doi.org/10.1016/j.apm.2009.11.016
http://doi.org/10.1016/j.buildenv.2010.09.006
http://doi.org/10.1016/j.scs.2020.102375
http://doi.org/10.1016/j.buildenv.2016.07.028
http://doi.org/10.1016/j.rser.2017.06.010
http://doi.org/10.1016/j.uclim.2018.12.014
http://doi.org/10.1016/j.scs.2015.05.009
http://doi.org/10.1016/j.envpol.2011.01.016
http://www.ncbi.nlm.nih.gov/pubmed/21295389
http://doi.org/10.1016/S0140-6736(12)60435-8
http://doi.org/10.1126/science.1098704
http://doi.org/10.1007/s00484-005-0003-x
http://doi.org/10.1016/j.scs.2020.102122
http://doi.org/10.1038/s41598-017-11407-6
http://doi.org/10.1016/j.progress.2011.07.001
http://doi.org/10.1016/j.scs.2019.101952
http://doi.org/10.1016/j.cities.2016.09.003
http://doi.org/10.3846/13923730.2015.1111934
http://doi.org/10.1016/j.scs.2016.08.015
http://doi.org/10.1016/j.aej.2017.04.008
http://doi.org/10.1016/j.egypro.2016.12.031
http://doi.org/10.1371/journal.pone.0100852


Int. J. Environ. Res. Public Health 2022, 19, 4365 48 of 60

82. Leal Filho, W.; Echevarria Icaza, L.; Emanche, V.O.; Quasem Al-Amin, A. An Evidence-Based Review of Impacts, Strategies and
Tools to Mitigate Urban Heat Islands. Int. J. Environ. Res. Public Health 2017, 14, 1600. [CrossRef]

83. Morakinyo, T.E.; Dahanayake, K.W.D.K.C.; Ng, E.; Chow, C.L. Temperature and Cooling Demand Reduction by Green-Roof
Types in Different Climates and Urban Densities: A Co-Simulation Parametric Study. Energy Build. 2017, 145, 226–237. [CrossRef]

84. Paramita, B.; Fukuda, H. Study on the Affect of Aspect Building Form and Layout Case Study: Honjo Nishi Danchi, Yahatanishi,
Kitakyushu-Fukuoka. Procedia Environ. Sci. 2013, 17, 767–774. [CrossRef]

85. Phelan, P.E.; Kaloush, K.; Miner, M.; Golden, J.; Phelan, B.; Silva, H.; Taylor, R.A. Urban Heat Island: Mechanisms, Implications,
and Possible Remedies. Annu. Rev. Environ. Resour. 2015, 40, 285–307. [CrossRef]

86. Salata, F.; Golasi, I.; de Lieto Vollaro, R.; de Lieto Vollaro, A. Urban Microclimate and Outdoor Thermal Comfort. A Proper
Procedure to Fit ENVI-Met Simulation Outputs to Experimental Data. Sustain. Cities Soc. 2016, 26, 318–343. [CrossRef]

87. Tsilini, V.; Papantoniou, S.; Kolokotsa, D.-D.; Maria, E.-A. Urban Gardens as a Solution to Energy Poverty and Urban Heat Island.
Sustain. Cities Soc. 2015, 14, 323–333. [CrossRef]

88. Yin, S.; Xiao, Y. Scale Study of Traditional Shophouse Street in South of China Based on Outdoor Thermal Comfort. Procedia Eng.
2016, 169, 232–239. [CrossRef]

89. Cole, R.J. Regenerative Design and Development: Current Theory and Practice. Build. Res. Inf. 2012, 40, 1–6. [CrossRef]
90. Sadri, H.; Zeybekoglu, S. Deurbanization and the Right to the Deurbanized City. ANDULI Rev. Andal. Cienc. Soc. 2018, 17, 205–219.

[CrossRef]
91. Lin, B.B.; Meyers, J.; Beaty, R.M.; Barnett, G.B. Urban Green Infrastructure Impacts on Climate Regulation Services in Sydney,

Australia. Sustainability 2016, 8, 788. [CrossRef]
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