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Abstract: The globe is at a crossroads in terms of the urban heat island effect, with rising surface tem-
peratures due to urbanization and an expanding built environment. This cause-and-effect connection
may be linked to weather-related dangers, natural disasters, and disease outbreaks. Urbanization and
industrialization will not lead to a secure and sustainable future. Finding solutions to problems such
as the heat island effect is at the forefront of scientific research and policy development. Sustainable
ways to decrease urban heat island impacts are a core principle for urban planners. This literature
study examines the benefits of adding green infrastructure and sustainable materials in built-up areas
to reduce the urban heat island effect. Materials such as reflective street pavements, coating materials
including light-colored paint, phase-change materials, color-changing paint, fluorescence paint, and
energy-efficient appliances are considered sustainable materials, whereas green infrastructure like
green roofs, green walls, green parking and pavements, and shaded streets are considered to mitigate
the urban heat island effect. The hurdles to the widespread adoption of such practices include a
lack of governmental legislation, insufficient technological development, an erroneous estimation of
economic gains, and unwillingness on the part of impacted parties.

Keywords: built environment; green urban infrastructure; sustainable building materials; urban
development; climate change

1. Introduction

Rapid advancement in the built environment and increasing urbanization are alter-
ing ecosystems and climates, with surface temperature being one of the most influential
factors [1], and increased energy consumption in the urban environment contributes di-
rectly to the rise in surface temperature [2]. Due to urbanization and human activities, the
urban heat island (UHI) effect, which is caused by an increase in surface temperature, is
one of the most severe problems in urban areas [3]. The impact of UHI can be measured by
using the heat and humidity index (THI), the related stress index (RSI), and the number of
Beer Garden days [4]. The UHI effect has a negative influence not only on the environment
but also on the health of the inhabitants. Multiple studies indicate that indigestion is a
common problem, as well as nervous system disorders such as memory loss, depression,
irritability, and sleeplessness [5].

In addition to that, the UHI’s thermal impact may cause a significant circulation of
pollution, resulting in local winds that migrate from suburban to urban areas, bringing city-
contaminated air that is now present in rural areas back to urban areas, worsening urban
air pollution and also increasing the financial burden on city dwellers. The solar radiation
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captured by urban surfaces is influenced by factors such as the number of buildings,
their orientation, and the distance between them [6]. The arrangement of buildings has a
significant impact on the distribution of shadows and temperature differences throughout
a city. The canyon-like shape of streetscapes surrounded by high-rise buildings has an
effect on wind patterns in urban canyons due to the intricate heat exchange between the
mass of the buildings and the surrounding atmosphere [7]. Urban heat exchange is affected
by a number of factors, including the thermal characteristics of urban surface materials,
color, texture, and coverage [8].

The lack of vegetation in urban areas increases the amount of heat absorbed by different
components such as buildings, pavement, and roads. Human activities such as driving and
HVAC (heat, ventilation, and air conditioning) systems are also major contributors to heat
accumulation in the atmosphere. Basically, the UHI effect is measured on three different
levels: the ground level, the canopy level, and the urban level [9]. Specifically, the thermal
behavior of surface materials and their exposure to solar radiation impact the UHI effect.
The atmosphere over urban areas can be affected by the emission of heat and subsequent
convectional mixing of the heat [10]. The amount of heat accumulated in the canopy layer
is affected by a number of factors, including the geometry and orientation of open spaces,
the aspect ratio, the sky view factor, the land cover materials, and the direction and velocity
of the wind [11,12].

The urban surface layer’s emitted heat is blended together by turbulence in the air
above the canopy layer of the urban areas [13]. Above the canopy layer, local air is mixed,
leading to the formation of a warm air dome over inhabited areas [14]. Due to the convective
nature of the atmosphere, the urban boundary layer tends to be at its thickest at midnight.
Due to its high heat resistance, the air has a relatively thin surface layer that only goes down
a few centimeters [15]. By late afternoon, when the urban canopy has been heating in the
sun for several hours, the air temperature in the canopy layer has reached its maximum [16].
Although the urban boundary layer is at its thickest in the evening, when warm air is pulled
into the lower atmosphere, it forms a dome of warm air above the urban zone. The rural
boundary layer fluctuates throughout the day, reaching its highest point at the same time
as the day’s highest surface temperature [17].

Responses to the effect of UHIs can be categorized as either adaptation or mitigation.
Adaptations are made to decrease the harm, whereas mitigation is an activity performed to
lessen the intensity or amount of the effect. The UHI effect can be adapted to and mitigated
at the building, neighborhood, municipal, and regional levels. This study is an attempt to
fill a need in the existing literature by offering a synoptic perspective of sustainable green
infrastructure and materials that may be used in urban areas to reduce the UHI impact.
Table 1 presents the background of the strategies reviewed in this study for the mitigation
of UHIs. According to prior research by Shishegar 2014, increasing urban green spaces
like parks, street trees, and green roofs may help reduce the UHI impact [18]. Petzold
and Mose 2023 also undertook a study that investigated the economic and social factors
around urban greening infrastructure [19]. Hence, the results from this study and ensuing
suggestions aim to benefit the built environment in its pursuit of UHI mitigation strategies.
Consequently, presented herein is the specific scope of the study:

e  Identifying suitable green infrastructure that can be incorporated within the built-up
areas in the urban setting.

e  The identification of sustainable materials that can be integrated with building compo-
nents to reduce the UHI effect.

e  Examining the principle behind those identified techniques and their effectiveness in
implementation.

e Identifying the most prevalent obstacles to the widespread implementation of the
identified UHI mitigation strategies in urban areas and proposing solutions to
these problems.

The next section describes the methodology implemented in this review. Section 3
describes the green infrastructure and sustainable materials that could be incorporated into
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the urban environment. Section 4 examines the obstacles to applying these sustainable
strategies in urban settings. Finally, a summary of the study is presented and conclusions
are drawn in the last section.

Table 1. Background of the strategies incorporated in this study on UHI mitigation.

No UHI Mitigation Strategies Description
Rooftop of a building that is partially or fully covered with vegetation and a substrate
Green roofs
for plant growth.
Vertical walls that are either completely or partially covered in plants. Consists of
Green walls : .
panels attached to an internal or external vertical structure.
1 Green infrastructure Natural climber plants are grown on the exterior of a building with the help of an
Green facades .
auxiliary framework.
Green parking, The amount of solar energy absorbed decreases as the percentage of vegetative cover
Pavements, and increases, allowing for the use of evaporative cooling on roads, parking areas, and
shaded streets sidewalks using water-retentive pavements and permeable porous pavers.
Reflective street In order to reduce the surface temperature and sensible heat emissions, reflective
pavements pavements that have a higher albedo (than regular pavements) are used.
Various materials can be integrated into the interior or exterior of building structures,
as well as other urban components, with the aim of mitigating the impacts of UHIs.
The ability of retro-reflective materials to redirect light to their original source is a
useful and unique attribute.
2 Sustainable materials Materials that store and release latent heat to boost the apparent thermal capacity of

Coating materials buildings and urban structures and lower their peak surface temperatures.

Materials that undergo a thermochromic color change in response to temperature.

Capture the photovoltaic energy of solar radiation, release the light emission, and aid
in increasing the surface’s ability to reflect light.

Reducing energy consumption and running costs and lowering greenhouse
gas emissions.

2. Materials and Methods

The issue of UHIs and sustainable mitigation practices is gaining relevance among
individuals residing in densely populated urban areas. Global industrial and development
activities have led to an increased emphasis on environmental sustainability, which marks
a departure from past practices. Given the escalating expenses associated with the UHI
phenomenon, it is imperative to prioritize the identification of sustainable measures aimed
at mitigating its adverse impacts. Despite the fact that a number of studies have already
been conducted to identify sustainable green strategies, this study will concentrate on
a variety of urban-specific strategies that incorporate the built environment. This study
reviewed over 315 documents to gather the recent literature; however, 163 were irrelevant to
the study’s objectives and out-of-date. Consequently, they were excluded. Table 2 presents
detailed descriptions of the reviewed articles and the details from various academic sources
(ScienceDirect, PubMed, Scopus, Google Scholar, etc.). UHI, UHI mitigation methods, the
built environment and green infrastructure, and climate change were all used as search
keywords for relevant papers.

Figure 1 describes the methodology undertaken to conduct this study. First, a literature
study was conducted in order to bring to light many problems that have been associated
with the UHI. Extensive explanations are given of global sustainable programs that have
adopted innovative methods in lieu of more conventional ones. Methods for protecting
against solar heating are explored, such as using green roofs, living walls, green fagades,
innovative road and pavement designs, coatings made from paint, phase-change materials,
color-change materials, fluorescence materials, and sun shade. The adoption of more
energy-efficient appliances in favor of older, less efficient models is another method of
reducing the UHI’'s impact on the environment. Finally, the limitations and constraints of
commonly used solutions for mitigating the effects of UHIs have been highlighted.
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Documents identified after review of
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Final set of documents after
review of full text
n=152

Figure 1. Methodology undertaken for conducting this study.
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Table 2. Cont.

Journal Name
(Short Form)

No. of
Reviewed
Papers

Green Infrastructure

Sustainable Materials

Green Roofs

Green Walls

Green Parking, Pavements, and
Shaded Streets

Innovative Streets
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Light-Colored Paint

PCM

Color-Changing Materials

Fluorescence Materials

Energy-Efficient Appliances
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Cited in
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This Paper
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This Paper

Biomater. Sci.

Build. Environ.
Buildings
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Elsevier book chapters
Energy
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Energy Res. Soc. Sci.
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Environ. Plan. B Plan. Des.
Environ. Res. Lett.
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Epoch book chapter
Fresenius Environ. Bull
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Indoor Environment,
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InTech
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J. Am. Soc. Farm Manag.
Rural Apprais

J. Build. Eng

J. Clean. Prod

J. Energy Storage

J. Environ. Eng.

J. Environ. Manage

J. Road Eng

J. Text. Inst.

Mater. Horizons

Mater. Today Proc
Materials

Polymers

Proc. Natl. Acad. Sci. USA
Procedia Eng.

Prog. Plann
Transportation Res. Rec.
Remote Sens

Remote Sens. Environ
Renew. Energy

—_ —_ —_ —_ —_ = e e e e e e e e = D = DO WO = s N

e e e el * H el e e i B e i O I —_

[

N =

_os W —_ —

—_

N RRPR PR = = = »—\»—lH»—lH»—\H»—\»—lH»—!%»—lWSLﬂH»—!H»—!H%%»—\

R, R, NP R R R RRRRPRPRNNRNONNR =




Sustainability 2023, 15, 10767

6 of 26

Table 2. Cont.

Green Infrastructure Sustainable Materials

K @
§ 2., k= 3 = B No. of
No. of & 2 E % - = g 2 Y Times Total no. of
Journal Name Reviewed S § E g » g 9 o0 s < Cited in Times
(Short Form) o £ o s 5 22 £ ¥y E Other Cited in
Papers o [= -] R - 9 & e 2 . .
g 9 &g 5 3 ~ £ g k3] Sections of  This Paper
%) <] el 2 k= & < 2 é This Paper

En ER B T & &

A - 3 S 3 &0

g IC = 3;)

g © 3]

O
Renew. Sustain. Energy Rev 7 2 3 2 1 1 1 10
Resources 1 1 1 2
Sci. Rep 1 1 1
Sci. Total Environ 2 1 1
Sol. Energy 3 3 3
Sol. Energy Mater. Sol. Cells 2 1 1 1 3
Surf. Coatings Technol. 2 1 1 2
Sustain. Cities Soc 2 1 1
Sustain. Energy Rev 1 1 1
Sustainability 15 2 1 2 3 1 9
Sustainable Cities

) 1 1

and Innovation
Urban Clim 2 1 1
Urban Ecosyst 1 1 1
Urban Stud. Res 1 1 1
Total references 152

3. Incorporation of Green Infrastructure into Buildings

Green infrastructure is the addition of blue (water) and green (vegetation) components
in contrast to the constructed environment to improve and manage environmental systems
to enhance the quality of life in the ecosystem [20]. These green assets, if well-planned
and designed, could mitigate the negative impacts of urban heat islands (UHIs) and
climate change while also improving residents’ quality of life. Green infrastructure is
the strategic approach to developing and optimizing sustainable management systems
of urban natural ecosystems in the face of climate change challenges. Innovative and
well-developed potential practices can be considered by urban planners inside the built
environment, including the implementation of green strategies into the main components,
such as rooftops, facades, parking areas for buildings, pavements, walls, and landscaping
areas to reduce the UHI effect with sustainable green and blue concepts.

Given the limited land resources, significantly increasing the density of green space is
a challenging task. As a result, enhancing the spatial arrangement of green space could be
a viable option. The significance of green space in mitigating urban heat islands (UHISs) is
attributed to its spatial characteristics, including size, composition, and configuration [21].
As such, it is important that the unique qualities and characteristics be taken into account
throughout planning, construction, and maintenance [22]. The environmental sector is
put to the test by green infrastructure, which calls for a holistic and environmentally
friendly strategy that integrates more concerns. Pressures may also be felt regarding the
growing concerns of energy demand, consumption, and production, all of which have
direct and indirect effects on the environmental facet of developing building infrastructure.
Heat gain and loss are major factors on roofs since they represent the greatest exposed
space. Traditional roofing practices using a variety of materials have contributed to the
excessive heat buildup within structures and in the immediate vicinity [23]. As a result,
many regions of the globe are becoming familiar with the practice of initiating green
roofing approaches by using greenery techniques and regulating the excessive heat and
heat variations surrounding the plants.
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Facades are huge potential vertical spaces on structures, and these areas will expand
as the buildings rise in height. Despite the vertical openness to the surroundings, the UHI
effect is significantly impacted by fagades due to the solar heat absorption potential and
heat release from nearby buildings [24]. The streets and paving systems around a structure
are essential in making it accessible to the public. The UHI impact is influenced by the
layout of streets and pavement, including whether they are exposed to or sheltered from
the sun, as well as by nearby buildings and other factors. The right planning of roadways
and pavements, as well as the inclusion of sustainable flora, is crucial. As a result, the
introduction of novel green infrastructure techniques into high-rise buildings and a full
investigation of the seriousness of all these components via past literature studies are
required for the present situation. Each facet of green infrastructure is examined in depth
in this section.

3.1. Green Roofing Techniques

A green roofing system is one of the useful tools for reducing the UHI effect by cooling
the surrounding atmosphere. The built environment is being built at the expense of parks
and other green spaces as a result of rapid urbanization [25]. This leads to a scarcity of
vegetation, which reduces canopy interception and transpiration within the city, raising
temperatures and lowering humidity [26]. Changing the characteristics of rooftops can help
alleviate some of these issues. The addition of vegetation and soil to unused rooftop spaces
is typically seen as a good method for making buildings more environmentally friendly [27].
Hence, green roofs are just rooftops that have had vegetation transplanted onto a growing
medium. Benefits to the buildings’ aesthetics, the environment, and the economy can be
gained by encouraging the development of green roofs. Vegetation, substrate, filter fabric,
drainage material, a root barrier, and insulation are the components that comprise a green
roof [28]. Figure 2 shows the typical layers of a green roof system.

Substituting man-made, impermeable surfaces in built environment areas is the pri-
mary driver of UHIs [29]. Vegetation holds water in order for it to be evaporated back
into the air through evapotranspiration, which not only cools the vegetated surface and
low-level atmosphere but also lowers the amount of energy held in urban materials and
released as heat [30]. Latent heat results from the transformation of evapotranspiration
energy into the cooling of water vapor molecules in the higher atmosphere [31]. Rainwater
evaporation converts some of the solar energy into latent heat, but hard, non-porous sur-
faces still collect most of the solar radiation and radiate them as heat. Roofs that are too
warm boost the UHI but also allow more heat into a building, leading to higher indoor
temperatures [10].

Rising temperatures also raise the peak loads required to meet the requirements for air
conditioning and refrigeration, which can result in increased emissions of greenhouse gases
(GHGs), and other pollutants [32]. Green roofs may provide additional benefits to building
occupants and city dwellers, including reduced heating and cooling costs and increased
durability of roof membranes due to temperature fluctuations [33]. Reduced stormwater
runoff and combined sewage overflow, which occurs when the sewer system is flushed
during extreme rainfall events, are also added benefits of green roofing. Green roofs can
be either intensive or extensive. Intensive green roofs have a thick substrate layer, a large
diversity of plants, high upkeep, high capital cost, and a higher weight; therefore, they
usually require a lot of maintenance in the form of fertilizing, weeding, and watering [34].
However, extensive green roofs have a thin substrate layer, low capital cost, low weight,
and minimal upkeep. Extensive green roof systems are often employed when no further
structural support is required [34].

Part of the water that falls on a green roof is absorbed by the developing substrate or is
held in pore spaces. Vegetation can take water in and either store it in their tissues or release
it back into the air through a process called transpiration. The remaining water is sent into
the drainage system after passing through the filter cloth. Water will be held back since it
can be stored in the granules’ pores or the drainage modules” compartments. One of the
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most critical factors is the growth medium, which must be able to retain water for the plant
to thrive. Substrate for green roofs often consists of lightweight volcanic rocks, making
it excellent at retaining moisture [35]. Energy savings from green roofs are an enticing
prospect in the construction industry. By increasing the efficiency of a building’s insulation,
they help cut down on the amount of energy needed to heat and cool them [36]. A green
roof can lower indoor temperatures which depend on the roof’s green area. Increases in
shading, improved insulation, and a larger thermal mass of the roof system are mostly
responsible for the noticeable rise in thermal performance.

Plants

Growth substrate

Water and root filter membrane
Drainage layer

Water drainage barrier
Roof barrier

Insulation for heat transform

Vapor barrier

- I,

Figure 2. The typical layers of a green roof system [37].

3.2. Green Wall Techniques

One alternative to using traditional wall construction to reduce the UHI effect is to
use green walls, which are covered in plants. When compared to low-rise buildings, high-
rises have a greater expanse of wall surface area and thus a greater potential for greenery
implementations, increasing the effectiveness of such practices. The execution makes use
of vertical walls that are either completely or partially covered in plants, resulting in an
extravagantly verdant aesthetic [38]. Despite centering on UHI mitigation techniques, it
provides a pleasant perspective and contributes to a livelier environment. Green walls
improve air quality and aesthetics by removing carbon dioxide (CO;), which is a GHG,
from the air, therefore reducing temperatures inside and out [39].

Living walls and green fagades are the two main types of green walls. A living wall
consists of panels attached to an internal or external vertical structure (Figure 3), whereas
a green facade is a system in which a natural climber plant is grown on the exterior of a
building with the help of an auxiliary framework (Figure 4) [40]. The panels are ideal for
growing upholstery plants. A green facade is a wall that has been grown over by plants that
either climb or cascade over the wall. Initially, the constructors had climbing plants attach
themselves directly to the walls [41]. However, green facade practices nowadays have
shifted toward constructing structural frames and enabling plants to climb them rather
than planting them directly on the walls because of the concern that the root systems of
the climbers could potentially cause damage. Plants can be established anywhere from
the foundations to intermediate planters to the roofs of buildings. Within a short period
of time, these plants completely colonize the walls, changing them into lush, verdant
green walls [42].
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Trellis /

Wall surface —

Growing media
Figure 4. Sample structure of a green fagade.

A green fagade can either be added to an existing wall or stand alone. Living walls are
composed of a metal framework, a PVC layer, and an air layer [43]. Due to its relatively low
weight, it may be constructed virtually anywhere and in any size. This system supports
numerous plant species, including a combination of vegetation, perennial flowers, low
shrubs, and ferns, among others [44]. It performs effectively in a variety of climatic
conditions. However, by selecting species that are more suited to the current environmental
conditions, system maintenance is an important aspect. The variety and density of plant
life on living walls, as well as the self-automated watering and fertilizing system that helps
keep them healthy, need more attention and maintenance than green fagades.

The success of a green wall relies on several aspects, including the growth rate of the
plants used in the design, the temperature they can tolerate, and the amount of light they
get, all of which must be taken into account when selecting a plant species [45]. Due to a
confluence of factors, a poorly thought-out planting scheme might result in an overgrown
wall, inadequate sunlight exposure, insufficient water absorption, or even inappropriate
plant species selection [46]. Therefore, vertical greening systems, if implemented properly,
have the potential to have long-lasting, positive effects on the immediate functional area of
the inside building and the greater surrounding area as well as on the health and quality
of life of humans in the vicinity. The following Table 3 provides a comparison of the
description, benefits, and limitations of different types of green wall.
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Table 3. Different types of green wall.

No Type of Green Wall Description Benefits Limitations
Planting in containers
b Made of steel, Long irrigation interval Less possibility of plasticity
oXx arrangement, X . .
Modular Ease of moving boxes stress to the plant with height
1 panel depth between 6 and .
Panel Fagade Quick growth from earth
25 cm based on plants and .9 -
lanting shrubs Drip irrigation Certain plants only
P No need for ground support
Str(?ng, 3D galvanized steel Large area Concrete wall is needed
wire; plants not attached
Modular . Can make curved shapes Speed of growth depends on
2 . directly to the green fagade. .
Trellis Panel Fagade . . . Less stress on the plant wall size
limited growth with multiple o
. Normal irrigation Ground base needed
tendril supports
Suitable for public spaces
Stress depends on
planting location
Cable-Tensile . Cable systerp, Normal irrigation Short distance to the hub
3 planting is possible in ground . . .
Fagade System Air corridor on Long duration of growth
or between floors or on roof
the wall
Can construct in
many directions
Wire net system
Cable Wall support
Suitable for Less stress on the Short distance to the hub
4 Cable Facade System rapid-erowing plants plant Long duration of growth
P1o78 &b Normal irrigation Ground base needed
Ground/cable base Air corridor on
the wall
Integrate with
cable systems
Cable Easy installation
5 Wire Net Facade System Sultab‘le for Ability to create different sizes Less dlstapce to grids
slow-growing plants and patterns Long duration of growth
Needs support More flexible
Less stress on plants
Normal irrigation
Stainless Steel Less weight-bearing wall Flrm@y on the ground .
6 Independent structures Airflow to wall Long duration for growth
Frame Facade L
Gap between fagade and frame Normal irrigation
Felt made of non-decaying
materials, placing plants in felt Weight-bearing
7 Living Felt Wall pumps and picker irrigation Allowing airflow Pump for irrigation of plants
plant in the ground, then Quick growth
transferred to the location
Biological filter
mechanical ventilation Similar to green roof system
8 Active Livine Wall Svstem Pull fresh air through a vent Increase in air Ventilation system needed
& y Places plant roots between purification capacity Frequent maintenance
two layers Hydroponic system
Fertilize through water
Light systems
9 Passive Living Wall System .M.od.u lalj panels Using of hydroponic Air purification capacity low
Drip irrigation system system

No air circulation needed

3.3. Green Parking, Pavements and Shaded Streets

One such method of reducing UHIs is through increasing tree cover and creating
shade. Trees’ leaf density, leaf area, and evapotranspiration all have a role, as do their
geometric qualities. Urban temperatures and land surface elevations may be stabilized to
some degree by the careful planning and design of urban landscaping and green areas [47].
During the summer, the amount of solar energy absorbed is decreased as the percent-
age of vegetative cover increases, especially if the canopy index is high [48]. Trees in
urban regions face a number of challenges due to impervious cover, poor soil moisture,
nutritional scarcity, a lack of rooting volume, water/air pollution, and transport-related
toxicity [49]. The longevity of tree populations in cities is further affected by factors such
as low-temperature pressures, anthropogenic heat sources, air turbulence, and high wind
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speed owing to urban canyons [50]. Tree species vary in their evapotranspiration rates, heat,
and drought tolerance based on a number of factors including morphology, physiology,
local water supply, and wind velocity. Although pavement surface temperatures are raised
by direct solar radiation, they are lowered by tree canopies. As the amount of asphalt,
concrete, and other impermeable surfaces grows, the overnight temperatures rise [51].
Improvements in nighttime urban warming mitigation may be achieved by the elimination
of non-permeable surfaces.

Increasing the ratio of impervious surfaces to canopy cover is an important mitigating
technique. Solar radiation through the canopy helps keep the ground below at a constant
temperature. Pavement undergoes a freezing and thawing cycle as a result of nighttime
heat loss and temperature drops. Cracks in the pavement form as a result of the pavement’s
exposure to repeated cycles of freezing and thawing [52]. As the rate of pavement degrada-
tion rises, the pavement’s useful life decreases. Trees may reduce daytime temperatures,
which in turn reduces the temperature gradients between the road and the surrounding
landscape. The pavement’s durability is increased as a result of this [53]. The UHI may be
mitigated by urban shade because it lowers local temperatures and slows down the rate at
which heat is conducted away from surfaces. The geometry, structure, leaf size, and canopy
cover density of trees are all quantifiable factors in urban shade.

Creating tree-shaded areas improves occupants’ thermal comfort inside the built
environment in hot climates [5]. Trees with a wide canopy may block solar radiation and
the rays reflected off concrete, asphalt, glass, and other man-made surfaces. The quality
of shade may be enhanced by increasing canopy leaf area, size, density, projection, and
transmissivity [54]. Shade may cut down on heat intake from buildings and other structures,
as well as on heat exchange and surface temperatures. Leaf structure, epidermal features,
and angle all have a role in reflectance. A foliar canopy affects absorption, and it is most
often assessed by calculating the leaf-area index, chlorophyll content, and water content of
the plant [55]. The quantity of solar radiation that penetrates a canopy may be measured
using a dimensionless ratio such as transmissivity, which is affected by the structure of
the canopy [56].

A variety of mechanisms, including reflection, absorption, and transmission, allow
trees and other plants to diffuse solar radiation. Part of the solar energy that is taken in
is used for photosynthesis, while the rest is transformed into heat [57]. This is because
the leaves warm up as they absorb more heat. Water from the leaf is turned into water
vapor and exhaled into the atmosphere via the stomata. Water vapor is converted during
the conversion process, which results in the leaf cooling as a result of the loss of latent
heat [58]. Plants are able to chill the air around them by taking in carbon dioxide during
photosynthesis and exhaling it during transpiration. When combined with shade, this
technique causes an overall cooling of the environment throughout the summer [59].

The peak air temperature is higher in open terrain than in vegetative areas. Suburbs
devoid of mature trees tend to be warmer than their tree-lined counterparts [59]. It is
warmer on barren ground than in irrigated areas and it is warmer on artificial turf pitches
than on grass grounds. The Leaf Area Index (LAI) is a metric for measuring the impact of
trees on urban surface temperatures. This establishes a connection between the amount of
greenery present and the amount of water lost to evaporation in urban settings [60]. Several
factors, including tree species, age, hydraulic state, vapor pressure deficit, soil nutrient
availability, seasonal changes, groundwater conditions, and wind speed, all play a part in
determining the LAI [61].

There are techniques to include water storage in paving systems, allowing for the use
of evaporative cooling on roads, parking areas, and sidewalks [62]. Cooler temperatures
are maintained on water-retentive pavements because less solar energy is converted to
heat through conduction. There are several types of water-repellent pavements, including
porous pavers, permeable pavers, and pervious pavers [63]. Water permeates porous
pavers through tiny holes in their surface. These pavers typically include a cellular grid
design, and the holes within the grid are filled with moisture-retaining materials [64]. Grass
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is a great choice for infill because it promotes transpiration from the root to the shoot of
the plant and brings moisture from the ground up to the surface, where it can evaporate
and cool the pavements below [65]. In contrast to previous and porous choices, permeable
pavers allow water to flow over their surface rather than through them and are made from
concrete or kiln-fired clay bricks [66]. In order to facilitate the evaporation of surface water,
a path is made between pavers by the use of spacer lugs or small holes. It was about as
warm as concrete during the day and about as cool as asphalt at night, making this paver
an ideal alternative. It follows that the evaporative cooling effect of permeable pavers
is marginal.

4. Sustainable Materials for UHI Effect Mitigation

The incorporation of sustainable building materials into the built environment is
another key contributor to the UHI impact. The building’s preconstruction, construction,
and finishing materials all contribute considerably. Streets and pavements composed of
impermeable and highly heat-absorbent materials, painting materials with high thermal
effects, and utility efficiency appliances that release high heat and GHGs contribute sig-
nificantly to UHI effects. Sustainable construction materials are not only economically
feasible but also minimize harmful emissions and UHI effects, hence minimizing the total
environmental impact. Buildings should make use of environmentally friendly building
materials and technologies in a manner that is suitable and contextual. Locally made or
obtained construction materials qualify as sustainable. These items comprise recycled and
industrial byproducts and waste materials. Sustainable materials are thermally efficient
and have a lesser environmental effect. The manufacturing of these building materials takes
much less energy than the production of contemporary or conventional building materials.

4.1. Innovative Streets and Pavement Systems

The idea of adopting novel pavements to reduce the UHI effect has gained popu-
larity in recent years in highly populated regions. In order to produce cool pavements,
conventional pavements may make use of already available pavement technologies by
modifying the materials, implementing sustainable strategies, or introducing brand-new
materials [67,68]. If a pavement increases solar reflectance ability, increases the evapora-
tion process, or decreases the release of sensible heat into the urban atmosphere, then it
will remain cooler than traditional pavement [53]. Cool pavements are categorized into
reflective, evaporative, and heat-harvesting pavements [62]. In order to reduce the surface
temperature and sensible heat emission, reflective pavements have a higher albedo than
regular pavements. Evaporative pavements are those that retain water at the surface or in
the subsurface for the purpose of evaporative cooling. Subduing the surface temperature,
heat-harvesting pavements collect energy from the sun and use it for other purposes. The
topic of cool pavements has expanded beyond pavement cooling technology to include the
impact of such pavements on the weather in cities [69].

Paving materials that are designed to keep temperatures down, such as those that
are reflective of light, increase the rate at which water evaporates or have some other
cooling effect [70]. It will always be colder than standard asphalt, and it will radiate
less heat into the atmosphere. Since the hottest time of the day typically occurs in the
summer, when the release of sensible heat is crucial to the formation of the UHI, a cool
pavement must be able to reduce its daily maximum temperature [29]. Pavements that
have been sealed with a material that is reflective of light will have less of an impact on the
environment [71]. A sealed surface is created by pressing finely graded aggregates into a
thin layer of hot bitumen that has been spread over an existing pavement [61]. Due to the
aggregates being partly exposed, the surface albedo should be somewhere between that
of the asphalt binder and that of the aggregates themselves [72]. Solar reflection is shown
to be highly dependent on the aggregate’s color and the pavement’s age [73]. Chip seal
pavement’s albedo is observed to decline with age yet remains higher than that of regular
asphalt concrete [74]. Although generating white slurry seal requires re-formulating the
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emulsifier and increasing the price, it has limited applications because of the increased
albedo the pavement receives from it [75]. It is also possible to greatly improve asphalt
pavement’s reflectivity by the use of other methods, such as painting with light colors or
micro surfacing with light-colored materials [76].

Incorporating white cementitious materials and light-colored pebbles into concrete
mixes can create highly reflective pavements [77]. The albedo of hydrated concrete is
principally determined by the cement’s solar reflectance, with other ingredients playing a
supporting role. Although the addition of fly ash, which reacts with calcium hydroxide to
produce stronger concrete, can decrease albedo slightly, it can also increase longevity [78].
The solar reflecting ability can be altered by a wetting, soiling, and abrasion process after
being exposed [79]. The reflectivity of the fine aggregates and paste is what primarily
determines the albedo in the aged state. High reflectivity can also be seen in white topping
and roller-compacted pavements. Streets with minimal traffic in urban areas may have a
white overlay of only two to four inches thick [80].

Although reflective pavements keep the heat off in the summer, they can have the
opposite effect in the winter by making the road surface colder [81]. During the summer, a
pavement surface with high reflection is preferable, while a surface with low reflectance
during the winter is preferable. Due to a reversible molecular structure transition that
occurs at elevated temperatures, the albedo of thermochromic materials shifts when their
surfaces warm and cool [82]. Thermochromic substances and their doses can affect the
transition temperature. Adding TiO; to this thermochromic coating could increase its
reflectivity [83]. When thermochromic pigments were added to asphalt binder, it was
discovered that the binder retained its temperature more effectively in both hot and cold
climates [84]. Similarly, it was discovered that cement paste with thermochromic pigments
could maintain a colder temperature in hot conditions and a warmer temperature in cold
environments than plain concrete paste [65]. Thermochromic materials can be impregnated
into concrete; however, this process may reduce the concrete’s strength.

Therefore, the ability of permeable pavement to maintain a low temperature depends
on whether or not the evaporative flux is greater than the extra heat uptake brought about
by the pavement’s low thermal inertia [85]. A pervious paver is a porous concrete that
allows water to flow through it instead of collecting and pooling on the surface. Large,
uniform-sized aggregates are coated with a concrete paste or asphalt binder to create
pervious concrete [86]. Since the pavement systems drain easily, the permeable pavers in
this concrete do not collect or hold too much percolating water. Pervious pavements have
been found to be as hot as black asphalt pavements on sunny summer days because of their
higher solar radiation absorption and lower heat inertia than conventional pavements [87].
Pervious pavements may be considered cool pavements due to their lower temperature at
night and their ability to cool faster than regular concrete. This is because the roughness
of the pervious surface reduces its albedo, allowing it to soak up more solar energy than
regular concrete would. When compared to conventional concrete pavement, pervious
concrete pavement has a lower solar reflectance index [88]. When compared to regular
concrete, pervious concrete is reported to have a lower thermal inertia. The texture of
pervious concrete is coarser than that of regular concrete. With a higher heat convective
coefficient, this concrete could be more effective in dissipating heat in breezy conditions [89].

Unless the pervious concrete is re-wetted at a suitable time, the evaporation of the
preceding concrete adds relatively little to the decrease in surface temperature [90]. Too
much water seeps through pervious concrete too quickly for it to be effective at prevent-
ing evaporation. Adequate water is required for evaporative cooling and water-holding
pavements, which retain most of their moisture in the surface layer [76]. Water-retentive
pavements differ from permeable pavements in their pore structure and evaporative ca-
pacity. Water-retentive fillers are often incorporated into concrete to increase its capacity
to store water. A water-retentive pavement is one that, when saturated, can hold onto
rainwater for a period of time by using specific filler materials [91]. In addition, when the
evaporated water close to the surface is gone, the water-retentive filler’s pore structure
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can draw water from the base via capillary force. After being watered, the dry surface of a
water-retentive block can absorb water at a rate greater than its absorptivity [65]. Refilling
water-retentive pavements with wastewater is one strategy for increasing their resistance
to evaporation [92]. Wastewater is sprinkled on water-retentive pavements in some places
to extend the cooling effect of evaporation. The use of high absorptive infill and recycled
water for irrigation both assist keep pavements at a more comfortable temperature than the
vegetation around them [93].

4.2. Various Coating Materials
4.2.1. Painting with Light-Colored Materials

One potential solution to the UHI effect is the use of solar-reflective coatings for the
building envelope [94]. Extensive global modeling and field studies have confirmed that
highly reflective materials, when combined with thermal energy storage and conservation
measures, are an effective strategy to combat the UHI effect [95]. Traditional cool materials
with diffuse reflectance do not appear to resolve concerns connected to rising urban density,
such as the proximity of buildings and canyon phenomena [96]. As a matter of fact, with a
diffusive nature, some of the reflection will be absorbed by nearby structures. The favorable
effect they have on UHISs is also mitigated since reflected radiation from diffuse vertical
surfaces is absorbed more strongly by pavements and roads [97]. The ability of retro-
reflective (RR) materials to redirect light to their original source is a useful and unique
attribute. RR materials are now used for traffic safety applications such as road signs and
work clothing but are not commercially available for use as building coatings [98]. Coating
urban patterns with RR materials may mitigate UHIs by reducing the amount of sunlight
that is reflected to nearby structures and roads [99].

Currently, high reflectance coatings made from acrylic materials, elastomeric, sili-
cone, fluoropolymer, or mixtures thereof, are widely utilized globally to mitigate the UHI
impact [8]. Several highly reflective artificial coatings may be far cooler than naturally oc-
curring white materials but still a few degrees warmer than the ambient temperature [100].
The solar reflectance, emissivity value, and thermal capacity of white reflective materials
all contribute to the surface temperature range that these materials exhibit. Hence, most
white reflective coatings deteriorate and lose their luster, which is a major issue for the
industry [101]. A further problem with white coatings is that they allow bacteria to multiply
rapidly on the surface [102]. Roof washing can restore some of the roofing material’s optical
qualities but may reduce its reflectivity. White reflective coatings lose their reflectivity
months to years after they are applied.

Many factors, including the coatings’ composition and treatment, as well as the sur-
rounding environment, affect optical performance and the likelihood of an increase in
optical durability [103]. Compared to white paints made with organic binders, those made
with inorganic components are more optically stable and have higher solar reflectance and
emissivity. It has been discovered that doping titanium dioxide with Al, Li, or K signifi-
cantly improves the photostability of the coatings without affecting their reflectance [8].
The coatings’ self-cleaning characteristics and optical performance are both improved by
the incorporation of photocatalytic technology. When titanium dioxide (TiO;) nanoparticles
are incorporated into a coating, the deposited organic substances are broken down into
sulfate, water, nitrate, and carbon dioxide, which are then washed off by water cleaning
or rain [104].

This drastically reduces the adhesion of bacteria to the coating’s surface. The surface
temperatures of white, man-made materials with high reflectivity and emissivity are only
slightly higher than the surrounding air temperature. Since they dramatically lower the
emission of sensible heat into the atmosphere, they are very helpful in preventing cities from
becoming uncomfortably hot. An important downside of highly reflecting white materials
is that their optical and thermal performance may degrade significantly with age [105].
There are a variety of mitigation solutions that make use of commercially available colored,
spectrally selective materials with high spectral reflectivity in the near-infrared wavelength
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range and a high emissivity value. Materials that reflect infrared rays have a much higher
solar reflectance compared to materials of the same color and type [106].

To boost reflectivity, scientists have turned to polymeric inorganic hybrid materials and
organic or inorganic pigments with near-infrared spectrum reflectivity [107]. Pigments that
reflect infrared light and are made from inorganic materials have superior optical stability,
great durability, and high temperature stability. Heavy metals in pigments could be bad for
the environment. For the most part, the melt blending procedures of polymeric inorganic
hybrid materials are less harmful to the environment [108]. Infrared-reflecting pigments
can be used with any solvent, including those used to dissolve polyesters, fluoropolymers,
and acrylics, as well as those used in water-based coating chemistry [109]. When pigments
are combined with binders and other compounds, a coating can be created. It is reflective
because the coating’s pigment has a different refractive index in the infrared spectrum than
the binder.

On the other hand, if the coating’s transparency to infrared (IR) radiation is not af-
fected by the difference between the IR refractive indexes of the pigment and binder, then
the coating will be transparent to IR radiation [110]. When trying to generate a reflective
surface, infrared reflective coatings can be put directly over any material, while infrared-
transmitting coatings require a near-infrared reflecting background. A near-infrared trans-
mission coating can be applied when the substrate has a high IR reflectance; however, a
white basecoat and an IR-transmitting coating can be applied instead when the substrate is
absorbing [111]. The reflectance of the substrate, the thickness of the coating, the roughness
of the surface, and the possible backscattering of the pigments all play major roles in
determining the composite material’s spectral reflectance [112].

The optical properties of the pigments, binder refractive index, pigment volume
concentration, and particle size all have a role in regulating this. However, the near-infrared
(NIR) and solar reflectance of cool coatings are observed to increase with the thickness of
the white base coat and can reach a maximum constant value above a specific thickness,
suggesting that smoothing the rough surface of the materials boosts reflectivity across
all wavelengths. Roofing and paving materials can receive IR reflective coatings [113].
IR--reflecting materials have a far lower surface temperature than traditional materials
of the same color, allowing for less sensible heat to be released and significantly less
urban hyperthermia as a result [114]. The emittance and solar reflectance of IR-reflecting
materials exposed to the external environment are diminished due to weathering, aging,
and soiling [115].

4.2.2. Phase-Change Materials (PCMs)

Another tactic for minimizing the UHI effect is the use of PCMs that store and re-
lease latent heat to boost the apparent thermal capacity of buildings and urban structures
and lower their peak surface temperatures. Most PCMs are noncorrosive, nontoxic, and
compatible with a wide range of other materials used in asphalt and concrete pavement
and roofing goods, and they can be categorized as either organic, inorganic, or eutectic
mixes [116]. With the help of PCMs, asphaltic pavements are less likely to experience
thermally-induced rutting and cracking, and the viscoelastic qualities of asphalt binders
are less likely to degrade [8]. Concrete pavements’ resistance to cracking, curling strains,
hydration processes, and thermal shrinkage can all be enhanced by using PCMs [117]. It is
feasible to reduce the surface temperature of pavements and release the stored energy at a
later time by including PCMs within the pavement’s mass [118].

The amount of PCMs in the entire mixture, the phase-change materials employed, the
method used to incorporate PCMs into the pavement, the thermal and optical characteristics
of the pavement materials, and the local climatic circumstances all influence how much the
surface temperature can be lowered [119]. The thermal capacity and the heat transmission
quality of the pavements are both affected by the volume percentage of the PCMs [120].
Because of the low conductivity in the liquid phase, PCMs impede heat transfer in the mass
of the pavement, leading to higher surface temperatures even as their presence in the mix
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increases the possibility for latent heat storage and hence reduces surface temperatures [94].
Choosing the PCM melting point is important because it determines how long it takes to
heat up the pavement to its maximum temperature and how fast it cools down again [121].
The melting temperature selection should be based on the local climate and the thermal
balance of the pavement [122]. It is possible to use many PCMs, some of which have quite
varied melting points. When used in construction or urban planning materials, PCMs
pose a serious leakage danger when in their molten condition [123]. Micro-encapsulation,
macro-encapsulation, and porous inclusion are among the preferred ways of putting them
into construction materials [119].

4.2.3. Color-Changing Materials

Materials that undergo a thermochromic color change in response to temperature can,
for example, be bright and reflective in the summer and dark and absorbing in the win-
ter. A wide variety of thermochromic materials, including thermochromic combinations,
with a wide range of color-changing mechanisms, are known. Sol-gel films’ lumines-
cence shifts [124], surface plasmon absorption [125], liquid—crystal phase transitions [126],
dye-dye and dye-polymer aggregation and disaggregation mechanisms [127], photonic
crystals’ refractive index modulation [128], and pH changes [129] are the most common ex-
amples of the many known mechanisms. Thermochromic pigments and leuco dyes require
the use of three distinct components: a solvent that regulates the color-change temperature;
a color former such as spirolactone, spiropyran, triphenylmethane, or fluorane; and a color
developer [130]. At the melting point of the thermochromic substance, the solvent turns
from a solid to a liquid, allowing the developer and the color former to dissolve into it [131].

Thermochromic systems lose their color when the hydrogen bonds between the solvent
and the color former are severed [132]. In thermochromic materials, the solvent reverts to
the solid phase and the color former regains its original color when the temperature drops
below the freezing point [133]. Leuco dyes’ color transition temperature is easily modifiable
by experimenting with various dyes and solvents. By combining different thermochromic
ingredients, it is possible to create thermochromic mixes with more than one color change.
Without damaging their color-changing characteristics, the composites can change from
gray to pink, green to blue, and white at temperatures close to 24 °C [8]. It is the molar
ratios of the three components in the thermochromic mixture, as well as their chemical
properties, that determine the color quality and thermochromic qualities of leuco dye-based
materials [134]. Important issues with aging arise with thermochromic materials based on
the use of leuco dyes because of fading and the loss of reversibility. Molecular oxygen is
reduced and reactive oxygen species are produced in an irreversible photochemical process
triggered by ultraviolet (UV) radiation [135]. There is a great possibility for mitigation in
the built environment from thermochromic materials.

4.2 .4. Fluorescence Materials

One of the creative strategies that may be used in UHI impact mitigation procedures
is to capture the photovoltaic energy of solar radiation, release the light emission, and
aid in increasing the surface’s ability to reflect light [8]. There are two different kinds
of fluorescent substances: bulk fluorescent substances like ruby and nano-fluorescent
substances like quantum dots [134]. Combining a polymer with a colloidal quantum dot
solution is an alternate method for depositing quantum dots on a substrate. By using this
method, the danger of luminous deterioration brought on by the aggregation of quantum
dots is reduced [136]. Quantum dots and fluorescent materials offer a great opportunity to
reduce the UHI effect.

Some pigments have shown promise for effective fluorescence and look to be econom-
ically and enduringly viable. Ruby, an aluminum oxide pigment with chromium added,
was the first of its kind. It is useful for making things in shades of red and pink [137].
Another option is calcium copper tetra-silicate with either barium (Ba) or strontium (Sr) in
place of the calcium, the finest results to yet have been obtained with calcium and strontium
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compounds [138]. The near-infrared fluorescence is preserved throughout the mixing pro-
cess. A coating of synthetic rubies, with its rich dark red hue and fluorescence advantage,
is a positive sight [139]. These pigments are alkaline earth copper silicates, which are often
manufactured using solid-state chemical methods. In a nutshell, the oxides or carbonates of
the component metals are well mixed and then heated in air to a temperature approaching
900 °C for a few hours [140]. It is common for the dark compound copper oxide to remain
as an impurity after the synthesis. The pigment will be gray instead of blue if there is an
excess of copper oxide [141].

4.3. Use of Energy-Efficient Appliances

The energy used by buildings and the one-third of all GHG emissions they account for
are both significant contributors to UHIs. Reducing energy consumption and running costs
and lowering greenhouse gas emissions across the life cycle of buildings requires proper
building design and construction, the sufficient use of energy sources, and the discovery of
innovative materials [142]. Climate parameters and climate zones are crucial in adjusting
to and minimizing the impacts of UHIs since they influence so many elements of building
design and operation [143]. New energy budgets must be established, and the energy
efficiency of buildings and whole cities must be improved. Taking climate dynamism into
consideration throughout the building design process is crucial because it allows for more
accurate sizing of residential hot water, heating, and cooling systems, as well as more
thoughtful material selection [144]. To achieve a building design that reduces the negative
impacts of UHI while still adapting to the urban environment, codes and standards must
be flexible enough to accommodate changing circumstances.

Thus, it is important to establish new climatic zones and formulate suggestions to
provide appropriate thermal conditions for future epochs. The construction industry
has a unique potential to cut down on waste disposal and resource consumption via
the development of economically and ecologically sustainable materials based on the
integration of secondary materials as alternatives. Appliances that reduce energy use have
an enormous impact on these two important environmental goals. Materials that quickly
disperse energy are highly valued in the quest for efficiency and the mitigation of carbon
emissions. However, domestic energy savings are reliant on users’ technical and habitual
behavior; in fact, energy-efficient home appliances provide better energy efficiency and
sustainability than the habitual adjustment of turning off appliances when not in use [145].

5. Challenges in Implementing UHI Mitigation Strategies

Despite the fact that a great deal of work is being done to find solutions to the problem
of the UHI in highly urbanized regions where environmental concerns are paramount,
there are still certain practical limitations that are encountered by the initiators. The lack of
government legislation, inadequate technology, an inaccurate estimate of the economic ad-
vantages, and reluctance on the part of individuals are all examples of these limitations. The
largest problem is the government’s lack of policies aimed at reducing UHIs and providing
direction to those who would want to implement such efforts. As previously indicated,
government policies are the single most effective tool for advancing urban sustainability
programs [146]. Yet, ineffective government initiatives may dampen public excitement.

However, while being aware of the environmental, economic, and social advantages
of implementing sustainable initiatives in a voluntary manner, developers and private
sectors sometimes find it difficult to use newly offered technology. The failure to regularly
update the local experience and feedback report is also cited as a serious challenge. Despite
the obvious advantages to business, local governments in certain nations continue to
enact policies that are harmful to the environment [147]. Companies in the private sector
are often hesitant to take on such initiatives because they fear failure in the absence of
adequate government oversight and funding [148]. Although there has been a lot of
attention on innovation and technical progress in the research studies, there are still several
technological roadblocks that prevent widespread implementation. While each city has
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its own unique characteristics from its climate to its high concentration of urban features,
different applications must be adapted to work in each one.

Building characteristics, roof pitches, plant types, and other accessibility variables
all put constraints on the available options. To provide one example, the roofs of older
buildings are not designed to support considerable weight; therefore, only a large system
with low structural loading may be employed. However, the lightweight and expansive
mechanism is unable to withstand much wind. Furthermore, urban floods, the UHI phe-
nomena, and the diminishment of urban landscapes are all primarily driven by the growth
in buildings and pavement. Numerous cities are dominated by skyscrapers; however, these
structures almost never have any roof space left over for greenery because of the presence
of expensive and necessary construction services. In addition, green roof plants may attract
mosquitoes and other pests, which can cause problems for nearby households. Metals
like aluminum, copper, zinc, and iron, used in roofing, may contribute to environmental
degradation if they are not used appropriately [149].

Many advantages, including those related to protecting the environment, enhancing
biodiversity, and enhancing occupants’ quality of life, cannot be evaluated in terms of
economic returns and hence act as a barrier to adoption by developers and the private sector.
However, there are challenges in calculating the economic advantages of UHI reduction
owing to a lack of appropriate resources and improper auditing methods. Meanwhile,
prices increase. The upfront costs of designing, building, maintaining, and watering
such a roof might be more than conventional roofs [34]. Dislike might emerge from
a lack of understanding and knowledge about the repayment time frame. Economic
gains are complicated by the widely varying lengths of time it takes to get a return on
investment [150]. The time it takes to recoup the investment made in a large project is a
drawback despite the fact that it may ultimately save money [151]. A major roadblock is the
reluctance of designers and developers to implement new tactics, mostly due to concerns
that locals will not like them and the resulting excess of unnecessary space. This issue
emphasizes the need for a more informed and supportive public.

6. Discussion

The UHI effect and its harmful effects from built environments inside urban areas
were detailed in this study. It is obvious that the conventional methods of construction
and the rapidly rising number of buildings in urban areas have exacerbated environmental
challenges. Multiple initiatives are now conducting research and development to identify
the optimal solution for low-impact architecture and design of buildings and built envi-
ronments that will also minimize the UHI effect. This research focused on two primary
strategies: the incorporation of green infrastructure into the built environment and its
components and the use of sustainable materials in buildings. Green infrastructure, such as
green roofs, green facades, green parking, green roadways, and green pavements, were con-
sidered and examined. Incorporating plants and the evapotranspiration of plants, reducing
the heat impact and increasing the cooling nature of the environment, and also adding
value to the green space and protecting the ecosystem, green roofing has been identified as
a potential solution to conventional roofing systems by attaching plants and regulating the
thermal effect within the building interior and the near surroundings of the building.

However, this has also brought about some unfavorable outcomes, such as providing a
safe haven for insects and certain dangerous reptiles and necessitating the implementation
of remedies to problems like water leaks and root penetration in the structure. In contrast,
green facades use the vertical surface area of the structure and may be used without
affecting the building’s performance. Similar to green roofs, green walls and living walls
are a kind of vertical garden seen on high-rise buildings. Others are framed and connected
to the buildings rather than the facades themselves. Green roofing and other forms of direct
facade attachment have been linked to structural damage and water leakage, although
these problems may be mitigated if the right preventative measures and repair methods
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are used [152]. However, such damage caused by plants may be avoided in the case of
frame-supported facades, although doing so may lead to increased expenses.

It is true that the designers of sustainable green buildings are being urged to cut
down on parking spaces in an effort to limit the number of individual vehicles used.
However, in certain circumstances, parking spaces are essential and the number of vehicles
is unavoidable due to insufficient public transit options. With the use of tree canopies
and highly reflecting indexing paint, parking lots may be made more environmentally
friendly and less detrimental to the environment. This will cause plants to produce a
cooling action known as evapotranspiration. Pavement and road designs that include
vegetation to minimize heat gain, promote water infiltration and percolation, and decrease
the UHI impact are preferable from an environmental and economic perspective. The heat
absorption of a building and the UHI effect are both largely attributable to the materials
used in construction [143]. The thermal impact of the materials, including their absorption
and reflection of heat, must be carefully examined throughout the construction process.
Using sustainable construction practices and sustainable building materials in high-rise
structures is the most effective way to mitigate the UHI impact. By using highly reflective
paint, you may limit the amount of heat absorbed by a building’s exterior.

Incorporating phase-change materials into construction allows for the absorption
and storage of thermal energy through a phase transition. Because of this, the ambient
temperature drops. Color-changing materials can be white during times of high solar
radiation, increasing reflectivity and decreasing heat gain, and black during times of low
solar radiation and low temperatures inside the building, absorbing heat and lowering the
need for heating, both of which help to lower GHG emissions and the UHI. By doing so,
the fluorescence effect is achieved and the heat gain of the building is decreased thanks to
the incorporation of fluorescence materials into the building components. GHG emissions
may be lowered and energy use can be lowered by using appliances that are more energy-
efficient. In this way, it is not only worthwhile but also economically useful, and it helps
to mitigate the UHI impact. While all of these green infrastructures and materials have
helped with UHI reduction and mitigation measures, there are several obstacles to their
widespread use in tall buildings that must be overcome. A lack of government regulation,
poor technology, an overestimation of economic benefits, and individual hesitation are all
factors holding progress back. Sustainable built environments in dense urban settings will
pave the way for environmental friendliness, a lesser UHI effect, and comfort for occupants
and other living beings and integrated ecosystems in the future by fixing the problems and
making it accessible to anyone, anywhere in the globe.

7. Conclusions

This article compares and analyzes many cutting-edge strategies for decreasing the
negative impacts of UHIs. The use of green roofing systems, green facades, and green
parking, pavement, and streets in place of traditional nature enhances the amount of green
space, aids in the implementation of heat reduction measures, and lessens the impact on
the environment through the cooling effect of metabolic processes. Green walls provide a
viable alternative and a large canvas on which to grow vegetation vertically. Sustainable
greenery mitigation measures will be bolstered by the replacement of roads and pavements
for walkers in highly urbanized areas with green installations. To further minimize solar
radiation absorption and boost surface heat, shading arrangements and coating materials
with specialized functions like white coloring, PCMs, color changes, and fluorescence need
to be implemented.

The adoption of energy-efficient appliances is an important step in mitigating the
effects of global warming caused by the production of GHGs and limiting the rise in global
surface temperature. The buildings, parks, water features, roadways, and recreational
spaces that make up urban areas will vary from one location to the other. Depending
on the type of building (such as residential, hotel, industrial, office, and retail complex
buildings), many greening initiatives and methods may be viable to execute. This study’s
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main limitation is that it only took into account typical buildings and their accompanying
subcomponents like parking lots, pavements, and roadways. Hence, there are numerous
challenges that must be overcome before this idea can be used on a global scale, but doing
so will help to move closer to an environment where UHIs have less of an impact and,
hopefully, eventually have no effect at all. This is true on a local as well as global scale, and
it may be achieved via the implementation of efficient laws and regulations, the discovery
of new methods for handling existing problems, and the sharing of the findings of relevant
research and development initiatives.
The key findings from this review are listed below:

e  The rapidly urbanizing cities around the world necessitate ecologically mindful and
sustainable ways to build.

e  The UHI effect is a critical urban phenomenon; however, adequate mitigation efforts will
lessen the effects on the environment as well as on the safety and health of inhabitants.

e Infrastructure and building materials as well as greening the built environment are
crucial in managing UHIs.

e New and existing buildings should include infrastructure with green roofs, walls,
fagades, green parking, water retaining pavements, and shaded roadways, which have
proven benefits toward mitigating UHIs.

e  The incorporation of sustainable and environmentally friendly materials into the built
environment, such as innovative street and pavement systems, a variety of coating
materials, and the use of energy-efficient appliances, has provided a number of benefits
and been proven to be highly effective in lowering the UHI effect.

Author Contributions: Conceptualization, AM.M.L, H.-W.C.,, M.M.ES. and E.J.; methodology,
AMMLI, H-W.C,, NM. and E]J.; validation, H-W.C., CY.W.,, N.M. and E.J., formal analysis,
AM.M.L; investigation, A.M.M.L; resources, AM.M.L,, H-W.C. and EJ.; data curation, AM.M.IL;
writing—original draft preparation, A.M.M.I; writing—review and editing, H.-W.C., N.\M. and E.J.;
visualization, A.M.M.L supervision, H.-W.C., N.M. and E.J.; project administration, A M.M.L; funding
acquisition, H.-W.C., N.M. and E.J. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available.

Acknowledgments: The authors are grateful to the peer reviewers for reviewing the manuscript and
providing valuable feedback.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Mazutis, D.; Sweet, L. The Business of Accelerating Sustainable Urban Development: A Systematic Review and Synthesis. J. Clean.
Prod. 2022, 357, 131871. [CrossRef]

Naikoo, M.W.; Towfiqul Islam, A.R.M.; Mallick, J.; Rahman, A. Land Use/Land Cover Change and Its Impact on Surface Urban
Heat Island and Urban Thermal Comfort in a Metropolitan City. Urban Clim. 2022, 41, 101052. [CrossRef]

Abdulateef, M.E.; Al-Alwan, H.A. The Effectiveness of Urban Green Infrastructure in Reducing Surface Urban Heat Island:
Baghdad City as a Case Study. Ain Shams Eng. J. 2022, 13, 101526. [CrossRef]

Yang, L.; Qian, F; Song, D.X.; Zheng, K.J. Research on Urban Heat-Island Effect. Procedia Eng. 2016, 169, 11-18. [CrossRef]
Irfeey, AM.M.; Jamei, E.; Chau, H.-W.; Ramasubramanian, B. Enhancing Occupants” Thermal Comfort in Buildings by Applying
Solar-Powered Techniques. Architecture 2023, 3, 213-233. [CrossRef]

Van der Meulen, E.S.; van Oel, P.R; Rijnaarts, H.H.M.; Sutton, N.B.; van de Ven, FH.M. Suitability Indices for Assessing Functional
Quality of Urban Surface Water. City Environ. Interact. 2022, 13, 100079. [CrossRef]

Voordeckers, D.; Meysman, FJ.R.; Billen, P.; Tytgat, T.; Van Acker, M. The Impact of Street Canyon Morphology and Traffic
Volume on NO2 Values in the Street Canyons of Antwerp. Build. Environ. 2021, 197, 107825. [CrossRef]


https://doi.org/10.1016/j.jclepro.2022.131871
https://doi.org/10.1016/j.uclim.2021.101052
https://doi.org/10.1016/j.asej.2021.06.012
https://doi.org/10.1016/j.proeng.2016.10.002
https://doi.org/10.3390/architecture3020013
https://doi.org/10.1016/j.cacint.2022.100079
https://doi.org/10.1016/j.buildenv.2021.107825

Sustainability 2023, 15, 10767 21 of 26

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Santamouris, M.; Yun, G.Y. Recent Development and Research Priorities on Cool and Super Cool Materials to Mitigate Urban
Heat Island. Renew. Energy 2020, 161, 792-807. [CrossRef]

Sabrin, S.; Karimi, M.; Nazari, R.; Pratt, J.; Bryk, J. Effects of Different Urban-Vegetation Morphology on the Canopy-Level
Thermal Comfort and the Cooling Benefits of Shade Trees: Case-Study in Philadelphia. Sustain. Cities Soc. 2021, 66, 102684.
[CrossRef]

Hayes, A.T.; Jandaghian, Z.; Lacasse, M.A.; Gaur, A.; Lu, H.; Laouadi, A.; Ge, H.; Wang, L. Nature-Based Solutions (NBSs) to
Mitigate Urban Heat Island (UHI) Effects in Canadian Cities. Buildings 2022, 12, 925. [CrossRef]

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]

Miao, C.; Yu, S;; Hu, Y.; Zhang, H.; He, X.; Chen, W. Review of Methods Used to Estimate the Sky View Factor in Urban Street
Canyons. Build. Environ. 2020, 168, 106497. [CrossRef]

Vahmani, P; Luo, X.; Jones, A.; Hong, T. Anthropogenic Heating of the Urban Environment: An Investigation of Feedback
Dynamics between Urban Micro-Climate and Decomposed Anthropogenic Heating from Buildings. Build. Environ. 2022,
213,108841. [CrossRef]

Ramamurthy, P.; Gonzalez, |.; Ortiz, L.; Arend, M.; Moshary, F. Impact of Heatwave on a Megacity: An Observational Analysis of
New York City during July 2016. Environ. Res. Lett. 2017, 12, 054011. [CrossRef]

Pichell, E.; Ferretti, R.; Cacciani, M.; Siani, A.M.; Ciardini, V.; Di Iorio, T. The Role of Urban Boundary Layer Investigated with
High-Resolution Models and Ground-Based Observations in Rome Area: A Step towards Understanding Parameterization
Potentialities. Atmos. Meas. Tech. 2014, 7, 315-332. [CrossRef]

Martilli, A.; Santiago, J.L.; Salamanca, F. On the Representation of Urban Heterogeneities in Mesoscale Models. Environ. Fluid
Mech. 2015, 15, 305-328. [CrossRef]

Korhonen, K.; Giannakaki, E.; Mielonen, T.; Pfiiller, A.; Laakso, L.; Vakkari, V.; Baars, H.; Engelmann, R.; Beukes, J.P;
Van Zyl, P.G; et al. Atmospheric Boundary Layer Top Height in South Africa: Measurements with Lidar and Radiosonde
Compared to Three Atmospheric Models. Atmos. Chem. Phys. 2014, 14, 4263-4278. [CrossRef]

Shishegar, N. The Impact of Green Areas on Mitigating Urban Heat Island Effect: A Review. Int. ]. Environ. Sustain. 2014,
9, 119-130. [CrossRef]

Petzold, J.; Mose, L. Urban Greening as a Response to Climate-Related Heat Risk: A Social-Geographical Review. Sustainability
2023, 15, 4996. [CrossRef]

Sierka, E.; Radosz, L.; Ry$, K.; Wozniak, G. Ecosystem Services and Post-Industrial Areas. Green Scenar. Min. Ind. Responses to
Environ. Challenges Anthr. Epoch 2022, 2023, 265-274. [CrossRef]

Lin, J.; Qiu, S.; Tan, X.; Zhuang, Y. Measuring the Relationship between Morphological Spatial Pattern of Green Space and Urban
Heat Island Using Machine Learning Methods. Build. Environ. 2023, 228, 109910. [CrossRef]

Campagna, M.; Di Cesare, E.A.; Cocco, C. Integrating Green-Infrastructures Design in Strategic Spatial Planning with Geodesign.
Sustainability 2020, 12, 1820. [CrossRef]

Tan, H.; Kotamarthi, R.; Wang, ].; Qian, Y.; Chakraborty, T.C. Impact of Different Roofing Mitigation Strategies on Near-Surface
Temperature and Energy Consumption over the Chicago Metropolitan Area during a Heatwave Event. Sci. Total Environ. 2023,
860, 160508. [CrossRef]

Shah, I; Soh, B.; Lim, C.; Lau, E.; Ghahramani, A. Thermal Transfer and Temperature Reductions from Shading Systems on
Opaque Facades: Quantifying the Impacts of Influential Factors. Energy Build. 2023, 278, 112604. [CrossRef]

Irfeey, AAM.M.; Nashath, M.N.E,; Sumaiya, M.M.E. Green Roofing: A Potential Solution to Global Warming Problems in Sri Lanka.
Reg. Symp. Disaster Risk Manag. 2021, 28-31.

Meili, N.; Acero, J.A.; Peleg, N.; Manoli, G.; Burlando, P.; Fatichi, S. Vegetation Cover and Plant-Trait Effects on Outdoor Thermal
Comfort in a Tropical City. Build. Environ. 2021, 195, 107733. [CrossRef]

Bourgeois, I.; Queirés, A.; Oliveira, J.; Rodrigues, H.; Vicente, R.; Ferreira, V.M. Development of an Eco-Design Tool for a Circular
Approach to Building Renovation Projects. Sustainability 2022, 14, 8969. [CrossRef]

Vijayaraghavan, K. Green Roofs: A Critical Review on the Role of Components, Benefits, Limitations and Trends. Renew. Sustain.
Energy Rev. 2016, 57, 740-752. [CrossRef]

Faragallah, R.N.; Ragheb, R.A. Evaluation of Thermal Comfort and Urban Heat Island through Cool Paving Materials Using
ENVI-Met. Ain Shams Eng. J. 2022, 13, 101609. [CrossRef]

Ward, H.C.; Rotach, M.W.; Gohm, A.; Graus, M.; Karl, T.; Haid, M.; Umek, L.; Muschinski, T. Energy and Mass Exchange at an
Urban Site in Mountainous Terrain-the Alpine City of Innsbruck. Atmos. Chem. Phys. 2022, 22, 6559—-6593. [CrossRef]
Hesslerova, P; Pokorny, ].; Huryna, H.; Sejak, J.; Jirka, V. The Impacts of Greenery on Urban Climate and the Options for Use of
Thermal Data in Urban Areas. Prog. Plann. 2022, 159, 100545. [CrossRef]

Purohit, P.; Hoglund-Isaksson, L.; Dulac, J.; Shah, N.; Wei, M.; Rafaj, P.; Schopp, W. Electricity Savings and Greenhouse Gas
Emission Reductions from Global Phase-down of Hydrofluorocarbons. Atmos. Chem. Phys. 2020, 20, 11305-11327. [CrossRef]
Mahmoud, A.S. Overview of Green Roof Technology as a Prospective Energy Preservation Technique in Arid Regions. Eng.
Technol. Appl. Sci. Res. 2022, 12, 8982-8989. [CrossRef]

Cascone, S. Green Roof Design: State of the Art on Technology and Materials. Sustainability 2019, 11, 3020. [CrossRef]


https://doi.org/10.1016/j.renene.2020.07.109
https://doi.org/10.1016/j.scs.2020.102684
https://doi.org/10.3390/buildings12070925
https://doi.org/10.1016/j.rser.2015.10.104
https://doi.org/10.1016/j.buildenv.2019.106497
https://doi.org/10.1016/j.buildenv.2022.108841
https://doi.org/10.1088/1748-9326/aa6e59
https://doi.org/10.5194/amt-7-315-2014
https://doi.org/10.1007/s10652-013-9321-4
https://doi.org/10.5194/acp-14-4263-2014
https://doi.org/10.18848/2325-1077/CGP/v09i01/55081
https://doi.org/10.3390/su15064996
https://doi.org/10.1201/9781003271604-20
https://doi.org/10.1016/j.buildenv.2022.109910
https://doi.org/10.3390/su12051820
https://doi.org/10.1016/j.scitotenv.2022.160508
https://doi.org/10.1016/j.enbuild.2022.112604
https://doi.org/10.1016/j.buildenv.2021.107733
https://doi.org/10.3390/su14148969
https://doi.org/10.1016/j.rser.2015.12.119
https://doi.org/10.1016/j.asej.2021.10.004
https://doi.org/10.5194/acp-22-6559-2022
https://doi.org/10.1016/j.progress.2021.100545
https://doi.org/10.5194/acp-20-11305-2020
https://doi.org/10.48084/etasr.4919
https://doi.org/10.3390/su11113020

Sustainability 2023, 15, 10767 22 of 26

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Shukla, K.; Mishra, R.; Sarkar, P. Understanding Soilless Engineered Soil as a Sustainable Growing Material for Food Production
in a Green Roof. Mater. Today Proc. 2021, 43, 3054-3060. [CrossRef]

Ganguly, A.; Chowdhury, D.; Neogi, S. Performance of Building Roofs on Energy Efficiency—A Review. Energy Procedia 2016,
90, 200-208. [CrossRef]

Besir, A.B.; Cuce, E. Green Roofs and Facades: A Comprehensive Review. Renew. Sustain. Energy Rev. 2018, 82, 915-939. [CrossRef]
Veisten, K.; Smyrnova, Y.; Kleboe, R.; Hornikx, M.; Mosslemi, M.; Kang, J. Valuation of Green Walls and Green Roofs as
Soundscape Measures: Including Monetised Amenity Values Together with Noise-Attenuation Values in a Cost-Benefit Analysis
of a Green Wall Affecting Courtyards. Int. ]. Environ. Res. Public Health 2012, 9, 3770-3778. [CrossRef]

Bandehali, S.; Miri, T.; Onyeaka, H.; Kumar, P. Current State of Indoor Air Phytoremediation Using Potted Plants and Green
Walls. Atmosphere 2021, 12, 473. [CrossRef]

ElHady, A.; Elhalafawy, A.M.; Moussa, R.A. Green-Wall Benefits Perception According to the Users’ versus Experts’ Views. Int.
J. Eng. Res. Technol. 2019, 12, 3089-3095.

Vosloo, P. Living Walls and Green Facades A Case Study of the UP Plant Sciences Vegetated Wall. ArchitSA. 2016, 80, 42-55.
Available online: https://saia.org.za/assets/docs/archsa/ASA80.pdf (accessed on 13 September 2022).

Lehmann, S. Growing Biodiverse Urban Futures: Renaturalization and Rewilding as Strategies to Strengthen Urban Resilience.
Sustainability 2021, 13, 2932. [CrossRef]

Zareba, A.; Krzeminska, A.; Kozik, R. Urban Vertical Farming as an Example of Nature-Based Solutions Supporting a Healthy
Society Living in the Urban Environment. Resources 2021, 10, 109. [CrossRef]

Pérez, G.; Coma, J.; Barreneche, C.; De Gracia, A.; Urrestarazu, M.; Burés, S.; Cabeza, L.F. Acoustic Insulation Capacity of Vertical
Greenery Systems for Buildings. Appl. Acoust. 2016, 110, 218-226. [CrossRef]

Gunawardena, K.; Steemers, K. Living Walls in Indoor Environments. Build. Environ. 2019, 148, 478-487. [CrossRef]
Prodanovic, V.; Hatt, B.; McCarthy, D.; Deletic, A. Green Wall Height and Design Optimisation for Effective Greywater Pollution
Treatment and Reuse. ]. Environ. Manag. 2020, 261, 110173. [CrossRef]

Liu, Y;; Peng, J.; Wang, Y. Diversification of Land Surface Temperature Change under Urban Landscape Renewal: A Case Study
in the Main City of Shenzhen, China. Remote Sens. 2017, 9, 919. [CrossRef]

Ziter, C.D.; Pedersen, E.J.; Kucharik, C.J.; Turner, M.G. Scale-Dependent Interactions between Tree Canopy Cover and Impervious
Surfaces Reduce Daytime Urban Heat during Summer. Proc. Natl. Acad. Sci. USA 2019, 116, 7575-7580. [CrossRef]

Irfeey, A.M.M.; Najim, M.M.; Alotaibi, B.; Traore, A. Groundwater Pollution Impact on Food Security. Sustainability 2023, 15, 4202.
[CrossRef]

Kubilay, A.; Allegrini, ].; Strebel, D.; Zhao, Y.; Derome, D.; Carmeliet, ]. Advancement in Urban Climate Modelling at Local Scale:
Urban Heat Island Mitigation and Building Cooling Demand. Atmosphere 2020, 11, 1313. [CrossRef]

Tzavali, A.; Paravantis, J.P.; Mihalakakou, G.; Fotiadi, A.; Stigka, E. Urban Heat Island Intensity: A Literature Review. Fresenius
Environ. Bull. 2015, 24, 4537-4554.

Sha, A.; Liu, Z; Jiang, W.; Qi, L.; Hu, L.; Jiao, W.; Barbieri, D.M. Advances and Development Trends in Eco-Friendly Pavements.
J. Road Eng. 2021, 1, 1-42. [CrossRef]

Anupam, B.R.; Sahoo, U.C.; Chandrappa, A.K.; Rath, P. Emerging Technologies in Cool Pavements: A Review. Constr. Build.
Mater. 2021, 299, 123892. [CrossRef]

Ming, T.; De Richter, R.; Liu, W.; Caillol, S. Fighting Global Warming by Climate Engineering: Is the Earth Radiation Management
and the Solar Radiation Management Any Option for Fighting Climate Change. Renew. Sustain. Energy Rev. 2014, 31, 792-834.
[CrossRef]

Li, D.; Chen, ] M.; Zhang, X,; Yan, Y.; Zhu, J.; Zheng, H.; Zhou, K.; Yao, X,; Tian, Y,; Zhu, Y,; et al. Improved Estimation of
Leaf Chlorophyll Content of Row Crops from Canopy Reflectance Spectra through Minimizing Canopy Structural Effects and
Optimizing Off-Noon Observation Time. Remote Sens. Environ. 2020, 248, 111985. [CrossRef]

Hardy, J.P.; Melloh, R.; Koenig, G.; Marks, D.; Winstral, A.; Pomeroy, ].W.; Link, T. Solar Radiation Transmission through Conifer
Canopies. Agric. For. Meteorol. 2004, 126, 257-270. [CrossRef]

Campillo, C.; Fortes, R.; del Henar Prieto, M. Solar Radiation Effect on Crop Production, Solar Radiation; InTech: London, UK, 2012;
ISBN 978-953-51-0384-4.

Niu, G.; Kozai, T.; Sabeh, N. Physical Environmental Factors and Their Properties; Elsevier Inc.: Amsterdam, The Netherlands, 2019.
[CrossRef]

Deng, L.; Deng, Q. The Basic Roles of Indoor Plants in Human Health and Comfort. Environ. Sci. Pollut. Res. 2018, 25, 36087-36101.
[CrossRef]

Rahman, M.A_; Moser, A.; Rotzer, T.; Pauleit, S. Comparing the Transpirational and Shading Effects of Two Contrasting Urban
Tree Species. Urban Ecosyst. 2019, 22, 683-697. [CrossRef]

Cheela, V.R.S.; Michele, J.; Wahidul, B.; Prabir, S. Combating Urban Heat Island Effect —A Review of Reflective Pavements and
Tree Shading Strategies. Buildings 2021, 11, 93. [CrossRef]

Al-Humairi, S.; Alias, A.; Haron, N.; Hassim, S.; Mohd Jakarni, F. Sustainable Pavement: A Review on the Usage of Pavement as
a Mitigation Strategy for UHL IOP Conf. Ser. Mater. Sci. Eng. 2021, 1075, 012010. [CrossRef]


https://doi.org/10.1016/j.matpr.2021.01.397
https://doi.org/10.1016/j.egypro.2016.11.186
https://doi.org/10.1016/j.rser.2017.09.106
https://doi.org/10.3390/ijerph9113770
https://doi.org/10.3390/atmos12040473
https://saia.org.za/assets/docs/archsa/ASA80.pdf
https://doi.org/10.3390/su13052932
https://doi.org/10.3390/resources10110109
https://doi.org/10.1016/j.apacoust.2016.03.040
https://doi.org/10.1016/j.buildenv.2018.11.014
https://doi.org/10.1016/j.jenvman.2020.110173
https://doi.org/10.3390/rs9090919
https://doi.org/10.1073/pnas.1817561116
https://doi.org/10.3390/su15054202
https://doi.org/10.3390/atmos11121313
https://doi.org/10.1016/j.jreng.2021.12.002
https://doi.org/10.1016/j.conbuildmat.2021.123892
https://doi.org/10.1016/j.rser.2013.12.032
https://doi.org/10.1016/j.rse.2020.111985
https://doi.org/10.1016/j.agrformet.2004.06.012
https://doi.org/10.1016/B978-0-12-816691-8.00011-X
https://doi.org/10.1007/s11356-018-3554-1
https://doi.org/10.1007/s11252-019-00853-x
https://doi.org/10.3390/buildings11030093
https://doi.org/10.1088/1757-899X/1075/1/012010

Sustainability 2023, 15, 10767 23 of 26

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Crespo, C.H.; Fernandez-Gonzalvo, M.; Martin Monerris, M.; rés Doménech, I. Influence of Rainfall Intensity and Pollution
Build-up Levels on Water Quality and Quantity Response of Permeable Pavements. Sci. Total Environ. 2019, 684, 303-313.
[CrossRef] [PubMed]

Huang, J.; Zhang, Y;; Sun, Y,; Ren, J.; Zhao, Z.; Zhang, J. Evaluation of Pore Size Distribution and Permeability Reduction Behavior
in Pervious Concrete. Constr. Build. Mater. 2021, 290, 123228. [CrossRef]

Qin, Y. A Review on the Development of Cool Pavements to Mitigate Urban Heat Island Effect. Renew. Sustain. Energy Rev. 2015,
52,445-459. [CrossRef]

Chang, I.; Im, J.; Cho, G.C. Introduction of Microbial Biopolymers in Soil Treatment for Future Environmentally-Friendly and
Sustainable Geotechnical Engineering. Sustainability 2016, 8, 251. [CrossRef]

Alagirisamy, B.; Poornima, R. Smart Sustainable Cities: Principles and Future Trends. Sustain. Cities Resil. Sel. Proc. VCDRR
Springer Singap. 2021, 183, 301-316. [CrossRef]

Wang, Z.; Xie, Y.; Mu, M,; Feng, L.; Xie, N.; Cui, N. Materials to Mitigate the Urban Heat Island Effect for Cool Pavement: A Brief
Review. Buildings 2022, 12, 1221. [CrossRef]

Wang, C.; Wang, Z.H.; Kaloush, K.E.; Shacat, J]. Cool Pavements for Urban Heat Island Mitigation: A Synthetic Review. Renew.
Sustain. Energy Rev. 2021, 146, 111171. [CrossRef]

Wang, J.; Meng, Q.; Zhang, L.; Zhang, Y.; He, B.].; Zheng, S.; Santamouris, M. Impacts of the Water Absorption Capability on the
Evaporative Cooling Effect of Pervious Paving Materials. Build. Environ. 2019, 151, 187-197. [CrossRef]

Leng, C.; Lu, G.; Gao, J.; Liu, P; Xie, X.; Wang, D. Sustainable Green Pavement Using Bio-Based Polyurethane Binder in Tunnel.
Materials 2019, 12, 1990. [CrossRef]

Mallick, R.B.; Chen, B.L.; Bhowmick, S.; Hulen, M. Capturing Solar Energy from Asphalt Pavements. In Proceedings of
the International Symposium on Asphalt Pavements and Environment, International Society for Asphalt Pavements, Zurich,
Switzerland, 2008 August 18; pp. 161-172.

Pasetto, M.; Baliello, A.; Pasquini, E.; Giacomello, G. High Albedo Pavement Materials. In Eco-efficient Materials for Reducing
Cooling Needs in Buildings and Construction; Woodhead Publishing: Cambridge, UK, 2021; pp. 15-32. [CrossRef]

Chen, J.; Zhou, Z.; Wu, J.; Hou, S.; Liu, M. Field and Laboratory Measurement of Albedo and Heat Transfer for Pavement
Materials. Constr. Build. Mater. 2019, 202, 46-57. [CrossRef]

Li, H.; Harvey, J.; He, Y,; Chen, Z.; and Li, P. Pavements and Urban Climate. Transp. Res. Rec: ]. Trans Res B. 2015, 2523, 145-155.
Kappou, S.; Souliotis, M.; Papaefthimiou, S.; Panaras, G.; Paravantis, ].A.; Michalena, E.; Hills, ].M.; Vouros, A.P.; Dimenou, K,;
Mihalakakou, G. Review Cool Pavements: State of the Art and New Technologies. Sustainability 2022, 14, 5159. [CrossRef]
Sanjuén, M.A.; Morales, A.; Zaragoza, A. Effect of Precast Concrete Pavement Albedo on the Climate Change Mitigation in Spain.
Sustainability 2021, 13, 11448. [CrossRef]

Winters, D.; Boakye, K.; Simske, S. Toward Carbon-Neutral Concrete through Biochar-Cement—Calcium Carbonate Composites:
A Critical Review. Sustainability 2022, 14, 4633. [CrossRef]

Marceau, M.L.; VanGeem, M.G. Solar Reflectance Values for Concrete Intrinsic Material Properties Can Minimize the Heat Island
Effect. Concr. Int. 2008, 30, 52-58.

Wang, F.; Xie, T.; Ou, J.; Xue, M.; Li, W. Cement Based Superhydrophobic Coating with Excellent Robustness and Solar Reflective
Ability. J. Alloys Compd. 2020, 823, 153702. [CrossRef]

Nwakaire, C.M.; Onn, C.C,; Yap, S.P; Yuen, C.W.; Onodagu, P.D. Urban Heat Island Studies with Emphasis on Urban Pavements:
A Review. Sustain. Cities Soc. 2020, 63, 102476. [CrossRef]

Chen, Z.; Zhang, H.; Duan, H,; Shi, C. Improvement of Thermal and Optical Responses of Short-Term Aged Thermochromic
Asphalt Binder by Warm-Mix Asphalt Technology. J. Clean. Prod. 2021, 279, 123675. [CrossRef]

Hu, J.; Yu, X. Performance Evaluation of Solar-Responsive Asphalt Mixture with Thermochromic Materials and Nano-TiO,
Scatterers. Constr. Build. Mater. 2020, 247, 118605. [CrossRef]

Hu, J.; Yu, X.B. Adaptive Thermochromic Roof System: Assessment of Performance under Different Climates. Energy Build. 2019,
192, 1-14. [CrossRef]

Park, ].H.; Kim, Y.U,; Jeon, J.; Wi, S.; Chang, S.J.; Kim, S. Effect of Eco-Friendly Pervious Concrete with Amorphous Metallic Fiber
on Evaporative Cooling Performance. J. Environ. Manag. 2021, 297, 113269. [CrossRef] [PubMed]

Shang, H.; Sun, Z.; Bhaskar, N.R. Simulating the Long-Term Performance of Multifunctional Green-Pervious Concrete Pavement
in Stormwater Runoff-Induced PAHs Remediation. J. Environ. Eng. 2020, 146, 04020033. [CrossRef]

Debnath, B.; Sarkar, P.P. Pervious Concrete as an Alternative Pavement Strategy: A State-of-the-Art Review. Int. ]. Pavement Eng.
2020, 21, 1516-1531. [CrossRef]

Zhang, R.; Jiang, G.; Liang, J. The Albedo of Pervious Cement Concrete Linearly Decreases with Porosity. Adv. Mater. Sci. Eng.
2015, 2015, 746592. [CrossRef]

Vujovic, S.; Haddad, B.; Karaky, H.; Sebaibi, N.; Boutouil, M. Urban Heat Island: Causes, Consequences, and Mitigation Measures
with Emphasis on Reflective and Permeable Pavements. CivilEng 2021, 2, 459-484. [CrossRef]

Xie, N.; Akin, M.; Shi, X. Permeable Concrete Pavements: A Review of Environmental Benefits and Durability. J. Clean. Prod. 2019,
210, 1605-1621. [CrossRef]

Wang, X.; Hu, X.; Ji, X,; Chen, B.; Chen, H. Development of Water Retentive and Thermal Resistant Cement Concrete and Cooling
Effects Evaluation. Materials 2021, 14, 6141. [CrossRef]


https://doi.org/10.1016/j.scitotenv.2019.05.271
https://www.ncbi.nlm.nih.gov/pubmed/31153077
https://doi.org/10.1016/j.conbuildmat.2021.123228
https://doi.org/10.1016/j.rser.2015.07.177
https://doi.org/10.3390/su8030251
https://doi.org/10.1007/978-981-16-5543-2
https://doi.org/10.3390/buildings12081221
https://doi.org/10.1016/j.rser.2021.111171
https://doi.org/10.1016/j.buildenv.2019.01.033
https://doi.org/10.3390/ma12121990
https://doi.org/10.1016/b978-0-12-820791-8.00002-x
https://doi.org/10.1016/j.conbuildmat.2019.01.028
https://doi.org/10.3390/su14095159
https://doi.org/10.3390/su132011448
https://doi.org/10.3390/su14084633
https://doi.org/10.1016/j.jallcom.2020.153702
https://doi.org/10.1016/j.scs.2020.102476
https://doi.org/10.1016/j.jclepro.2020.123675
https://doi.org/10.1016/j.conbuildmat.2020.118605
https://doi.org/10.1016/j.enbuild.2019.02.040
https://doi.org/10.1016/j.jenvman.2021.113269
https://www.ncbi.nlm.nih.gov/pubmed/34293676
https://doi.org/10.1061/(ASCE)EE.1943-7870.0001695
https://doi.org/10.1080/10298436.2018.1554217
https://doi.org/10.1155/2015/746592
https://doi.org/10.3390/civileng2020026
https://doi.org/10.1016/j.jclepro.2018.11.134
https://doi.org/10.3390/ma14206141

Sustainability 2023, 15, 10767 24 of 26

92.

93.
94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Jiang, W.; Sha, A.; Xiao, ].; Wang, Z.; Apeagyei, A. Experimental Study on Materials Composition Design and Mixture Performance
of Water-Retentive Asphalt Concrete. Constr. Build. Mater. 2016, 111, 128-138. [CrossRef]

Moretti, L.; Loprencipe, G. Climate Change and Transport Infrastructures: State of the Art. Sustainability 2018, 10, 4098. [CrossRef]
Ling, Z.; Zhang, Y.; Fang, X.; Zhang, Z. Structure Effect of the Envelope Coupled with Heat Reflective Coating and Phase Change
Material in Lowering Indoor Temperature. J. Energy Storage 2021, 41, 102963. [CrossRef]

Pisello, A.L. State of the Art on the Development of Cool Coatings for Buildings and Cities. Sol. Energy 2017, 144, 660-680.
[CrossRef]

Manni, M.; Cardinali, M.; Lobaccaro, G.; Goia, F.; Nicolini, A.; Rossi, F. Effects of Retro-Reflective and Angular-Selective
Retro-Reflective Materials on Solar Energy in Urban Canyons. Sol. Energy 2020, 209, 662—-673. [CrossRef]

Castellani, B.; Morini, E.; Anderini, E.; Filipponi, M.; Rossi, F. Development and Characterization of Retro-Reflective Colored
Tiles for Advanced Building Skins. Energy Build. 2017, 154, 513-522. [CrossRef]

Morini, E.; Castellani, B.; Presciutti, A.; Filipponi, M.; Nicolini, A.; Rossi, F. Optic-Energy Performance Improvement of Exterior
Paints for Buildings. Energy Build. 2017, 139, 690-701. [CrossRef]

Yuan, J.; Emura, K.; Farnham, C. Potential for Application of Retroreflective Materials Instead of Highly Reflective Materials for
Urban Heat Island Mitigation. Urban Stud. Res. 2016, 2016, 3626294. [CrossRef]

Santamouris, M.; Synnefa, A.; Karlessi, T. Using Advanced Cool Materials in the Urban Built Environment to Mitigate Heat
Islands and Improve Thermal Comfort Conditions. Sol. Energy 2011, 85, 3085-3102. [CrossRef]

Farooq, A.S.; Zhang, P; Gao, Y.; Gulfam, R. Emerging Radiative Materials and Prospective Applications of Radiative Sky
Cooling—A Review. Renew. Sustain. Energy Rev. 2021, 144, 110910. [CrossRef]

Rzhepishevska, O.; Hakobyan, S.; Ruhal, R.; Gautrot, J.; Barbero, D.; Ramstedt, M. The Surface Charge of Anti-Bacterial Coatings
Alters Motility and Biofilm Architecture. Biomater. Sci. 2013, 1, 589-602. [CrossRef]

Paolini, R.; Borroni, D.; Pedeferri, M.P.; Diamanti, M.V. Self-Cleaning Building Materials: The Multifaceted Effects of Titanium
Dioxide. Constr. Build. Mater. 2018, 182, 126-133. [CrossRef]

Janczarek, M.; Klapiszewski, L.; Jedrzejczak, P.; Klapiszewska, I.; Slosarczyk, A.; Jesionowski, T. Progress of Functionalized
TiO2-Based Nanomaterials in the Construction Industry: A Comprehensive Review. Chem. Eng. ]. 2022, 430, 132062. [CrossRef]
Antonaia, A.; Ascione, F.; Castaldo, A.; D’Angelo, A.; De Masi, R.F,; Ferrara, M.; Vanoli, G.P,; Vitiello, G. Cool Materials for
Reducing Summer Energy Consumptions in Mediterranean Climate: In-Lab Experiments and Numerical Analysis of a New
Coating Based on Acrylic Paint. Appl. Therm. Eng. 2016, 102, 91-107. [CrossRef]

Uemoto, K.L.; Sato, N.M.N.; John, V.M. Estimating Thermal Performance of Cool Colored Paints. Energy Build. 2010, 42, 17-22.
[CrossRef]

Yang, R.; Han, A.; Ye, M.; Chen, X; Yuan, L. The Influence of Mn/N-Codoping on the Thermal Performance of ZnAl,O4 as High
near-Infrared Reflective Inorganic Pigment. J. Alloys Compd. 2017, 696, 1329-1341. [CrossRef]

Sarkodie, B.; Acheampong, C.; Asinyo, B.; Zhang, X.; Tawiah, B. Characteristics of Pigments, Modification, and Their Functionali-
ties. Color Res. Appl. 2019, 44, 396-410. [CrossRef]

Montemor, M.F. Functional and Smart Coatings for Corrosion Protection: A Review of Recent Advances. Surf. Coatings Technol.
2014, 258, 17-37. [CrossRef]

Dwivedi, C.; Bamola, P; Singh, B.; Sharma, H. Infrared Radiation and Materials Interaction: Active, Passive, Transparent, and
Opaque Coatings. In Energy Saving Coating Materials; Dalapati, G.K., Sharma, M., Eds.; Elsevier Inc.: Amsterdam, The Netherlands,
2020; pp. 33-56. [CrossRef]

Levinson, R.; Berdahl, P.; Akbari, H. Solar Spectral Optical Properties of Pigments—Part II: Survey of Common Colorants. Sol.
Energy Mater. Sol. Cells 2005, 89, 351-389. [CrossRef]

Sharma, R.; Tiwari, S.; Tiwari, S.K. Highly Reflective Nanostructured Titania Shell: A Sustainable Pigment for Cool Coatings.
ACS Sustain. Chem. Eng. 2018, 6, 2004-2010. [CrossRef]

Dong, S.; Quek, ].Y.; Van Herk, A.M.; Jana, S.; Island, ].; Lakes, M. Polymer Encapsulated TiO 2 for the Improvement of NIR
Reflectance and Total Solar Reflectance of Cool Coatings. Ind. Eng. Chem. Res. 2020, 59, 17901-17910. [CrossRef]

Bahi, H.; Radoine, H.; Mastouri, H. Urban Heat Island: State of the Art. In Proceedings of the 2019 7th International Renewable
and Sustainable Energy Conference, IRSEC 2019, Agadir, Morocco, 27-30 November 2019; pp. 1-7. [CrossRef]

Paolini, R.; Zani, A.; Poli, T.; Antretter, F; Zinzi, M. Natural Aging of Cool Walls: Impact on Solar Reflectance, Sensitivity to
Thermal Shocks and Building Energy Needs. Energy Build. 2017, 153, 287-296. [CrossRef]

Reyez-Araiza, ].L.; Pineda-Pifién, J.; Lopez-Romero, ].M.; Gasca-Tirado, J.R.; Contreras, M.A.; Correa, ].C.].; Apatiga-Castro, L.M.;
Rivera-Murioz, E.M.; Velazquez-Castillo, R.R.; de Jests Pérez Bueno, |.; et al. Thermal Energy Storage by the Encapsulation of
Phase Change Materials in Building Elements—A Review. Materials 2021, 14, 1420. [CrossRef]

Marani, A.; Nehdi, M.L. Integrating Phase Change Materials in Construction Materials: Critical Review. Constr. Build. Mater.
2019, 217, 36—49. [CrossRef]

Anupam, B.R.; Sahoo, U.C.; Rath, P. Phase Change Materials for Pavement Applications: A Review. Constr. Build. Mater. 2020,
247,118553. [CrossRef]

Ikutegbe, C.A.; Farid, M.M. Application of Phase Change Material Foam Composites in the Built Environment: A Critical Review.
Renew. Sustain. Energy Rev. 2020, 131, 110008. [CrossRef]


https://doi.org/10.1016/j.conbuildmat.2016.02.070
https://doi.org/10.3390/su10114098
https://doi.org/10.1016/j.est.2021.102963
https://doi.org/10.1016/j.solener.2017.01.068
https://doi.org/10.1016/j.solener.2020.08.085
https://doi.org/10.1016/j.enbuild.2017.08.078
https://doi.org/10.1016/j.enbuild.2017.01.060
https://doi.org/10.1155/2016/3626294
https://doi.org/10.1016/j.solener.2010.12.023
https://doi.org/10.1016/j.rser.2021.110910
https://doi.org/10.1039/c3bm00197k
https://doi.org/10.1016/j.conbuildmat.2018.06.047
https://doi.org/10.1016/j.cej.2021.132062
https://doi.org/10.1016/j.applthermaleng.2016.03.111
https://doi.org/10.1016/j.enbuild.2009.07.026
https://doi.org/10.1016/j.jallcom.2016.12.100
https://doi.org/10.1002/col.22359
https://doi.org/10.1016/j.surfcoat.2014.06.031
https://doi.org/10.1016/b978-0-12-822103-7.00002-9
https://doi.org/10.1016/j.solmat.2004.11.013
https://doi.org/10.1021/acssuschemeng.7b03423
https://doi.org/10.1021/acs.iecr.0c03412
https://doi.org/10.1109/IRSEC48032.2019.9078329
https://doi.org/10.1016/j.enbuild.2017.08.017
https://doi.org/10.3390/ma14061420
https://doi.org/10.1016/j.conbuildmat.2019.05.064
https://doi.org/10.1016/j.conbuildmat.2020.118553
https://doi.org/10.1016/j.rser.2020.110008

Sustainability 2023, 15, 10767 25 of 26

120.

121.

122.

123.

124.
125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Athukorallage, B.; Dissanayaka, T.; Senadheera, S.; James, D. Performance Analysis of Incorporating Phase Change Materials in
Asphalt Concrete Pavements. Constr. Build. Mater. 2018, 164, 419-432. [CrossRef]

Bueno, M.; Kakar, M.R,; Refaa, Z.; Worlitschek, J.; Stamatiou, A.; Partl, M.N. Modification of Asphalt Mixtures for Cold Regions
Using Microencapsulated Phase Change Materials. Sci. Rep. 2019, 9, 20342. [CrossRef]

Chen, J.; Wang, H.; Xie, P. Pavement Temperature Prediction: Theoretical Models and Critical Affecting Factors. Appl. Therm. Eng.
2019, 158, 113755. [CrossRef]

Al-Yasiri, Q.; Szabd, M. Incorporation of Phase Change Materials into Building Envelope for Thermal Comfort and Energy Saving:
A Comprehensive Analysis. J. Build. Eng. 2021, 36, 102122. [CrossRef]

Isapour, G.; Lattuada, M. Bioinspired Stimuli-Responsive Color-Changing Systems. Adv. Mater. 2018, 30, 1707069. [CrossRef]
Kvitek, O.; Siegel, ].; Hnatowicz, V.; Svoréik, V. Noble Metal Nanostructures Influence of Structure and Environment on Their
Optical Properties. ]. Nanomater. 2013, 2013, 743684. [CrossRef]

Yang, Y.; Zhang, X.; Chen, Y.; Yang, X.; Ma, J.; Wang, ]J.; Wang, L.; Feng, W. Bioinspired Color-Changing Photonic Polymer
Coatings Based on Three-Dimensional Blue Phase Liquid Crystal Networks. ACS Appl. Mater. Interfaces 2021, 13, 41102-41111.
[CrossRef]

Fleischmann, C.; Lievenbriick, M.; Ritter, H. Polymers and Dyes: Developments and Applications. Polymers 2015, 7, 717-746.
[CrossRef]

Liu, Y; Fan, Q.; Zhu, G.; Shi, G.; Ma, H.; Li, W,; Wu, T.; Chen, J.; Yin, Y.; and Guan, J. Dual Responsive Photonic Liquid for
Independent Modulation of Color Brightness and Hue. Mater. Horiz. 2021, 8, 2023-2040. [CrossRef] [PubMed]

Isapour, G.; Benjamin Harvey Miller, A.; Kolle, M. Modular Assembly of Mechanoresponsive Color-Changing Materials from
Hydrogel-Based Photonic Crystal Microspheres. Adv. Photonics Res. 2022, 3, 2100043. [CrossRef]

Toztim, M.S.; Alay Aksoy, S.; Alkan, C. Development of Reversibly Color Changing Textile Materials by Applying Some
Thermochromic Microcapsules Containing Different Color Developers. |. Text. Inst. 2021, 113, 2159-2168. [CrossRef]

Geng, X.; Li, W,; Yin, Q.; Wang, Y.; Han, N.; Wang, N.; Bian, J.; Wang, J.; Zhang, X. Design and Fabrication of Reversible
Thermochromic Microencapsulated Phase Change Materials for Thermal Energy Storage and Its Antibacterial Activity. Energy
2018, 159, 857-869. [CrossRef]

Wu, S.; Zhou, B.; Yan, D. Recent Advances on Molecular Crystalline Luminescent Materials for Optical Waveguides. Adv. Opt.
Mater. 2021, 9, 2001768. [CrossRef]

Wang, Z.; Hou, X.; Duan, N.; Ren, Y.; Yan, F. Shape- And Color-Switchable Polyurethane Thermochromic Actuators Based on
Metal-Containing Ionic Liquids. ACS Appl. Mater. Interfaces 2021, 13, 28878-28888. [CrossRef]

Garshasbi, S.; Santamouris, M. Using Advanced Thermochromic Technologies in the Built Environment: Recent Development
and Potential to Decrease the Energy Consumption and Fight Urban Overheating. Sol. Energy Mater. Sol. Cells 2019, 191, 21-32.
[CrossRef]

de Jager, T.L.; Cockrell, A.E.; Du Plessis, S.S. Ultraviolet Light Induced Generation of Reactive Oxygen Species. Adv. Exp. Med.
Biol. 2017, 996, 15-23. [CrossRef]

You, Y,; Tong, X.; Wang, W.; Sun, J.; Yu, P; Ji, H.; Niu, X.; Wang, Z.M. Eco-Friendly Colloidal Quantum Dot-Based Luminescent
Solar Concentrators. Adv. Sci. 2019, 6, 1801967. [CrossRef]

Wang, ].M.; Tsai, D.S.; Tsai, ].T.].; Chou, C.C. Coloring the Aluminum Alloy Surface in Plasma Electrolytic Oxidation with the
Green Pigment Colloid. Surf. Coatings Technol. 2017, 321, 164-170. [CrossRef]

Levinson, R.; Ban-Weiss, G.; Berdahl, P.; Chen, S.; Destaillats, H.; Dumas, N.; Gilbert, H.; Goudey, H.; de 1’Aulnoit, S.H.;
Kleissl, J.; et al. Solar-reflective “cool” walls: Benefits, technologies, and implementation (CEC-500-2019-040; also LBNL-2001296).
Indoor Environ. Berkely Lab. 2019, 2019, 1-953. [CrossRef]

Fabiani, C.; Pisello, A.L. Passive cooling by means of adaptive cool materials. In Eco-Efficient Materials for Reducing Cooling Needs
in Buildings and Construction; Woodhead Publishing: London, UK, 2021; pp. 439-457.

Johnson-McDaniel, D.; Salguero, T.T. Exfoliation of Egyptian Blue and Han Blue, Two Alkali Earth Copper Silicate-Based Pigments.
J. Vis. Exp. 2014, 3, 51686. [CrossRef]

Wu, S.; Reddy, G.K.; Banerjee, D. Pitch-Black Nanostructured Copper Oxide as an Alternative to Carbon Black for Autonomous
Environments. Adv. Intell. Syst. 2021, 3, 2100049. [CrossRef]

Roxon, J.; Ulm, EJ.; Pellenq, R.J.M. Urban Heat Island Impact on State Residential Energy Cost and CO, Emissions in the United
States. Urban Clim. 2020, 31, 100546. [CrossRef]

Akkose, G.; Meral Akgul, C.; Dino, I.G. Educational Building Retrofit under Climate Change and Urban Heat Island Effect.
J. Build. Eng. 2021, 40, 102294. [CrossRef]

Fumo, N. A Review on the Basics of Building Energy Estimation. Renew. Sustain. Energy Rev. 2014, 31, 53—-60. [CrossRef]
Zamorano, M. Special Issue: Recent Advances in Energy Efficiency of Buildings. Appl. Sci. 2022, 12, 6669. [CrossRef]

Wang, C.; Wang, Z.H.; Kaloush, K.E.; Shacat, J. Perceptions of Urban Heat Island Mitigation and Implementation Strategies:
Survey and Gap Analysis. Sustain. Cities Soc. 2021, 66, 102687. [CrossRef]

Aczel, M.; Heap, R.; Workman, M.; Hall, S.; Armstrong, H.; Makuch, K. Anticipatory Regulation: Lessons from Fracking and
Insights for Greenhouse Gas Removal Innovation and Governance. Energy Res. Soc. Sci. 2022, 90, 102683. [CrossRef]


https://doi.org/10.1016/j.conbuildmat.2017.12.226
https://doi.org/10.1038/s41598-019-56808-x
https://doi.org/10.1016/j.applthermaleng.2019.113755
https://doi.org/10.1016/j.jobe.2020.102122
https://doi.org/10.1002/adma.201707069
https://doi.org/10.1155/2013/743684
https://doi.org/10.1021/acsami.1c11711
https://doi.org/10.3390/polym7040717
https://doi.org/10.1039/D1MH00556A
https://www.ncbi.nlm.nih.gov/pubmed/34846480
https://doi.org/10.1002/adpr.202100043
https://doi.org/10.1080/00405000.2021.1972645
https://doi.org/10.1016/j.energy.2018.06.218
https://doi.org/10.1002/adom.202001768
https://doi.org/10.1021/acsami.1c06422
https://doi.org/10.1016/j.solmat.2018.10.023
https://doi.org/10.1007/978-3-319-56017-5_2
https://doi.org/10.1002/advs.201801967
https://doi.org/10.1016/j.surfcoat.2017.04.038
https://doi.org/10.20357/B7SP4H
https://doi.org/10.3791/51686
https://doi.org/10.1002/aisy.202100049
https://doi.org/10.1016/j.uclim.2019.100546
https://doi.org/10.1016/j.jobe.2021.102294
https://doi.org/10.1016/j.rser.2013.11.040
https://doi.org/10.3390/app12136669
https://doi.org/10.1016/j.scs.2020.102687
https://doi.org/10.1016/j.erss.2022.102683

Sustainability 2023, 15, 10767 26 of 26

148.

149.

150.

151.

152.

Nick, B.; Preston, I.; Banks, N.; Hargreaves, K.; Kazmierczak, A.; Lucas, K.; Mayne, R.; Downing, C.; Street, R. Climate Change
and Social Justice: An Evidence Review. 2014. Available online: https://www.jrf.org.uk/report/climate-change-and-social-
justice-evidence-review (accessed on 13 September 2022).

Mayrand, E; Clergeau, P. Green Roofs and Greenwalls for Biodiversity Conservation: A Contribution to Urban Connectivity?
Sustainability 2018, 10, 985. [CrossRef]

Smith, B.C.M.; Dhuyvetter, K.C.; Kastens, T.L.; Dietrich, L.; Smith, L.M. Economics of Precision Agricultural Technologies Across
the Great Plains. . Am. Soc. Farm Manag. Rural Apprais. 2013, 76, 185-206.

Flyvbjerg, B. Policy and Planning for Large Infrastructure Projects Problems, Causes, Cures. Environ. Plan. B Plan. Des. 2005,
34, 578-597. [CrossRef]

Andenaes, E.; Time, B.; Muthanna, T.; Asphaug, S.; Kvande, T. Risk Reduction Framework for Blue-Green Roofs. Buildings 2021,
11, 185. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.jrf.org.uk/report/climate-change-and-social-justice-evidence-review
https://www.jrf.org.uk/report/climate-change-and-social-justice-evidence-review
https://doi.org/10.3390/su10040985
https://doi.org/10.1068/b32111
https://doi.org/10.3390/buildings11050185

	Introduction 
	Materials and Methods 
	Incorporation of Green Infrastructure into Buildings 
	Green Roofing Techniques 
	Green Wall Techniques 
	Green Parking, Pavements and Shaded Streets 

	Sustainable Materials for UHI Effect Mitigation 
	Innovative Streets and Pavement Systems 
	Various Coating Materials 
	Painting with Light-Colored Materials 
	Phase-Change Materials (PCMs) 
	Color-Changing Materials 
	Fluorescence Materials 

	Use of Energy-Efficient Appliances 

	Challenges in Implementing UHI Mitigation Strategies 
	Discussion 
	Conclusions 
	References

