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Abstract: Economic and social development of urban and rural areas continues in parallel with
the increase of the human population, especially in developing countries, which leads to sustained
expansion of impervious surface areas, particularly paved surfaces. The conversion of pervious
surfaces to impervious surfaces significantly modifies local energy balance in urban areas and
contributes to urban heat island (UHI) formation, mainly in densely developed cities. This paper
represents a literature review on the causes and consequences of the UHI and potential measures
that could be adopted to improve the urban microclimate. The primary focus is to discuss and
summarise significant findings on the UHI phenomenon and its consequences, such as the impact on
human thermal comfort and health, energy consumption, air pollution, and surface water quality
deterioration. Regarding the measures to mitigate UHI, particular emphasis is given to the reflective
and permeable pavements.

Keywords: urban microclimate; thermal comfort; energy consumption; air quality; thermal pollution;
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1. Introduction

Although urbanisation has many benefits, it can be considered a significant driver
of environmental problems [1]. The urban areas occupy around 3% of the total Earth’s
land [2], with 55% of the world’s population in 2018. This number is expected to increase
to 68% by 2050 [3], mainly in developing countries. India, China, and Nigeria are together
expected to account for 35% of the projected population growth. Approximately 73% of
the European population lives in cities, and by 2050 it will reach 82% [4].

Along with the increase of population, rapid urban growth has resulted in land-use
changes and expansion of built-up areas [5,6], which is even faster than urban population
growth [7]. Urbanisation affects the microclimate and forms a unique urban climate
environment such as the Urban Heat Island (UHI), referring to the phenomenon that urban
areas are often several degrees warmer than the surrounding rural areas [8]. The land
surface temperatures or near-surface air temperatures over urban regions are higher than
those over surrounding rural areas [6] and may contribute to the extra warming in addition
to the warming already caused by climate change [8]. Oke [9] proposed four significant
control factors of urban climate such as urban structure (e.g., dimensions of the buildings
and the spaces between them, street widths and street spacing), urban cover (e.g., fractions
of built-up, paved, vegetated, bare soil, water), urban fabric (e.g., construction and natural
materials), and urban metabolism (e.g., heat, water, and pollutants due to human activity).
All these factors can be modified by urban expansion [6].

Urban expansion may significantly affect the surface energy balance, resulting in in-
creased sensible heat flux and decreased latent heat flux [10,11]. The development of urban
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areas causes landscape changes due to the replacement of pervious and semi-pervious
surfaces with impervious surfaces [12]. These modifications directly impact watershed
hydrology (e.g., decreasing infiltration capacity, increasing surface runoff, shorter time of
concentration, decreasing recharge of groundwater, decreasing the rate of evapotranspi-
ration) [13], and impact the natural path of energy through the atmospheric, land, and
water systems [14]. As the surface runoff drains quickly, less water is available for evapo-
transpiration, affecting the urban surface energy balance [15]. An increase in impervious
surfaces, such as asphalt and concrete pavements, results in increased land surface tem-
perature [12-16] due to the modification of local energy balance through the changes of
materials thermal properties (e.g., albedo, specific heat capacity, thermal conductivity) [17].
The results of a 20-year study conducted by Xu et al. [18] revealed a significant positive
exponential relationship between impervious surface and land surface temperature. They
stated that an increase of imperviousness by 10%, where the impervious surface already
occupies more than 70%, could increase the land surface temperature by more than 3.3 °C.

Globally, it has been predicted that by 2050 urban land expansion will be increased
between 78-171%. Such changes will increase the average summer daytime and night-time
air temperature of 0.5 °C-0.7 °C, up to nearly 3 °C. Besides, more than two-thirds of
the urban expansion will occur in Asia (46—49%) and Africa (16-25%) [8]. According to
Perpifia et al. [5], by 2030, built-up areas in EU countries will proportionally expand. The
largest absolute increase is expected in Italy, followed by Germany and Poland.

Seoul metropolitan area, Korea, is a unique example of the impact of urbanisation
on local climate trends. The observation data over the 56 years (1962-2017) have shown
that the air temperature has increased by about 1.7 °C and that urbanisation contributes
to 43% of the urban warming trend [19]. Another example is the city of Nanjing, China.
The urban expansion between 2000 and 2012 increased from 15.4% to 39.2%, followed by
increased UHI intensity [6]. The research conducted by Imran et al. [10] indicated that
urbanisation has a significant impact on urban meteorology during heatwave events in
Melbourne, Australia. Simulation results showed that urban expansion could increase
urban air temperature and the surface temperatures by 0.75-2.80 °C and by 1.9-5.4 °C,
respectively [10].

Increased air temperatures harm the environment and the quality of life in urban areas.
Elevated air temperatures lead to increased demand for air conditioning and, therefore,
increased electricity generation by the power plant, which further intensifies air pollution
problems and greenhouse gas (GHG) emissions [20]. Elevated air temperatures directly
affect human health by creating heat waves and heat stress and raising acute and chronic
exposure to air pollutants [21]. Impervious surfaces can transfer heat to the surface runoff
and cause thermal pollution of recipient water bodies [22,23]. Climate change, urban
population growth, and urban land expansion will probably increase temperatures in
urban areas and make the UHI effect more prominent. Due to the rapid urbanisation, an
increase of impervious surfaces is expected, particularly paved surfaces where radiative,
thermal, and hydraulic properties differ significantly from bare rock, soil, and vegeta-
tion. Therefore, using appropriate measures to ameliorate urban microclimate becomes
increasingly important.

This paper presents a literature review on the causes and consequences of the UHI and
potential measures that could be adopted to ameliorate urban microclimate. It discusses
the major findings on the UHI phenomenon, its causes and consequences, such as the
impact on human thermal comfort and health, energy consumption, air pollution, and
surface water quality deterioration. Regarding the measures to mitigate UHI, particular
empbhasis is given to the reflective and permeable pavements.

2. Urban Heat Island Phenomenon

Higher heat storage of urban surfaces compared to the rural areas contributes to UHI
formation [2], where the air temperature can be higher from about 1 °C to over 10 °C
than nearby rural areas [17,24,25]. The UHI is one of the most striking alterations of the
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atmosphere attributed to urbanisation that is identified nearly 200 years ago by Luke
Howard and represents one of the most investigated climate effects in cities around the
world [2,25,26]. The urban-rural temperature difference is usually higher at night than
during the day and is most evident when winds are weak [27]. The form and size of UHI
vary in time and space and depends on meteorological features (e.g., cloud cover, wind
speed, and humidity) and regional and urban structure characteristics (e.g., ventilation,
surface waterproofing, thermal properties of the fabric, surface geometry) [28,29]. The
development of UHI and the city’s thermal regime depends on solar radiation interaction
with the urban atmosphere. Due to the complexity of the urban system, several levels
of interaction may contribute to UHI formation. The first interaction occurs in the urban
surface layer, where urban materials interact directly with the incoming radiation. At this
level, the optical and thermal properties of the surface are dominant. The second level of
interaction occurs in the complex airflow above the built environment. At this level, the
physical processes are guided by surface properties and by local aerodynamics generated
by canopy characteristics. The last is the interaction between the main physical flows and
the whole city [30].

There are two broad types of UHI, namely Surface Urban Heat Island (SUHI) and
Atmospheric Urban Heat Island (AUHI). The differences within these types have to do
with how they are formed, their impacts, and techniques used for identification and
quantification [31]. An increase in urban surface temperatures creates the SUHI that
is present all day and night and is most intense during the summer. During the day;,
temperatures vary from 10 °C to 15 °C, while during the night-time, it may vary from 5 °C
to 10 °C [32]. Regarding AUHI, two different layers can be distinguished, such as the urban
canopy layer (UCL) and the urban boundary layer (UBL). Former is a near-surface air layer
that extends from the ground to the mean buildings high, above which is a second layer
formed due to emitted heat from the urban surface. Under the influence of air turbulence,
the second layer shapes an urban heat “dome” of warm air over the urban area [33,34].
An urban heat “dome” progresses vertically and then is transferred to the region beyond
as a “plume” of unstable air [35]. The UCL is present mainly in areas of high building
density. In less developed suburban areas, it may be discontinuous or absent [36]. The
UCL is particularly significant as it refers to the air temperature difference 2 m above the
ground where most outdoor activities occur [17]. AUHI is typical and more intense during
the night when temperatures can vary from —1 °C to 3 °C, while during the day; it is small
or does not exist [37]. Air temperatures can be calculated from weather station networks,
while urban surface temperature calculation can be made using thermal infrared remote
sensing techniques [32].

Atmospheric processes in an urban area is studied within the defined climatic scales
and vertical layers (Figure 1). On the horizontal scale, we can distinguish microscale or
street canyon scale, local scale or neighborhood scale, mesoscale or city-scale [31,38]. Due
to the air turbulence, an increase in spatial scale decreases the temperature difference
between UCL and UBL layers [34].



CivilEng 2021, 2

462

A
_I - = = ’.;;rﬂr‘_&__ "'r —_—
! _—

T i Urban “plume”
- ~ ol UL
; ~o Mixing layer
PBL ik
i // UBL .
- Vil . S 1
| - :; l 7 Rural BL
v L Iy . llllllllll. _Suda:e layer, X
Rural Urban ; Rural
2o A _l‘ Microscale
' T
i Inertial ;
- Surface sublayer - 7
layer |
== 2~ oy
Ay | .
‘ Roughness
Y....sublayer

L (..
WY Y o Yieord

Figure 1. Three scales, mesoscale (a), local scale (b) and microscale (c), used to distinguish atmo-
spheric processes in the urban area and the atmospheric layers: planetary boundary layer (PBL), the
urban boundary layer (UBL), urban canopy layer (UCL) (Modified after Nufez Peir6 et al.) [39].

The temperature difference between representative urban and rural weather stations
defines UHI intensity [29]. The UHI intensity varies within the city, where the maximum
value usually occurs in the city centre [40]. Ziter et al. [41] demonstrated that the variation
in daytime air temperature within Madison, United States, was comparable in magnitude
to the temperature difference between the city centre and the surrounding rural landscape.
Besides, the temperature variation in the city was most significant during high-heat events.
The impact of the UHI may extend beyond the local urbanized area. For example, the study
conducted by Cosgrove and Berkelhammer [42] showed that heat in the Chicago urban
atmosphere could be transferred overland for up to nearly 70 km and up to about 40 km
over Lake Michigan.

3. Contribution Factors to Urban Heat Island Formation

According to Oke [35] the potential causes of UHI are listed in Table 1. The contributing
factors to UHI formation can be summarized as follows: the increase in impervious surfaces,
modification of urban geometry, low albedo of urban materials, the increase of population
and release of anthropogenic heat and the absence of vegetation [24,28,35,43-47].

Table 1. Potential causes of UHI [35].

Altered Energy Balance Terms Leadingtoa  Features of Urbanization Underlying Energy
Positive Thermal Anomaly Balance Changes

A. Canopy layer

Canyon geometry—increased surface area and
multiple reflections
Air pollution—greater absorption and
re-emission
Canyon geometry—reduction of sky
view factor
4. Anthropogenic heat source Building and traffic heat losses

1. Increased absorption of short-wave radiation
2. Increased long-wave radiation from the sky

3. Decreased long-wave radiation loss




CivilEng 2021, 2

463

Table 1. Cont.

Altered Energy Balance Terms Leadingtoa  Features of Urbanization Underlying Energy
Positive Thermal Anomaly Balance Changes

Construction materials—increased
thermal admittance
Construction materials—increased
imperviousness
7. Decreased total turbulent heat transport Canyon geometry—reduction of wind speed

5. Increased sensible heat storage

6. Decreased evapotranspiration

B. Boundary layer

1. Increased absorption of short-wave radiation ~ Air pollution—increased aerosol absorption

2. Anthropogenic heat source Chimney and stack heat losses
3. Increased sensible heat input-entrainment ~ Canopy heat island—increased heat flux from
from below canopy layer and roofs
4. Increased sensible heat input-entrainment Heat island, roughness—increased
from above turbulent Entrainment

Based on the review of 75 studies, Deliami et al. [48] determined the most common
contributing factors of UHI such as vegetation cover (44%), season (33%), built-up area
(28%), day/night (25%), and population density (14%). These factors could be classified
as controllable and uncontrollable (Figure 2), which further are divided as temporary
effect variables (e.g., wind speed, cloud cover), permanent effect variables (e.g., green
areas, building material, sky view factor) and cyclic effect variables (e.g., solar radiations,
anthropogenic heat sources) [49,50].

Urban design and structure related }: i Controllable variables l
\ 4 Y
Sky view factor | Green areas | Building materials Population related I

A4
Anthropogenic heat

Air pollutants

___________________

Figure 2. The causes of the Urban Heat Island effect [50].

Urban geometry and density are the factors that influence urban microclimate due
to the trapping of incoming solar and outgoing long-wave radiation, reducing turbulent
transport due to wind shelter and releasing of anthropogenic heat. Further, increases in
urban density are usually associated with changing surface properties due to decreasing
green space and increasing build-up areas [29]. The urban environment comprises various
construction materials in which radiative, thermal, and hydraulic properties differ signifi-
cantly from bare rock, soil, and vegetation [51]. The differences in temperatures across the
urban areas depend on the land cover types [52]. Temperatures of dark, dry impervious
surfaces in direct sunlight can reach up to 88 °C during the day, while vegetated surfaces
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with moist soil under the same conditions might reach only 18 °C [44]. Unlike smooth
rural areas, in urban areas, the airflow is reduced due to the rough surfaces.

Paved surfaces cover a significant percentage of urban areas and play an important
role in UHI formation [15,53,54]. In Chicago, Illinois, paved surfaces (roads, parking areas,
and sidewalks) cover 50-60% of commercial areas and about 27% of residential areas [25].
Similarly, in Sacramento, paved surfaces cover between 44-68% of commercial areas and
28% of residential areas [55].

The thermal behavior of urban materials depends on the thermal physical properties
related to energy transport through a system (e.g., radiation, conduction, convection) and
properties related to the thermodynamic or equilibrium state of a system (e.g., density,
specific heat capacity) [56]. Table 2 shows the thermal properties of some materials used
in building and urban construction. The thermal balance of pavement structure depends
on the amount of absorbed and stored solar radiation, released infrared radiation, heat
transferred by convection to the air, the heat stored in the mass of material, and heat
conducted to the ground [57]. Figure 3 illustrates the pavement surface energy balance.

Table 2. Thermal properties of materials used in building and construction (Modified after Oke) [29].

. . i . Thermal Thermal Thermal

(g[ at;?il) Remarks (& De:s;tyms) ( kS P:CIIille:altog,) ( Heitlgflp icat(};ﬁ) Conductivity Diffusivity Admittance

ry State gm Jkg Jm (W m—1K-1) (m2s-1 x 10-6) (J m-2s-12)
Asphalt 2.11 0.92 1.94 0.75 0.38 1205
Aerated 0.32 0.88 0.28 0.08 0.29 150

Concrete

Dense 2.40 0.88 211 1.51 0.72 1785
Stone Av. 2.68 0.84 225 2.19 493 2220
Brick Av. 1.83 0.75 1.37 0.83 0.61 1065
Clay tiles 1.92 0.92 1.77 0.84 0.47 1220

The ability of materials to capture heat depends on thermal inertia in addition to other
thermal properties. Thermal inertia is related to the ability or material to resist a variation
in heat flow or temperature and is defined as the speed at which a material cools or heats
up. Thus, inert material is a material that takes a long time to reach a new equilibrium
temperature when subjected to a thermal perturbation [58,59].

Urban construction materials have a higher heat capacity and can store more heat than
natural materials, such as trees, dry soil, and sand. Urban pavements with low thermal
conductivity can heat up at the surface but will not transfer heat into the other pavement
layers as fast as the pavement with higher conductivity. The thermal conductivity of
pavement depends on the type of mixture, aggregates used, percentage of each component
in the mixture, and its compaction level. Regarding aggregate base materials or subgrade
materials, the thermal conductivity depends on factors such as type of material, mineral
content, moisture content, particle size, and overall density. Besides, the thermal behavior
of pervious material depends on its porosity which influences surface energy fluxes [27,60].
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Figure 3. Pavement surface energy balance (Modified after Hu et al.) [61].

The porosity of permeable pavements typically ranges between 10% and 30%, while
the saturated liquid permeability ranges between 5 x 107° and 4 x 1072 s. The con-
ventional dense pavement has porosity lower than 10%, and the liquid permeability is
several orders of magnitude smaller [62]. Both higher porosity and higher permeabil-
ity of the pavements enhance the evaporation rate and promote the evaporative cooling
effect [63-65].

The transport of energy through the pavements related to radiation depends on albedo
and emissivity. A part of solar radiation that reaches the pavement surface will be absorbed
by the surface resulting in increased pavement thermal energy. The absorption rate per
unit surface area ranges from zero to one, where zero indicates no energy absorption
by the surface [60]. An indicator of the energy reflected by the surface called albedo is
measured on a scale from zero to one, where zero indicates that the surface absorbs all solar
radiation and one that total solar radiation is reflected [64]. The albedo tends to change
over time due to the ageing of the material, weathering, and dirt accumulation [65]. A part
of the absorbed energy is stored within the pavement and emitted continuously into the
atmosphere. The energy emitted per unit surface area is called emissive power. Emissivity
refers to the ratio of energy radiated by the surface compared to the radiation emitted
by a black body at the same temperature and determines the contribution of material to
the UHI [60,64,65]. Table 3 shows typical values of albedo and emissivity for a variety of
urban surfaces.

Table 3. Typical values for emissivity and albedo (Modified after Bradley et al.) [66].

Surface Albedo Emissivity
Asphalt 0.125 0.95
Concrete 0.225 0.805
Brick 0.3 0.91
Stone 0.275 0.9
Glass 0.305 0.895
Wood 0.15 0.9
Tile 0.225 0.9
Tar roof 0.13 0.92
Forest 0.15 0.97

Water 0.5 0.97
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Compared to conventional concrete pavements, pervious concrete pavements have
lower reflectivity, heat volumetric capacity, thermal conductivity, and absorb additional
heat. The reflectivity of pervious concrete determines the reflectivity of aggregates, binders,
and voids [12,67]. The higher porosity pavements have a larger surface temperature than
lower porosity pavements as they have higher thermal diffusivity, which decreases by
porosity increase [62]. Void structure and the rougher surface of pervious pavement can
reduce the surface’s net solar reflectance, thermal conductivity, and heat capacity, resulting
in higher surface temperature than conventional pavement [64]. Gui et al. [68] analysed
near-surface temperatures of pavement material with different thermophysical properties.
The results showed that both albedo and emissivity have the highest positive effects on
pavement maximum and minimum temperatures, respectively. At the same time, the
increases in thermal conductivity, diffusivity, and volumetric heat capacity decreased the
maximum but not the minimum pavement near-surface temperature.

4. Consequences of the Urban Heat Island

One of the most important factors influencing the quality of life in urban areas is
the urban microclimate [69]. The elevated temperatures in urban areas impact urban
environmental quality and human well-being [70]. The consequences of the UHI are
various such as degradation of the living environment, increased cooling energy usage
and associated costs, intensification of air quality problems (e.g., the formation of large
amounts of smog and air pollutants), impact on human health, comfort, and increased
thermal stress and water quality deterioration [70,71].

4.1. Human Comfort and Health

Globally, heat extremes have adverse effects on human health and well-being, cause
human discomfort and heat stress [72,73], and increase the risk of heat-related mortality
[21,74,75]. According to Goggins et al. [76], in areas with high UHI intensity, a 1 °C rise
above 29 °C can increase mortality by 4.1%. Murage et al. [77] found that heat exposure
during the night contributes to heat-related mortality, and the impact is most prominent
when hot nights follow hot days. Human thermal comfort refers to a condition in which
the human body expresses satisfaction with the thermal environment and depends on
the combined effect of air temperature, wind speed, air humidity, and radiation [72].
Outdoor thermal comfort is predominantly associated with the UHI phenomenon [78]. In
summer, urban areas show a larger number of discomfort hours than the rural reference
area. Thermal comfort during the daytime is mainly related to differences in wind velocity,
while during the night-time, urban characteristics have a dominant role [79-83]. High
temperatures in urban areas increase residents’” vulnerability to heat waves and climate
warming [41]. The health effects of UHI can be direct (e.g., increased mortality and
morbidity rate in population, lower life satisfaction) and indirect, such as cardiopulmonary
disease, ischemic heart disease, cerebrovascular disease, respiratory disease, heat stress,
sleep deprivation, and less activity during the hot period [21]. The UHI effect may increase
the risk of illness and death for vulnerable urban populations [80]. Most heat-related
mortalities were typical for developing countries with a high urbanisation level [81].

Extreme events such as heat waves significantly impact human life and are among
the most harmful climate extremes to human society [82]. Climate change will impact
heatwaves and make them more frequent, long-lasting, and more intense [19]. Further,
the UHI effect may potentially increase the magnitude and duration of heat waves [27].
Zhao et al. [82] indicated that cities in temperate climate region show significant synergistic
effects between UHI and heatwaves during the daytime. The simultaneous occurrence
of the UHI effect and heatwave exacerbates thermal stress [82,83], particularly under
anticyclonic conditions with low or negligible wind speeds, and can cause high mortality
of highly vulnerable population groups [33]. In August 2003, during the heatwave in
Europe 35,000 people died, of which in France 14,802, Germany 7000, Spain 4230, Italy
4175, UK 2045, Netherlands 1400, Portugal 1316, and Belgium 150 [84]. Anderson and
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Bell [74] analyzed mortality risk for heat waves in 43 U.S. cities during 1987-2005 and
found that mortality increased 3.74% during heat waves compared with non-heat wave
days. Heaviside et al. [75] studied the impact of UHI on heat-related mortality during the
heatwave of 2003 in the West Midlands, England. They estimated that the contribution
of UHI to total heat-related mortality was nearly 50%. As the frequency of heatwaves is
expected to increase in the future, extreme events such as heatwaves in Europe from 2003
could occur every two years by 2040 [75].

4.2. Energy Consumption

One of the most critical factors that increases energy use in urban areas is the formation
of UHI [28]. Higher air temperature can double energy consumption due to the increased
use of cooling systems in commercial and residential buildings [14,57]. The elevated air
temperatures can increase the maximum energy consumption for air conditioning by 5 to
10% [85]. According to Akbari et al. [25], each 1 °C rise in daily maximum temperature
beyond a threshold of 15 °C to 20 °C may increase maximum energy consumption by 2% to
4%, respectively. Decreasing outdoor temperature by 1 °C during peak time, cooling energy
consumption could be decreased by 6% [86]. The monthly cooling load in the dense urban
area can be approximately 120% higher, while the heating load can be around 38% lower
than in suburban reference areas [87]. Based on the analysis of a significant number of
studies during the period 1970-2010, Santamouris [88] showed that the average increase of
the cooling demand of representative buildings was close to 23%, while the corresponding
average reduction of the heating load was around 19%. In the Athene, Greece, where UHI
intensity was higher than 10 °C, the cooling demand of urban buildings doubled, and
the peak electricity load for cooling tripled [87,89]. Arifwidodo et al. [21] investigated the
effects of UHI on household energy consumption in Bangkok, Thailand, and Bandung,
Indonesia. Their findings indicated that urban areas with a higher magnitude of UHI have
higher energy consumption than suburban areas. Roxon et al. [86] studied the impact of
outdoor air temperatures on energy consumption in the residential buildings of 48 US states
for 12 years. They found that the UHI effect on the environment can be negative or positive
depending on the region’s climate and the types of fuels used for heating and cooling.
Their results showed a significant correlation between cooling energy consumption and
air temperature for areas situated in warm climates. Contrarily, for the areas located in
cold climates, the UHI formation can significantly reduce the energy demand for heating
of buildings and subsequently reduce carbon footprint [86].

4.3. Air Pollution and Greenhouse Gas Emission

Elevated air temperatures increase electricity generation by power plants, leading
to a higher level of air pollution and greenhouse gas (GHG) emissions [37]. Such con-
ditions increase the rate of ground-level ozone formation, one of the major components
of photochemical smog that is harmful to the environment. Photochemical smog is pro-
duced in photochemical reaction when primary air pollutants (e.g., carbon monoxide (CO),
carbon dioxide (CO;) sulfur dioxide (SOy), nitrogen oxides (NOy), suspended particu-
late matter, and volatile organic compounds (VOCs) react with secondary air pollutants
such as NO, and ozone (O3) [14,20,84]. According to Akbari [85], smog incidence in Los
Angeles increases by 5% for every 1.8 °F rise in air temperature when temperatures are
higher than 72 °F.

Between 1950 and 2011, approximately 40% of CO, emissions have persisted in the
atmosphere [89]. Average summer temperatures are expected to increase by 2.5 °C to 3 °C
by the 2050s, as well as a high CO, emission. Additionally, an increase in the number of
days per year is expected, with temperatures higher than 30 °C [24]. Kolokotroni et al. [90]
conducted a computational study on the energy consumption and related CO, emissions
for heating and cooling of an office building within the UHI of London. The results showed
that heating load decrease while cooling load and overheating hours increase as the office
location moves from rural to urban areas. As overheating will increase in the future, such
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conditions might lead to a five-fold increase in CO, emission for city-centre offices in
London in 2050.

4.4. Surface Water Quality Deterioration

The temperatures of urban surfaces such as pavement and rooftop during the warm
summer period can reach 27 °C to 50 °C higher than air temperatures [91]. High tempera-
tures of urban surfaces can increase stormwater runoff temperatures and cause thermal
pollution of receiving water bodies [22,23]. The amount of heat transferred to the stormwa-
ter runoff depends on watershed characteristics (e.g., land use, land cover), characteristics
of the rainfall event, and weather conditions before the storm event [91-93]. The maximum
increase in urban steam water temperatures is related to increased impervious surfaces
of the urbanized catchment [22]. The impact of stormwater pollution on the stream can
be more adverse when the total impervious area exceeds approximately 10% [91], when
atmospheric air and dew point temperatures are higher than stream temperature, and
when rainfall events are short with full or partial sunny periods before storm event [92].
According to Xie et James [23], impervious surfaces and meteorological conditions are
among the factors that have the most significant influence on urban stream temperatures.
Generally, the average urban stream temperature increases linearly with increasing water-
shed imperviousness. The increase of impervious surface by 1% will increase the average
urban stream water temperature by 0.08 °C.

James and Verspagen [93] studied thermal enrichment of surface runoff from impervi-
ous asphalt and porous concrete block pavement. The observed surface temperature of the
asphalt pavement and permeable pavement was 36.9 °C and 40 °C, respectively. The results
showed that the surface runoff temperature from the permeable paving was between 2 °C
and 4 °C lower than the surface runoff from the asphalt paving. According to a study
conducted in Arlington, Virginia, heavy summer rain events increased the surface waters’
temperature up to 4 °C [37]. Elevated air temperatures followed by heat waves combined
with heavy rainfall events influence the entire aquatic food web and concentrations of
nutrients and pollutants. Increases in a water temperature increase the mineralization rate
of organic matter, leading to nitrogen, phosphorus, and carbon releases. Besides, it can
directly decrease oxygen concentration, or this impact can be indirect through increasing
biological respiration rates [94]. Oxygen depletion is particularly problematic during the
summer and early autumn when bacterial activity and organic matter content are high,
and water temperature is increased [11].

Elevated water temperature and altered thermal regimes can cause stress, mortality,
or loss of fish species diversity [91]. Due to the impact of climate change, it is expected that
lake temperature will increase up to 2 °C by 2070 [94]. Nelson and Palmer [95] reported
that headwater streams might be more impacted by urbanisation than by climate change.

5. Strategies for Mitigating UHI Effects

The UHI effects can be reduced by proper landscape design in urban planning [1]. As
the UHI is more evident at night, “a nighttime-cooling effect should be the norm, rather
than an exception, for any potential UHI mitigation strategy” [96]. To mitigate urban heat,
Martilli et al. [97] stated that “the need for mitigation, the degree of mitigation needed, and
the efficacy of a mitigation strategy must depend only on the thermal characteristics of the
urban area, and not their difference from those of the surrounding rural areas”. Various
strategies can be used to mitigate UHI, such as installing cool or vegetated green roofs, plant
trees and vegetation, and replacing typical paving surfaces with cool pavements [98-100].
Razzaghmanesh et al. [101] stated that green roofs could be an effective strategy to mitigate
the UHI effects. They reported that covering 30% of the total roof area with green roofs
could reduce surface temperature by 0.06 °C. A recently published study showed that
planting trees in urban areas can significantly reduce air temperatures during hot days
with a maximum temperature above 30 °C [102].
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Cool pavements represent various materials and technologies used in pavement
modification to lower their surface temperature and the quantity of heat released from
their surface compared to traditional pavements [37].

In order to create cool pavements, different mechanisms can be employed, such as
increasing surface reflectance, which reduces solar radiation absorbed by the pavement;
increasing permeability, which promotes evaporation and therefore cools pavement; and
use of the composite structure for noise reduction, which can emit lower levels of heat
at night [54,58,103]. Replacement of fraction of pavements material with materials that
modify pavement thermal conductivity and heat capacity can reduce pavement surface
temperatures. Replacing the part of limestone aggregates with graphite in a hot mix asphalt
can reduce pavement surface temperatures between 2 °C and 4 °C [104]. Modification
of hot mix asphalt using graphite powder can increase thermal conductivity by 43% and
increase the temperature by 1.5 °C compared to conventional asphalt [105].

Regarding the use of cool pavements, the investigation has been mainly focused
on reflective and permeable or water-retentive pavements [58,81]. Reflective pavements
reduce their surface temperature by combining high solar reflectivity with high emissivity
to dissipate solar radiation, while permeable or water-retentive pavements reduce their
surface temperature by the evaporative cooling process [58].

5.1. Reflective Pavements

Due to the higher albedo, light-color materials absorb less sunlight than dark-color
materials and consequently stay cool [71,73,99]. White roofs and light-colored pavements
absorb only 30-65% of sunlight, whereas dark pavements and roofs absorb 80-90% of
sunlight [106]. Asphalt and concrete are the most common paving materials in urban areas.
The albedo of asphalt ranges from 0.05 for fresh asphalt [107] to 0.20 for aged asphalt, while
concrete albedo ranges from 0.25 to 0.30 [108].

Using cool materials with high reflectivity and high emissivity can ameliorate thermal
conditions in urban areas [63,100,109], improve air quality, and reduce electricity demand
for air conditioning [17,25,110,111]. An increase in albedo for 0.25 can lower pavement
surface temperature by 10 °C [25]. Replacing asphalt pavements with more reflective con-
crete pavements can reduce surface air temperature by 0.20-0.40 °C [17]. Increasing albedo
by 0.01 of 1 m? urban surface in hot and temperate regions could decrease the long-term
global temperature by about 3 x 10~!° K and reduce CO, emissions by 6.5-7.5 kg [110]. A
simulation-based study of Los Angeles showed that an increase in albedo by 0.3, through
the development of 25% of the city, would result in 12% decrease in population-weighted
ozone exceedance of California air quality standard. Using cooler pavements could save
an estimated 100 MW of peak power in Los Angeles [25]. Increasing pavement albedo by
0.2 in Boston, Massachusetts, could impact building energy consumption and lower GHG
emissions for a 50 years analysis period. Increasing the albedo of 1100 miles of roads could
reduce carbon emissions by 91,720 metric tons [111].

The development of reflective pavements can be achieved using highly reflective
white coatings, infrared-reflective colored pigments, and using pavements ingredients that
contain reflective and color-changing paints [58].

Karlessi et al. [54] investigated the effect of colored thin layer asphalt samples such
as off-white, yellow, beige, red, and green on surface temperatures. They found that all
colored samples have lower surface temperatures compared to conventional asphalt. As
expected, the conventional asphalt had the lowest solar reflectance of 0.04 and maximum
daily surface temperature of 60 °C, while the highest solar reflectance of 0.55 had off-white
thin layer asphalt with a maximum daily surface temperature 48 °C.

Besides the benefits of high albedo pavements, they may increase pedestrian thermal
stress and thermal discomfort due to the absorption of reflected solar radiation. The use of
light-colored pavement on roads provides less lane demarcation due to the low visibility of
white lines, potentially increasing driving risk [112]. The potential glare associated with
driving over a surface with very high albedo (>0.50) is a factor that should be considered
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in the application of highly reflective pavements. Besides, the glare issue is the possibility
that highly reflective pavement may significantly improve night-time visibility or diminish
street lighting demands [54,113].

In order to avoid the disadvantages of high reflective pavement, Kinouchi et al. [114]
developed dark-colored paint coatings with a high albedo and low brightness and applied
them to the conventional asphalt pavements. The target value of the brightness index
(L*) was approximately 40 or below. They selected trial paint coatings with albedo and L*
values in the range of 44% to 51% and 37 to 41, respectively (Figure 4). The results showed
that the temperature of the paint-coated pavements was about 15 °C lower than that of
conventional asphalt pavement. Additionally, the paint-coated pavements could provide a
cooler sensation for urban residents than conventional pavements.

According to the US Green Building Council, the solar reflectance index (SRI), based
on albedo and emissivity, was accepted as a methodology to determine the “coolness”
of various pavements. When the SRI is greater than 29, pavements should be ranked
as highly reflective. However, the thermal behavior of pervious pavement is related to
porosity, and therefore, the methodology based only on SRI is shown not to be appropriate
to determine the “coolness” of pavements accurately. Haselbach et al. [12] showed that
the thermal behavior of pervious concrete pavement (PC) was comparable to a traditional
concrete pavement (TC) with a similar material mix regarding heat gain and loss despite
their SRI differences. The SRI of PC and TC was 14 and 37, respectively. Therefore, based
on additional criteria such as porosity, PC should be considered as a cool pavement.

o
k-1
E
(I TargetL®40  Okmawa, 7/24/2003
= _ #-—= Nol1l13, Mo 120
= £
'!E' Baseline
w 16 | L 2
B v, Prototype N-60
g 14 |
g |
H 10 |
20 30 40 30 &l 70

Dark <— Brightness index (L¥)  —3 Bright

Figure 4. The relation between L* value and reduction of pavement surface temperatures (Black
circles indicate high-quality coatings in terms of brightness and albedo) [114].

The relation between albedo and porosity of permeable concrete is investigated by
Zhang et al. [67]. Their results showed that with increases of porosity, the albedo decreases
linearly. Compared to conventional dense concrete, the albedo of porous concrete was
about 0.05-0.15 lower.

In the field study, Yang et al. [96] investigated the influence of albedo, heat capacity
and porosity of ground cover materials such as landscape gravel, green turf, concrete,
pervious concrete, asphalt, and porous asphalt on their surface temperatures (Figure 5).
The maximum measured surface temperature was at the green turf due to the lowest
albedo. On the other hand, the concrete pavement has the highest albedo, and hence the
surface temperature was the lowest. The higher heat capacity of concrete and asphalt
pavements makes them retain more heat than other materials, and thus they had higher
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surface temperatures, while surface temperatures over green turf and gravel decreased
rapidly. Due to the influence of porosity, the surface temperatures of pervious concrete and
pervious asphalt, compared to concrete and asphalt pavements, were higher during the
day. Contrary, during the night, their surface temperatures were lower. The higher void
content and airflow within porous pavement structures provide faster heat dissipation
than the traditional pavements, and hence their surface temperatures are lower at night.
The results indicated that the impact of reflective pavements on air temperatures could be
negligible in the presence of turbulent mixing near the surface that diminishes the effect of
surface albedo. The air temperatures at 5 feet over six ground cover materials were quite
similar, despite the differences in their surface temperatures (Figure 6).

In the lab-scale experiment, Hendel et al. [115] studied the thermal behavior of five
different Parisian pavement structures under heatwave like conditions. To investigate the
impact on air temperatures, they studied the thermal properties of surface materials and the
underlying layers of pavement structures. They measured the temperature and heat flow
at different depths. The studied samples, such as asphalt road, asphalt sidewalk, stabilized
sand, granite sidewalk, and grass, are shown in Figure 7. The measured albedo and
emissivity (¢) values for the surface materials of asphalt road, asphalt sidewalk, stabilized
sand, and granite sidewalk were as follows: 0.084 (e = 0.98), 0.101 (e = 0.98), 0.581 (¢ = 0.92),
and 0.343 (e = 0.99), respectively. Based on measured surface temperature, at the end of the
day phase, the samples are divided into three groups: “hot” materials such as the asphalt
road and sidewalk, whose temperature was above 60 °C, “cool” materials such as stabilized
sand and granite sidewalk, with the temperature below 55 °C, and “very cool” materials
such as grass with the temperatures below 40 °C. At night, the samples are divided into
two groups: “cool material” such as the stabilized sand and grass samples and “warmer
materials” such as all other samples.
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Figure 5. Surface temperature of six types of ground cover materials [96].

The results showed that low albedo materials influenced the most atmospheric heating.
Under the air temperature of 35 °C and spectral irradiance of 320 W/m?, for every 0.1
increase in albedo, the daily maximum surface temperature is decreased by nearly 3.4 °C.
Such behavior is expected for each sample except for the granite sidewalk structure, which
showed similar behavior to dark structures during the night phase. This is explained
by the high effusivity and high diffusivity of granite material. Granite structures could
quickly store a large portion of the absorbed radiation in depth during the day while at
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night, quickly release accumulated heat. To demonstrate the ability of samples to transmit
absorbed radiation in depth, the authors used a solar transmission index (7) that depends
on depth, albedo, emissivity, the thickness and conductivity of the overlying material
layers. Under the same incident radiation, the surface layers that are more conducive and
have more absorbent surfaces have the greatest heat flow transmitted inside the structure

(Figure 8).
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Figure 6. Air temperature at 5 feet over six ground cover materials [96].
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Figure 8. The ratio of heat flow to irradiance as a function of solar transmission index (Modified after Hendel et al.) [115].

Stempihar et al. [60] used a one-dimensional pavement temperature model to investi-
gate the thermal behavior of porous hot mix asphalt (PHMA), hot mix asphalt (HMA), and
Portland cement concrete (PCC). The results indicated that the albedo has the most signifi-
cant impact on the maximum daily temperature of all pavement surfaces. Nevertheless, the
type of material and properties of the pavement structure significantly impact the minimum
night-time temperatures. The comparison between different pavement layer thicknesses
indicated that the surface temperature decreases as the pavement thickness increases.

Environmental impacts of reflective pavements are site-dependent and influenced by
various urban environmental factors, such as geographical locations, local climate, urban
morphology, and building characteristics [112].

Yaghoobian and Kleissl [116] investigated the effect of albedo changes on building
thermal loads using the Temperature of Urban Facets Indoor-Outdoor Building Energy
Simulator (TUF-IOBES). A case study is conducted in Phoenix, Arizona, for a four-story
office building with an 1820 m? floor area and 47% window to wall ratio. The results
showed that increasing pavement albedo from 0.1 to 0.5 peak cooling demand increases by
5.3-10.6% (613 Wm~2) in pre-1980 buildings and 7.1-10.9% (5.2-8 Wm~2) in post-1980
buildings. They stated that the application of reflective pavement to mitigate UHI with
nearby air-conditioned buildings is not recommended. On the roads without nearby air-
conditioned buildings, they can decrease air temperatures and energy use in the downwind
of urban areas.

The use of reflective pavements in colder climates during the winter period can
increase maintenance costs and environmental impacts associated with ensuring a safe
winter roadway or walkways. Below 15 °F, the use of deicing salts on snow-covered roads
is not as effective, and additional chemicals are required and can negatively impact nearby
soils, vegetation, water, and vehicles [96].

5.2. Permeable Pavements

Permeable (pervious) pavements typically include porous hot warm or mix asphalt
pavement, pervious Portland cement concrete, permeable interlocking concrete pavement,
and concrete/plastic grid systems [117]. Like conventional pavements, permeable concrete
and porous asphalt pavements consist of a mixture of cementitious materials except for
a fine aggregate fraction that is reduced, and therefore the percentage of void spaces is
increased [118]. Pervious pavements are designed to carry light-duty and low-speed traffic,
such as pedestrians and vehicles on local streets and parking lots [71]. They are composed
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of a permeable surface that allows water to infiltrate into the subbase layers [119], consisting
of coarse aggregate materials (Figure 9). The water is stored in an aggregate reservoir from
where it is either conveyed to a stormwater drainage system or left to infiltrate into the soil
below [120].
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Figure 9. Cross-section of a typical permeable pavement (Modified after Zhang et al.) [67].

Compared to impermeable pavements, permeable pavements have various environ-
mental benefits such as:

1.  Effective stormwater management as they can significantly diminish the impact of
urbanisation on a hydrological cycle by influencing several factors such as rainwater
infiltration and groundwater recharge, surface runoff reduction [121], and water
purification [122].

2. Effectively ameliorate urban microclimate through the evaporative cooling process.
Due to higher water retention capacity and higher volume of interconnected voids,
they have a higher evaporation rate than other conventional pavements [71,121,123].
In urban areas with extensive impervious surfaces, low evapotranspiration rate is a
major factor in increasing daytime temperatures [15].

3.  They can reduce energy consumption and GHG emissions by 73.48% and 46.70%,
respectively [123].

Compared to the impermeable pavement, permeable pavements could have higher
water retention capacity and higher evaporation rates up to 3.8 L/m? and 16%, respectively.
The cooling effect could last a few days after rain events [124].

Kevern et al. [125] studied the effect of porosity of concrete pavement on their capacity
to store heat. They compared pervious pavements with a porosity of 31% and traditional
concrete pavements with a porosity of 5%. The experimental conditions were as follows:
five days period, the air temperature greater than 32 °C, and seven days of antecedent
precipitation. Measuring stored heat was at a depth of 60 cm below the surface, where the
difference in temperatures was less than 1 °C. Results showed that permeable concrete
pavement stores 12% less energy than the traditional one.

Hu et al. [61] investigated the thermal behavior of porous Portland cement concrete
pavements (PPCC) made of different concrete types and Portland cement concrete pave-
ments (PCC) as a reference. Due to the large amount of connected porosity of porous
PPCC, the specific heat capacity was lower for about 12.4% to 20.0% compared to PCC.
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The surface and internal temperatures of the PPCC increased faster in the sunny day-time
and decreased faster in the night-time. Regarding the influences of different concrete types
on near-surface temperatures, a comparison between PPCC and PCC showed that the
former’s total output heat flux was lower, with a more significant difference during the
night period.

During a 15-month field experiment on six different locations, Cheng et al. [126] com-
pared surface temperatures of pervious asphalt pavement (PA) and permeable interlocking
concrete pavement (PICP) with traditional materials. Compared with conventional mate-
rials, during the summer period, the recorded drop in temperature for PA and PICP was
3.9 °C and 6.6 °C, respectively. Regarding the winter period, the reduction in temperature
was 0.7 °C and 0.6 °C, for PA and PICP, respectively.

Wang et al. [123] investigated the influence of water absorption and albedo of pave-
ment materials on the pavement surfaces temperature and air temperature. Two types of
pavement materials, such as sintered ceramic bricks (CB) and open-graded concrete (PC),
were studied under dry and wet conditions. A dense concrete (DC) was used as a reference.
A partial immersion test results showed that CB had a higher water absorption coefficient
and water-retaining capacity than PC and could transport more water for evaporation.
Therefore, optimisation of water absorption properties of permeable materials could pro-
long evaporative cooling. Under wet conditions, CB’s surface temperature was lower for
about 10 °C compared to 5 °C for PC. The cooling effect of CB could last three days longer
than that of a PC. The latent heat flux of CB increased to 41.4% and of PC 29.62%. However,
compared to DC due to its higher albedo, CB and PC’s cooling effect did not show good
performance. CB could keep the temperature low for only one day and PC only for a few
hours. The near-surface air temperature over the CB, PC, and DC were almost the same as
the size of the samples had a limited influence.

To enhance the understanding of the impact of water absorption on the evaporative
cooling effect of pavement, Wang et al. [127] used similar colored pavement materials with
different pore sizes and geometry and similar hydrophilicity. They tested three pavement
materials such as sintered ceramic pervious brick (CB), pervious concrete brick (PB), and
open-graded pervious concrete (PC). CB had the highest value of the absorption coefficient
of 2.040 kg /m?s%> and could hold more water. This value was lower about 30 and 204 times
for PB and PC, respectively. Pervious materials of CB with smaller pore size around
100-200 pm uniformly distributed have shown better water absorption properties when
compared with materials that have larger pore size and nonuniformly pore size distribution.
CB and PB better absorption properties resulted in lower surface temperature by 20 °C
and 12 °C, with a cooling period of 16 h and 12 h, respectively. PC showed a weak cooling
effect of 2 °C, which only lasted for 4 h.

To evaluate the influence of permeable pavements on near-surface air temperature,
Li et al. [71] studied cooling effects by changes of pavement albedo under wet and dry
conditions. Their results showed that pavements with an albedo of 0.18, 0.26, and 0.29 had
surface temperatures of 59 °C, 50 °C, and 44 °C, respectively. Under dry conditions, perme-
able pavement’s surface temperature was higher for about 5 °C compared to impermeable
pavement. Contrary, during wet periods, due to the evaporation of the available moisture,
the cooling effect occurred, and the surface temperature of permeable pavement was lower
by about 5 °C (Figure 10).

Li et al. [71] stated that improving the capillary effect or introducing water into
the pavement could enhance permeable pavements’ cooling effect. Besides, to provide
wet conditions of permeable pavement during warm periods without precipitation, they
suggested using a landscape irrigation water runoff.

Qin and Hiller [128] showed that after wetting permeable concrete pavements, the
surface temperature could be reduced by about 8 to 10 °C, and pavements could remain
cool for about 12 to 24 h (Figure 11). After this period, the surface temperature rises
similarly to that of conventional concrete. Additionally, the evaporative cooling effect of
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permeable concrete pavement takes place only if their surface is periodically wetted and
when water is at or close to the surface (0 or 25 mm).
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Figure 10. Thermal performance of permeable pavement (B3) with and without irrigation compared
to the impermeable pavement (B1) for four days in July 2012 (the time unit above mm/dd indicates

hours with 00 representing midnight) [71].

------ Conventional Pervious,Wetting — Dry pervious
400 T T T

- 300 (b)

o

£

= 200

=3

w 100

0 = -
Jul 01 Jul 02 Jul 03 Jul 04 Jul 05

Figure 11. Thermal evolution of concrete at midnight, (a) temperature evolution, and (b) release of
sensible heat [128].

The presence of moisture in the porous pavement is an important factor that provides
cooling benefits. The sufficient capillary pressure needed to store water on the surface
of the pavement structure could be provided by the presence of both small and large
voids through which water will not quickly infiltrate. Accordingly, more moisture will be
available for the pavement’s cooling effect [129].

According to Karasawa et al. [130], water-retentive concrete block pavement (WRP)
could be used to prevent the rise in pavement surface temperature. WRP has a water
retention capacity of 15% and water absorption of 70%. They compared WRP cooling
performances to standard interlocking block pavement (SP), permeable interlocking block
pavement (PP), and dense-graded asphalt pavement (DP). The results showed that after
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spraying water over the pavements, the water evaporation from WRP was higher than
for SP or PP. Additionally, under the higher evaporation rate, the road temperature was
lower (Figure 12). WRP, whose absorption height was higher, had a lower road surface
temperature (Figure 13).
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Liu et al. [131] developed evaporation-enhancing permeable pavement using hy-
drophilic materials, including hydrophilic geotextile, fine sand laying course, and water-
holding pavers. In addition, the capillary columns made of figuline are installed in the
aggregate subbase (Figure 14).
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Under such conditions, the water absorption capacity increased. Besides, due to the
good capillary capacity of figuline columns, captured water can be lifted to the pavement’s
surface to a high of 30 cm within 5 h, providing more moisture for evaporation. Compared
to conventional permeable pavement made of fine concrete, the figuline pavement’s cooling
effect was more significant due to improved water absorption capacity. The evaporative
cooling of figuline pavement was about five days longer than conventional permeable
pavement, and it was cooler than conventional permeable pavement for 9.4 °C (Figure 15).
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Figure 15. Surface temperature variations of figuline (F1) and conventional concrete pavements
(C1) with capillary columns when compared with their controls (FO and C0) without capillary

columns [131].

Li et al. [64] studied the relationship between pavement permeability and air void
content with evaporation rate. They compared the evaporation rate of two concrete
pavements, in which compactness was different due to the different sizes of aggregates
used with open-graded asphalt concrete pavement. Simulated experimental conditions
of water infiltration within permeable pavements were similar to those that occur after a
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heavy rain event or extensive irrigation. The results showed positive correlations of the
air void content and permeability with the evaporation rate. A small air void content and
low permeability tend to block water evaporation from the materials and seal the moisture
inside the materials [63].

6. Conclusions

The UHI phenomenon, its causes, and consequences, such as the impact on human
health and thermal comfort, increased cooling energy consumption, air pollution, and
surface water quality deterioration, are well documented in the literature.

Low-albedo impervious surfaces such as sidewalks, roads, and parking areas cover a
significant percentage of urban surface and hence play an important role in UHI formation.
Therefore, proper landscape design in urban planning, using cool pavements, such as
highly reflective and permeable pavements, could be a potential strategy to ameliorate
urban microclimate.

Pavement surface temperature depends on the thermal properties of materials on
the surface and underlying layers of pavement structures. Therefore, these properties
determine the influence of pavement on air temperatures.

Environmental impacts of reflective pavements are site-dependent and influenced
by urban environmental factors, such as geographical locations, local climate, building
characteristics, and urban morphology. Using reflective pavement in areas with nearby
air-conditioned buildings is not recommended because reflected radiation from high albedo
pavements may increase the temperatures of the building. Additionally, it may increase
pedestrian’s thermal stress and thermal discomfort.

In recent years, permeable pavements have been attracted much attention as a po-
tential measure to ameliorate urban microclimate due to their ability to reduce surface
temperature by the evaporative cooling process. Compared to conventional concrete pave-
ments, perevious concrete pavements have lower reflectivity, heat volumetric capacity
and thermal conductivity and tend to absorb additional heat due to the higher porosity.
Numerous studies have shown that permeable pavements in dry conditions contribute to
UHI formation, while under wet conditions they can lower air temperatures. The higher
void content and airflow within porous pavement structures provide faster heat dissipation
than the traditional pavements, and hence their surface temperatures are lower at night.

The evaporative cooling of permeable pavements depends on porosity, moisture
content and evaporation rate. Periodically watering the pavement surface is required to
provide sufficient moisture and improve pavement cooling performance.

Optimization of permeability, air voids content, water absorption, and the capillary
effect, or introducing water into the pavement may increase the evaporative rate and
improve the cooling performance of permeable pavements.

Different mechanisms that modify radiative and thermal properties in both reflec-
tive and permeable pavement could be employed and combined and be further engi-
neered solutions in developing and optimizing pavement structure that can ameliorate
urban microclimate.

Previous studies showed that field measurements and lab-scale experiments could
provide significant information on the thermal and hydraulic behavior of cool pavements.
However, they are time-consuming and document only the behavior under the actual
meteorological conditions. Furthermore, using in-situ experiments to evaluate the impact
of surface temperature and evaporation on air temperature for natural urban environments
cannot be easily conducted [63]. Therefore, to assess the efficiency of combined strategies of
reflective and permeable pavements as potential UHI mitigation measures, further research
should be conducted using experimental models or numerical simulations.
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