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Abstract: Many cities of the world suffer from air pollution because of poor planning and design
and heavy traffic in rapidly expanding urban environments. These conditions are exacerbated due
to the Urban Heat Island (UHI) effect. While there have been studies linking the built environment
and air pollution with health, they have ignored the aggravating role of UHI. The past urban
planning literature in this field has also ignored the science of materials, vehicles and air pollution,
and technological solutions for reducing cumulative health impacts of air pollution and UHI. Air
Pollution, built environment and human health are complex discussion factors that involve several
different fields. The built environment is linked with human health through opportunities of physical
activity and air quality. Recent planning literature focuses on creating compact and walkable urban
areas dotted with green infrastructure to promote physical activity and to reduce vehicle emission-
related air pollution. Reduced car use leading to reduced air pollution and UHI is implied in the
literature. The literature from technology fields speaks to the issue of air pollution directly. Zero
emission cars, green infrastructure and building materials that absorb air pollutants and reduce UHI
fall within this category. This paper identifies main themes in the two streams of urban air pollution
and UHI that impact human health and presents a systematic review of the academic papers, policy
documents, reports and features in print media published in the last 10–20 years.
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1. Introduction
1.1. Air Pollution and Urban Heat Island Effect in Contemporary Cities

During the COVID-19 lockdown in 2020, the snow-covered peaks of the Himalayas
were visible from Punjab in India for the first time in 30 years. It was a joyous occasion
for people in the region who could enjoy much better air quality. Indian citizens were not
alone in being able to breathe easier: the experience was shared in many other parts of
the world [1]. Air filled with smog and pollutants in numerous cities harms the health of
millions of their residents [2].

Humanity’s migration from rural to urban areas has been a continuous phenomenon
that accelerated with the advent of industrial age in the 18th century. The tipping point
between the urban–rural demographic balance was reached in 2008 when the global
urban population outnumbered the rural one and is projected to be more than 70% of
the global population by 2050 [3]. Some salient features of urbanization are intensive
infrastructure setups, built-up areas, paved surfaces, transportation networks, traffic and
human congestion, significant temperature difference between urban and surrounding
rural areas and the absence of natural habitat and green open space. It is worth noting
that vector borne and infectious diseases (i.e., cholera, dysentery, TB, and typhoid etc.)
common in early industrial cities of the 1800s are now replaced with chronic diseases
(cardiac, pulmonary, psychological and cancer) in more affluent cities, which is mainly
attributed to sedentary lifestyles and exposure to air pollution.
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Although urbanization has significantly improved the quality of life and human comfort,
it has also resulted in some unintended problems. Air pollution and urban heat island (UHI)
are two such phenomena. Urban air pollution from mass car use is relatively recent. It is a
by-product of the normalization of suburban living or sprawl. The last century has witnessed
dramatic changes in transport technologies where compact cities of the past have expanded
outward to low-density car-dependent suburbs. The era of ubiquitous motor cars can be
blamed for many of the air pollution troubles of contemporary cities. UHI is peculiar to large
cities by which the temperature in the urban center is noted to be higher than the surrounding
rural or natural areas for all major metropolis except for large desert cities. Urban heat, labeled
as an invisible hazard, has the highest potential for human fatalities in some countries due
to the climate change effects [4]. During the 1900–2021 period, heat waves around the globe
resulted in 171,856 fatalities [5]. Heating up of the urban environment is recognized as a
serious health threat in many cities of the world.

1.2. Urban Planning and Human Health

Urban planning plays a crucial role in designing urban facilities and features that impact
health and wellbeing of the local communities. New design perspectives of Smart Growth,
New Urbanism and Transit-Oriented Development aim to create convivial and accessible
neighbourhoods that support non-motorized transportation and connect other parts of the
city with transit [6]. Influential writers such as Jan Gehl have for decades advocated cities
designed for people and that are free of cars [7,8]. Peter Newman advocated higher densities
and a transport system reliant on trams, metro lines and heavy rail [9,10]. These are visions of
cities full of people meeting each other and enjoying life, with wide footpaths and cycle lanes
that are safe from cars and reliant on an accessible public transport system. These is also a
vision of cities free of air pollution from cars and plentiful opportunities for exercise.

Unfortunately, many fast-growing cities suffer from heavy traffic, noise, air pollution and
unsafe roads for non-motorized transport. These conditions have severe adverse effects on the
health of their citizens. Topics such as air pollution, the built environment and human health
are involved in complex debates that touches on the disparate fields of urban planning and de-
sign, environmental engineering, public health, transportation planning and engineering and
trees and plants ecology. Elements of these and other fields form the pieces of a jigsaw puzzle
that constitute a healthy city free of air pollution. Air pollution is complex. It is a concoction
of various gases and particulate matter. Air pollution includes particulate matter, volatile
organic compounds, ozone, carbon monoxide sulphur oxide and nitrogen oxide [11]. UHI
exacerbates the impacts linked with air pollution [12]. The documented adverse effects of UHI
are related to higher energy and water consumption [13–15], deteriorated air quality [16,17],
higher CO2 emissions [18] and serious implications for human health.

Human health is linked with the built environment and air pollution through oppor-
tunities of physical activities for good health and air pollution inhalation leading to poor
health. The focus of the planning literature is on improved planning and design to reduce
car use and create more opportunities for physical activity. A reduction in air pollutants
is only implicit in the literature. Another body of literature from science and technology
fields addresses the issue of air pollution more directly. Improvements in fuel and in car
emissions standards, electric cars and growing vegetation that absorbs air pollutions or
serve as buffers are examples of the literature. This second body of literature is particularly
relevant for existing car-oriented neighborhoods. Because of the historic legacy, most
suburban areas in many cities will remain car dependent. Moreover, the desire for cars is
unlikely to end anytime soon. On the other hand, urban planning and public policy efforts
to address the impact of UHI are relatively recent. However, rapid progress is being made
to address the threats caused by UHI through legislation, policy papers and the adoption
of heat-beating measures of reflective roofs, cool pavements, urban forests, blue features
and wind alleys, etc. Urban planners and public officials are teaming up with research
communities for finding sustainable solutions to the emerging nexus of urban air pollution
and UHI effect and its implications on human health [19].
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1.3. Organization of the Paper

The paper identifies key themes within the above-mentioned two streams and provides
a review of academic papers, policy documents, various standards and features in print and
electronic media published mostly in the last 20 years. In reviewing that material, emphasis
is on the contributions of key researchers that have greatly influenced their respective
fields of study related to this research. In addition to the relevant planning and design
literature, the paper consults ecological, air pollution science, UHI and vehicle science-
related material as well. A total of 171 documents were reviewed out of which 38 and
72 documents were related to the problems caused by urban pollution and UHI and their
impact on human health, respectively. Urban planning, public policy and other measures
to address urban air pollution and UHI impacts were discussed in 41 and 27 documents,
respectively. Documents related to both urban air pollution and UHI were tallied in both
categories. About 75% of the reviewed documents were less than a decade (since 2012)
old. Only 7% of the documents were from 2000 and earlier. Figure 1 presents a graphical
summary of the reviewed documents categorized according to the four theme topics and
the time period of publication.
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Following the introduction, the paper explores the extent of motor vehicle penetration,
the nature of air pollution and UHI and how the two phenomena harm human health. It
then presents a review of the built environment literature as it relates to air pollution, UHI
and human health. In the section that follows, a review of material on planning, public
policy and technological solutions to reduce impact of air pollution and UHI exposure to
human health is critically examined. Lastly, a concluding section sums up the findings and
points to research gaps in the field.

2. Understanding the Health Problems Caused by Urbanization
2.1. Transportation in an Urbanized World

The total number of vehicles in the world was estimated at 1.45 billion in 2022 [20].
This number grew from 670 million in 1996 and from just 342 million in 1976 [21]. At that
rate of growth, the world will have about 2.8 billion vehicles in 2036. In almost all countries
of the world, the vehicle numbers and total kms travelled by vehicles have been growing.
This trend is much more pronounced in fast-growing economies such as China. For a long
period of time, the United States had the most cars. She had a vehicle fleet of 276 million
and annual car sales of about 17 million in 2019 [22]. However, in recent years, China has
overtaken the USA as the country with the most cars. In 2017, it had more than 300 million
cars and annual cars sales of more than 27 million [23].
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Globally, there were 10 million electric cars on the roads in 2020 [24]. The electric car
sales grew by 41% in 2020 despite the COVID-19 pandemic. With existing EV policies, the
worldwide EV cars fleet is forecasted to grow to 145 million by 2030 [24]. Electric cars do
not discharge any pollutants harmful to human health in cities. Their sources of electricity
can be polluting. However, even the non-renewable sources of electricity, such as gas and
coal, are located away from dense cities and can reduce pollution easier. It is easier to
control pollution at a few powerplants than for millions of cars. Moreover, the electricity
production with renewable resources such as solar and wind is growing phenomenally.
IEA (International Energy Agency) estimates that, by 2026, almost 95% of the increase in
global power capacity will be from renewable sources [25].

2.2. Urban Transport and Air Pollution

Air pollution in cities is a well-known problem. The sources of air pollution in cities
include heating, cooking, industrial processes, power generation and transport. The type of
pollution experienced by urban areas vary from the developing countries to the developed
countries. In developing countries, the main sources of air pollution are cooking and
industries. In developed countries, cars are a much bigger culprit [26].

Anenberg et al. [11] report that 84% of transportation emission-related deaths took
place in the G20 countries. Only four of the largest vehicles markets in the world, i.e., China,
India, the European Union (EU) and the United States, were responsible for 70% of these
deaths. Such deaths have been declining in the EU and the USA. However, they are
increasing in China and India. The death toll from transport-related pollution is also
increasing in most other parts of the world [11].

Global transportation-related emissions are fueled by economic development resulting
in higher vehicle ownership and increased industrial and freight activity while the counter
measures for reducing air pollution include better engine technologies and stricter car
and fuel emissions standards [11]. The best overall indicator of a city’s health is its air
quality [27]. Air pollution levels are low in cities designed well and that have good public
transport, streets for pedestrians and green infrastructure to filter and buffer pedestrians
from air pollutants. Neira [27] reports that air quality in 80% of cities in the world is worse
than the World Health Organization’s (WHO) air-quality limits.

The emissions from motor vehicles are made up of a toxic mix of carbon monoxide
(CO), nitrogen oxides (NOx), sulphur oxides (SOx), particulate matter (PM10 and PM2.5),
many volatile organic compounds (VOCs) and ozone. USEPA [28] report presence of up to
1162 different compounds in vehicles’ emissions. The emissions from vehicles have adverse
impacts on the health of millions of people, particularly those living close to busy roads.
The vehicular emissions are also responsible for the acidification of lakes and streams [29].

Vehicular transport not only impacts air quality directly through emissions but also in-
directly as a vital agent of climate change and a contributor to UHI. Transport is responsible
for about one-fifth of global greenhouse gas (GHG) emissions [30]. Ebi and McGregor [31]
argue that climate change also affects air pollution through modifications in temperature,
rainfall and wind. These meteorological factors impact air pollutants in their formation,
chemical changes, travel and spread.

Kinney [32] reviewed the literature that examines how climate change impacts air
quality and human health. He discovered that the two most harmful air pollutants of the
transport origin, i.e., ozone and PM2.5 (particulate matter smaller than 2.5 µm), have higher
concentrations at higher temperatures. He reports that several thousand additional deaths
from ozone exposure are expected in the United States because of climate change. Wild
(bush) fire frequencies and intensities are increasing due to climate change. Bush fires are a
major source of small particulate matter and are, thus, a significant health risk [32].

2.3. Air Pollution and Human Health

Transportation attributable air pollution resulted in 3.5 million premature deaths in
2017 induced by respiratory infections, diabetes, cardiovascular disease, lungs infection,
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obstruction and cancer [11]. In addition to exhaust-pipe emissions, vehicles also contribute
to air pollution through petrol evaporation, resuspending dust and particles from the wear
and tear of rubber tires. Anenberg et al. [11] also report that transportation emissions
caused about 8 million years of life lost and USD 1 trillion equivalent health damages
worldwide in 2015. Most of the loss of life is attributable to ozone and PM2.5 particulate
matter. Burning fossil fuels are reported to cause 3000 premature deaths in Australia alone
every year [33].

USEPA [34] explains that ozone (O3), a very strong oxidizing agent, inflames and
harms the respiratory system by constricting the muscles in the airways, leading to asthma,
bronchitis and infections in healthy people and worsening the conditions of people with
lung diseases. Small particulate matter PM2.5 penetrates deep into the lung and even
passes through various membranes to join the bloodstream. PM2.5 can cause asthma,
bronchitis and heart diseases [35].

Air pollution resulting from high volumes of motor vehicles in cities causes respiratory
health effects in the community. A Swiss research study discovered that air pollution from
motor vehicles increases attacks of wheezing with breathing, breathlessness and frequent
coughing [36]. Yujing et al. [37] argued that alternative modes of transport such as electric
vehicles are needed to improve the public health of communities.

In addition to air pollution, cars hamper human health through noise and injuries
resulting from motor vehicle road accidents. Road traffic accidents are the eighth leading
cause of death globally. Traffic accidents kill 1.35 million people and cause 50 million
injuries each year [38]. Many of them are in urban areas. Injury in traffic accidents is
the number one cause of death for 2–29-year-olds. The traffic injuries and deaths are
disproportionately higher in vulnerable road users and residents of poorer countries. The
death rate from traffic accidents is three-times higher in low-income countries compared to
high-income countries [38].

Greenhouse Gas (GHG) emissions from cars and resulting climate change is another
pathway through which transportation-related air pollution harms human health. Dean
and Green [39] reviewed academic material on air-quality-related health impacts caused
by climate change in Sydney. They also looked at the related research gaps. There is a
significant overlap between sources of climate change and sources of air pollution. Both
are often related to the combustion of fossil fuel. Efforts to reduce sources contributing to
climate change will reduce air pollution as a side effect. Beggs and Bennett [40] found that
instances of asthma and allergies will increase due to climate change. However, Dean and
Green [39] report on the absence of studies that look at air-pollution-related human health
problems in future climatic conditions in Sydney.

Ebi et al. [41] carried out a comprehensive review of the literature on health risks
related to climate change. They report their findings on several pathways of health impacts.
First and foremost, additional heat related to climate change is linked with a very high
confidence in an increase in stress, injuries and death. Climate change is also a source of the
reduced availability of water and decreased food production. This would have a significant
health impact on many communities, especially the less effluent ones. Climate change is
also likely to increase the instance of vector and food borne disease. Diseases and mortality
caused by colds, on the other hand, are likely to decrease moderately [41].

While the negative impacts of air pollution on physical health are widely reported,
the impacts of the same factors on mental health are under-researched. However, some
epidemiological studies indicate links between air pollution and poor mental health. Air
pollutants are associated with anxiety, depression, poor cognitive development in children,
dementia and psychosis [42]. Several studies [43–45] point out that the neuroinflammatory
responses caused by the air pollutants are responsible for a decline in mental health.

2.4. Built Environment and UHI

UHI was first systematically observed in the early 19th century in London [46]. Since
then, UHI has been extensively studied through climatological [47], anthropogenic [48],
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urban planning [49–51] and engineering [52–54] lenses to understand its physical processes,
contributing factors and the effectiveness of mitigation measures.

Tzavali et al. [55], Kershaw [56], Stewart and Mills [57], Rizwan et al. [58], among
others, conducted excellent reviews on the phenomenon of UHI. Extensive studies on
UHI intensity are available for the majority of the populous urban centers of the world by
utilizing land-based as well as remotely sensed thermal data e.g., [59–66]. These studies
reveal that, except for cities located in deserts (e.g., Phoenix, Jeddah, Riyadh, Kuwait, Abu
Dhabi, Mousal, etc.), UHI is mostly positive for large cities. UHI intensity generally aligns
with an increase in a city’s latitude as well as population and development level [67–70].
UHI intensity exhibits diurnal as well as seasonal variations with maximum recorded
intensities of close to 10 ◦C and an average value of 2–4 ◦C [60].

According to past studies, the two main sources of generating heat in an urban area
are solar radiation and anthropogenic heat. Solar radiation warms the atmosphere as well
as the urban surfaces through direct solar heat (DSH). Roofs and pavements constitute
about 60–70% of surface area in a typical city in a developed economy [71]. These surfaces
are usually dark with low solar reflectance (or albedo) and a part of DSH is stored inside
these urban structures and is released into the atmosphere as indirect solar heat (ISH) when
the contribution of DSH diminishes. On the other hand, anthropogenic heat is produced by
agents of human activity such as vehicle exhaust, appliances, building operations (heating,
cooling, lighting, etc.), transportation activities, power plants, etc. As DSH is constant for
a given urban or rural area, the main contributor to UHI, therefore, seems to be ISH and
anthropogenic heat. ISH is responsible for nighttime UHI in desert cities, which exhibit
the ‘urban cool island’ effect during the daytime [72]. In the absence of an efficient public
transportation system and heavy reliance on cars, vehicle exhaust can be a significant
contributor to the anthropogenic heat of a city [73,74].

2.5. Human Health Impacts of UHI

Health impacts of high temperatures are well documented in the medical literature,
e.g., Shattuck and Hilferty [75], Gover [76] and Basu [77]. With increasing global urban
population, the exposure to heat-related health risks in metropolitan cities and larger urban
centers has proportionately increased [78]. A recent study, based on data from 1300 cities
across the globe, estimates that close to a quarter of the world population (i.e., nearly
1.7 billion persons) is exposed to extreme heat [79]. It is also noted that human health
implications of heatwaves are relatively severe in mild and cold climates as compared to
the warm ones [80]. Barrow and Clark [81] noted that mortalities attributed to heat stress
are under-reported because heat stress is the driver for apparent causes of death due to
cardiovascular, respiratory and cerebrovascular failures. Additionally, high temperatures
are also attributed to increased mental health emergencies [82]. Vaidyanathan et al. [83]
and De’Donato et al. [84] attribute heat stress as the leading reason for weather-related
mortality in the USA and Europe. Macintyre and Heaviside [85] estimate the contribution
of UHI to heat-related mortalities in a European city to be as high as 40% during heatwaves.

Human body reacts to elevated temperatures through two main processes [86–88].
First is an increase in blood supply to the skin in order to dissipate the excess heat and the
second is the production of sweat for cooling the skin. The redistribution of blood to the
skin leads to an increased cardiac demand for oxygen requiring the heart to pump harder.
The cardiovascular strain produced to meet the oxygen demand may lead to cardiovascular
collapse that may result in death [89]. Similarly, heat-related hyperventilation increases
pulmonary stress, resulting in lung injury or failure. There is also a risk of heat stroke
and other cerebrovascular impairments due to prolonged body temperature in an excess
of 41 ◦C. Dehydration caused by the heat stress can also result in kidney damage or
failure. The severity of these episodes is usually increased for vulnerable population
groups, i.e., children, elderly and people with pre-existing conditions [90].

Henschel et al. [91] observed that the rate of heat-related mortalities was significantly
higher (more than five times) in larger cities compared to the surrounding rural areas.
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Clarke [92] was perhaps one of the earliest to relate such mortalities to the microclimatic
changes brought by the level of urbanization. He attributed the higher mortality rate during
urban heatwaves to the higher difference in the nocturnal urban–rural temperature difference
that was noted to be in the range of 2–4 ◦C for two US metropolitan cities, i.e., New York
City and St. Louis, MO, during the heatwaves of 1955 and 1966, respectively. The analysis
of the excess mortalities during these heat waves attributed 30 and 5 deaths per 100,000 to
heat-related ailments in the cities and the rural areas, respectively. A critical analysis of
the health impacts of heatwaves in Europe [93–95], USA [96,97], Japan [98], Australia [99]
and China [100,101] strongly correlates the level of urbanization to the numbers of excess
fatalities during these climatological events. This contrast highlights the effects of the level of
urbanization and UHI on heat-related morbidity and mortality on a global scale.

Urban features that exacerbate the level of morbidity/mortality during extreme heat
events above and over the biophysical factors include some key characteristics that are
attributed to older housing stocks such as congestion, a lack of ventilation and an absence
of cooling [102]. Such housing units are also more likely to be located in areas possessing
dated urban planning aspects such as a proximity to sources of anthropogenic heat from
industry and traffic, the sparseness of vegetative cover and being located away from a
green or blue area [103].

The combined impact of urban pollution and urban heat on human health has also
been explored. Lai and Cheng [104] report that, in the warm center of metropolitan areas,
the UHI in conjunction with transport-related air pollutants increases hospital respiratory
admissions. Grigorieva and Lukyanets [105] reviewed data from multiple countries and found
a compelling link between air pollution, atmospheric temperature and respiratory illness.
Perera and Nadeau [106] found a similar nexus for children health in USA. Shirinde and
Wichmann [107] observed an increase in mortality rate due to respiratory ailments caused
by air pollution with increased temperature in South Africa. Sabrin et al. [108] developed
a human health vulnerability index that included the UHI effect and O3-PM2.5 pollution
for a neighborhood in New Jersey. The index indicated the highest vulnerability in socially
deprived areas and recommended appropriate interventions suggested by city planners.

3. Urban Planning Concepts for Improving Human Health

Concepts that advocated higher densities and compact development to make cities
more livable and walkable, such as TOD, Smart Growth, New Urbanism, Healthy Cities
and so forth, have now become commonplace in the planning literature. There are obvious
health benefits in walkability. In addition, it is implied in these concepts that less reliance
on automobiles will reduce air pollution [109]. However, how do these spaces fare in terms
of human health?

Higher densities in cities make public transport more viable. Peter Newman and
his colleagues link compact cities with more public transport use with improved human
health [110]. It is known from Rissel et al. [111] that people who use public transport
carry out about 15 min more exercise than those who rely on their cars for their transport.
Newman and Kenworthy [9,10] argue that large volumes of the literature are available on
human health impacts of urban forms and transports. Jan Gehl [7,8] advocates that cities
are for people and not for cars. He designs open spaces that are inviting and attractive
places for people to hang out and meet each other. Reduced air pollution and more physical
activity and, hence, better health are implicit in his recommendations.

Stevenson et al. [112] used a health impact assessment framework to estimate the pop-
ulation health effects of a compact mixed-use city with good access to public transport and
a modal shift away from cars to non-motorised transport for eight large international cities.
Their model indicated that a compact city would result in a reduction in cardiovascular
and respiratory diseases and diabetes for all cities. They predicted overall health gains of
420–826 life-years per 100,000 population for compact cities.

There is a large body of the literature that focuses on healthy cities/healthy built
environments. The first and the foremost is the WHO Healthy Cities program. It is
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a broad-based global drive that works with governments of hundreds of cities across
the globe, helping them place high emphasis on health in all aspects of their city gover-
nance: social, economic, environmental and political [113]. There are numerous public
and not-for-profit sector reports and programmes that examine the link between urban
planning/neighbourhood design and health mostly through the provision of transit and
increased physical activity. Extensive academic research has been published in this area
that is typified by [114].

Smart Growth, a US EPA program, is about building compact and walkable, self-
sustaining and attractive neighbourhoods. It rests on the principles of mixing land uses, com-
pact design, walkability, preserving open spaces and providing transport choices [115]. Smart
Growth is routinely adopted as a measure in city planning to reduce air pollution [116,117].
However, Gren et al. [118] argue there is not enough evidence is available to confirm air
pollution reduction by Smart Growth.

New Urbanism resembles Smart Growth but is a more architecturally oriented ap-
proach to urban development. It recommends walkability, mixed land use and accessible
public spaces. Moreover, similarly to other similar approaches, New Urbanism focuses on
the human scale [119]. New Urbanism recommends gridiron street pattern, narrow streets,
footpaths on both sides of the streets, smaller lots, shallow setbacks, and porches instead of
driveway and garages [120]. New Urbanism has become a very influential concept and
has been applied to the development of urban areas across the world. Iravani et al. [121]
contended that New Urbanism results in reduced car use and, thus, results in less exposure
to noise and ambient air pollution. Wu et al. [122] report that the literature on the link
between new urbanization patterns in China and ambient air pollution is inconclusive. The
new urbanization scheme in China has underlying principles similar to New Urbanism.
Wu et al. [122] examined environmental data from 113 major Chinese cities for the period
2013–2017 to explore the link between new urbanization and air quality. They discovered
some associations between new urbanization and improvements in air quality. However,
this link was not very strong.

Van der Waals [123] discovered something similar. He reviewed the environmental
performance of compact cities in the Netherlands. He discovered that the actual environ-
mental benefits of New Urbanist-type urban developments are higher at the conceptual
levels than in their actual performance. Lund [124] argues that the environmental perfor-
mance of New Urbanist developments depends on the behaviour of people residing in
those schemes. Air pollution in such areas will only be less if people reduce their car use.

Recently, Iravani et al. [121] reviewed the literature on health impacts of New Urban-
ism. They found that compact and mixed-use New Urbanist planning resulted in positive
health impacts for all demographics in American cities. Ewing et al. [125] discovered that
compactness measures in cities result in reduced BMI, obesity, heart disease, high blood
pressure and diabetes. The reduction results from functional physical activity in the form
of active travel to work, shopping and other destinations.

Transit-Oriented Development (TOD) is another related concept that prescribes a
provision of transit nodes in city centers or new developments. Higher densities and
mixed-use are recommended for those nodes. These nodes are then connected to one
another by transit buses, light rail or metro lines. Such arrangements increase walkability
and reduce car use and, hence, are beneficial for communities’ health. Noland et al. [126]
argue that TOD, due to reduced automotive use, results in a reduction in air pollution in
cities. While this intuitive link is often mentioned in conceptual studies, more exploratory
research is needed for establishing a clear link between TOD and air pollution outcomes.

Zhou et al. [127] investigated the link between urban form and air pollution for the fast-
growing and large Chinese cities of Beijing, Tianjin, Shanghai, Chongqing and Guangzhou.
For their research, they examined data from 2000 to 2012. They discovered that urban
expansion is associated with a reduction in air pollution. They also found that fragmented
cities experience less air pollution.
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Liang and Gong [128] examined the effects of urban form on air quality in cities of
different sizes and development levels in China. They discovered that cities with spatially
connected urban areas experience more particulate air pollution. Similar observations
were noted by Carozzi and Roth [129] for urban areas in the USA while investigating the
link between urban density and city residents’ exposure to ambient air pollution. Castells-
Quintana et al. [130], however, in their global study of density and air pollution discovered
that higher density cities are associated with lower particulate air pollution per capita.

It is clear from the discussion in this section that the theoretical benefit of reduced
air pollution from compact city prescriptions is often not fully realized in practice. In
some cases, higher densities are associated with even higher levels of air pollution. It
seems that the behavioral aspects of the residents of the compact cities are also a very
important factor in determining the level of air pollution [123]. It is also obvious from
the above that not enough research has been conducted to measure actual reduction in
air pollution by applying Smart Growth, New Urbanism, TOD and other compact urban-
design perspectives.

4. Technological Solutions to Reduce Air Pollution

Technological solutions for reducing air pollution emitted by cars are highly relevant
for improving air quality in cities. In the following, a discussion is presented on vehicles
that do not emit any air pollution, the Green Infrastructure (GI) that can absorb air pollution
and/or serve as barriers and building materials that can absorb air pollution.

4.1. Electric Vehicles and Hydrogen Cell Vehicles

Electric and hydrogen-cell are zero local emissions (at the tailpipe) vehicle technologies.
However, they need different and more ubiquitous fueling infrastructure in the urban
landscape. These cars can not only improve air quality in newly designed compact cities but,
more importantly, also reduce air pollution in the large swathes of low-density suburban
areas in many cities of the world. Given their high level of relevance and the need for
providing opportunities for recharge in the urban landscape, a better understanding of
these technologies is essential for urban planners and designers.

In addition to obvious human health benefits in cities, the environmental benefits of
electric vehicles (EVs) include higher energy efficiency, reduced dependency on fossil fuels
and reduced noise [131]. The rapid adoption of electric vehicles in numerous countries
of the world for their health and climate change benefits is perhaps going to be the most
profound impact on the future of air pollution (reduction) in the cities [24].

Bradley and Frank [132] elaborate on the environmental sustainability credentials of
electric cars. Electric vehicles do not use fossil fuels and, thus, significantly reduce carbon
emissions. They also have longer lives because of the durability of electric motors. The
battery technology of these cars is constantly improving to cover longer distances before
recharge, and they are becoming longer lasting and cheaper. Electric vehicles are a better
choice when it comes to addressing climate change causing Greenhouse Gases (GHGs)
when they are recharged with renewable electricity sources such as solar, wind or hydro
power [133].

Soret et al. [134] studied air quality reductions in electric vehicles in Barcelona and
Madrid. They discovered that electric vehicles use results in improved air quality through
a significant reduction in nitrogen oxides and carbon monoxide. Malmgren [135] estimated
the societal benefits of electric cars. She identified and assessed seven different social
benefits of EV in monetary terms. She estimates the overall social benefit to be about CAD
16,000 over a 10-year 120,000 miles life of an electric car. The author attributes one-tenth
of that benefit to health improvements. Despite the obvious air pollution reduction and
general sustainability credentials, hesitancy in electric car adoption remains due the range
anxiety and a lack of proper recharging infrastructure [24]. Urban planners and designers
can play a strong role in providing opportunities and locations of car charging stations in
their plans and designs for urban development to reduce the range anxiety.
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Electric vehicles can be a core element for urban planners and designers in creating
ecologically sustainable urban neighbourhoods. A Community Mobility Hub was de-
ployed in Austin, Texas, in 2018 that, in addition to walkability, bike paths and mixed use,
includes a charging hub for shared electric bikes and scooters and EV-charging car parking
spaces [136]. Similar initiatives are springing up elsewhere in the world.

Hydrogen fuel cells is another technology that does not discharge any pollution from
cars’ tailpipes. Hydrogen is an excellent renewable energy source. Similarly to electricity, it
is a very effective energy carrier [137]. Hydrogen Fuel Cell Electric Vehicles (HCEVs) use a
technology that converts hydrogen into electricity. As a result, the HCEVs’ discharge only
water vapor and warm air [138]. In HCFVs, the fuel cells produce direct currents (DCs)
to run the electric motor that moves cars. The hydrogen fuel cell is typically paired with
batteries and regenerative brakes that can produce electricity. The cars need only a small
fuel tank and can be refilled with hydrogen quickly. They have a long range once filled
with fuel [138]. HCEVs are predicted to be a major part of the future car fleet–technology
mix [137]. Their current availability and market penetration is very low due to a lack
of hydrogen fuel refilling infrastructure [138]. Urban planners would have to allocate
provisions in their plans and designs for the refilling infrastructure.

4.2. Urban Green Infrastructure

Plants can be used to both absorb air pollution and to serve as barriers between
people and car related air pollution. Prashant Kumar has written widely on air pollution
dispersion, its suppression and its impacts on human health. Barwise and Kumar [139]
explored the literature on how green infrastructure such as vegetation barriers can be used
to improve air quality around roads with large volumes of traffic. They evaluated the
design features of barriers and species types that are the most effective in reducing air
pollution from traffic. They discovered that different biological traits of plants are effective
in reducing different pollutant types. Overall, the removal of transport-related air pollution
is a function of small leaf size, high leaf complexity and optimal vegetation height and
density. In general terms, taller vegetative barriers (between traffic and people) are more
useful in case of open roads and shorter for street canyons. Equipped with that knowledge,
they have formulated a plant-selection framework for reduced air-pollution exposure.

Abhijith and Kumar et al. [140] reviewed the literature on improvements in air quality
by green modifications in open roads and built-up street canyon environments and came
up with recommendations for green infrastructure design. They discovered that, in the
case of street canyons, low-level green plantings such as hedges helped in improving air
quality. In the case of open roads, wide and tall vegetation was more effective in reducing
air pollution. Moreover, for reducing ultra-fine particles (smaller than 0.1 µm), tree species
with strong trichomes (sticky glades on flowers), ridges and groves are more effective. For
reducing sub-micrometre particles (larger than 0.1 µm) and gaseous pollutants, stomata on
leaves (mechanism responsible for photosynthesis) are more relevant.

Maher et al. [141] conducted a trial by planting silver birch trees outside a row of
terraced houses adjacent to a main road in Lancaster, UK. The objective was to reduce
small particles from the air that can penetrate deep into lungs as well as enter bloodstreams
and harm other organs. They discovered that the planting of hedges and silver birch trees
as barriers at a busy road reduced particulate pollution by more than fifty percent. The
particulate matter captured on leaf hairs and within the leaf was observed on both the
road-facing and non-road-facing sides of the trees. Maher et al. [141] argue that the benefit
of roadside trees in reducing particulate matter is underestimated in the literature.

Jeanjean et al. [142], however, discovered that the contribution of plants in reducing air
pollution is limited. They modelled the air quality for a section of London and discovered that
tree leaves reduced small particles (PM2.5) by only 1–2 percent. A larger impact of trees was,
however, noted as barriers on the dispersion of pollution. As noted earlier, various heights
and configurations of green infrastructure contribute as barriers for different street conditions.



Sustainability 2022, 14, 9234 11 of 19

Zhang et al. [143] explored the cleaning effects of rainfall on leaves and branches of
four tree species and one bush in Beijing, China. They wanted to study if leaves can be
cleaned by rainfall and reused for filtering air pollution. They discovered a wide difference
in particulate matter removal among different species due to leaf properties. The London
plane tree (Platanus acerifolia) had the highest particulate matter removal because of its
rough leaves. Predictably, Zhang et al. [143] also found that high-intensity rain was needed
to clean the leaves of such plants.

4.3. Building Design and Materials

Building designs and materials can also play an important role in reducing air pollu-
tion. Intense research is ongoing in this field. European Commission (EC) [144] provides
an account of an EU-funded research that developed a technology for making building
structures light-sensitive. It uses titanium dioxide, which serves as a photocatalyst similarly
to the chlorophyll in plants. In the presence of oxygen and water vapors, it reacts and
neutralizes pollutants in air. It converts nitrogen oxide, which is harmful to human health
into harmless nitrates. As reported by Bolte [145], TioCem is a commercial cement that can
be used in mortar for plastering the external walls of buildings to neutralize NOx and VOC
(Volatile Organic Carbons), both of which are common ingredients in car emissions.

Essential Magazine [146] reports examples of buildings that absorb air pollution. The
article describes buildings that have green vegetated walls, balconies and roofs. Bosco
Verticale in Milan and Green 25 in Turin are examples of such buildings. The magazine also
reports the Palazzo Italia in Milan, which is built with a photocatalytic (smart) cement that
absorbs pollutants in the air and converts them into harmless salts. The structure of the
building is designed in such a manner that cement-plastered surface areas are maximized.
The building can neutralize air pollution from 100 diesel and 300 petrol engines. Essential
Magazine [146] also reports the case of Hospital Manuel Gea Gonzalez in Mexico City that
has a coating of superfine titanium oxide, which absorbs and neutralizes the air pollution
emitted by cars in combination with daylight.

Yadav [147] reports the development of pollution-absorption bricks. These bricks
are very porous and can filter air from outside the building structures, retain pollutants
and emit cleaner air to the inside of the buildings. Air pollution filtration bricks are a low
cost and low maintenance solution against air pollution that can be used in developing
countries as well.

5. Mitigation Strategies to Reduce Health Impacts of UHI

UHI reduction strategies commonly take two forms [148]: (i) increase the solar re-
flectance (albedo) of roofs and pavements and (ii) increase green areas.

5.1. Cool/green Roofs and Pavements/Walls

The first measure, commonly termed as cool roofs/pavements, requires the provision
of light-colored roofs and pavements to reflect the incoming solar radiation and to increase
its emittance (i.e., the ability to release heat through long wave infrared (IR) radiation.
The dual combination of increased reflectance and emittance keeps the surface cool by
lowering its ability to capture heat. Sufficient commercial research and testing have been
carried out with respect to the viability of cool roofs in the USA and Europe and well-
established industrial standards for such commercial products have been in place since
2000 [149,150]. Due to their low albedo, pavements are a major contributor to UHI [151].
Therefore, using cool pavements provides an effective UHI mitigation measure. Cool pave-
ments are available as two types of commercial products: (i) high albedo pavements and
(ii) water retention/permeable pavements [152]. A review of the measured performance of
high-albedo pavements revealed an average decrease in ambient temperature between 1
and 5 ◦C [153]. Pfautsch et al. [154,155] explored methods to cool roads and car parks with
surface applications, shading with solar-cell sheets and vegetation.
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A variation of cool roof is a green roof in which vegetative cover is provided on the
roofs/walls of a building. A green roof helps in reducing UHI by absorbing sunlight with
minimum radiation. In addition to reducing the surrounding temperature, green roofs are also
effective in controlling storm runoff [156]. Green walls can be adopted as a UHI mitigation
measure where steep roof slope or rooftop equipment prevents the installation of a green roof.
Green walls are generally of two types: green façade (GF) and living wall systems (LWSs).
Plants and creepers are rooted in the ground and are guided/attached to the walls in a GF
while these are grown in a substrate material directly attached to the wall in an LWS [157]. As
green roofs/walls are a part of the urban green infrastructure, these have the added benefit of
being effective in reducing urban air pollution, as detailed in Section 4.2.

The adoption of the above measures has resulted in positive impacts on UHI reduction
as well as illnesses related to heat stress in various US cities [158,159]. The numerical
modelling carried out by Macintyre and Heaviside [85] found that cool roofs have the
potential of reducing UHI intensity by 23% and heat-stress-related mortalities by 25%
during heatwaves in a European city. They also inferred that the replacement of cool roofs
for industrial and commercial buildings has more significant impacts in reducing UHI
intensity compared to the residential properties. Kim et al. [160] found that the contribution
of urban green roofs towards UHI mitigation in an urban center dominated by high-rise
buildings is marginal compared to an increase in the tree canopy and grass coverage areas.

5.2. Increase in Green Areas

Urban infrastructure in all but desert cities is built at the expense of natural vegetation
or water bodies. Therefore, it is intuitive that an increase in the green or blue areas in the
city will help in mitigating UHI. Green areas can take the form of grassy fields, shrubs or
canopy-forming trees. Provisions of green areas are strongly advocated in the paradigms of
Smart Growth and New Urbanism, as detailed in Section 1.2. Grass cover works similarly
to a green roof in reducing the surface’s temperature. Canopy trees provide shade, which
helps in lowering the ground surface temperature in addition to the cooling effect provided
by evapotranspiration.

Climatic conditions were also found to have a profound impact on the effectiveness of
the UHI mitigation strategies. Salata et al. [161] used numerical simulations to study the
combined impact of cool roofs, urban vegetation and cool pavements on UHI and noted
a decrease in the Mediterranean Outdoor Comfort Index (MOCI) of 2.5 to 3.5 along with
a drop of 60% in the health risk due to heat exposure. Vargo et al. [162] summarized the
possible impacts of UHI reduction policies on health vulnerabilities based on race, age and
income in three large US cities. They concluded that strategies need to be designed based
on the vulnerabilities of the targeted segments to be effective and the customization of the
solution(s) is necessary for success.

5.3. Public Policy Measures for Mitigating UHI

The studies noted above prove that UHI can be controlled and its related health
impacts can be mitigated despite the current trend of urbanization and a general increase
in temperature due to global warming. Health professionals and sanitary engineers were at
the forefront of urban planning during the early years of the industrial revolution and were
instrumental in controlling health risks in the urban centers caused by communicable and
infectious diseases [163]. On the contrary, the post-industrial era is confronted with public
health challenges stemming from chronic diseases such as heart disease, cancer, diabetes,
respiratory illnesses, obesity and cerebrovascular diseases. These ailments are more or less
related to the sedentary lifestyle offered by the prevailing urban built environment [164].

The exacerbation of most of these conditions during heatwaves has also been globally
recorded [165]. Corburn [166] notes a disconnect between today’s urban planners and
public health officials and strongly advocates an active role by the public health officials
in urban planning matters that promotes healthy urban living by the design of the urban
built environment. Kent and Thompson [167] explored ways for an improved integration
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of public health policies and urban planning practices and urged for more cooperation
between these disciplines to achieve the goal of healthy and sustainable cities. The legal
framework through which today’s public health officials can influence the urban planning
decisions is succinctly outlined in Perdue et al. [168]. Hoverter [169] compiled a list of policy
recommendations for local governments to cope with the UHI threat. Hewitt et al. [170]
surveyed 26 North American cities located in various climate zones and reported the
requirement of cool/green roofs for new developments in about half of them. Dare [171]
reviewed 307 UHI mitigation measures adopted in 20 large North American cities. He
noted that although there is an awareness among local government officials to address
UHI, only a quarter of the measures were framed with a clear context to achieve a certain
goal. Furthermore, the quantification of the impact of these measures on human health was
found to be very weak.

6. Conclusions

Air pollution, built environment, UHI and human health are intricately linked with car-
oriented urban developments. Human health is harmed from the by-products of reduced
physical activity and air pollution from motor vehicles. The matter is made worse by the
UHI effect in cities made of materials that absorb and retain heat. In recent decades, a
number of new overlapping urban planning and design concepts have been developed
to counter this situation. These concepts promote compact development, walkability,
transport choice and attractive public open spaces. These concepts have been gaining
traction and have been adopted widely.

However, the fast increase in cars across the world continues. Moreover, because
many cities have already been suburbanized, car reliance for travel is likely to continue.
The solution to this problem, thus, lies in retrofitting cities guided by the aforementioned
planning and design concepts for walkability and in technological solutions for air pollution
and UHI control. This paper has presented a broad overview of both.

Of the technological solutions, the most promising for urban air pollution reduction
is the replacement of petroleum-burning cars with hybrid, electric and hydrogen cars.
There is a strong momentum in that shift. Countries across the world are pushing in that
direction. However, this will take a few decades. In the meantime, other technologies such
as green infrastructure, stricter car emissions and fuel standards, and air pollution absorbent
construction material can help in reducing air pollution and UHI and consequently improve
human health by reducing the prevalence of chronic diseases.

UHI and urban air pollution are both stressors for human health. The UHI can amplify
urban air pollution. The total impact of individual stresses caused by the UHI and air pollution
would be higher than a simple sum total of the two. UHI causes air turbulence that increases
particulate matter, NOx and ozone levels in the cities. Studies have indicated a complex but
direct relationship between urban pollution, UHI and deteriorated human health. However,
interactions between various drivers in this relationship is not clear. Therefore, much more
in-depth research that examines the synergistic relationship between urban air pollution, UHI
and climate change and their combined impact on human health is needed. There is also a
need for empirical research on the effectiveness of various urban planning paradigms and air
pollution and UHI mitigation measures for improving human health.

Author Contributions: Conceptualization, A.P.; Data curation, A.P. and M.T.C.; Investigation, M.T.C.;
Resources, A.P. and M.T.C.; Writing—original draft, A.P. and M.T.C.; Writing—review & editing,
M.T.C. and A.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Informed Consent Statement: Not applicable.

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



Sustainability 2022, 14, 9234 14 of 19

References
1. Adam, M.G.; Tran, P.T.; Balasubramanian, R. Air quality changes in cities during the COVID-19 lockdown: A critical review.

Atmos. Res. 2021, 264, 105823. [CrossRef] [PubMed]
2. Venter, Z.; Aunan, K.; Chowdhury, S.; Lelieveld, J. COVID-19 lockdowns cause global air pollution declines. Proc. Natl. Acad. Sci.

USA 2020, 117, 18984–18990. [CrossRef]
3. UNFPA (United Nations Population Fund). State of World Population 2007. 2007. Available online: https://www.unfpa.org/

sites/default/files/pub-pdf/695_filename_sowp2007_eng.pdf (accessed on 25 April 2022).
4. Keith, L.; Meerow, S. Planning for Urban Heat Resilience; PAS Report 600; American Planning Association: Chicago, IL, USA, 2022;

p. 101. Available online: https://planning-org-uploaded-media.s3.amazonaws.com/publication/download_pdf/PAS-Report-60
0-r1.pdf (accessed on 11 March 2022).

5. EM-DAT. Emergency Management Database, CRED, Catholic University of Louvain. 2022. Available online: http://www.public.
emdat.be (accessed on 6 April 2022).

6. Dittmar, H.; Ohland, G. The New Transit Town: Best Practices in Transit-Oriented Development; Island Press: Washington, DC, USA, 2022.
7. Gehl, J. Cities for People; Island Press: Washington, DC, USA, 2010.
8. Gehl, J. Life between Buildings; Island Press: Washington, DC, USA, 2011.
9. Newman, P.; Kenworthy, J. Sustainability and Cities: Overcoming Automobile Dependence; Island Press: Washington, DC, USA, 1999.
10. Newman, P.; Kenworthy, J. “Peak car use”: Understanding the demise of automobile dependence. World Transp. Policy Pract.

2011, 17, 31–42.
11. Anenberg, S.; Miller, J.; Henze, D.; Minjares, R. A Global Snapshot of the Air Pollution-Related Health Impacts of Transportation Sector

Emissions in 2010 and 2015; International Council on Clean Transportation (ICCT): Washington, DC, USA, 2019.
12. Ulpiani, G. On the linkage between urban heat island and urban pollution island: Three-decade literature review towards a

conceptual framework. Sci. Total Environ. 2021, 751, 141727. [CrossRef] [PubMed]
13. Arnfield, A.J. Two decades of urban climate research: A review of turbulence, exchanges of energy and water, and the urban heat

island. Int. J. Climatol. J. R. Meteorol. Soc. 2003, 23, 1–26. [CrossRef]
14. Hirano, Y.; Fujita, T. Evaluation of the impact of the urban heat island on residential and commercial energy consumption in

Tokyo. Energy 2012, 37, 371–383. [CrossRef]
15. Guhathakurta, S.; Gober, P. The impact of the Phoenix urban heat island on residential water use. J. Am. Plan. Assoc. 2007, 73,

317–329. [CrossRef]
16. Weng, Q.; Yang, S. Urban air pollution patterns, land use, and thermal landscape: An examination of the linkage using GIS.

Environ. Monit. Assess. 2006, 117, 463–489. [CrossRef] [PubMed]
17. Lai, L.W.; Cheng, W.L. Air quality influenced by urban heat island coupled with synoptic weather patterns. Sci. Total Environ.

2009, 407, 2724–2733. [CrossRef] [PubMed]
18. Roxon, J.; Ulm, F.J.; Pellenq, R.M. Urban heat island impact on state residential energy cost and CO2 emissions in the United

States. Urban Clim. 2020, 31, 100546. [CrossRef]
19. Singh, N.; Singh, S.; Mall, R.K. Urban Ecology and Human Health: Implications of Urban Heat Island, Air Pollution and Climate

Change Nexus. In Urban Ecology; Elsevier: Amsterdam, The Netherlands, 2020; pp. 317–334.
20. Bonnici, D. How Many Cars are There in the World? Which Car. 2022. Available online: https://www.whichcar.com.au/news/

how-many-cars-are-there-in-the-world (accessed on 21 May 2022).
21. Petit, S. World Vehicle Population Rose 4.6% in 2016, Wards Intelligence. 2017. Available online: https://wardsintelligence.

informa.com/WI058630/World-Vehicle-Population-Rose-46-in-2016 (accessed on 30 June 2021).
22. Statista. Number of motor vehicles registered in the United States from 1990 to 2019. 2021. Available online: https://www.

statista.com/statistics/183505/number-of-vehicles-in-the-united-states-since-1990/ (accessed on 22 June 2021).
23. China’s Ministry of Public Scrutiny (Reported in the South China Morning Post). China Now Has over 300 Million Vehicles,

That’s Almost America’s Total Population. 2017. Available online: https://www.scmp.com/news/china/economy/article/2088
876/chinas-more-300-million-vehicles-drive-pollution-congestion (accessed on 4 June 2021).

24. IEA. Global EV Outlook 2021: Accelerating Ambitions Despite the Pandemic; International Energy Agency: Paris, France, 2021.
25. IEA. Renewable Electricity Growth is Accelerating Faster than Ever Worldwide, Supporting the Emergence of the New Global

Energy Economy. 2021. Available online: https://www.iea.org/news/renewable-electricity-growth-is-accelerating-faster-than-
ever-worldwide-supporting-the-emergence-of-the-new-global-energy-economy (accessed on 3 March 2022).

26. Piracha, A.; Marcotullio, P. Urban Ecosystem Analysis: Identifying Tools and Methods; Policy Paper; United Nations University
Institute for Advanced Studies: Tokyo, Japan, 2003.

27. Neira, M. Health Must Be the Number One Priority for Urban Planners. 2018. Available online: https://www.who.int/news-
room/commentaries/detail/health-must-be-the-number-one-priority-for-urban-planners (accessed on 20 July 2021).

28. USEPA. The Master List of Compounds Emitted by Mobile Sources. 2006. Available online: https://nepis.epa.gov/Exe/tiff2png.
cgi/P1004KHZ.PNG?-r+75+-g+7+D%3A%5CZYFILES%5CINDEX%20DATA%5C06THRU10%5CTIFF%5C00000470%5CP100
4KHZ.TIF (accessed on 20 September 2021).

29. USEPA. Air Pollution from Transportation. 2021. Available online: https://www.epa.gov/transportation-air-pollution-and-
climate-change/learn-about-air-pollution-transportation (accessed on 26 June 2021).

http://doi.org/10.1016/j.atmosres.2021.105823
http://www.ncbi.nlm.nih.gov/pubmed/34456403
http://doi.org/10.1073/pnas.2006853117
https://www.unfpa.org/sites/default/files/pub-pdf/695_filename_sowp2007_eng.pdf
https://www.unfpa.org/sites/default/files/pub-pdf/695_filename_sowp2007_eng.pdf
https://planning-org-uploaded-media.s3.amazonaws.com/publication/download_pdf/PAS-Report-600-r1.pdf
https://planning-org-uploaded-media.s3.amazonaws.com/publication/download_pdf/PAS-Report-600-r1.pdf
http://www.public.emdat.be
http://www.public.emdat.be
http://doi.org/10.1016/j.scitotenv.2020.141727
http://www.ncbi.nlm.nih.gov/pubmed/32890803
http://doi.org/10.1002/joc.859
http://doi.org/10.1016/j.energy.2011.11.018
http://doi.org/10.1080/01944360708977980
http://doi.org/10.1007/s10661-006-0888-9
http://www.ncbi.nlm.nih.gov/pubmed/16917724
http://doi.org/10.1016/j.scitotenv.2008.12.002
http://www.ncbi.nlm.nih.gov/pubmed/19200584
http://doi.org/10.1016/j.uclim.2019.100546
https://www.whichcar.com.au/news/how-many-cars-are-there-in-the-world
https://www.whichcar.com.au/news/how-many-cars-are-there-in-the-world
https://wardsintelligence.informa.com/WI058630/World-Vehicle-Population-Rose-46-in-2016
https://wardsintelligence.informa.com/WI058630/World-Vehicle-Population-Rose-46-in-2016
https://www.statista.com/statistics/183505/number-of-vehicles-in-the-united-states-since-1990/
https://www.statista.com/statistics/183505/number-of-vehicles-in-the-united-states-since-1990/
https://www.scmp.com/news/china/economy/article/2088876/chinas-more-300-million-vehicles-drive-pollution-congestion
https://www.scmp.com/news/china/economy/article/2088876/chinas-more-300-million-vehicles-drive-pollution-congestion
https://www.iea.org/news/renewable-electricity-growth-is-accelerating-faster-than-ever-worldwide-supporting-the-emergence-of-the-new-global-energy-economy
https://www.iea.org/news/renewable-electricity-growth-is-accelerating-faster-than-ever-worldwide-supporting-the-emergence-of-the-new-global-energy-economy
https://www.who.int/news-room/commentaries/detail/health-must-be-the-number-one-priority-for-urban-planners
https://www.who.int/news-room/commentaries/detail/health-must-be-the-number-one-priority-for-urban-planners
https://nepis.epa.gov/Exe/tiff2png.cgi/P1004KHZ.PNG?-r+75+-g+7+D%3A%5CZYFILES%5CINDEX%20DATA%5C06THRU10%5CTIFF%5C00000470%5CP1004KHZ.TIF
https://nepis.epa.gov/Exe/tiff2png.cgi/P1004KHZ.PNG?-r+75+-g+7+D%3A%5CZYFILES%5CINDEX%20DATA%5C06THRU10%5CTIFF%5C00000470%5CP1004KHZ.TIF
https://nepis.epa.gov/Exe/tiff2png.cgi/P1004KHZ.PNG?-r+75+-g+7+D%3A%5CZYFILES%5CINDEX%20DATA%5C06THRU10%5CTIFF%5C00000470%5CP1004KHZ.TIF
https://www.epa.gov/transportation-air-pollution-and-climate-change/learn-about-air-pollution-transportation
https://www.epa.gov/transportation-air-pollution-and-climate-change/learn-about-air-pollution-transportation


Sustainability 2022, 14, 9234 15 of 19

30. Ge, M.; Friedrich, J.; Vigna, L. 4 Charts Explain Greenhouse Gas Emissions by Countries and Sectors, World Resource Institute
(WRI). 2020. Available online: https://www.wri.org/insights/4-charts-explain-greenhouse-gas-emissions-countries-and-sectors.
(accessed on 17 February 2022).

31. Ebi, L.; McGregor, G. Climate change, tropospheric ozone and particulate matter, and health impacts Environ. Health Perspec.
2008, 116, 1449–1455. [CrossRef] [PubMed]

32. Kinney, L. Interactions of Climate Change, Air Pollution, and Human Health. Curr. Environ. Health Rep. 2018, 5, 179–186.
[CrossRef] [PubMed]

33. Begg, S.; Vos, T.; Barker, B.; Stevenson, C.; Stanley, L.; Lopez, A. The Burden of Disease and Injury in Australia 2003; No. PHE 82;
Australian Institute of Health and Welfare (AIHW): Canberra, Australia, 2007.

34. USEPA. Health Effects of Ozone Pollution. 2021. Available online: https://www.epa.gov/ground-level-ozone-pollution/health-
effects-ozone-pollution (accessed on 29 June 2021).

35. NSWHealth. 2021; Particulate Matter (PM10 and PM2.5). Available online: https://www.health.nsw.gov.au/environment/air/
Pages/particulate-matter.aspx (accessed on 3 March 2022).

36. Bayer-Oglesby, L.; Schindler, C.; Hazenkamp-von Arx, M.E.; Braun-Fahrlander, C.; Kiedel, D.; Rapp, R.; Kunzli, N.; Braendli,
O.; Burdet, L.; Liu, L.-J.S.; et al. Living near Main Streets and Respiratory Symptoms in Adults: The Swiss Cohort Study on Air
Pollution and Lung Diseases in Adults. Am. J. Epidemiol. 2006, 164, 1190–1198. [CrossRef] [PubMed]

37. Yujing, G.; Qian, Z.; Kin, L.; Yingqin, Z.; Shubin, W.; Zhang, W. The Impact of Urban Transportation infrastructure on Air Quality.
Sustainability 2020, 12, 5626.

38. WHO. Global Status Report on Road Safety; World Health Organization: Geneva, Switzerland, 2018.
39. Dean, A.; Green, D. Climate change, air pollution and human health in Sydney, Australia: A review of the literature. Environ. Res.

Lett. 2018, 13, 053003matan. [CrossRef]
40. Beggs, J.; Bennett, M. Climate change, aeroallergens, natural particulates, and human health in Australia: State of the science and

policy. Asia-Pac. J. Public Health/Asia-Pac. Acad. Consort. Public Health 2011, 23, 46S–53S. [CrossRef]
41. Ebi, K.L.; Hasegawa, T.; Hayes, K.; Monaghan, A. Health risks of warming of 1.5 ◦C, 2 ◦C, and higher above pre-industrial

temperatures. Environ. Res. Lett. 2018, 13, 063007. [CrossRef]
42. King, J. Air pollution, mental health, and implications for urban design: A review. J. Urban Des. Ment. Health 2018, 4, 6.
43. Anisman, H.; Hayley, S. 2012 Inflammatory Factors Contribute to Depression and Its Comorbid Conditions. Sci. Signal. 2012, 5,

pe45. [CrossRef]
44. Lim, H.; Kim, H.; Kim, J.H.; Bae, S.; Park, Y.; Hong, C. Air pollution and symptoms of depression in elderly adults. Environ.

Health Perspect. 2012, 120, 1023–1028. [CrossRef]
45. Moulton, P.V.; Yang, W. Air pollution, oxidative stress, and Alzheimer’s disease. J. Environ. Public Health 2012, 2012, 472751.

[CrossRef] [PubMed]
46. Howard, L. The Climate of London, Deduced from Meteorological Observations, Made at Different Places in the Neighbourhood of the

Metropolis; Phillips, W., Ed.; George Yard: Lombard Street, UK, 1818.
47. Oke, T.R. The energetic basis of the urban heat island. Quart. J. R. Met. Soc. 1982, 108, 1–24. [CrossRef]
48. Shahmohamadi, P.; Che-Ani, A.I.; Maulud, K.N.A.; Tawil, N.M.; Abdullah, N.A.G. The impact of anthropogenic heat on formation

of urban heat island and energy consumption balance. Urban Stud. Res. 2011, 2011, 1–9. [CrossRef]
49. Kim, J.P.; Guldmann, J.M. Land-use planning and the urban heat island. Environ. Plan. B Plan. Des. 2014, 41, 1077–1099. [CrossRef]
50. Gunawardena, K.R.; Wells, M.J.; Kershaw, T. Utilising green and bluespace to mitigate urban heat island intensity. Sci. Total

Environ. 2017, 584, 1040–1055. [CrossRef]
51. Liu, H.; Huang, B.; Zhan, Q.; Gao, S.; Li, R.; Fan, Z. The influence of urban form on surface urban heat island and its planning

implications: Evidence from 1288 urban clusters in China. Sustain. Cities Soc. 2021, 71, 102987. [CrossRef]
52. EPA. Reducing Urban Heat Islands: Compendium of Strategies; U.S. Environmental Protection Agency: Washington, DC, USA, 2008.

Available online: https://www.epa.gov/heat-islands/heat-island-compendium (accessed on 13 September 2021).
53. Akbari, H.; Kolokotsa, D. Three decades of urban heat islands and mitigation technologies research. Energy Build. 2016, 133,

834–842. [CrossRef]
54. Costanzo, V.; Evola, G.; Marletta, L. Urban Heat Stress and Mitigation Solutions: An Engineering Perspective; Routledge: Oxon, UK,

2021; p. 443.
55. 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.
56. Kirshaw, T. The urban heat island (UHI). In Climate Change Resilience in the Urban Environment; IOP Publishing Ltd.: Bristol, UK,

2017; p. 4.
57. Stewart, I.D.; Mills, G. The Urban Heat Island—A Guidebook, First Edition; Elsevier: Amsterdam, The Netherlands, 2021; p. 184.
58. Rizwan, A.M.; Dennis, L.Y.; Chunho, L.I.U. A review on the generation, determination and mitigation of Urban Heat Island. J.

Environ. Sci. 2008, 20, 120–128. [CrossRef]
59. Hann, J. Über den Temperaturunterschied zwischen Stadt und Land [On the temperature difference between town and country].

Osterr. Ges. Meteorol. Z. 1885, 20, 457–462.
60. Peng, S.; Piao, S.; Ciais, P.; Friedlingstein, P.; Ottle, C.; Bréon, F.M.; Myneni, R.B. Surface urban heat island across 419 global big

cities. Environ. Sci. Technol. 2012, 46, 696–703. [CrossRef] [PubMed]

https://www.wri.org/insights/4-charts-explain-greenhouse-gas-emissions-countries-and-sectors.
http://doi.org/10.1289/ehp.11463
http://www.ncbi.nlm.nih.gov/pubmed/19057695
http://doi.org/10.1007/s40572-018-0188-x
http://www.ncbi.nlm.nih.gov/pubmed/29417451
https://www.epa.gov/ground-level-ozone-pollution/health-effects-ozone-pollution
https://www.epa.gov/ground-level-ozone-pollution/health-effects-ozone-pollution
https://www.health.nsw.gov.au/environment/air/Pages/particulate-matter.aspx
https://www.health.nsw.gov.au/environment/air/Pages/particulate-matter.aspx
http://doi.org/10.1093/aje/kwj338
http://www.ncbi.nlm.nih.gov/pubmed/17032694
http://doi.org/10.1088/1748-9326/aac02a
http://doi.org/10.1177/1010539510391771
http://doi.org/10.1088/1748-9326/aac4bd
http://doi.org/10.1126/scisignal.2003579
http://doi.org/10.1289/ehp.1104100
http://doi.org/10.1155/2012/472751
http://www.ncbi.nlm.nih.gov/pubmed/22523504
http://doi.org/10.1002/qj.49710845502
http://doi.org/10.1155/2011/497524
http://doi.org/10.1068/b130091p
http://doi.org/10.1016/j.scitotenv.2017.01.158
http://doi.org/10.1016/j.scs.2021.102987
https://www.epa.gov/heat-islands/heat-island-compendium
http://doi.org/10.1016/j.enbuild.2016.09.067
http://doi.org/10.1016/S1001-0742(08)60019-4
http://doi.org/10.1021/es2030438
http://www.ncbi.nlm.nih.gov/pubmed/22142232


Sustainability 2022, 14, 9234 16 of 19

61. Santamouris, M. Heat Island Research in Europe: The State of the Art. In Advances in Building Energy Research; Santamouris, M.,
Ed.; Earthscan: London, UK, 2007; pp. 123–150.

62. Santamouris, M. Analyzing the heat island magnitude and characteristic in one hundred Asian and Australian cities and regions.
Sci. Total Environ. 2015, 512, 582–598. [CrossRef] [PubMed]

63. Imhoff, M.L.; Zhang, P.; Wolfe, R.E.; Bounoua, L. Remote sensing of the urban heat island effect across biomes in the continental
USA. Remote Sens. Environ. 2010, 114, 504–513. [CrossRef]

64. Li, X.; Stringer, L.C.; Dallimer, M. The Spatial and Temporal Characteristics of Urban Heat Island Intensity: Implications for East
Africa’s Urban Development. Climate 2021, 9, 51. [CrossRef]

65. Benas, N.; Chrysoulakis, N.; Cartalis, C. Trends of urban surface temperature and heat island characteristics in the Mediterranean.
Theor. Appl. Climatol. 2017, 130, 807–816. [CrossRef]

66. Yang, Q.; Huang, X.; Tang, Q. The footprint of urban heat island effect in 302 Chinese cities: Temporal trends and associated
factors. Sci. Total Environ. 2019, 655, 652–662. [CrossRef]

67. Oke, T.R. City size and the urban heat island. Atmos. Environ. 1973, 7, 769–779. [CrossRef]
68. Zhou, B.; Rybski, D.; Kropp, J.P. The role of city size and urban form in the surface urban heat island. Sci. Rep. 2017, 7, 4791.

[CrossRef]
69. Wienert, U.; Kuttler, W. The dependence of the urban heat island intensity on latitude-A statistical approach. Meteorol. Z. 2005, 14,

677–686. [CrossRef]
70. Cui, Y.; Xu, X.; Dong, J.; Qin, Y. Influence of urbanization factors on surface urban heat island intensity: A comparison of countries

at different developmental phases. Sustainability 2016, 8, 706. [CrossRef]
71. Akbari, H.; Rosenfeld, A.; Menon, S. Global cooling: Increasing world-wide urban albedos to offset CO2. Clim. Chang. 2009, 94,

275–286. [CrossRef]
72. Alahmad, B.; Tomasso, L.P.; Al-Hemoud, A.; James, P.; Koutrakis, P. Spatial distribution of land surface temperatures in Kuwait:

Urban heat and cool islands. Int. J. Environ. Res. Public Health 2020, 17, 2993. [CrossRef]
73. Louiza, H.; Zéroual, A.; Djamel, H. Impact of the transport on the urban heat island. Int. J. Traffic Transp. Eng. 2015, 5, 252–263.

[CrossRef]
74. Degirmenci, K.; Desouza, K.C.; Fieuw, W.; Watson, R.T.; Yigitcanlar, T. Understanding policy and technology responses in

mitigating urban heat islands: A literature review and directions for future research. Sustain. Cities Soc. 2021, 70, 102873.
[CrossRef]

75. Shattuck, G.C.; Hilferty, M.M. Causes of deaths from heat in Massachusetts. N. Engl. J. Med. 1933, 209, 319–329. [CrossRef]
76. Gover, M. Mortality during periods of excessive temperature. Public Health Rep. 1938, 53, 1122–1143. [CrossRef]
77. Basu, R. High ambient temperature and mortality: A review of epidemiologic studies from 2001 to 2008. Environ. Health 2009, 8, 40.

[CrossRef]
78. Tong, S.; Prior, J.; McGregor, G.; Shi, X.; Kinney, P. Urban heat: An increasing threat to global health. BMJ 2021, 375, n2467.

[CrossRef]
79. Tuholske, C.; Caylor, K.; Funk, C.; Verdin, A.; Sweeney, S.; Grace, K.; Peterson, P.; Evans, T. Global urban population exposure to

extreme heat. Proc. Natl. Acad. Sci. USA 2021, 118, e2024792118. [CrossRef]
80. Guo, Y.; Gasparrini, A.; Armstrong, B.G.; Tawatsupa, B.; Tobias, A.; Lavigne, E.; Coelho, M.S.Z.S.; Pan, X.; Kim, H.;

Hashizume, M.; et al. Heat wave and mortality: A multicountry, multicommunity study. Environ. Health Perspect. 2017, 125,
087006. [CrossRef]

81. Barrow, M.W.; Clark, K.A. Heat-related illnesses. Am. Fam. Physician 1998, 58, 749. [PubMed]
82. Basu, R.; Gavin, L.; Pearson, D.; Ebisu, K.; Malig, B. Examining the association between temperature and emergency room visits

from mental health-related outcomes in California. Calif. Fourth Clim. Chang. Assess. Supporting Res. 2018, 187, 726–735. Available
online: https://www.energy.ca.gov/sites/default/files/2019-07/PublicHealth_External_Basu.pdf (accessed on 22 May 2022).
[CrossRef]

83. Vaidyanathan, A.; Malilay, J.; Schramm, P.; Saha, S. Heat-Related Deaths—United States, 2004–2018. MMWR Morb. Mortal. Wkly.
Rep. 2020, 69, 729–734. [CrossRef] [PubMed]

84. De’Donato, F.K.D.; Leone, M.; Scortichini, M.; De Sario, M.; Katsouyanni, K.; Lanki, T.; Basagaña, X.; Ballester, F.; Åström, C.;
Paldy, A.; et al. Changes in the effect of heat on mortality in the last 20 years in Nine European Cities. results from the PHASE
project. Int. J. Environ. Res. Public Health 2015, 12, 15567–15583. [CrossRef]

85. Macintyre, H.L.; Heaviside, C. Potential benefits of cool roofs in reducing heat-related mortality during heatwaves in a European
city. Environ. Int. 2019, 127, 430–441. [CrossRef]

86. Ellis, F.P. Heat illness. I. Epidemiology. Trans. R. Soc. Trop. Med. Hyg. 1976, 70, 402–411. [CrossRef]
87. Ellis, F.P. Heat illness. II. Pathogenesis. Trans. R. Soc. Trop. Med. Hyg. 1976, 70, 412–418. [CrossRef]
88. Ebi, K.L.; Capon, A.; Berry, P.; Broderick, C.; de Dear, R.; Havenith, G.; Honda, Y.; Kovats, R.S.; Ma, W.; Malik, A.; et al. Hot

weather and heat extremes: Health risks. Lancet 2021, 398, 698–708. [CrossRef]
89. Crandall, C.G.; Gonzalez-Alonso, J. Cardiovascular function in the heat-stressed human. Acta Physiol. 2010, 199, 407–423.

[CrossRef] [PubMed]

http://doi.org/10.1016/j.scitotenv.2015.01.060
http://www.ncbi.nlm.nih.gov/pubmed/25647373
http://doi.org/10.1016/j.rse.2009.10.008
http://doi.org/10.3390/cli9040051
http://doi.org/10.1007/s00704-016-1905-8
http://doi.org/10.1016/j.scitotenv.2018.11.171
http://doi.org/10.1016/0004-6981(73)90140-6
http://doi.org/10.1038/s41598-017-04242-2
http://doi.org/10.1127/0941-2948/2005/0069
http://doi.org/10.3390/su8080706
http://doi.org/10.1007/s10584-008-9515-9
http://doi.org/10.3390/ijerph17092993
http://doi.org/10.7708/ijtte.2015.5(3).03
http://doi.org/10.1016/j.scs.2021.102873
http://doi.org/10.1056/NEJM193308172090701
http://doi.org/10.2307/4582590
http://doi.org/10.1186/1476-069X-8-40
http://doi.org/10.1136/bmj.n2467
http://doi.org/10.1073/pnas.2024792118
http://doi.org/10.1289/EHP1026
http://www.ncbi.nlm.nih.gov/pubmed/9750542
https://www.energy.ca.gov/sites/default/files/2019-07/PublicHealth_External_Basu.pdf
http://doi.org/10.1289/isesisee.2018.P02.0280
http://doi.org/10.15585/mmwr.mm6924a1
http://www.ncbi.nlm.nih.gov/pubmed/32555133
http://doi.org/10.3390/ijerph121215006
http://doi.org/10.1016/j.envint.2019.02.065
http://doi.org/10.1016/0035-9203(76)90119-X
http://doi.org/10.1016/0035-9203(76)90121-8
http://doi.org/10.1016/S0140-6736(21)01208-3
http://doi.org/10.1111/j.1748-1716.2010.02119.x
http://www.ncbi.nlm.nih.gov/pubmed/20345414


Sustainability 2022, 14, 9234 17 of 19

90. Portier, C.J.; Thigpen Tart, K.; Carter, S.R.; Dilworth, C.H.; Grambsch, A.E.; Gohlke, J.; Hess, J.; Howard, S.N.; Luber, G.;
Lutz, J.T.; et al. A Human Health Perspective on Climate Change: A Report Outlining the Research Needs on the Human Health Effects of
Climate Change; Environmental Health Perspectives/National Institute of Environmental Health Sciences: Research Triangle Park,
NC, USA, 2010. Available online: www.niehs.nih.gov/climatereport (accessed on 8 June 2022). [CrossRef]

91. Henschel, A.; Burton, L.L.; Margolies, L.; Smith, J.E. An analysis of the heat deaths in St. Louis during July, 1966. Am. J. Public
Health Nations Health 1969, 59, 2232–2242. [CrossRef]

92. Clarke, J.F. Some effects of the urban structure on heat mortality. Environ. Res. 1972, 5, 93–104. [CrossRef]
93. Robine, J.M.; Cheung, S.L.K.; Le Roy, S.; Van Oyen, H.; Griffiths, C.; Michel, J.P.; Herrmann, F.R. Death toll exceeded 70,000 in

Europe during the summer of 2003. Comptes Rendus Biol. 2008, 331, 171–178. [CrossRef] [PubMed]
94. Baccini, M.; Biggeri, A.; Accetta, G.; Kosatsky, T.; Katsouyanni, K.; Analitis, A.; Anderson, H.R.; Bisanti, L.; D’Ippoliti, D.; Danova,

J.; et al. Heat effects on mortality in 15 European cities. Epidemiology 2008, 19, 711–719. [CrossRef] [PubMed]
95. Heaviside, C.; Vardoulakis, S.; Cai, X.M. Attribution of mortality to the urban heat island during heatwaves in the West Midlands,

UK. Environ. Health 2016, 15, 49–59. [CrossRef]
96. Davis, R.E.; Knappenberger, P.C.; Novicoff, W.M.; Michaels, P.J. Decadal changes in summer mortality in US cities. Int. J.

Biometeorol. 2003, 47, 166–175. [CrossRef]
97. Bobb, J.F.; Peng, R.D.; Bell, M.L.; Dominici, F. Heat-related mortality and adaptation to heat in the United States. Environ. Health

Perspect. 2014, 122, 811–816. [CrossRef] [PubMed]
98. Hayashida, K.; Shimizu, K.; Yokota, H. Severe heatwave in Japan. Acute Med. Surg. 2019, 6, 206–207. [CrossRef]
99. Tong, S.; Wang, X.Y.; Yu, W.; Chen, D.; Wang, X. The impact of heatwaves on mortality in Australia: A multicity study. BMJ Open

2014, 4, e003579. [CrossRef] [PubMed]
100. Ma, W.; Zeng, W.; Zhou, M.; Wang, L.; Rutherford, S.; Lin, H.; Liu, T.; Zhang, Y.; Xiao, J.; Zhang, Y.; et al. The short-term effect of

heat waves on mortality and its modifiers in China: An analysis from 66 communities. Environ. Int. 2015, 75, 103–109. [CrossRef]
101. Gao, J.; Sun, Y.; Liu, Q.; Zhou, M.; Lu, Y.; Li, L. Impact of extreme high temperature on mortality and regional level definition of

heat wave: A multi-city study in China. Sci. Total Environ. 2015, 505, 535–544. [CrossRef] [PubMed]
102. Ellena, M.; Breil, M.; Soriani, S. The heat-health nexus in the urban context: A systematic literature review exploring the

socio-economic vulnerabilities and built environment characteristics. Urban Clim. 2020, 34, 100676. [CrossRef]
103. Reid, C.E.; O’neill, M.S.; Gronlund, C.J.; Brines, S.J.; Brown, D.G.; Diez-Roux, A.V.; Schwartz, J. Mapping community determinants

of heat vulnerability. Environ. Health Perspect. 2009, 117, 1730–1736. [CrossRef] [PubMed]
104. Lai, L.-W.; Cheng, W.-L. Urban Heat Island and Air Pollution—An Emerging Role for Hospital Respiratory Admissions in an

Urban Area. J. Environ. Health 2010, 72, 32–36. [PubMed]
105. Grigorieva, E.; Lukyanets, A. Combined effect of hot weather and outdoor air pollution on respiratory health: Literature review.

Atmosphere 2021, 12, 790. [CrossRef]
106. Perera, F.; Nadeau, K. Climate change, fossil-fuel pollution, and children’s health. N. Engl. J. Med. 2022, 386, 2303–2314. [CrossRef]

[PubMed]
107. Shirinde, J.; Wichmann, J. Temperature modifies the association between air pollution and respiratory disease mortality in Cape

Town, South Africa. Int. J. Environ. Health Res. 2022; ahead of print.
108. Sabrin, S.; Karimi, M.; Nazari, R. Developing vulnerability index to quantify urban heat islands effects coupled with air pollution:

A case study of Camden, NJ. ISPRS Int. J. Geo-Inf. 2020, 9, 349. [CrossRef]
109. Lyons, J.; Kenworthy, J.; Newman, P. Urban structure and air pollution, Atmospheric Environment. Part B. Urban Atmos. 1990, 24,

43–48.
110. Matan, A.; Newman, P.; Trubka, R.; Beattie, C.; Selvey, l. Health, Transport and Urban Planning: Quantifying the Links between

Urban Assessment Models and Human Health. Urban Policy Res. 2015, 33, 145–159. [CrossRef]
111. Rissel, C.; Curac, N.; Greenaway, M.; Bauman, A. Physical activity associated with public transport use—a review and modelling

of potential benefits. Int. J. Environ. Res. Public Health 2012, 9, 2454–2478. [CrossRef]
112. Stevenson, M.; Thompson, J.; Hérick de Sá, T.; Ewing, R.; Mohan, D.; McClure, R.; Roberts, I.; Tiwari, G.; Giles-Corti, B.;

Sun, X.; et al. Land use, transport, and population health: Estimating the health benefits of compact cities. Lancet 2016, 388,
2925–2935. [CrossRef]

113. WHO. WHO European Healthy Cities Network, World Health Organization. 2021. Available online: https://www.euro.who.int/
en/health-topics/environment-and-health/urban-health/who-european-healthy-cities-network (accessed on 12 July 2021).

114. Kent, J.; Thompson, S. Health and the built environment: Exploring foundations for a new interdisciplinary profession. J. Environ.
Public Health 2012, 2012, 958175. [CrossRef] [PubMed]

115. USEPA. Smart Growth in Your Community. 2021. Available online: https://www.epa.gov/smartgrowth/smart-growth-your-
community (accessed on 12 June 2021).

116. Smart Growth Network. 2013. Available online: https://smartgrowth.org/ (accessed on 12 October 2021).
117. ERI. Salt Lake City, Utah Adapts to Improve Air Quality Through Smart Growth, Case Study, Environment Resilience Institute,

Indiana University. 2018. Available online: https://eri.iu.edu/erit/case-studies/salt-lake-city-utah-adapts-improve-air-quality-
through-smart-growth.html (accessed on 20 August 2021).

118. Gren, Å.; Colding, J.; Berghauser-Pont, M.; Marcus, L. How smart is smart growth? Examining the environmental validation
behind city compaction. Ambio 2019, 48, 580–589. [CrossRef] [PubMed]

www.niehs.nih.gov/climatereport
http://doi.org/10.1289/ehp.1002272
http://doi.org/10.2105/AJPH.59.12.2232
http://doi.org/10.1016/0013-9351(72)90023-0
http://doi.org/10.1016/j.crvi.2007.12.001
http://www.ncbi.nlm.nih.gov/pubmed/18241810
http://doi.org/10.1097/EDE.0b013e318176bfcd
http://www.ncbi.nlm.nih.gov/pubmed/18552587
http://doi.org/10.1186/s12940-016-0100-9
http://doi.org/10.1007/s00484-003-0160-8
http://doi.org/10.1289/ehp.1307392
http://www.ncbi.nlm.nih.gov/pubmed/24780880
http://doi.org/10.1002/ams2.387
http://doi.org/10.1136/bmjopen-2013-003579
http://www.ncbi.nlm.nih.gov/pubmed/24549159
http://doi.org/10.1016/j.envint.2014.11.004
http://doi.org/10.1016/j.scitotenv.2014.10.028
http://www.ncbi.nlm.nih.gov/pubmed/25461056
http://doi.org/10.1016/j.uclim.2020.100676
http://doi.org/10.1289/ehp.0900683
http://www.ncbi.nlm.nih.gov/pubmed/20049125
http://www.ncbi.nlm.nih.gov/pubmed/20104832
http://doi.org/10.3390/atmos12060790
http://doi.org/10.1056/NEJMra2117706
http://www.ncbi.nlm.nih.gov/pubmed/35704482
http://doi.org/10.3390/ijgi9060349
http://doi.org/10.1080/08111146.2014.990626
http://doi.org/10.3390/ijerph9072454
http://doi.org/10.1016/S0140-6736(16)30067-8
https://www.euro.who.int/en/health-topics/environment-and-health/urban-health/who-european-healthy-cities-network
https://www.euro.who.int/en/health-topics/environment-and-health/urban-health/who-european-healthy-cities-network
http://doi.org/10.1155/2012/958175
http://www.ncbi.nlm.nih.gov/pubmed/23028393
https://www.epa.gov/smartgrowth/smart-growth-your-community
https://www.epa.gov/smartgrowth/smart-growth-your-community
https://smartgrowth.org/
https://eri.iu.edu/erit/case-studies/salt-lake-city-utah-adapts-improve-air-quality-through-smart-growth.html
https://eri.iu.edu/erit/case-studies/salt-lake-city-utah-adapts-improve-air-quality-through-smart-growth.html
http://doi.org/10.1007/s13280-018-1087-y
http://www.ncbi.nlm.nih.gov/pubmed/30171568


Sustainability 2022, 14, 9234 18 of 19

119. CNU. New Urbanism, Congress of New Urbanism. 2021. Available online: https://www.cnu.org/resources/what-new-urbanism
(accessed on 12 March 2021).

120. Berke, P.; Godschalk, D.; Kaiser, E.; Rodriguez, D. Urban Land Use Planning, 5th ed.; University of Illinois Press: Champaign, IL,
USA, 2006.

121. Iravani, H.; Rao, V. The effects of New Urbanism on public health. J. Urban Des. 2020, 25, 218–235. [CrossRef]
122. Wu, Y.; Cui, Z.; Hu, C. Does the New Urbanization Influence Air Quality in China? Front. Environ. Sci. 2021, 9, 645010. [CrossRef]
123. Van der Waals, M. The compact city and the environment: A review. Tijdschr. Voor Econ. Soc. Geogr. 2020, 91, 111–121. [CrossRef]
124. Lund, H. Testing the claims of New Urbanism: Local access, pedestrian travel, and neighbouring behaviours. J. Am. Plan. Assoc.

2003, 69, 414–429. [CrossRef]
125. Ewing, R.; Meakins, G.; Hamidi, S.; Nelson, A.C. Relationship between urban sprawl and physical activity, obesity, and

morbidity—update and refinement. Health Place 2014, 26, 118–126. [CrossRef]
126. Noland, R.; Ozbay, K.; DiPetrillo, S.; Iyer, S. Measuring the Benefits of Transit-Oriented Development; Project 1142; Mineta National

Transport Research Consortium (MNTRC): San Jose, CA, USA, 2014.
127. Zhou, C.; Li, S.; Wang, S. Examining the Impacts of Urban Form on Air Pollution in Developing Countries: A Case Study of

China’s Megacities. Int. J. Environ. Res. Public Health 2018, 15, 1565. [CrossRef] [PubMed]
128. Liang, L.; Gong, P. Urban and air pollution: A multi-city study of long-term effects of urban landscape patterns on air quality

trends. Sci. Rep. 2020, 10, 18618. [CrossRef]
129. Carozzi, F.; Roth, S. Dirty Density: Air Quality and the Density of American Cities, Discussion Paper No. 1635; Centre for Economic

Performance (CEP), London School of Economics: London, UK, 2019.
130. Castells-Quintana, D.; Dienesch, E.; Krause, M. Density, Cities and Air Pollution: A Global View. 2020. Available online:

https://ssrn.com/abstract=3713325 (accessed on 6 January 2022).
131. Levay, P.Z.; Drossinos, Y.; Thiel, C. The effect of fiscal incentives on market penetration of electric vehicles: A pairwise comparison

of total cost of ownership. Energy Policy 2017, 105, 524–533. [CrossRef]
132. Bradley, H.; Frank, A. Design, demonstrations and sustainability impact assessments for plug-in hybrid electric vehicles. Renew.

Sustain. Energy Rev. 2009, 13, 115–128. [CrossRef]
133. Rapa, M.; Gobbi, L.; Ruggieri, R. Environmental and Economic Sustainability of Electric Vehicles: Life Cycle Assessment and Life

Cycle Costing Evaluation of Electricity Sources. Energies 2020, 13, 6292. [CrossRef]
134. Soret, A.; Guevara, M.; Baldasano, J. The potential impacts of electric vehicles on air quality in the urban areas of Barcelona and

Madrid (Spain). Atmos. Environ. 2014, 99, 51–63. [CrossRef]
135. Malmgren, I. Quantifying the Societal Benefits of Electric Vehicles. World Electr. Veh. J. 2016, 8, 996–1007. [CrossRef]
136. Enel, X. Sustainable Urban Planning Has a Powerful New Tool: Electric Vehicles, JuiceBlog. 2020. Available online: https://

evcharging.enelx.com/resources/blog/653-sustainable-urban-planning-has-a-powerful-new-tool (accessed on 20 August 2021).
137. Manoharan, Y.; Hosseini, E.; Butler, B.; Alzhahrani, H.; Senior, F.; Ashuri, T.; Krohn, J. Hydrogen Fuel Cell Vehicles; Current Status

and Future Prospect. Appl. Sci. 2019, 9, 2296. [CrossRef]
138. AFDC (Alternative Fuels Data Centre). Fuel Cell Electric Vehicles, US Department of Energy. 2021. Available online: https:

//afdc.energy.gov/vehicles/fuel_cell.html (accessed on 20 June 2021).
139. Barwise, Y.; Kumar, P. Designing vegetation barriers for urban air pollution abatement: A practical review for appropriate plant

species selection. NPJ Clim. Atmos. Sci. 2020, 3, 12. [CrossRef]
140. Abhijith, K.; Kumar, P.; Gallagher, J.; McNabola, A.; Baldauf, R.; Pilla, F.; Broderick, B.; Di Sabatino, S.; Pulvirenti, B. Air pollution

abatement performances of green infrastructure in open road and built-up street canyon environments—A review. Atmos. Environ.
2017, 162, 71–86. [CrossRef]

141. Maher, B.; Ahmed, I.; Davison, B.; Karloukovski, V.; Clarke, R. Impact of Roadside Tree Lines on Indoor Concentrations of
Traffic-Derived Particulate Matter. Environ. Sci. Technol. 2013, 47, 13737–13744. [CrossRef] [PubMed]

142. Jeanjean, A.; Buccolieri, R.; Eddy, J.; Monks, P.; Leigh, R. Air quality affected by trees in real street canyons: The case of Marylebone
neighbourhood in central London. Urban For. Urban Green. 2017, 22, 41–53. [CrossRef]

143. Zhang, L.; Zhang, Z.; Chen, L.; McNulty, S. An investigation on the leaf accumulation-removal efficiency of atmospheric
particulate matter for five urban plant species under different rainfall regimes. Atmos. Environ. 2019, 208, 123–132. [CrossRef]

144. European Commission (EC). Light-Sensitive Buildings to Reduce Air Pollution, European Commission. 2014. Available online:
https://ec.europa.eu/programmes/horizon2020/en/news/light-sensitive-buildings-reduce-air-pollution (accessed on 12 June 2021).

145. Bolte, G. Innovative Building Material—Reduction of Air Pollution through TioCem. In Nanotechnology in Construction 3; Bittnar,
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