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Abstract: A paradigm change in the management of environmental health issues has been observed
in recent years: instead of managing specific risks individually, a holistic vision of environmental
problems would assure sustainable solutions. However, concrete actions that could help translate
these recommendations into interventions are lacking. This review presents the relevance of using
an integrated indoor air quality management approach to ensure occupant health and comfort.
At the nexus of three basic concepts (reducing contaminants at the source, improving ventilation,
and, when relevant, purifying the indoor air), this approach can help maintain and improve indoor
air quality and limit exposure to several contaminants. Its application is particularly relevant
in a climate change context since the evolving outdoor conditions have to be taken into account
during building construction and renovation. The measures presented through this approach
target public health players, building managers, owners, occupants, and professionals involved
in building design, construction, renovation, and maintenance. The findings of this review will help
the various stakeholders initiate a strategic reflection on the importance of indoor air quality and
climate change issues for existing and future buildings. Several new avenues and recommendations
are presented to set the path for future research activities.
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1. Introduction
Energy efficiency in residential buildings has become one of the central concerns in recent decades,
and has resulted in more airtight constructions. To compensate for the decrease in natural ventilation,
which used to be sufficient to ventilate buildings, mechanical ventilation, and other measures, such as
air extractors and purifiers, have been developed to deliver good air quality to ensure occupant health
and comfort. These new realities have led to an increase in indoor air quality (IAQ) research and interest.
In addition, a paradigm change has been observed concerning the management of environmental
health issues. As an example for IAQ, from managing specific problems individually, it now seems
more appropriate to manage IAQ in a holistic manner and to consider several determinants of IAQ
when implementing solutions. Even though it can still be relevant to resolve problems one contaminant
at a time (e.g., repairing water infiltration in the foundations to eliminate water infiltration), it would
be beneficial to consider other potential IAQ issues that could be tackled by similar measures
(e.g., installing a radon mitigation system while sealing the foundations to prevent the introduction of
water and underground gases). Although never concretely proposed, such an integrated approach
to IAQ management should be considered by building managers, owners and occupants, as well as
public health practitioners to improve IAQ and occupant health.
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IAQ varies according to the building characteristics (e.g., condition and type of foundation,
presence or absence of mechanical ventilation, airtightness, and envelope integrity), the occupants’
behaviors (e.g., ventilation habits, indoor smoking, and choice and use of cleaning products), and the
characteristics of the outdoor environment (e.g., climatic conditions and physiographical context) [1].
Apprehending the indoor environment in its entirety entails taking into account all of the variables
potentially affecting the indoor parameters, including the prevailing and future outdoor conditions.
It is therefore particularly relevant to place this approach in a climate change (CC) context, since it can
account for climatic variations and take into consideration several determinants of IAQ that will be
modified by CC.
In fact, CC presents additional pressure on our societies by modifying the frequency, extent,
and intensity of various climatic processes, including extreme weather events [2]. From a
public health perspective, these phenomena can generate direct and indirect threats to the
general population. Among these, increasing temperatures and the associated impacts can affect
the IAQ of residential buildings. Some examples include temperature variations that can modify
air conditioning and heating needs, the often associated increase in relative humidity that can
create favorable conditions for the growth of certain microorganisms, and thawing permafrost that
can affect building integrity. Moreover, variations in the frequency and quantity of precipitation
can affect the built environment [3,4] (e.g., building damage from floods, ground movements,
and mold development). An increased frequency of smog episodes and forest fires can also alter
outdoor air quality and exacerbate infiltration of several contaminants [1,3]. Various measures have
been proposed to mitigate the effects of CC on occupant health and comfort, for the general population,
as well as for vulnerable groups (according to age, health and socioeconomic status, type, location,
and condition of the dwelling, etc.) [1].
In 2011, the Institute of Medicine of the National Academies overviewed the impacts of CC on IAQ;
however, the adaptation measures presented were rather generic [1]. At the time, there was no detailed
inventory of the possible adaptation measures applicable to residential buildings concerning IAQ.
Literature on the links between climate change, indoor air quality, and health is still emerging [4–8].
In this paper, we review the literature on the determinants of IAQ in a changing climate context
and propose a management approach that is situated at the nexus of three basic concepts: (1) reducing
contaminants at the source, (2) ensuring adequate ventilation in buildings, and (3) purifying indoor air
if needed and depending on the prevailing environmental (outdoor) conditions. These concepts will
be further analyzed in the following sections.
2. Materials and Methods
In 2016, our group reviewed adaptation measures that are associated with IAQ in a climate
change context. Six concepts were combined and researched in OvidSP and ProQuest databases
(indoor air; climate change; contaminants; legislation, guidelines, recommendations, normalization,
certification; building materials and decoration products; and, purification techniques). Articles from
2000 and after, published in English and French, and corresponding to the review objectives
were retained, after filtering titles and abstracts for relevance. Snowballing and grey literature search
were also used to complete the review process. Articles had to be related to northern climates, such as
Canada and Europe.
Inspired by the results of this review [9], and in light of the paradigm change
previously mentioned, our group wrap up the main results and promote an integrated IAQ
management approach in the context of CC to ensure occupant health and comfort, based on expert
judgments and experiences.
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3. Results and Discussion
The results of the review are presented through the nexus of three key concepts that should
be implemented together—and not as individual strategies—to improve IAQ management in a
changing climate.
3.1. Concept 1: Reducing Contaminants at the Source
Managing IAQ through an integrated approach requires first and foremost reducing contaminants
at the source, namely by limiting the infiltration and emission of contaminants indoors.
3.1.1. Reducing Contaminants through Coercive Measures
Coercive measures include mandatory dispositions comprised in codes, laws, and regulations.
For example, building codes dispositions regarding wall, foundation, and floor insulation, or the
installation of a bathroom exhaust fan or a kitchen range hood are considered coercive measures that
are meant to directly or indirectly reduce contaminants at the source.
Several countries have adopted legislation regarding various aspects of building construction and
IAQ issues. France [10], China [11], Denmark [12], South Korea [13,14], Japan [15], and Canada [16,17]
have adopted regulations affecting IAQ directly or indirectly. For instance, since 2013, France requires
all of the construction materials and interior decoration products sold in France to be labelled with
a standardized label presenting information on the emission of volatile organic compounds (VOC)
(e.g., formaldehyde) in order to provide clear and complete information about the products that
consumers buy and install in their buildings [10].
Although it is first carried out for energy efficiency purposes, optimizing the building envelope
(insulation and airtightness) may be considered as a way to reduce contaminants at the source,
since it limits the occupants’ exposure to physical stresses and contaminants from the outside.
Such improvements offer a passive and energy-efficient solution to mitigate the effects that are
associated with heat waves and cold spells, especially for vulnerable populations [18]. Moreover,
these measures can improve the occupants’ thermal comfort by keeping the building warmer in
winter and cooler in summer [4,19], therefore lowering the demand for heating and air conditioning,
which consequently reduces building energy consumption [20,21]—relevant measures in a context
of CC.
Installing a membrane beneath the foundation slab or on the crawl-space floor, adding an air
vent in the attic or in crawl spaces, and ensuring that the clothes dryer has an exterior exhaust are
other measures available to limit the introduction or facilitate the evacuation of excessive humidity,
soil gases such as radon, and mold development inside a building [22–24]. Provisions regarding the
installation of low-emissivity materials could also be included in building codes to contribute to the
reduction of contaminants at the source.
3.1.2. Reducing Contaminants through Incentive Measures
Incentive measures comprise voluntary programs and certifications of construction, decoration,
and furnishing products and materials, as well as those concerning building or neighborhood
construction and development. These certifications are generally oriented toward energy efficiency and
sustainability criteria, but sometimes include IAQ considerations, such as the Leadership in Energy
and Environmental Design program, or LEED [25], or the Living Building Challenge [26]. Since the
main objective of these programs is often to reduce the ecological footprint that is associated with
the construction and use of buildings in a sustainable development perspective, these measures can
contribute indirectly to CC adaptation by promoting a greenhouse gas (GHG) reduction strategy.
Various programs and certifications offer an alternative to building owners and managers that are
wishing to improve or maintain the IAQ of a building for the health of their users. Several programs,
such as LEED, include requirements regarding the products and materials that re installed in the
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certified buildings (e.g., low-VOC materials and GREENGUARD labelled materials). However, a
brief overview of programs that are available in North America, particularly in Canada, indicated few
programs offering dispositions specific to IAQ, and most are optional.
Certifications concerning construction and renovation products and materials aim at limiting
the emission of contaminants throughout their life-cycle (e.g., formaldehyde and other VOCs) [27].
Among these environmental labelling schemes, Ecologo© (UL Environment certifications, Northbrook,
IL, USA), Green Seal© (Washington, DC, USA), GREENGUARD© (UL Environment certifications,
Northbrook, IL, USA), FloorScore® (Resilient Floor Covering Institute, LaGrange, CA, USA and SCS
Global Services, Emeryville, CA, USA), and Green Label© (Carpet and Rug Institute Inc., Dalton,
GA, USA) are labels that are used in several countries. The information on the composition of
the certified products and materials can help construction professionals, designers, contractors,
and suppliers, as well as consumers, to make enlightened choices with regard to the products they
select and install (e.g., no-VOC paints) [28]. Moreover, a series of international standards has been
developed concerning indoor air (ISO 16000) that addresses certain issues, such as mold, asbestos,
and VOCs. Currently, even though no evaluation seems to have been conducted concerning the
efficiency of these labelling schemes to significantly reduce the occupants’ exposure to indoor air
contaminants, selecting less-emissive materials is still considered an incentive measure to reduce
contaminants at the source.
3.1.3. Reducing Contaminants through Voluntary Measures
Voluntary measures are implemented directly by buildings’ occupants, owners, and managers,
and are driven by the will to live in or operate buildings with better IAQ. Since numerous indoor air
contaminants are generated by the occupants’ activities and behaviors, reducing the contaminants
at the source begins by changing certain individual behaviors or habits. IAQ can be improved by
refraining from smoking indoors, correctly using and storing potentially toxic household products,
correctly using pest control products (e.g., insecticides and fungicides), and only when necessary,
correctly using fuel-fired equipment, and reducing activities that generate excessive humidity [29,30].
Exterior exhaust fans and hoods (e.g., in the kitchen and bathroom) also serve as efficient measures for
removing contaminants at the source, such as fine particles and humidity, and limit their dispersal
when used adequately [24]. Using a portable dehumidifier in conjunction with these systems in damper
locations of a building, generally in the basement, is an efficient measure to reduce relative humidity,
which in turn limits the development of suitable conditions for the proliferation of associated indoor
air contaminants [24,31].
Proper building envelope design and occupant behavior can limit the infiltration of contaminants
from the outside, while regular maintenance and inspection of buildings and their components are
voluntary measures that can prevent the deterioration of building materials that are not designed
to be exposed to the elements. Among these, synthetic materials, such as vinyl, need attention,
since they can be degraded by the sun, wind, and rain, as well as by increasingly frequent freeze-thaw
cycles that are caused by milder winter weather [22,23]. Even though governmental renovation
programs are sometimes offered to building owners (e.g., RénoClimat program and RénoVert tax
credit in Quebec, Canada, or the tax refund Crédit d’impôt pour la Transition énergétique and Habiter
Mieux programs in France), they should consider inspecting and renovating their properties regularly,
not only as an investment, but also as a way to improve IAQ and comfort, and to adapt their assets to
anticipated climatic changes.
3.2. Concept 2: Improving Ventilation in Buildings
Improvements in building energy efficiency are driven by the will to reduce energy costs
and carbon emissions and to improve the occupants’ comfort. However, this reality comes with
increased airtightness of building envelopes, therefore allowing for little exchange between indoor and
outdoor air. Without proper ventilation, the contaminants generated inside are trapped in the building
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and contribute to the degradation of IAQ [1,32,33]. Since it is impossible to completely eliminate all of
the contaminants at the source, and considering the gradual reduction in passive natural ventilation
over the years, complementary ventilation measures are now necessary to improve and maintain IAQ
in an integrated management approach.
3.2.1. Improving Ventilation through Recent Coercive Measures: Centralized Mechanical Ventilation in
New Dwellings
To compensate for the increase in building air tightness, centralized mechanical ventilation
systems were designed and installed in various building types in Canada since the 1980s.
Their presence is now so important that the installation of mechanical ventilation has been mandatory
since 2012 in every new building that is constructed in Quebec, Canada [34]. The most common
systems in today’s buildings are those that are equipped with a heat or energy recovery module
(HRV and ERV), coupled or not with a forced-air heating system [35,36]. A balanced calibration of these
systems prevents pressurization, which allows for humid air to enter the walls, and depressurization
of the envelope, which allows for the infiltration of humidity and outdoor gases, such as radon [37].
These systems ensure exchanges between indoor and outdoor air and its distribution throughout
occupied spaces.
Most countries have adopted requirements regarding the total minimal capacity of mechanical
ventilation in their building codes [38,39]. In most countries in Europe, the minimal ventilation
rate for new buildings that are equipped with mechanical ventilation is around 0.5 air changes
per hour (ACH), while in North America, the prescribed rate is between 0.30 and 0.35 ACH
(corresponding approximately to the sum of natural and mechanical ventilation) [38,40,41].
Centralized mechanical ventilation and the associated air exchange rates are intended to dilute
indoor contaminants, limit the introduction of outdoor contaminants, reduce heat losses, and ensure
thermal comfort. According to several organizations, when installed, used, and maintained adequately,
centralized ventilation systems, such as HRVs and ERVs make up some of the most important measures
for maintaining IAQ in buildings [42–46].
These systems can also mitigate the impacts that CC has on certain comfort parameters, such as
temperature and relative humidity [47]. For example, they are useful for maintaining relative
humidity at acceptable levels and prevent the development of associated microorganisms [48,49].
However, these devices and their components must be maintained and cleaned properly to deliver
their optimum performance and hinder them from accumulating and releasing other contaminants
in the indoor air, such as inhalable particles that are likely to cause respiratory problems for the
occupants [37,40].
3.2.2. Improving Ventilation through Voluntary Measures: Natural Ventilation
Natural ventilation occurs through air infiltration in various openings and cracks in the building
envelope (e.g., windows, doors, ventilation ducts, and edges of electrical outlets and switches) [50].
Passive natural ventilation takes place continuously in buildings at various degrees, depending on the
pressure differences that are caused by the stack effect or by the wind effect [44].
Structural components (e.g., windows and doors) and voluntary occupant behaviors
(e.g., opening windows to ventilate the dwelling) can increase the natural ventilation of a building.
However, voluntary natural ventilation increases the introduction of outdoor contaminants
(e.g., pollens, fine particles, and ozone), some of which can be amplified by CC (e.g., increased pollen
concentrations with the extension of the pollen season) [3]. Controlling natural ventilation according to
climatic variations and outdoor conditions, when possible, is an affordable measure that is accessible
to almost everyone, even though its efficiency depends on several factors that make it difficult to
control [44,51]. The necessary efforts from the occupants to manually open windows and control
the natural ventilation [52] and their tendency to open windows only when perceiving a problem
with IAQ or comfort [53] are among the factors that are affecting the efficiency of natural ventilation.
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Moreover, when it comes to windows, studies have shown that occupants are ambivalent when it
comes to saving energy (i.e., reducing heat losses during winter and preserving coolness in summer)
or maintaining good IAQ [51,54]. Other factors can compromise the use of natural ventilation, such as
non-functional or unsuitable windows or doors, age of the occupants, unpleasant outdoor odors,
feeling of insecurity, noise, and smog [24,44,52,55].
It is preferable to use voluntary natural ventilation at night, when outdoor air contaminants
generally occur in lower concentrations [37]. Its efficiency largely depends on the difference between
indoor and outdoor temperatures, on the thermal inertia of the building and the heat transfer capacity
between the building massive components (e.g., concrete, brick, and roof shingles), and the flow of
fresh air [18,54].
Finally, natural ventilation options are promoted in the American Society of Heating,
Refrigerating and Air-Conditioning Engineers (ASHRAE)’s new residential ventilation
standard—ASHRAE 62.2—(without identifying them precisely), but efforts in terms of design,
performance evaluation, and certification will be needed from the industry in order to develop this
alternative ventilation method [40].
3.2.3. Improving Ventilation through Voluntary Measures: Optimizing Mechanical Ventilation
Optimizing existing ventilation systems may be an effective means to counteract the adverse
effects of CCs [56]. Ventilation rates can be modulated in time and space according to indoor
and outdoor conditions and the occupants’ needs. For example, by adequately controlling the
existing systems, the ventilation rate of occupied spaces can be increased to meet the needs of
the occupants, by adjusting the fan speed or the exchange-cycle duration if necessary, and then
decreasing it as the situation returns to normal for energy-saving purposes [36]. It is also
possible to control the ventilation system rates according to the indoor air relative humidity
by attempting to respect the range that is recommended by most recognized organizations
(such as US EPA (United States Environmental Protection Agency, Washington, DC, USA),
ASHRAE (Atlanta, GA, USA), Health Canada (Ottawa, ON, Canada) and Canada Mortgage
and Housing Corporation (Ottawa, ON, Canada)): between 30% and 50%, approximately [57].
To maintain relative humidity in this range, the use of a portable dehumidifier in damp building areas
(e.g., basement) can be an effective solution, while also reducing the associated indoor air contaminants,
such as mites or mold spores [24,31]. The choice of a low-energy model, which is adapted to the size of
the building or the space, must be considered.
During events of high atmospheric pollution, such as forest fires or smog episodes, reducing the
duration of the exchange cycle or temporarily interrupting all mechanical ventilation may limit
occupant exposure to outdoor contaminants [58,59]. In this case, the building acts as a shelter and
as a fresh air tank. This temporary confinement measure can only be effective if doors, windows,
and exhaust fans are kept closed. In addition, the more airtight the building is, the more effective this
measure will be.
Mechanical ventilation can even be adjusted in real time according to occupants’ needs and indoor
conditions when equipped with an intelligent control system [60–63]. The use of intelligent controls
and appropriate probes allow for a simultaneous monitoring of many variables, such as occupancy,
temperature, relative humidity, and CO2 concentration in indoor air. The collected data are computed
by an interface device that provides flexible and optimal ventilation of occupied spaces, while
minimizing the operating costs that are associated with heating and air conditioning. Although these
systems are not commonly encountered in residential buildings, this indoor air management approach
could become popular over the coming years, especially because of its energy saving potential [64,65].
If outdoor conditions, such as wind, humidity, temperature, and outdoor contaminant concentrations
are also monitored in order to adjust the mechanical ventilation flow rate, this measure could become
even more relevant for adapting to CC.
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Finally, despite the demonstrated effectiveness of residential ventilation systems in
improving IAQ, consumers should base their choice on the overall costs (i.e., purchase, installation,
and maintenance), as well as energy consumption and the desired control options.
3.3. Concept 3: Complementary Measures to Maintain Indoor Air Quality and Comfort
3.3.1. Maintaining Indoor Air Quality through Air Cleaning Devices
Despite the efficiency of the measures outlined above, some contaminants may persist in indoor
air as a result of uncontrollable pollution sources (e.g., highways, mines, and factories). In addition,
some people are more vulnerable to indoor air contaminants, such as individuals that are suffering
from asthma or allergies who may react to low levels of contaminants. In these circumstances, the use
of an indoor air cleaning device could be a complementary measure to improve IAQ in certain rooms
(e.g., bedroom or living room).
Various indoor air cleaning processes are available to consumers that are wishing to reduce their
exposure to particulate and gaseous contaminants [36]. These purification devices can be integrated
into specific centralized ventilation systems, while others can be deployed as portable units. In the
first case, a centralized ventilation system equipped with an external air filtration device can prevent the
introduction of outdoor pollutants. The pore diameter of the filter must be adapted to the load capacity
of the fan and the nature of the contaminants to be considered. While high efficiency particulate
air (HEPA) filters are very efficient (filtering 99.97% of particles less than 0.3 µm), their replacement
cost can be prohibitive. The introduction of a new generation of electronic filters could be promising,
since they combine filtration efficiency and a low cost of use and maintenance. Their effectiveness,
however, depends on several factors, including the rigorous maintenance of filters [66].
In the second case, portable treatment devices must be installed at specific locations,
usually in the vicinity of contaminant sources or near the vulnerable individuals. Despite their
theoretical performance, the effectiveness of air cleaners varies greatly, depending on their design,
installation, use, and maintenance, as well as the nature and concentration of contaminants that are
present in indoor air [59,67–69]. Moreover, the use of this type of appliance should be considered as an
alternative or a complementary solution to mechanical or natural ventilation when indoor or outdoor
air quality is altered—situations that could occur more frequently in a CC context [37,59,67,70,71].
Examples of commercially available air cleaning devices include devices controlling particle
concentrations (e.g., dust, mold spores, pollens, and mites), gases (e.g., formaldehyde, ozone,
NOx , and SO2 ), or both. Certain devices incorporate an activated carbon cartridge or other
chemical adsorbents, an electronic precipitator, or a photocatalytic oxidation cell. Although these
devices have well-documented theoretical efficiency, few experiments have been carried out under
real conditions or to account for future climate scenarios. In addition, the costs of acquiring,
using, and maintaining these devices can be prohibitive for consumers in the housing sector. For
example, the effectiveness of activated carbon is known to be relatively short and remains variable in
different contexts [59,72,73]. Electrostatic precipitators require rigorous maintenance and are likely to
emit ozone, and are therefore not recommended in residential settings [67,71,74], while photocatalytic
oxidation systems may emit certain VOCs [71,75,76], as well as NO2 [77]. In certain concentrations,
these contaminants can affect the occupants’ health.
3.3.2. Maintaining Indoor Air Quality and Comfort through Air Conditioning
Air conditioning is among the main issues that building specialists will have to face in the context
of CC [18]. Although it is still the most effective measure for reducing morbidity and mortality among
vulnerable people during extreme or prolonged heat events [78], inadequate use of air conditioning
may contribute to reduced physiological adaptation to heat [79]. Inactive individuals who spend most
of their time in fresh indoor environments limit their thermoregulatory capacity (or adaptation) in
warmer temperatures [80]. They are more likely to suffer from heat, since their vulnerability is greater
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than individuals who are physiologically adapted to heat, even when exposed to moderately but
prolonged warm temperatures.
Additionally, air conditioning in urban areas contributes to the urban heat island phenomenon,
increases electricity consumption, and the associated risks of power failure—especially during
periods of high demand [4,79], and is associated with GHG emissions [19,45,81–86]. For example,
the widespread use of air conditioners at the global scale could annually generate about 23 billion
tonnes of GHGs by the end of the century [81].
To remedy these problems, passive control measures are recommended to reduce the risks of
overheating and the need for air conditioning [4]. Among these, solar-shading devices are highly
effective for reducing overheating, but it would seem the most effective interventions combine several
adaptation measures (e.g., insulation, cool roofs, and shading devices).
4. The Nexus: Managing IAQ through an Integrated Approach in a Changing Climate
Managing IAQ through an integrated approach entails taking into account the determinants
of IAQ and the anticipated impacts of CC, from building conception to the choice of materials
and furnishings, and includes adequate ventilation and adapted occupant behaviors. By reducing
contaminants at the source, improving ventilation, and, when necessary, purifying or modifying the
indoor environment, building managers, designers, and occupants can improve IAQ and comfort,
reduce concentrations of several contaminants, and orient occupants toward energy-efficient and
healthy measures to maintain IAQ.
This strategy has been recommended, sometimes informally, and used in a number of
construction or renovation projects. It also seems to be embedded in an increasing number of
ecologically responsible construction programs. Most of them focus on sustainable development
and energy efficiency principles (e.g., LEED® (Leadership in Energy and Environmental Design,
US Green Building Council, Washington, DC, USA), Net Zero Energy Housing© (Net Zero Energy
Housing Council, Canadian Home Builders' Association, Ottawa, ON, Canada), and Passivhaus©
(Passive House Institute, Darmstadt, Germany)), although some programs include IAQ and health
concerns in their certification process.
In addition to measures that are applicable indoors, an integrated IAQ management approach
should include measures pertaining to the outdoor environment. Although this review does not
specifically cover them, measures such as the creation of outdoor cool areas or parks, reduction of
atmospheric pollution, and sustainable stormwater management in urban centers can directly or
indirectly influence IAQ by limiting outdoor pollutant infiltration and by maintaining control over
comfort parameters. Such measures are generally inexpensive and are relatively easy to implement [19].
Moreover, these adaptation measures often offer co-benefits by reducing the impacts of CC.
5. Recommendations for Stakeholders
On the basis of this review and based on our expert judgment and experience, we were able to
draw general recommendations for different stakeholders. In addition to legislation improvement and
the development of programs to improve IAQ and energy efficiency in buildings, stakeholders and
concerned authorities should take more initiatives and develop integrated adaptation plans for building
owners and managers in order to prevent and mitigate the expected impacts of CC on thermal comfort
and IAQ [87].

•

State/Provincial/regional authorities: Since IAQ can be indirectly affected by outdoor
air quality, urban development plans should consider the health impacts of the environmental
measures implemented. For example, the reduction of atmospheric pollution and urban heat
islands can be achieved by providing means of active transportation, establishing a mandatory
canopy index, or efficiently managing stormwater. In addition to the mandatory installation
of centralized mechanical ventilation systems in new buildings, the relevant authorities should
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consider requiring inspection and maintenance plans for these systems, and for the building
envelope when granting construction permits in their territory. The adoption of regulations or
even a renovation code incorporating the most pertinent measures should also be considered.
State/Provincial/regional authorities: Governmental authorities should also promote the
selection of adaptation measures offering multiple co-benefits in their decisions and policies
in order to maximize their impact. For example, improving insulation and airtightness can reduce
the building’s energy demand and prevent infiltration of contaminants from outside or from
the soil (e.g., fine particles, nitrogen dioxide, carbon monoxide, ozone, moisture, and radon).
Measures contributing to the reduction of GHG emissions (e.g., construction and renovation of
more sustainable buildings that consume less energy) are also preferred, since these gases are one
of the main causes of CC.
Managers of public housing and buildings: The design, construction, and renovation
of buildings hosting vulnerable and sensitive individuals, such as hospitals, daycares,
senior residences, and subsidized housing, should be carried out using an integrated approach,
i.e., by considering all of the measures that can promote IAQ and comfort and that take adaptation
to CC into account.
Public health authorities: An integrated management approach should be adopted in health
establishments and in building renovation and construction processes (e.g., for hospitals) to
account for CC and IAQ concerns. Public health authorities should also advocate to stakeholders
for the inclusion of these issues in all types of buildings, in a health protection perspective.
Public health authorities: Public health authorities should also inform and educate the general
population about the appropriate behaviors to adopt for improving and maintaining IAQ in their
homes in the context of CC [30,36]. Efficient and energy-saving measures should also be promoted
to protect the most vulnerable populations, as well as to support social equity and accessibility.
Construction and renovation industry: Raising awareness among construction and renovation
stakeholders regarding the health impacts of emissions from construction products and materials
should be continued, as well as promoting the use of less emissive products in buildings [30,36].
Construction and renovation industry: Buildings should be designed or renovated to take
into account their impacts on health and comfort, and should address the impacts of CC.
Passive measures, such as solar-shading devices, should be favored to maintain a comfortable
indoor environment and reduce the need for energy that is associated with air conditioning and
heat adaptation measures [4].

6. Conclusions
When approaching IAQ problems, efforts should be oriented on finding solutions that take
into account several parameters and can therefore be useful to solve or avoid multiple issues.
Attention should be given to the importance of reducing contaminants at the source (including the
choice of non-emissive materials, increasing air tightness, and insulation), improving ventilation and,
when relevant, purifying or treating the indoor environment. The integrated IAQ management
approach that is presented here should be considered by decision makers, managers,
public health players, and occupants that are wishing to maintain good IAQ in the context of CC.
Although there has been important knowledge development and promising technological
improvements in the field of IAQ in recent years, several areas of research have yet to be explored.
Architects and engineers must keep designing and building performant buildings (e.g., green,
sustainable, ecological, and net-zero energy) that integrate not only IAQ and health concerns, but
energy efficiency and sustainability as well. Certification schemes for materials and products and
for buildings should help to achieve certain standards of energy efficiency and IAQ in line with the
current climate and that to come.
Chemical compounds that are emitted from construction and decoration products and materials
should be better characterized, and new standardized methods should be developed for that purpose,
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with particular attention to current and anticipated climatic conditions. Additional information on
building microbiomes should also be obtained in light of actual and future environmental conditions.
Research could also target the feasibility of developing a universal labelling scheme to categorize
products according to their emissions. Consumers and promoters could then make informed choices
about the materials that they select and install in their buildings.
Additional research is also needed to assess the efficiency of various components of mechanical
ventilation systems, such as easy-to-use control modules. These findings could later be incorporated
into building codes if they are proven to be effective. Further studies should be conducted to compare
the efficiency of different indoor filtration devices under specific atmospheric conditions (e.g., during
smog episodes) and validated climate scenarios. Finally, the anticipated increase in temperatures over
the next decades highlights the need to further study the adaptation of thermoregulatory mechanisms,
especially for vulnerable individuals.
Acknowledgments: This work did not receive any specific grant from funding agencies in the public, commercial,
or not-for-profit sectors. This work was supported by the 2006–2012 Climate Change Action Plan of the
Gouvernement du Québec. The authors wish to thank Pierre Gosselin, of the Institut National de Santé Publique
du Québec and the Ouranos Consortium, for his insights.
Author Contributions: Marie-Eve Levasseur and Patrick Poulin searched and analyzed the literature and
wrote the original version of the manuscript. Jean-Marc Leclerc and Céline Campagna revised extensively
the paper and provided substantial improvements. Marie-Eve Levasseur, Patrick Poulin, Céline Campagna and
Jean-Marc Leclerc approved the final version and agree to be personally accountable for the paper.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.

3.
4.

5.
6.
7.
8.
9.

10.

11.

Institute of Medicine; Board on Population Health and Public Health Practice; Committee on the Effect of
Climate Change on Indoor Air Quality and Public Health. Climate Change, the Indoor Environment, and Health;
National Academies Press: Washington, DC, USA, 2011; ISBN 978-0-309-20941-0.
Intergovernmental Panel on Climate Change. Climate Change 2013: The Physical Science Basis. Contribution
of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change;
Cambridge University Press: Cambridge, UK; New York, NY, USA, 2013.
Ouranos. Ouranos towards Adaptation: Synthesis on Climate Change Knowledge in Québec; Ouranos: Montréal,
QC, Canada, 2015.
Vardoulakis, S.; Dimitroulopoulou, C.; Thornes, J.; Lai, K.-M.; Taylor, J.; Myers, I.; Heaviside, C.;
Mavrogianni, A.; Shrubsole, C.; Chalabi, Z.; et al. Impact of climate change on the domestic indoor
environment and associated health risks in the UK. Environ. Int. 2015, 85, 299–313. [CrossRef] [PubMed]
Kinney, P.L. Climate Change, Air Quality, and Human Health. Am. J. Prev. Med. 2008, 35, 459–467. [CrossRef]
[PubMed]
Nazaroff, W.W. Climate change, building energy use, and indoor environmental quality. Indoor Air 2008, 18,
259–260. [CrossRef] [PubMed]
Nazaroff, W.W. Exploring the consequences of climate change for indoor air quality. Environ. Res. Lett. 2013,
8. [CrossRef]
Spengler, J.D. Climate change, indoor environments, and health: Editorial. Indoor Air 2012, 22, 89–95.
[CrossRef] [PubMed]
Poulin, P.; Levasseur, M.-E.; Huppé, V.; Leclerc, J.-M. Mesures D’adaptation Pour une Saine Qualité de
L’air Intérieur Dans un Contexte de Changements Climatiques: Revue de la Littérature; INSPQ: Québec,
QC, Canada, 2016. (In French)
Anses.
Qualité de l’air intérieur, établissement de valeurs réglementaires et surveillance.
Available online: https://www.anses.fr/fr/content/qualit%C3%A9-de-l%E2%80%99air-int%C3%A9rieur%C3%A9tablissement-de-valeurs-r%C3%A9glementaires-et-surveillance (accessed on 25 October 2017).
Bai, Z.; Jia, C.; Zhu, T.; Zhang, J. Indoor air quality related standards in China. In Proceedings of the
Indoor Air 2002—9th International Conference on Indoor Air Quality and Climate, Monterey, CA, USA,
30 June–5 July 2002; pp. 1012–1017.

Int. J. Environ. Res. Public Health 2017, 14, 1455

12.

13.
14.

15.
16.
17.

18.
19.
20.
21.
22.
23.
24.
25.

26.
27.
28.

29.
30.

31.

32.

33.

11 of 14

Kolarik, B.; Gunnarsen, L.; Logadottir, A.; Funch, L.W. Concentrations of formaldehyde in new Danish
residential buildings in relation to WHO recommendations and CEN requirements. Indoor Built Environ.
2011, 21, 552–561. [CrossRef]
Lim, S.; Lee, K.; Seo, S.; Jang, S. Impact of regulation on indoor volatile organic compounds in new
unoccupied apartment in Korea. Atmos. Environ. 2011, 45, 1994–2000. [CrossRef]
Kim, S.; Kim, J.-A.; An, J.-Y.; Kim, H.-J.; Kim, S.D.; Park, J.C. TVOC and formaldehyde emission behaviors
from flooring materials bonded with environmental-friendly MF/PVAc hybrid resins. Indoor Air 2007, 17,
404–415. [CrossRef] [PubMed]
Kagawa, J. Indoor Air Quality Standards and Regulations in Japan. Indoor Built Environ. 1993, 2, 223–231.
[CrossRef]
Charles, K.; Magee, R.J.; Won, D.; Lusztyk, E. Indoor Air Quality Guidelines and Standards; National Research
Council Canada: Ottawa, ON, Canada, 2005; 44p.
Health Canada.
Residential Indoor Air Quality Guideline: Formaldehyde.
Available online:
https://www.canada.ca/en/health-canada/services/publications/healthy-living/residential-indoor-airquality-guideline-formaldehyde.html (accessed on 25 October 2017).
Santamouris, M.; Sfakianaki, A.; Pavlou, K. On the efficiency of night ventilation techniques applied to
residential buildings. Energy Build. 2010, 42, 1309–1313. [CrossRef]
Giguère, M. Mesures de Lutte Aux Îlots de Chaleur Urbains: Revue de Littérature; Institut National de Santé
Publique du Québec: Montréal, QC, Canada, 2009, ISBN 9782550568056. (In French)
Pinkerton, K.E.; Rom, W.N.; Carlsten, C.; Jaakkola, J.J.K.; Bayram, H.; Sigsgaard, T.; Elci, M.A.; Costa, D.L.
Climate Change and Global Public Health. Embase Turk Toraks Dergisi 2013, 14, 115–122. [CrossRef]
Xu, L.; Ojima, T. Field experiments on natural energy utilization in a residential house with a double skin
façade system. Build. Environ. 2007, 42, 2014–2023. [CrossRef]
Yau, Y.H.; Hasbi, S. A review of climate change impacts on commercial buildings and their technical services
in the tropics. Renew. Sustain. Energy Rev. 2013, 18, 430–441. [CrossRef]
De Wilde, P.; Coley, D. The implications of a changing climate for buildings. Build. Environ. 2012, 55, 1–7.
[CrossRef]
Fernández-Caldas, E.; Trudeau, W.L.; Ledford, D.K. Environmental control of indoor biologic agents.
J. Allergy Clin. Immunol. 1994, 94, 404–412. [CrossRef] [PubMed]
Canada Green Building Council LEED® . Available online: http://www.cagbc.org/CAGBC/LEED/About_
LEED/CAGBC/Programs/LEED/_LEED.aspx?hkey=01b3d086-d0a4-42cf-9e61-7830d801c019 (accessed on
15 February 2017).
International Living Future Institute Living Building Challenge. Available online: https://living-future.org/lbc/
(accessed on 15 February 2017).
Yu, C.W.F.; Kim, J.T. Material emissions and indoor simulation. Indoor Built Environ. 2013, 22, 21–29.
[CrossRef]
Azuma, K.; Funaki, R.; Hasegawa, A.; Shinohara, N.; Yamaguchi, M.; Fujita, K.-O.; Kikuchi, Y.; Tanabe, S.-I.
Integrating Requirements for the Delivery of Information Relating to Construction-Product Compositions.
Indoor Built Environ. 2012, 23, 653–664. [CrossRef]
Loftness, V.; Hakkinen, B.; Adan, O.; Nevalainen, A. Elements that Contribute to Healthy Building Design.
Environ. Health Perspect. 2007, 115, 965–970. [CrossRef] [PubMed]
Bluyssen, P.M.; de Richemont, S.; Crump, D.; Maupetit, F.; Witterseh, T.; Gajdos, P. Actions to reduce
the impact of construction products on indoor air: Outcomes of the European project on HealthyAir.
Indoor Built Environ. 2010, 19, 327–339. [CrossRef]
Canada Mortgage and Housing Corporation (CMHC). Efficacité des Déshumidificateurs à Contrôler L’humidité
Dans les Maisons; Société Candienne D’hypothèques et de Logement: Ottawa, ON, Canada, 2009; 6p.
(In French)
Barnes, C.S.; Alexis, N.E.; Bernstein, J.A.; Cohn, J.R.; Demain, J.G.; Horner, E.; Levetin, E.; Nel, A.;
Phipatanakul, W. Climate Change and Our Environment: The Effect on Respiratory and Allergic Disease.
J. Allergy Clin. Immunol. Pract. 2013, 1, 137–141. [CrossRef] [PubMed]
Brown, V.M.; Crump, D.R.; Harrison, P.T. Assessing and controlling risks from the emission of organic
chemicals from construction products into indoor environments. Environ. Sci. Process. Impacts 2013, 15,
2164–2177. [CrossRef] [PubMed]

Int. J. Environ. Res. Public Health 2017, 14, 1455

34.
35.
36.
37.
38.

39.
40.

41.
42.
43.
44.

45.
46.

47.
48.

49.
50.

51.
52.

53.
54.
55.

12 of 14

Gouvernment of Québec. Règlement Modifiant le Code de Construction Pour Favoriser L’efficacité Énergétique;
Gazette Officielle du Québec: Ville de Québec, QC, Canada, 2012; Volume 33, pp. 4185–4210. (In French)
Vorwald, R. New Energy Technologies for High-performance Buildings. Energy Eng. 2011, 108, 17–24.
[CrossRef]
Yu, C.W.F.; Kim, J.T. Low-Carbon Housings and Indoor Air Quality. Indoor Built Environ. 2012, 21, 5–15.
[CrossRef]
Seppänen, O.A.; Fisk, W.J. Summary of human responses to ventilation. Indoor Air 2004, 14 (Suppl. 7),
102–118. [CrossRef]
Brelih, N.; Seppanen, O. Ventilation rates and IAQ in european standards and national regulations.
In Proceedings of the 32nd AIVC Conference and 1st TightVent Conference, Brussels, Belgium,
11–13 October 2011.
Lajoie, P.; Leclerc, J.-M.; Schnebelen, M. Ventilation of Residential Buildings: Impacts on the Occupants’
Respiratory Health; Institut National de Santé Publique du Québec: Québec, QC, Canada, 2007.
American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE). Ventilation and
Acceptable Indoor Air Quality in Residential Buildings; ANSI/ASHRAE Standard 62.2-2016; American Society
of Heating, Refrigerating and Air-Conditioning Engineers: Atlanta, GA, USA, 2016.
National Research Council (NRC). National Building Code of Canada 2015; National Research Council Canada:
Ottawa, ON, Canada, 2015.
Fisk, W.J.; Rosenfeld, A.H. Estimates of Improved Productivity and Health from Better Indoor Environments.
Indoor Air 1997, 7, 158–172. [CrossRef]
Haysom, J.C.; Reardon, J.T. Pourquoi les Maisons ont Besoin de Ventilation Mécanique; Institut de Recherche
en Construction, Conseil National de Recherches Canada: Ottawa, ON, Canada, 1998.
Lajoie, P.; Leclerc, J.-M.; Schnebelen, M. La Ventilation des Bâtiments D’habitation: Impacts sur la Santé
Respiratoire des Occupants: Avis; Institut National de Santé Publique du Québec: Montréal, QC, Canada, 2006;
ISBN 978-2-550-47398-5.
Liu, J.; Ma, F.; Li, Y. The Effect of Anthropogenic Heat on Local Heat Island Intensity and the Performance of
Air Conditioning Systems. Adv. Mater. Res. 2011, 250–253, 2975–2978. [CrossRef]
Sundell, J.; Levin, H.; Nazaroff, W.W.; Cain, W.S.; Fisk, W.J.; Grimsrud, D.T.; Gyntelberg, F.; Li, Y.; Persily, A.K.;
Pickering, A.C.; et al. Ventilation rates and health: Multidisciplinary review of the scientific literature.
Indoor Air 2011, 21, 191–204. [CrossRef] [PubMed]
Myatt, T.A.; Minegishi, T.; Allen, J.G.; MacIntosh, D.L. Control of asthma triggers in indoor air with
air cleaners: A modeling analysis. Environ. Health 2008, 7, b54. [CrossRef] [PubMed]
Emenius, G.; Egmar, A.; Wickman, M. Mechanical ventilation protects one-storey single-dwelling houses
against increased air humidity, domestic mite allergens and indoor pollutants in a cold climatic region.
Clin. Exp. Allergy 1998, 28, 1389–1396. [CrossRef] [PubMed]
Sundell, J.; Wickman, M.; Pershagen, G.; Nordvall, S.L. Ventilation in homes infested by house-dust mites.
Allergy 1995, 50, 106–112. [CrossRef] [PubMed]
Panzhauser, E.; Mahdavi, A.; Fail, A. Simulation and Evaluation of Natural Ventilation in Residential
Buildings. In Modeling of Indoor Air Quality and Exposure; Nagda, N., Ed.; ASTM International: Philadelphie,
PA, USA, 1993; pp. 182–196. ISBN 978-0-8031-1875-1.
Bangalee, M.Z.I.; Lin, S.Y.; Miau, J.J. Wind driven natural ventilation through multiple windows of a building:
A computational approach. Energy Build. 2012, 45, 317–325. [CrossRef]
Sharpe, T.; Farren, P.; Howieson, S.; Tuohy, P.; McQuillan, J. Occupant Interactions and Effectiveness
of Natural Ventilation Strategies in Contemporary New Housing in Scotland, UK. Int. J. Environ. Res.
Public Health 2015, 12, 8480–8497. [CrossRef] [PubMed]
McKone, T.E.; Sherman, M.H. Residential Ventilation Standards Scoping Study; Lawrence Berkeley
National Laboratory, University of California: Berkeley, CA, USA, 2003; 44p.
Ward, I.C. The Potential Impact of the New (UK) Building Regulations on the Provision of Natural Ventilation
in Dwellings—A Case Study of Low Energy Social Housing. Int. J. Vent. 2008, 7, 77–88. [CrossRef]
Scheepers, P.T.J.; Cremers, R.; van Hout, S.P.R.; Anzion, R.B.M. Influence of a portable air treatment unit on
health-related quality indicators of indoor air in a classroom. J. Environ. Monit. 2012, 14, 429–439. [CrossRef]
[PubMed]

Int. J. Environ. Res. Public Health 2017, 14, 1455

56.

57.
58.
59.
60.

61.

62.
63.

64.
65.
66.

67.

68.
69.
70.
71.
72.
73.

74.
75.
76.

77.
78.

13 of 14

Balvers, J.; Bogers, R.; Jongeneel, R.; van Kamp, I.; Boerstra, A.; van Dijken, F. Mechanical ventilation
in recently built Dutch homes: Technical shortcomings, possibilities for improvement, perceived indoor
environment and health effects. Archit. Sci. Rev. 2012, 55, 4–14. [CrossRef]
Huppé, V.; Leclerc, J.-M.; Legris, M.; Marchand, G. Outil D’aide à L’interprétation de Rapports D’investigation de
la Contamination Fongique; INSPQ: Québec, QC, Canada, 2016; p. 115. (In French)
Ilacqua, V.; Dawson, J.; Breen, M.; Singer, S.; Berg, A. Effects of climate change on residential infiltration and
air pollution exposure. J. Expo. Sci. Environ. Epidemiol. 2015, 1–8. [CrossRef] [PubMed]
Sherman, M.H.; Matson, N.E. Reducing Indoor Residential Exposures to Outdoor Pollutants; Awrence Berkeley
National Laboratory: Berkeley, CA, USA, 2003; 30p.
Laverge, J.; Van Den Bossche, N.; Heijmans, N.; Janssens, A. Energy saving potential and repercussions on
indoor air quality of demand controlled residential ventilation strategies. Build. Environ. 2011, 46, 1497–1503.
[CrossRef]
Liu, H.; Lee, S.; Kim, M.; Shi, H.; Kim, J.T.; Yoo, C. Finding the optimal set points of a thermal and
ventilation control system under changing outdoor weather conditions. Indoor Built Environ. 2014, 23,
118–132. [CrossRef]
Schell, M.; Inthout, D. Demand control ventilation using CO2 . ASHRAE J. 2001, 43, 18.
Woloszyn, M.; Kalamees, T.; Olivier Abadie, M.; Steeman, M.; Sasic Kalagasidis, A. The effect of combining a
relative-humidity-sensitive ventilation system with the moisture-buffering capacity of materials on indoor
climate and energy efficiency of buildings. Build. Environ. 2009, 44, 515–524. [CrossRef]
Leroux, R. La «Maison Intelligente» Accessible à Tous. Available online: https://www.protegez-vous.ca/
Technologie/la-domotique/domotique-apple-et-google-changent-la-donne (accessed on 27 February 2017).
Wurtz, F. Le Bâtiment Intelligent, clé de la Transition Énergétique. Available online: https://lejournal.cnrs.
fr/billets/le-batiment-intelligent-cle-de-la-transition-energetique (accessed on 27 February 2017).
American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE). ASHRAE Position
Document on Filtration and Air Cleaning; American Society of Heating, Refrigerating and
Air-Conditioning Engineers: Atlanta, GA, USA, 2015.
Barn, P. Épurateurs D’air Domestiques et Am élioration de la Qualité de L’air Intérieur et de la Santé :
Revue des Données Probantes. Available online: http://www.ccnse.ca/sites/default/files/Epurateurs_air_
domestiques_oct_2010.pdf (accessed on 25 October 2017).
Fisk, W.J. Health benefits of particle filtration. Indoor Air 2013, 23, 357–368. [CrossRef] [PubMed]
Siegel, J.A. Primary and secondary consequences of indoor air cleaners. Indoor Air 2016, 26, 88–96. [CrossRef]
[PubMed]
United States Environmental Protection Agency (US EPA). Guide to Air Cleaners in the Home; US EPA:
Washington, DC, USA, 2008; 12p.
United States Environmental Protection Agency (US EPA). Residential Air Cleaners; US EPA: Washington, DC,
USA, 2009; p. 33.
Joffe, M.A. Chemical Filtration of Indoor Air: An Application Primer. ASHRAE J. 1996, 38, 2.
Nelson, H.S.; Hirsch, S.R.; Ohman, J.L.; Platts-Mills, T.A.E.; Reed, C.E.; Solomon, W.R. Recommendations
for the use of residential air-cleaning devices in the treatment of allergic respiratory diseases—Forty-fifth
Annual Meeting. J. Allergy Clin. Immunol. 1988, 82, 661–669. [CrossRef]
Health Canada Ozone. Available online: http://www.hc-sc.gc.ca/ewh-semt/air/in/poll/ozone/index-eng.php
(accessed on 20 July 2017).
Hodgson, A.T.; Destaillats, H.; Sullivan, D.P.; Fisk, W.J. Performance of ultraviolet photocatalytic oxidation
for indoor air cleaning applications. Indoor Air 2007, 17, 305–316. [CrossRef] [PubMed]
Observatoire de la Qualité de L’air Intérieur (OQAI). L’épuration par Photocatalyse—Opportunité ou Menace Pour
la Qualité de L’air Intérieur; Bulletin de l’OQAI; Observatoire de la Qualité de L’air Intérieur: Paris, France, 2012;
12p. (In French)
Yu, Q.L.; Brouwers, H.J.H. Indoor air purification using heterogeneous photocatalytic oxidation. Part I:
Experimental study. Appl. Catal. B Environ. 2009, 92, 454–461. [CrossRef]
O’Connor, M.; Kosatsky, T. Systematic Review: How Efficacious and How Practical Are Personal Health Protection
Measures Recommended to Reduce Morbidity and Mortality during Heat Episodes; National Collaborating Centre
for Environmental Health: Vancouver, BC, Canada, 2008; 79p.

Int. J. Environ. Res. Public Health 2017, 14, 1455

79.
80.
81.
82.
83.
84.
85.
86.

87.

14 of 14

Kovats, R.S.; Hajat, S. Heat stress and public health: A critical review. Annu. Rev. Public Health 2008, 29,
41–45. [CrossRef] [PubMed]
Hanna, E.G.; Tait, P.W. Limitations to Thermoregulation and Acclimatization Challenge Human Adaptation
to Global Warming. Int. J. Environ. Res. Public Health 2015, 12, 8034–8074. [CrossRef] [PubMed]
Davis, L.W.; Gertler, P.J. Contribution of air conditioning adoption to future energy use under global warming.
Proc. Natl. Acad. Sci. USA 2015, 112, 5962–5967. [CrossRef] [PubMed]
Farbotko, C.; Waitt, G. Residential air-conditioning and climate change: Voices of the vulnerable.
Health Promot. J. Austr. 2011, 22, S13–S16. [PubMed]
Isaac, M.; van Vuuren, D.P. Modeling global residential sector energy demand for heating and air conditioning
in the context of climate change. Energy Policy 2009, 37, 507–521. [CrossRef]
Kjellstrom, T.; McMichael, A.J. Climate change threats to population health and well-being: The imperative
of protective solutions that will last. Glob. Health Action 2013, 6, 1–9. [CrossRef] [PubMed]
Lundgren, K.; Kjellstrom, T. Sustainability Challenges from Climate Change and Air Conditioning Use in
Urban Areas. Sustainability 2013, 5, 3116–3128. [CrossRef]
Lundgren, L.; Jonsson, A. Assessment of Social Vulnerability: A Literature Review of Vulnerability Related to
Climate Change and Natural Hazards; Centre for Climate Science and Policy Research, Linköping University
Electronic Press: Linköping, Sweden, 2012.
Austin, S.E.; Ford, J.D.; Berrang-Ford, L.; Araos, M.; Parker, S.; Fleury, M.D. Public Health Adaptation to
Climate Change in Canadian Jurisdictions. Int. J. Environ. Res. Public Health 2015, 12, 623–651. [CrossRef]
[PubMed]
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

