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Highlights
•

Green building certifications may not sufficiently promote
indoor air quality.

•

Green products and green practices can sometimes impair
indoor air quality.

•

Green buildings can be improved by greater emphasis on
indoor air quality.

Abstract
This paper investigates the concern that green buildings may promote energy
efficiency and other aspects of sustainability, but not necessarily the health
and well-being of occupants through better indoor air quality (IAQ). We ask
ten questions to explore IAQ challenges for green buildings as well as
opportunities to improve IAQ within green buildings and their programs. Our
focus is on IAQ, while recognizing that many factors influence human health
and the healthfulness of a building. We begin with an overview of green
buildings, IAQ, and whether and how green building certifications address
IAQ. Next, we examine evidence on whether green buildings have better IAQ
than comparable conventional buildings. Then, we identify so-called green
practices and green products that can have unintended and unfavorable
effects on IAQ. Looking ahead, we offer both immediate and longer-term
actions, and a set of research questions, that can help green buildings to
more effectively promote IAQ. This article supports a growing recognition of
the importance of IAQ in green buildings, and the opportunities for
improvements. As the World Green Building Council [95] and others have
emphasized, people are the most valuable asset of organizations, and efforts
to improve IAQ can improve health, well-being, productivity, and profitability.
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1. Ten questions
1.1. What are green buildings?

In general, “green buildings” are structures designed to promote efficient use
of resources (e.g., energy, water, and materials) and sustainability (e.g. [93],
and to reduce the adverse effects of buildings on the environment). A
commonly cited definition of green building is provided by the US
Environmental Protection Agency [28]: “Green building is the practice of
creating structures and using processes that are environmentally responsible
and resource-efficient throughout a building's life-cycle from siting to design,
construction, operation, maintenance, renovation and deconstruction.”
In recent years, and more specifically, green buildings are typically defined
and categorized by green building certification programs. Many countries
around the world have their own programs. Early certification schemes
include the Building Research Establishment Environmental Assessment
Methodology (BREEAM) in the United Kingdom in 1990 [13], and Leadership
in Energy and Environmental Design (LEED) in the United States in 1994
[83]. Other major programs include the Deutsche Gesellschaft für
nachhaltiges Bauen (DGNB) system in Germany [26], Comprehensive
Assessment System for Built Environment Efficiency (CASBEE) in Japan [18],
and the Green Star system in Australia [38][47].
As of October 2016, over 145,000 green certification projects have been
completed around the world, using these and other certification schemes [38].
Globally, the percentage of firms with over 60% of their projects certified
green is forecast to grow from 18% in 2016 to 37% by 2018, with a greater
proportion from developing markets [89].
Today, more than 31 green building certification programs and 55 schemes
within those programs (e.g., for different types of buildings) are used in over
30 countries around the world, and some programs (such as BREEAM and
LEED) are used in multiple countries [86]. Other programs have emerged with
goals to promote indoor air quality and occupant health, such as the WELL
building standard [87], even if not termed green building. However, it is
unclear whether such programs are any more effective than green building
programs in promoting healthy IAQ. Despite the prevalence of green building
certification programs and several common features, no internationally

consistent criteria exist for green buildings. Also, relatively little systematic
research has been conducted to determine whether and how elements of
green building programs improve IAQ (e.g., [62], [79].
In conclusion, green buildings are implemented by various programs and
criteria around the world. They typically emphasize efficient use of energy and
resources and, to lesser extent, healthy indoor air quality.
1.2. What is indoor air quality?
Similar to green buildings, “indoor air quality” has no universal or standard
definition. In general, IAQ is related to pollutants (e.g., biological, chemical,
and physical) within indoor environments that can affect the health of
occupants. IAQ is considered a subset of indoor environmental quality (IEQ);
the latter includes factors such as lighting, ergonomics, acoustics, and
temperature in addition to pollutants.
Indoor air quality definitions can vary depending on perspectives of the
human user, the indoor air of the space, and the sources contributing to the
indoor air pollution [12]. A definition provided by the US Environmental
Protection Agency [28] is as follows: “Indoor Air Quality (IAQ) refers to the air
quality within and around buildings and structures, especially as it relates to
the health and comfort of building occupants.”
However, in the US as in many other countries, no federal law specifically
regulates IAQ [77], even though people typically spend more than 90% of
their time indoors, pollutant levels are typically several times to several
hundred times higher indoors than outdoors, and consequently indoor air
typically accounts for over 90% of human exposure to pollutants [64]. Some
agencies do offer guidelines, such as World Health Organization [90], for the
protection of public health from common chemicals in indoor air. For example,
the [90] indoor air quality guideline for formaldehyde (30-min average
concentration) is 100 μg/m3 (0.08 ppm).
While air quality regulations in the US [29], European Union [30], Australia [9]
and other countries regulate “ambient air,” the term has been interpreted as

“outdoor air,” or air external to buildings, excluding indoor air. While outdoor
air quality can affect the indoors, and indoor air contains pollutants from both
outdoor and indoor origin, indoor air quality is concerned with the air within
buildings and other indoor spaces, regardless of the sources of pollutants.
Indoor air quality is difficult to measure and assess for many reasons; among
them: (1) The lack of consistent metrics, standards, and consensus on what
constitutes favorable IAQ; (2) The diversity and complexity of pollutants found
indoors that can affect human health and well-being, even at exceptionally
low levels; (3) The inadequate understanding of links between pollutant levels
indoors, exposures to those pollutants (both individually and in mixtures), and
their effects (both acute and chronic); (4) The range of health effects related
to indoor pollutant exposures, and that the same pollutant exposure can affect
different humans in different ways; (5) The question of whether the pollutants
being measured are the ones that really matter; and (6) The lack of
requirements to measure and monitor IAQ, leading to a lack of awareness of
potential problems and remedies.
In conclusion, attention to IAQ is often voluntary from a regulatory
perspective, though important from a health and well-being perspective. While
some agencies offer guidance, no consistent metrics or regulations exist for
determining and assuring the health of indoor air environments.
1.3. Do green building certification schemes address IAQ?
Since the birth of green building certification schemes, IAQ has been included
as one of their default elements. Currently, IAQ is included, in some way, in all
schemes presently in use. However, we lack systematic information on how
many of the credits addressing IAQ are actually exploited during the
certification process and, if all are awarded, whether this would significantly
improve IAQ.
The categories that include IAQ in various schemes are differently termed.
For example, in BREEAM, IAQ is included in the category for health and wellbeing, in LEED and Green Star in the category called indoor environmental
quality, while in DGNB in the category describing socio-cultural and functional

quality. In addition to credits for IAQ, categories that include IAQ also provide
credits for other aspects related to IEQ, such as for daylight, artificial light,
acoustic and thermal environment.
The contribution of credits for IAQ in green building schemes is on average
7.5%, and spans from about 3% to 11%, based on a recent evaluation of 55
green building schemes in 30 countries [86]. The relatively small percentage
of credits for IAQ may be considered as inadequate incentive to pursue these
credits, or even as inadequate representation of the importance of IAQ. On
the other hand, green certification schemes include many components, and
any single component (with the exception of perhaps energy performance)
may not receive a large percentage of credit.
It is useful to examine how IAQ is addressed in the certification schemes and
which aspects are awarded. Credits are received for measures related to
source control (mainly attained through selection of low emitting building
materials and products, but also by use of green cleaning products and
policies, and low emitting equipment), for ventilation (mainly by specifying
minimum ventilation requirements or referring to relevant standards or codes
prescribing ventilation, and also specifying requirements such as minimum
filtration levels, location of main air intakes, and main exhaust outlets), and for
conducting indoor air quality measurements (either before or during
occupancy, or during both periods). Among the 55 certification schemes
reviewed by Ref. [86]; 100% of them award credits for ventilation, 77% award
credits for source control and 66% for conducting IAQ measurements.
Credits are also received if levels of specific pollutants are targeted. The most
frequently addressed pollutants are volatile organic compounds (VOCs),
formaldehyde, and carbon dioxide (CO2). These three pollutants are included
in at least 65% of the schemes reviewed by Ref. [86]. In addition,
requirements are defined for levels of asbestos, microbes, ETS, carbon
monoxide (CO), total VOCs (TVOC), sulphur oxides (SOx), nitrogen oxides
(NOx), radon, particles, ammonia, ozone and semi-volatile organic
compounds (SVOCs) but the requirements for these pollutants are present

less frequently in the schemes than for the three pollutants mentioned above,
and none are mandatory.
In addition to direct credits for IAQ, credits in other categories can indirectly
affect IAQ. For example, site selection can influence outdoor air quality. Thus,
the building envelope quality and tightness, as well as type of ventilation, can
affect the migration of pollutants between indoors and outdoors, and energyefficient systems can improve or impair IAQ depending on outdoor air quality.
Credits for these criteria generally do not add to the total credit for measures
for promoting IAQ.
Many certification schemes allow “trading” of credits across different
categories and, with few exceptions (e.g., DGNB), it is the total number of
credits awarded that determines the level of building certification, not the
credits received in each category. Consequently, in some schemes, the
highest certification level can be achieved without receiving any credits for
IAQ.
To manage this issue and promote IAQ, some schemes introduced
mandatory requirements for addressing IAQ. For example, in the 2009
version of LEED, buildings awarded certification had to meet the
requirements of ASHRAE 62.1 ventilation standard [6] and apply the
environmental tobacco smoke (ETS) control. In DGNB, each category needs
to receive a minimum number of credits; otherwise, the building cannot be
awarded certification. Although seemingly effective in promoting credits from
all categories, DGNB does not mandate which criteria should be addressed
within each category. This approach, as a result, may not sufficiently promote
IAQ if credits for other IEQ criteria would suffice and be easier to receive.
Mandating criteria addressing IAQ is further tackled in the Green Mark Pilot
2015 proposed by Building Construction Authority in Singapore [10]. They
defined prerequisite requirements for all categories for a building to be
awarded certification. In the case of IAQ, these prerequisites include
airtightness and leakage, minimum ventilation rate, filtration media and time
of pollution, and the use of low volatile organic compound (VOC) paints.

In conclusion, credits for IAQ are included in the certification schemes, and
some schemes include minimum requirements for IAQ. It can be argued
whether current credits are sufficient and effective to promote better IAQ in
green buildings. Certification schemes mainly require ventilation as the major
measure to control IAQ and less so the source control. A building can receive
the highest level of certification, in many schemes, without any credits for
IAQ. Consequently, the fact that criteria addressing IAQ are included in the
certification schemes does not guarantee that they are addressed during the
certification process.
1.4. Do green buildings have better IAQ than conventional buildings?
At least three scores of studies have documented indoor environmental
quality in the cross-section of green buildings certified with different schemes,
mainly LEED, Green Star and BREEAM [23]. Some studies compared IEQ in
green buildings with matched or unmatched regular (conventional) buildings
that were not certified by any green building scheme. IAQ was examined in
about half of these studies [3], [23].
IAQ in green buildings was mainly assessed using post-occupancy surveys,
which typically were not the same in various studies. These surveys collected
information on IAQ as perceived by the occupants. Only in a few studies, the
actual measurements of IAQ were carried out by documenting the levels of
CO2 or other pollutants, and measuring the ventilation rates, so the actual
exposures and their levels in the buildings could be described (e.g., [62], [57].
In general, the studies indicated that the occupants of green buildings rated
IAQ to be high or that they were more satisfied with IAQ than the occupants in
conventional buildings (e.g., [43], [42], [1], [56], [55], [15], [54], [2], [62], [21],
[41], [57], [79]. In a few cases, the opposite result was seen; that is, the
ratings of IAQ were lower in green buildings compared with conventional
buildings [53], [16], [80]. In some studies, there was no observed effect of
green certification on the ratings of IAQ as reported by the occupants of green
buildings (e.g., [52], [4]), or the results of subjective evaluations were
equivocal (e.g., [40]).

A few studies suggested that IAQ was improved in green buildings because
of lower prevalence of health symptoms as reported by occupants; some of
these symptoms can be attributed to exposures to air pollutants (e.g., [14],
[37], [62], [21], [57]). One study, which compared green and conventional
hospitals, showed reductions in mortality rates, blood stream infection rates
and medicine consumption in the green hospital; some of these effects could
occur because of improved IAQ [81].
A limitation of the studies that examined IAQ in green buildings is that none
attempted to explore whether the effects of improved IAQ can be attributed to
the higher number of credits awarded for IAQ in green buildings. The studies
implicitly assumed that this was the case. Another major limitation is that the
main evidence for improvements in IAQ arises from subjective evaluations. In
most cases, no measurements were performed in parallel to subjective
evaluations to document whether the pollutant levels and exposures in the
investigated green buildings were truly different from conventional buildings. It
was also not documented whether thermal conditions were different,
temperatures and relative humidity being an important modifier of the
perception of quality of indoor air [31]; [32].
Perceptions of indoor air quality can also be attributed in part to other factors,
not just pollutant levels or actual exposures. For example, it is well
documented that the occupants of green buildings are proud of being able to
work in their buildings [46], many of which are iconic buildings and owned by
successful businesses. The overall high satisfaction of working in these
buildings may propagate on satisfaction with IAQ. This postulation is
supported by studies that show that occupants of green buildings are
apparently more tolerant to less optimal indoor environmental quality [23].
Many studies reporting measurements in green buildings did not adequately
control their findings for several potential confounding factors, and did not
perform satisfactory statistical analyses of the measurements. Further, in
many studies, responses from different cohorts of people working in different
buildings were compared. The studies attempting to match the green

buildings and the conventional buildings to control for confounding factors are
sparse (e.g., [62].
In conclusion, the majority of available measurements in green buildings do
show that IAQ, as perceived by building occupants, is improved. The studies
do not make sufficient connection, however, between these results and the
physical and chemical measurements of actual exposure levels, and between
these results and the credits awarded by the certification schemes for
managing IAQ.
1.5. How can green practices compromise the IAQ of a green building?
A variety of green practices can be applied in green building projects to
achieve a certification level as high as possible [78]. Some of these practices
award credits for solutions related with reducing resource use, environmental
impacts, or CO2 emissions, such as maintaining minimum code ventilation
requirements, using recycled materials, or promoting low-carbon commuting.
However, some green practices can also compromise IAQ in green buildings.
Further, the cross-category interaction is not accounted for in certification
schemes, whereby positive credits obtained in one category can negatively
influence indoor air quality.
One example of green practices having potentially negative consequences for
IAQ is the use of waste-based materials, recycled materials, or reused
materials. For instance, application of fly ash as an additive to building
materials can increase the exposure of building occupants to a suite of heavy
metals that may have toxic properties (e.g., [49]. Materials that are recycled
or reused can re-emit pollutants that were adsorbed on their surfaces, used in
the recycling process, or accumulated in previous applications; potentially
toxic materials can also be reused and reapplied in buildings (e.g., [65].
Another example are actions to keep outdoor air supply at minimum rates and
reduce the need for cooling and air-conditioning, and supplement them with
other less energy demanding solutions. These actions comprise the use of air
purification methods and flushing or enhanced ventilation, respectively. The
air can be purified with filtration and air cleaning units or equipment that is

installed in the system providing ventilation, or as stand-alone solutions
displaced in different locations in buildings (e.g., [35], [69], [70]. The air can
also be purified by using building and finishing materials that are especially
manufactured to act as the air cleaners (e.g., [51], [22], [25].
Although it may be expected that air purification systems would benefit IAQ,
two major problems have been related with this technology (e.g., [94], [7],
[85], [70]. One problem is that the air cleaners may not be as effective as they
are claimed to be, or they may selectively remove only some pollutants and
be ineffective for the others. The other problem is that some air cleaners
during the process of cleaning will generate unwanted products, some even
more harmful than the pollutants that are removed. Additionally, some air
cleaning and filtration techniques can become the source of pollution if not
properly serviced or maintained (e.g., [11], [48].
Flushing or enhanced ventilation is usually exercised at night (so-called
nighttime ventilation) or during the off-hours when the building is unoccupied.
It significantly increases outdoor air supply rates and uses the cooling power
of the ambient air to remove the heat accumulated in the building. However,
this process can also bring in outdoor pollutants that can accumulate indoors.
This is especially problematic in areas with high outdoor pollution and when
the filtration and air cleaning systems on buildings cannot adequately remove
pollutants from high air volumes. Enhanced ventilation can also break the
equilibrium near the surfaces of materials. This can lead to release of
pollutants, which are primarily emitted by materials (intrinsic emissions) and
also those that adsorb on surfaces and are absorbed in the building
structures.
As another common example, outdoor air supply rates may be reduced in
order to promote energy efficiency but without compensatory actions such as
source control. This can increase concentration of pollutants indoors and
reduce IAQ, especially in existing buildings that undergo renovation and
retrofit. Tightening of building envelopes can also reduce outdoor air supply
rates, which can reduce IAQ, if the volume of air that is infiltrating indoors is
not brought back out by the ventilation system or if pollution sources are not

concurrently reduced. Tighter structures and reduced infiltration can, on the
other hand, reduce the penetration of outdoor pollution indoors, which is
important when outdoor levels are undesirably high. Which of the two brings
more benefits depends on the particular building and the context.
A frequent feature of green building projects is to locate the building close to
urban centers or public transport systems, which can earn credits for location
or transport. However, location of buildings close to dense urban areas or
major transportation routes may result in poor outdoor air quality that can
penetrate indoors, and reduce IAQ. Green solutions for ventilation such as
natural ventilation or hybrid (dual-mode) ventilation may result in elevated
exposures to outdoor pollution. These solutions may not use filtration and air
cleaning technologies to remove pollutants from outdoor air used for
ventilation, and thus may impair IAQ especially in cases when outdoor
pollution is high.
In conclusion, some green practices may earn credits in green building
certifications but result in poor IAQ. These practices include, among others,
the use and recycling of products that contain hazardous compounds, energy
efficiency strategies that increase indoor pollutants, location of green
buildings near urban and transportation emissions, and the use of natural
ventilation in areas with elevated outdoor pollution.
1.6. How can green products compromise the IAQ of a green building?
Similar to “green” buildings, the concept of “green” products has no universal
or standard definition. Even though some products are marketed as being
green, the term does not guarantee healthier products or better IAQ. Recent
research has found that products with claims and certifications of green (e.g.,
green cleaning products, building materials, and furnishings), can
nonetheless emit and generate hazardous compounds, and sometimes
comparable to their conventional counterparts (e.g., [75], [67].
So-called green, natural or organic products or materials can nonetheless
contain or generate hazardous constituents. For example, green cleaning
products often contain fragrance chemicals (e.g., terpenes) that are primary

pollutants, and that react with ozone to generate a range of secondary
pollutants such as formaldehyde and ultrafine particles [61]. A comparative
analysis of volatile emissions from green and conventional fragranced
products, including cleaning products and air fresheners [75], found over 550
VOCs emitted from 37 products, with nearly 25% classified as toxic or
hazardous under US federal laws. However, fewer than 3% of emitted
ingredients were disclosed on product labels or material safety data sheets.
Emissions of carcinogenic hazardous air pollutants from green fragranced
products were not significantly different from conventional fragranced
products. Fundamentally, if the product contained fragrance, regardless of
nomenclature (e.g., green, organic, essential oils, or all-natural) it emitted
potentially hazardous air pollutants. Yet nearly all green cleaning product
certifications and standards permit the inclusion of fragrances.
As another example, even zero- or low-VOC paints, including ones certified
as green, can still emit VOCs similar to regular paints, as well as other
problematic chemicals such as SVOCs. In tests of various green certified and
conventional paints [67], no significant difference in emissions was found
between conventional paints and the low-VOC and zero-VOC paints, and the
ultra-low VOC paints showed the highest emission potential. The tested
products emitted almost the same spectrum of substances independent of
certification marks. Also, some green building materials such as linoleum
contain linseed oil, which can release VOCs that react with ozone to generate
aldehydes [63]; [45].
In addition to VOCs, green products can also contain and emit a range of
other potentially hazardous compounds; these include SVOCs (e.g.,
phthalates), plasticizers, antimicrobials, and a range of asthma-associated
and endocrine disrupting compounds [75], [36]. Indoor air quality is heavily
influenced by the vast array of compounds emitted and generated from
consumer products and building materials, and many types of compounds
found indoors today were not present a half-century ago [88].
While numerous organizations and agencies have developed labeling
programs for green products, and companies are marketing their products as

green, the term is generally unregulated and undefined. Greenwashing, or
making misleading or unsubstantiated claims about the environmental
benefits of a product, is a well-recognized problem, likely fueled by demand
for green buildings and products. Over 500 green certification labels exist in
the US alone [24]. A study of nearly 400 green cleaning products in the US
and Canada, which collectively made over 1200 green-related claims, found
that fewer than 1% of the products made no misleading or unsubstantiated
claims [82].
Indeed, green product claims and potential benefits are difficult to verify.
Unlike other commodities, building materials and consumer products, even
ones called green, are not required to disclose all product ingredients on the
label, material safety data sheet, or elsewhere to the public [76]. Also, green
product rating guides typically rely on only listed or disclosed ingredients,
which can represent just a small percentage of actual ingredients [75].
The presumption that green products translate into good indoor air quality
may be precarious. Green products may not promote favorable indoor air
quality for a number of reasons, among them: (1) Green certification
standards may allow known hazardous compounds in products, (2) Green
products are not required to disclose all ingredients, which can include
hazardous air pollutants, (3) Green product claims lack publicly available data
for substantiation, (4) Green product guides, which list and sometimes rate
green products, typically rely on disclosed information rather than
independent product analyses, and (5) Green products used in buildings lack
verification and monitoring of their emissions and effects on indoor air quality.
In conclusion, given that consumer products and building materials are a
primary contributor to indoor air pollution, truly green products and materials
are essential to good IAQ. However, products marketed as green, and related
attributes such as natural and organic, often lack scientific substantiation and
justifiable criteria for their claims.
1.7. What are implications of climate change for green buildings and IAQ?

Historically, research and attention on the links between climate change and
air quality has focused overwhelmingly on the outdoor environment; for
instance, the effects of increased temperatures on ground-level ozone. Far
less work has examined links between climate and the indoor environment,
especially concerning IAQ. However, recent years have seen a growing
recognition of the importance of the effects of climate change, as well as
extreme weather events on the indoor environment, which translate into
considerations for green buildings.
The implications of climate change on IAQ are numerous and complex. Some
recent and notable studies (e.g., [60], [44], [71], [34]), have categorized and
described these effects. For instance, [60], explored the effects of climate
change on factors that govern indoor pollutants: (a) properties of pollutants
(e.g., warmer temperatures affecting indoor pollutants from both indoor and
outdoor sources), (b) building factors (e.g., reduced ventilation rate and
increased air conditioning use), and (c) occupant behavior (e.g., changes in
human activities and product use indoors) [34]. examined (a) outdoor
environment conditions that increase with climate change (e.g., climaterelated events such as heat waves, extreme precipitation, wildfires), (b)
influences on indoor environment (e.g., higher temperatures, dampness and
mold, particulates and ozone, pollen allergies), (c) climate change adaptation
(e.g., increased use of air conditioning), and (d) climate change mitigation
(e.g., increased building energy efficiency). [71]; summarizing [44]; looked at
(a) potential direct and indirect consequences of climate change (e.g.,
increased incidence of extreme events, increased temperatures), and (b)
potential impacts on the indoor environment (e.g., changes in loads on HVAC
systems, damage to and degradation of building materials, increased indoor
ozone levels, flooding and water damage, greater use of pesticides) with
potential impacts on health. A full taxonomy of potential effects would be
conceptually and practically difficult, not to mention nascent, since we may
likely see effects not yet seen or predicted in our experience with climate and
buildings. Nonetheless, some key implications are described here.

Climate variables (e.g., temperature, precipitation, water vapour, wind speed
and direction, cloud properties) can influence indoor air quality both directly
and indirectly. For instance, increased outdoor temperatures can lead to
increased ozone concentrations, and subsequent reactions that generate
pollutants indoors. Increased indoor temperatures can increase chemical offgassing rates from indoor materials. Increased precipitation can increase risk
for flooding and water damage. Climate change can also affect patterns of
floods, droughts, wildfires, pests, and vegetation, and related indoor
exposures to mold, dust, bacteria, combustion products, chemical pollutants,
particulates, pesticides, and pollen.
Climate change mitigation and adaptation measures can also affect indoor air
quality. For instance, measures to reduce energy use can lead to lower
ventilation rates, tighter buildings, increased reliance on air conditioning, and
less use of open windows, which can increase pollutant concentrations
indoors. Climate-related hazards can drive people to spend more time
indoors, which can potentially increase indoor pollutants, such as through
increased indoor activities and product uses that generate pollutants.
While climate change has effects on many types of buildings, especially
relevant to green buildings are effects related to energy efficiency measures.
These include tighter buildings, weatherization, and less use of natural
ventilation. As indicated by Ref. [60]; perhaps more important than the effects
directly from climate are the effects that are mediated by humans in response
to climate changes. A major effect is reduced ventilation rates due to
mitigation measures to save energy, and greater reliance on heating,
ventilation, and air conditioning systems, and less reliance on open windows.
While reduced ventilation can reduce infiltration of pollutants from outdoors to
the indoors, it can also increase concentrations of pollutants indoors. The
importance of reducing sources of indoor emissions is even more
pronounced.
In conclusion, climate change can create specific challenges for green
buildings through increased demands for energy efficiency, combined with

changes in outdoor air pollutants, extreme weather events, and mitigation and
adaptation measures that can affect IAQ.
1.8. What immediate actions could promote higher IAQ in green buildings?
While it may be thought that indoor air quality problems are ineluctable, to the
contrary, some immediate actions can improve indoor air quality. The net
benefits of specific actions depend of course on the specific building and the
sources of pollutants. Also, any action can have a range of effects, and the
direct and indirect implications need to be considered before implementing
measures. While the literature abounds with recommendations for improving
indoor air quality (e.g,. [73], [72], [66], this section discusses some actions
that can be introduced at once, are likely to provide overall beneficial effects,
and that may not already be included in green building schemes.
One important action would be to focus on pollutant exposure reduction in
buildings. Currently, all schemes award ventilation as the major method
related to indoor air quality, while exposure receives relatively little attention.
Ventilation, although important, may not always provide the desired effects,
such as in areas with high outdoor pollution or episodic and uncontrolled
release of pollutants (e.g. Ref. [17]. Ventilation may not be effective either for
some pollutants, such as SVOCs [58]. Therefore, green building schemes
that provide credits only for ventilation may not ensure favorable IAQ. Instead,
with a focus on exposures, including actions for source control and reduction,
green building schemes could encourage effective methods for reducing risks
to human health, which is a goal of improving IAQ.
Another immediate action that could produce benefits would be to reduce
compounds that are among the most prevalent and dominant of indoor air
pollutants (e.g., [20], [50], [39], [19]; namely, fragrance compounds emitted
from products. Fragrance-free policies, which restrict the use of fragranced
products, have been implemented in building environments around the world,
such as schools, workplaces, hospitals, and public buildings. For example,
the US Centers for Disease Control and Prevention, Indoor Environmental
Quality Policy [84] states: “Scented or fragranced products are prohibited at

all times in all interior space owned, rented, or leased by CDC … Personal
care products (e.g. colognes, perfumes, essential oils, scented skin and hair
products) should not be applied … CDC encourages employees to be as
fragrance-free as possible … Employees should avoid using scented
detergents and fabric softeners on clothes worn to the office … ” and other
measures, which apply to more than 15,000 employees. A recent survey of
the US national population [74] indicated that a majority of the general
population would prefer that workplaces, health care facilities and
professionals, hotels, and airplanes were fragrance-free. Further, more than
one-third of the general population reported adverse health effects, such as
migraine headaches or asthma attacks, from exposure to fragranced
products, indicating the magnitude of potential benefits from a fragrance-free
policy.
Another action to promote IAQ in green buildings would be the requirement of
indoor air quality guidelines or threshold concentrations for pollutants of
concern. For example, the World Health Organization (WHO) issues
guidelines for air quality, some of which are regularly updated [92], [91], [90].
These guidelines or other well-documented and recognized references could
become a fundamental element in certification schemes. Another approach
would be the development of standards for IAQ in green buildings, taking into
consideration health guidelines for exposure to pollutants.
Additional strategies for source reduction and control include the following:
use alternative pest management, such as physical controls without chemical
pesticides; implement a healthier cleaning program, as well as nonchemical
methods for cleaning; switch to low off-gassing furnishings and materials;
install appropriate air filters, which may be common, but also water filters to
reduce exposure to volatilized compounds; maintain HVAC systems, including
filter check and replacement; and require more frequent monitoring of indoor
air quality and surveys of occupant well-being.
In conclusion, given that products and practices indoors are a primary
influence on IAQ, actions that target those areas can provide a relatively
straightforward way to improve and monitor IAQ. A focus should be on overall

exposure reduction, such as source reduction and control, rather than solely
ventilation.
1.9. Longer term, how can green buildings be improved to promote better
IAQ?
A range of actions can enable certification schemes to more effectively
promote IAQ in green buildings. One development would be the definition of
an index or metrics of IAQ in buildings. Without discussing whether the
development of such an index is at all possible, it is worth mentioning that the
lack of such an index is a reason why ventilation, and CO2 concentration (a
proxy for ventilation effectiveness in the presence of people), are used to
assess IAQ. It is also worth mentioning that there were attempts to develop
such an index in the past. For examples, the levels of dissatisfaction with
acceptability of indoor air quality as expressed by the building occupants [33]
as well as total volatile organic compounds (TVOC) [59], [68] were proposed
as metrics of IAQ, among others. However, the TVOC was shown to be a
poor predictor of the effects on humans [5]. The former approach still creates
the reference for estimating ventilation requirements for achieving acceptable
indoor air quality [8], [27]. Despite these attempts, developments of IAQ
metrics can continue, and could address not only pollutant levels and
exposures, but also their effects on building occupants.
In addition, to properly manage and characterize IAQ in green buildings, it
may also be beneficial to require emissions testing of all building materials,
furnishings and equipment both before and during their use in green
buildings. To this end, green buildings may require regular or even continuous
measurements of IAQ. Such monitoring would allow remedying unacceptable
pollutant levels and sources as well as provide data for building recertification.
IAQ recertification of green buildings could become another requirement in
certification schemes to assure that favorable IAQ levels are attained and
maintained.
In conclusion, the following long-term actions can help promote favorable IAQ
in green buildings: (1) Requiring indoor air quality guidelines for key pollutants
and awarding credits for their reduction or avoidance; (2) Developing an IAQ

index or metrics; (3) Requiring or awarding credits for emission testing of
products used in green buildings; (4) Conducting monitoring of IAQ in green
buildings; (5) Accounting for cross-category impacts of solutions in other
categories on IAQ; (6) Requiring regular recertification based on IAQ levels;
and (7) Overall, developing incentives to improve IAQ and in ways that benefit
building occupants, employers, and owners, and that create higher
recognition of IAQ in green building projects.
1.10. What are the research gaps related to green buildings and IAQ?
Strengths and deficiencies of current green certification schemes relative to
IAQ have been identified and discussed in this paper. This section looks at
opportunities for research to bridge the knowledge gap between green
building practice and potential, enabling green buildings to create and
promote better IAQ. The list of research priorities below does not include
issues that affect buildings more generally, such as the links between building
products and practices, indoor air quality, and health effects. While this
research is also needed, the points below are as specific to green buildings
as possible.
1.
Determine attributes of green buildings that can improve IAQ, and
specific actions that can make a building green or healthier relative to
IAQ.
2.

Evaluate the effectiveness of existing and new credits for promoting
IAQ in green buildings, and the relationship between credits awarded
and measurable effects on IAQ.

3.

Develop key performance indicators, such as acceptable indoor air
quality levels, for certification and re-certification of green buildings.

4.

Identify green consumer products and building materials that have
improved or impaired indoor air quality in green buildings, and
investigate their emissions.

5.

Assess attributes of green buildings relative to IAQ as expected and
rated by the building occupants.

6.

Conduct controlled comparative studies of IAQ in green buildings with
matched conventional buildings, and controlled intervention studies of
conventional buildings converted into green buildings, and measure
differences in IAQ.

2. Conclusion
Green buildings have the potential to promote more favorable indoor air
quality. On balance, based on available but limited data, perceived IAQ is
better in green buildings than in conventional buildings. However “green”
does not necessarily guarantee good indoor air quality. Certification schemes
may provide inadequate incentive in the credit system for improving indoor air
quality. Also, certain green practices and green products could actually impair
indoor air quality. The focus on ventilation as a primary method for IAQ control
overlooks opportunities for source control and exposure reduction. Given that
people spend most of their time indoors, and that people are the most
valuable asset in a building, it seems practical and prudent to make
investments in overall green building programs and individual buildings to
ensure healthful IAQ.

Acknowledgements
The authors thank Amy Davis for her invaluable assistance with this article.
Recommended articles

Citing articles (17)

References
[1]

S. Abbaszadeh, L. Zagreus, D. Lehrer, C. Huizenga
Occupant Satisfaction with Indoor Environmental Quality in Green Buildings.
Center for the Built Environment
UC Berkeley, USA (2006)

[2]

M.M. Agha-Hossein, S. El-Jouzi, A.A. Elmualim, J. Ellis, M. Williams

Post-occupancy studies of an office environment: energy performance and
occupants' satisfaction
Build. Environ., 69 (2013), pp. 121-130
Article
[3]

Download PDF

View Record in Scopus

J.G. Allen, P. MacNaughton, J.G. Cedeño Laurent, S.S. Flanigan, E.S. Eitland, J.D.
Spengler
Green buildings and health
Curr. Environ. Health Rep., 2 (3) (2015), pp. 250-258
CrossRef

[4]

View Record in Scopus

S. Altomonte, S. Schiavon
Occupant satisfaction in LEED and non-LEED certified buildings
Build. Environ., 68 (2013), pp. 66-76
Article

[5]

Download PDF

View Record in Scopus

K. Andersson, J.V. Bakke, O. Bjørseth, C.G. Bornehag, G. Clausen, J.K. Hongslo, M.
Kjellman, S. Kjærgaard, F. Levy, L. Mølhave, S. Skerfving, J. Sundell
TVOC and health in non-industrial indoor environments
Indoor Air, 7 (2) (1997), pp. 78-91
View Record in Scopus

[6]

ASHRAE
Ventilation for Acceptable Indoor Air Quality, ASHRAE/ANSI Standard 62.1
American Society for Heating, Refrigeration and Air Conditioning Engineers, Atlanta,
GA (2007)

[7]

ASHRAE
ASHRAE Position Document on Filtration and Air Cleaning
American Society for Heating, Refrigeration and Air-Conditioning Engineers, Atlanta,
GA (2015)

[8]

ASHRAE
Ventilation for Acceptable Indoor Air Quality, ASHRAE/ANSI Standard 62.1
American Society for Heating, Refrigeration and Air Conditioning Engineers, Atlanta,
GA (2016)

[9]

AU

Australian Government. National Environment Protection Measure - Ambient Air
(2015)
Available:
https://www.legislation.gov.au/Details/F2016C00215
[10]

BCA
Building Construction Authority. BCA Green Mark for New Buildings (Non–
Residential)
(2015)
Singapore. Available:
www.bca.gov.sg/GreenMark/green_mark_criteria.html

[11]

G. Bekö, G. Clausen, C.J. Weschler
Further studies of oxidation processes on filter surfaces: evidence for oxidation
products and the influence of time in service
Atmos. Environ., 41 (25) (2007), pp. 5202-5212
Article

[12]

Download PDF

View Record in Scopus

P.M. Bluyssen
Towards an integrative approach of improving indoor air quality
Build. Environ., 44 (2009), pp. 1980-1989
Article

[13]

Download PDF

View Record in Scopus

BRE
Building Research Establishment Environmental Assessment Methodology
(BREEAM)
(2016)
Available:
http://www.breeam.com

[14]

J. Breysse, D.E. Jacobs, W. Weber, S. Dixon, C. Kawecki, S. Aceti, J. Lopez
Health outcomes and green renovation of affordable housing
Public Health Rep. (2011), pp. 64-75
CrossRef

[15]

View Record in Scopus

Z. Brown, R.J. Cole, J. Robinson, H. Dowlatabadi
Evaluating user experience in green buildings in relation to workplace culture
and context

Facilities, 28 (3/4) (2010), pp. 225-238
CrossRef
[16]

View Record in Scopus

Z. Brown, R.J. Cole
Influence of occupants' knowledge on comfort expectations and behavior
Build. Res. Inf., 37 (3) (2009), pp. 227-245
CrossRef

[17]

P. Carrer, P. Wargocki, A. Fanetti, W. Bischof, E.D.O. Fernandes, T. Hartmann, S.
Kephalopulos, S. Palkonen, O. Seppänen
What does the scientific literature tell us about the ventilation–health relationship
in public and residential buildings?
Build. Environ., 94 (2015), pp. 273-286
Article

[18]

Download PDF

View Record in Scopus

CASBEE
Comprehensive Assessment System for Built Environment Efficiency (CASBEE)
(2016)
Available:
http://www.ibec.or.jp/CASBEE/english/

[19]

T. Cecchi
Identification of representative pollutants in multiple locations of an Italian
school using solid phase micro extraction technique
Build. Environ., 82 (2014), pp. 655-665
Article

[20]

Download PDF

View Record in Scopus

M. Cheng, I.E. Galbally, S.B. Molloy, P.W. Selleck, M.D. Keywood, S.J. Lawson, J.C.
Powell, R.W. Gillett, E. Dunne
Factors controlling volatile organic compounds in dwellings in Melbourne,
Australia
Indoor Air, 26 (2) (2015), pp. 219-230
CrossRef

[21]

M.D. Colton, P. MacNaughton, J. Vallarino, J. Kane, M. Bennett-Fripp, J.D. Spengler,
G. Adamkiewicz
Indoor air quality in green vs conventional multifamily low-income housing
Environ. Sci. Technol., 48 (14) (2014), pp. 7833-7841

CrossRef
[22]

View Record in Scopus

C.J. Cros, G.C. Morrison, J.A. Siegel, R.L. Corsi
Long-term performance of passive materials for removal of ozone from indoor air
Indoor Air, 22 (1) (2012), pp. 43-53
CrossRef

[23]

View Record in Scopus

N. da Silva
Building Certification Schemes and the Quality of Indoor Environment
Technical University of Denmark (2015)
Ph.D. Thesis, DTU Civil Engineering

[24]

R. Dahl
Greenwashing: do you know what you’re buying?
Environ. Health Perspect., 118 (6) (2010), pp. A246-A252
View Record in Scopus

[25]

E.K. Darling, C.J. Cros, P. Wargocki, J. Kolarik, G.C. Morrison, R.L. Corsi
Impacts of a clay plaster on indoor air quality assessed using chemical and
sensory measurements
Build. Environ., 57 (2012), pp. 370-376
Article

[26]

Download PDF

View Record in Scopus

DGNB
Deutsche Gesellschaft für Nachhaltiges Bauen (DGNB)
(2016)
Available:
http://www.dgnb.de/en/

[27]

EN
Indoor Environmental Input Parameters for Design and Assessment of Energy
Performance of Buildings Addressing Indoor Air Quality, Thermal Environment,
Lighting and Acoustics. Standard 15251
CEN, Brussels (2007)

[28]

EPA
US Environmental Protection Agency Definition of Green Building
(2016)

Available:
https://archive.epa.gov/greenbuilding/web/html/about.html
[29]

EPA
US Environmental Protection Agency Clean Air Act of 1990, 40 C.F.R. § 50.1(e)
(1990)
Available:
https://www.epa.gov/clean-air-act-overview/clean-air-act-text

[30]

EU
European Union. Management and Quality of Ambient Air
(1996)
Council Directive 96/62/EC on ambient air quality assessment and management.
Available:
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32008L0050

[31]

L. Fang, G. Clausen, P.O. Fanger
Impact of temperature and humidity on the perception of indoor air quality
Indoor Air, 8 (2) (1998), pp. 80-90
View Record in Scopus

[32]

L. Fang, G. Clausen, P.O. Fanger
Impact of temperature and humidity on perception of indoor air quality during
immediate and longer whole-body exposures
Indoor Air, 8 (4) (1998), pp. 276-284
View Record in Scopus

[33]

P.O. Fanger
Introduction of the olf and the decipol units to quantify air pollution perceived by
humans indoors and outdoors
Energy Build., 12 (1) (1988), pp. 1-6
Article

[34]

Download PDF

View Record in Scopus

W.J. Fisk
Review of some effects of climate change on indoor environmental quality and
health and associated no-regrets mitigation measures
Build. Environ., 86 (2015), pp. 70-80
Article

Download PDF

View Record in Scopus

[35]

W.J. Fisk, D. Faulkner, J. Palonen, O. Seppanen
Performance and costs of particle air filtration technologies
Indoor air, 12 (4) (2002), pp. 223-234
CrossRef

[36]

View Record in Scopus

H.A. Gabb, C. Blake
An informatics approach to evaluating combined chemical exposures from
consumer products: a case study of asthma-associated chemicals and potential
endocrine disruptors
Environ. Health Perspect., 124 (8) (2016), pp. 1155-1165
View Record in Scopus

[37]

E. Garland, E.T. Steenburgh, S.H. Sanchez, A. Geevarughese, L. Bluestone, L.
Rothenberg, A. Rialdi, M. Foley
Impact of LEED-certified affordable housing on asthma in the South Bronx
Prog. Community Health Partnersh. Res. Educ. Action, 7 (1) (2013), pp. 29-37
CrossRef

[38]

View Record in Scopus

GBCA
Green Star
GBIG (Green Building Information Gateway) (2016)
Available:
http://new.gbca.org.au/green-star/
http://www.gbig.org/places/8194
2016

[39]

O. Geiss, G. Giannopoulos, S. Tirendi, J. Barrero-Moreno, B.R. Larsen, D. Kotzias
The AIRMEX study - VOC measurements in public buildings and
schools/kindergartens in eleven European cities: statistical analysis of the data
Atmos. Environ., 45 (2011), pp. 3676-3684
Article

[40]

Download PDF

View Record in Scopus

Z. Gou, D. Prasad, S.S.Y. Lau
Are green buildings more satisfactory and comfortable?
Habitat Int., 39 (2013), pp. 156-161
Article

[41]

Download PDF

A. Hedge, L. Miller, J.A. Dorsey

View Record in Scopus

Occupant comfort and health in green and conventional university buildings
Work, 49 (3) (2014), pp. 363-372
View Record in Scopus
[42]

J. Heerwagen, L. Zagreus
The Human Factors of Sustainable Building Design: Post Occupancy Evaluation
of the Philip Merrill Environmental Center
(2005)

[43]

C. Huizenga, L. Zagreus, E. Arens, D. Lehrer
Measuring Indoor Environmental Quality: a Web-based Occupant Satisfaction
Survey
Greenbuild, Pittsburgh, PA (2003)

[44]

IOM (Institute of Medicine)
Climate Change, the Indoor Environment, and Health
The National Academies Press, Washington, DC (2011)

[45]

B. Jensen, P. Wolkoff, C.K. Wilkins
Characterization of Linoleum: Identification of Oxidative Emission Processes. In
Characterizing Sources of Indoor Air Pollution and Related Sink Effects
ASTM International (1996)

[46]

G. Kats
The Costs and Financial Benefits of Green Buildings, a Report to California's
Sustainable Building Task Force: October
(2003)

[47]

C.J. Kibert
Sustainable Construction: Green Building Design and Delivery
(fourth ed.), John Wiley & Sons (2016)

[48]

B. Kolarik, P. Wargocki, A. Skorek-Osikowska, A. Wisthaler
The effect of a photocatalytic air purifier on indoor air quality quantified using
different measuring methods
Build. Environ., 45 (6) (2010), pp. 1434-1440
Article

[49]

K. Kovler

Download PDF

View Record in Scopus

Does the utilization of coal fly ash in concrete construction present a radiation
hazard?
Constr. Build. Mater., 29 (2012), pp. 158-166
Article
[50]

Download PDF

View Record in Scopus

S. Król, J. Namieśnik, B. Zabiegała
α-Pinene, 3-carene and d-limonene in indoor air of Polish apartments: the impact
on air quality and human exposure
Sci. Total Environ., 468–469 (2014), pp. 985-995
Article

[51]

Download PDF

View Record in Scopus

S.P. Lamble, R.L. Corsi, G.C. Morrison
Ozone deposition velocities, reaction probabilities and product yields for green
building materials
Atmos. Environ., 45 (38) (2011), pp. 6965-6972
Article

[52]

Download PDF

View Record in Scopus

A. Leaman, B. Bordass
Are users more tolerant of ‘green’ buildings?
Build. Res. Inf., 35 (6) (2007), pp. 662-673
CrossRef

[53]

View Record in Scopus

A. Leaman, L. Thomas, M. Vandenberg
Green buildings: what Australian building users are saying
EcoLibrium, 6 (2007), pp. 22-30
View Record in Scopus

[54]

Y.S. Lee
Comparisons of indoor air quality and thermal comfort quality between
certification levels of LEED-certified buildings in USA
Indoor Built Environ., 20 (5) (2011), pp. 564-576
CrossRef

[55]

View Record in Scopus

Y.S. Lee, D.A. Guerin
Indoor environmental quality related to occupant satisfaction and performance in
LEED-certified buildings
Indoor Built Environ., 18 (4) (2009), pp. 293-300
CrossRef

View Record in Scopus

[56]

Y.S. Lee, S.K. Kim
Indoor environmental quality in LEED-certified buildings in the US
J. Asian Archit. Build. Eng., 7 (2) (2008), pp. 293-300
CrossRef

[57]

View Record in Scopus

H.H. Liang, C.P. Chen, R.L. Hwang, W.M. Shih, S.C. Lo, H.Y. Liao
Satisfaction of occupants toward indoor environment quality of certified green
office buildings in Taiwan
Build. Environ., 72 (2014), pp. 232-242
Article

[58]

Download PDF

View Record in Scopus

C. Liu, Y. Zhang, J.L. Benning, J.C. Little
The effect of ventilation on indoor exposure to semivolatile organic compounds
Indoor air, 25 (3) (2015), pp. 285-296
CrossRef

[59]

View Record in Scopus

L. Mølhave
Volatile organic compounds, indoor air quality and health
Indoor Air, 1 (4) (1991), pp. 357-376
View Record in Scopus

[60]

W.W. Nazaroff
Exploring the consequences of climate change for indoor air quality
Environ. Res. Lett., 8 (2013), p. 015022
CrossRef

[61]

W.W. Nazaroff, C.J. Weschler
Cleaning products and air fresheners: exposure to primary and secondary air
pollutants
Atmos. Environ., 38 (2004), pp. 2841-2865
Article

[62]

Download PDF

View Record in Scopus

G.R. Newsham, B.J. Birt, C. Arsenault, A.J.L. Thompson, J.A. Veitch, S. Mancini, A.D.
Galasiu, B.N. Gover, I.A. Macdonald, G.J. Burns
Do “green” buildings have better indoor environments? New evidence
Build. Res. Inf., 41 (4) (2013), pp. 415-434
CrossRef

View Record in Scopus

[63]

M. Nicolas, O. Ramalho, F. Maupetit
Reactions between ozone and building products: impact on primary and
secondary emissions
Atmos. Environ., 41 (15) (2007), pp. 3129-3138
Article

[64]

Download PDF

View Record in Scopus

W. Ott, A. Steinemann, L. Wallace (Eds.), Exposure Analysis, CRC Press, Boca Raton,
FL (2007)

[65]

S.P. Raut, R.V. Ralegaonkar, S.A. Mandavgane
Development of sustainable construction material using industrial and
agricultural solid waste: a review of waste-create bricks
Constr. Build. Mater., 25 (10) (2011), pp. 4037-4042
Article

[66]

Download PDF

View Record in Scopus

W.J. Rea
Optimum Environments for Optimum Health and Creativity: Designing and
Building a Healthy Home or Office
American Environmental Health Foundation (2002)

[67]

A. Schieweck, M.-C. Bock
Emissions from low-VOC and zero-VOC paints—valuable alternatives to
conventional formulations also for use in sensitive environments?
Build. Environ., 85 (2015), p. 243e252

[68]

B. Seifert
Regulating indoor air
Chemical, Microbiological, Health and Comfort Aspects of Indoor Air Quality—State of
the Art in SBS, Springer, Netherlands (1992), pp. 311-320
CrossRef

[69]

View Record in Scopus

R.J. Shaughnessy, R.G. Sextro
What is an effective portable air cleaning device? A review
J. Occup. Environ. Hyg., 3 (4) (2006), pp. 169-181
CrossRef

[70]

View Record in Scopus

J.A. Siegel
Primary and secondary consequences of indoor air cleaners

Indoor air, 26 (1) (2016), pp. 88-96
CrossRef
[71]

View Record in Scopus

J.D. Spengler
Climate change, indoor environments, and health
Indoor Air, 22 (2012), pp. 89-95
CrossRef

[72]

View Record in Scopus

J.D. Spengler, J.M. Samet, J.F. McCarthy
Indoor Air Quality Handbook
Mc-Graw Hill, New York (2001)

[73]

J.D. Spengler, Q. Chen
Indoor air quality factors in designing a healthy building
Annu. Rev. Energy Environ., 25 (2000), pp. 567-600
CrossRef

[74]

View Record in Scopus

A. Steinemann
Fragranced consumer products: exposures and effects from emissions
Air Qual. Atmos. Health, 9 (2016), pp. 861-866, 10.1007/s11869-016-0442-z
CrossRef

[75]

View Record in Scopus

A. Steinemann
Volatile emissions from common consumer products
Air Qual. Atmos. Health, 8 (3) (2015), pp. 273-281
CrossRef

[76]

View Record in Scopus

A.C. Steinemann
Fragranced consumer products and undisclosed ingredients
Environ. Impact Assess. Rev., 29 (1) (2009), pp. 32-38
Article

[77]

Download PDF

View Record in Scopus

A. Steinemann, N. Walsh
Environmental laws and exposure analysis
W. Ott, A. Steinemann, L. Wallace (Eds.), Exposure Analysis, CRC Press, Boca Raton,
FL (2007), pp. 487-513
View Record in Scopus

[78]

Swegon Air Academy, C. Heincke, D. Olsson

Simply Green: a Quick Guide to Environmental and Energy Certification Systems
for Sustainable Buildings
Swegon Air Academy, Kvänum, Sweden (2012)
[79]

K.W. Tham, P. Wargocki, Y.F. Tan
Indoor environmental quality, occupant perception, prevalence of sick building
syndrome symptoms, and sick leave in a Green Mark Platinum-rated versus a
non-Green Mark-rated building: a case study
Sci. Technol. Built Environ., 21 (1) (2015), pp. 35-44
CrossRef

[80]

View Record in Scopus

A. Thatcher, K. Milner
The impact of a ‘green’ building on employees' physical and psychological
wellbeing
Work, 41 (Supplement 1) (2012), pp. 3816-3823
View Record in Scopus

[81]

C.L. Thiel, K.L. Needy, R. Ries, D. Hupp, M.M. Bilec
Building design and performance: a comparative longitudinal assessment of a
Children's hospital
Build. Environ., 78 (2014), pp. 130-136
Article

[82]

Download PDF

View Record in Scopus

UL
Underwriters Laboratory. The Seven Sins of Greenwashing: Environmental
Claims in Consumer Markets
TerraChoice Environmental Marketing, London (2009)
Available:
http://sinsofgreenwashing.com/findings/greenwashing-report-2009/index.html

[83]

USGBC
Leadership in Energy and Environmental Design (LEED) V4
(2016)
Available:
http://www.usgbc.org/leed

[84]

CDC

US Centers for Disease Control and Prevention. Indoor Environmental Quality
Policy
(2009), pp. 9-10
Available:
http://www.drsteinemann.com/Resources/CDC%20Indoor%20Environmental%20Qualit
y%20Policy.pdf
View Record in Scopus
[85]

P. Wargocki
IAQ applications: filtration and air cleaning
ASHRAE J., 57 (12) (2015), pp. 70-72
View Record in Scopus

[86]

W. Wei, O. Ramalho, C. Mandin
Indoor air quality requirements in green building certifications
Build. Environ., 92 (2015), pp. 10-19
Article

[87]

Download PDF

View Record in Scopus

Well
The International Well Building Institute. The WELL Building Standard, V 1.0
Delos Living LLC, New York, NY (2015)

[88]

C.J. Weschler
Changes in indoor pollutants since the 1950s
Atmos. Environ., 43 (2009), pp. 156-172

[89]

WGBT
World Green Building Trends, Smart Market Report
(2016)
http://fidic.org/sites/default/files/World%20Green%20Building%20Trends%202016%20
SmartMarket%20Report%20FINAL.pdf

[90]

WHO
World Health Organization. WHO Guidelines for Indoor Air Quality: Selected
Pollutants
WHO Regional Office for Europe, Copenhagen (2010)
Available:
http://www.euro.who.int/__data/assets/pdf_file/0009/128169/e94535.pdf

[91]

WHO
Air Quality Guidelines: Global Update 2005: Particulate Matter, Ozone, Nitrogen
Dioxide, and Sulfur Dioxide
World Health Organization (2006)

[92]

WHO
Air Quality Guidelines for Europe
World Health Organization (2000)

[93]

WCED
World Commission on Environment and Development. Our Common Future
(1987)
(Chapter 2): Towards Sustainable Development. Available:
http://www.un-documents.net/ocf-02.htm

[94]

Y. Zhang, J. Mo, Y. Li, J. Sundell, P. Wargocki, J. Zhang, J. Little, R. Corsi, Q. Deng,
M.H.K. Leung, L. Fang, W. Chen, J. Li, Y. Sun
Can commonly-used fan-driven air cleaning technologies improve indoor air
quality? A literature review
Atmos. Environ., 45 (26) (2011), pp. 4329-4343
Article

[95]

Download PDF

View Record in Scopus

World Green Building Council
Health, Wellbeing & Productivity in Offices, the Next Chapter for Green Building
(2014)
Available:
http://www.worldgbc.org/activities/health-wellbeing-productivity-offices/

© 2017 The Authors. Published by Elsevier Ltd.

About ScienceDirect Remote access Shopping cart Contact and support
Terms and conditions Privacy policy
Cookies are used by this site. For more information, visit the cookies page.
Copyright © 2018 Elsevier B.V. or its licensors or contributors. ScienceDirect
® is a registered trademark of Elsevier B.V.

