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Summary

Climate change! poses “a significant long-term challenge for the United
States” (NRC, 2010b). Its potential effects on public health have been
addressed in major research efforts conducted under the auspices of the
federal US Global Change Research Program and the National Center for
Environmental Health, the congressionally mandated National Academy
of Sciences” America’s Climate Choices study initiative, and the Intergov-
ernmental Panel on Climate Change of the United Nations Environment
Programme and the World Meteorological Organization. A search of the
US National Library of Medicine’s PubMed database in late February 2011
yielded nearly 1,500 papers on the topics of climate change or global warm-
ing and health.

In all that work, one issue has been given relatively little attention:
the effect of climate-change-induced alterations in the indoor environ-
ment on occupant health. At first impression, the lack of attention might
seem reasonable. Buildings shelter occupants from the outdoors. A deeper
examination, though, provides reasons to be concerned. People spend the
vast majority of their time in indoor environments and will thus experience
many of the effects of climate change indoors. The outdoor environment
permeates indoors in all but maximum-containment laboratory conditions.
A building that was tightly sealed as a response to adverse outdoor condi-

! This report uses the term climate to refer to prevailing outdoor environmental conditions—
temperature, humidity, wind, precipitation, sea level, and other phenomena—and climate
change to refer to modifications in those outdoor conditions that occur over an extended
period of time.
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tions or because of efforts to reduce energy use might protect occupants
from one set of problems but would increase their exposure to another:
such buildings tend to have decreased ventilation rates, higher concentra-
tions of indoor-emitted pollutants, and more occupants reporting health
problems.

Against that backdrop, the US Environmental Protection Agency (EPA)
asked the Institute of Medicine (IOM) to convene an expert committee to
summarize the current state of scientific understanding with respect to the
effects of climate change on indoor air and public health. It provided three
examples of key questions to address:

e What are the likely impacts of climate change in the United States
on human exposure to chemical and biological contaminants inside
buildings, and what are the likely public health consequences?

e  What are the likely impacts of climate change on moisture and
dampness conditions in buildings, and what are the likely public
health consequences?

e What are the priority issues for action?

This report, prepared by the Committee on the Effect of Climate
Change on Indoor Air Quality and Environmental Health, provides a re-
sponse to that charge.

FRAMEWORK AND ORGANIZATION

The first three chapters of the report present introductory and back-
ground materials. Subsequent chapters address five major issues related
to potential alterations in indoor environmental quality (IEQ) induced by
climate change:

e The chemical, organic, and particulate pollutants that can be found
in the indoor environment—including infiltrates from the outdoors
and pollutants resulting from indoor combustion and other indoor
emission sources—and the possible health effects of exposure to
them (Chapter 4).

e The health implications of damp indoor spaces, including the
effects of exposure to mold and bacteria and their components
and to outgassing from the degradation of wet building materials
(Chapter 5).

e How various infectious agents, insects, and arthropods that can be
found indoors may be affected by climate change (Chapter 6).

e The physiologic, economic, and social factors that influence vul-
nerability to prolonged exposure to temperature and humidity

Copyright National Academy of Sciences. All rights reserved.
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extremes and the resources available to mitigate such conditions,
including air conditioning and other active and passive means to
control the indoor thermal environment (Chapter 7).

¢ How human health is influenced by building energy use, emissions
from building materials, weatherization, and ventilation and pos-
sible means to ameliorate adverse effects (Chapter 8).

The sections below are a synopsis of the committee’s major findings,
conclusions, and recommendations.

REPORT SYNOPSIS

Why the Effect of Climate Change on the Indoor
Environment and Health Is an Issue

Indoor environmental conditions exert considerable influence on health,
learning, and productivity. Poor environmental conditions and indoor con-
taminants are estimated to cost the US economy tens of billions of dollars
a year in exacerbation of illnesses, allergic symptoms, and lost productivity
(Fisk and Rosenfeld, 1997).

Climate change has the potential to affect the indoor environment.
There is a large literature on how the indoor environment influences oc-
cupant health and how the external environment influences the indoor
environment under different climate conditions. Research on the possible
effects of climate change on human health is also emerging. However, the
intersection of those bodies of research—the fraction specifically on the
effects of climate change on human health in the indoor environment—is
small. Such studies are complicated by the fact that the effects of climate
change on indoor environmental quality are region-dependent and vary
with the age and condition of the regionally dependent built environment.

Multiple parts of government and the private sector have a stake in is-
sues of climate change, indoor environmental quality, and public health, but
no one body has lead responsibility. As a result, there is a lack of leadership
in identifying potential hazards, formulating solutions, and setting research
and policy priorities.

Elements of Climate-Change Research Relevant
to the Indoor Environment and Health

A 2010 National Academies report concluded that climate change
“poses significant risks for a broad range of human and natural systems”
(NRC, 2010a). Measurements indicate that the first decade of the 21st
century was warmer than the first decade of the 20th century. In the United
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States, hot days, hot nights, and heat waves have become more frequent in
recent decades. On an urban scale, the heat-island effect contributes to lo-
cal temperature increases. Rainfall measurements show that extreme events
are increasing, moist regions are becoming wetter, and semiarid regions
are becoming drier. Projections suggest that those trends will continue and
may intensify.

Indoor Air Quality

Three classes of factors have important influences on the indoor concen-
tration of a pollutant: the pollutant’s source properties and other attributes,
building characteristics, and human behavior. Climate change can affect
these factors in numerous ways. Changes in the outdoor concentrations
of a pollutant due to alterations in atmospheric chemistry or other factors
such as atmospheric circulation will affect indoor concentrations. Mitiga-
tion measures to reduce energy use in buildings could lead to systematically
lower ventilation rates that would cause higher concentrations and expo-
sures to secondhand smoke and other indoor pollutants. Increased use of
air conditioning, an expected adaptation measure, could exacerbate emis-
sions of greenhouse gases and, if accompanied by reduced ventilation rates,
increase the concentrations of pollutants emitted from indoor sources. The
potential for poisoning from exposure to carbon monoxide emitted from
portable electricity generators may increase if peak electricity demand due
to heat waves or extreme weather events leads to power outages.

Combustion is a major source of both outdoor and indoor air pollu-
tion and is arguably the most important class of indoor air pollutants with
respect to health risks. Use of solid-fuel stoves, which are much more com-
mon in less developed countries, is associated with demonstrable adverse
effects. Switching to lower-emissions units would yield substantial health
benefits and decreases in the production of greenhouse gases.

Dampness, Moisture, and Flooding

Studies reviewed in the 2004 IOM report Damp Indoor Spaces and
Health and confirmed by later research indicates that

e Excessive indoor dampness is a determinant of the presence or
source strength of several potentially problematic exposures. Damp
indoor environments favor house-dust mites and the growth of
mold and other microbial agents, standing water supports cock-
roach and rodent infestations, and excessive moisture may initi-
ate or increase chemical emissions from building materials and
furnishings.
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e Damp indoor environments are associated with the initiation or
exacerbation of a number of respiratory ailments.

Extreme weather conditions associated with climate change may lead
to breakdowns in building envelopes followed by sudden infiltration of
water into indoor spaces. Dampness problems and water intrusion create
conditions favorable to the growth of fungi and bacteria and may cause
building materials to decay or corrode; this can lead to off-gassing of
chemicals. Well-designed and properly operating heating, ventilation, and
air-conditioning (HVAC) systems can ameliorate humid conditions, but
poorly designed or maintained systems may introduce moisture and create
condensation on indoor surfaces. Mold-growth prevention and remediation
activities may also introduce fungicides and other agents into the indoor
environment, which can lead to adverse exposures of occupants.

Infectious Agents and Pests

Weather fluctuations and seasonal to annual climate variability influ-
ence the incidence of many infectious diseases. Climate change may affect
the evolution and emergence of infectious diseases by, for example, affecting
the geographic range of disease vectors. However, relationships between
climate and infectious disease often depend heavily on local conditions and
may be influenced by indoor characteristics such as air conditioning, which
affects indoor temperature and humidity, so it is difficult to draw general
conclusions.

The ecologic niches for pests will change in response to climate change.
Although decreases in populations in some locations may lower the in-
cidence of allergic reactions to particular pests, the overall incidence of
allergic disease may not go down, because those with a predisposition to
allergies may become sensitized to other regional airborne allergens.

Climate change may also lead to shifting patterns of indoor exposure
to pesticides as occupants and building owners respond to infestations of
pests like termites whose geographic ranges have changed.

Thermal Stress

Extreme heat and cold have several well-documented adverse health
effects. The elderly, those in poor health, the poor, and those who live in
cities are more vulnerable to both exposure to temperature extremes and
the effects of exposure. Those populations experience excessive tempera-
tures almost exclusively in indoor environments. Air conditioning provides
protection from heat but is associated with higher reported prevalences of
some ailments, perhaps because of contaminants in HVAC systems. It also
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protects against exposure to high concentrations of outdoor pollutants.
Temperate indoor conditions are associated with higher work productivity
than colder or warmer environments.

Available information on the effects of climate change on building en-
ergy use and occupant health indicates that changing conditions may have
the following effects:

e Buildings that are currently ventilated naturally will need to use
some form of air conditioning.

¢ Buildings that have air conditioning will need to use it more often,
reducing natural ventilation.

e People in buildings that do not have air conditioning will be ex-
posed to extreme heat conditions more often.

Several technologies and building-design and -siting approaches can
provide control of the indoor environment with lower energy costs and
greater health benefits than systems typically in use today. No matter which
approach is used to maintain safe indoor environmental conditions, it is
important to ensure that the conditions are sustained when failures in build-
ing systems or power outages disable mechanical ventilation—something
that may happen more often if climate change leads to more instances of
extreme weather conditions or unsustainable loads on the electric grid.

Building Ventilation, Weatherization, and Energy Use

Research indicates that poor ventilation in homes, offices, and schools
is associated with occupant health problems or lower productivity. How-
ever, the information base is limited, and studies in hot and humid climates
are lacking. Climate change may make ventilation problems more common
or more severe in the future by stimulating the implementation of energy-
efficiency (weatherization) measures that limit the exchange of indoor air
with outdoor air.

Introduction of new materials and weatherization techniques may
lead to unexpected exposures and health risks. Energy-efficiency programs
should therefore incorporate tracking mechanisms to identify problems
with indoor environmental quality as they arise and to gather information
on the effectiveness of solutions as they are developed and implemented.

Government and consensus organizations are beginning to recognize
the importance of this issue and have established or are establishing vol-
untary guidelines and codes that account for the links between energy
efficiency, indoor environmental quality, ventilation, and occupant health
and productivity. Problems will persist, however, unless the weatherization
workforce is trained to recognize and avoid problems with indoor environ-
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mental quality, the efficacy of guidelines and codes is validated, and they
are widely implemented.

RESULTS

While there is substantial scientific literature on the effects of out-
door environmental conditions on the indoors, of indoor environmental
conditions on health, of climate change on health, of climate change on
buildings, and of buildings on climate change, there is almost no literature
on the intersection of climate change, indoor environmental quality, and
occupant health—and much of what little literature there is summarizes
information on one or more of the above categories rather than offering
original contributions. The committee was thus required to approach its
task by reviewing the available information on components of the climate-
change-IEQ-occupant-health nexus and deriving its results on the basis of
a synthesis of that information.

The observations and recommendations are based on the committee’s
review of the scientific literature and on general conclusions reached in
previous National Academies reports on climate change and literature those
reports found to be authoritative. They do not depend on any particular
model of future climatic conditions. The literature on indoor environmental
quality and health is rich and unequivocal: indoor environmental condi-
tions have a great influence on human health, and adverse conditions harm
occupant well-being. Altered climatic conditions will not necessarily intro-
duce new risks for building occupants but may make existing indoor envi-
ronmental problems more widespread and more severe and thus increase
the urgency with which prevention and interventions must be pursued.

The concluding chapter of the report (9) explicates the key findings,
guiding principles, and priority issues for action and recommendations
presented below.

Key Findings

Three key findings derived from the committee’s literature review un-
derlie its conclusion that alterations in indoor environmental quality in-
duced by climate change are an important public-health problem that
deserves attention and action.

Poor indoor environmental quality is creating health problems today
and impairs the ability of occupants to work and learn.

There is inadequate evidence to determine whether an association exists
between climate-change-induced alterations in the indoor environment
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and any specific adverse health outcomes. However, available research
indicates that climate change may make existing indoor environmental
problems worse and introduce new problems by

e Altering the frequency or severity of adverse outdoor conditions
that affect the indoor environment.

e Creating outdoor conditions that are more hospitable to pests,
infectious agents, and disease vectors that can penetrate the indoor
environment.

¢ Leading to mitigation or adaptation measures and changes in oc-
cupant behavior that cause or exacerbate harmful indoor environ-
mental conditions.

Opportunities exist to improve public health while mitigating or adapt-
ing to alterations in indoor environmental quality induced by climate
change.

Guiding Principles

The mission of public health is to “[fulfill] society’s interest in assur-
ing conditions in which people can be healthy,” and its aim is “to generate
organized community effort to address the public interest in health by ap-
plying scientific and technical knowledge to prevent disease and promote
health” (IOM, 1988). The committee took a public-health approach in
formulating its recommendations for reducing the health effects of altera-
tions in IEQ induced by climate change, which can be summarized in three
guiding principles:

Prioritize consideration of health effects into research, policy, programs,
and regulatory agendas that address climate change and buildings.

As the country moves toward a future where climate change will spur
the need for increased action to lower buildings’ energy demands and in-
crease their resistance to adverse outdoor conditions, it is vital that public
health be put in the forefront of the criteria taken into account in making
decisions on issues that affect indoor environmental quality.

Make the prevention of adverse exposures a primary goal when de-
signing and implementing climate change adaptation and mitigation
strategies.

Prevention is a foundation principle in public health. Indoor envi-

ronments already present myriad opportunities for adverse exposures.
Common sense suggests that eliminating or lessening those exposures and
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limiting the introduction of new agents should be the first consideration
when responding to potential problems.

Collect data to make better-informed decisions in the future.

A central aim of public-health professionals is “to maximize the influ-
ence of accurate data and professional judgment on decision-making—to
make decisions as comprehensive and objective as possible” (IOM, 1988).
Collecting data that support assessments of the effects of climate change on
the indoor environment and health and data on the effects of mitigation and
adaptation measures on health will allow future policy to be set in a more
informed manner and help to identify misguided or inefficient approaches
so that they can be corrected.

Priority Issues for Action and Recommendations

Chapters 4-8 offer several observations regarding how climate change
may affect indoor air quality; dampness, moisture, and flooding; infectious
agents and pests; exposure to thermal stress; and building ventilation,
weatherization, and energy use. The items below constitute a distillation
of the committee’s thoughts on how their findings and conclusions should
be operationalized.

The committee recommends that the Environmental Protection Agency
undertake the following actions.

The Environmental Protection Agency should work with such agencies
as the Centers for Disease Control and Prevention to assist state, terri-
torial, and local health and emergency-management agencies in efforts
to initiate or expand programs to identify populations at risk for health
problems resulting from alterations in indoor environmental quality
induced by climate change and to implement measures to prevent or
lessen the problems.

EPA is a source of expertise on a number of issues related to the indoor
environment and health. The Centers for Disease Control and Prevention
(CDC)—which has the lead federal role in monitoring health, detecting
and investigating health problems, and developing and implementing re-
sponses—already works with EPA on topics of common interest, such as the
health effects of dampness and mold. Such cooperation will become more
important if extreme weather events become more frequent or severe. EPA’s
knowledge in such fields as weatherization will be of great use in anticipat-
ing which future populations may be at risk and in developing solutions.
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The committee recommends that interagency collaboration between EPA
and CDC expand into emerging issues of climate change and indoor envi-
ronmental quality. Populations whose health, economic situation, or social
circumstances make them more vulnerable to adverse consequences will
require special attention in this regard.

The Environmental Protection Agency and other federal agencies
should join to develop or refine protocols and testing standards for
evaluating emissions from materials, furnishings, and appliances used
in buildings and to promote their use by standards-setting organiza-
tions and in the marketplace. Standards should include consideration
of emissions over the operational life of products and the effects of
changes in indoor temperature, dampness, and pests.

Prevention of adverse exposures to materials in the indoor environment
and those introduced as a part of weatherization and other climate-change
mitigation activities should have high priority, but relatively little infor-
mation is available. Organizations and government entities in the United
States and other countries are pursuing and promoting testing protocols,
but these efforts are fragmentary. Facilitating the development of uniform
test standards not only will let builders and occupants make more informed
decisions about which materials, furnishings, and appliances to use in
buildings but will simplify compliance for manufacturers. The committee
recommends that EPA pursue expanded and coordinated action with other
federal agencies, which will help to ensure that protocols are comprehensive
and will promote their acceptance.

The Environmental Protection Agency should expand and accelerate
its efforts to ensure that indoor environmental quality is protected and
enhanced in building-weatherization efforts by facilitating research to
identify circumstances in which mitigation and adaptation measures
may cause or exacerbate adverse exposures; by reviewing and, where
appropriate, changing weatherization guidance to prevent these expo-
sures; and by establishing criteria for the certification of weatherization
contractors in health-protective procedures.

One of the primary points made in this report is that buildings are
complex systems whose siting, design, and operation interact in ways that
are not necessarily easy to predict. EPA and the Department of Energy
(DOE) are already cooperating on protocols for home energy-conservation
upgrades that were in draft form when the committee completed its report.
Such recognition of health effects on both occupants and persons perform-
ing weatherization work is welcome. The committee recommends that it be
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followed, however, by surveillance activities that evaluate whether guidance
is achieving its health-protective objectives and recommends that a mecha-
nism be put into place to revise guidance on the basis of evaluation. It also
recommends certification of weatherization contractors in health-protective
procedures, which would allow consumers to make better-informed deci-
sions on whom they choose to perform work and give governments and
utilities guidance on potential service providers.

The Environmental Protection Agency in coordination with the Depart-
ment of Energy, the American Society of Heating, Refrigerating and
Air-Conditioning Engineers, and building-code organizations should
facilitate the revision and adoption of building codes that are region-
ally appropriate with respect to climate-change projections and that
promote the health and productivity of occupants.

EPA works in cooperation with the American Society of Heating,
Refrigerating and Air-Conditioning Engineers (ASHRAE), a professional
organization, in developing guidelines for indoor air quality and venti-
lation. DOE works with ASHRAE and other stakeholders on building
energy codes. ASHRAE standards for building ventilation and thermal
comfort are often incorporated in building codes. The committee recom-
mends that those cooperative efforts on codes be extended to encompass
climate-change issues. Most residential and commercial buildings have
useful lifetimes that are measured in decades. Promoting research on and
development and adoption of regionally appropriate building codes that ac-
count for the possibility of future climatic conditions not only will protect
the well-being of occupants but could produce economic benefits in the
form of longer building lives, lower building insurance fees, and avoided
retrofitting costs.

The Environmental Protection Agency and other public agencies and
private organizations should join to develop model standards for ven-
tilation in residential buildings and to foster updated standards for
commercial buildings and schools. The standards should

e Be based on health-related criteria.

e Account for the effects of weatherization and of other climate-
change-related retrofits of existing buildings.

e DProvide design and operation criteria for mechanical ventilation
systems in new construction.

e Include consideration of ventilation system hygiene and ventilation
effectiveness.
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e Address how to maintain proper ventilation throughout the life of
the system.

e  Contain “fail-safe” provisions that allow for sufficient air exchange
with the outdoors to sustain occupant well-being in the event of
ventilation-system breakdown or an extended power outage.

e Achieve the objectives mentioned above in an energy- and cost-
efficient manner.

Current ventilation standards are not based on maintaining the health
and productivity of occupants and do not account for the potential effects
of climate change on building design and operation and on occupant be-
havior. The committee believes that action should be taken to address this.
New ventilation standards should take into account all the considerations
listed above. The committee recommends that EPA foster the development
and implementation of standards in cooperation with other stakeholders.

The Environmental Protection Agency and other federal agencies
should put into place a public-health surveillance system that uses
existing environment and health survey instruments to gather informa-
tion on how outdoor conditions, building characteristics, and indoor
environmental conditions are affecting occupant health and on how
these change over time.

Lack of general population information on the influence of buildings
on occupant health hampers the setting of priorities and the development
of effective interventions. The committee believes that it is important to
start collecting such data. The ideal surveillance system for assessing how
climate change affects indoor environment exposures and related health
effects would collect data from across the nation and have this clear focus.
However, there are substantial logistical hurdles in mounting such an effort,
and its high cost may not be tenable under current federal budget circum-
stances. The committee therefore recommends that EPA cooperate with its
collaborating agencies to identify means for adapting existing environment
and health survey instruments to meet the need. It believes that, although
challenges exist, it is possible to identify ways to modify and add to exist-
ing instruments such as the National Health and Nutrition Examination
Survey (NHANES) and Behavioral Risk Factor Surveillance System (BRFSS)
to generate useful data and facilitate combining of databases to perform
novel analyses.

The Environmental Protection Agency should exercise a strong level

of commitment to educate the public on issues of climate change, the
indoor environment, and health. Its efforts should

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13115

Climate Change, the Indoor Environment, and Health

SUMMARY 13

¢ Include materials tailored to those involved in the design, construc-
tion, operation, and maintenance of buildings and to occupants of
single-family and multifamily residences.

e Consider differences in geography, building type, age, and setting
(city, suburb, and rural area) and in current and possible future
climate conditions.

e Contain specific advice on actions that will reduce the effects of
climate change on the indoor environment and will improve health.

If adverse effects of climate change are to be prevented, public educa-
tion and training of professionals will be integral parts of the solution.
Education and outreach—especially to those in vulnerable communities
and those who provide services to those communities—could have a large
role in preventing or limiting adverse effects by making people mindful of
potential problems and of the means of addressing them. The committee
recommends that EPA expand its current efforts by creating and disseminat-
ing specifically tailored messages that speak to the specific circumstances
and needs of the diverse audiences listed above and that are focused on
steps that these audiences can take to improve indoor environmental quality
in the spaces that they occupy.

The Environmental Protection Agency should continuously evaluate
actions taken in response to climate-change—induced alterations in the
indoor environment to determine whether they are enhancing occupant
health and productivity in a cost-effective manner, should identify ini-
tiatives that fail to achieve these objectives, and should take corrective
steps as needed.

There is little available research on how changes in climatic conditions
may affect the indoor environment. It will therefore be especially important
to follow up on the measures taken to lessen adverse effects to determine
whether they are effective and whether there are more efficient means
of achieving the desired outcomes. The committee therefore recommends
that intervention programs include the collection of data that will allow
evaluation of whether the programs are materially affecting the health of
occupants.

The Environmental Protection Agency should spearhead an effort
across the federal government to make indoor environment and health
issues an integral consideration in climate change research and action
plans and, more broadly, to coordinate work on the indoor environ-
ment and health.
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The serious gap in the scientific literature concerning the relationships
among climate change, IEQ, and occupant health identified in this report
is a barrier to effective action on the issue. In the committee’s judgment,
there is a clear lack of recognition of this topic at a level commensurate
with its importance.

At the US federal level, the research gap is emblematic of a more
fundamental problem regarding indoor environmental health concerns:
that responsibility for the integrated environmental, public-health, energy-
conservation, housing, urban-planning, and worker well-being issues that
make up IEQ do not fall neatly under the aegis of any federal department
or agency. Because several organizations have interests in some subjects, yet
no entity has the lead responsibility, research needs go unrecognized and
unmet, and opportunities for efficient action are unrealized.

The committee believes that this situation must change. Several of the
priority issues listed above recommend that EPA either initiate or deepen
their cooperation with governmental and other entities on some specific
urgent issues and achievement of their goals will be predicated on building
and sustaining robust partnerships. The committee believes that these initia-
tives should be part of a larger effort to entwine indoor environment and
health considerations into the fabric of research and action plans. As it is
difficult to separate the effects of climate change from other influences on
the indoor environment, a broad approach to IEQ issues is needed.

There are several potential approaches to addressing the problem.

One is for EPA to initiate action within the US Global Change Research
Program (USGCRP)—in which it participates—to address the effects of
climate change on indoor environmental quality and on the health and
productivity of occupants. The USGCRP, which involves 13 federal depart-
ments and agencies, serves as the coordinating body for federal research on
climate change and its effects on society (CCHHG, 2011). The USGCRP is
in the process of formulating a new strategic plan with the intent of releas-
ing it in December, 2011. This process presents an opportunity for EPA to
advocate for the inclusion of indoor environment and health concerns into
the work of the Program and in particular, the adaptation science; assess-
ments; and communication, education, and engagement elements of the
new strategic plan.

EPA should also explore options for stimulating action on climate
change, indoor environment, and health issues outside and within the gov-
ernment. These include the initiatives highlighted in the committee’s recom-
mendation above that the agency exercise a strong level of commitment to
educate the public on these issues.

At the federal level, the committee suggests that EPA promote a broader
coordinated effort to address indoor environment and health issues through,
for example, the establishment of an interagency working group or a na-
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tional center. Such mechanisms have been used to effectively coordinate
action to identify information gaps, facilitate research, collect data, and
catalyze work on other critical issues. An effort to establish a governmental
entity to act as a coordinating body will likely require support from the
administration or Congress. Nonetheless, the committee believes that con-
solidating and focusing indoor environmental health efforts may generate
efficiencies that make it worthy of consideration and that any efforts that
support collaboration in the pursuit of healthy indoor environments will
produce societal benefits.

The United States is in the midst of a large experiment of its own mak-
ing in which weatherization efforts, energy-efficiency retrofits, and other
initiatives that affect the characteristics of interaction between indoor and
outdoor environments are taking place and new building materials and
consumer products are being introduced indoors with little consideration of
how they might affect the health of occupants. Experience provides a strong
basis to expect that some of the effects will be adverse, a few profoundly
so. An upfront investment in considering the consequences of these actions
before they play out and thereby avoiding problems that can be anticipated
would yield benefits in health and in avoiding costs of medical care, reme-
diation, and lost productivity.
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Introduction

This chapter provides basic information about the report’s motivation
and the conduct of the study, beginning with an overview of why the ef-
fects of climate change on the indoor environment and health constitute an
important issue. It then presents the statement of task for the Institute of
Medicine (IOM) committee responsible for this report, which is followed by
the committee’s approach to its task. The text then addresses some of the
methodologic considerations that informed the committee’s evaluation of
the literature and concludes with a description of the report’s organization.

WHY THE EFFECT OF CLIMATE CHANGE ON
THE INDOOR ENVIRONMENT AND HEALTH
CONSTITUTES AN IMPORTANT ISSUE

The indoor environment affects comfort, health, and productivity.
People in developed countries spend most of their time indoors, so most
of the adverse exposures that they encounter regularly take place indoors.
Many exposures that are potentially hazardous to health are exposures to
substances emitted indoors from indoor sources. Such emissions can oc-
cur from building materials; from products used or stored indoors; from
processes that occur in indoor environments; from the microorganisms,
insects, other animals, and plants that live indoors; and from the behavior
of building occupants. Because of the contributions from indoor sources,
indoor levels of many pollutants are higher than those found outdoors.
In addition to pollutants attributable to indoor sources, ventilation may
draw pollutants into buildings from outdoor air. Buildings offer protection

17
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against some pollutants that are of predominantly outdoor origin; but that
protection is generally incomplete. And some outdoor pollutants that enter
a building interact with its components or contents and thereby alter the
composition of indoor air in ways that can affect the health and welfare
of occupants.

Climate change has the potential to affect the indoor environment.
Ambient conditions in the outdoor environment serve as boundary condi-
tions to the ambient conditions of the indoor environment. Outdoor air
temperature, humidity, air quality, precipitation, and land surface wetness
can all influence the indoor environment, depending on such factors as
the integrity of a building’s envelope; the state of its heating, ventilation,
and air-conditioning systems; the inhabitants of the outdoor ecosystem;
and the characteristics of the buildings around it. If climatic conditions in
a particular area change—for example, if the climate becomes warmer or
if there are more severe or more frequent episodes of high heat or intense
precipitation—buildings (and other infrastructure) that were designed to
operate under the “old” conditions may not function well under the “new.”
Furthermore, in responding to climate changes, people and societies will
seek to mitigate undesirable changes and adapt to changes that cannot be
mitigated. Some of their responses will play out in how built spaces are
designed, constructed, used, maintained, and in some cases retrofitted, and
the actions taken may well have consequences for indoor environmental
quality and public health.

There is a body of literature on how the indoor environment influences
occupant health and how the external environment influences the internal
built environment under past and present climate conditions. And research
is emerging on the possible effects of climate change—such as extreme tem-
peratures and thermal stress, vectorborne infectious diseases, and outdoor
air quality—on human health. However, the body of research specific to
the effects of climate change on human health in the indoor environment
is very small. Such studies are complicated by the fact that the effects of
climate change on, say, indoor air quality depend on the geographic region
and are a function of the age and condition of the regionally dependent
built environment.

Against that backdrop, the US Environmental Protection Agency (EPA)
approached IOM with a request to summarize and benchmark the state
of the science concerning the health effects of climate change—induced al-
terations in the indoor environment, raise awareness of crucial issues, and
suggest a way forward. The Committee on the Effect of Climate Change
on Indoor Air Quality and Public Health was formed to respond to that
request.
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STATEMENT OF TASK

EPA charged the committee to develop a report summarizing the cur-
rent state of scientific understanding of the effects of climate change on
indoor air and public health. It provided three examples of key questions
to address:

e What are the likely impacts of climate change in the United States
on human exposure to chemical and biological contaminants inside
buildings, and what are the likely public health consequences?

e  What are the likely impacts of climate change on moisture and
dampness conditions in buildings, and what are the likely public
health consequences?

e What are priority issues for action?

EPA indicated that it intended the report to serve as the foundation for the
development of US government funding priorities and for use in communi-
cations to and guidance for the public.

THE COMMITTEE’S APPROACH TO ITS TASK

To answer the questions posed by EPA, the committee undertook a
wide-ranging evaluation of relevant research on climate change, buildings,
indoor environmental quality, and occupant health. Although the commit-
tee did not review all such literature—an undertaking beyond the scope of
this report—it did attempt to cover the work that it believed to have been
influential in shaping scientific understanding by at the time it completed
its task in early 2011.

The committee consulted several sources of information. On health
outcomes, the primary source was epidemiologic studies. Most of those
studies examined general population exposures to problematic agents in
homes, reflecting the focus of researchers working in the field. The commit-
tee also examined the smaller literature addressing commercial buildings,
apartments, schools, and other buildings. Clinical and toxicologic research
were considered as appropriate.

The literature of engineering, architecture, and the physical sciences
informed the committee’s discussions of building characteristics, exposure
assessment and characterization, pollutant transport, and related topics;
and public-health and behavioral-sciences research was consulted for the
discussion of public-health implications. Those disciplines have different
practices regarding the publication of research results. For example, rela-
tively few papers in the peer-reviewed literature address building construc-
tion or maintenance issues. The committee endeavored in all cases to
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identify, review, and consider fairly the literature most relevant to the topics
that it was charged to address.

Papers and reports reviewed in this volume were identified through
extensive searches of relevant databases. Most were bibliographic and
provided citations of peer-reviewed scientific literature. Committee staff ex-
amined the reference lists of major papers, books, and reports for relevant
citations, and committee members independently compiled lists of potential
citations on the basis of their expertise. The input received in both written
and oral form from participants at three public meetings held in February—
July 2010 served as a valuable source of additional information. Appendix
A lists the participating researchers and their topics.

The committee also relied on the research and conclusions of prior
National Academies committees that addressed indoor environment and
health issues. The 2004 IOM report Damp Indoor Spaces and Health and
the 2006 National Research Council report Green Schools: Attributes for
Health and Learning (NRC, 2006) were particularly influential. Research
published after their completion dates is used to supplement this material.

The committee did not attempt to review and evaluate the literature
regarding potential effects of climate change on the outdoor environ-
ment or health independently. Several National Academies reports have
addressed those topics in detail, including Global Climate Change and
Extreme Weather Events: Understanding the Contributions to Infectious
Disease Emergence (NRC, 2008) and four published in 2010: Advanc-
ing the Science of Climate Change (NRC, 2010b), Limiting the Mag-
nitude of Climate Change (NRC, 2010d), Adapting to the Impacts of
Climate Change (NRC, 2010a), and Informing an Effective Response
to Climate Change (NRC, 2010c). Salient findings, conclusions, and
recommendations from those and other National Academies reports are
referenced throughout the present report.

EPA also commissioned several white papers addressing various issues
related to climate change, the indoor environment, and health to serve as
information resources for the committee. The papers, which are listed in
Appendix C, were helpful sources of references and perspectives for the
committee to consider. In some cases, they delve into topics at a greater level
of detail than is present in this report. The papers are the work product of
their authors and do not necessarily represent the committee’s point of view.

METHODOLOGIC APPROACH

This section presents the general considerations regarding climate
change, the indoor environment, and public health that informed the com-
mittee’s approach to evaluating the scientific literature. It discusses, in
general terms, the major issues involved in determining environmental con-

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13115

Climate Change, the Indoor Environment, and Health

INTRODUCTION 21

ditions in buildings and how building characteristics, occupant behavior,
and the outdoor environment may affect them. The committee’s statement
of task directed it to focus on indoor air quality (IAQ), a major component
of indoor environmental quality (IEQ),! and the text reflects that guidance.

General Considerations

As detailed later in this report, little in the literature considers together
the key elements in the committee’s charge: the effects of climate change
on IEQ that would influence public health. However, substantial research
has been published on many key questions. For example, there is a strong
emerging literature on the effects of climate change on outdoor air pol-
lution. A voluminous literature characterizes health risks associated with
pollutants? in outdoor air. Considerable published research documents our
understanding of indoor—outdoor relationships with respect to important
air pollutants. Research has explored the extent to which health risks as-
sociated with outdoor pollution are a consequence of indoor exposures.
There is a large body of work reporting on how indoor pollution sources
influence TAQ and human health, including several National Academies
reports (IOM, 1993, 2000, 2004; NRC, 1981). A number of papers are
available on the determinants of exposure to indoor dampness and on the
association of dampness or dampness-related agents with health outcomes.
And the health effects associated with prolonged exposure to temperature
extremes is relatively well studied.

However, little published research links climate change to changes in
levels of indoor air pollutants or to other changes in indoor environmental
conditions that might influence public health. Among the available studies,
Ayres et al. (2009)—summarizing how climate change is expected to affect
respiratory health—called for more research on “the role of housing and
indoor climate control systems in respiratory diseases.” Bell et al. (2009)
used an epidemiologic approach to discern that communities with higher
air-conditioner prevalence exhibited “lower health effects estimates™ associ-
ated with outdoor particulate-matter levels. The use of air conditioning for
residential climate control would be expected to provide better protection
against outdoor particles than would opening windows. Peden and Reed
(2010) review the many ways in which indoor pollution and outdoor pollu-
tion influence the prevalence and severity of allergic diseases. They discuss

! Indoor environmental quality is defined by a building’s indoor air quality and the comfort
of its occupants, which is influenced by factors such as the building’s ventilation, temperature,
humidity, sound, and light levels.

2 A pollutant is anything that, at some concentration or level, is harmful to humans or the
environment. It includes biologic, chemical, and particulate agents.
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the role that climate change will have in altering the spatial and temporal
patterns of outdoor aeroallergens. In perhaps the most directly relevant
study, Wilkinson et al. (2009) evaluated cobenefits of mitigating climate
change and improving public health that would result from improving the
residential building stock in the United Kingdom and from an improved
stoves program in India.

Even though the climate-change-IEQ-public-health nexus has not yet
been well studied, the elements are sufficiently well understood to permit
the committee to conduct a scientific examination of issues, come to find-
ings, draw conclusions, and offer recommendations. The approach taken
is to identify exposures and exposure circumstances believed to affect the
health, safety, or productivity of building occupants; to describe the fac-
tors that influence exposure or source strength; and to explore how climate
change might influence these factors. Because the analysis relies on infer-
ence, the committee was constrained to focus on portions of the system
that are well understood mechanistically. In extrapolating from available
evidence to explore an unknown future, the committee is on more solid
ground when inferences are based on a cause—effect understanding of the
system rather than when it has to rely on studies that base associations on
statistical methods without providing clear evidence on processes. Because
of those limitations, the report stresses how climate-change phenomena
might induce changes in adverse exposures. In a few cases, the mechanistic
level of understanding is sufficient to relate potential changes in future ex-
posures to health consequences.

Framing the Issues

Fundamentally, exposures occur when people and pollutants intersect
in space and time. The magnitude of an exposure depends on its level while
a subject is present. Three classes of factors govern conditions in occupied
indoor environments. The first pertains to the adverse exposures themselves
and includes such factors as the outdoor level and, in some cases, the
physical properties of the agent. The second category pertains to buildings
and includes the air-exchange rate, the characteristics of temperature and
humidity controls, the presence and effectiveness of deliberate air-cleaning
processes, and the types and conditions of materials that make up the build-
ing surfaces and furnishings; this category also includes factors that affect
emissions from materials associated with the building and its (nonhuman)
contents. The third category of factors pertains to occupants and includes
the timing of their presence indoors, occupant density, and activities that
may influence both sources and exposure. Each category is complex: ad-
verse exposures, buildings, and people are both numerous and diverse with
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regard to many attributes. The factors in each category can influence IEQ
and its public-health consequences.

It is convenient to decompose the analysis of indoor exposures into
two components: outdoor and indoor sources. For many pollutants,
these two components do not interact directly, and the total indoor burden
can be represented as their arithmetic sum.3

The ventilation or air-exchange rate of a building or of a room in a
building can substantially influence indoor air-pollutant concentrations
and other environmental conditions. Ventilation is the means by which
pollutants of outdoor origin are introduced into an indoor environment.
Whether a pollutant is of outdoor or indoor origin, ventilation is commonly
an important removal mechanism that limits its accumulation indoors. In
fact, a main purpose for ventilating buildings is to remove indoor-generated
pollutants, including those emitted by human occupants. In general, higher
ventilation rates cause indoor environmental quality to become more like
local outdoor environmental quality. Conversely, as ventilation rates are
reduced, the indoor environment is progressively less influenced by pollut-
ants of outdoor origin and outdoor environmental conditions and more
strongly influenced by indoor sources and conditions.

Climate change could influence IEQ in many ways. First, considering
the existing building stock, a substantial influence can be expected from

e Changes in the levels of outdoor air pollutants or other outdoor
conditions, which affect indoor human exposure from outdoor
sources.

e Changes in how buildings are operated, for example, with respect
to ventilation rate or air-conditioner use, which in turn alters in-
door conditions.

¢ Adjustments in how occupants behave—for example, changing
where they spend time or what they do indoors—in response to
outdoor conditions and the resulting changes in the indoor envi-
ronment or in exposure opportunities.

Climate-change effects may occur over decades and one should expect
concomitant changes in the building stock. These building-stock changes
might substantially influence the nature of climate change and its effects on
IEQ and health. There might also be changes in how occupants behave in
buildings that evolve on decadal time scales and materially alter the level
and nature of indoor exposures.

3 An example of this approach in the case of particulate matter—specifically, the mass
concentration of particles finer than 10 pm in diameter, that is, PM10—is given by Ott et al.
(2000).
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A change in building design, building operation, or habitual indoor
human behavior that is influenced by climate change might be categorized
as either an adaptation or a mitigation. An adaptation is a change made
in response to climate change to provide protection against its effects.
Increased use of air conditioning would be an adaptation in response to
higher average ambient temperatures. Mitigation is a change made to re-
duce or offset an effect. Because a large proportion of society’s use of fossil
fuels is associated with buildings, buildings are and will probably continue
to be settings where improved energy performance is sought. Some changes
motivated by the goal of saving energy can have consequences for IEQ and
public health.

In addition to adaptation and mitigation that can be expected, one
should be mindful of behavioral responses to climate catastrophes that
may themselves have serious consequences for IEQ and public health. Ex-
amples would be actions taken to protect people and property in response
to floods, extreme heat events, or power outages. A specific concern that
is discussed in more detail later in this report is the indoor use of back-up
electricity generators after extreme weather events, which has been associ-
ated with carbon monoxide (CO) poisonings (Hampson and Stock, 2006).

The effects of climate change on IEQ will probably depend on build-
ing type. The consequences of the effects will depend on how long people
spend in different types of indoor environments and on differences in the
populations that occupy various building types. As detailed in Chapter 2,
people spend most of their time in their own residences. Children spend a
high proportion of their time in school, and they are considered more vul-
nerable than adults to adverse health effects of air pollution. Analogously,
indoor environments occupied by the elderly or where health care is pro-
vided would be of special concern because those who are in fragile health
are more vulnerable to further stresses than those who are healthy.

Differentiating among building types is important for reasons that
extend beyond the populations that inhabit them. Different classes of build-
ings may be designed, operated, and maintained differently in ways that
affect their responsiveness to climate change. For example, office buildings
in the United States are commonly ventilated mechanically whereas the
existing stock of residential buildings is ventilated mainly by a combination
of air leakage (infiltration) and natural ventilation through open windows
or doors. Buildings also differ in types of pollutant-emitting sources of con-
cern. For example, cooking is a dominant activity in restaurants, common
in residences, and rare in offices. Candle use is largely confined to restau-
rants and in residences. The intensity of use of cleaning products may be
higher in health-care facilities than in other types of buildings. Finally, it is
important to recognize that the responsibility for environmental conditions
in buildings varies markedly among building classes and that this variability
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influences the appropriateness of policy options to address the public-health
concerns discussed here.

Another important characteristic of indoor environments is their
broadly distributed nature. That results in far greater diversity in indoor
environmental conditions than tends to occur outdoors. Consider, for ex-
ample, that in the United States, more than half the population lives in the
52 most populous metropolitan statistical areas (MSAs), as defined by the
Office of Management and Budget. Although there is some local and neigh-
borhood variability in air-pollutant concentrations in those areas, there are
also some common characteristics, and the air quality of each MSA can be
reasonably characterized by using a relatively small number of monitoring
stations. Furthermore, the actions of small numbers of individuals in an
MSA have little influence on urban air quality. In contrast, the population
of the United States resides in about 100 million residential units, and there
are tens of millions of other occupied buildings in the US stock. What hap-
pens in individual buildings strongly influences the quality of the indoor
environment in those buildings but generally does not substantially affect
IEQ in other buildings.

In turn, the IEQ in a given building can affect the health of people oc-
cupying that building but generally would not affect others. Diversity in
building stock is especially important for understanding the public-health
significance of how climate change might affect IEQ. Subpopulations that
are potentially vulnerable to the adverse consequences of climate-change—
induced effects on IEQ include not only those who are more susceptible
to air-pollutant health effects or to temperature extremes because they are
young, old, or infirm but those who lack the financial resources or the ap-
propriate knowledge to act wisely in response to an emergency induced by
a climate-change event.

In light of that broad diversity, what factors affect indoor pollutant
levels? According to the principle of material balance (that is, that mass
is conserved), the level of a given pollutant in a particular building can be
determined by accounting for the net effect of the source terms and the
removal processes. Sources include outdoor air and direct indoor emis-
sions. Similarly, indoor dampness and temperature levels are a function
of indoor and outdoor levels. Ventilation is a removal process that must
always be considered. For some pollutants and for some buildings, other
removal processes can be important, such as deposition of particles onto
indoor surfaces, irreversible reaction of a pollutant with an indoor surface,
or active filtration.

Buildings are ventilated so that the replacement time of indoor air with
outdoor air occurs on a time scale that is typically a few hours but may
range from about 5 min, in the case of a mechanically ventilated building
using an economizer or a building with open doors and windows, to about
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10 h, in the case of a closed building that is on the tight end of the normal
range. Dynamic, time-dependent relationships governing the relationship
between indoor and outdoor levels are important for time scales similar to
or shorter than the ventilation time scale, but the time-dependent processes
are not as important for evaluating longer-term average conditions. In many
epidemiologic studies, consideration of the effects of outdoor on indoor
conditions is based on one-time measurements or time-averaged condi-
tions rather than short-term dynamics. However, short-term dynamics are
important in the event of high exposure concentrations that lead to acute
and severe health effects.

Changes in IEQ can be expected if homes become more tightly sealed
as a response to increasing temperatures and humidity outdoors or because
of efforts to reduce building energy use. Tightly sealed buildings tend
to have decreased ventilation rates and higher levels of indoor-emitted
pollutants.

In general, the key elements that help to ensure good IEQ are indoor
source control; adequate ventilation; and proper management of indoor
environmental conditions through temperature and humidity control and,
where appropriate, the use of air filtration, air cleaning, or other mecha-
nisms to achieve further improvements. The central principle is to remove
pollutants where they are more highly concentrated, to supply clean air
where people need it, and to maintain comfortable environmental condi-
tions for building occupants. The use of exhaust fans in bathrooms and
the use of range hoods above cooking appliances, for example, are practi-
cal illustrations of efficient ventilation. Deliberate air cleaning for indoor
environments is widely practiced only in the case of particle filtration in
mechanically ventilated buildings, and there are opportunities to do more.

Chapters 4-8 discuss how indoor environmental conditions might be
influenced by climate change. They are not intended to constitute a com-
prehensive review of the literature but rather to be broadly illustrative of
important IEQ concerns that might be influenced by climate change. Most
of what follows is concerned with conditions in buildings of the types
commonly found in the United States, but the report also addresses an im-
portant international public-health problem: exposure to smoke from the
indoor combustion of solid biomass and coal, which occurs predominantly
in developing countries.

RECENT NATIONAL ACADEMY OF SCIENCES
REPORTS ADDRESSING CLIMATE CHANGE

In 2007, the Congress tasked the National Oceanic and Atmospheric
Administration to contract with the National Academy of Sciences to
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investigate and study the serious and sweeping issues relating to global
climate change and make recommendations regarding what steps must be
taken and what strategies must be adopted in response to global climate
change, including the science and technology challenges thereof. (Public
Law 110-161, §114)

The National Research Council initiated the America’s Climate Choices
research effort in response. This program has produced several publications
that offer a broader perspective on climate change issues than is provided
in this report. Primary publications are summarized below.*

Limiting the Magnitude of Climate Change (NRC, 2010f) describes,
analyzes, and assesses strategies for reducing the net future human influ-
ence on climate, including both technology and policy options. The report
focuses on actions to reduce domestic greenhouse gas emissions and other
human drivers of climate change, such as changes in land use, but also
considers the international dimensions of limiting climate change.

Adapting to the Impacts of Climate Change (NRC, 2010a) evaluates
strategies to adapt to climate change in different regions, sectors, systems,
and populations. The report reviews options and barriers to reduce vulner-
ability; increase adaptive capacity; improve resiliency; and promote success-
ful adaptation. This report identifies lessons learned from past experiences,
promising current approaches, and a framework for a national adaptation
strategy.

Advancing the Science of Climate Change (NRC, 2010b) provides an
overview of past, present, and future climate change, including its causes
and its impacts; and recommends steps to advance our current under-
standing, including new observations, research programs, next-generation
models, and the physical and human assets needed to support these and
other activities. The report focuses on the scientific advances needed both
to improve the understanding of the integrated human-climate system and
to devise more effective responses to climate change.

Informing an Effective Response to Climate Change (NRC, 2010e)
describes and assesses different activities, products, strategies, and tools for
informing decision-makers about climate change and helping them plan and
execute effective, integrated responses. The report describes the different
types of climate change-related decisions and actions being taken at various
levels and in different sectors and regions; and develops a framework, tools,
and practical advice for ensuring that the best available technical knowl-
edge about climate change is used to inform these decisions and actions.

America’s Climate Choices (NRC, 2011), the final report in the series,

4 The summaries below are adapted from descriptions contained in NRC, 2010a.
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recommends actions that should be taken at the national level to minimize
the risks associated with climate change. It proposes an iterative risk man-
agement approach that comprises “identifying risks and response options,
advancing a portfolio of actions that emphasize risk reduction and are
robust across a range of possible futures, and revising responses over time
to take advantage of new knowledge.” The report also recommends a co-
ordinated effort across the government to conduct research on adaptation
and other climate change issues.

Among these, Advancing the Science of Climate Change addresses
the issues most closely related to this report. Although it does not men-
tion the indoors specifically, it does devote chapters to both public health
and cities and built environment, and briefly touches on energy efficiency
improvements. The key research needs identified by the study include the
following:

e Characterize the differential vulnerabilities of particular popula-
tions to climate-related impacts, and the multiple stressors they
already face or may encounter in the future.

e Identify effective, efficient, and fair adaptation measures to deal
with health impacts of climate change.

¢ Develop integrated approaches to evaluate ancillary health benefits
(and unintended consequences) of actions to limit or adapt to cli-
mate change.

e Develop and test approaches for limiting and adapting to climate
change in the urban context, including, for example, the efficacy of
and social considerations involved in adoption and implementation
of white and green roofs, landscape architecture, smart growth,
and changing rural-urban socioeconomic and political linkages.

e Improve understanding of urban governance capacity, and develop
effective decision support tools and approaches for decision mak-
ing under uncertainty, especially when multiple governance units
may be involved.

e Develop better understanding of informing, communicating with,
and educating the public and health professionals as an adaptation
strategy.

In addition, two 2010 workshop reports from the National Research
Council contain relevant information. Facilitating Climate Change Re-
sponses (NRC, 2010d) illustrates some of the ways the behavioral and social
sciences can contribute to climate research. It addresses both mitigation—
which it defines as “behavioral elements of a strategy to reduce the net
future human influence on climate”—and adaptation—“behavioral and
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social determinants of societal capacity to minimize the damage from climate
changes that are not avoided”—strategies, and includes discussions of the
ways to stimulate behavioral changes that achieve emissions reductions from
household actions and induce household investments in energy efficiency.
Describing Socioeconomic Futures for Climate Change Research and
Assessment (NRC, 2010c¢) notes that the implications of climate change for
the environment and society depend not only on the rate and magnitude
of climate change, but also on changes in technology, economics, lifestyles,
and policy that affect the capacity both for limiting and adapting to climate
change. The report explores driving forces and key uncertainties that affect
impacts, adaptation, vulnerability, and mitigation and considers research
needs and the elements of a strategy for describing socioeconomic and en-
vironmental futures for climate change research and assessment.

ORGANIZATION OF THE REPORT

The remainder of this report is divided into eight chapters and support-
ing appendixes. Chapter 2 sets the scene for the later sections by providing
background information on a set of topics relevant to the consideration
of the intersections of climate change, the indoor environment, and public
health. They include the elements of climate-change research most relevant
to the indoor environment, how the outdoor environment affects condi-
tions indoors, how the indoor environment affects health, and the amount
of time that people spend indoors. The chapter also addresses populations
that are particularly vulnerable to health problems associated with the
indoor environment. It identifies the five major issues related to potential
alterations in IEQ induced by climate change: air quality; dampness, mois-
ture, and flooding; infectious agents and pests; thermal stress; and building
ventilation, weatherization, and energy use.

Several government and private-sector bodies are involved in various
aspects of issues of climate change, the indoor environment, and health
issues. Chapter 3 identifies them and summarizes their work. It also lists
some major sources of data on the characteristics of buildings, the indoor
environment, and health, and discusses how they might inform questions
about the intersection between these three topics.

Chapter 4 examines the first of the report’s major issues: indoor air
quality. It focuses on the sources and health effects of chemical and par-
ticulate pollutants that can be found suspended in air and in some cases
deposited on or sorbed to indoor surfaces. The text addresses volatile and
semivolatile molecular pollutants, both organic and inorganic, and abiotic
particulate matter. There are also brief discussions of allergens associated
with pollen, of respiratory health risks associated with algal blooms after
floods, and of CO exposure associated with the use of home electricity
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generators typically used during power outages. The chapter concludes
with a discussion of an important international public-health problem:
exposure in developing countries to smoke from the indoor combustion of
solid biomass and coal.

IEQ problems associated with dampness, moisture, and flooding are
addressed in Chapter 5. The problems include the effects of exposure to
mold and hydrophilic bacteria and their components and exposure to deg-
radation products of wet materials. The discussion in this chapter builds on
a set of major literature reviews, including the IOM report Damp Indoor
Spaces and Health (I0M, 2004), highlighting their findings and other re-
search relevant to the consideration of the health effects of alterations in
IEQ induced by climate change.

Chapter 6 addresses IEQ concerns associated with infectious agents,
insects and arthropods, and mammals that research suggests may be influ-
enced by climate-change-induced alterations in the indoor environment.
The chapter also touches on exposures to chemicals used to control pest
infestations in buildings.

“Thermal Stress,” Chapter 7, considers IEQ problems associated with
the thermal environment of buildings, how climate change could induce
alterations in the frequency or severity of problems, and some of the means
available to mitigate adverse conditions. Thermal stress is a particular
threat to certain populations whose health, economic situation, or social
circumstances make them vulnerable to exposure to temperature extremes
or the consequences of such exposure, and the text thus focuses on these
groups. Because climate models suggest that trends toward longer and more
extreme heat waves and shorter and milder cold spells will continue and
intensify, much of the information presented in the chapter relates to issues
involving prolonged exposure to high temperature.

Chapter 8 concludes the discussion of major issues related to potential
alterations in IEQ induced by climate change. It focuses on building energy
use, emissions from building materials, weatherization and ventilation,
and how these affect occupants. The chapter includes the topics of energy
consumption in buildings, the means used to tighten buildings, programs
to enhance the energy efficiency of buildings and reduce harmful emissions
from building components, the training of personnel who implement weath-
erization programs, and the effects of tightening on ventilation, IEQ, and
occupant health and productivity.

The final chapter of the report—Chapter 9—builds on the foundation
of the foregoing to draw out the overarching themes of the report and
present the committee’s key findings, guiding principles, and high-priority
issues for action.

Agendas of the public meetings held by the committee are provided in
Appendix A. Appendix B contains summaries of the contents of a set of
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white papers on topics related to climate change, the indoor environment,
and health that were commissioned by EPA to provide information for
the committee’s consideration. Biographic information on the committee
members and staff responsible for this study are provided in Appendix C.
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Background

This chapter provides background information on several topics rel-
evant to the consideration of the intersections of climate change, the indoor
environment, and public health. They include the elements of climate-
change research most relevant to the indoor environment, how the outdoor
environment affects conditions indoors and how the indoor environment
affects health, and the amount of time that people spend indoors. The
chapter identifies the five major issues related to potential alterations in
indoor environmental quality induced by climate change: air quality, damp-
ness, moisture and flooding, infectious agents and pests, thermal stress,
and building ventilation, weatherization, and energy use. It also addresses
populations that are particularly vulnerable to health problems associated
with indoor environmental quality.

ELEMENTS OF CLIMATE-CHANGE RESEARCH
RELEVANT TO BUILDINGS AND PUBLIC HEALTH

The science of climate change is large and complex, and many details
are outside the scope of the committee’s task. It therefore did not conduct
an independent review of the voluminous literature regarding such subjects
as the nature of changes in the earth’s climate in the short and long term
and the potential magnitude of the changes. Instead, the committee drew
on the research and conclusions contained in other National Academies
reports—in particular, four in the America’s Climate Choices series (NRC,
2010a,b,c,d)—and peer-reviewed literature and assessments found to be
authoritative by the committees responsible for those reports, such as the

33
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Intergovernmental Panel on Climate Change Fourth Assessment Report
(IPCC, 2007) and Global Climate Change Impacts in the United States
(USGCRP, 2009).

The overall conclusion of the National Academies report Advancing
the Science of Climate Change was that climate change “poses significant
risks for—and in many cases is already affecting—a broad range of human
and natural systems” (NRC, 2010b, p. 1). The US Global Change Research
Program, which coordinates and integrates federal climate change research,
found (USGCRP, 2009, p. 9) that

Climate-related changes have already been observed globally and in the
United States. These include increases in air and water temperatures, re-
duced frost days, increased frequency and intensity of heavy downpours,
a rise in sea level, and reduced snow cover, glaciers, permafrost, and sea
ice. A longer ice-free period on lakes and rivers, lengthening of the grow-
ing season, and increased water vapor in the atmosphere have also been
observed. Over the past 30 years, temperatures have risen faster in winter
than in any other season, with average winter temperatures in the Midwest
and northern Great Plains increasing more than 7°FE. Some of the changes
have been faster than previous assessments had suggested.

These climate-related changes are expected to continue while new ones
develop. Likely future changes for the United States and surrounding
coastal waters include more intense hurricanes with related increases in
wind, rain, and storm surges (but not necessarily an increase in the num-
ber of these storms that make landfall), as well as drier conditions in the
Southwest and Caribbean. These changes will affect human health, water
supply, agriculture, coastal areas, and many other aspects of society and
the natural environment.

Such findings are relevant to the committee’s work because conditions
in the outdoor environment greatly influence conditions in the indoor
environment.

Literature Regarding Observations of Climate Change

This report uses the term climate to refer to prevailing outdoor environ-
mental conditions—including temperature, humidity, wind, precipitation,
sea level, and other phenomena—and climate change to refer to modifica-
tions in those outdoor conditions that occur over an extended period of
time. Observations of key climatic variables provide a rich historical record
of how the climate has changed in the past and serve as a basis for assessing
potential future change (IPCC, 2007; NRC, 2010b; USCCSP, 2008).

Measurements of global mean temperature indicate that the first decade
of the 21st century was 0.8°C (1.4°F) warmer than the first decade of the
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20th century. Associated with that temperature rise have been observa-
tions that heat waves have become longer and more extreme and that cold
spells have become shorter and milder. For example, the western Europe
heat wave of 2003 was responsible for upwards of 70,000 deaths and was
the warmest summer there in more than 600 years (Robine et al., 2008).
No single event like that can be reliably attributed to climate change, but
it is consistent with expectations for the future. Within the United States,
hot days, hot nights, and heat waves have become more frequent in recent
decades and were the leading cause of weather-related morbidity and mor-
tality during 1970-2004 (USGCRP, 2009).

On an urban scale, the heat-island effect contributes to local tempera-
ture increase. For example, the urban heat island around Phoenix, Arizona,
raises minimum nighttime temperatures by as much as 12.6°F (7°C) (Brazel
et al., 2000). When increased ozone events occur simultaneously with heat
waves, mortality can rise by 175% (Filleul, 2006). As extremely hot days
tend to be associated with high pressure and stagnant air-circulation pat-
terns, ground-level ozone, PM, ¢, particulate sulfate, and organic carbon
have been found to correlate strongly in summer months (NRC, 2008).

Measurements of rainfall indicate that moist regions of the globe are
getting wetter and semiarid regions are becoming drier; this is consistent
with an intensification of the hydrologic cycle. In situ and space-based pre-
cipitation observations indicate that both global precipitation and extreme
rainfall events are increasing. Total runoff is increasing but shows sub-
stantial regional variability (cf. USGCRP, 2009). In the United States, the
amount of precipitation falling in the heaviest 1% of rain events increased
by 20% in the past century, and total precipitation by 7%. Over the past
century, there was a 50% increase in the frequency of days with precipita-
tion of more than 10 cm in the upper Midwest. Heavy rains can lead not
only to flooding but to a greater incidence of sewage overflows, contami-
nated drinking water, and waterborne diseases, such as cryptosporidiosis
and giardiasis. Rivers and lakes are freezing later and thawing earlier with
serious implications for flooding. The manner in which increased tempera-
ture and decreased rainfall covary in the western United States has led to
a 400% increase in western wildfires in recent decades (Westerling et al.,
2006). Drought and possible changes in irrigation practices could induce
more frequent windblown-dust storms, which constitutes an air-quality ef-
fect with potential public-health consequences.

Literature Regarding Projected Climate Change

Observations like those summarized above needed to be supplemented
with models that project potential conditions. Such predictions are essential
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for guiding policy because of the long lag times associated with changes in
our built environments. Policy-makers need to be able to anticipate future
change before it occurs to be able to plan appropriately.

Projections of climate change are derived from the output of numerical
models similar to the models used for numerical weather prediction albeit
at coarser resolution. For day-to-day weather prediction, with a spatial
resolution of tens of kilometers, the prediction is influenced by the initial
conditions and the observed state of the atmosphere. In contrast, a climate
projection of the general state of the atmosphere—global mean temperature
over the next 100 years—is influenced by changes in the concentration
of heat-trapping greenhouse gases and coupling of the atmosphere to the
ocean, land surface, and cryosphere.

At the time of the first Intergovernmental Panel on Climate Change
(IPCC) assessment report in 1990, the best resolution of climate models was
around 500 km; for the fourth IPCC assessment report (AR4) in 2007, the
best resolution was around 100 km; and to support the fifth IPCC assess-
ment, due in 2013, some climate-change models are being run at resolutions
of tens of kilometers. The importance of greater and greater resolution
means that future IPCC assessments will move away from global mean met-
rics of climate change (such as temperature and sea-level rises) and toward
a much greater emphasis on the anticipated changes at regional levels. As
with spatial resolution, the climate projections run since 1990 have focused
on the mean states of future climate for, say, a decade in the future, that
is, 2089-2099. Because extreme climatic events often take place at the re-
gional level on relatively short time scales, time and space become coupled.
Hence, to simulate the change in extreme or high-intensity climate events,
such as storms or floods, high resolution in climate models is a necessity,
but it has been limited in the past by the capability of high-performance
computing platforms. It must be remembered, though, that the usefulness of
high-resolution models is limited by uncertainties in information supplied
by the larger-scale models they depend on and the natural variability in the
climate (USCCSP, 2008).

The findings of the fourth IPCC assessment (2007) indicate that global
average surface temperatures are projected to rise from the 1980-1999 av-
erage by 1.1-6.4°C by the end of the 21st century. Global sea level will rise
by 0.8-2 m by 2100. The effects of global sea-level rise will be exacerbated
at the regional level along the eastern seaboard of the United States by a
likely increase in the intensity of Atlantic hurricanes and resulting storm
surge. Heat waves will become more intense, more frequent, and longer-
lasting, and the frequency of cold extremes will continue to decrease. By
2100, the number of heat-wave days is expected to double in Los Angeles
and quadruple in Chicago (USGCRP, 2009). The intensity of precipita-
tion events is also expected to continue to increase and to result in more
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frequent heavy downpours and floods, most notably in wetter regions,
and droughts are expected to become more common in semiarid regions.
That projected acceleration of the hydrological cycle suggests that rainfall
will become more concentrated into intense events with longer, hotter dry
periods between them. Implications for the continental United States are
that the northern tier of states will become wetter with attendant increased
runoff and that the southern states will become drier, especially in the
West. In the face of those changing patterns of temperature, precipitation,
and extreme events, the range and effects of pathogens and pests are also
expected to change.!

Beyond anecdotal evidence and extrapolation, there has been little
study of how climate change will influence the indoor environment from the
perspective of adverse effects on human health. Given that climate-change
projections with regional specificity are only now becoming available, that
may not be surprising. However, the advent of climate-change projections
on regional scales makes a number of types of research possible.

In the future, the climate-modeling community will strive for higher and
higher resolution of climate models by increasing the resolution of global
models everywhere and by using the output of current global models as in-
put into regional and urban models with downscaling techniques. The move
from climate models to so-called Earth Systemn Models—in which aspects of
chemistry, biology, and ecosystem functioning are incorporated at the junc-
tion of the physical climate system and biogeochemical cycling—represents
the next grand challenge to the climate-science community (NRC, 2010b).

ADVERSE EXPOSURES ASSOCIATED WITH CLIMATE-CHANGE-
INDUCED ALTERATIONS IN THE INDOOR ENVIRONMENT

Indoor environmental conditions exert considerable influence on health
(ASHRAE, 2010; HHS, 2005, 2010), learning (NRC, 2006), and produc-
tivity (Fisk and Rosenfeld, 1997; Mendell and Heath, 2005; NRC, 2006;
Seppanen and Fisk, 2004). Fisk and Rosenfeld (1997) estimated that poor
environmental conditions and indoor contaminants cost the US economy
tens of billions of dollars a year in exacerbation of illnesses, allergenic
symptoms that include asthma, and lost productivity. Research conducted
by the US Environmental Protection Agency suggests that such indoor con-
taminants as radon, secondhand smoke, and volatile organic compounds
contribute to tens of thousands of excess deaths a year, with premature
deaths from pollutants emitted indoors equivalent to the impact of outdoor
particulate pollution (Mudarri, 2010). Reviews of the scientific literature
by Institute of Medicine committees (2000, 2004) concluded that there

! This topic is addressed in Chapter 6.
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was evidence of an association between new-onset asthma and indoor
dampness, molds, and dust mites. The 2006 National Research Council
report Green Schools: Attributes for Health and Learning concluded that
moisture problems, inadequate ventilation, and airborne contaminants in
public schools contribute to suboptimal learning and absenteeism among
teachers, administrators, and students.

Indoor environmental quality is a function of four general factors: mac-
roenvironment, building infrastructure, occupant furnishings and activities,
and occupant health and perceptions. These factors are detailed below.

Macroenvironment factors include such items as outdoor pollution,
climate and weather conditions, and soil conditions, including geologic
features that affect the risk of radon emission. With reference to climate
change, the confluence of extreme precipitation events, impermeable sur-
faces, and soil conditions influences the effect of water on structures. How
water is managed around buildings and the integrity of a structure will help
to determine moisture transport and its effects on indoor environments.

Building infrastructure and building component systems have both di-
rect and indirect influences on indoor contaminants. Indoor environmental
quality is a function of the interrelationships of a building’s foundations;
floors, walls, and roofs; heating, ventilation, and air-conditioning (HVAC)
systems; electric and plumbing systems; materials; and furnishings. The
building envelope’s tightness or porosity; the integrity of foundations, roofs,
and windows; and other planned and unplanned openings all influence the
infiltration of outdoor moisture and air pollutants. Studies estimate that
about half the outside air that enters even a mechanically ventilated build-
ing finds its way in through unducted pathways (Persily, 1997).

Building ventilation systems provide conditioned air and dilute inter-
nally generated contaminants. HVAC systems, for example, affect a variety
of indoor environmental factors, including pollutant levels, temperature,
humidity, noise, air quality, moisture control, and odors. The location of air
intakes, the efficiency of ventilation filters, and operating practices all affect
the amount and quality of outdoor air used to ventilate indoor spaces. The
optimum size and capacity of an HVAC system depend on the orientation
of the building, the total floor area, the quality of insulation, the number
of windows, and other factors. Other components, such as plumbing and
electric systems, often create penetrations between floors that contribute to
unplanned pathways for contaminant movement.

There are numerous other examples of interrelationships between the
design and operation of a building system and its indoor environmental
quality. Generally speaking, indoor environmental quality deteriorates if
buildings are not properly designed, systems are not operated appropri-

ately, or needed maintenance and repairs are not performed or are deferred
(NRC, 2006).
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Structural features (foundations, facade, thermal bridges, roof design,
and the like), details of construction specifications, and integrity of con-
struction can also influence indoor conditions. Those elements affect the
bulk, capillary and vapor transport of water, and passive or active move-
ment of air through the structure.

Occupant furnishings and activities play a central role in influencing
indoor conditions, initially through design and specifications of building
systems and materials. Occupants, owners, facility managers, purchasing
agents, interior designers, and others make many decisions about furnish-
ings, decorative materials, cleaning products, appliances, and equipment
that can emit particles and gases into the interior of buildings. Occupants
make myriad choices related to product use, maintenance of products,
equipment, and appliances and undertake actions that influence ventilation
and hence contaminant concentrations and moisture. “Sick-building” inves-
tigations have shown indoor problems related to materials’ off-gassing (of
formaldehyde, for example) that, in some cases, was precipitated or aggra-
vated by other factors related to design, operation and use, or maintenance
(Oliver and Shackleton, 1998; Seduikyté and Blitdzius, 2003; Seppinen
and Fisk, 2004).

Occupant health and perceptions, which influence susceptibility and
response to contaminant exposures and indoor conditions, are perhaps
the most complicated component of indoor environmental quality because
of the inherent variability in human expectations and vulnerabilities. The
variability makes it difficult to draw inferences from scientific research for
codification in ventilation, comfort, material performance, and health stan-
dards in the many different types of indoor environments.

Climate Change Concerns for Indoor
Environments and Possible Health Risk

This report examines the influences that changing weather patterns
and shifting climate regimes may have on factors that affect indoor envi-
ronments and the health of occupants. Figure 2-1 illustrates how climate-
change-induced scenarios could affect building operations and indoor
environments and possibly lead to human health effects through exposures
to physical, chemical, and biologic stresses. Several of the scenarios involve
moisture intrusion into buildings directly or as a result of condensation.
Prolonged heat waves will heat the thermal mass of structures to the extent
that the radiant-heating component will become more important indoors.
Warmer ambient environments will mean more air-conditioning use in
buildings, which in turn alters ventilation and dew points within structures.
Climate change models project increases in hydrocarbon emissions and

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13115

Climate Change, the Indoor Environment, and Health

40 CLIMATE CHANGE, THE INDOOR ENVIRONMENT, AND HEALTH

Potential direct and
indirect consequences
of climate change

Increased incidence of
extreme temperature
events

Increased incidence of
hurricanes and other
extreme precipitation

events in some locations

Higher sea levels

Increased incidence of
drought in some
locations

Potential impacts on the
indoor environment

Change in loads on HVAC
systems

Increased energy
consumption

Potential impacts on health

Increased mortality and
decreased productivity
from temperature extremes

Altered infectious
respiratory disease
transmission

Damage to and degradation
of building materials

Exposure to chemical
emissions from damaged
materials

Flooding and water damage

Displaced persons during
evacuations

Water and vectorborne
diseases

Dampness/mold associated
symptoms or illness
Physical and psychologic
stress from displacement

Increased incidence of
wildfires

Possible changes in
irrigation practices

Increased outdoor

Increased airborne
particulates from crustal
dust and combustion

ozone levels

Increased outdoor
pollen levels

Increased indoor
ozone levels

Increased release of other
pollutants from ozone-
initiated chemistry

Changes in geographic
ranges of pests

More frequent
interruptions in electrical
power from extreme

Alterations in indoor
allergen levels

Greater use of pesticides

Respiratory distress and
iliness

Respiratory distress and
iliness

Other distress and illnesses
from chemical exposures

Allergen-mediated distress
and iliness

Distress and illnesses from
pesticide exposures

weather events or
overstressing of the

electrical grid

Loss of mechanical
ventilation

Loss of mechanical cooling
or heating

Exposure to excessive
heat or cold

Exposure to CO from
back-up electrical generators

FIGURE 2-1 Possible pathways by which climate change could affect the indoor
environment and health (adapted from Su, undated).
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concomitant increases in outdoor ozone concentrations. They, in turn, have
implications for ozone penetration indoors and later chemical reactions.

The committee organized its examination of the literature regarding
potential alterations in indoor environmental quality induced by climate
change into five primary categories: air quality; dampness, moisture and
flooding; infectious agents and pests; thermal stress; and building design,
construction, operation, maintenance, and retrofitting. The divisions are in
some respects arbitrary—for example, damp spaces provide a hospitable
environment for some pests and infectious agents and thus affect air qual-
ity—but they are a means of rationalizing a complex set of circumstances
that influence the health of building occupants. Chapters 4-8 address the
science regarding them.

TIME SPENT IN THE INDOOR ENVIRONMENT

Exposure is a function of pollutant levels and the time spent in contact
with the pollutants. Several studies have examined where people spend their
time, how long they are in those environments, and, in some cases, the ex-
tent of their physical activity in the environments. An understanding of the
amount of time that people spend indoors and the variations in different
segments of the population is central to the evaluation of the risks associ-
ated with potential alterations in indoor environmental quality induced by
climate change. Information on time spent in particular environments is
also relevant to developing strategies to reduce problematic exposures and
in turn to improve health.

The majority of people’s time in the United States is spent indoors,
whether in residences, in schools, or in workplaces. According to the 1994
National Human Activity Pattern Survey, the average person spends just
over 92% of his or her time indoors; of that time indoors, almost 70% is
spent in one’s residence (Klepeis et al., 2001). Care must be exercised in
generalizing from that, inasmuch as some studies include time spent in ve-
hicles—typically 4-6% of the day—in accounting for indoor time (Dales et
al., 2008; Klepeis et al., 2001; Leech, 2002; Zhang and Batterman, 2009).

Researchers have also examined the time spent indoors in other coun-
tries. In a 1998 study in Italy, it was found that people spent 84% of their
time indoors, with 64% of that time at home and 3.4% in vehicles (Simoni
et al., 1998). Another study in different cities representing the seven re-
gions of Europe found that people spent 90% indoors—58% at home,
25% at work, and 7% in vehicles and other indoor public environments
(Schweizer, 2007). Studies in Canada found that about 89-90% of time is
spent indoors (Kim et al., 2005; Wu et al., 2007). Even more striking, those
in New Zealand tend to spend ~94% indoors, 5% of it in transit (Baker
et al., 2007).
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When different regions and times of the year were looked at, few dif-
ferences were noted in how the average adult spent his or her time. For
time spent indoors in residential environments, no significant difference was
found between the northeastern, midwestern, southern, and western regions
of the United States (EPA, 1996; Klepeis et al., 2001). On the average,
people were in their homes 69.4-70.7% of the time (EPA, 1996; Klepeis et
al., 2001). Similarly, the time of the year only showed a small difference:
67.9% of the time was spent indoors during spring and 71.9% in winter
(EPA, 1996). The one variation was between weekdays and weekends: the
mean time spent in residences during weekdays and weekends was 67.1%
and 74.6%, respectively (EPA, 1996).

It appears that adults living across all US Census regions tend to spend
about 6% of their day in vehicles, with little contrast between the seasons
(EPA, 1996). In contrast with time spent in residences during the weekdays
and weekends, there was no difference in time spent in vehicles (EPA,
1996).

Children, particularly young children, spend a large fraction of their
time indoors. Children under 2 years old tend to spend the most time in-
side, just under 94% (Cohen-Hubal et al., 2000; EPA, 2009). Time spent
indoors continued to be 83-94% throughout childhood, including 19% in
school (EPA, 1996, 2009). Younger children tended to spend more of their
time at home than older children but only during the traditional school year
(Silvers, 1994). It is necessary to note that older children are not necessarily
spending more time outdoors when they are not at home; in fact, they often
are spending more time in the school environment (Silvers, 1994). During
summer, younger children were more apt not to spend time at home and
older children more apt to spend time at home (Silvers, 1994).

There has been a trend toward students’ spending less time in school
and participating less in sports and other outdoor activities than 30 years
ago (Juster et al., 2004). In 1981, children spent about 75 min/day outdoors
(Juster et al., 2004) while in 2003, they spent only 50 min (Juster et al.,
2004). That shift is peculiar to children: time spent indoors not only has
increased slightly but has shifted between time spent in the residence and
time spent in other indoor facilities. In adults, however, time spent indoors
has remained constant over the past several decades (Klepeis, 2001).

A cohort study performed in New York, New Jersey, Pennsylvania,
Washington, Oregon, and California looked at seasonal differences. It
found that children 5-12 years old increased their time spent indoors only
in summer (Silvers et al., 1994). One interesting point is that that did not
vary from one region to another (Klepeis et al., 2001; Silvers et al., 1994).

The elderly tend to spend more time indoors, particularly in their resi-
dences, than do their younger counterparts (Berry, 1991; Franklin, 2004;
Geller and Zenick, 2005; Kenney and Munce, 2003; Klinenberg, 2002).
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TABLE 2-1 Percentage of Time Spent Indoors as a Function of Age

Fraction of Time Spent Fraction of Total Time Spent

Population, age in years in Residence, % Indoors
General population? 69 86.5-91.6
Children and youth?

Birth to <1 75.7 94

1-<2 72.7 94

2-<3 67.3 91.4

3-<6 66.0 88.8

6-<11 60.6 83.4

11 - <16 60.8 87.5

16 — <21 56.9 86.6
Elderly (>64)° 81.6-95

@ Bernstein (2008), Dales (2008), Klepeis (2001).

EPA (2009).

¢ Berry (1991), EPA (1996).

Table 2-1 summarizes information on time spent indoors in the United
States as a function of age.

Some researchers have suggested that shifts in ambient conditions due
to climate change will lead to people spending more time indoors (Bluyssen,
2009; Samet, 2009). This is plausible, given that sheltering indoors is a
common response to extreme weather conditions such as high heat. How-
ever, the lack of regional differences in time spent indoors in the United
States suggests that adaptation also plays a role in this decision and insuf-
ficient information exists to draw confident conclusions about whether and
how such factors will influence future behavior.

CLIMATE CHANGE AND VULNERABLE POPULATIONS

Segments of the population will vary in their ability to adapt to climate
change—induced alterations in the indoor environment, depending on their
circumstances. This section addresses a number of factors that might influ-
ence whether particular populations are more vulnerable to adverse effects.

Vulnerability relates to the balance between susceptibility factors and
factors that increase the resilience of populations to environmental stressors
(Balbus and Malina, 2009). It is a dynamic characteristic and can include
the geographic region in which one resides and the adaptive capacity of
an individual, including the presence of chronic medical conditions, low
socioeconomic conditions, infancy or old age, and living in an isolated or
segregated area (Shonkoff et al., 2009). Racial and ethnic minorities may
be at great risk for health conditions related to climate change.
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Kelly and Adger (2000) write that a person’s vulnerability is determined
by access to resources and the diversity of income sources and by social
status of the person or the person’s household in the community. The abil-
ity of a person to adapt is influenced by intrinsic factors (such as age and
health) and extrinsic factors (such as housing and the availability of and
ability to go to shelters during extreme weather events). Poverty is therefore
an important indicator of individual vulnerability to climate change and is
related to marginalization and lack of resources. Poverty affects vulnerabil-
ity through people’s expectations of the effects of hazards and their ability
to marshal resources to alleviate risks.

Chapter 7 addresses the literature on the role that biologic vulnerabil-
ity and economic and social circumstances play in determining the risk of
health effects of exposure to heat. Several other aspects of climate change’s
effects on the indoor environment might also affect various segments of the
population disproportionately.

Susceptibility to such changes as increased incidence of extreme
weather events, high humidity, and expanded ranges of some pests can be
expected to be influenced by physiologic factors. Biologic sensitivity may
be related to a person’s developmental stage, pre-existing chronic medical
conditions, acquired factors (such as immunity), and genetic factors (such
as metabolic enzyme subtypes that play a role in sensitivity to toxic sub-
stances) (Balbus and Malina, 2009). Children have been shown to be more
vulnerable to the effects of exposure to a number of indoor chemicals as
a result of their metabolic rates, body size, behaviors, immature immune
responses, and still-developing ability to detoxify substances (Faustman et
al., 2000). Human and experimental studies show that the fetus and infant
are more sensitive than adults to many environmental toxicants, includ-
ing residential pesticides (Perera et al., 2005; WHO, 1986; Whyatt et al.,
2004). In addition, some types of medications—including antipsychotic,
antiparkinsonian, and anticholinergic drugs—may increase vulnerability to
environmental insults (Brown and Walker, 2008; Kenny et al., 2010; Luber
and McGeehin, 2008; WHO, 2004).

Increasing temperatures and increasing humidity associated with cli-
mate change are expected to result in changing patterns of insects and
rodents. People in multifamily urban dwellings where pesticides are com-
monly used may be at increased risk for exposure and have little control
over the pesticides that might be used in their buildings. Children and
pregnant women will be most vulnerable to the health consequences of
pesticide exposure. Pesticides sprayed outdoors can also find their way
indoors through air exchange or be brought in on clothing, on skin, and
especially on shoes. People living close to agricultural operations may also
be at particularly high risk.

Homes in low-income areas tend to have greater occupant density,
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which exposes more people to pollutants in the indoor environment. Al-
though one study found that type of building material did not increase
vulnerability to climate change (Kovats and Hajat, 2008), other research
indicates that brick homes that have high thermal mass and top-floor
apartments that have poor ventilation and closed windows are associated
with increased mortality during heat waves relative to other buildings
(Mirchandani, 1996; Vandentorren et al.; 2006). Older homes that have
poor insulation and poor ventilation may expose families to increased
risk from water events, rising humidity, and pest infestation. Low-income
homes tend to be older, and this could be associated with “leakier” home
environments and more contamination with outside pollutants (Chan et
al., 2005). Leakier homes could also be at greater risk for water damage
and infestation with rodents or insects. Some studies have found that multi-
family units are not necessarily “leakier” but instead have lower rates of
ventilation, which could increase the risk of health effects of exposure to
indoor sources of pollutants (Zota et al., 2005).

Home ownership also has an influence on occupant health, with home
owners reporting better health status and better health outcomes than
renters (Kuh et al., 2002; Pollack et al., 2010; Robert and House, 1996;
Wadsworth et al., 1999). There are several potential reasons for this; most
centered on differences in wealth and socioeconomic status.

Renting may leave less disposable income for health care. Renters
tend to have lower incomes than homeowners, and a larger percentage of
renters’ incomes tend to be allocated to rent than homeowners’ incomes
are allocated to mortgages. Minorities and those with lower incomes are
more likely to rent than own, and those who had difficulty paying rent and
utility bills were less likely to seek out medical care when needed (Kushel
et al., 2006).

Neighborhoods with high levels of homeownership tend to be neigh-
borhoods with higher wealth and socioeconomic status, thus also influ-
encing the physical condition of the housing unit based on neighborhood
conditions (Kearns et al., 2000; RWJ, 2008). The American Housing Survey
found that older tenants tend to live in more expensive, yet lower quality
housing than their home-owning counterparts (Muller et al., 2001).

Additionally, renters are at a disadvantage in that they have less control
over modifications made in their residences. If the owners delay or ignore
requests for improvements to the housing unit, the tenants are left with little
recourse (Pynoos and Nishita, 2003).

Homeowners are also more likely to take precautionary measures
against possible health hazards, which may be in part due to longer length
of time spent residing in the same housing unit and the larger financial
investment placed in the home. This is seen most prominently in the case
of radon. The National Health Interview Surveys in 1994 and 1998 found
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that radon awareness and testing differed between homeowners and renters
(Larsson et al., 2009). Those who owned a single family home or town-
home were more likely to have heard of radon and to get their homes tested
than those who rented apartments or condos (Larsson et al., 2009). And, a
survey of New York residents found that homeowners were more likely to
perform radon mitigation actions than renters (Wang et al., 1999).

Having homeowner’s or renter’s insurance allows families to adapt to
events associated with climate change. Insured families whose homes expe-
rience water damage can obtain repairs quickly whereas uninsured families
are forced to vacate their homes or live in substandard, damp environments
for long periods. In general, the poorest households are most likely to have
the poorest air quality, whether because of a lack of air conditioning or be-
cause they are underinsured with respect to repairing damage from climate-
change-related moisture (Fothergill and Peek, 2004; Thomalla et al., 2006).

Studies indicate that there are regional differences in health outcomes
(Fisher et al., 2009; Halverson et al., 2004). Balbus and Malina (2009),
who focused their analysis on potentially vulnerable populations for climate
change health effects, assert that populations in certain parts of the United
States may experience “increased risks for specific climate-sensitive health
outcomes” and that “[s]Jome regions’ populations may in fact experience
multiple climate-sensitive health problems simultaneously.” The researchers
offered four examples—locations of past hurricane landfalls, past extreme
heat events, high concentrations of population 65 years of age or older,
and cases of West Nile virus—to illustrate how geographic, demographic,
and climatic factors might influence regional vulnerabilities. The 2010 Na-
tional Academies report Adapting to the Impacts of Climate Change (NRC,
2010a) summarized potential regional climate-change impacts in a table
that is excerpted below (Table 2-2). Such projections must be viewed with
great caution, though. Among the uncertainties listed by the NRC report
is “an inability to attribute explicitly many observed changes at local and
regional scales to climate change.”

In summary, vulnerability to health effects associated with climate
change and indoor environmental quality will depend on the process under
scrutiny and will be the result of an interaction of extrinsic and intrinsic
factors. Most of the adaptation to climate change and resulting indoor en-
vironmental quality will depend on changes implemented by the residents
of homes. Some populations that lack the resources to change their homes’
ventilation systems or to repair water damage will suffer from increasing in-
door temperatures and increasing humidity. Poorer communities, including
people who live in developing countries, will be very susceptible to health
effects of climate change and the indoor environment. Children, the elderly,
and people who have chronic health conditions will be most susceptible
to the effects of poor indoor environmental quality, and people who have
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pre-existing allergic conditions or respiratory diseases may find that their
conditions are worsened.

CONCLUSIONS

On the basis of its review of the papers, reports, and other informa-
tion presented in this chapter, the committee has reached the following
conclusions related to the potential effects of climate change on the indoor
environment and health, to time spent in indoor environments, and to vul-
nerability. Later chapters revisit some of these issues in greater detail and
offer additional observations.

e The frequency and intensity of some extreme weather events, such
as heavy precipitation and heat waves, are increasing. Models
suggest that there will be important regional differences in these
events: some areas of the country will become drier and others and
wetter.

e There is a lack of understanding of the linkages between climate
change, indoor environmental quality, and health.

e Because people spend the vast majority of their time in indoor
environments, they will encounter many of the effects of climate
change indoors.

e Vulnerable populations will be disproportionately affected by cli-
mate change and its adverse effects on indoor environmental qual-
ity. Vulnerable populations include those who have less economic
ability to adapt to or mitigate the effects of changes in their indoor
environment and those whose age or health status renders them
more susceptible to environmental stresses or insults.
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Government and Private-Sector
Involvement in Climate Change,
Indoor Environment, and Health Issues

Several government and private-sector bodies are involved in various
issues of climate change, indoor environment, and health. This chapter
identifies them and summarizes their work in those issues. It also lists some
major sources of data on the characteristics of buildings, the indoor envi-
ronment, and public health and discusses how they might inform questions
about the intersection between them.

FEDERAL GOVERNMENT AGENCIES AND DEPARTMENTS

The 2010 National Research Council report Informing an Effective
Response to Climate Change lists 19 US federal executive and legislative
branch bodies that are involved in or affected by decisions about climate
change (NRC, 2010). This section lists the entities that are most directly
involved in issues related to the intersection between climate change, the
indoor environment, and health and identifies some of their work. Chapter
8 provides additional detail on programs related to building weatherization
and energy efficiency.

US Environmental Protection Agency
The US Environmental Protection Agency (EPA)—the sponsor of the

present study—conducts and coordinates research on a broad array of is-
sues associated with climate change. Its purview includes both the outdoors
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and some indoor environments.! The bulk of EPAs efforts are directed
toward research on and regulation of greenhouse gases, but the agency’s
Indoor Environments Division addresses climate-change questions as part
of its objective to protect the public’s health by promoting healthier indoor
environments.

One major initiative is the ENERGY STAR voluntary building-
certification program, which promotes the use of low-energy—demand
designs, construction, and appliances. EPA cites lower greenhouse-gas emis-
sions as one the benefits of certified homes (EPA, 2010e). The voluntary
Indoor airPLUS standard allows builders who have already met ENERGY
STAR requirements to apply an additional label to structures that have met
criteria that include resistance to outdoor water intrusion, mitigation of op-
portunities for indoor dampness, a heating, ventilating, and air-condition-
ing (HVAC) system that meets American Society of Heating, Refrigerating,
and Air-Conditioning Engineers standards for ventilation, and low-emission
building materials (EPA, 2009b).

In late 2010, the agency released a draft of voluntary Healthy Indoor
Environment Protocols for Home Energy Upgrades for public comment
(EPA, 2010b). The protocols were developed in conjunction with the De-
partment of Energy (DOE) Workforce Guidelines for Home Energy Up-
grades (DOE, 2011) and focus on potential health effects of weatherization
and other retrofits intended to promote energy efficiency. They touch on
such issues as moisture, emissions from building materials, and ventilation
and offer guidance on exposure assessment, mitigation, and adaptation
strategies.

EPA specifically addresses the subject of the present report in an In-
door Air Quality and Climate Readiness Web site that in late 2010 in-
cluded weatherization and indoor air-quality briefing material and links
to more general indoor environmental-health information (EPA, 2010d).
Several other information and education programs indirectly address build-
ing problems and exposures that have been associated with climate change
and the indoor environment and with remediation of their adverse effects.
The Agency’s Tools for Schools program, for example, seeks to “prevent
and solve the majority of indoor air problems with minimal cost and
involvement” (EPA, 2009a, p. i).2 As was the case with Indoor airPLUS,
actions address outdoor-water intrusion, indoor dampness, proper ventila-
tion, well-maintained HVAC systems, and low-emission building materials.

1 Workplace environmental problems are under the jurisdiction of the Occupational Safety
and Health Administration. This report touches on issues in offices but does not address in-
dustrial environments, which may also be adversely affected by climate change (Nilsson and
Kjellstrom, 2010).

2 These topics are also dealt with in the 2006 National Academies report Green Schools:
Attributes for Health and Learning (NRC, 2006).
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A cooperative agreement program announced in late 2010 disseminated
$2.4 million to local government, educational institutions, and nonprofit
organizations for “demonstration, training, education, and/or outreach
projects that seek to reduce exposure to indoor air pollutants” and that
would yield measurable results (EPA, 2010c¢).

EPA’s Environmental Technology Verification (ETV) Program was initi-
ated in 1995 to evaluate environmental technologies and make them readily
available for the mass market for the benefit of the general public (EPA,
2011a). One of its main goals is to standardize testing among different
companies and products. One such standardization was of the accuracy of
technology that tests building pressure to determine whether contaminants
in buildings are due to vapor intrusion or to other product emissions (ETV,
2010). Another initiative investigates microorganism-resistant building ma-
terial for mold resistance, emissions of volatile organic compounds (VOCs)
and aldehydes, and moisture content (RTI International, 2008).

EPA also partners with other federal agencies to conduct research. In
collaboration with the Department of Housing and Urban Development
(HUD), EPA conducted a national survey that measured allergens, includ-
ing mold, and pesticides in homes (Stout et al., 2009). The data have since
been used to examine the indoor environment and potential health risks to
occupants. It also cochairs the Federal Interagency Committee on Indoor
Air Quality with four other federal agencies.? This committee coordinates
research and facilitates communication on indoor-air topics, including ex-
cessive dampness, mold, ventilation, emissions from building materials, and
“green buildings.”

National Institutes of Health

The National Institutes of Health (NIH) is the principal biomedical
research arm of the Department of Health and Human Services (HHS).
It conducts and sponsors investigations on a broad array of health topics
and fosters both basic and applied research. Climate-change-related work
at NIH falls principally under the aegis of the National Institute of Envi-
ronmental Health Sciences (NIEHS), which holds primary responsibility
for conducting and funding environmental health research. In 2010, that
institute released the results of an effort by the Interagency Working Group

3 The committee’s Web site notes that “the CIAQ is co-chaired by EPA, the Consumer Prod-
uct Safety Commission, the Department of Energy, the National Institute for Occupational
Safety and Health, and the Occupational Safety and Health Administration. Other federal
departments and agencies participate as members” (EPA, 2010a).
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on Climate Change and Health* (NIEHS, 2010). The stated purpose of A
Human Health Perspective on Climate Change was to (p. iv)

identify research needs for all aspects of the research-to-decision making
pathway that will help us understand and mitigate the health effects of
climate change, as well as ensure that we choose the healthiest and most
efficient approaches to climate change adaptation.

Among the research needs identified were studies addressing the health
effects of indoor dust on asthma exacerbation, including changes in dust
composition resulting from climate change (p. 15); how changes in temper-
ature and precipitation affect exposure to toxic chemicals (p. 19); the effects
of climate change on outbreak incidence, geographic range, and growth
cycles of insect pests and pathogens that cause human disease (p. 27); risk
factors for illness and death associated with acute exposure to extreme heat
events and chronic exposure to increased average temperatures; and the
health benefits of the use of environmental design principles to reduce the
high thermal mass of urban areas (p. 31). The report also called for research
aimed at anticipating, detecting, and responding to climate-change—induced
and —exacerbated health problems and identifying vulnerable populations.
In July 2010, NIH announced that it would operationalize those recom-
mendations by providing research funding through a program intended
to “examine the differential risk factors of populations that lead to or are
associated with increased vulnerability to exposures, diseases and other
adverse health outcomes related to climate change” (NTH, 2010).

NIEHS collaborates with EPA to support several Children’s Environ-
mental Health Research Centers, which conduct and support studies of
the effects of environmental exposures. As noted later in this chapter, it
cooperated with the Department of Housing and Urban Development’s Of-
fice of Lead Hazard Control to conduct the National Survey of Lead and
Allergens in Housing. The study gathered data on indoor allergen exposure
that allowed NIEHS to “assess the magnitude of levels of indoor allergens
in the United States housing stock” and “evaluate differences in population
exposure to allergens based on factors such as region/geography, ethnicity,
socioeconomic status, and housing type” (NIEHS, 2011).

4 The working group comprised representatives of the Centers for Disease Control and
Prevention, HHS’s Office of the Secretary, EPA, the National Aeronautics and Space Adminis-
tration, NIEHS, NIH’s Fogarty International Center, the National Oceanic and Atmospheric
Administration, the Department of State, the US Department of Agriculture, and the US
Global Change Research Program.
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Centers for Disease Control and Prevention

The Centers for Disease Control and Prevention (CDC), which also

falls under the aegis of HHS, takes a public-health approach to climate-
change-related work that includes (CDC, 2009b)

e Tracking data on environmental conditions, disease risks, and dis-
ease occurrence related to climate change.

¢ Expanding capacity for modeling and forecasting health effects that
may be climate-related.

¢ Enhancing the science base to understand the relationship between
climate change and health outcomes better.

e Identifying locations and population groups at greatest risk for
specific health threats, such as heat waves.

e Communicating the health-related aspects of climate change, in-
cluding risks and ways to reduce them, to the public, decision-
makers, and health-care providers.

One component of the work is the Climate-Ready States and Cities
Initiative. The initiative is intended to support health-department efforts
to assess, plan for, and build capacity to respond to climate-change-related
health effects (CDC, 2010a). Eight states’ and two cities® were awarded
grants totaling $5.25 million in 2010 to pursue projects. Many of them
listed issues related to the indoor environment, such as heat-stress morbid-
ity and mortality, as subjects to focus on, but indoor environmental quality
does not appear to be among the concerns being addressed.

CDC’s National Center for Environmental Health (NCEH) seeks to
improve the nation’s health status by avoiding diseases and disability caused
by noncommunicable environmental factors (CDC, 2011a). It assigns high
priority to vulnerable populations—specifically, children, the elderly, and
people who have disabilities. NCEH’s activities include lead-poisoning
prevention and environmental-health workforce development and capacity-
building. Its climate-change-related work includes prevention of carbon
monoxide (CO) poisoning from home electricity generators during power
outages.

CDC also collects surveillance data on diseases related to environmen-
tal changes via its National Environmental Public Health Tracking Network
(CDC, 2010Db). The network includes monitoring of home contaminants—
as of 2010, lead and CO. Although it was not designed to investigate
climate-change effects, the director of CDC’ Division of Environmental

5 Arizona, Maine, Massachusetts, Michigan, Minnesota, New York, North Carolina, and
Oregon.
¢ New York City and San Francisco.
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Hazards and Health Effects asserted in 2007 that it would be “an excellent
tool” for such purposes (Late, 2007).
CDC has also provided funding for research projects on such topics as

adverse exposures and health problems related to extreme weather events
(Brandt et al., 2006; CDC, 2006).

National Institute for Occupational Safety and Health

CDC’s National Institute for Occupational Safety and Health (NIOSH)
examines the health consequences of occupational environments. NIOSH
has conducted extensive research to evaluate the effects of indoor environ-
ments on occupant health and to characterize the factors that contribute
to poor health outcomes. No specific research focuses on climate change
and occupational-health issues, but the institute has investigated adverse
respiratory health effects resulting from damp or water-damaged occupa-
tional environments (Cox-Ganser et al., 2005, 2009; Park et al., 2006) and
has developed tools to assess indoor moisture to guide preventive actions.
Investigators also examine the products of indoor chemistry” and their
health effects (Anderson et al., 2010) and seek to determine the mechanisms
by which indoor molds stimulate allergic responses (Green et al., 2009).
NIOSH conducts research into the effects of “green” jobs on health, rec-
ognizing the new exposures and conditions associated with jobs designed
to support activities that lead to energy efficiency and less environmental
effect.

More generally, the potential for increased heat stress in indoor occu-
pational environments has been flagged as a health and productivity issue
in other countries (Kjellstrom et al., 2009a,b).

Department of Energy

DOE research activities include energy efficiency, clean-energy technol-
ogy, and greenhouse-gas emission reduction. The department’s Building
Technologies Program does not identify climate change as a motivating fac-
tor but conducts work that addresses the topic through programs that seek
to reduce energy demands and promote good indoor air quality. Research
and development initiatives include support of revisions of ventilation and
building codes; improvement of exposure-assessment, ventilation, filter-
ing, and air-cleaning technologies; source reduction of VOCs; and better

7 Indoor chemistry refers to the oxidation-reduction, acid-base, hydrolysis, decomposition,
and other reactions that occur in indoors as a result of the interaction between various chemi-
cals in the air, furnishing, floor and wall coverings, cleaning supplies and other constituents
of the indoor environment.
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understanding of the effects of energy-efficiency measures on health and
productivity (DOE, 2010). Much of the work is conducted by the Indoor
Environment Division of DOE’s Lawrence Berkeley National Laboratory
(LBNL, 2010). DOE’s extensive work in weatherization and energy effi-
ciency in buildings is addressed in Chapter 8.

Department of Housing and Urban Development

HUD’s climate-change—related work focuses on the built environment
and sustainable building practices—specifically measures to reduce energy
consumption (HUD, 2010d). Among its efforts are Sustainable Communi-
ties Regional Planning Grants, which include predisaster mitigation plans
and climate-change—-impact assessments among the eligible activities (HUD,
2010b). HUD?’s Sustainable Communities Initiative promotes green building
design and construction, but, although it mentions improved public health
as a benefit of the program, that is not its focus (HUD, 2010c).

HUD also cooperates with DOE on the implementation of its Weath-
erization Assistance Program (WAP), identifying low-income properties
(public housing, assisted housing, and others given special status under
the enabling legislation) that are eligible for weatherization funds. A 2009
Memorandum of Understanding between the agencies streamlined the pro-
cess for evaluating candidate properties for the program. HUD estimates
that approximately 3 million housing units are potentially eligible for as-
sistance (HUD, 2010a).

Federal Emergency Management Agency

FEMA, a part of the US Department of Homeland Security (DHS),
has responsibility within the federal government to “build, sustain, and
improve [the nation’s] capability to prepare for, protect against, respond
to, recover from, and mitigate all hazards” (FEMA, 2010c). This includes
providing guidance on identifying and remediating problematic dampness
and mold (FEMA, 2003), and responding to flood (FEMA, 2010a) and
hurricane (FEMA, 2010b) damage. FEMA also collects and disseminates
disaster epidemiology data and cooperates with agencies at all levels of
government including Department of Homeland Security and Office for
Interoperability and Compatibility in developing technical standards and
specifications, and prioritizing emergency development.

The agency’s Fiscal Years 2011-2014 strategic plan states that “chal-
lenges posed by climate change, such as more intense storms, frequent
heavy precipitation, heat waves, drought, extreme flooding, and higher sea
levels, have the potential to change significantly the types and magnitudes
of hazards faced by communities and the emergency management profes-
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sionals serving them” (FEMA, 2011). It has taken and is continuing to take
several steps to respond to these challenges. These include a research effort
initiated in 2009 to evaluate the potential effect of climate change on flood
risk, and hence flood insurance (Lehmann, 2009).

US Global Change Research Program

The US Global Change Research Program (USGCRP) serves as the
coordinating body for federal research on climate change and its effects
on society (USGCRP, 2011). It comprises EPA, the Agency for Interna-
tional Development, the US Departments of Agriculture, the Department
of Commerce,® the Department of Defense, DOE, HHS, the Department of
State, the Department of the Interior, the Department of Transportation,
the National Aeronautics and Space Administration, the National Science
Foundation, and the Smithsonian Institution. The USGCRP has produced
a series of reviews of scientific evidence, including a 2009 assessment
of the state of scientific knowledge regarding global climate-change ef-
fects in the United States (USGCRP, 2009). The program maintains an
Interagency Crosscutting Group on Climate Change and Human Health
(CCHHG), but the present committee could not identify any work that
it has published that explicitly addresses indoor environmental quality or
building-related issues.

GOVERNMENT HOUSING AND HEALTH DATA COLLECTION

Various agencies and organizations conduct or sponsor studies that
collect pieces of information useful in assessing the relationships between
buildings, the environment, and health. Each of the existing surveillance
systems noted below is designed to achieve specific goals related to build-
ings or public health, through, for example, monitoring of trends in pesti-
cide use in homes, assessing the household costs of energy use, or examining
changes in how people live and work in their buildings. The text below
briefly summarizes the information that they collect and identifies poten-
tial opportunities and limitations in using them to assess potential effects
of climate change on the indoor environment and occupant health. A
thorough examination of methods and variables—a task beyond the scope
of the present committee—would be needed to draw detailed conclusions
concerning how to implement such a survey.

8 Including the National Oceanic and Atmospheric Administration.
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Housing and Building Surveys

American Housing Survey

The American Housing Survey (AHS) is conducted by the Census
Bureau for HUD and includes apartments, single-family homes, mobile
homes, housing characteristics, equipment, corresponding costs, and com-
munity characteristics, such as income and recent migration. The AHS is
conducted in odd-numbered years and surveys the same housing units each
time for comparison purposes. Every 6 years, specific data are collected
on almost 50 metropolitan areas throughout the United States (US Census
Bureau, 2008).

A substantial problem with the AHS from the standpoint of gathering
information on the effects of climate change on indoor environments is
that it is administered to the same housing unit every other year, whether
or not the same residents live in the unit. Because the US population is rela-
tively mobile, comparisons within this survey can be inconsistent (Acevedo-
Garcia et al., 2004). Furthermore, renovations of a housing unit could have
changed in ways that are material to the consideration of indoor environ-
mental quality—for example, the purchase of a window air-conditioning
unit or installation of new double-pane windows. A change of occupants
of a housing unit would also mean changes in how the unit is used, which
could influence and possibly confound variables used to evaluate indoor
environmental quality.

American Healthy Homes Survey

EPA and HUD collected questionnaire and environmental data on
a stratified, nationally representative sample of 1,131 US residences in
2005-2006 (Stout et al., 2009). Exposure measurements in the homes
included pesticides, allergens, fungi, lead, and arsenic (Stout et al., 2009).
The study built on a previous effort by HUD and NIEHS that measured
lead and allergens in homes (Arbes et al., 2003; Cohn et al., 2004, 2006;
Thorne et al., 2005). A future data collection planned to take place before
2020 will assess progress toward the Healthy People 2020 goals regard-
ing environmental exposures in noninstitutional US homes (Department of
Health and Human Services, 2009).

Residential Energy Consumption Survey

The US Energy Information Administration conducts the Residential
Energy Consumption Survey (RECS), a probability-sample survey that col-
lects energy-related data on occupied primary housing units (Energy Infor-
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mation Administration, 2009). The first RECS was conducted in 1978; the
most recent, in 20035, collected data on 4,381 households in housing units
statistically selected to represent the 111 million housing units in the United
States. Another wave of collection started in January 2011; its results are
to be posted in late 2011 and early 2012 (Energy Information Administra-
tion, 2009). The collected data include physical characteristics, heating and
cooling equipment, demographic characteristics of residents, and types of
fuels used. Data are collected via three methods: in-person interviews with
residents, in-person or telephone interviews with rental agents for units
some or all of whose energy costs were included in the rent, and mail-in
questionnaires from utility companies and suppliers.

Large Analysis and Review of European Housing and Health Status

In 2002-2003, the World Health Organization conducted the Large
Analysis and Review of European Housing and Health Status (LARES), a
cross-sectional survey to improve knowledge of the effects of housing on
residents’ physical well-being and mental health (Bonnefoy et al., 2007).
Eight cities representing northern, southern, eastern, and western Europe
participated. The sample in each city was randomly generated from resident
registries, the local tax registry, or the national health insurance registry.
LARES used three survey instruments: an inhabitant questionnaire that
described residents’ perceptions of their dwellings, a health questionnaire
for inhabitants to report their health status (and that of children less than
12 years old), and a visual inspection by a trained surveyor (Bonnefoy et
al., 2007). No physical measurements—such as temperature, humidity, and
chemical or biologic exposures—were recorded. Teams of two technicians
visited 3,373 dwellings and collected data on the health status of 8,519
inhabitants (Bonnefoy et al., 2007). LARES focused on such subjects as
indoor air quality, noise effects, indoor dampness, and domestic accidents
(WHO, 2011). The study examines indoor air environments and their con-
nection to the building, but the data were centered on occupant perceptions
of indoor air quality rather than on measurements, and climate-change—
related factors were not assessed (WHO, 2011).

Health and Environment Surveys

National Health and Nutrition Examination Survey

The National Health and Nutrition Examination Survey (NHANES)
is the most detailed large-scale survey of health status in the United States,
with questionnaire, mental-health assessment, physical examination, labo-
ratory, and some environmental data collected at home. The survey is na-
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tional in scope and samples a representative population; it includes targeted
“oversampling” to obtain sufficient data on various minority populations
at different times.

The primary purpose of NHANES is to generate data that can be
analyzed at a national level. However, coding schemes are available for
researchers that provide information about subjects’ locations by latitude
and longitude, census tract and block, county, and state.

The survey could be enhanced in a number of ways to assess the effects
of climate change. As Chapter 4 notes, there are outdoor air pollutants such
as particulate matter and ozone whose levels may be affected by climate
change, and outdoor levels influence indoor levels. One approach would
be to collect valid, nationally representative air-toxics exposure data that
could be linked in time and space to human health outcomes data. Previous
important work in this field has been limited to community-level studies or
the use of historical NHANES human health data linked to geographically
interpolated air-toxics exposure data. The latter method has scientific value
and has been used to support analyses of both NHANES and US National
Health Interview Survey (NHIS) data. However, it has limitations, and there
is a need for improved data collection.

NHANES also has the ability to measure concentrations of a wide va-
riety of specific chemicals in blood and urine, and it does this for a number
of environmental analytes of interest—such as lead, mercury, and organo-
chlorines. In the past, blood concentrations of VOCs were also measured.
It is therefore a primary source of national-level environmental-health data
on the United States. NHANES has already conducted environmental sam-
pling in homes during one cycle (2005-2006), and this could be repeated
and expanded. Data collected included dust concentrations of dust mite,
cockroach, dog, cat, rat, mouse, Alternaria, and Aspergillus allergens and
serum concentrations of IgE antibodies to these antigens (Gergen et al.,
2009; Visness et al., 2009). A summary of the NHANES environmental-
health data is published in CDC’s National Report on Human Exposure to
Environmental Chemicals (CDC, 2011b) and in numerous peer-reviewed
journal articles. NHANES also has the ability to perform direct air toxin
exposure monitoring of individual participants for short periods (24-48
hours), but this data collection requires more extended efforts and costs
than local environmental monitoring. Data on VOCs in the breathing zone
of participants were collected from 2005 to 2010 (CDC, 2009a).

National Health Interview Survey

NHIS is a multistage probability-sample survey conducted by CDC’s
National Center for Health Statistics (CDC, 2009c¢). It reaches 75,000~
100,000 persons in the United States each year and collects a wide ar-
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ray of sociodemographic and health information through direct visits to
households. NHIS is considered the principal source of data on US asthma
prevalence. Modular units collect data on subjects of special interest and
could be designed to evaluate climate-change effects on health.

Behavioral Risk Factor Surveillance System

CDC’s Behavioral Risk Factor Surveillance System (BRFSS) is a state-
based data-collection effort that uses telephone surveys to obtain informa-
tion (CDC, 2010c). It has been in operation since 1985 and conducts more
than 400,000 interviews each year. As the name suggest, BRFSS focuses
on how people conduct their daily lives and how this influences their
health. It has several potential advantages as an instrument for amassing
climate-change and health information. The survey is already being used to
examine data at geographic region, state, and local levels, and its Selected
Metropolitan/Micropolitan Area Risk Trends (SMART) database allows
breakouts of information on more than 200 metropolitan and micropolitan
statistical areas. BRFSS also allows states to add questions to suit local
needs or to assess the effects of particular events, such as hurricanes.

National Environmental Public Health Tracking Program

The National Environmental Public Health Tracking Program, devel-
oped by CDC, is coordinating a national system to track environmental
hazards and related diseases (CDC, 2007). The program updates traditional
surveillance systems with geographic information systems (GIS). Many of
the data arise from state and local health-department grantees. In addition,
CDC has collaborated with several other federal agencies and professional
organizations to provide data for the program. The National Environmen-
tal Public Health Tracking Network promotes information-system stan-
dards to integrate local, state, and national databases on environmental
hazards, environmental exposures, and health effects, including outdoor
and indoor air exposures.

Other Data Sources

Calculating past exposures and modeling trends in outdoor air pollu-
tion would require the use of other existing databases. EPA and various
state agencies have historical databases of air-quality measurements and
exposure assessments, including the EPA National Air Toxics Assessments
(EPA, 2011b) and the California Air Quality Resources Board air quality
monitoring databases (Cal/EPA ARB, 2011a).

Existing health surveys are not, for the most part, designed to assess

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13115

Climate Change, the Indoor Environment, and Health

GOVERNMENT AND PRIVATE-SECTOR INVOLVEMENT 65

major time-limited events, such as hurricanes and heat waves. Syndromic
surveillance® systems may prove useful for assessing health effects of these
events, but not all are structured to do s0.1° In 2010, CDC initiated a re-
design of BioSense—which was created in 2003 to “establish an integrated
national public health surveillance system for early detection and rapid as-
sessment of potential bioterrorism-related illness” (CDC, 2011¢)—to imbed
it more firmly in state and local public-health systems and make it more
responsive to local needs for information.

Synthesis—Surveillance Systems to Track Climate-Change
Effects on Indoor Environmental Quality and Health

To track the effects of climate change on indoor environmental qual-
ity and health, it will be important to gather information over time and in
specific geographic regions to assess variations and the different effects as-
sociated with them. Environmental and building factors of interest include

e Outdoor temperature, humidity, and rainfall.

¢ OQutdoor air quality, including levels of hazardous air pollutants
and particulates.

¢ Building type or use—single-family residence, multihousing unit,
school, office, or commercial space.

e Building and indoor environmental characteristics, including pres-
ence, type, and condition of HVAC system; air-exchange rate;
building age, location, and setting (urban, suburban, or rural);
temperature, humidity, allergens, and chemical contamination; and
mitigation strategies implemented.

Health outcomes of interest include

Asthma—prevalence and severity.
Allergies—prevalence and severity.
Vectorborne illness.

Waterborne illnesses.
Reproductive outcomes.

Cancer.

9 Syndromic surveillance “is concerned with continuous monitoring of public health-related
information sources and early detection of adverse disease events” (Yan et al., 2008). These
include epidemics and bioterrorism incidents.

10 Chen et al. (2010) describe syndromic surveillance systems that have been used for one-
time special and large-scale events; Josseran et al. (2010) relate the use of a system in France
to monitor the effects of a heat wave.
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e Heat stress.
e Excess mortality during periods of excessive heat or extreme
weather events.

A 2009 report from the State Environmental Health Indicators Col-
laborative (SEHIC) listed several environmental-health indicators that are
currently tracked, need validation, or need to be tracked (English et al.,
2009). They included wildfires, pollen, temperature and humidity, drought,
harmful algal blooms, and respiratory and allergic disease related to air
quality. In addition, a report from the Interagency Climate Change Adapta-
tion Task Force (ICCATF)—under the auspices of the White House Council
on Environmental Quality—set a policy goal of coordinating capabilities of
the federal government to support climate-change adaptation (2010). The
ICCATF recommended that “agencies should work individually, collab-
oratively, and with the Task Force to ensure that resources are allocated to
maximize their impact and avoid unnecessary duplication” (2010). There-
fore, merely adding health-related indicators to housing surveys or adding
housing-related indicators to health surveys could improve the tracking of
climate-change effects but might result in redundancy. Because of the afore-
mentioned limitations of surveillance systems and the lack of a consistent
timeframe for measurement of the indicators (for example, some surveys
are repeated every year and some sporadically, and some surveys ask about
exposure or health outcomes in the preceding 3 months and some about
them in the preceding year), combining datasets can be complicated at best
and misleading at worst.

The ideal surveillance for assessing climate-change effects of indoor
environment exposures and related health effects would be a national study
with this clear focus. A model would be the National Children’s Study
(NCS), which will be prospective (that is, allow clear identification of trends
in a given population), large (100,000 children), and representative of the
population and will incorporate objective measurements of environmen-
tal exposures (including biomarkers) and health outcomes (Landrigan et
al., 2006). An expansion of the NCS to include health outcomes of other
members living in the household could be rather expensive, but it would
leverage the existing environmental measurements from the home and en-
able followup of middle-age and older adults who could also be at risk for
the effects of climate change.

Another option, albeit more limited, is the use of information tech-
nology in buildings and in assessment of health outcomes. Data loggers
can easily track temperature and humidity, and recent advances have led
to real-time measurement devices for environmental exposure (such as
chemical and particles) and biomarker monitoring that can be coupled
with accelerometers to track exposures when study participants wear them

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13115

Climate Change, the Indoor Environment, and Health

GOVERNMENT AND PRIVATE-SECTOR INVOLVEMENT 67

(NIEHS, 2008). Substantial cost savings can be realized by bypassing the
requirement of trained technicians to set up bulky equipment in the home,
work, or school environment. In addition, the source apportionment of
exposures could be refined while the ability to link biologically relevant ex-
posures to health outcomes was improved The passive collection of data in
buildings and from surveillance of participants at multiple times is possible
only with improved information technology. However, the data gained will
inevitably lead to better surveillance of climate-change-related exposures

and health effects.

STATE AND LOCAL GOVERNMENTS

State and local government climate-change initiatives generally focus
on greenhouse-gas emissions, energy efficiency, and preservation of in-
frastructure—including the public-health infrastructure—in the event of
extreme weather or flooding. Among the ones that include consideration
of the indoor environment and public health, the issues that are most often
addressed are extreme heat and problems that disproportionately affect the
elderly, low-income, and other vulnerable populations. Exposures in the
indoor environment and health-related adaptation and mitigation efforts
for buildings either are not addressed or are mentioned only in passing. A
few examples are provided below.

Separately, there are isolated efforts on the state and local levels to
address indoor environmental health concerns. Although they were not
motivated by climate-change concerns, they address exposures that might
be exacerbated by changing outdoor conditions. One, a California standard
on emissions from building materials, is summarized below. A 2010 white
paper by Levin provides details on that standard and voluntary standards
in the United States that address emissions from building materials and
products that may affect indoor environmental quality. The 2004 Institute
of Medicine report Damp Indoor Spaces and Health compares the guid-
ance on mold remediation offered by federal, local government, and private
sources available at the time of its publication.

State Initiatives

The Pew Center on Global Climate Change reported that 36 states
had comprehensive climate action plans in February 2011 and two more
had plans under development (Pew, 2011a). They vary widely in scope and
focus, but their building-sector initiatives typically include green-building
standards, residential and commercial energy-conservation codes, and
appliance-efficiency standards (Pew, 2011b).

California is among the states that offer specific regulatory guidance
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regarding environmental and public-health considerations for buildings.
Its Specification 01350 establishes goals and provides guidelines for en-
ergy and material use in buildings; indoor air quality, including nontoxic
performance standards for cleaning and maintenance products; and other
occupant health and sustainability considerations (CalRecycle, 2011).

Specification 01350 includes provisions for evaluating VOC emissions
from indoor sources. The testing is intended to limit health effects of
exposure to VOCs and occurs at multiple stages during construction. It
evaluates emission data on large-surface-area materials by using standard
exposure scenarios for estimating VOC emissions and area-specific air
flow rates. Specific VOCs are considered as separate pollutants to estimate
possible health effects on building occupants more accurately. That means
of measuring VOCs and indoor air quality has since been incorporated
into sections of the draft International Green Construction Code and is
influencing other green-building certification and labeling schemes (Levin,
2010). Levin’s 2010 EPA white paper addresses Specification 01350 in
greater detail.

The state’s Green Building Standards Code (CalGreen) is intended
to improve public health and safety through planning and design, energy
efficiency, water efficiency and conservation, material conservation and
resource efficiency, and environmental quality measures (California Build-
ing Standards Commission, 2010). The codes apply to state-regulated and
owned buildings and structures, including public elementary and secondary
schools and California State University buildings, as well as other buildings
such as low-rise residential buildings and acute care hospitals and clinics
(California Building Standards Commission, 2010). Among its provisions
are mandatory measures that require low-emitting materials and coatings
(based on Specification 01350 and other limits) and voluntary measures
regarding indoor air quality.

The California Environmental Protection Agency’s Air Resources Board
has regulatory authority to evaluate and control air toxics under the state’s
1983 Toxic Air Contaminant Identification and Control Act (Cal/EPA
ARB, 2009). In 2009, that authority was used to promulgate an airborne
toxic control measure to reduce formaldehyde emissions from composite
wood products used in home construction, finishing, and furniture (Cal/
EPA ARB, 2011).

City Initiatives

Many larger cities have or are developing climate-action plans, typically
centered on infrastructure protection in coastal areas. Almost all public-
health departments have plans in place to deal with heat-wave emergencies.
Two of the more comprehensive efforts are summarized briefly below.
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In 2008, New York City used a grant from the Rockefeller Founda-
tion to establish a Panel on Climate Change as part of a larger effort to
establish a long-term sustainability plan. The panel released a report in
2010 that took a risk-management approach to adaptation questions. It
included a series of climate-change-related considerations that the authors
believed should be taken in account in revising infrastructure design and
performance standards, such as those for buildings (NYC Panel on Climate
Change, 2010). Four primary hazards were identified—coastal flooding and
storm surge, inland flooding, heat waves, and extreme wind events—all of
which are also addressed in the city’s natural-hazard mitigation plan (NYC
Office of Emergency Management, 2009).

Chicago’s Climate Change Action Plan includes the promotion of build-
ing design, construction, and operation practices that enhance energy effi-
ciency and human health outcomes. The city requires that new government
buildings conform to LEED Silver certification standards (Chicago Climate
Task Force, 2008). The urban heat-island effect is a concern for the city,
which experienced an extreme heat event in 1995 that resulted in more than
400 deaths in excess of the number otherwise expected (CDC, 1995; Kaiser
et al., 2007). The action plan mentions that steps will be taken to identify
at-risk populations and promote innovation to ameliorate heat islands, but
it offers no specifics. A private-sector initiative, the Chicago Community
Loan Fund, provides low- and middle-income housing financing and en-
courages the use of energy-efficient building standards and nontoxic and
low-emission materials in the design and construction of affordable housing
(Chicago Community Loan Fund, undated).

INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE

The Intergovernmental Panel on Climate Change was created under
the auspices of the UN Environment Programme and the World Meteo-
rological Organization to review and assess research and information on
climate change to enhance worldwide understanding of the topic (IPCC,
2010). Discussion of indoor air quality issues in its fourth report, which
was published in 2007, focused on indoor biomass combustion and its ad-
verse effects on human health (Metz et al., 2007). The report called indoor
air pollution “a key environmental and public health peril for countless of
the world’s poorest, most vulnerable people” and advocated the adoption
of cleaner-burning cooking stoves both to prevent health problems and to
limit greenhouse-gas emissions. For developed countries, it noted that “the
diffusion of new technologies for energy use and/or savings in residential
and commercial buildings contributes to an improved quality of life and in-
creases the value of buildings” (Metz et al., 2007). A fifth report was under
development in early 2011. It will emphasize socioeconomic vulnerability to
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the effects of climate change and implications of sustainable development
and risk management (IPCC, 2010).

PRIVATE SECTOR

The private sector plays a considerable role in issues of climate change,
the indoor environment, and health. A few examples are listed below. White
papers commissioned by EPA in support of the present study provided
detailed information on industry and professional-organization initiatives
regarding building materials and product-testing regimens (Levin, 2010),
green-building rating systems (Srebric, 2010), and energy-conservation
codes for commercial and residential buildings (Mudarri, 2010). All those
are discussed elsewhere in this report.

American Society of Heating, Refrigerating
and Air-Conditioning Engineers

The American Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE) is a professional organization that serves to advance
the science of sustainable heating, ventilating, refrigeration, and air con-
ditioning (ASHRAE, 2011). Its membership is drawn from private-sector,
academic, and government professionals. ASHRAE has considerable in-
volvement in indoor air-quality issues, in particular through standards'!
that it and the American National Standards Institute (ANSI) have devel-
oped for proper ventilation of commercial and residential buildings and
the maintenance of thermal comfort in buildings. The standards, although
voluntary and advisory, have been adopted into many building codes. The
organization has also published the Indoor Air Quality Guide, which offers
design and construction strategies to improve indoor air quality that go be-
yond those specified in codes and standards (ASHRAE, 2009b). ASHRAE’s
involvement in climate-change issues includes its GreenGuide—which pro-
vides information on sources of green design, construction, and operation
practices (2010)—and a 2009 climate-change position document focused
on reducing building emissions of greenhouse gases (2009a).

1 Standard 62: Ventilation for Acceptable Indoor Air Quality and Standard 55: Thermal
Environmental Conditions for Human Occupancy. A third document addressing how ven-
tilation, the thermal environment, and other building characteristics jointly influence indoor
environmental quality—Guideline 10: Interactions Affecting the Achievement of Acceptable
Indoor Environments—was under development in early 2011.
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LEED

LEED (Leadership in Energy and Environmental Design)—a compo-
nent of the US Green Building Council, a building-trades association—pro-
mulgates voluntary certification standards for buildings that emphasize the
reduction of climate-change effects. The standards include consideration of
indoor air quality, but they focus primarily on increasing buildings’ water
and energy efficiency and decreasing their greenhouse-gas emissions and
other aspects of their environmental footprint. Chapter 8 addresses LEED
standards in greater detail.

Insurance Industry

A 2008 Ernst & Young study identified potential climate change as the
greatest strategic risk facing the property and casualty insurance industry
(Ernst & Young, 2008). Segments of the industry have been heavily in-
volved in climate-change issues, particularly those related to reinsurance'?
(Nutter, 2010). The firm Swiss Re has published reports on the topic, ad-
dressing primarily the vulnerability of buildings and other infrastructure to
catastrophic weather events (Swiss Re, 2002, 2010). Munich Re maintains
NatCatSERVICE, which it characterizes as the most comprehensive global-
loss database and which tracks the incidence of hurricanes, heat waves,
flash floods, and other extreme weather events as part of a larger effort in
cataloging natural catastrophes (Munich Re, 2003). There is a small litera-
ture on the effect of climate change on the insurance industry’s business
(Mills, 2005, 2007).

American Red Cross

American Red Cross emergency response and disaster preparedness
programs offer relief and development assistance to millions of people
annually who are affected by natural disasters. Their emergency response
programs provide financial assistance to stimulate the local economy; relief
supplies such as food, shelter materials, and hygiene kits; and trained volun-
teers who assess needs and implement critical relief services (ARC, 2011).
The Red Cross works closely with FEMA to assist the US government agen-
cies and community organizations in planning, coordinating, and providing
mass care services for communities influenced by disasters (ARC, 2010).

12 Reinsurance, simply put, is insurance that insurance companies take out to protect them-
selves against the risk of unusually large or numerous payouts on policies that they write.
Reinsurance can become important when catastrophic events occur, especially if there is an
anomalous number of them during a relatively short period.
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Disaster epidemiology data developed by Red Cross/Red Crescent
societies are used by government and other bodies for policy and plan-
ning purposes. Internationally, the Red Cross/Red Crescent Climate Centre
concentrates on the humanitarian effects of climate change and extreme
weather events. The Centre’s mission is to educate and advocate for di-
saster risk reduction and climate adaptation; analyze relevant weather
forecast data on all timescales; and incorporate understanding of climate
risks into Red Cross/Red Crescent strategies, plans and procedures (RC/
RCCC, 2011).

OBSERVATIONS

The preceding sections illustrate a fundamental problem. Multiple parts
of government and the private sector have a stake in issues of climate
change, indoor environmental quality, and public health, but no one body
has assumed or attempted to assume the lead responsibility. As a result,
there is a lack of leadership in identifying potential hazards, formulating
solutions, and setting research and policy priorities.

The present report cannot solve that problem. Its aim is instead to high-
light important issues for decision-makers and the scientific community. In
approaching that aim, it seeks to draw special attention to

e Ways in which the information needed to make informed decisions
is lacking.

e  Ways in which initiatives aimed at reducing climate-change risks
have the potential to inadvertently exacerbate problems in the in-
door environment.

¢ How it may be possible to achieve a healthier indoor environment
at lower cost, with lower emissions, or both than is currently the
case.
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Air Quality

INTRODUCTION

Indoor air quality (IAQ) is an important component of indoor environ-
mental quality. It has many facets. This chapter focuses on the chemical and
particulate pollutants that can be found suspended in air or deposited on
or sorbed to indoor surfaces. It specifically addresses organic and inorganic
volatile and semivolatile molecular pollutants, and particulate matter. In
the case of particles, abiotic materials are emphasized, but there is a brief
discussion of allergens associated with pollen and of respiratory health
risks associated with algal blooms after floods. IAQ problems associated
with moisture and dampness of buildings are addressed in Chapter 5, and
biologic IAQ concerns associated with microbial agents, insects and arthro-
pods, and mammals and concerns that arise because of efforts to control
them are discussed in Chapter 6.

With regard to the pollutants considered in this chapter, there is little
in the published literature that considers together all the key elements in
this committee’s charge: the effects of climate change on IAQ that would
influence public health. However, substantial research has been published
on many important components. For example, there is a strong emerg-
ing literature on the effects of climate change on outdoor air pollutants
(Jacob and Winner, 2009), such as particulate matter (Tagaris et al., 2007)
and ozone (Bell et al., 2007; Hogrefe et al., 2004a; Racheria and Adams,
2009), and on related health effects (Kinney, 2008; Tagaris et al., 2009).
A voluminous literature characterizes health risks associated with pollut-
ants in outdoor air (Bell et al., 2004; Dockery et al., 1993; Jerrett et al.,
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2009; Pope and Dockery, 2006; Pope et al., 2009). Considerable published
research documents our understanding of indoor—outdoor relationships of
important air pollutants, including particles and ozone (Jia et al., 2008b;
Monn, 2001; Wallace, 1996; Weschler et al., 2000). Research has explored
the extent to which health risks associated with outdoor pollutants are a
consequence of indoor exposures (Weschler, 2006; Wilson and Suh, 1997;
Wilson et al., 2000). A large body of work reports on how indoor pollu-
tion sources influence IAQ and human health (Jones, 1999; Samet et al.,
1987, 1988), including a National Research Council report published three
decades ago (NRC, 1981).

The following sections discuss how indoor air pollutant levels might
be influenced by climate change. The discussion is organized according to
pollutant source category and pollutant class, considering first indoor emis-
sion sources and second pollutants of outdoor origin. The treatment is not
intended to be comprehensive, but rather broadly illustrative of important
TAQ concerns that might be influenced by climate change. Although most
of what follows is related to conditions in buildings of the types commonly
found in the United States, the chapter concludes with a discussion of an
important international public-health problem: exposure to smoke from
the indoor combustion of solid biomass and coal in developing countries.

INDOOR SOURCES OF POLLUTANTS

Indoor environments detain pollutants that are emitted indoors. This
section reviews important IAQ issues that are associated with indoor pol-
lutant sources and explores how climate change might affect these issues.
The emphasis is on conditions in the United States but the discussion is
relevant for other countries with similar levels of economic development
and similar buildings.

Pollutants from Indoor Combustion

Pollutants released into indoor air cause roughly 100-1,000 times
greater human inhalation exposure or dose per unit mass emitted than
pollutants released into outdoor air (Smith, 1988). That important observa-
tion has been expressed in terms of “intake fraction” (Bennett et al., 2002;
Nazaroff, 2008), the ratio of the mass of a pollutant inhaled by an exposed
population to the mass of the pollutant emitted from a source. The signifi-
cance of that point in the present context is that sources have a much larger
effect on public health if their pollutants are emitted indoors rather than
outdoors. The much higher intake fraction for indoor emissions compared
to those outdoors leads to the understanding that small-scale combustion
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processes that do not burn much fuel can nevertheless raise substantial IAQ
concerns and adversely affect public health.

Combustion might be the most important source of air pollution. In-
door combustion for cooking, lighting, and heating has a long and diverse
history of contributing to air-pollution exposure. Lopez et al. (2006) ranked
“indoor air pollution from [burning] solid fuels” as one of the top 10 lead-
ing causes of global mortality and disease. That ranking is based mainly on
the use of biomass and coal in rural parts of developing countries. Unvented
or incompletely vented combustion also occurs to a substantial extent
in developed countries and has demonstrable effects on indoor pollutant
concentrations and exposures. Evidence associating those exposures with
public-health consequences ranges from suggestive to clear and compelling.
Exposures resulting from indoor combustion could be altered in the future
in several ways associated with climate change. Influencing factors could
include changing prevalence, frequency, or strength of indoor emission
rates and also changes in building ventilation conditions.! The following
paragraphs summarize some of the concerns and provide references to
document the nature and importance of the current problems.

Accidental Carbon Monoxide Poisoning

Carbon monoxide (CO) is produced by the incomplete combustion of
a carbonaceous fuel. Inhaled CO forms carboxyhemoglobin in the blood,
whose presence interferes with transport and delivery of oxygen to tissues
and organs. Excessive acute exposures result in illness or death. Chronic
lower-level exposures may also have health consequences, but the available
empirical evidence is weaker than that for acute poisonings.

CO is regulated as a pollutant in ambient air. Mainly through strong
improvements in automotive emission-control technology, urban air CO
levels have become well controlled, and almost every area of the United
States meets the National Ambient Air Quality Standard for CO (EPA,
2010Db).

Despite improvement in outdoor levels, CO remains an important air
pollutant. Over the past few decades, hundreds of accidental and fatal
acute CO poisonings have occurred each year in the United States (Cobb
and Etzel, 1991; King and Bailey, 2008; Mott et al., 2002). The incidence
has declined substantially. One important factor is improvements in the
control of motor-vehicle emissions. Mott et al. analyzed CO-associated
mortality statistics and concluded that, “if rates of unintentional CO-
related deaths had remained at pre-1975 levels, an estimated additional
11,700 motor-vehicle-related CO poisoning deaths might have occurred by

! Building tightening and reduced ventilation rates are further discussed in Chapter 8.
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1998.” Holmes and Russell (2004) remarked that the reduction in acciden-
tal deaths resulting from improvements in motor-vehicle emission controls
“is not accounted for in EPA’s [the Environmental Protection Agency’s]
recent reports on the benefits and costs of the [Clean Air Act], yet it dwarfs
the estimated direct benefits ascribed to CO control.” In a detailed study of
CO poisoning deaths in California during the period 1978-1988, Girman
et al. (1998) found that alcohol was a factor in 31% of the cases and that
important combustion sources other than motor vehicles included heating
or cooking appliances, charcoal grills and hibachis, small engines, and
camping equipment. An assessment for Florida over the period 1999-2007
revealed that accidental CO poisonings “were primarily due to motor ve-
hicle exhaust (21%-69%) and generator exposure (12%-33%), and the
majority (50%-70%) occurred within the home” (Harduar-Morano and
Watkins, 2011).

In the context of climate change, a particular concern about CO ex-
posure arises from the use of emergency electricity generators that burn
liquid fuels, such as gasoline. The use and reliability of centrally generated
power might be degraded because of climate change for several reasons.
For example, hotter summer afternoons may lead to more intense use of
air conditioners and thus increase the frequency of service-demand over-
loads that cause brownouts and blackouts. Severe storms can also cause
electricity service disruption. In such cases, people may rely more heavily
on their own electricity generators. If the generators are used indoors, or
even outdoors but too close to an indoor environment, unhealthful CO
exposures can result. Increases in emergency-room and other hospital visits
caused by CO poisoning have been reported in association with power out-
ages (Muscatiello et al., 2010), major storms (Van Sickle et al., 2007), and
floods (Daley et al., 2001).

A staff report from the Consumer Product Safety Commission (Hnatov
et al., 2009) indicated that in 2005 an estimated 27 generator-related
CO fatalities were associated with five hurricanes (Katrina, Rita, Wilma,
Dennis, and Isabelle). And an estimated 21 generator-related CO fatalities
were associated with ice storms, including major storms in the midwestern
United States in January and in the Carolinas and Georgia in December.

In addition to electricity generators, shifts in fuel-use patterns during
power outages may contribute to increased indoor CO levels. Of con-
cern would be the use of natural-gas—fueled and petroleum-fueled stoves
for heating, excessive reliance on unvented combustion-based space heat-
ers, and use of charcoal briquettes or wood stoves indoors for cooking
(Hampson and Stock, 2006, Hnatov, 2009).

One expects there to be many more poisonings that result in illness
than in death. Analyses of the demand for poison control center services
reveal a pattern similar to that in emergency rooms. Klein et al. (2007)
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noted a nearly 50% increase in suspected CO poisoning calls in the days
after a widespread blackout on the East Coast of the United States in 2003,
and Forrester (2009) found more such calls in the counties that were in the
disaster area declared for Hurricane Ike than in other counties in Texas. It
is reasonable to believe that the prevalence of CO-induced illness is larger
than that recorded in the emergency-room statistics because illnesses that
are not considered severe might not be reported. A recent study evaluat-
ing the use of a web-based query system for public health surveillance re-
ported almost 25,000 CO-related hospitalizations across the United States
in 2005, of which approximately 4,200 were confirmed CO-related poison-
ings (Igbal et al., 2010). These data were intended to exclude intentional
and fire-related CO exposures.

Other factors may also contribute to increased public health risks asso-
ciated with indoor CO exposures. For example, the Department of Housing
and Urban Development’s 2009 American Housing Survey found that just
36% of homes nationwide reported having a working CO detector.? People
of lower socioeconomic status may be more likely to use stoves or unvented
space heaters as a heat source (CDC, 1997) and less likely to have work-
ing CO detectors (Runyan et al., 2005). Some groups may hold mistaken
beliefs about CO. For example, a survey conducted among residents of low
socioeconomic status in northern Mexico by Galada et al. (2009) found
that a large majority of respondents mistakenly believed that CO could be
detected by sight or smell.

Cooking

Cooking causes air-pollutant exposures that have potential public-
health significance. The most severe problems occur from burning of solid
biomass fuels or coal, especially in unimproved stoves, in the rural parts of
developing countries. The relationship of those concerns to climate change
is discussed toward the end of this chapter. However, even when relatively
clean fuels are used for cooking in developed countries, indoor air-pollutant
exposures with potential public-health consequences can arise. For ex-
ample, the use of natural gas as a cooking fuel is associated with increased
indoor exposures to nitrogen dioxide (NO,), a byproduct of the combus-
tion process (Marbury et al., 1988; Spengler et al., 1994). In a study in the
United Kingdom, the use of gas cooking appliances, rather than electric,
was associated with respiratory morbidity in women (but not men, possibly
women had higher exposure) (Jarvis et al., 1996). Exposure of children to
higher indoor NO, levels has also been reported to be associated with re-

2 As of January 2010, 25 states—including Florida, Texas, and California—required some
or all residences to have CO detectors (National Conference of State Legislatures, 2010).
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spiratory symptoms (such as wheeze) but not pulmonary function (Neas et
al., 1991). In a population of infants at risk for asthma, “the frequency of
reported respiratory symptoms in the first year of life was associated with
NO, levels not currently considered to be harmful” (van Strien et al., 2004).
However, another study did not find an association between NO, level and
respiratory illnesses in infants (Samet et al., 1993). A study of asthmatic
children in inner-city environments found that indoor NO, levels were
substantially elevated in homes with gas stoves and that “higher levels of
indoor NO, are associated with increased asthma symptoms in nonatopic
children and decreased peak flows” (Kattan et al., 2007). Early life expo-
sure to household gas appliances has also been associated with negative
neuropsychological development (Morales et al., 2009). Valero et al. (2009)
investigated the determinants of exposure for a cohort of Spanish women
and found that personal NO, levels were “strongly influenced by indoor
NO, concentrations.” They also found that outdoor NO, levels and the
use of gas appliances were important determinants of indoor NO, levels,
whereas no significant association “was found between personal or indoor
NO, levels and exposure to environmental tobacco smoke (ETS) at home.”

Cooking can also substantially increase indoor fine-particle mass con-
centrations (PM, ;) (Abt et al., 2000; Buonanno et al., 2009; Evans et al.,
2008; Olson and Burke, 2006; Wallace et al., 2004). Fumes from Chinese-
style cooking with hot oil have been shown to be mutagenic (Chiang et
al., 1997), and this cooking style has also been reported to be a risk factor
for lung cancer in nonsmoking women in Taiwan (Ko et al., 1997). Expo-
sure to ultrafine particles can be substantially increased by emissions from
cooking (Bhangar et al., 2011; Mullen et al., 2010). Emissions of ultrafine
particles can be caused not only by the combustion of cooking fuel but
from high temperatures associated with electric cooking elements (Wallace
et al., 2008).

Climate change could affect the indoor concentrations of cooking-
associated pollutants in the United States and other developed countries in
several ways. First, it may be that a mitigation response to climate change
drives a movement toward smaller per-capita housing space (with lower
life-cycle environmental effects) and with lower air-exchange rates (to save
heating and cooling energy). If so, emissions from cooking would be diluted
into a smaller volume and would persist for longer times, and these changes
would tend to increase concentrations and exposures associated with a
given level of cooking. Second, climate-change mitigation goals might push
cooking away from the use of natural gas and toward a heavier reliance on
electricity (assuming that electricity would be generated from lower-carbon
sources than today). Such a shift would reduce associated exposures to NO
and to the ultrafine particles formed in combustion flames. Third, tighter
building envelopes resulting from weatherization efforts might reduce the
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efficacy of local exhaust hoods and fans for removing cooking-related
emissions before they enter indoor air. Dampers have been developed that
automatically open when exhaust fans are activated to permit additional
ventilation supply air to flow freely into a building, thereby mitigating this
otherwise adverse effect of weatherization.

Space Heating

In the United States, combustion for space heating can sometimes be
associated with substantial pollutant emissions, especially because of the
relatively large amounts of fuel used for home heating compared with, for
example, cooking. When on-site combustion is used to generate heat, it is
usually the case that the heat is first extracted from the combustion gases
and then the byproducts are vented to the outside. Leakage may occur,
and some of the generated pollutants can enter the occupied indoor space
of the same building for which the heat is being generated. In addition,
combustion for heating is sometimes unvented by design, in which case all
the byproducts formed are emitted into the indoor environment with the
generated heat. The direct evidence that links household heating with health
effects is sparse. Household use of kerosene heaters and fireplaces for heat-
ing was found to be associated with respiratory symptoms in nonsmoking
women in Connecticut and Virginia during the 1990s (Triche et al., 2005).
A study of coroners’ reports in California found that unvented combustion
heating appliances and cooking indoors with charcoal were associated with
CO deaths (Liu et al., 2000).

Climate change could induce several shifts that would affect indoor air-
pollutant exposures associated with heating. First, if average temperatures
rise, as is expected, less heating may be needed, and—other things being
equal—there would tend to be less associated pollution exposure. Climate-
change mitigation efforts may lead to better insulation of buildings, which
also would lessen heating requirements. Second, there could be shifts in
the types of heating sources used. Mitigation efforts could serve as a driv-
ing force for substituting electricity (from low-carbon sources) for fossil-
fuel combustion—a change that would tend to improve IAQ. In contrast,
mitigation goals might also encourage greater use of wood as a household
heating fuel. Wood contains contemporary rather than fossil carbon. If
grown and harvested sustainably and if burned completely, wood combus-
tion could have little or no net climate impact. However, as practiced today,
residential wood combustion is associated with degraded neighborhood
air quality owing to emissions exhausted from chimneys and is associated
with degraded TAQ in the households that burn the wood owing to leak-
age of combustion byproducts into the indoor environment (Gustafson
et al., 2008; Traynor et al., 1987). If done poorly, increased wood-based
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heating could exacerbate IAQ problems associated with residential wood
combustion.

Another trend that might emerge and that would tend to degrade TAQ
is greater reliance on unvented combustion-based space heaters. Devices
of this type have a high thermal efficiency because all the generated heat
is discharged indoors. However, their use can cause substantially increased
indoor concentrations of NO,, sulfur dioxide (SO,), and particulate matter
(Francisco et al., 2010; Leaderer, 1982; Leaderer et al., 1990; Ruiz et al.,
2010; Wallace and Ott, 2011).

An additional concern associated with climate change and home heat-
ing is building envelope tightness. Efforts to save energy by reducing the
leakiness of building envelopes can increase the risk of “backdrafting,” in
which air flows into a building through the exhaust flue, instead of flowing
out of the building, and carries combustion byproducts with it. The causes
and consequences of backdrafting have received some attention in the lit-
erature (Nagda et al., 1996), but the prevalence even in current conditions
in the building stock has not been well characterized, and it is not clear
what to expect in this regard as a consequence of climate change.

Smoking

Habitual indoor smoking adversely affects IAQ and public health.
Sidestream smoke (from the smoldering tobacco product) and exhaled
mainstream smoke together constitute the source of environmental tobacco
smoke (ETS). Smoking indoors has a strong influence on indoor levels of
PM, . (Hyland et al., 2008; Nazaroff and Klepeis, 2004). ETS is also an
important cause of environmental exposure to some hazardous air pollut-
ants, including acrylonitrile, 1,3-butadiene, acetaldehyde, acrolein, and
formaldehyde (Nazaroff and Singer, 2004). Evidence indicates that several
severe adverse health effects are associated with ETS exposure, including
acute myocardial infarction (Lightwood and Glantz, 2009), lung cancer
(Fontham et al., 1994), and a host of respiratory health problems in chil-
dren (DiFranza et al., 2004). Over the past few decades, there has been a
marked reduction in exposure to ETS in the US population, as reflected in
lower concentrations of serum cotinine in nonsmokers (Pirkle et al., 2006).
The decline is a consequence mainly of declines in the amount of smoking
that occurs indoors rather than of changes in the building stock.

In a future influenced by climate change, exposure of nonsmokers to
ETS will be determined to a great degree by the prevalence and intensity
of smoking in indoor spaces. In the United States, smoking in public places
has become uncommon. However, smoking in private residences continues:
Singh et al. (2010) estimated that 7.6% of children in the United States are
exposed to ETS in their own homes. Exposures to ETS occur not only in the
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residence in which smoking occurs but, in the case of multifamily dwellings,
in neighboring units (Bohac et al., 2011). Some parts of the US population
have a relatively high prevalence of indoor smoking. For example, a study
of 100 asthmatic children in inner-city Baltimore revealed an indoor smok-
ing prevalence of 46% and found that average indoor PM, ¢ and PM,,
levels were 33-54 pg/m?3 higher in smoking than in nonsmoking households
(Breysse et al., 2005). In another study, fine-particle concentrations were
sampled over two-week periods in 294 inner-city homes with asthmatic
children (Wallace et al., 2003). In these homes, the average particle mass
concentration, 27.7 pg/m3, was considerably higher than the average con-
currently measured outdoor concentration, 13.6 pg/m?3. Smoking occurred
in 101 of the homes (34%) and caused an average increase of 37 ng/m3 for
indoor fine particle levels. Other identified sources—frying, smoky cooking
events, and use of incense—made smaller contributions, 3-6 pg/m>.

It is unknown how smoking patterns that would affect indoor ETS will
evolve. In particular, it is not clear that indoor smoking behaviors would
be influenced by climate change. Changes in tobacco or in tobacco prod-
ucts could alter the ETS characteristics associated with indoor smoking,
and there is some published evidence that tobacco itself might be altered
in response to changing temperature and atmospheric CO, levels (Ziska et
al., 2005).

Changes in the residential building stock that are a consequence of
climate-change concerns could influence exposure to ETS. Currently, unin-
tended airflow pathways in multiunit residential buildings can lead to expo-
sures to secondhand smoke in the units of nonsmokers (Kraev et al., 2009;
Wilson et al., 2011; Winickoff et al., 2010). Mitigation measures to reduce
energy use in buildings could lead to systematically lower ventilation rates
and alteration of internal airflows that could cause higher concentrations
and exposures to secondhand smoke. For a given characteristic, such as
number of cigarettes smoked indoors per day, any of those changes would
tend to increase exposures to ETS indoors.

Candles, Incense, and Other Small-Scale Combustion Processes

Pagels et al. (2009) summarize some of the IAQ concerns related to
indoor candle use. The local high temperature created by a candle flame
can volatilize candle components that are then emitted to indoor air. Some
candles have metal-cored wicks that emit lead at rates sufficient to pose
health concerns (Wasson et al., 2002). Depending on combustion condi-
tions, the candle flame also produces soot particles and other products of
incomplete combustion that are emitted indoors (Fine et al., 1999).

According to the National Candle Association (National Candle As-
sociation, 2011), US retail sales of candles are roughly $2 billion per year,
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and “candles are used in 7 out of 10 US households.” Given the type and
scale of emissions summarized in the previous paragraph, the potential for
air-pollutant exposure due to candle use would seem to be substantial, but
scientific data that would permit one to quantify the extent of indoor use
and the resulting air-pollutant exposures are lacking.

In developing countries, combustion-based technologies, such as can-
dles and kerosene lamps, are commonly used to provide lighting. Those are
inherently inefficient in converting chemical energy into light (Mills, 2005).
The air-pollutant exposure consequences of combustion-based lighting are
expected to be substantial but have only begun to be explored (Apple et
al., 2010).

Indoor air-pollutant emissions from other small-scale combustion
sources have been investigated, and a few illustrative examples are noted
here. Jetter et al. (2002) studied the emissions from burning incense and
concluded that “incense smoke can pose a health risk to people due to
inhalation exposure of particulate matter.” Liu et al. (2003) characterized
emissions and IAQ effects of burning mosquito coils, which are commonly
used in households in Asia, Africa, and South America. They concluded
that “exposure to the smoke of mosquito coils similar to the tested ones
can pose significant acute and chronic health risks.”

As in the case of other indoor combustion activities, climate change
would affect IAQ and potentially public health if it were accompanied by
a change in the source emission rate (for example, owing to a change in
use) or were accompanied by a change in the other factors that influence
exposures associated with a given magnitude of emissions. There is no good
basis of expectations of use patterns of small-scale combustion sources. As
noted in connection with other combustion sources, reduced household
volume per occupant and lower air-exchange rates might be consequences
of efforts to mitigate anthropogenic effects on climate, and such changes
would tend to increase air-pollutant exposures that result from indoor
combustion sources.

Radon and Its Decay Products

Indoor radon is a major cause of the public’s health-relevant radiation
exposure. Exposure to increased residential radon is an important risk fac-
tor for lung cancer. On the basis of a combined analysis of 13 studies that
collectively involved 7,148 lung-cancer cases and 14,208 controls, Darby
et al. (2005) concluded that residential radon is “responsible for about 2%
of all deaths from cancer in Europe.” In a parallel North American effort
encompassing 7 studies that collectively assessed 3,662 cases and 4,966
controls, Krewski et al. (2005) reported that their results “provide direct
evidence of an association between residential radon and lung cancer risk, a

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13115

Climate Change, the Indoor Environment, and Health

AIR QUALITY 89

finding predicted using miner data and consistent with results from animal
and in vitro studies.”

Radon-222 (radon), the most health-significant of the three naturally
occurring isotopes, is generated by the radioactive decay of radium-226, a
ubiquitous trace element in the earth’s crust. Being an inert gas, radon has
the potential to migrate from its parent material during its short lifetime
(half-life, 3.8 days) and enter indoor or outdoor air, where humans may
encounter it. Radon does not directly pose a substantial health hazard.
However, its radioactive decay marks the beginning of a sequence of short-
lived products. Those radon decay products—isotopes of bismuth, lead,
and polonium—are chemically reactive and, when inhaled, can be retained
on respiratory tract tissues; later radioactive decays irradiate lung cells. Of
particular health concern are the alpha-particle emissions from the decay
of polonium-218 and polonium-214. It is the radiation damage caused by
those alpha-particle emissions that creates the lung-cancer risk associated
with exposure to residential radon. The epidemiologic evidence is consistent
with a linear no-threshold dose-response model. Health risks posed by a
given level of radon exposure are much higher in smokers than in nonsmok-
ers (Ginevan and Mills, 1986).

The three main sources of indoor radon are soil near a building’s foun-
dation; earthen building materials, such as concrete; and tap water from
underground sources. In aggregate for the entire building stock, soil is the
most important radon source, although the other two sources dominate in
some buildings. The significance of soil as a source of indoor radon depends
on the radium content of the soil, on the permeability of the soil, and on
the degree of coupling between the indoor space of the building and the
pore air in the underlying and adjacent soil (Nazaroff, 1992). The only
important mechanism for removing radon from indoor air is ventilation.
However, the effective radiation dose to lung tissue associated with a given
level of indoor radon depends on the dynamic behavior of the short-lived
decay products (Porstendorfer, 1994), which can be influenced not only by
the ventilation rate but by such factors as indoor particle levels, active air
filtration, and the intensity of indoor air movement.

Annual average residential radon levels in the United States have been
estimated to have an arithmetic mean of 46 + 4 Bq/m?3 (1.25 = 0.12 pCi/L)
with an estimated 6% of dwellings exceeding the EPA mitigation level
of 148 Bq/m3 (4 pCi/L) (Marcinowski et al., 1994). EPA has estimated
that 20,000 US lung-cancer deaths a year are radon-related (Pawel and
Puskin, 2004). Radon-control systems are well established in principle for
maintaining low indoor radon concentrations (Rahman and Tracy, 2009).
However, challenges remain to identify buildings with high concentrations
and to apply effective controls, where appropriate, in both existing and
new buildings.
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Climate change might induce shifts in indoor radon and decay-product
concentrations for several reasons, although the direction and scale of the
changes are difficult to predict. Changes that would reduce ventilation rates
would tend to increase indoor radon levels and might also alter the effective
radiation dose received. Constructing buildings with or near materials that
have high radium content should be avoided irrespective of climate-change
concerns. The goal of improving the energy performance of buildings might
induce increased use of subterranean spaces for habitation or stronger ther-
mal coupling of building interiors to climate-buffered underground zones.
Care would be needed in such cases to prevent radon levels from increasing
in the occupied spaces.

Volatile Organic Compounds and Semivolatile Organic Compounds

Organic compounds constitute a diverse set of chemicals that have
a broad array of properties. For the discussion here, organic compounds
are divided into two primary groups. Volatile organic compounds (VOCs)
are species that have high enough vapor pressures to volatilize substan-
tially and, when unconfined, to be found predominantly in the gas phase.
Semivolatile organic compounds (SVOCs) are preferentially found in the
condensed phase, but they still have sufficient volatility to be present in
the vapor-phase. For SVOCs, the saturation vapor pressure is roughly in
the range 10 to 10 Pa; VOCs have vapor pressures higher than 10 Pa.
Organic compounds that have extremely low volatility can also be present
purely in the condensed phase and could still contribute to IAQ concerns
as constituents of particulate matter. An important example of this category
would be polycyclic aromatic hydrocarbons (PAHs) that have many rings.

Excessive exposures to volatile and semivolatile organic compounds
indoors raise a broad range of public health concerns. For example, many
organic chemicals that have been classified by the US federal government
as hazardous air pollutants (HAPs) are present at significant levels indoors.
This classification applies to pollutants that “cause or may cause cancer or
other serious health effects, such as reproductive effects or birth defects,
or adverse environmental or ecological effects (EPA, 2009b). Some of
these chemicals may be used as constituents of construction and finishing
materials, or as ingredients in consumer products used indoors. Seminal
research from the 1980s known as the Total Exposure Assessment Method-
ology (TEAM) studies showed that concentrations in personal air (heavily
influenced by indoor conditions, because people spend most of their time
indoors) commonly exceeded outdoor levels for several toxic air pollut-
ants, including benzene, carbon tetrachloride, chloroform, dichlorobenzene,
tetrachloroethylene, 1,1,1-trichloroethane, trichloroethylene, and xylenes
(Wallace et al., 1985, 1987, 1988).
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In addition to concerns related to their status as toxic air pollutants,
exposure to VOCs has also been associated with such health effects as al-
lergic symptoms, asthma, and symptoms of sick-building syndrome (Garrett
et al., 1999; Norback et al., 2000; Smedje et al., 1997; Ten Brinke et al.,
1998). Establishing definitive links between exposure to those compounds
and these types of health effects is challenging because the amount of ex-
posure sustained by study subjects and the conditions under which they
are exposed generally are beyond the direct control of the investigator. In
addition, human populations are routinely exposed to multiple contami-
nants whose individual, let alone joint, effects are not known (Cohen and
Gordis, 1993).

Research on indoor VOCs began in the 1980s. Research on indoor
SVOCs is much less developed. However, many studies of subclasses
of SVOCs indoors—including pesticides, polybrominated diphenyl ethers
(flame retardants), and phthalates (plasticizers)—have been published. Sev-
eral review articles have been published on the occurrence and potential
health significance of VOCs and SVOCs indoors (Brown et al., 1994;
Jones, 1999; Logue et al., 2011; Mendell, 2007; Rudel and Perovich, 2009;
Salthammer and Bahadir, 2009; Weschler and Nazaroff, 2008; Wolkoff,
1995; Wolkoff et al., 1997). Logue et al. (2011) compared published
concentration data on VOCs in US houses with health-based exposure
guidelines and standards. They identified seven organic compounds as
“priority hazards based on the robustness of measured concentration data
and the fraction of residences that appear to be impacted.” In alpha-
betical order, the seven are acetaldehyde, acrolein, benzene, 1,3-butadiene,
1,4-dichlorobenzene, formaldehyde, and naphthalene. An important at-
tribute of SVOCs is their potentially long persistence indoors. Available
evidence suggests that these may pose legacy pollution concerns (Weschler
and Nazaroff, 2008).

Focusing on sensory irritation and other perceived IAQ effects, Wolkoff
et al. (1997) have called attention to the importance of secondary pollut-
ant formation indoors due to reactions involving organic compounds and
oxidizing agents, such as ozone (O;) and NO,. Mendell (2007) reviewed 21
studies from the “epidemiologic literature on associations between indoor
residential chemical emissions, or emission-related materials or activities,
and respiratory health or allergy in infants or children.” He found that the
most frequently identified risk factors included “formaldehyde or particle-
board, phthalates or plastic materials, and recent painting.”

Emissions of VOCs indoors tend to be higher after new construction
and renovation activities because of releases from finite-capacity reservoirs
in wood-based products, paints, floor finishes, glues, and other construction
and finishing materials (Dales et al., 2008; Herbarth and Matysik, 2010).
House dust is an important repository for SVOCs and other particle-
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bound contaminants (Butte and Heinzow, 2002). Results of studies of house
dust have demonstrated the presence of polychlorinated biphenyls (PCBs),
PAHs, plasticizers (phthalates and phenols), flame retardants, other organic
xenobiotics, and inorganic constituents (Weschler and Nazaroff, 2010).
Dust ingestion can also be an exposure pathway of concern for SVOCs
(Roosens et al., 2009). Infants are generally affected more by dust inges-
tion than adults because of their contact with floors and their high level of
hand-to-mouth activity.

In subsections that follow, indoor exposure conditions and associated
health concerns are summarized for two important examples in the broader
category of VOCs and SVOCs: formaldehyde and endocrine-disrupting
chemicals. Overall, however, the state of knowledge about VOCs and
SVOC:s in indoor environments and their consequences for public health
is far from complete. The chemicals are diverse in their characteristics and
complex in their dynamic behavior. Conditions vary with time in any given
building and can also vary markedly among buildings. Concentrations are
influenced by a variety of factors, some of which reflect properties of the
chemicals, some of which depend on properties of the buildings into which
they are emitted, and some of which depend on actions of building occu-
pants, for example, in relation to frequency and intensity of use of products
that contain the chemical of concern. Occupant behaviors also affect how
concentrations are related to exposures.

Increasingly, biomarkers are being used to measure body burdens of en-
vironmental chemicals or chemical byproducts in human tissue (Paustenbach
and Galbraith, 2006; Sexton et al., 2006). Some recent work has focused
on prenatal life and infancy as highly vulnerable periods of development.
Investigations have monitored indoor exposures to multiple chemicals and
birth outcomes (Eskenazi et al., 1999; Herbstman et al., 2010; Perera et
al., 2003; Rosas and Eskenazi, 2008). However, there is still an inadequate
understanding of the relationship between environmental concentrations
of VOCs and SVOGCs, resulting biomarker levels, and associated health
outcomes.

Available information suggests that concerns about the influence of
climate change on exposures and public-health risks associated with VOCs
and SVOCs are substantial enough to warrant further attention, but it is
insufficient to support substantive conclusions. In his review of indoor pol-
lutants over the past 50 years, Weschler (2009) made an important point
in this regard, stating that

Many of the chemicals presently found in indoor environments, as well as
in the blood and urine of occupants, were not present 50 years ago. Given
the public’s exposure to such species, there would be exceptional value in
monitoring networks that provided cross-sectional and longitudinal infor-
mation regarding pollutants found in representative buildings.
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Formaldehyde

Formaldehyde is a chemical of concern as a carcinogen and as an air-
way irritant. The International Agency for Research on Cancer has classified
formaldehyde as “carcinogenic to humans” (IARC, 2006). Formaldehyde
is listed by EPA as a hazardous air pollutant (EPA, 2008) and as a toxic
air contaminant in the state of California (OEHHA, 2007). Indoor form-
aldehyde levels can be elevated because of emissions from indoor sources,
such as wood-based products, paints, O;-initiated chemical reactions, and
combustion (Salthammer et al., 2010). Acute effects, such as eye, nose, and
throat irritation have been observed after controlled exposures at levels of
at least 1,230 pg/m3 (Kulle, 1993); however, persons who have asthma or
allergic sensitization have been shown to respond with bronchial symptoms
to exposure at concentrations as low as 100 pg/m3 (Casset et al., 2006). An
Institute of Medicine report on IAQ and asthma concluded that there was
limited or suggestive evidence of an association between formaldehyde ex-
posure and wheezing and other respiratory symptoms (IOM, 2000). It also
concluded that there was inadequate or insufficient evidence to determine
whether an association between formaldehyde exposure and asthma exists.
At moderate to high exposure, formaldehyde can be irritating, producing
such symptoms as sore throat, cough, scratchy eyes, and nosebleed. Some
people are more sensitive than others, and an exposure that causes no
problems for some people can make other people sick or uncomfortable.

There is no US federal regulation or standard for formaldehyde levels
in residential settings. In 2008, however, California established a regulation
limiting the emissions of formaldehyde from composite wood products?
that are common indoor sources of formaldehyde (California Environmen-
tal Protection Agency, 2011). Also, the California Air Resources Board
has published a guideline value of 27 ppb (33 pg/m?) for formaldehyde in
residences to avoid irritant effects (Cal/EPA ARB, 2004).

Residential formaldehyde levels are influenced by ventilation rates. In a
sample of 122 new homes in California, formaldehyde levels were inversely
correlated to the air-exchange rate (Offermann, 2009). Based on 24-h aver-
age samples in 105 of these homes, more than 90% exceeded California’s
chronic reference exposure level of 9 pg/m? (OEHHA, 2007) and 59% ex-
ceeded the 33 pg/m? indoor guideline value. A study of 96 homes in Québec
City found that higher concentrations of formaldehyde were associated
with lower air-exchange rates (Gilbert et al., 2006). A monitoring program
that sampled formaldehyde in 252 homes in Germany also found that in-
door levels were inversely correlated with air-exchange rates (Salthammer

3 California Code of Regulations §93120. Airborne Toxic Control Measure to Reduce
Formaldebyde Emissions from Composite Wood Products.
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et al., 19935). That study also found that indoor formaldehyde levels were
positively, albeit weakly correlated with higher indoor temperatures and
relative humidities. Higher indoor temperatures and relative humidities
might be expected in some indoor environments as a consequence of climate
change.

In response to the first modern energy crisis in the 1970s, urea-
formaldehyde foam insulation (UFFI) was widely used as a retrofit build-
ing insulation material. Emissions of formaldehyde, perhaps exacerbated
because of improper or inappropriate use in some cases, led to a concern
among Canadian authorities, where the use of UFFI was banned in 1980
(CMHC, 2011). In 1982, UFFI was banned by the US Consumer Products
Safety Commission (CPSC, 1982); however, that ban was overturned by
a legal ruling in 1983 (CPSC, 1983). Research conducted on homes with
UFFI in Toronto only showed a moderate increase in formaldehyde levels
(median = 38 ppb, N = 571) compared with untreated homes (median =
31 ppb; N = 231) (Broder et al., 1988). Remedial intervention to remove
UFFI from some homes showed post-removal improvement in many health
status indicators, although the “improvement in health status among the
UFFI removal subset was not associated with any significant diminution of
formaldehyde exposures” (Broder et al., 1991). Abbé and Hoey (1984)
reviewed the evidence available at that time and concluded that “epidemio-
logic studies have not established causation or an association between UFFI
exposure and health effects.”

After Hurricane Katrina (in 2005), hundreds of temporary housing
trailers provided by the Federal Emergency Management Agency were
found to have elevated levels of formaldehyde (Maddalena et al., 2009).
After learning of the potential concern regarding the air quality in the trail-
ers used for temporary housing after hurricanes, the Centers for Disease
Control and Prevention stated that residents living in temporary trailer
housing should open windows as much as possible to let in fresh air, keep
indoor temperatures at the lowest comfortable setting, run an air condi-
tioner or dehumidifier to control mold, and spend as much time outdoors as
possible. Children and elderly people and those with chronic diseases, such
as asthma, were particularly encouraged to spend time outside. However,
in the event of unhealthful outdoor temperatures and high outdoor levels
of pollutants, vulnerable populations may be forced to choose between
unhealthful indoor exposures to formaldehyde and other pollutants from
indoor sources and exposures to heat and outdoor air pollution. Persons
in buildings that lack adequate ventilation and air conditioning would be
particularly vulnerable.
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Endocrine-Disrupting Chemicals

Many of the chemicals classified as SVOCs and used in products found
indoors have demonstrated or suspected endocrine-disrupting properties
(Rudel and Perovich, 2009). Human exposure to indoor air and to dust
enriched with endocrine-disrupting chemicals released from indoor sources
has become an issue of increasing concern (Hwang et al., 2008; Rudel
et al., 2003, 2010). Semivolatile, endocrine-disrupting chemicals of con-
cern include brominated organics, such as polybrominated diphenyl ethers
(PBDEs), used as flame retardants; phthalates, used as plasticizers; PCBs,
historically used in caulks and many other products; and pesticides, in-
cluding organochlorines (such as DDT), organophosphates (such as chlor-
pyrifos), and pyrethroids (such as permethrin). The following paragraphs
provide brief summaries of the concerns for the first three of these classes;
pesticides are discussed in Chapter 6.

Epidemiologic studies have demonstrated some associations between
indoor levels of SVOCs and adverse health effects, such as childhood
leukemia, neurologic disorders, non-Hodgkin lymphoma, and respiratory
symptoms (Bornehag et al., 2004; Butte, 2004; Colt et al., 2006). Studies
have also produced suggestive evidence that prenatal exposure to those
substances may have a deleterious effect on neurodevelopment (Chevrier
et al., 2008; Eskenazi et al., 2006; Jacobson and Jacobson, 1996; Jacobson
et al., 1990; Rogan and Gladen, 1991; Rogan et al., 1986).

PBDEs, a major class of flame retardants, are ubiquitous environmental
contaminants with particularly high concentrations in humans in the United
States (Fischer et al., 2006). For the purpose of retarding ignition, these
chemicals are added to consumer electronic cases and other materials used
indoors. The compounds are slowly released from the products during their
life cycles (Alcock et al., 2003). Biomonitoring has shown children’s levels
to be 2-5 times higher than those of their parents, perhaps because of chil-
dren’s greater exposure to and ingestion of house dust into which PBDEs
preferentially partition (Fischer et al., 2006). The potential health hazards
of PBDEs are attracting increasing scrutiny. They have been shown to re-
duce fertility in humans at levels found in households (Harley et al., 2010).
Children who have higher concentrations of PBDEs in their umbilical-
cord blood at birth have been found to score lower on neurodevelopment
tests at the ages of 1 and 6 years (Herbstman et al., 2010). Although the
pathways through which PBDEs get into people are not fully understood,
releases from indoor construction and furnishing materials, aging and wear
of consumer products, and direct exposure during use (for example, from
furniture) are potentially important contributors.

Phthalates are one of the more abundant contaminants in household
dust. At one time, they were considered safe, but studies have revealed
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that they may pose endocrine-disruption risks and exhibit reproductive
and developmental toxicity (ATSDR, 2002; Duty et al., 2003; Hauser and
Calafat, 2005). EPA announced that a review of the safety of these chemi-
cals would begin in fall 2010—an indication of concern about phthalates
based on toxicity (particularly in the development of the male reproduc-
tive system), prevalence in the environment, widespread use, and resulting
human exposure (EPA, 2010a). Adverse effects on the development of
the male reproductive system may be the most sensitive health outcomes
of phthalate exposure according to studies of laboratory animals. Several
studies have shown associations between phthalate exposures and human
health, although no causal link in humans has been established. Biomoni-
toring data from 1999-2000 and 2001-2002 demonstrated that children
have the highest exposures to phthalates of all groups monitored; other
biomonitoring data have shown in utero exposures to phthalates (CDC,
2005). Indoor environmental exposures may be important contributors to
total uptake (Wormuth et al., 2006).

Although the use of PCBs has been banned or restricted for decades,
they are still being found indoors in older buildings at levels that are con-
sidered to be of concern for human health. Potential health risks posed by
PCBs remain high in some indoor environments because of weak removal
processes and long-term release from sources (Herrick et al., 2004; Rudel
et al., 2008).

Carbon Dioxide

Indoor exposures to CO, are likely to increase as a consequence of
climate change. The atmospheric background concentration of CO, is
rising. The preindustrial level was approximately 280 ppm; the level is
about 390 ppm now and continues to rise by a few parts per million per
year (Keeling, 2009; NRC, 2010). There is also evidence of a rural-urban
gradient—levels of CO, in outdoor air are higher in urban than in rural
environments (George et al., 2007)—and the percentage of people living
in urbanized areas is increasing. In the United States in 2000, 58% of the
population lived in an urbanized area with a population above 200,000 (US
Department of Transportation, 2004).

CO, levels are substantially higher in occupied buildings than outdoors.
Unvented combustion sources can contribute, but the main indoor source of
CO, is the exhaled breath of building occupants. The metabolic production
of CO, by humans depends on diet and activity level. A sedentary adult
typically generates CO, at 0.31 L/min (ASHRAE, 2010), corresponding to
34 g/h (at an atmospheric pressure of 1 atm and a temperature of 293 K).

CO, levels are commonly used to guide ventilation practice in occupied
buildings. In that case, CO, is serving as a marker of human bioeffluents.
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Research shows that “maintaining a steady-state CO, concentration in a
space no greater than about 700 ppm above outdoor air levels will indicate
that a substantial majority of visitors entering a space will be satisfied with
respect to human bioeffluents (body odor)” (ASHRAE, 2010).

In common practice, building ventilation requires energy use. In me-
chanically ventilated buildings, fan power is required to move air through
ducts. When the temperature or humidity of the outdoor air is not suitable
for establishing desired indoor conditions, energy is used to condition the
ventilation air. The desire to mitigate effects of climate change is creating
pressure to reduce ventilation rates in buildings and the use of energy.
Hence, one might reasonably expect indoor CO, to rise in a climate-
change-influenced future for two reasons: increased baseline levels due to
rising outdoor CO, levels, especially in cities; and reduced ventilation rates
in buildings as part of a mitigation strategy.

CO, is an acid gas. At high levels, “inhalation of CO, can produce
physiological effects on the central nervous, respiratory, and the cardiovas-
cular systems” (US Department of Labor, 1990). Recognizing its potential
for frank adverse health effects, the Occupational Safety and Health Admin-
istration maintains an occupational standard for CO,, with a “transitional
limit” of 5,000 ppm for the 8-h time-weighted average (US Department of
Labor, 1989).

Occupational standards for pollutants are typically set at much higher
levels than would be appropriate for the general public. In the United
States, there are no health-based guidelines or standards for CO, itself that
would apply for the general public in all indoor environments. In Germany,
a governmental work group recommended that “based on health and hy-
giene considerations: concentrations of indoor air carbon dioxide levels
below 1000 ppm are regarded as harmless, those between 1000 and 2000
ppm as elevated and those above 2000 ppm as unacceptable” (Ad-hoc
Work Group, 2008; translated in Heinzow and Sagunski, 2009).

Existing literature does not provide a clear answer to the question of
whether public-health consequences are associated with exposure to CO
indoors at the levels at which they might occur in a future influenced by
climate change, but it does contain some important clues. A study by Beko
et al. (2010) measured CO, in the bedrooms of 500 Danish children to
characterize ventilation conditions during sleep. They found that 6% of
the rooms had levels over 3,000 ppm (20-min running mean) at some time
during the night, which is well above that viewed as “unacceptable” by
the German indoor-air working group cited above. Shendell et al. (2004)
studied the association between student absenteeism and classroom CO,
in Washington and Idaho. They found that 45% of classrooms studied
“had short-term indoor CO, concentrations above 1000 ppm.” They also
found a statistically significant association between higher indoor—outdoor
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differences in CO, and student absenteeism. Haverinen-Shaughnessy et al.
(2011) measured CO, in 100 classrooms, inferred that 87 had substandard
ventilation rates, and found a positive association between the inferred
ventilation rates (0.9-7.1 L/s per person) and student performance on stan-
dardized tests. Seppinen et al. (1999) reviewed the literature on ventilation
rates, CO, concentrations, and sick-building syndrome symptoms. They
reported that “about half of the carbon dioxide studies suggest that the risk
of sick building syndrome symptoms continues to decrease with decreasing
[indoor] carbon dioxide concentrations below 800 ppm.” Evaluating data
from a study conducted by EPA of 100 US office buildings, Erdmann and
Apte (2004) found “statistically significant, dose-dependent associations
(P < 0.05) for combined mucous membrane, dry eyes, sore throat, nose/
sinus congestion, sneeze, and wheeze symptoms” with the difference be-
tween indoor and outdoor CO, levels.

It is important to note that those associations do not demonstrate that
CO, itself is harmful to public health at the levels ordinarily encountered
indoors. It may be that the adverse effects reported result from some other
contaminant whose concentrations correlate with those of indoor CO,. Al-
ternatively, because CO, is not only a product of metabolism but a biologic
trigger to induce breathing, it is conceivable that levels of CO, encountered
indoors have direct health consequences. Studies of health hazards of CO,
exposure have tended to stress conditions in healthy young adults, such as
submariners (Margel et al., 2003), astronauts (Manzey and Lorenz, 1998),
and motorcycle riders (Bruhwiler et al., 2005). Studies are lacking of the
potential health consequences of chronic or episodic exposures to increased
CO, at levels below 5,000 ppm in the young, the elderly, and the infirm.

OUTDOOR SOURCES

Air pollutants of outdoor origin enter buildings with ventilation air.
Depending on the pollutant and the building conditions, the indoor pro-
portion of the outdoor pollutant level ranges from zero (perfect sheltering)
to 100% (no benefit from being indoors). A building provides virtually no
protection against CO, from the outdoors, for example, but does provide
some protection against PM and O;. Filters in the mechanical ventilation
system of typical commercial buildings actively remove some portion of the
particles in the air that passes through them (Hanley et al., 1994). Particles
can also deposit onto indoor surfaces passively, and this phenomenon re-
duces the indoor proportion of outdoor particles (Riley et al., 2002). Ozone
can be removed from ventilation air by using activated carbon (Beko et al.,
2009; Shair, 1981), but the use of activated carbon in building mechanical
systems is not common. On the other hand, O, reacts rapidly with indoor
surfaces and with selected chemicals in indoor air (most notably nitric
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oxide [NO]J and terpenes). Consequently, the indoor level of O; attribut-
able to its presence outdoors is reduced, commonly to 20-70% of the out-
door level (Weschler, 2000). However, O, reactions indoors also generate
byproducts—including formaldehyde, acrolein, and ultrafine particles—that
have potential adverse effects (Weschler, 2006). Those two air pollutants,
PM and O;, currently receive the most attention in outdoor air-pollution
control policy, and urban environments are furthest from compliance with
air-quality standards for them. The relationship of indoor to outdoor con-
centrations for PM and O, have complex characteristics but also have been
fairly well studied.

Epidemiologic studies indicate that ambient concentrations of PM and
O, are associated with substantial adverse health effects. It is thus impor-
tant to consider what could happen to those pollutants in indoor air in a
climate-change regime. In addition to PM and O, which are addressed in
detail below, other ambient pollutants are worth discussing, at least briefly;
several are summarized at the end of this section.

Particulate Matter of Outdoor Origin

Airborne particles are a complex pollutant class, with source attributes,
atmospheric dynamics, and health consequences that vary with size and
chemical composition. EPA has established and maintains health-based
national ambient-air quality standards (NAAQSs) for PM in outdoor air.
The standards are based on 24-h average and annual average mass con-
centrations of particles finer than 10 pm in diameter (PM, ) and finer than
2.5 pm in diameter (PM, ). Particles 2.5-10 pm in diameter are referred
to as coarse, and particles smaller than 2.5 pm in diameter are termed fine.
The NAAQSs for PM do not consider the chemical composition of the
particles. Emerging evidence suggests that inhalation exposure to ultrafine
particles, those smaller than 0.1 pm in diameter, also poses health risks in a
manner that would not be well captured by the existing NAAQSs (Sioutas
et al., 2005). In addition to the ambient overall PM mass-concentration
standards, some chemical components (such as lead) that would be found
primarily in the particle phase are regulated separately, either under the
NAAQS or as hazardous air pollutants (EPA, 2010c).

PM in outdoor air is strongly associated with adverse health outcomes.
After a comprehensive review, Pope and Dockery (2006) concluded that
“the literature provides compelling evidence that continued reductions in
exposure to combustion-related fine particulate air pollution as indicated
by PM, ; will result in improvements in cardiopulmonary health.” In a
2009 study, Pope et al. concluded that “a decrease of 10 pg m= in the
concentration of fine particulate matter was associated with an estimated
increase in mean (xSE) life expectancy of 0.61 = 0.20 year (P = 0.004).”
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Coarse particles (Brunekreef and Forsberg, 2005) and ultrafine particles
(Oberdorster, 2001) have also been associated with adverse health effects
that can be different from those of the fine-particle fraction.

Atmospheric particles may be classified as primary or secondary. Pri-
mary PM is emitted directly in the particle phase from sources. Secondary
particles are formed in the atmosphere from the conversion of gaseous pre-
cursors to condensed-phase species. Coarse particles are mainly of primary
origin and tend to be mechanically generated, for example, by abrasion.
Soil dust, sea salt, and fragments of tires, roadways, and vehicle brakes
are primary particles that are found mainly in the coarse mode. Coarse
particles are commonly removed fairly rapidly (in minutes to hours) from
the atmosphere by a combination of gravitational settling and inertial im-
paction on the earth’s surface. Because of their short atmospheric lifetime,
concentrations of coarse particles can be spatially heterogeneous, with
elevated concentrations found near emission sources.

The fine mode is a mixture of primary and secondary particles. Much
of the primary material results from combustion processes and consists
of noncombustible impurities, such as trace metals in coal, or products of
incomplete combustion, such as soot (which is largely elemental carbon).
Most of the atmospheric fine-particle mass is associated with sizes greater
than 0.1 pm. Important secondary contributions to fine particles are associ-
ated with emissions of gaseous ammonia (NH,), nitrogen oxides (mainly
NO), and SO,. Atmospheric oxidation processes convert the nitrogen ox-
ides (NO, ) and SO, to nitric acid and sulfuric acid, which can then combine
with NH, to form salts, such as ammonium nitrate or ammonium sulfate.
These salts condense onto pre-existing particles to contribute to the fine-
particle mass concentration.

Another important source of secondary PM derives from the emission
of VOCs and SVOCs. Atmospheric oxidation processes tend to increase
the polarity and reduce the vapor pressure of those species, causing their
partitioning to shift from the gas phase to the condensed phase. Secondary
particle formation occurs on a regional scale, in part because the relatively
long time (hours to days) required for the atmospheric transformation
processes allows substantial transport and dispersal from local and urban
sources.

The particle size range 0.1-2 pm in diameter is also known as the ac-
cumulation mode because of the relatively long atmospheric persistence
associated with these particles (Nazaroff, 2004). They are too big to diffuse
and too small to settle rapidly, so they persist for many days in the atmo-
sphere.* The combined importance of secondary formation and the slow

4 Incorporation into cloud drops that precipitate is a major atmospheric removal mechanism
that provides a typical atmospheric lifetime of 1-2 weeks for accumulation-mode particles.
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atmospheric removal processes mean that fine-particle mass concentrations
exhibit a higher degree of spatial homogeneity than do coarse particles.

Atmospheric ultrafine particles have important primary sources, mainly
tailpipe emissions from internal-combustion engines (Kittelson, 1998). They
are also formed through secondary nucleation events in the atmosphere
(Kulmala et al., 2004). Ultrafine particles have relatively short atmospheric
lifetimes. Primary ultrafine particles exhibit high spatial heterogeneity with
very high concentrations on and near heavily traveled roadways. In con-
trast, secondary ultrafine particles are formed on a regional scale and so
exhibit more spatial homogeneity. However, the secondary formation events
occur as bursts, so the temporal variability associated with secondary ul-
trafine particles can be high.

The degree to which particles of outdoor origin are present indoors
depends on three main factors: particle size, building ventilation rate, and
the presence and degree of effectiveness of any filters used for removing
particles from an HVAC system or from recirculated air. Particles in the ac-
cumulation mode have the greatest ability to penetrate and persist indoors
(Bennett and Koutrakis, 2006; Nazaroff, 2004; Riley et al., 2002). Coarse
particles have a more difficult time in penetrating infiltration cracks in the
building envelope (Liu and Nazaroff, 2001) or penetrating fibrous filters in
ventilation systems (Hanley et al., 1994). Coarse particles also deposit more
rapidly onto indoor surfaces (Thatcher et al., 2002). Similarly, ultrafine
particles penetrate infiltration cracks less effectively, are filtered more easily,
and deposit onto indoor surfaces more rapidly (Lai and Nazaroff, 2000)
than do accumulation-mode particles. Using a material balance model with
empirical data on governing factors, Riley et al. (2002) estimated that an
urban residence with a typical ventilation configuration would have indoor
proportions of outdoor particles of about 0.45 for particle-number concen-
tration (mainly ultrafine particles), about 0.8 for PM, . mass concentration,
but only about 0.2 for coarse-particle mass concentration. Those results
also illustrate that buildings typically provide occupants some protection,
but not extensive, from exposure to particles in outdoor air.

Absent active filtration, higher ventilation rates tend to produce higher
indoor concentrations of outdoor particles. The reason is that ventilation
serves as the sole source introducing outdoor particles into indoor air but as
only one of several removal mechanisms. Higher ventilation rates increase
the source term proportionally, but removal rates less than proportionally.
Furthermore, higher rates of ventilation provided by open doors and win-
dows (natural ventilation) tend to allow penetration with little attenuation.

In mechanically ventilated buildings, filters are commonly used to treat
the supply air. Their efficiency can vary widely, as classified by the “mini-
mum efficiency reporting value” (ASHRAE, 1999). The effectiveness of
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filtration in providing protection indoors against particles of outdoor origin
depends both on filtration efficiency and on the airflow configuration.

In addition to those considerations, the chemical composition of par-
ticles can influence the penetration and persistence of outdoor particles in
indoor environments. For example, Lunden et al. (2003) have shown that,
under wintertime conditions, aerosol ammonium nitrate levels can be much
lower indoors than outdoors. With warmer temperatures indoors, ammo-
nium nitrate has an enhanced tendency to dissociate to its constituent gases,
NH, and HNOj,, and the HNO; is then rapidly scavenged by the chemically
basic gypsum wallboard commonly found indoors.

Regarding vulnerable populations, the findings of Hystad et al. (2009)
should be noted. They found that “residences with low [economic] building
values had higher infiltration efficiencies than other residences, which could
lead to greater exposure gradients between low and high socioeconomic
status individuals than previously identified using only ambient PM, . con-
centrations.” Results from McCormack et al. (2008) are also noteworthy
in this regard. They reported time-integrated measurements of particle
levels (PM,, and PM, ;) for three-day periods in the homes of 300 children
(ages 2—6) in Baltimore’s inner city. The children were primarily African-
American and from lower socioeconomic conditions. Smoking prevalence
in the homes was 56%. Average indoor PM, . and PM, levels were higher
indoors (39.5 and 56.2 pg/m?, respectively) than the simultaneously mea-
sured outdoor levels (15.6 and 21.8 pg/m?, respectively). Evidently because
of the importance of indoor sources, open windows were associated with
significantly lower indoor PM levels.

The question of what might be expected with respect to indoor par-
ticles of outdoor origin in a future in which climate change occurs is best
addressed in two parts: What is expected to happen to outdoor particles?
How might the indoor proportion of outdoor particles shift because of
changes in building design and operation?

Regulated Particulate Matter

With respect to the first question, it is useful to consider the pos-
sibilities sorted into several categories of outdoor particles. Particles in
outdoor air are subject to air-pollution control regulations. Given the
strong regulatory, public-policy, and technology momentum and given
that many areas in the United States are out of compliance with existing
NAAQSs for PM, one might expect some overall improvement over the
coming decades with regard to ambient particle levels, at least for the
PM,, and PM, . particle mass concentrations for which the regulatory
machinery is the strongest.
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o Sulfate from coal-fired power plants. Important contributions to
improved ambient particle levels could be achieved by reducing
SO, emissions from coal-fired power plants. A transformation in
the direction of lower sulfur emissions from coal combustion could
be accelerated because of climate-change concerns, in that coal-
fired electricity in the United States accounts for a large proportion
(5-10%) of global anthropogenic emissions of fossil carbon to the
atmosphere.

o Tailpipe emissions from motor vebicles. A shift away from the use
of petroleum as a transportation fuel would also have important
benefits for reducing ambient particle concentrations. Because of
the proximity of urban roadways to buildings, tailpipe emissions
from vehicles have a higher effectiveness in causing indoor-air
pollutant exposure per unit mass emitted than do central-station
power plants, which emit their pollutants from tall stacks, often
on the edge of or remote from populous regions. As with coal-fired
electricity, an effective response to climate change in the transpor-
tation sector might yield cobenefits in reducing indoor exposure
to PM. For example, a shift from vehicles powered by internal-
combustion engines to plug-in hybrid vehicles, to electric vehicles,
or to fuel-cell-powered vehicles could lead to a substantial net
reduction in outdoor particle levels near buildings and consequent
improvements in [AQ.

o Distributed electricity generation. A trend may emerge toward
more distributed generation of electricity in the form of combustion
close to the point of use (Pepermans et al., 2005). There are poten-
tial efficiency benefits if electricity generation is combined with use
of waste heat (for example, to heat water in buildings). A poten-
tial disadvantage is that such technologies risk being more poorly
controlled than central-station power plants, so emissions per unit
of useful energy output may be higher. Furthermore, and more
importantly, the efficiency in causing exposure may grow markedly
higher in moving from central-station to distributed power genera-
tion because emissions and people will be in closer proximity in the
case of distributed generation (Heath and Nazaroff, 2007; Heath
et al., 2006).

e Residential wood combustion. Climate-change concerns might lead
to increased use of wood combustion and the burning of other con-
temporary carbon fuels for home heating. Most US home heating
is accomplished by burning fossil fuels either directly (e.g., natural
gas or fuel oil at the home site) or indirectly (e.g., by use of electric-
ity that is generated from burning coal or natural gas). Mitigation
strategies to reduce greenhouse gas emissions will aim to reduce
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societal reliance on fossil fuels. Among the potential strategies
could be increased use of renewable fuels such as wood and other
biomass sources as a substitute for fossil fuels. Residential wood
smoke is an important contributor to ambient particle levels in the
winter in many communities (McDonald et al., 2000; Naeher et al.,
2007). It is also possible that wood-combustion technologies could
be improved to the point where excessive emissions are limited or
avoided (Olsson and Kjallstrand, 2006; Ward et al., 2010). And, if
improved wood-combustion technologies are not sufficiently effec-
tive, it may be that community concerns about the adverse health
risks from wood smoke exposure would constrain any increase in
use.

Wildfires. Climate change is expected to increase the frequency of
wildfires. Higher ambient temperatures combined with episodes of
drought could lead to periods with a higher tendency for forests to
burn. Park et al. (2007) have evaluated the importance of burning
of biomass of all types as a source of fine PM in the US ambient
atmosphere. They have estimated that wildfires, other fires, and
residential and industrial biofuel use currently account for 20%
(eastern United States) to 30% (western United States) of total
observed fine-particle concentrations in outdoor air. Furthermore,
they have estimated that annual carbon emissions from open fires
were about twice as high (0.7-0.9 Tg per year) as those from bio-
fuel use (0.4 Tg per year). They concluded that biomass burning
is “an important contributor to US air quality degradation, which
is likely to grow in the future.” Spracklen et al. (2009) have es-
timated that the annual mean area burned in the western United
States will be about 50% larger in 2050 than in 2000, owing to
climate-change effects; they also predict increases in summertime
organic carbon and elemental carbon aerosol concentrations over
the western United States of 40% and 20%, respectively, with most
of the change attributable to increased wildfire emissions. Because
wood-smoke particles are primarily in the fine mode, ordinary
indoor environments, especially residences, do not provide much
protection from them. However, Barn et al. (2008) have shown in
an experimental study that using a recirculating, high-efficiency fil-
ter indoors can provide some protection against exposure to wood
smoke associated with forest fires.

Windblown dust. Another projected effect of climate change is
increased frequency of drought in semi-arid regions. If water re-
sources become further strained, changes in water allocations could
increase the dryness of land surfaces, for example owing to reduced
irrigation of crops and declining reservoir or lake levels. Conditions
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such as these would have a tendency to increase the emissions of
windblown dust into the atmosphere. Results of several studies il-
lustrate the nature of the concern. Chan et al. (2008) reported that
Asian dust storms were associated with an increased frequency of
emergency-room visits for ischemic heart disease, cerebrovascular
disease, and chronic obstructive pulmonary disease (COPD). Kuo
and Shen (2010) showed that PM, ; and PM,, levels in an of-
fice building increased during a dust storm. Hefflin et al. (1994)
reported very high PM, levels (more than 1,000 pg m) during
seasonal dust storms in southeastern Washington state. However,
on the basis of daily emergency-room visits, they concluded that,
“the naturally occurring PM, in this setting has a small effect on
the respiratory health of the population in general.” In contrast,
Ostro et al. (2000) studied daily mortality in relation to particulate
air pollution in the Coachella Valley, California, where “coarse
particles of geologic origin are highly correlated with and com-
prise approximately 60% of PM,,, increasing to >90% during
wind events.” Their results demonstrated “associations between
several measures of particulate matter and daily mortality in an
environment in which particulate concentrations are dominated
by the coarse fraction.” Malig and Ostro (2009) assessed mortal-
ity statistics in 15 California counties for 1999-2005 in relation to
coarse-particle monitoring data and found “evidence of an associa-
tion between acute exposure to coarse particles and mortality” and
that “lower socioeconomic status groups may be more susceptible
to its effects.”

Indoor Proportion of Outdoor Particles

The building stock in the future may substantially differ from current
conditions. The body of evidence is weak for predicting how such changes
may affect the infiltration and persistence of particulate matter from out-
door air. The basis is even weaker for attributing a portion of whatever
evolution occurs specifically to climate change. Available information on
conditions in the United States indicates that residential buildings have
tended to become more airtight (Chan et al., 2005), which reduces air
infiltration rates. Measurements in new single-family dwellings in Califor-
nia suggest that low ventilation rates are common in that portion of the
building stock: 67% of 108 homes monitored had ventilation rates lower
than the California building-code requirement of 0.35 air change per hour
(Offermann, 2009). As noted before, lower air-exchange rates tend to pro-
vide some protection for building occupants against particles of outdoor
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origin. However, with lower air-exchange rates, concentrations of particles
and other pollutants emitted from indoor sources would be higher.

The US housing stock seems to be moving toward more widespread use
of mechanical systems to provide ventilation (Offermann, 2009; Russell et
al., 2007). Mechanical systems that provide supply air can be equipped with
filters to remove particles, and high filtration efficiency is available at mod-
est cost (Beko et al., 2008; Fisk et al., 2002). On the other hand, exhaust-
only systems, such as continuous bathroom exhaust fans, do not provide
the opportunity to deliberately filter supply air as a means of protecting
occupants from outdoor particles. Furthermore, there are concerns that
the presence of used filters in ventilation supply systems contributes to de-
graded TAQ and, for example, may increase the occurrence of sick-building
syndrome symptoms (Beko, 2009). Further technological innovation might
be warranted to achieve economical and reliable high-performance me-
chanical ventilation systems in residences that provide good protection for
occupants against particles of outdoor origin.

Ozone and Its Byproducts

Ozone is a secondary pollutant that is formed in the atmosphere by
photochemical reactions involving NO_and VOCs. Ozone concentrations
in outdoor air have declined slowly in the United States, resisting relatively
vigorous efforts to control precursor emissions. The background level of
O, in the clean troposphere also has risen. As health-science information
has improved, the NAAQS standard for O, has become more stringent.

Several modeling studies have explored the consequences of climate
change for outdoor O, concentrations. Hogrefe et al. (2004b) combined a
global circulation model, a mesoscale regional climate model, and an air
quality model to simulate summertime ozone levels in the eastern United
States for the 2020s, 2050s, and 2080s. As compared with the 1990s, and
considering only the effects of climate change (using the Intergovernmental
Panel on Climate Change’s A2 scenario), the maximum 8-h ozone level
increased by 2.7, 4.2, and 5.0 ppb, respectively, for the three future time
periods. In a related study, Bell et al. (2007) estimated hourly concentra-
tions in 50 eastern US cities in the 1990s and also for the 2050s, taking
account of the predicted change in climatic conditions (again using Interna-
tional Panel on Climate Change [IPCC] Scenario A2) but not accounting for
changes in anthropogenic precursor emissions. A key finding of their study
is that “on average across the 50 cities, the summertime daily 1-h maxi-
mum [O; level] increased 4.8 ppb, with the largest increase at 9.6 ppb.”
Tagaris et al. (2009) reported on the results of a detailed modeling study
of outdoor PM, ; and O levels in the United States. Like the study by
Bell et al., this study did not account for changes in emission sources or
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population. Tagaris et al. estimated that climate-change-induced shifts in
PM, ¢ levels would cause roughly 4,000 additional deaths per year in 2050
compared with 2001, and 300 additional deaths per year would be caused
by increasing O, concentrations. In an earlier study, Tagaris et al. (2007)
reported model predictions of regional concentrations of O, and PM, . over
the whole United States, incorporating not only the direct effects of climate
change (using IPCC Scenario A1B) but expected emission reductions for the
year 2050. They estimated that emitted NO_ and SO, would be reduced
by more than 50%. They found that “impacts of global climate change
alone on regional air quality are small compared to impacts from emission
control-related reductions.” Overall, they predicted a 20% decrease in the
mean summer maximum daily 8-h O, levels and that mean annual PM,
levels would be an average of 23% lower. Racheria and Adams (2009) pub-
lished an analogous study in which they concluded that “climate change,
by itself, significantly worsens the severity and frequency of high O events
over most locations in the US, with relatively small changes in average O,
air quality.”

Buildings offer some protection from O, exposure because O; irrevers-
ibly decomposes on indoor surfaces and reacts with some gas-phase species
(primarily NO and terpenes) that may be found indoors. However, some O,
that penetrates does persist. Given common residual O, levels indoors and
the fact that people spend most of their time indoors, most O; exposure oc-
curs indoors (Weschler, 2006). New evidence from research on O-initiated
chemistry raises a potentially important question: To what extent are the
health risks that are ascribed to ozone exposure influenced by the coinci-
dent exposure of the products of ozone-initiated chemistry? Ozone-initiated
chemistry, producing potentially health-relevant volatile byproducts such as
aldehydes and organic acids, can occur on indoor surfaces (Weschler, 2004),
on clothing (Coleman et al., 2008), on hair (Pandrangi and Morrison,
2008), and even on human skin (Wisthaler and Weschler, 2010).

The distinction is important in the context of climate-change effects on
TAQ and health. Changes in building design and operation can be antici-
pated owing to development of new materials, resource limitations, chang-
ing economic conditions, changing fashion, and other factors (Weschler,
2009). Such changes might deliberately or inadvertently alter the indoor—
outdoor relationship for O;, for example, through the introduction of
active or passive controls (Kunkel et al., 2010; Lee and Davidson, 1999;
Shair, 1981). Such changes could also deliberately or inadvertently alter the
nature, degree, and importance of O;-initiated indoor chemistry. These con-
siderations overlap but are not coincident. Overall, if ambient O, concen-
trations increase while ventilation rates decrease, the net effect on indoor
O, concentrations is uncertain, because changes in these two factors have
opposing influence on indoor ozone levels. However, both of these factors
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tend to increase the indoor concentrations of the byproducts of O-initiated
chemistry.

Pollen

Researchers have suggested that pollen levels in outdoor air may rise as
a consequence of higher CO, levels, warmer temperatures, and concomitant
longer growing seasons resulting from climate change (Ziska et al., 2009),
which would have consequences for health outcomes like allergic rhinitis,
asthma, and atopic dermatitis (Reid and Gamble, 2009). Intact pollen
grains are relatively large (a few tens of micrometers in diameter). Thus,
they should neither effectively penetrate into nor persist in indoor air (Liu
and Nazaroff, 2001; Nazaroff, 2004; Sippola and Nazaroff, 2003). Nor
should they penetrate further into the respiratory system than the head
if inhaled (Yeh et al., 1996). Consideration of those factors suggests that
buildings would provide good protection against whole pollen grains and
that the biologic insult associated with exposure to whole grains should
be concentrated in the extrathoracic regions (eyes, nose, and throat). The
tracking of pollen grains into buildings (for example, on clothing) might
constitute an TAQ and health concern if the grains are later resuspended
indoors. Furthermore (and perhaps more important), pollen grains can frac-
ture, generating much smaller particles (0.5-3 pm in diameter) (D’Amato
et al., 2007) that carry allergenic proteins. The smaller particles could pen-
etrate both the building envelope and the upper respiratory tract.

Ziska et al. (2011) studied the effects of the rise of frost-free days dur-
ing 1995-2009 on the length of the ragweed (Ambrosia spp.) pollen season
in the United States. They found that the duration of the season increased
by 13-27 days at latitudes greater than about 44°N.> They noted that
longer pollen seasons and higher exposure to pollen may intensify allergic
sensitization and increase the duration and severity of allergy symptoms.
The committee did not identify any literature specifically regarding climate
change and indoor exposure to pollen.

Algal Blooms After Floods

Harmful algal blooms (HABs) occur when saltwater or freshwater res-
ervoirs accumulate algae or other protozoa to abundances at which their
biomass or toxins lead to adverse effects on aquatic life or humans. Human
activity can affect the frequency and severity of HABs, for example, through

5 The 44th parallel passes through the northern United States, including Oregon, Idaho,
Wyoming, South Dakota, Minnesota, Wisconsin, Michigan, New York, Vermont, New Hamp-
shire, and Maine.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13115

Climate Change, the Indoor Environment, and Health

AIR QUALITY 109

increased fertilizer runoff and aquaculture that leads to eutrophication in
rivers and coastal areas. Climate also affects the appearance and distribu-
tion of HABs. Two factors with known effects are change in water tempera-
ture and changes in nutrient levels. Changing patterns of the types of species
involved in HABs and their timing can occur with increases in mean water
temperature (Glibert et al., 2005). Increased Saharan dust storms have been
shown to be rich in iron, a limiting nutrient, which can lead to increases in
some species of algae that proliferate in the Caribbean (Lenes et al., 2001).

The red-tide alga, Kernia brevis, produces brevetoxin. These cyclic
polyether molecules “become part of the marine aerosol as the fragile, un-
armored cells are broken up by wave action. Inhalation of the aerosolized
toxin results in upper and lower airway irritation” (Milian et al., 2007). In
Florida, increased respiratory irritation has been reported almost annually
during red-tide events. Researchers have found that residents, lifeguards,
and tourists report many more respiratory symptoms after exposure to
red-tide events (Backer et al., 2003, 2005; Fleming et al., 2005). During
two red-tide exposure periods in 2005 and 2006, a cohort of asthmatic
children and adults in Sarasota, Florida, was studied (Fleming et al., 2009).
Their exposure to brevetoxin was assessed via personal air sampling, and
their symptoms via questionnaire (Cheng et al., 2010). Researchers ob-
served associations between brevetoxin exposure and increased respiratory
symptoms. Other researchers have also reported increases in emergency-
department visits for asthma, pneumonia, and bronchitis in residents dur-
ing red-tide events (Kirkpatrick et al., 2006). There is also evidence that
brevetoxin can affect the mucociliary escalator in animals (Abraham et al.,
2005). Therefore, exposure to brevetoxin in red-tide events could affect the
respiratory tract’s ability to clear other inhaled particles, such as allergens,
endotoxins, and fungal spores. The ramifications would be increased resi-
dence time of the particles in the airways and a higher biologically relevant
dose. A monitoring system is in place for red-tide events and other HABs,
but it is mainly for ensuring seafood safety; it is not linked to respiratory
health protection.

Flooding caused by extreme precipitation events, which may increase
in number and severity under climate change conditions, are commonly fol-
lowed by disease clusters (IOM, 2008) and may lead to both more frequent
HABs and increased exposure to potentially harmful agents associated with
them. The committee could not, however, identify any literature specifi-
cally addressing changes in risk associated with exposure to these agents in
indoor environments.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13115

Climate Change, the Indoor Environment, and Health

110 CLIMATE CHANGE, THE INDOOR ENVIRONMENT, AND HEALTH

Sulfur Dioxide

Ambient SO, is primarily a result of coal combustion and originates
from the presence of sulfur as an impurity in coal. EPA data show that
about 68% of nationwide atmospheric sulfur emissions in 2002 were from
“electricity generating units” and that the other important sources were
“industrial/commercial/residential fuels” (about 16%) and “industrial pro-
cesses” (about 8%) (EPA, 2009a). Ambient NAAQSs for SO, and acid-rain
legislation (in the 1990 Clean Air Act Amendments) have led to substantial
reductions (about 50%) in SO, emissions from power plants. The largest
remaining emissions are from older power plants whose high emission rates
continue to be allowed. New coal-fired power plants are required to have
good emission controls for SO, that are achieved, for example, with flue-
gas desulfurization.

Future ambient SO, levels might rise or fall depending on changes in
the use of coal as an energy source and on emission controls. The indoor
environment provides some protection against SO, because, as an acid gas,
it reacts on indoor surface materials (Biersteker et al., 1965; Grontoft and
Raychaudhuri, 2004; Walsh et al., 1977).

Nitrogen Oxides

NO, (mainly NO and NO,) are emitted primarily as a result of com-
bustion. To some extent, the presence of nitrogen in fuel (as in coal) leads
to NO_ emissions. However, any high-temperature combustion process that
uses air as the oxidizer can also produce NO_ emissions, with the nitrogen
originating from N, in the combustion air. Important sources of NO_ in
ambient air are mobile sources (both on-road and off-road), fossil-fueled
power plants (using coal and natural gas), and other stationary combus-
tion of (mainly) fossil fuels. For 2002, EPA national emission inventory
data indicate that mobile sources were responsible for about 60% of NO_
emissions. Because NO_ is a precursor of O, and other photochemical smog
components, it has been and continues to be subjected to strong emission-
control efforts, and continuing progress in reducing emissions in the near
future can be expected. A high level of scrutiny and emission control is
expected especially for diesel emissions, which are becoming progressively
more important (Dallmann and Harley, 2010). Less future reliance on fossil
fuels in particular and combustion in general suggests that NO_ emissions
may also decrease in a future climate-change regime. The indoor environ-
ment provides modest to moderate protection against NO, of outdoor
origin (Quackenboss et al., 1986).
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Hazardous Air Pollutants

There is a long list of species known as HAPs. In the United States,
about 190 HAPs were designated under the 1990 Clean Air Act Amend-
ments. In contrast to the criteria pollutants,® HAPs are regulated only with
respect to emissions from major sources; there are no ambient concentra-
tion standards, and the concentrations of these pollutants are not routinely
monitored. However, summary appraisals have combined emissions data
with dispersion modeling and risk factors to discern which pollutants are
most prevalent and where the health risks posed by HAPs are highest. For
example, in one study, the median hazard ratio (average ambient concentra-
tion divided by a cancer benchmark value) was highest for 1,3-butadiene,
formaldehyde, benzene, carbon tetrachloride, chromium, methyl chloride,
and chloroform (Woodruff et al., 1998). For chronic noncancer toxicity,
acrolein had the highest median hazard ratio in the study. Studies investigat-
ing the indoor—outdoor relationships of HAPs reveal that for many species
in many buildings indoor concentrations are higher than those outdoors
(e.g., Jia et al., 2008a). That characteristic demonstrates the importance of
indoor emission sources in contributing to indoor levels. On the other hand,
levels of indoor HAPs that are attributable to their presence in outdoor air
have not been well studied. For some important species, such as benzene
and the chlorinated organics, it is reasonable to expect that indoor envi-
ronments provide little or no protection from outdoor concentrations. For
other species that have higher reactivity, such as acrolein and aldehydes, the
penetration and persistence of outdoor pollutants into indoor environments
is not known. Future trends in the outdoor levels of the pollutants in a
climate-change regime are not clear, but the scrutiny that they are receiving
as HAPs suggests that emissions might decline.

INDOOR AIR QUALITY IN DEVELOPING COUNTRIES

One of the dominant environmental health concerns in developing
countries results from the use of solid biomass fuels for cooking. Around
2.7 billion people are thought to rely on burning of biomass (dung, crop
residues, and wood) or coal as their household fuel, and about 82% of
them live in rural areas (IEA/UNDP/UNIDO, 2010). In sub-Saharan Africa,
around 80% of the population relies on the traditional use of biomass
for cooking, and the electrification rate is only 31%. Combustion of such
fuels in open fires or cookstoves is generally inefficient and leads to very
high concentrations of products of incomplete combustion, which have

¢ The criteria pollutants defined under the NAAQS are Oy, particulate matter, CO, NOx,
SO,, and lead.
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serious health implications for those exposed. The products of incomplete
combustion form a complex mixture of pollutants, including fine PM,
NO,, sulfur oxides (particularly in the case of coal), CO, and polycyclic
aromatic compounds, such as benzo[a]pyrene (Smith, 1993). Many of the
compounds are known to pose health hazards. Research also has demon-
strated that indoor air pollution from solid biomass fuels may contribute to
climate change as a result of emissions of black carbon, methane, CO, and
nonmethane VOCs (which are O; precursors). The overall effect depends
on the balance between warming aerosols, such as black carbon, and other
types of particles that may be cooling; the net effect is a likely contribution
to warming. Black carbon may also accelerate the melting of glaciers when
it is deposited in mountainous areas, such as the Himalayas (Ramanathan
and Carmichael, 2008). Even if the fuel contains contemporary carbon (for
example, the carbon associated with crop residue, wood, or animal dung),
there may be a greater climate-change effect than would be the case for an
efficient stove burning a fuel that contains fossil carbon, such as liquefied
petroleum gas. Improving the cooking conditions for this large population
offers the potential for cobenefits: improved public health and reduction
in climate-change effects. Wilkinson et al. (2009) quantify the cobenefits
for rural India, demonstrating large potential benefits in improved public
health and not insignificant improvements in climate-change effects.

Exposures to such pollutants as PM in houses that burn biomass or
coal tend to be very high. For example, PM levels can be one or even two
orders of magnitude above the EPA NAAQSs, depending on type of fuel,
stove characteristics, and housing.

Exposure to air pollution associated with indoor use of solid fuels has
been implicated, with various degrees of certainty, as a causative factor
in several adverse health outcomes. In total, it is thought that around 1.6
million deaths a year can be attributed to indoor air pollution of this type
globally (Ezzati et al., 2002).

Increased incidences of acute respiratory infections in children and of
chronic obstructive airways disease, particularly in women, comprise the
most compelling evidence for adverse health effects (Bruce et al., 2000).
Exposure to these types of indoor air pollution, particularly when coal
is used, may also cause lung cancer in women. In low- to middle-income
countries—such as China, India, and Mexico—two-thirds of women who
have lung cancer are nonsmokers. Exposure to so-called smoky coal seems
to be strongly related to lung cancer in China (Mumford et al., 1995). The
situation is less clear with regard to wood-smoke exposure, although expo-
sure to known carcinogens, such as benzo[a]pyrene, is likely to be equiva-
lent to smoking several cigarettes per day, so such a health risk cannot be
ruled out. There is also some epidemiologic evidence of a causal association
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between indoor exposure to smoke and upper aerodigestive tract” cancers
in Latin America (Pintos et al., 1998).

There is reasonably consistent evidence of an association between par-
ticulate air pollution and both hospital admissions and cardiovascular-
disease mortality, but the association specifically with myocardial infarction
is less consistent (Bhaskaran et al., 2009). And although it is plausible that
indoor air pollution increases the risk of cardiovascular disease events and
mortality, there is a lack of direct evidence (Smith, 2000).

Low birth weight has been associated with use of wood fuel by mothers
in Guatemala, perhaps mediated through CO exposure (Boy et al., 2002),
and there may be an association with perinatal mortality. Several studies
in India have shown an association between biomass fuel and cataracts
(cortical, nuclear, and mixed but not posterior subcapsular in one study)
(Mohan et al., 1989), and animal studies support this association. A pos-
sible association between exposure to wood smoke and tuberculosis has
been indicated in a few studies (e.g., Mishra et al., 1999), but a 2010 review
concluded that “available original studies looking at this issue do not pro-
vide sufficient evidence of an excess risk of tuberculosis due to exposure to
indoor coal or biomass combustion” (Slama et al., 2010).

Wilkinson and colleagues (2009) report that advanced biomass stoves
available in India at prices of US$20-50 can achieve around 15 lower par-
ticle emissions per meal compared with traditional stoves. Hybrid gasifier
stoves with small electric blowers can achieve good performance with a
range of fuel characteristics but require a source of electricity. There has
been experience with large national stove programs, such as the provision
of 180 million improved stoves in China over 12 years starting in 1983.
A modeling exercise indicated that a 150 million-stove program in India,
to be implemented over 10 years, that would provide improved-efficiency
cookstoves through various delivery mechanisms, including to poor women
receiving antenatal care, could result in the prevention of around 2.2 mil-
lion premature deaths from acute respiratory infections in children and
from COPD and ischemic heart disease in adults (Wilkinson et al., 2009).
However, because of the slow evolution of COPD, there may be a substan-
tial lag between the introduction of the new stoves and the reduction in
deaths. Wilkinson and colleagues also estimated that such a program could
result in a reduction in greenhouse pollutants equivalent to 0.5-1.0 billion
tons of CO, over the decade. Many other benefits could accrue, such as
reductions in time spent looking for fuel, in expenditure for fuel, and, in
some locations where wood is not harvested sustainably, in deforestation.

7 The aerodigestive tract comprises the upper respiratory and digestive tracts, including the
tissues associated with the nose, lips, tongue, mouth, throat, vocal cords, and upper portions
of the esophagus and windpipe.
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A randomized trial in Guatemala of improved woodstoves with chim-
neys compared with traditional open fires showed encouraging preliminary
results, particularly with regard to acute respiratory infections in infants
up to 18 months old, but did not have the power to assess differences in
mortality or birth weight (WHO, 2007). Other larger trials were planned
or under way at the time this study was completed.

Although levels of indoor air pollutants may be lowered by the use of
biogas or liquefied petroleum gas (LPG) or, of course, by provision of elec-
tricity, these are all more expensive alternatives and may not be suitable for
some communities. The development and implementation of culturally ac-
ceptable highly efficient biomass cookstoves will be needed for the indefinite
future to meet the requirements of many poor communities for inexpensive,
clean, and convenient sources of household energy. Such efforts could yield
cobenefits in contributing to the mitigation of climate change.

There is little published information about how climate change might
affect IAQ in low-income countries. In theory, climate change could affect
the availability of biomass fuel, but the direction and magnitude of the
change may depend on the region and on the relative effects of carbon
dioxide fertilization and changes in temperature and precipitation. More
work is also needed on how changes in forest management, such as the
trend toward greater use of forest plantations to supply roundwood, and
the commercial exploitation of crops for biofuel, may affect the availability
of biomass for use by poor households and thus indirectly affect the indoor
environment.

CONCLUSIONS

On the basis of its review of papers, reports, and other information
presented in this chapter, the committee has reached the following conclu-
sions regarding the effects of climate change on IAQ and its consequent
influence on public health.

e The elements that influence important outcomes in the climate-
change-TIAQ-public-health nexus are numerous and diverse. They
are interconnected in a complex manner that includes feedback
loops and interweaves natural processes with technology, indi-
vidual human behavior, and social systems. It is those systemic
features, rather than the nature of individual elements themselves,
that pose the greatest challenges for understanding and effectively
addressing the effects of climate change on IAQ and public health.

e We understand relatively little about how climate change will affect
TAQ and thereby public health. More information is available on
the factors that influence indoor concentrations of health-relevant
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pollutants and how concentrations might shift as a consequence of
climate change.

e Three classes of factors have important influences on indoor pollut-
ant concentrations: pollutant attributes (including source proper-
ties), building characteristics, and human behavior.

e The concentration of any indoor air pollutant in any indoor space
is governed by a balance between emissions and removal. Concen-
trations in combination with human occupancy govern exposures.
Excessive exposures confer health risks on those exposed. Climate
change can affect this system in numerous particular ways. For
example, by causing an increase in the outdoor concentrations of
some pollutants in some places and at some times, climate change
is likely to increase indoor concentrations and associated exposures
in buildings in those places and at those times.

e In addition to direct shifts caused by climate change, there are
likely to be shifts in TAQ that are mediated by human responses to
climate change. For example, mitigation measures to reduce energy
use in buildings could lead to systematically lower ventilation rates
in buildings that would cause higher concentrations of and expo-
sures to pollutants that are emitted from indoor sources. Another
example is the increased use of air conditioning, an expected adap-
tation measure, which could exacerbate anthropogenic emissions
of greenhouse gases and, if accompanied by reduced ventilation
rates, increase the indoor concentrations of pollutants emitted from
indoor sources.

e Reactions to weather emergencies pose public-health risks related
to IAQ, such as the potential for poisoning from exposure to CO
emitted from emergency electricity generators. Such emergencies
may increase in frequency if climate change results in more fre-
quent or more severe climate events like storms.

e Actions taken by individuals can profoundly influence the TAQ in
individual buildings. There is a public interest as well as an indi-
vidual interest in seeing that the system for establishing and main-
taining good TAQ works well. Negligent or ill-informed behavior
by individuals can cause serious harm.

¢ Indoor pollutant concentrations can be separated into contribu-
tions from indoor sources and from outdoor air. Combustion is
a major source of both outdoor and indoor air pollution and is
arguably the most important source of indoor air pollutants with
respect to health risks. Important combustion-related issues asso-
ciated with indoor emissions are CO exposures from emergency-
generator use and IAQ problems associated with cooking, heating,
smoking, and small-scale activities, such as use of candles and in-
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cense. Other important pollutants associated primarily with indoor
sources include radon, VOCs, and SVOCs. Outdoors, the main
pollutants of concern are PM and O,. Specific PM concerns that
may be exacerbated by climate change include increases in smoke
from wild-land fires, pollen, and windblown dust.

There is a large gap between what is known about IAQ and public
health and what needs to be known. However, the gap between
what is known and what is done to address problems is even larger.
One of the risks associated with how climate change will affect
TAQ is that the gap between what is known and what is done will
grow and have adverse consequences for public health.

In formulating responses to the challenges posed to TAQ and public
health by climate change, it is important to recognize and account
for the diversity in subpopulations, in part because of variability
in susceptibility to the effects of indoor air-pollutant exposure. It
is also important to take account of variability within populations
in the knowledge and resources with which to take effective action
in response to changing conditions.

It is important to take proper account of the different issues of
concern and appropriate responses for different building types,
such as single-family dwellings, multifamily apartment buildings,
schools, health-care facilities, and offices.

Efforts to save energy by improving building performance need to
be accompanied by strong caution with respect to changing build-
ing ventilation rates. Two driving forces are apparent. First, as a
mitigation measure, efforts to save energy in buildings are gaining
momentum. Energy is required to condition the temperature and
humidity of ventilation air, so individuals and organizations may
seek to save energy by reducing the rate of ventilation of indoor
spaces. Second, as temperatures rise during the warm parts of the
year, there may be a progressive shift to greater reliance on air
conditioning and away from cooling by means of open windows.
The effect of ventilation on IAQ has multiple facets that operate
in different directions, so one cannot be certain a priori of the
net effect for each building. A lower building ventilation rate will
tend to provide enhanced protection against some pollutants from
outdoors, such as PM. But reduced ventilation rates tend to cause
concentrations of pollutants that originate primarily from indoor
sources to increase. Reducing ventilation rates does not automati-
cally mean that IAQ problems will become worse; nor is it appro-
priate to assume that no problems will be associated with reducing
ventilation rates.
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e Attention to controlling indoor emission sources is warranted.
For many pollutants with indoor sources, it has been found that
variability in emissions, not variability in ventilation rates, is the
primary determinant of whether indoor air-pollutant levels are
excessive. Put another way, when the indoor emission rates are
high, ventilation in a normal range is unlikely to be sufficient to
avoid a problem. There is no evidence that clearly links increased
indoor pollutant emission rates to climate change. However, there
are several potential concerns that deserve attention, including CO
from emergency generators, emissions from cooking, emissions
from heating systems (including unvented combustion appliances,
backdrafting, and increased use of wood as a fuel), emissions
from smoking, emissions from use of candles, radon from intimate
contact of indoor spaces with earthen materials, and VOCs and
SVOCs from various indoor sources. Special attention is needed
to ensure that life-cycle impact assessments aimed at improving
the environmental performance of buildings take proper account
of the disproportionately large effects that emissions from indoor
materials and processes can have on TAQ and public health.

e  Attention ought to also be directed toward improving understand-
ing of the effectiveness of indoor environments as a shelter against
pollutants of outdoor origin that may be altered owing to climate
change. To date, the scientific literature on the affects of climate
change on outdoor air quality has focused on criteria pollutants, es-
pecially PM, ; and O;. There are good regulatory and technologic
systems in place that are striving to reduce emissions from anthro-
pogenic sources. The momentum is expected to continue to yield
improvements in reducing ambient pollutant concentrations that
are clearly associated with anthropogenic sources. A greater con-
cern would apply to pollutants that lie outside the regulatory struc-
ture of managed emissions, such as smoke from wildfires, pollen
from weeds, and windblown dust. Pollutant emissions from sources
like these might be substantially worsened by climate change. If so,
indoor environments will be used as imperfect shelters that could
be improved with proper attention and a commitment of appropri-
ate resources.
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Dampness, Moisture, and Flooding

INTRODUCTION

This chapter addresses indoor environmental quality (IEQ) problems
associated with moisture, condensation, and inundation and the possible
effects of climate change on these problems. There is an extensive litera-
ture on the effects of indoor dampness on health, including an Institute of
Medicine (IOM) report (IOM, 2004) that remains salient and is drawn on
heavily in this chapter. The committee did not attempt to re-examine all
the scientific evidence considered in the IOM report and other efforts—an
undertaking beyond the scope of this study—but instead highlights their
findings and other research relevant to the consideration of the health ef-
fects of alterations in IEQ induced by climate change.

The chapter’s focus is on fungi' and bacteria—microbial agents that
grow in the presence of water—and products of damaged building materi-
als. They produce biologic and chemical emissions that can lead to irritant,
allergic, other immunologic, or toxic responses. Other chapters address
some issues relevant to occupants’ exposures to those emissions. Ventila-
tion, which is discussed in Chapter 8, has an effect on exposure: levels of
indoor contaminants are higher in spaces that have lower air-exchange

! Fungi have eukaryotic cells as do animals and plants but are a separate kingdom. Most
consist of masses of filaments, live off dead or decaying organic matter, and reproduce by
spores. Visible fungal colonies found indoors are commonly called m0ld (mould), sometimes
mildew. This report, following the convention of earlier IOM reports and much of the litera-
ture on indoor environments, uses the terms fungus and mold interchangeably to refer to the
microorganisms.
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rates. Some microbial agents also cause infections (this topic is addressed
in Chapter 6).

CLIMATE CHANGE AND INDOOR DAMPNESS AND FLOODING

The effects of climate change on moisture indoors are driven by several
factors, including extreme weather events, local changes in temperature and
humidity, and the adaptations that occupants make and mitigation strate-
gies that they use in response to changed environmental conditions.

The US Global Change Research Program notes that increases in air
temperatures and increased frequency and intensity of heavy downpours
have already been observed in the United States and that likely future
changes “include more intense hurricanes with related increases in wind,
rain, and storm surges” (USGCRP, 2009). Extreme weather conditions may
lead to breakdowns in building envelopes followed by sudden infiltration of
water into indoor spaces. Dampness problems and water intrusion create
conditions favorable to the growth of fungi and bacteria and may cause
building materials to decay or corrode and lead to off-gassing of chemicals.
In areas where the climate is warm and humid for more months of the
year, air conditioning will be used more often. Well-designed and properly
operating heating, ventilation, and air conditioning (HVAC) systems can
ameliorate humid conditions; poorly designed or maintained systems may
introduce moisture and create condensation on indoor surfaces.> Mold-
growth prevention and remediation may also introduce fungicides and
other agents into the indoor environment, which can lead to adverse expo-
sures of occupants.

Flooding as a result of extreme weather events can have profound
health and economic effects. In 2010, there were 103 flood-related fatali-
ties in the United States, a significantly higher number than the 10-year
average of 71 measured between 2001 and 2010 (National Oceanic and
Atmospheric Administration, 2011). In that same year, floods were part of
six of the seven most costly insurance loss events in the United States; events
that were responsible for $6.3 billion in losses (Swiss Re, 2011). Jonkman
and colleagues (2009) estimate that two-thirds of the 771 known fatalities
of Hurricane Katrina were the direct result of flooding and that additional
fatalities were associated with flood-related circumstances including lack of
access to potable water or medical services and exposure to extreme heat
as a result of power outages.

Altered climatic conditions will not introduce new dampness problems
into the indoor environment but may make existing problems more wide-

2 This topic is addressed in Chapter 7.
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spread and more severe and thus increase the urgency with which preven-
tion and interventions must be pursued.

INDOOR DAMPNESS

Almost all buildings experience excessive moisture, leaks, or flooding at
some point. Research regarding the sources and causes of indoor dampness
was addressed in detail in a previous IOM report (2004), which described
how and where buildings become wet; reviewed the signs of dampness,
how dampness is measured, and what is known about its prevalence and
characteristics, such as severity, location, and duration; discussed the risk
factors for moisture problems; reviewed how dampness influences indoor
microbial growth and chemical emissions; cataloged the various agents
that may be present in damp environments; and addressed the influence of
building materials on microbial growth and emissions. That effort’s findings
are briefly summarized below.

Dampness—a term used to describe a variety of moisture problems,
including high relative humidity, condensation, water ponding, and other
signs of excess moisture or microbial growth—is prevalent in residential
housing. The prevalence and significance of dampness are less well under-
stood in nonresidential structures, such as office buildings and schools, than
in residential buildings.

There is no single cause of excessive indoor dampness, and the primary
risk factors for it differ among climates, geographic areas, and building
types. The prevalence of dampness problems appears to increase as build-
ings age and deteriorate, but some modern construction techniques and
materials and the presence of air-conditioning can increase the risk of
dampness problems. The prevalence and nature of these problems suggest
that what is known about their causes and prevention is not consistently
applied in building design, construction, maintenance, and use.

DAMPNESS AND HEALTH

Efforts to quantify the effects of indoor environmental factors on hu-
man health often rely on markers of dampness indoors to characterize
risk. This approach reflects recognition that indoor moisture is associated
with adverse health outcomes and that exposures to emissions from mold,
bacteria, and damaged materials increase when indoor environments are
chronically wet or damp.

There have been three large-scale reviews of the relationship between
indoor dampness and human health in the past decade. In 2004, IOM is-
sued Damp Indoor Spaces and Health. The World Health Organization
(WHO) released WHO Guidelines for Indoor Air Quality: Dampness and
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Mould in 2009, and researchers involved in the WHO effort updated and
expanded that review in 2011 (Mendell et al., 2011).

The IOM report reviewed literature published up to late 2003 on a
wide array of health effects. Among the major findings were that sufficient
evidence existed for associating the presence of mold or other agents in
damp buildings with nasal and throat symptoms, cough, wheeze, asthma
exacerbation, and hypersensitivity pneumonitis in susceptible persons. The
committee responsible for the IOM report concluded that limited or sugges-
tive evidence existed for associating exposure to damp indoor environments
with shortness of breath, asthma, and, in otherwise healthy children, lower
respiratory disease. Tables 5-1 and 5-2 summarize the report’s conclusions,
and Box 5-1 summarizes the categories used to classify the strength of the
evidence.

The WHO guidelines covered literature published up to July 2007
(WHO, 2009). Their authors took the same approach to evaluating and
categorizing evidence for dampness as was used in the IOM report but ex-

TABLE 5-1 Summary of Findings Regarding the Association Between
Health Outcomes and Exposure to Damp Indoor Environments?

Sufficient Evidence of a Causal Relationship
(no outcomes met this definition)

Sufficient Evidence of an Association

Upper respiratory (nasal and throat) tract Wheeze
symptoms Asthma symptoms in sensitized persons
Cough
Limited or Suggestive Evidence of an Association
Dyspnea (shortness of breath) Asthma development
Lower respiratory illness in otherwise
healthy children
Inadequate or Insufficient Evidence to Determine Whether an Association Exists
Airflow obstruction (in otherwise healthy Skin symptoms
persons) Gastrointestinal tract problems
Mucous membrane irritation syndrome Fatigue
Chronic obstructive pulmonary disease Neuropsychiatric symptoms
Inhalation fevers (nonoccupational Cancer
exposures) Reproductive effects
Lower respiratory illness in otherwise Rheumatologic and other immune diseases

healthy adults
Acute idiopathic pulmonary hemorrhage
in infants

@ The categories of evidence are summarized in Box 5-1 and explicated in Damp Indoor
Spaces and Health (I0M, 2004).
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TABLE 5-2 Summary of Findings Regarding the Association Between
Health Outcomes and the Presence of Mold or Other Agents in Damp
Indoor Environments?

Sufficient Evidence of a Causal Relationship
(no outcomes met this definition)

Sufficient Evidence of an Association

Upper respiratory (nasal and throat) tract Wheeze
symptoms Asthma symptoms in sensitized persons
Cough

Hypersensitivity pneumonitis in
susceptible persons

Limited or Suggestive Evidence of an Association
Lower respiratory illness in otherwise

healthy children

Inadequate or Insufficient Evidence to Determine Whether an Association Exists

Dyspnea (shortness of breath) Skin symptoms

Asthma development Gastrointestinal tract problems

Airflow obstruction (in otherwise healthy Fatigue
persons) Neuropsychiatric symptoms

Mucous membrane irritation syndrome Cancer

Chronic obstructive pulmonary disease Reproductive effects

Inhalation fevers (nonoccupational Rheumatologic and other immune diseases
exposures)

Lower respiratory illness in otherwise
healthy adults

Acute idiopathic pulmonary hemorrhage
in infants

7 The categories of evidence are summarized in Box 5-1 and explicated in Damp Indoor
Spaces and Health (IOM, 2004).

amined a larger set of health outcomes. Their analysis supported the IOM
report findings that there was sufficient evidence to conclude that there
is an association between indoor dampness-related agents® and asthma
exacerbation, upper respiratory tract symptoms, cough, and wheeze. In
addition, they determined that two outcomes not evaluated in the IOM
report—current asthma and respiratory infections—and two outcomes that
had been placed in the category of limited or suggestive evidence—asthma
development and dyspnea (shortness of breath)—merited inclusion in the
sufficient evidence category. Evidence regarding allergic rhinitis, bronchitis,

3 Defined by the authors as “evidence of visible water damage, visible mold, mold odor, or
similar related factors.”
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BOX 5-1
Summary of the Categories of Evidence Used in
Damp Indoor Spaces and Health (IOM, 2004)

Sufficient Evidence of a Causal Relationship

Evidence is sufficient to conclude that a causal relationship exists between the
agent and the outcome. That is, the evidence fulfills the criteria for “sufficient evi-
dence of an association” and, in addition, satisfies the following criteria: strength
of association, biologic gradient, consistency of association, biologic plausibility
and coherence, and temporally correct association.

Sufficient Evidence of an Association

Evidence is sufficient to conclude that there is an association. That is, an as-
sociation between the agent and the outcome has been observed in studies in
which chance, bias, and confounding can be ruled out with reasonable confidence.

Limited or Suggestive Evidence of an Association

Evidence is suggestive of an association between the agent and the outcome
but is limited because chance, bias, and confounding cannot be ruled out with
confidence.

Inadequate or Insufficient Evidence to Determine Whether an Association
Exists

The available studies are of insufficient quality, consistency, or statistical power
to permit a conclusion regarding the presence of an association. Alternatively, no
studies exist that examine the relationship.

and eczema—which had not been separately evaluated in the IOM report—
was deemed limited or suggestive.

Mendell and colleagues carried the WHO review forward to late 2009.
On the basis of their examination of previously available and newly pub-
lished evidence, they raised bronchitis, allergic rhinitis, eczema, and ever-
diagnosed asthma (that is, without regard to whether there was a current
diagnosis of asthma) to the sufficient-evidence category. Epidemiologic re-
search also yielded limited or suggestive evidence of an association between
dampness-related agents and the “common cold” and “allergy/atopy.”

The sections that follow provide some background on asthma, other re-
spiratory ailments, and other conditions mediated by an immune response.
They also highlight some of the recent literature on those health outcomes.
Asthma is a prominent public-health concern because of rising rates and
substantial effect on health, productivity, and health-care costs, but other
immunologic conditions related to dampness are also problematic and may
increase if sustained high levels of indoor moisture become more common
(Mudarri and Fisk, 2007).
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Asthma and Other Respiratory Ailments

In the United States, asthma from all causes increased in frequency
and severity in the two decades from 1980 to 2000. From 1980 to 1996,
the prevalence of asthma increased by 74%, and the incidence from 1.2
per 1,000 per year to 4.7 per 1,000 per year (Mannino et al., 2002). An
assessment of annual asthma incidence in the total US population, using
the National Health Interview Survey (NHIS) data for 1980-1996, esti-
mated that 7.2-12.4% of those with prevalent asthma noted an onset in
the preceding year (Rudd and Moorman, 2007). Data from the NHIS, the
National Ambulatory Medical Care Survey, the National Hospital Ambula-
tory Medical Care Survey, the National Hospital Discharge Survey, and the
National Vital Statistics System indicated that an estimated 8.2% of adults
in the United States reported current asthma and that 4.2% of adults had
at least one asthma attack in the previous year (Akinbami, 2011).

Efforts to estimate the burden of asthma that can be attributed to damp
indoor spaces are limited by a lack of data on the prevalence of dampness
indoors and by the absence of consistent occupational or environmental
information on cases of asthma. Reviews estimate that one-fifth of current
asthma in the United States is attributable to dampness in homes (Fisk et
al., 2007) and that new-onset asthma or asthma-like symptoms may occur
more frequently in people who are exposed to moisture or mold at home
or at work (Sahakian et al., 2008). One study of office workers who oc-
cupied a water-damaged office building at a particular time documented an
asthma incidence rate more than 7 times higher after occupancy than in the
years before occupancy (1.9/1,000 person-years before building occupancy;
14.5/1,000 person-years after) (Cox-Ganser et al., 2005). Later analysis of
that workforce with regard to exposure to mold, measured as culturable
fungi and ergosterol concentrations in floor dust, demonstrated an excess
risk of new-onset asthma at higher levels of exposure (Park et al., 2008).

Papers published since Mendell et al. (2011) completed their litera-
ture review in late 2009 have tended to support the conclusions drawn by
them. A 2010 study of possible cases of occupational asthma in Finland
determined that exposure to dampness and mold in the workplace was
associated with new-onset adult asthma and aggravated the symptoms of
asthmatics (Karvala et al., 2010). Nguyen and colleagues’ analysis of the
results of The National Asthma Survey—New York State found that there
was a positive relationship between asthma symptoms, mold, and humid-
ity in households that had at least one asthmatic adult or child (Nguyen
et al., 2010).

A study in three urban cities in Korea established that students experi-
enced higher levels of wheezing in classrooms that were damp, had visible
mold growth, or had water damage (Kim et al., 2011). Sun et al. (2010)
examined allergic symptoms, including wheezing, in students living in dor-
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mitories in Tianjin University, China, during the 2006-2007 school year.
The students reported more moisture accumulation and moldy odors and
higher levels of wheezing and rhinitis in summer than winter months. In
contrast, Holme and colleagues’ study of children in Sweden did not find
an association between visible signs of dampness and spore concentration
in indoor air or a relationship between spore concentrations and children’s
allergy and asthma symptoms (Holme et al., 2010).

Other Immunologic Conditions

Epidemiologic studies have shown that some immunologic outcomes
in addition to asthma may be related to moisture incursion in buildings.
Sarcoidosis is more frequent in occupants of water-damaged buildings
(Cox-Ganser et al., 2005; Laney et al., 2009; Newman et al., 2004), includ-
ing school buildings (Dangman et al., 2005). It is important to note that in
each of the cited investigations of sarcoidosis, the researchers documented
increases in asthma and asthma-like symptoms.

It is biologically plausible that exposure to bacteria (notably the en-
dotoxin that is a cell-wall component of some bacteria) and fungi that are
often present in damp indoor environments could trigger immune responses
that lead to inflammation. Experimental studies have demonstrated that
common microbial constituents of damp indoor environments can be po-
tent inducers of inflammatory responses (Hirvonen et al., 2005). Research-
ers believe that granuloma formation in sarcoidosis is in response to an
unidentified antigenic stimulus that induces a local Th1-cell-mediated im-
mune response (DuBois et al., 2003). Chronic stimulation of macrophages
causes the continuing release of inflammatory cytokines (IL-2, IL-12, IFN-
¢, and TNF-a), which leads to accumulation of Th1 cells at the site of
inflammation. That immunologic cycling contributes to expansion of the
granuloma structure (Richie, 2005).

Autoimmune diseases occur when a person mounts a specific immune
response to self antigens that leads to tissue damage. Autoimmune dis-
eases are often progressive and debilitating. The burden of autoimmune
diseases in the United States is substantial: they affect an estimated 8%
of the total population (Fairweather et al., 2008) and disproportionately
affect females—more than three-fourths of cases of autoimmune diseases
are in women (Dooley and Hogan, 2003; Gleicher and Barad, 2007;
Jacobson et al., 1997). In a 2008 review, Fairweather et al. (2008) describe
autoimmune diseases as the third-most common category of disease after
cancer and cardiovascular disease in the United States. The role of envi-
ronmental and occupational exposures is poorly defined (Gold et al., 2007),
but exposure to external antigens may trigger and support an autoimmune
inflammatory response (Miinz et al., 2009), and joint symptoms and dis-
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eases have been associated with microbial exposures related to moisture
damage (Luosujarvi et al., 2003).

SPECIFIC DAMPNESS-RELATED CONTAMINANTS

The principal indoor dampness-related agents that affect health are
thought to be molds and bacteria that amplify in the presence of water
and products of damaged building materials. As the Damp Indoor Spaces
and Health report (IOM, 2004) notes, mold spores are regularly found in
indoor air and on surfaces and materials; no indoor space is free of them.
There are many species and genera, and those most typically found indoors
vary in geographic area, climate, season, and other factors. The availabil-
ity of moisture is the primary factor that controls mold growth indoors.
Although much attention is focused on mold growth indoors, it is not the
only dampness-related microbial agent. Mold growth is often accompa-
nied by bacterial growth. Some research on fungi and bacteria focuses on
specific components that may be responsible for particular health effects:
hyphal (filament) fragments of fungi, protein allergens of microbial origin,
structural components of fungal and bacterial cells, and such products as
microbial volatile organic compounds (MVOCs) and mycotoxins. Release
of those components depends on many physiologic and environmental fac-
tors. Dampness can also damage building materials and furnishings, causing
or exacerbating the release of chemicals and other nonbiologic particles.

The following sections summarize information on those agents and
some of the research on their affects on the health of building occupants.

Molds

Fungi exist as single cells (yeasts), filaments, fruiting bodies, and spores.
They are composed of complex chemical compounds, including proteins,
glycoproteins, glucans, and proteases. They produce cellular toxins in their
competition for access to sources of nutrition in their environment, and
their metabolic byproducts include volatile organic compounds (Bush and
Portnoy, 2001; Storey et al., 2004).

Fungi are ubiquitous in nature and play a critical role in the natural
decomposition of organic materials. Indoor spaces without moisture prob-
lems generally have air concentrations of mold that are the same as or
lower than those outdoors, and the species are the same as those outdoors.
Many fungal taxa in the indoor environment are similar to those recovered
outdoors, but there are factors in the indoor environment (such as lack of
fungicidal ultraviolet radiation from the sun, stable temperature, stable
humidity, and shelter) that can allow some fungi to thrive better in the
indoor environment.
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Some structural components of mold can cause an immune response
in a person who is exposed mainly through inhalation. Such responses are
most commonly allergic and result in rhinitis or asthma. Other responses
can lead to hypersensitivity pneumonitis (Ikeda et al., 2002; Lee et al.,
2000; Patel et al., 2001; Seuri et al., 2000). The immunologic responses
are complex, inasmuch as mold components include antigens and adjuvants
that heighten the response to the antigens (Kheradmand et al., 2002; Reed,
2007).

Because the active agents that lead to those responses are macromol-
ecules on the cell wall, fungal fragments are at least as likely to cause the
reactions as are intact spores. Therefore, mold does not have to be living
to have an immunologic effect on building occupants. In addition, various
mold species share the macromolecules, so an allergy to one species results
in an allergy to many (Green et al., 2005a, 2009; Schmechel, 2007).

MVOC:s include alcohols, esters, aldehydes, and aromatic compounds.
They cause the “musty” odor associated with moldy environments. They
can cause irritation of mucous membranes (Horner and Miler, 2003),
which can lead to irritation of the eyes, nose, throat, and respiratory
tract. Irritation of the trigeminal nerve can lead to headache and fatigue.
(1—3)-B-D-glucans, components of cell-wall fragments, alter reactions to
other agents (Rylander and Lin, 2000) and thus may add to the irritant
properties described here.

Molds produce mycotoxins under some growth conditions (Jarvis,
2002). There are hundreds of those compounds (Etzel, 2002; Norred et al.,
2001), and they include aflatoxins, fumonisins, ochratoxins, rubratoxins,
and trichothecenes (Jarvis et al., 1995; Wannemacher and Wiener, 1997).
Some have neurotoxic, cytotoxic, immunologic, reproductive, or carcino-
genic properties. Although the compounds can exhibit severe toxicity in
animals or humans when they are ingested or inhaled at high levels in, for
example, agricultural settings, it is less clear whether they have an effect at
the levels seen in occupied indoor spaces (IOM, 2004). Mycotoxins have
been identified in building materials and settled dust in water-damaged
buildings (Bloom et al., 2009). There is evidence that in these environments
they contribute to inflammatory responses (Miller et al., 2010). Other po-
tential effects are the subject of current investigation.

Not all dampness is the same for fungi. During Hurricane Katrina,
wind-driven saltwater inundated many homes in Mississippi. The result
was severe water damage, but the damage was different from that caused
by the sustained floods in New Orleans from Lake Pontchartrain. After the
water receded in Mississippi, the homes were dried, and mold growth was
easily initiated on building materials and furnishings. New Orleans had
homes that were essentially like sealed terrariums for several weeks at the
end of summer 2005. A common scene in such buildings was a high-water
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mark on the drywall below which little mold growth was observed. There
are two possible explanations for that difference. First, almost all molds
need oxygen and cannot sporulate in liquid. That might explain why the
previously submerged drywall had less mold growth; the time it took for the
water to subside limited mold colonization. Second, flood waters contain
the chemicals found in homes themselves (for example, bleach, pesticides,
and other cleaning products), chemicals from the soil outside, and possibly
other toxicants from nearby industrial or agricultural sources. Some of
the chemicals can be fungus inhibitors or can be fungicidal. Perhaps some
combination of the two reasons explains the pattern in homes that have
endured long-term flooding.

The ramifications of long-term flooding could lead to differences in the
types of fungi that can proliferate, but research is lacking. One study found
that although Cladosporium spores and DNA were abundant and easily
collected in air samples from homes, culturable colonies were not as com-
mon in heavily damaged homes in New Orleans (Chew et al. 2006). Given
that Cladosporium is commonly recovered in home dust and air samples
(Chew et al., 2003; Li and Kendrick, 1995; Wouters et al., 2000) and can
easily compete with such species as Aspergillus and Penicillium, the lack of
growing colonies was perplexing to the researchers.

The Centers for Disease Control and Prevention (CDC) has published
detailed guidance on how to limit exposure to mold and how to identify
and prevent mold-related health effects in the wake of hurricanes and floods
(Brandt et al., 2006). It includes exposure-assessment instructions; reme-
diation advice (including cleaning of HVAC systems); personal protective
equipment recommendations for cleanup personnel; guidance on allergic,
infectious, and toxic effects of exposure to mold and other dampness-
related agents; adverse health-effects prevention strategies; and advice to
public health-authorities. The authors recommend surveillance of com-
munity health after hurricanes and floods to identify unrecognized hazards
and to gather information that will allow better responses in the future.

Few comprehensive epidemiologic studies have been conducted to as-
sess respiratory effects of residents who lived in homes after major flooding.
What is known is mainly from the Mississippi floods of 1993 and Hurri-
canes Katrina and Rita in 2005. Brown and colleagues (2006) estimate that
in the New Orleans area alone the latter two events caused at least 110,000
homes to have high levels of mold and bacteria and at least 40,000 to be
heavily contaminated.

Ross and colleagues assessed mold spores, lung function, and respi-
ratory symptoms in 57 asthmatic residents of 44 homes in East Moline,
Illinois, in April-October 1994 (Ross et al., 2000). The average mold-spore
concentration was 2,190 spores/m3. The researchers found that higher
Alternaria concentrations were associated with missing sleep because of
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asthma (odds ratio [OR], 4.8; 95% Confidence Interval [CI], 1.6-14.6). In
their second analysis of the data on the Mississippi floods, the researchers
had a slightly different sample size; they assessed mold spores, lung func-
tion, and respiratory symptoms in 59 asthmatic residents of 46 homes in
East Moline, Illinois, in April-October 1994 (Ross et al., 2002). Concentra-
tions in this study averaged 5,692 spores/m3. The researchers found that
higher mold-spore concentrations were associated with an improved peak
expiratory flow rate (PEFR) and respiratory symptom scores. They attri-
bute the paradoxical results partly to self-reported diary cards for PEFR
and symptoms.

Rabito et al. conducted two studies of mold exposure in post—-Hurricane
Katrina New Orleans. In the first, the study site was a school that reopened
in January 2006, five months after the hurricane (Rabito et al., 2008).
Respiratory health questionnaire and spirometric data were collected on
children 7-14 years old, and air sampling for fungi in their homes was
conducted at baseline and again after two months. The 75th percentile for
mold concentration was 100 colony-forming units per cubic meter (cfu/m?3)
and 70 cfu/m? at the two times. The concentrations were several orders of
magnitude lower than those reported in unoccupied homes immediately
after the hurricane (Chew et al., 2006). Nonetheless, there was an overall
decrease in mold levels and respiratory symptoms over the study period,
and indoor mold levels were low despite reported hurricane damage. Al-
though many of the homes had sustained hurricane damage, the authors
stressed that their results might not be generalizable to the residents of other
homes who did not have the financial means to return to the city and to
repair their homes or relocate to a nonflooded area.

In the other study by Rabito and colleagues, 529 patients in an allergy
clinic were enrolled from December 1, 20035, to December 31, 2008. Mold
exposure was assessed with a questionnaire, and mold allergy with a skin-
prick test. Mold exposure (defined in terms of extent of home damage or
duration of exposure) was not associated with mold allergy. The authors
acknowledged that minorities and those without health insurance were un-
derrepresented in the study, and this limited generalizability of the results.

Overall, the studies did not observe a statistically significant association
between mold exposure and respiratory symptoms after flooding events.
That result may be influenced by such factors as selection bias, lack of gen-
eralizability of the study populations, the healthy-resident effect (whereby
healthy residents may be more able to conduct the necessary cleanup and
renovation efforts), and difficulties in discerning associations between mold
exposure and respiratory morbidity because of the presence of confounding
factors (Barbeau et al., 2010).

Separately, Dales and colleagues (1991) used questionnaires to gather
data on the health and home characteristics of more than 13,000 children
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5-8 years old in 30 communities across Canada. Flooding, defined as “the
appearance of flooding, water damage, or leaks in basement in last year,”
was associated with statistically significant ORs for parent-reported cough,
wheeze, dyspnea, asthma, bronchitis, chest illness, upper respiratory symp-
toms, and eye irritation. The estimates were not adjusted for confounders,
but the authors stated that analyses that adjusted for age, sex, race, parental
education, presence of environmental tobacco smoke, presence of gas ap-
pliances, and hobbies that generate airborne contaminants yielded similar
results.

Recovery activities after hurricane and floods also present risks.
Cummings and colleagues (2008) found that people’s respirator use while
they were entering flooded areas and during cleanup and remediation de-
creased adverse exposures. They established that disposable-respirator use
in water-damaged homes was associated with lower odds of exacerbation of
moderate or severe upper respiratory symptoms (OR, 0.51; 95% CI, 0.24—
1.09) and lower respiratory symptoms (OR, 0.33; 95% CI, 0.13-0.83).

Methods used to assess exposure to mold and mold components are a
major area of research. For example, Ross et al. (2000) found that mold
spores reflect a small fraction of the antigen load in a mold-contaminated
space. Fungal fragments and conidia contribute allergens at concentrations
orders of magnitude greater than mold spores (Green et al., 2005b, 2006).
Airborne culturable fungi represent a yet smaller subset of the antigen load.
One study assessing asthma morbidity in inner-city children with docu-
mented allergy to fungi and focusing on four genera of fungi found that
elevated outdoor and indoor levels of culturable mold resulted in increased
asthma morbidity (Pongracic et al., 2010). Further studies of the health
impacts of post-flood events thus need to assess exposure using a number
of methods, including qualitative characterization of contaminated surfaces
and fungal fragments.

Bacteria

Bacteria also thrive in damp indoor environments and often coex-
ist with mold. As noted earlier, they can cause inflammatory responses
(Hirvonen et al., 2005). Endotoxin, a component of the cell wall of gram-
negative bacteria, has been particularly well studied and has been shown
either to have direct health effects or to augment the effects of other con-
taminants. Endotoxin in house dust has been associated with wheeze in
infants (Keman et al., 1998; Park et al., 2001) and with greater severity
of asthma in adults who are sensitive to dust mites (Michel, 1996; Michel
et al.,, 1991). In the workplace, endotoxin has been found at high levels
in association with hypersensitivity pneumonitis (Rose et al., 1998), and
levels in floor dust have been shown to be associated with lower and upper
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respiratory symptoms, fever and chills, and headache in a large office build-
ing and to interact with fungi in the floor dust and lead to higher rates of
lower respiratory symptoms in occupants who have increased fungal and
endotoxin levels (Park et al., 2006).

Emissions from Damaged Building Materials and Furnishings

Water damage can lead to decay of building materials and furnishings.
Polyvinyl chloride (PVC) floor coatings release phthalates when exposed
to water, and phthalates in house dust have been associated with allergic
symptoms, eczema, and asthma in children (Bornehag et al., 2004; Jaakkola
and Knight, 2008). Increased rates of asthma and allergy symptoms have
been associated with damp PVC floor coatings (Bornehag et al., 2005;
Tuomainen et al., 2004). Understanding of the complex chemical interac-
tions that occur indoors is growing. Research has shown that the indoor
chemistry of surfaces (vinyl tile, wall board, and carpet) and the gas phase
reactions that can occur when surfaces are disturbed can result in the rapid
formation of potential irritants (Forester and Wells, 2009; Ham and Wells,
2008; Harrison and Ham, 2009; Wells et al., 2008). Indoor surfaces can
also be important reservoirs of reactant chemicals—such as cleaning agents,
pesticides, and paints—that can undergo hydrolysis reactions because of
moisture. Characterization of those exposures and their associated health
effects is a subject of active research (Anderson et al., 2007, 2010).

SUMMARY COMMENTS

Dampness problems in buildings are pervasive, and strategies for avoid-
ing them well established, although not necessarily widely implemented.
There are several sources of guidance on design and retrofit strategies.
Lstiburek (2004, 2005a,b, 2006), for example, has produced a series of
books that offer design and construction advice specific to various housing
types and climatic conditions found in the United States, including advice
on avoiding water intrusion and excessive indoor dampness. Operational
advice—in particular, proper operation of HVAC systems—for avoiding
damp conditions indoors is also available (ASHRAE, 2009).

The 2004 IOM report Damp Indoor Spaces and Health summarizes
dampness and mold remediation guidelines issued by the New York City
Department of Health and Mental Hygiene (NYCDOH 1993, 2000), Health
Canada (1995), the American Conference of Governmental Industrial Hy-
gienists (ACGIH, 1999), the US Environmental Protection Agency (EPA,
2001), and the American Industrial Hygiene Association (AIHA, 2001). CDC
also offers advice based on the Occupational Safety and Health Administra-
tion, EPA, and New York City 2005 revised guidance (Brandt et al., 2006).
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The summary advice of those authors and organizations is straightfor-
ward. Quoting from Damp Indoor Spaces and Health (I0M, 2004):

e Homes and other buildings should be designed, operated, and main-
tained to prevent water intrusion and excessive moisture accumulation
when possible. When water intrusion or moisture accumulation is
discovered, the sources should be identified and eliminated as soon as
practicable to reduce the possibility of problematic microbial growth
and building material degradation.

e When microbial contamination is found, it should be eliminated by
means that limit the possibility of recurrence and limit exposure of oc-
cupants and persons conducting the remediation.

Operationalizing the advice, however, is difficult. The 2004 IOM re-
port committee concluded that “the prevalence and nature of dampness
problems suggest that what is known about their causes and prevention
is not consistently applied in building design, construction, maintenance,
and use.” Buildings are a complex combination of foundation, structure
elements, and interior components, including insulation, plumbing, HVAC,
and ancillary systems. Changes in one may affect the function of others in
ways that are difficult to anticipate.

Climate change may complicate dampness prevention planning and re-
sponses. Buildings are—at least ideally—designed to operate in a particular
set of outdoor environmental conditions. Local building codes are predi-
cated on those conditions, specifying resistance against projected weather
extremes. Building-insurance interests base their premium calculations (and
their economic viability) on assumptions regarding the ability of the struc-
tures that they underwrite to survive such extremes. If climatic conditions
in a particular area change—for example, if there are more severe or more
frequent episodes of intense precipitation—buildings constructed under
existing codes and designed to operate under previously existing conditions
may fail to perform as designed under the new conditions. That suggests
that careful consideration must be given to revising building codes and
practices to anticipate future climatic conditions and to taking a coordi-
nated approach to addressing risks.

CONCLUSIONS

On the basis of its review of the papers, reports, and other information
presented in this chapter, the committee has reached the following conclu-
sions regarding the health effects of alterations in IEQ due to dampness
and flooding;:
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e Studies reviewed in the 2004 IOM report Damp Indoor Spaces and
Health and confirmed by research indicate that
o Excessive indoor dampness is a determinant of the presence or
source strength of several potentially problematic exposures.
Damp indoor environments favor house-dust mites and the
growth of mold and other microbial agents, standing water
supports cockroach and rodent infestations, and excessive mois-
ture may initiate or enhance chemical emissions from building
materials and furnishings.

o Damp indoor environments are associated with the initiation or
exacerbation of a number of respiratory ailments.

e Extreme weather and flooding events that penetrate buildings—
which may become more frequent or severe in the future—increase
the number of people at risk for health conditions related to
standing water, wet building materials, and sustained high indoor
humidity.

e Dampness problems in buildings can be difficult to anticipate. The
information needed to minimize the risk of their occurrence or their
severity is available but is not being consistently applied.

e Current buildings and building design, construction, operation, and
maintenance practices may not be appropriate for managing indoor
dampness or flooding problems due to outdoor environmental
conditions that could result from climate change. New, flexible ap-
proaches that anticipate potential problems and take measures to
prevent them or minimize their adverse consequences are needed.
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Infectious Agents and Pests

Many pathogens and allergens are profoundly affected by environmen-
tal conditions. Their survival may be directly influenced by temperature,
humidity, or moisture, or their availability may depend on the distribution,
abundance, or behavior of their hosts or vectors. A changing climate will
thus affect human exposure to these agents.

This chapter addresses indoor environmental quality concerns associ-
ated with the infectious agents and other pests that research suggests may
be influenced by climate-change—induced alterations in the indoor environ-
ment. The chapter also touches on exposure to chemicals used to control
pest infestations. Exposures that are directly related to dampness are the
subject of Chapter 5.

Two earlier National Academies reports have addressed issues relevant
to the material discussed in this chapter. The 2001 National Research
Council report Under the Weather: Climate, Ecosystems, and Infectious
Disease (NRC, 2001) and the 2008 Institute of Medicine workshop sum-
mary Global Climate Change and Extreme Weather Events (IOM, 2008a)
take on the larger question of the linkages among climate, ecosystems, and
infectious disease. A white paper commissioned by the US Environmental
Protection Agency (EPA) in conjunction with the present effort discusses
the potential effects of climate change on microbial air quality in the built
environment (Morey, 2010).
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INFECTIOUS AGENTS

Infectious diseases have been major drivers of evolution and of human
evolution in particular. The vast majority of infections are acquired from
the environment or transmitted from humans or other animals. Therefore,
factors that affect the physical environment, how we build in it, and how
we share it with other humans are critical determinants of the infections
to which we are exposed and how we perpetuate the exposures. Seasonal
variation—a complex summing of multiple influences ranging from sunlight
to moisture to wind speed and varying by region—has also been recognized
as a critical influence on infectious-disease epidemiology dating back to
Hippocrates (Naumova, 2006). Thus, climate change in general and indoor-
air exposure in particular are major elements in the spread or interruption
of infectious diseases in humans. Despite the extensive knowledge base on
the effects of climate change on environmental growth of microorganisms
and their vectors and hence infections, however, data on the effects of cli-
mate change on indoor air and infectious diseases are incomplete.

This section briefly reviews some of the most pertinent model systems
that highlight elements of the knowledge in direct effects of climate on in-
fectious disease. It explores them by category of infection, inasmuch as each
kingdom (for example, bacteria, fungi, and viruses) has distinct features
and is involved in different processes and exposures. One critical factor is
that air and moisture, and therefore water, are inextricably linked. Most
microorganisms are exquisitely sensitive to moisture, either requiring it or
avoiding it. Therefore, the study of indoor air is closely linked to the state
of indoor water, its aerosols, and the magnitude of humidity. Furthermore,
pipes and other water-delivery systems are prone to development of bio-
films, thin, removal-resistant layers of metabolically inaccessible bacteria
that are constantly available for release into water and indoor air through
taps, showers, humidifiers, and the like.

Respiratory Viruses

Experience dating back thousands of years has taught that infectious
diseases can be affected by seasonal changes; this suggests that environment
plays a critical role in the modulation of disease load, spread, and suscep-
tibility. Obvious and recurring examples are provided by the respiratory
viruses, most notably influenza viruses, respiratory syncytial virus (RSV),
and the rhinoviruses. Mechanisms of spread are varied and include aerosol,
fomite,! and direct contact. Direct contact, such as hand-to-hand transfer, is
the most easily modified and is a major contributor to the spread of respira-

! Fomites are inanimate objects or substances—a door knob, for example—that function to
transfer infectious organisms from one individual to another.
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tory viruses. Fomite spread is affected by ambient humidity, which can in
turn be affected by indoor air.

Influenza Viruses

Influenza viruses continue to account for substantial annual morbidity
and mortality interspersed with periods of increased activity. The 2009-
2010 HINT1 influenza epidemic is estimated to have involved around 61
million infections, 274,000 hospitalizations, and more than 12,000 deaths
in the United States (CDC, 2010b).

Although there has been prolonged controversy over the environmental
correlates of influenza epidemic spread, it appears that absolute humidity—
the amount of water vapor in a given volume of air—is a critical deter-
minant (Shaman and Kohn, 2009; Shaman et al., 2010a,b). In contrast,
relative humidity—the amount of water vapor in a given volume of air at a
given temperature expressed as the percentage of the maximum possible for
that temperature—is well regulated in the indoor environment and appears
not to be as important a determinant of influenza transmission and spread.
However, studies by Myatt et al. (2010) show that increased absolute hu-
midity and relative humidity, achieved by the use of indoor air humidifica-
tion, can lead to substantial reductions in viable influenza virus.? Overall,
the effects of humidity on influenza virus outbreaks and peak epidemic peri-
ods are greater in temperate than in tropical environments. In some tropical
and subtropical settings, relative humidity has been more closely associated
with influenza epidemics (Tang et al., 2010a,b). Because periods of high
relative humidity corresponded to periods of increased indoor time and air
conditioning, the population-based correlations are confounded. However,
because indoor air conditioning affects indoor temperature and humidity,
these require more investigation to determine whether the critical aspects
of influenza spread are determined by the indoor or outdoor environmental
conditions. The different results in temperate and tropical zones may reflect
differences in viral and human biology in those regions. However, compara-
tive studies for tropical and subtropical regions for respiratory transmission
have not been completed in the United States.

Respiratory Syncytial Virus

RSV is the greatest cause of bronchiolitis and pneumonia in infants
worldwide and causes up to about 125,000 hospitalizations in US in-

2 As discussed later in this chapter, though, increased humidity may create a more hospitable
environment for mold growth and accelerate the degradation and subsequent off-gassing of
building materials and furnishings.
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fants each year. In the US elderly population, it accounts for an estimated
177,000 hospitalizations and 14,000 deaths (CDC, 2010). RSV appears to
contribute to invasive pneumococcal disease more than influenza viruses do
(Murdoch and Jennings, 2009; Talbot et al., 2005; Watson et al., 2006).
Like influenza virus activity, RSV activity is highest in temperate cli-
mates during fall and winter months and into spring. However, there can
be variability in the time of onset and duration, at least in more subtropical
regions (CDC, 2010a). Unlike influenza virus, RSV is stabilized by higher
humidity, and transmission in some studies correlates with relative humid-
ity, lower temperature, and increased cloud cover (Meerhoff et al., 2009).
Whether the mechanisms of these factors are due to direct effects on the
virus or to indirect effects in driving people indoors into crowded environ-
ments is an open question. In some settings, such as Indonesia, RSV activ-
ity correlated strongly with rainfall and temperature (Omer et al., 2008).
However, the apparently differing epidemiology in temperate and tropical
climates remains incompletely explained (Welliver, 2009). In Spain, RSV ad-
missions of infants with severe disease were strongly associated with lower
temperature and lower absolute humidity (Lapefa et al., 2005).

Rhinovirus

Human rhinovirus (HRV) is a common and relatively mild pathogen,
but one that by its very ubiquity and frequency has a major impact on
human health, especially in the setting of pre-existing airway disease like
asthma. Adults may have up to four bouts per year, typically in the fall
through spring, accounting for up to 62 million cases in the United States
annually (Sloan et al., 2011). In addition, because HRV is highly transmis-
sible, settings that favor human-to-human and fomite transmission tend to
result in relatively high rates of HRV during certain times of the year. Less
research has been conducted on HRV than on influenza and RSV, in part
because these latter organisms’ morbidity and mortality are much higher
and their etiologies somewhat less complex.

Human rhinoviruses are comprised of three main groups—A, B, and
C—which replicate in the epithelial cells of the upper and lower respiratory
tracts, leading to cough, wheeze, and rhinorrhea (Dulek and Peebles, 2011).
Allergic triggers act along with HRV to fuel the exacerbation of asthma.
Extensive work has shown that HRV is one of the most prevalent cofactors
in asthma exacerbations, making their role in overall medical care critical
to understand and interrupt.

A few studies address the determinants of HRV transmission and preva-
lence in indoor environments. Myatt et al. (2004) showed that the amount
of HRV recovered from building air handling filters varied with the amount
of outside air entrained, suggesting that HRV transmission might be influ-
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enced by the number of air exchanges in the work environment. Singleton
and colleagues (2010) found that HRV was recovered from 44 % of Alaskan
native children hospitalized with a respiratory infection, but this rate was
quite close to that in control children who were not hospitalized. Tovey
and Rawlinson (2011) note that the rates of asthma rise precipitously two
to three weeks after the start of school, indicating that some new exposure
in the classroom is responsible. The authors hypothesize that these factors
include HRV as well as numerous other costimulators of asthma such as
endotoxin, proteins, and allergens. du Prel and colleagues (2009) found that
HRYV rates are associated with higher humidity levels, which might become
more common as a result of climate change.

Gram-Negative Bacteria

The gram-negative bacteria present special issues in climate-associated
infectious-disease epidemiology. They are not dependent on human-to-
human spread, are not dependent on human inhabitation for survival, and
have the ability to form biofilms—slippery, poorly penetrable slimes that
cover the inside of water conduits. Given their close ties to the environment
and their access to humans through water consumption, aerosol generation,
heating, and cooling, the epidemiology of gram-negative rod infections is a
window into infectious diseases in the setting of climate change.

Legionella

From its initial recognition as a cause of human respiratory disease, Le-
gionella infection has been closely tied to water-droplet exposure in hotels
and hospitals (Stout and Yu, 1997). However, the modes of transmission
clearly can involve both aerosol spread (by water misters in grocery stores,
for example) and aspiration. Spread from potting soil has also been well
documented (de Jong and Zucs, 2010).

Regardless of the exposures or the modes of transmission, it is clear
that legionellae are relatively common in some water supplies and has
seasonal variation. In a case-crossover study in the greater Philadelphia
area, Fisman and colleagues identified summertime occurrence of reported
Legionella pneumonia to correlate with rainfall and increased relative hu-
midity in the preceding week or so, rather than temperature (Fisman et al.,
2005). Whether that reflects increased recruitment of legionellae into the
water supply through rainfall, increased survival in higher humidity, indoor
transmission, or outdoor transmission remains to be concretely determined.
However, it is clear that in many instances, such as in hospitals, Legionella
transmission is presaged by high levels of bacterial or bacterial DNA recov-
ery from ambient water sources, such as faucets (Feazel et al., 2009). This
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dynamic reservoir of organisms probably serves as the source of aerosol
generation, the source of bacteria that can be aspired by predisposed hosts,
or both. Thus, indoor water clearly influences Legionella transmission and
is itself influenced by regional environmental factors.

Pseudomonas aeruginosa

Stapleton et al. (2007) studied the incidence and causes of keratitis in
contact-lens wearers in Australia. They found that Pseudomonas aerugi-
nosa accounted for a plurality of cases and that it varied with higher mean
minimum temperature but not humidity. Conducting their study in a coun-
try with well-characterized tropical and more temperate zones, they found
that although P. aeruginosa was most common in the tropical regions,
gram-positive organisms, such as Staphylococcus aureus, predominated in
more temperate regions (Stapleton et al., 2007). Perencevich et al. (2008)
studied the effects of seasonal temperature on nosocomial infection rates at
the University of Maryland Medical Center. On review of almost 218,594
cases and 26,624 unique cultures, they found that rates of some gram-
negative bacillary infections, including P. aeruginosa infections, were higher
during warmer months and that rates of P. aeruginosa infection increased in
relation to temperature rise. Gram-negative organisms that showed similar
seasonal variation included Acinetobacter baumanii, Enterobacter cloacae,
and Escherichia coli. Rates of gram-positive bacteria, such as S. aureus and
Enterococcus spp., were not increased over the same periods and did not
show similar relationships to temperature. Those infections occurred in
hospitals, so they are reflections of effects of indoor environment, but they
presumably reflect some changes in the outdoor environment as well. That
other nosocomial pathogens, such as S. aureus, did not vary in the same
pattern excludes simple effects of climate on human practices and suggests
a more intrinsic effect of climate on gram-negative nosocomial pathogens.

As mentioned above, Perencevich et al. (2008) showed that gram-
negative nosocomial infections increased with increasing temperature in
Baltimore. In a national survey, McDonald et al. (1999) also found sea-
sonal variation in Acinetobacter baumanii nosocomial infections but not
in P. aeruginosa infections. They also noted marked differences in regional
rates of A. baumanii infections, with higher rates in the eastern than west-
ern parts of the United States.

Mycobacteria

The Mycobacteriaceae are typically environmentally hardy gram-
positive rods that include the high-grade primate pathogen Mycobacterium
tuberculosis, the more numerous environmental or nontuberculous myco-
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bacteria, and M. leprae, the agent of leprosy. Some of these organisms have
emerged as agents of lung infection in patients who have underlying lung
diseases that lead to impaired clearance of respiratory secretions. Those
diseases are best exemplified by cystic fibrosis, a genetic disease in which
impairment and dysfunction of the airway-lining cilia lead to the airway-
widening condition known as bronchiectasis. Bronchiectasis is a common
feature of the other syndromes in which nontuberculous mycobacterial
infections occur, including primary ciliary dyskinesia, alpha-1 antitryp-
sin deficiency, and hyper-IgE recurrent-infection syndrome (Zoumot and
Wilson, 2010).

The role of environmental exposure, including exposure to the indoor
environment, in nontuberculous mycobacterial infection has recently re-
ceived intense interest. The nontuberculous mycobacteria live in temperate
and tropical waters and soils throughout the world. Unlike M. tuberculo-
sis and M. leprae, which depend almost exclusively on human-to-human
spread for their propagation, the nontuberculous mycobacteria are environ-
mental opportunists that live in biofilms and can survive otherwise hostile
environments because of their waxy cell walls (Falkinham, 2010). Feazel et
al. (2009) showed recovery of M. avium complex genetic signatures from
biofilms collected from inside showerheads in homes. Other organisms
were also detected, including legionellae. Falkinham et al. (2008) reported
a case of pulmonary infection with a particular species of M. avium com-
plex that was recovered from the home water supply; this suggested spread
from the household water to the patient. That potential mechanism of
spread has been expanded on by Chan and Iseman (2010). The occurrence
of pulmonary nontuberculous mycobacterial infection is highest in cystic
fibrosis patients who have the mildest forms of disease, especially in women
(Rodman et al., 2005).

Fomites

Increasing relative humidity and temperature outdoors will probably
lead to increased indoor dampness and dampness-related health effects. As
is the case with many infectious-disease vectors, the effects of temperature
and relative humidity may increase or decrease the survival of viruses and
bacteria and facilitate the persistence of infectious fomites (Boone and
Gerba, 2007). Increases in environmental temperature decrease the survival
of many viruses. For example, the HSNT1 avian influenza virus persisted on
duck feathers and on surfaces for long times but only at lower tempera-
tures (Wood et al., 2010; Yamamoto et al., 2010). The combination of a
stable indoor environment and increased dampness may actually decrease
the transmission of some respiratory viruses and increase the survival of
other pathogens on fomites, such as the ones that harbor bacteria and mold
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(Boone and Gerba, 2007; Gubler et al., 2001). Increased dampness indoors,
possibly exacerbated by building deterioration, may exacerbate or increase
the risk of developing select respiratory diseases caused by mold and bacte-
rial exposure (IOM, 2004; WHO, 2007).

Fungi

Fungi pose a special set of problems because they are ubiquitous,
grow easily in the environment, and cause human diseases. However, the
language surrounding fungal interactions with humans is fraught with im-
precision, which leads to confusion. In addition, there are several distinct
types of fungi, including yeasts, molds, and dimorphic yeasts (fungi that
live as yeasts under one set of circumstances but can act like molds in other
circumstances) (Holland and Vinh, 2009). The distinctions are important
because the dimorphic yeasts are able to live both in the environment and in
humans and cause some degree of invasive disease even in healthy humans.
Examples include Histoplasma capsulatum, Coccidioides immitis, Blasto-
myces dermatitidis, Sporothrix schenkii, and Paracoccidioides brasiliensis.
Those agents are relatively regional in their distribution and are therefore
often referred to as endemic fungi. In healthy hosts, they can cause usually
self-limited respiratory illnesses, such as valley fever due to C. immitis. They
are organisms that live in the upper layer of soil outdoors and are rarely
associated with indoor exposures and have rarely associated with indoor
exposures to date. However, a white paper commissioned by EPA (Morey,
2010) suggests a mechanism by which this could change. It indicates that
the upper layer of soil is prone to disturbance by dust storms, which may
become more common in geographic areas that experience drought because
of shifts in climatic conditions. This may in turn lead to greater indoor
penetration of pathogenic fungi contained in soil and to higher indoor ex-
posures in the absence of enhanced HVAC filtration or settled dust removal.

Invasive fungal infections are quite rare in humans and occur almost
exclusively in the setting of immunocompromise, either inborn, such as
some primary immunodeficiencies, or acquired, such as that acquired
through transplantation or chemotherapy. However, with the advent of
more drugs that affect immunity, such as tumor-necrosis factor alpha—
(TNF-o)-blocking agents used for rheumatoid arthritis and inflammatory
bowel disease, the number of people at risk for the development of fungal
infection is increasing (Tsiodras et al., 2008). In susceptible persons Asper-
gillus fumigatus, a thermotolerant filamentous mold, can cause invasive
disease that is usually spread by inhalation. Pneumonias that occur in the
setting of immunocompromise carry high morbidity and mortality.

In the nonimmunocompromised host, the most important fungal dis-
ease in the respiratory tract is allergic bronchopulmonary aspergillosis
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(ABPA), a syndrome of allergic response to fungi that is most common in
those who are atopic, those who have cystic fibrosis, and those who have
asthma (Patterson and Strek, 2010). Allergic fungal sinusitis is similar
in that eosinophil-rich secretions become dense and involved with fungi
without tissue invasion; in this case, the organisms involved include the
dematiaceous (dark-walled) molds Bipolaris spicifera and Curvularia lunata
or Aspergillus fumigatus, A. niger, and A. flavus (Schubert, 2009). The syn-
dromes of chronic fungal rhinosinusitis are regionally concentrated around
the South and Southwest of the United States. These allergic respiratory
syndromes straddle the lines between infection, colonization, and allergy.

Synthesis

Climate change has many effects on infectious diseases, some malign
and some ameliorative. How we adapt the indoor environment to the con-
tinuing changes in the outdoor environment will be critical determinants of
how we affect the occurrence and spread of infectious diseases. In particu-
lar, effects on moisture, temperature, and the organisms trafficked into our
homes, places of work, hospitals, and schools in water will determine the
rates of viral, bacterial, mycobacterial, fungal, and allergic diseases.

PESTS

Indoor environments contain a number of unwelcome insects, other
arthropods, and invasive animals. All of these are at some level sensitive to
environmental conditions, but some are more susceptible to the conditions
associated with climate change. This section summarizes the available lit-
erature on the characteristics of these pests; the health effects of exposure
to the allergens and microbial agents that they produce, host, or carry;
and how climate-change—induced alterations in the indoor environment—
including changes in occupant behavior—may affect adverse exposures
associated with them.

House Dust Mites

House dust mites are microscopic arthropods that are ubiquitous in
indoor environments. They are among the most important sources of aller-
gens in house dust and of allergic disease in the United States (IOM, 2000).

Exposure

Voorhorst and colleagues were the first to show that dust mites of
the genus Dermatophagoides were the source of “house dust” allergens
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(Voorhorst et al., 1969). Dermatophagoides pteronyssinus (de Boer and
Kuller, 1997; van Strien et al., 1994; Voorhorst et al., 1969) and D. farinae
(Antens et al., 2006) are commonly recovered in home settings. D. farinae is
the hardier of the two (Arlian, 1975; Arlian and Veselica, 1981). An inter-
vention study showed that the major allergen from D. pteronyssinus may
have been decreased by an extremely dry (and cold) winter during the study
period rather than by the home interventions themselves (Brunekreef et al.,
2005; Gehring et al., 2005).

Dust mite viability is highly influenced by environmental conditions.
There may be some inferences that as the climate warms, dust mites will
thrive (Ayres et al., 2009). That is not entirely true. As noted in Chapter
2, although some regions of the country will experience warmer climates,
they will not necessarily experience higher humidity. The critical factor for
dust mites is water activity (A), which is relative humidity at a surface.
Dust mites do not have lungs that can condition the air; rather, they conduct
transpiration through their exoskeletons. A decrease in ambient relative hu-
midity (which is paralleled by a drop in A ) can affect dust mites not only
in laboratory settings (Arlian, 1975; Arlian and Veselica, 1981) but in the
home (Arlian et al., 2001; Cabrera et al., 1995; Harving et al., 1994) and
at a community level (Acosta et al., 2008; Chew et al., 1999).

New York and Boston are coastal cities, but many of their homes can
be dry in winter, and this factor eradicates the dust mite population. Studies
indicate that increased indoor temperature in those communities has not
been accompanied by an observed increase in the dust mite population;
rather, dust mites decreased (Acosta et al., 2008; Chew et al., 1999). The
homes where overheating was measured in these studies were multifamily
apartment buildings whose residents had little control over their heating.
The heating was turned on (building wide) early in fall and turned off
late in spring. Figures 6-1 and 6-2 illustrate how overheated apartments
compared with single-family homes whose residents had more control over
their heating.

A change in climate could also affect the ecologic niches of some types
of dust mites in such a way that the geographic patterns of endemic dust
mites could change. As discussed earlier, some dust mites are more sensitive
to humidity than others. The Dutch intervention study described earlier
(Brunekreef et al., 2005) showed not only that dust mite levels decreased
in this coastal country but that the profile of dust mite taxa had changed.
Although it was not highlighted in the study, careful examination of one of
the figures shows that between the beginning of the study (1996) and eight
years later, Der f 1 (the major allergen from D. farinae) apparently became
the most highly concentrated allergen in house dust (Antens et al., 2006).
Even if humidity does not change substantially, warmer climate patterns
are predicted, and this (in the absence of any adaptation measures, such as
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FIGURE 6-1 Variations in indoor temperature and relative humidity as functions of
housing type and time of year in a sample of urban residences. (Derived from data
presented in Chew et al., 1999.)
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and location and time of year in a sample of urban residences. (Derived from data
presented in Chew et al., 1999.)
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increased use of air conditioning and dehumidifiers) could lead to a shift in
the types of dust mites that are found in northern latitudes. The long-term
outlook would be for increased numbers of dust mites and a wider variety
of dust mite species in northern climates. However, that is speculative and
does not consider adaptation measures.

Adaptation

More air-conditioning and dehumidifier use in summer In Ohio, Arilan et
al. (2001) found that among three groups—those with only opening win-
dows for cooling purposes, those with only air conditioning, and those with
air conditioning and a high-efficiency dehumidifier—dust mite allergen con-
centrations in the homes with both air conditioning and dehumidifiers were
less than 10% of concentrations in the other homes. Given that the monthly
outdoor temperature in the Ohio summer months averaged 20.5-25.9°C
(69=79°F), it is not clear how often the air conditioning was used in the air
conditioning—only group. For that reason alone, the dehumidification (with
only air conditioning) might not have been as much as could be expected in
a scenario in which Ohio summers would be longer and warmer. Nonethe-
less, in a study that covered a wider geographic area of the United States,
air conditioning was independently associated with lower dust mite allergen
levels (Lintner and Brame, 1993). Furthermore, Swedish researchers found
that mechanical exhaust and adequate supply ventilation in energy-efficient
housing can decrease mite allergen concentrations substantially (Sundell et
al., 1995). Air-conditioning use in the United States has steadily increased
over the past several years, and it is likely that this adaptation measure will
affect dust mite populations.

More humidifier use in summer Humidifier use is an adaptation strategy
for those in arid environments. A humidifier would need to run quite often
to keep the humidity high enough to sustain a dust mite population, and
there is some evidence that they are in some circumstances. Prasad et al.
(2009) showed that evaporative coolers can increase indoor relative humid-
ity to a point where the prevalence of patients who have asthma or allergic
rhinitis with sensitization to dust mites increases. The researchers posit that
it is an increase in dust mite allergen in the environment that is tied with
the increase in sensitization, but they collected no allergen measurements.
Nonetheless, it remains an interesting research question that warrants fur-
ther investigation.

Less heating in winter (because winters are milder) If winters become

milder, some residents might use their heat less in the winter, and this could
give rise to more dust mites and possibly a shift in the types of dust mites
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that can thrive in a particular climate. For example, if the northeast United
States becomes warmer and more humid, such mites as Blomia tropicalis—
which is found in Puerto Rico—might extend their range northward in the
United States (Acosta, 2008; Montealegre et al., 1997).

Epidemiology

Current dust mite sensitization patterns in the United States Most of
what is known about current dust mite sensitization patterns in the United
States is from the National Health and Nutrition Examination Survey
(NHANES) population-based sample of the general population and from
childhood-asthma studies (Table 6-1). The NHANES data did not focus
on dust mite sensitization more widely than the regional level. However,
the National Cooperative Inner-City Asthma Study (NCICAS), Childhood
Asthma Management Program (CAMP), and Inner-City Asthma Study
(ICAS) show that, among children who have asthma, dust mite sensitiza-
tion varied by city.

How allergen avoidance could affect sensitization patterns Early-life en-
vironmental exposures are key in the development of allergic sensitization
(Illi et al., 2006; Lau et al., 2000). It is controversial which factors are most
important, such as early-life pet ownership and early-life endotoxin expo-
sure (Holt and Thomas, 2005), but it is clear that those with a genetic pre-
disposition to inhalant allergies tend to become sensitized to what is in their
environment (Chew et al., 2008; Eldeirawi et al., 2005; Huss et al., 2001;
Ingram et al., 1995; Montealegre et al., 2004; Phipatanakul et al., 2000a,b).
The CAMP showed that of children who had asthma in Albuquerque,
Baltimore, Boston, Denver, St. Louis, San Diego, Seattle, and Toronto, those
in Denver and Albuquerque had the lowest concentrations of dust mites in
their homes and the lowest prevalence of dust mite sensitization (33.1%
and 21.5%, respectively) (Huss et al., 2001). If climate change leads to
longer heat waves, areas with climates similar to that of Albuquerque could
expand, and residents in those areas would experience not only decreased
allergen exposure (which would lead to fewer symptoms) but changes in
the pattern of their allergic sensitization.

How asthma incidence patterns could be affected Generally speaking—that
is, without regard to the sensitizing agent(s)—asthma mortality and mor-
bidity rates exhibit geographic, regional, and seasonal differences in the
United States. Rates are elevated in urban areas when compared to rural
areas (Carr et al., 1992; Grant et al., 1999; Weiss and Wagner, 1990), with
New York City, Chicago, and Phoenix having consistently high mortal-
ity and hospitalization rates (Carr et al., 1992; Lang and Polansky, 1994;
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Marder et al., 1992). Asthma mortality rates were consistently higher in the
West and Midwest US Census regions than in the Northeast or South over
the years 1980-1998 (Mannino, 2002). Akinbami (2006) notes that asthma
prevalence rates among children 0-17 years of age are generally higher in
the Northeast region than elsewhere but cautions:

While it is tempting to attribute prevalence patterns to climate or air qual-
ity, many factors affect prevalence and may also vary by region. Some
examples include the likelihood that symptomatic children are diagnosed
accurately with asthma and population composition. For example, the
Puerto Rican population, in which asthma prevalence is highest, tends to
be concentrated in the Northeast region of the country.

Exacerbations follow the seasonal patterns exhibited by asthma co-
morbidities, including rhinovirus and other respiratory viral infections, and
triggers like pollen and mold (Johnston and Sears, 2006). Peak exacerbation
occurs during the fall, although its magnitude varies depending on the age
of the subject (younger asthmatics are more sensitive to seasonal changes).

Studies suggest that climate change will take place over a long period,
and “allergen avoidance” might not be as extreme as that in some study
interventions. Boner et al. (2002) found that dust mite—sensitized children
who had asthma and were moved temporarily to the Italian Alps had
reduced morbidity, and this was attributed to the absence of dust mites.
Morgan et al. (2004) found that a targeted allergen-avoidance strategy for
children reduced their asthma symptoms and emergency-department visits
over a period of two years. What is more likely is that with the changing
pattern of dust mite—endemic areas and the change in allergic-sensitization
patterns, people who have allergic asthma will mount immune responses
to elements of their environment, such as cockroaches, cats, and mice
(Gruchalla et al., 2005). In contrast, if the northern states experience milder
winters and an increase in humidity, dust mites might become the dominant
allergen and surpass cockroaches and pets as the allergen most associated
with increased asthma morbidity (Chew et al., 2009).

Other Pests

Little information is available on the potential effects of climate change
on indoor exposure to other pests. Research has noted that the presence of
increased mammalian pests in the indoor environment can spread disease
and exacerbate allergies (IOM, 2008b), and increased outdoor tempera-
tures are thought to have brought rodents indoors and led, for example,
to disease from exposure to hanta virus in mouse droppings (Gubler et al.,
2001). It is plausible that climate change will engender other indoor expo-
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sures to pests, but research on the question is lacking. It should be noted,
however, that data collected as part of the National Survey of Lead and
Allergens in Housing (Cohn et al., 2004) and National Cooperative Inner-
City Asthma Study (Phipatanakul et al., 2000a,b; Platts-Mills et al., 2007;
Pongracic et al., 2008) do not indicate that there are appreciable geographic
differences in mouse allergen levels measured indoors. It is thus unclear
whether climate variations may have an effect on rodent infestations.

Pest Controls

Several factors may cause pesticide exposure to increase under condi-
tions of climate change. Higher temperatures may lead to increased num-
bers of structural, agricultural, and forest insect pests (Boxall et al., 2009;
Quarles, 2007). Water and storm damage may expand opportunities for
pests to invade the indoor environment (Brennan, 2010). And damage
caused by flooding and an increase in available water or moisture could cre-
ate environments that are more hospitable to pests and increase the capacity
of buildings to support infestations. All those circumstances are likely to
lead to greater residential and agricultural use of pesticides to control in-
creasing populations of insects, rodents, and other disease vectors and thus
to a greater risk of exposures of populations.

Vulnerable Populations

Some communities appear to be at greater risk for indoor pesticide ex-
posure than others. In the United States, urban communities are particularly
at risk. In New York state, a study found that the heaviest application of
pesticides occurred not in agricultural counties but in the New York City
boroughs of Manhattan and Brooklyn (Thier et al., 1998). Some 93% of
residents in public housing in New York City reported applying pesticides
in their homes, and more than half said that they did so once a week
(Surgan et al., 2002). Bradman et al. (2005) found that rodent infestation
in homes increased in the presence of peeling paint, water damage, and high
residential density, and the use of pesticides is common in communities that
have adverse housing conditions.

Extensive work in the past decade has demonstrated the presence of
pesticides in urban house dust and addressed the risk of exposure to these
chemicals in vulnerable groups such as pregnant women and children. Such
factors as multifamily dwellings, leaky buildings that allow pests to come
into the indoor environment, and home ownership influence the likelihood
of pesticide use (Julien et al., 2008). Although regular application of chemi-
cal pesticides, some of which include banned or restricted products, may be
used to combat severe infestation, the methods are often deemed ineffective.
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Once introduced into the home environment, pesticide residues may persist
for years beyond the time of application, as demonstrated by evidence of
banned compounds, such as DDT, in residential dust samples (Julien et al.,
2008; Stout et al., 2009).

Integrated pest management (IPM) is a reasonable adaptation to in-
creasing populations of pests, but many families lack the education or
resources to implement the changes that will be needed. Residents of multi-
family urban dwellings where pesticides are commonly used may have little
control over the pesticides used in their buildings.

Changes in Vector Distribution

Changes in patterns of infestation in the outdoor environment may af-
fect indoor air quality. Milder and shorter winters are expected to increase
the geographic distribution of pests, such as mosquitoes and insects that
attack agricultural crops (Quarles, 2007). Outbreaks of West Nile virus,
carried by mosquitoes, in 2001-2005 correlated with increasing tempera-
ture and rainfall, and this leads to the expectation that such outbreaks
will increase with climate change. Others have drawn attention to how
outbreaks of disease, such as dengue fever and possibly malaria, could
result from climate change (Girman, 2010; Hales et al., 2002; Randolph
and Rogers, 2000).

The change in vector distribution and increasing threats to the agricul-
ture industry are expected to result in increased use of agricultural chemi-
cals (Boxall et al., 2009). As outdoor pesticide applications increase in an
attempt to control increasing distribution of pests, indoor levels of these
contaminants could rise. Pesticides applied in the outdoor environment do
not remain outdoors but can find their way indoors through air exchange
or can be brought in on clothing, skin, and especially shoes. People who live
close to agricultural operations that increase their use of chemicals to con-
trol insect infestation may be at particularly high risk (Ward et al., 2006).
In orchard-producing areas of Washington and Oregon, pesticide levels in
house dust have been associated with distance from agricultural fields (Lu
et al., 2000; McCauley et al., 2001), and pesticide metabolites in urine
increased with proximity to the fields and during the pesticide-application
season (Lu et al., 2000). Levels of pesticides metabolites have been higher
in the urine of agricultural children than in the urine of children who reside
in nonagricultural communities (Lambert et al., 2005; Lu et al., 2000).

In countries where malaria is endemic, the residential ban on applica-
tions of DDT is being lifted. In 2006, the World Health Organization and
the US Agency for International Development endorsed indoor DDT spray-
ing to control malaria (WHO, 2009). The increasing distribution of pests
associated with climate change will result in increased measures to control
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outbreaks and potentially increase the risk of exposure to pesticides and of
associated health effects, particularly in vulnerable populations.

Health Concerns

Biologic monitoring in the United States indicates widespread exposure
to organochlorine and organophosphate pesticides in the general popu-
lation (National Exposure Research Library, 2005). Prospective cohort
studies of mothers and newborns have documented considerable pesticide
exposure during pregnancy in urban populations, with insecticides detected
in air samples and in blood samples from women and newborns at delivery
(Berkowitz et al., 2003; Whyatt et al., 2002, 2003). Those findings raised
concern about potential health effects of residential exposure to pesticides.
Many pesticides are developed to degrade quickly in outdoor environments
but sequester in indoor environments in the absence of sunlight and rain.
Pesticides can pass through the blood-brain barrier and penetrate the pla-
centa. In addition, young children may receive greater exposure than adults
because they eat, drink, and breathe more per unit of body weight (NRC,
1993). Children are also particularly vulnerable because they play in the
dirt and on the floor (Fenske et al., 1990; Zwiener and Ginsburg, 1988).

Numerous animal studies have demonstrated that in utero or early ex-
posure to organophosphate pesticides affects neurodevelopment (Eskenazi
et al., 1999). Fetuses and young children may be more susceptible to neuro-
toxic effects of pesticides and have lower than adult levels of enzymes that
are needed to detoxify organophosphate pesticides (Furlong et al., 2006).
An emerging literature provides evidence of neurobehavioural consequences
of relatively small exposure to organochlorine and organophosphate pes-
ticides in infants and children (Eskenazi et al., 2008). Recent studies have
found that the levels of organophosphate pesticides in dwellings may be
great enough to cause neurodevelopmental effects (Eskenazi et al., 2007;
Perera et al., 2003).

The increasing use of DDT to control malaria poses important ques-
tions about potential health effects. DDT is extremely persistent in the envi-
ronment, so the potential association with indoor air quality is of concern.
In a recent review of health effects associated with DDT exposure, a con-
sensus group concluded that indoor residual spraying can result in substan-
tial exposure to DDT and that DDT exposure may pose a risk to human
populations (Eskenazi et al., 2009). There is a growing body of evidence
that exposure to DDT and its breakdown product DDE may be associated
with adverse health outcomes, such as breast cancer, diabetes, decreased
semen quality, spontaneous abortion, and impaired neurodevelopment in
children. However, few studies have measured body burdens of both DDE
and DDT, and studies have rarely investigated the effects of DDT or DDE
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exposure at levels observed in populations exposed through indoor residual
spraying or populations exposed through drift of outdoor applications.

Rosas and Eskenazi (2008), in a review of the association between
pesticides and neurodevelopment, concluded that although there are some
inconsistencies among studies that may arise from differences in exposure
and in methods of exposure assessment, there is surprising consistency in
the few studies that have been conducted. The studies suggest that there is
reason to be cautious about exposure of pregnant women to DDT, DDE,
and organophosphates because of the potential effect on the neurodevelop-
ment of their children.

Integrated Pest Management

If climate change causes the spread of diseases now considered to
be tropical diseases into what are now more temperate climates, the use
of pesticides could increase and have the potential to degrade indoor air
quality. Alternatively, the concern about rodent and insect vectors could be
used to promote wider use of Integrated Pest Management (IPM). IPM is
an effective and environmentally sensitive approach to pest management
that relies on a combination of common-sense practices. IPM programs
use current comprehensive information on the life cycles of pests and their
interactions with the environment. That information, in combination with
available pest-control methods, is used to manage pest damage by the most
economical means and with the least possible hazard to people, property,
and the environment (EPA, 2010). IPM integrates common principles in the
approach that should be taken to control pests in the environment. First
is setting a threshold for action. For indoor environments, the potential of
harming building integrity or human health is considered before any action.
Families need to consider alternatives to chemical pesticides and avoid using
the wrong kind of pesticide for a problem. Many intervention programs
have been implemented to help families to recognize how to manage indoor
space to prevent pests from posing a threat. The extent to which a family
has the resources or control to modify its home environment will determine
the success of its IPM interventions. If chemicals are needed, IPM assesses
the proper control method for both effectiveness and risk minimization.
Researchers are beginning to study the effectiveness of IPM interventions in
high-risk populations. Williams et al. (2006) reported on an IPM interven-
tion study of pregnant New York City black and Latina women; the study
used education, sealing of pest entry points, and application of low-toxicity
pesticides. They were able to show decreased cockroach infestation; lower
indoor air concentrations of piperonyl butoxide, which is a synergist com-
monly added to pyrethroid insecticides that were applied; and lower levels
of insecticides in maternal blood samples at delivery.
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Synthesis

Generally speaking, alterations in outdoor environmental conditions
may affect indoor exposures to pests by changing the habitable range of
creatures known to invade indoor environments or by changing indoor
environmental conditions or behavior in ways that drive them indoors.
Buildings and building-maintenance practices that work well for one set of
environmental conditions may not protect against infestations under other
conditions. Termite infestations, for example, are less common in northern
parts of the United States, and buildings and building codes there do not
always require termite-prevention measures (Peterson, 2010). If termite
ranges move northward, it may lead both to increased property damage
and to occupant exposure to pesticides unless anticipatory maintenance and
regulatory changes are made.

CONCLUSIONS

Several of the key findings of the 2001 National Research Council
report Under the Weather: Climate, Ecosystems, and Infectious Diseases
remain pertinent and bear repeating. They are excerpted and quoted below;
additional explanatory detail is available in that report.

Key Findings Regarding Linkages Between Climate and
Infectious Diseases from the Report Under the Weather:
Climate, Ecosystems, and Infectious Diseases

e Weather fluctuations and seasonal-to-interannual climate variabil-
ity influence many infectious diseases.

e Observational and modeling studies showing an association be-
tween climatic variations and disease incidence must be interpreted
cautiously.

e Climate change may affect the evolution and emergence of infec-
tious diseases.

e The relationships between climate and infectious disease are often
highly dependent upon local-scale parameters and there are poten-
tial pitfalls in extrapolating climate and disease relationships from
one spatial/temporal scale to another.

e The potential disease impacts of global climate change remain
highly uncertain.
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Research Needs and Surveillance Regarding Climate and
Infectious Diseases from the Report Under the Weather:
Climate, Ecosystems, and Infectious Diseases

e Research on the linkages between climate and infectious diseases
must be strengthened.

e Further development of disease transmission models is needed to
assess the risks posed by climatic and ecological changes.

¢ Epidemiological surveillance programs should be strengthened.

e Observational, experimental, and modeling activities are all highly
interdependent and must progress in a coordinated fashion.

e Research on climate and infectious disease linkages inherently re-
quires interdisciplinary collaboration.

Other Conclusions

In addition, on the basis of its review of the papers, reports, and other
information presented in this chapter, the present committee has reached
the following conclusions regarding infectious agents and pests:

®  More investigation is needed to determine the extent to which the
critical aspects of influenza spread are determined by indoor vs out-
door environmental conditions. It should consider air conditioning,
which affects indoor temperature and humidity, and geographic
location because there may be salient differences among regions in
viral and human biology.

e The ecologic niches for house dust mites will change in response to
climate change. Locations that are hotter and drier and that have
increased use of air conditioning will tend to have fewer dust mite
infestations. Decreased use of heating systems in winter because of
milder conditions may result in increased dust mite populations.

e Decreases in dust mite populations in some locations may lower
the incidence of allergic reactions to dust mites, but the overall
incidence of allergic disease may not go down, because those who
are predisposed to allergies may become sensitized to other air
contaminants.

e Climate change may also lead to shifting patterns of indoor ex-
posure to pesticides as occupants and building owners respond to
infestations of pests whose ranges have changed.
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Thermal Stress

INTRODUCTION

This chapter addresses problems of indoor environmental quality as-
sociated with the thermal environment of buildings, how climate change
could induce alterations in the frequency or severity of problems, and some
of the means available to mitigate adverse conditions. Thermal stress is a
particular threat to certain populations whose health, economic situation,
or social circumstances make them vulnerable to exposure to temperature
extremes or the consequences of such exposure. The text thus focuses its
discussion of health effects on these vulnerable populations.

National Academies reports note that the first decade of the 21st cen-
tury was 0.8°C (1.4°F) warmer than the first decade of the 20th century
(NRC, 2010). Associated with that temperature rise have been observations
that heat waves have become longer and more extreme and that cold spells
have become shorter and milder. Because climate models suggest that those
trends will continue and intensify, much of the information presented in the
chapter relates to issues involving prolonged exposure to high temperature.

The climate change research that the committee relied on is summarized
in Chapter 2. Studies of building ventilation—which plays a large role in
determining indoor thermal conditions—are addressed in Chapter 8.

MANAGEMENT OF THE INDOOR THERMAL ENVIRONMENT

Buildings must protect occupants against extremes in outdoor tempera-
tures. This section addresses the management of the indoor thermal envi-
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ronment, focusing on amelioration of high or prolonged heat conditions.
Temperature fluctuations and prolonged exposure to low temperatures may
also have health consequences. Generally, warmer conditions may lower
the risk of health consequences among segments of the population that
have difficulty in paying for heating during winter (Curriero et al., 2002;
McGeehin and Mirabelli, 2001), but it should be noted that this benefit
might be offset by circumstances in which weather extremes result in the
loss of power for extended periods (MMWR, 1998).

Thermal Comfort Indoors

The American Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE) defines human thermal comfort as “the state of mind
that expresses satisfaction with the surrounding environment” (ASHRAE,
2004). Although comfort is a subjective evaluation, survival and health are
affected by temperature, humidity, and individual factors (such as clothing,
air speed, metabolic rate, and health) related to the generation, dissipation,
and retention of body heat. In addition to outdoor temperature, humidity,
and solar radiation, comfort is influenced by whether a building has air con-
ditioning and whether occupants have control over the temperature (Nicol
and Humphreys, 2002). Acclimatization plays a role; people who live in
areas where high heat and humidity are common are better able to tolerate
such conditions than those who do not (de Dear and Brager, 1998). And
thermal comfort is influenced by radiant heat transfer from surrounding ob-
jects: people near hot or cold surfaces feel warmer or cooler independently
of the air temperature (EPA, 2009b).

“Typical” indoor temperature varies by season, locale, building type,
and the economic circumstances of the occupants, although commercial
spaces, such as offices, are often maintained at a more consistent year-
round temperature than residences. ASHRAE’s Thermal Environmental
Conditions for Human Occupancy Standard 55-2004 characterizes the
indoor summer comfort range! as about 74—-83°F (23-28°C) and the win-
ter comfort range? as about 67-79°F (19-26°C), depending on the relative
humidity. ASHRAE separately defines acceptable temperature ranges for

naturally ventilated spaces as a function of outdoor temperatures spanning
about 50-93°F (10-34°C).

! More specifically, the range when occupants are dressed in clothing typically “worn when
the outdoor environment is warm” (ASHRAE, 2004).

2 When occupants are dressed in clothing typically worn when the outdoor environment
is cool.
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Effects of Climate Change on the Indoor Thermal Environment

Little research has addressed specifically the potential effects of climate
change on the indoor thermal environment. The major issues surrounding
this topic and some information addressing it are outlined below.

Indoor temperature is a function of outdoor temperature, the amount
of solar radiation striking the structure, building insulation and ventilation
characteristics, factors that influence the ability of the structure to dissi-
pate stored heat, intentional sources of heat (heating, ventilating, and air-
conditioning [HVAC] systems), and other indoor sources of heat (artificial
lighting, cooking appliances, occupant metabolic heat, and the like). Scott
and Huang (2007) found that the demand for cooling energy increases by
5-20% for every 1°C (1.8°F) increase in outdoor temperature, depend-
ing on the assumptions used.> Greater use of air conditioning for cooling
implies more electricity demand, which is likely (at least in the short term)
to be met through heavier use of fossil fuels, including coal, which in turn
may lead to higher emissions of air pollutants, including the greenhouse
gases that have been implicated in increased outdoor temperatures (IPCC,
2007). The positive feedback loop that characterizes those relationships is
depicted in Figure 7-1.

The US Climate Change Science Program’s literature review concluded
that “temperature increases with global warming would increase peak de-
mand for electricity in most regions of the country” but that research results
varied and were influenced by such factors as “whether the study allows
for changes in the building stock and increased market penetration of air
conditioning in response to warmer conditions” (Scott and Huang, 2007).
Indoor relative humidity, another component of the thermal environment,
is a part of the issue. In areas of the country where hot and humid outdoor
conditions become more common, air-conditioning units may run longer
to restore or maintain comfortable indoor humidity.

Potential increases in the magnitude and frequency of peak electricity
demand due to heat waves and in the occurrence of extreme weather events
have also led to concerns over power outages that could leave building oc-
cupants without sources of conditioned air. The 1995 Chicago (Changnon
et al., 1996) and 1999 New York City (USGCRP, 2009) heat waves were
accompanied by extended and widespread power outages. Electric-grid
infrastructure disruptions after Hurricanes Katrina and Rita left some ar-
eas of the southern United States without power for weeks during the late
summer of 2005.

3 The same study found that demand for heating energy decreases by 3-15% for every 1°C
(1.8°F) increase in outdoor temperature. Cooling uses electricity almost exclusively whereas
heating uses various energy sources; this complicates the evaluation of the implications of these
changes on overall power-generation demands.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13115

Climate Change, the Indoor Environment, and Health

188 CLIMATE CHANGE, THE INDOOR ENVIRONMENT, AND HEALTH

higher outdoor
temperatures

increased
production of greater use of AC
greenhouse gases

more burning of

) larger electrical
fossil fuels to 9

power demands

generate power

e_

FIGURE 7-1 The relationship between outdoor temperature, air-conditioning use,
electric-power demand, and greenhouse-gas generation.

EFFECTS OF HEAT EXPOSURE

Healthy people can physically adapt to changes in ambient tempera-
ture within some limits. However, when temperatures push the upper end
of those limits or are combined with other factors—such as high humid-
ity, strenuous activity, or prolonged exposure—physiologic compensation
mechanisms can be overwhelmed. The National Weather Service’s (NWS’s)
Heat Index—a measure of perceived temperature derived from the ambient
temperature and relative humidity and based on work originally conducted
by Steadman (1979)—is an imperfect but useful tool in determining poten-
tial health threats (Metzger et al., 2010). Figure 7-2 illustrates heat-index
values for a range of temperature and humidity combinations and indicates
the corresponding NWS health-threat level.

A 2011 review by Anderson and Bell examined the determinants of mor-
tality in heat waves through an empirical analysis of 43 events in US cities
over the years 1987-1995. Mortality increased an average of 3.74% (95%
Confidence Interval [CI] 2.29-5.22%) on heat wave days versus non-heat
wave days. The largest effect was observed in the Northeast and Midwest US
census regions, the smallest in the South, even though the longest heat waves
occurred in that region. Analyses also found that heat waves at the beginning
of the warm weather months had greater mortality effects (5.04%, nation-
ally) than those later in the season (2.65%). The investigators speculated
that these results were due to behavioral and physiological acclimatization.
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FIGURE 7-2 National Weather Service Heat-Index values and corresponding health-
threat levels (NWS, 2010).

Physiologic Vulnerability to Heat Events

A number of biological factors influence the ability of people to adapt
to high temperature conditions or withstand extended exposure to them.
These factors are identified and discussed below.

As people age, their ability to cope with external environmental stressors
decreases. That is based on both physiologic and social factors: decreased
organ function, interactions between medications and heat-compensation
mechanisms, overall poor health status, isolation, and decreased access to
support services.

There are stark physiologic differences between younger adult and
elderly populations. Decreased organ function is a major issue. The pe-
ripheral nervous system is affected by the aging process: myelin sheaths
deteriorate, and myelinated and unmyelinated nerve fibers are lost. The
peripheral nervous system tells the body to feel hot and cold. It also regu-
lates internal processes, such as heart rate and contraction and expansion
of blood vessels, to maintain proper blood pressure and the body’s reaction
to stress. Decreased sensation may limit a person’s ability to recognize that
she or he needs to take steps to decrease body temperature. Sweat produc-
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tion and sweat-gland functioning, which are coping mechanisms to reduce
the body’s core temperature, are also regulated by the peripheral nervous
system. The number of sweat glands does not decrease with age, but sweat
production does, and this makes it difficult to reduce the body’s core tem-
perature (Verdu et al., 2000).

The overall health status of the elderly is poorer than that of other
age groups. The elderly exhibit higher rates of chronic ailments, including
cardiovascular diseases, diabetes, chronic obstructive pulmonary disease,
diabetes, renal disease, and neoplasms (Khalaj et al., 2010; Pearlman and
Uhlmann, 1988; Reid et al., 2009). Cardiovascular disease has been identi-
fied as the most important risk factor for heat stroke in the elderly (Kenney
and Munca, 2003), but other chronic illnesses, such as those mentioned
above, are also known to increase the risk of heat stroke (Khalaj et al.,
2010).

Some medications, including over-the-counter supplements, may have
adverse thermoregulatory effects. Psychotropic drugs have been associated
with a higher risk of hospitalization of the elderly due to hyperthermia
(Lopez and Goldoftas, 2009). Nonsteroidal anti-inflammatory drugs, such
as aspirin—which is commonly taken for myocardial-infarction preven-
tion—block prostaglandins, which aid in controlling body temperature and
blood pressure (Carmichael and Shankel, 1985). Anticholinergics inhibit
sweat production; younger persons also use these medications, but their
sweating process is not affected, changes having been noted only in those
who were about 80 years old or older (Kenney and Munca, 2003). Other
medications, such as diuretics, limit cutaneous vasodilation and pose a high
risk of dehydration, a particular concern during heat stress (Kenney and
Munca, 2003).

Those suffering from chronic diseases are also at risk. Research in-
dicates that obesity, hypertension, diabetes, and cardiovascular disease
increase susceptibility to the effects of extreme heat.

Obesity is a recognized public-health concern. Few studies have looked
specifically at obese or overweight persons and heat waves, but some in-
formation is available. Obesity was a comorbidity in the 2003 European
heat wave (Vandentorren et al., 2006); this is not surprising given that fa-
tal heat strokes occur at a rate 3.5 times higher in those who are obese or
overweight than in those of normal weight (Kenny et al., 2010). That may
be because of a lowered capacity of heat dissipation due to a low ratio of
body surface area to body mass, which hinders sweat evaporation (Kenny
et al., 2010). Adipose tissue also stores heat more efficiently than other tis-
sues, such as muscle, and subcutaneous fat restricts conductive heat transfer
(Kenny et al., 2010).

According to the Centers for Disease Control and Prevention, the
prevalence of hypertension is about 30% in the United States (Fryar et al.,
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2010). A study of the elderly in Baltimore, Maryland, found that 50% of
those who experienced adverse heat symptoms during the summer months
had a history of hypertension (Basu and Samet, 2002). Hypertension was a
common comorbidity factor in those who died from heat effects during the
Chicago 1995 heat wave (Dematte et al., 1998). Impairments of circulation,
such as those which occur in people who have hypertension, may reduce
blood flow to the dermis, and this may weaken temperature regulation by
reducing heat transfer from the core to the skin (Carberry et al., 1992;
Kenny et al., 2010).

Diabetes occurs in about 10% of the US population (Fryar et al., 2010),
and studies have shown that those who have diabetes suffer disproportion-
ately during extreme heat events compared with the general population
(Kenny et al., 2010). Circulatory changes, such as vessel dilation and vas-
cular reactivity, are greatly compromised in those who have diabetes (Kenny
et al., 2010; Petrofsky et al., 2005; Stansberry et al., 1997). Neuropathy,
which is common in diabetic people, impedes sweat responses (Fealy et al.,
1989; Kenny et al., 2010). Diabetic people also may have fluid and elec-
trolyte disturbances, which affect glucose regulation (Semenza, 1999); this
was seen in a heat wave in New York and St. Louis in 1966, where those
who had diabetes had increased mortality (Schuman, 1966).

Cardiovascular diseases afflict about 12% of Americans (CDC, 2010).
Although there are few studies of cardiovascular disease and heat, some
links have been found between increased mortality during heat waves and
the presence of cardiovascular diseases (Hoffmann et al., 2008; Kenny
et al. 2010; Klinenberg, 2002). Like other diseases that disrupt cardio-
vascular flow, cardiovascular diseases impair body-temperature regulation.
Mortality in those who had cardiovascular diseases was 30% higher dur-
ing the 2003 European heat wave than during other “normal” heat days
(Hoffmann et al., 2008). Cardiovascular disease was prominent among the
chronic diseases blamed for the excess mortality in France during the 2003
heat event (Fouillet et al., 2006; Vandentorren et al., 2006), and the same
was observed during the 1995 Chicago heat wave (Klinenberg, 2002).

Economic and Social Vulnerability to Heat Events

Several studies have examined how economic and social circumstances
influence vulnerability to death and disease associated with heat-wave
events. Shonkoff and colleagues (2009) published a review of the literature
focused on the disparate effects of climate change in California on groups
of lower socioeconomic status. Heat waves in that state and others resulted
in increased emergency-department visits for acute renal failure, diabetes,
cardiovascular disease, electrolyte imbalance, and nephritis (Knowlton et
al., 2009; Kovats and Hajat, 2008). Children 4 years old and younger and
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people over 65 years old were at greatest risk. Other investigators have
found that low-income black Americans are disproportionately affected
(Basu and Ostro, 2008; Medina-Ramon et al., 2006; O’Neill et al., 2003).
Analysis has shown that it is unlikely that this was a result of racial dif-
ferences in physiology but rather a consequence of lower socioeconomic
status, the physical settings that they live in, and their greater exposure to
high temperatures (Basu and Ostro, 2008).

The poor are more likely to be living in homes that do not have air
conditioning. According to the American Housing Survey (AHS), about half
of those living below the national poverty line do not have air conditioning
in their homes (USCB, 2009). The elderly may lack the financial resources
to make the necessary modifications to adapt to the heat, such as install-
ing air-conditioning units. Low socioeconomic status also has more subtle
effects. Those living in lower-income areas may experience higher rates of
crime. In the Chicago 1995 heat wave, some elderly people restricted venti-
lation in their homes by not opening windows for fear of crime (Klinenberg,
2002). Fear of crime leads people to stay in their homes, and this increases
mortality in heat events (Klinenberg, 2002; Lopez and Goldoftas, 2009).
People of lower socioeconomic status who have chronic health problems
are disproportionately affected by medical conditions because of their lack
of access to care and of the resources needed to manage their diseases ef-
fectively (Phelan et al., 2004). People of low socioeconomic status who
belong to some minority groups are also less likely to have access to private
transportation, so their ability to move to community sites that have air
conditioning is restricted. Disparities in air-conditioning access contributed
to the difference in heat-wave mortality, which was nearly twice as high
in minority-group residents in Los Angeles as the average in Los Angeles
(Kovats and Hajat, 2008).

Social isolation is a large factor in predicting heat morbidity, particu-
larly among the elderly. According to the US Census Bureau, about 25%
of the general population and 32% of the elderly population live alone
(Klinenberg, 2002). Physical impairments and mobility restriction due to
age and other limitations may prevent people—particularly those who live
on upper floors—from leaving their home and reaching cooling centers set
up by the community (Lopez and Goldoftas, 2009). In the 1995 Chicago
heat wave, several trends due to social isolation were discovered. For ex-
ample, 73% of heat-related deaths were in people over 65 years old, and
those who lived alone were at additional risk for death (Klinenberg, 2002;
Semenza et al., 1996); and those who did not leave their homes at least
once a day and did not have access to transportation had higher mortality
(Semenza et al., 1996). Similar trends were found in the 1999 Chicago heat
wave (Naughton et al., 2002).

The so-called heat-island effect may also be a factor in higher heat-
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related morbidity and mortality found in urban areas than in rural areas
(Hajat et al., 2007; Martinez et al., 1989). It involves circumstances in
which urban areas are hotter than surrounding rural areas because of the
presence of large numbers of buildings, parking lots, and other infrastruc-
ture that has a great ability to store solar energy (Basu and Samet, 2002;
Luber and McGeehin, 2009). It is more common in locales that have rela-
tively few green spaces. A heat island absorbs and stores heat during the
day and radiates it during the night, sustaining higher temperatures and
intensifying the effects of heat waves (Luber and McGeehin, 2009). Green
spaces are associated with decreased heat-related morbidity and mortality
that are due to heat-island effects and the overall lack of direct shading for
residents (Kilbourne et al., 1982; Reid et al., 2009; Tan et al., 2007).

Shonkoff and colleagues’ (2009) review paper describes an unpublished
analysis by Morello-Frosch and Jesdale (2008), who found a positive dose—
response relationship between the presence of impervious surfaces and high
community poverty and a negative dose-response relationship between
the amount of tree cover and the extent of community poverty in four
California urban areas. That suggested the potential for a greater burden
of heat-island exposure of low-income populations than of higher-income
populations. The relationship was also observed by researchers in Phoenix,
Arizona, who found that elderly, minority-group, and low-income residents
were at the highest risk for exposure to extreme heat (Ruddell et al., 2010).

The lack of access to air conditioning thus directly influences the risk of
high heat exposure and heat-related morbidity and mortality. It also plays
an important role in home ventilation, which affects exposure to air pollut-
ants and overall indoor air quality apart from temperature.

Air-Conditioning Prevalence and Use

Air conditioning has been the primary means of moderating high tem-
peratures in buildings in the United States since the 1950s. The fraction
of homes in the United States that have air conditioning has risen steadily
over the past 40 years, from 46.9% of year-round units* in 1973 to 87.4%
in 2005 (Eggers and Thackeray, 2007). The type of air-conditioning unit
has shifted over that time. In homes, central air-conditioning systems® were
present in 16.8% of year-round units in 1973, to 33.2% in 1985, 47.0% in
1995, and 65.4% in 2005. Only 12.6% of year-round units were without

4 Year-round units are defined by the Census Bureau as “those intended for occupancy at
any time of the year, even though they may not be in use the year round” (USCB, 2004).

5 A central air-conditioning system is one that “uses ducts to distribute cooled and/or dehu-
midified air to more than one room or uses pipes to distribute chilled water to heat exchangers
in more than one room, and which is not plugged into an electrical convenience outlet” (266
CMR 2.00 Definitions, Massachusetts Office of Consumer Affairs & Business Regulation).
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FIGURE 7-3 Percentages of year-round units in the United States with central air-
conditioning systems, one or more room units, or no air conditioning, 1985-2005
(Eggers and Thackeray, 2007, derived from American Housing Survey data).

any form of air conditioning by 20035. Figure 7-3 illustrates changes in the
prevalence and type of air conditioning in residences over the past 25 years.

There are substantial variations in air-conditioning system prevalence
in different parts of the country. AHS data for 2005 indicate, unsurpris-
ingly, that air-conditioning is more common in the southern and south-
western United States than elsewhere® and in the parts of the country that
typically have the most cooling degree days and the fewest heating degree
days.” Figure 7-4 details those data.

The climate zone and census region that encompass California ex-
hibit relatively lower penetration of air-conditioning units than might be
expected. Many homes in California are not equipped with air condition-
ing, because coastal temperatures are relatively mild during summer (Basu
and Ostro, 2008). The reduced use of air-conditioning equipment is also
influenced by the state energy and efficiency programs that include “cool
community” standards for shading (Brown and Koomey, 2003).

In addition to the increase in air-conditioning units, the hours during
which air conditioning is used have increased over the years. The Depart-

¢ The southern and southwestern parts of the United States were experiencing rapid growth
in new construction at this time, and this accounts in part for the greater prevalence of air
conditioning.

7 Cooling degree days are used to estimate how hot the climate is and how much energy may
be needed to keep buildings cool. Cooling degree days are calculated by subtracting a balance
temperature from the mean daily temperature and summing only positive values over an entire
year. Heating degree days are used to estimate how cold the climate is and how much energy
may be needed to keep buildings warm. Heating degree days are calculated by subtracting the
mean daily temperature from a balance temperature and summing only positive values over
an entire year. The balance temperature used can vary but is usually set at 65°F (18°C), 68°F
(20°C), or 70°F (21°C) (EPA, 2009b).
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Fraction of Homes, %

No
cooling Cooling
equipment equipment

Overall 16 84
Climate Zone
1 29 71
2 18 82
3 13 87
4 23 77 Climate Zones
B Zone 1 Is less than 2,000 COD and greater than 7,000 HDD.
5 4 96 I zcne 2 is less than 2,000 COD and 5,500-7,000 HDD.
[] Zone3 is less than 2,000 CDD and 4,000-5,499 HDD.
) I Zone 4 Is less than 2,000 COD and kess than 4,000 HOD.
Census Region I Zone 5is 2,000 COD or more and less than 4,000 HDD.
Northeast 19 81
Midwest 8 92
West 43 57
South 3 97

FIGURE 7-4 Percentage use of cooling equipment in US housing units by climate
zone and census region, 2005 (EIA, 2010a,b for data; EIA, 2007 for figure).
NOTE: The data used in this table differ from those used to generate Figure 7-3,
which were based on year-round units only.

ment of Energy’s Residential Energy Consumption Survey found that 33%
of residences that had central air conditioning and 11% of residences that
had window or wall units reported using an air conditioner “all summer”
in 1981 (DOE, 2000). By 1997, those figures had risen to 52% and 21%,
respectively (DOE, 2000), and in 2005, 61% and 30% (DOE, 2008). Col-
lectively, 73% of residences that had any form of air conditioning reported
using it either “all summer” or “quite a bit” in 2005 (DOE, 2008).

Most central air conditioners in residences have no outside air intakes,
unlike the window and wall units that they sometimes supplanted. Instead,
they rely on the infiltration of outdoor air through windows and doors and
on loose construction. Climate change may stimulate the implementation of
energy-efficiency (also called weatherization) measures that limit such infil-
tration and may lead to inadequate ventilation, as discussed in Chapter 8.
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Most new commercial buildings have central air conditioning and me-
chanical ventilation (US Energy Information Administration, 2006), but the
details of HVAC design and energy-use considerations vary considerably by
the type (such as office and retail), size, age, and location of the structure.
The presence of air conditioners in schools depends on several factors, es-
pecially geographic location. A 2005 US Department of Education survey
of public-school principals found that 31% of permanent school buildings
in the Northeast, 25% in the central region, 14% in the West, and 1% in
the South did not have air conditioning (ED, 2007).

Epidemiologic Research on Effects of Air
Conditioning on Health and Productivity

There is a small literature that examines occupant health and productiv-
ity in buildings that have air-conditioning systems vs buildings that rely on
natural ventilation. Mendell and colleagues (2008) note that “the presence
of central mechanical air-conditioning systems in office buildings (relative
to natural ventilation) is one of the risk factors associated most consistently
with increased” sick-building syndrome symptoms. In a 2004 multiple-
building study of middle-aged “professional” women in France, Preziosi
et al. reported that sickness absence, medical-services use (doctor visits),
and hospital stays were 57%, 17%, and 35% fewer, respectively, among
subjects who had natural ventilation in their workplaces than among those
who had air conditioning. Hummelgaard and colleagues (2007) reported
that reported building-related health symptoms were 31% fewer among
occupants of nine naturally ventilated office buildings in Denmark than
among occupants of mechanically ventilated offices. Sahakian et al. (2009)
found that office workers who had home air conditioning were more likely
to have visited a medical specialist in the previous year (prevalence ratio,
1.3; P = 0.02) than those who had naturally ventilated homes. The reasons
for those outcomes are not clear and might vary by study.

A 1996 study by Aldous and colleagues found that infants exposed to
home evaporative cooling systems experienced a higher risk of wheezing
lower respiratory illness than those in homes without such systems (odds
ratio = 1.8; 95% CI, 1.1-3.0). The authors speculated that the increased
indoor humidity caused by evaporative cooling might support fungi or dust
mites and associated adverse exposures. Evaporative coolers also increase
the exchange of indoor with outdoor air and thus increase the levels of
outdoor pollutants indoors, a concern if climate change results in higher
outdoor pollutant levels.

Several potential explanations for those health outcomes have been put
forward. Mendell et al. (2008) list exposures to microorganisms growing
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on wet surfaces in HVAC systems (in cooling coils, drain pans, and humidi-
fiers), chemical biocides used in some humidifier systems, and poor HVAC
maintenance in general among the possibilities but note that research to test
these hypotheses was lacking.

In contrast, research suggests that air conditioning may provide pro-
tection against air pollutants of outdoor origin. Bell and Dominici (2008)
analyzed data on 98 urban communities derived from the National Morbid-
ity, Mortality, and Air Pollution Study, the US Census, and the AHS. They
found that an increase in households that had central air conditioning was
associated with a decrease in estimates of ozone’s effect on mortality, but
they cautioned that it was difficult to determine the extent to which that
association was related to the presence of central air conditioning rather
than something else. Bell et al. (2009) found that communities with higher
percentages of households that had air conditioning had lower short-term
effects of particulate matter (PM, ) on cardiovascular hospital admissions
and that the effect was greater in connection with central air conditioning
than with other forms, such as window units.

A conference paper by Fisk and Seppinen (2007) summarized the
results of studies of the association between temperature and productivity
measures in office and school environments. They found that controlling
indoor temperatures in summer and ensuring adequate ventilation rates
were associated with improved work and school performance. Lan et al.
(2010) drew similar conclusions in their laboratory study of performance
on a variety of calculation, learning, office-support, and reasoning tasks.
They cautioned, though, that the extent to which experimental studies like
theirs applied to actual office environments was not clear. Cost—benefit
analyses conducted by Fisk and Seppanen (2007) suggested that “measures
to improve indoor temperature control and increase ventilation rates will
be highly cost effective, with benefit—cost ratios as high as 80 and annual
economic benefits as high as $700 per person.”

Chapter 8 summarizes the epidemiologic literature on a related issue,
the health and productivity effects of ventilation.

EFFECTS OF COLD EXPOSURE

As Chapter 2 notes, measurements of global mean temperature in re-
cent years indicate that cold spells in the United States have become shorter
and milder. Some researchers have speculated that this might result in a
decrease in cold-weather mortality (Medina-Ramoén and Schwartz, 2007;
Patz et al., 2000) but evidence is lacking, and McGeehin and Mirabelli
(2001) note that “the relationship between winter weather and mortality
is difficult to interpret.” A lack of adequate heating is a concern if extreme
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weather events lead to blackouts or if economic strains make fuel poverty®
more common. This may be a particular issue for elderly populations be-
cause physiological changes associated with the aging process make them
more vulnerable to the effects of cold (Press, 2003).

Evidence indicates that cold weather is associated with an excess of
mortality (Analitis et al., 2008; Anderson and Bell, 2009; Donaldson and
Keatinge, 1997; Huynen et al., 2001; Kloner et al., 1999). Potential causes,
in cases where hypothermia can be ruled out, include cardiovascular death
due to higher blood pressures resulting from lower core body temperatures
(Barnett, 2007; Barnett et al., 2005; Danet et al., 1999; Donaldson et al.,
1997; Medina-Ramén and Schwartz, 2007; Press, 2003). An increase of
plasma fibrinogen during the winter has also been found to increase in-
stance of ischemic heart disease (Woodhouse et al., 1994). And O’Neil
and colleagues (2003) found an association between cold temperatures
and respiratory-disease mortality in a hierarchical model that factored
geographic location and socioeconomic variables.

Cold weather is not anticipated to be a climate change issue and cold
weather exposures are not further explored in this chapter. However, two
other chapters of this report address issues indirectly related to climate
change, cold-weather conditions and health: Chapter 4 discusses adverse
exposures associated with extreme weather events, including the use of
unvented space heaters, back-up electrical power generators, and biofuel
stoves indoors, and Chapter 6 talks about the influence of seasonality on
the availability and spread of infectious agents.

CLIMATE-CHANGE ADAPTATION AND MITIGATION MEASURES

Protection from the adverse effects of heat exposure requires the ability
to lower core temperature and often involves maintaining or moving to a
temperate space. Many cities, for example, have heat-emergency plans that
include cooling centers where people can seek shelter. Approaches for creat-
ing or maintaining a safe thermal environment are outlined below.

Heating, Ventilating, and Air-Conditioning Approaches

Demonstration projects and research suggest that innovations in the de-
sign of mechanical systems and buildings may yield reduced HVAC-system
energy use while enhancing occupant comfort, health, and productivity.
They include both mature and newly developed technologies:

8 Fuel poverty is defined as spending more than 10% of income on heating a home to an
adequate level of warmth (Press, 2003)
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e Mixed-mode or hybrid mechanical systems that support natural
ventilation (Axley, 2001; WHO, 2009).

e  Economizer-cycle HVAC (Fisk and Seppénen, 2007).

Water-based cooling systems, including fan-coil, radiant, and in-

duction systems (Costelloe and Finn, 2003).

High efficiency, low-pressure—drop filtration (Fisk, 2009).

Displacement ventilation (Schiavon, 2009).

Passive stack and solar chimney systems (Russell et al., 2005).

Geothermal heat exchangers (Eicker and Vorschulze, 2009).

Earth-tube exchangers (Darkwa et al., 2011; Zmeureanu and Wu,

2007).

Mudarri’s Environmental Protection Agency white paper (2010) notes
that HVAC approaches like those vary in their ease of implementation:
some constitute straightforward upgrades of existing systems, and others
can be achieved only through building renovation or are feasible only for
new construction. The cost effectiveness of the measures is strongly linked
to the price of energy.

Building-Design and Setting Approaches

Architects, builders, and city planners have several tools at their dis-
posal for influencing the amount of heat absorbed by buildings and the
amount dissipated by them. Some are ancient and of established efficacy.
Traditional construction in warm climates—including the American South-
west, southern Europe, and the Middle East—has long used light, reflective
colors for exteriors. Synnefa et al. (2007) estimated that increasing roof re-
flectivity from its current 10-20% to 60% through the use of cool-colored
materials and coatings could reduce cooling-energy use by more than 20%.
Models developed by Akbari and colleagues (2001) suggest that introducing
additional trees and reflective or light-colored building and road surfaces
to urban environments would not only lower energy use but would lessen
heat-island effect. Installation of green roofs composed of soil substrate and
plants (Oberndorfer, et al. 2007) and regionally and seasonally appropriate
use of landscape elements and trees to block summer sunlight but permit
winter solar heating have also been shown to reduce cooling and heating
loads and peak energy demands (Akbari, 2002) and to lower concentrations
of air pollutants (Nowak et al., 2006; Yang et al., 2008).

Building-performance simulation (BPS) tools constitute another ap-
proach to managing heat through passive, low-energy means. BPS models
estimate energy and mass flows in buildings as functions of the character-
istics of a building and the space around it. Reinhart et al. (2010), in a
presentation before the committee, noted the utility of such simulations in
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understanding how neighboring buildings may affect heating loads and lo-
cal wind patterns and thus influence whether natural ventilation can be used
successfully. Climate-change projections can be married to BPS models to
estimate the benefits of particular building or site modifications in mitigat-
ing the effects of climate change.

Passive Survivability

Passive survivability is a term coined by Alex Wilson (2005) to de-
scribe “a building’s ability to maintain critical life-support conditions in
the event of extended loss of power, heating fuel, or water, or in the
event of extraordinary heat spells.” Interest in the concept may have been
stimulated in part by reports of deaths in sealed buildings that were left
without power in the wake of Hurricane Katrina. The elements of passive
survivability include provision for natural ventilation even if a building was
designed to operate with a mechanical HVAC system; resilience in the face
of extreme weather; high levels of insulation and other high-performance
building-envelope features; minimization of cooling loads through build-
ing geometry, landscaping, and thermal mass; passive solar heating; and
natural daylight (GSA, 2010; Wilson, 2006). Santamouris et al. (2007)
note that such features are especially important in low-income housing,
where residents are more likely to suffer from heat stress and poor indoor
environmental quality.

Passive survivability has gained currency in the General Services Ad-
ministration (GSA), which manages buildings for the federal government.
Testimony from its administrator in 2007 indicated that GSA was undertak-
ing initiatives to address facility passive survivability (Doan, 2007), and its
2010 Facilities Standards for the Public Buildings Service identified it as a
best-practice strategy (GSA, 2010).

Synthesis

A number of techniques for reducing the health risks and productivity
costs associated with uncomfortable or unsafe indoor thermal environ-
ments are available. They include both well-established low-technology
passive strategies and cutting-edge design and technology innovations.
Many of the approaches identified above yield additional benefits, includ-
ing lower energy use and costs (with concomitantly reduced generation of
greenhouse gases) and better building ventilation, which is associated with
lower incidence of respiratory and other health problems. The best passive
approaches for a given building will depend on its age, location, and use
and on the resources available to implement changes.

Warmer outdoor conditions and more frequent and severe weather
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events will stimulate greater interest in using those techniques to mitigate
effects or adapt to changing conditions. Climate change may also affect the
economics of implementation as the price of energy increases and as the
human and social costs of inaction become untenable.

CONCLUSIONS

On the basis of its review of the papers, reports, and other information
presented in this chapter, the committee has reached the following conclu-
sions regarding the health effects of alterations in indoor environmental
quality due to thermal conditions:

e Thermal stress has well-documented adverse health effects, and is
responsible for excess mortality among exposed persons.

e Health, economic, and social factors make certain populations
particularly vulnerable to exposure to temperature extremes and
to the adverse consequences of such exposure, and may limit their
ability to mitigate or seek shelter from health-threatening condi-
tions. The elderly, those in poor health, and the poor are especially
at risk. Those populations experience temperature extremes almost
exclusively in indoor environments.

e Air conditioning provides protection from the heat, and some types
also offer protection from high concentrations of outdoor pollut-
ants. However air conditioning is associated with higher reported
prevalences of some ailments, perhaps because of contaminants in
HVAC systems. No general conclusion can thus be drawn about
the effect of air conditioning on adverse biologic or chemical ex-
posures indoors.

e Little research has addressed the effects of climate change on build-
ing energy use and occupant health. Available information indi-
cates that changing conditions may have the following effects:

o Buildings that are currently ventilated naturally will need to use
some form of air conditioning.

o Buildings that have air conditioning will need to use it more
often, reducing natural ventilation.

o People in buildings that do not have air conditioning will be
exposed to extreme heat conditions more often.

e Many buildings in warm zones of the United States already have air
conditioning. However, there is concern that peak energy demands
during extreme heat events and an increased frequency of extreme
weather events may result in more frequent power outages that ex-
pose large numbers of persons to potentially dangerous conditions
indoors.
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e Temperate indoor conditions (70-72°F or 21-22°C) are associated
with higher office and school productivity than colder or warmer
environments.

e Several technologies and building-design and -siting approaches
can provide control of the indoor environment with lower energy
costs and greater health benefits than systems typically in use today.
No approach will work in all circumstances; the best strategies will
depend on building use and on local and occupant circumstances.

e No matter which approach is used to maintain safe indoor envi-
ronmental conditions, it is important to ensure that the conditions
are sustained when failures in building systems or power outages
disable mechanical ventilation—something that may happen more
often if climate change leads to more instances of extreme weather
conditions or unsustainable loads on the electric grid due to ex-
treme outdoor temperatures
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Building Ventilation, Weatherization,
and Energy Use

High energy costs and climate-change mitigation efforts are creating
pressures to decrease ventilation rates in buildings as a means of reduc-
ing the energy used to cool or warm indoor air. This chapter concentrates
on the interrelated issues of building energy use, emissions from building
materials, weatherization, and ventilation and on how they affect occu-
pants. It addresses energy consumption in buildings, the means used to
tighten buildings, programs to enhance the energy efficiency of buildings
and reduce harmful emissions from building components, the training of
personnel who implement weatherization programs, and the effect of tight-
ening on ventilation, indoor environmental quality, and occupant health
and productivity. The chapter concludes with the committee’s observations
regarding those issues.

Ventilation affects indoor levels of air pollutants, indoor moisture lev-
els, exposures to biologic agents, and the thermal environment of homes.
Research on those topics as opposed to ventilation itself is addressed in
Chapters 4-7.

ENERGY USE IN BUILDINGS

Energy use in buildings has been a concern in the United States since the
oil embargoes of the 1970s but has gained new currency in recent years as
a result of rising costs and an interest in limiting greenhouse-gas emissions.
The Department of Energy (DOE) tracks trends in energy use. Its 2009
Buildings Energy Data Book, which has data through 2006, notes that the
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dominant uses vary between residential and commercial structures' (DOE,
2009). As noted in Table 8-1, the dominant uses of energy in the residential
sector are ambient space heating (about 26 %) and cooling, water heating,
and lighting (each about 12-13%). In commercial buildings, lighting is the
dominant category at about 25 %, but space heating, cooling, and mechani-
cal ventilation together account for more than 31%. DOE also estimates
emissions of carbon dioxide (CO,), a greenhouse gas, from burning fossil
fuels to generate energy (mainly natural gas on site and natural gas and coal
for electricity production). Those figures are listed in Table 8-1, and they
track the energy-use numbers closely. All told, building CO, emissions in
2006 accounted for 38 % of total US CO, emissions—20% contributed by
residential buildings, 18% by commercial structures.

BUILDING WEATHERIZATION

Weatherization describes the steps taken during building design or
retrofit to increase energy efficiency by limiting unintended air and heat
exchange between the indoor and outdoor environments. Because those
steps generally entail closing gaps in the building envelope, the process is
also referred to as tightening. This section describes some of the means typi-
cally used to tighten buildings and the effect of tightening on ventilation.

Strategies for Tightening Buildings

There are four common methods for reducing unplanned air leakage
in buildings.

Air-tighten the enclosure. Sealing cracks, gaps, and holes in the build-
ing envelope with vapor barriers, and other construction changes reduce
the amount of air that accidentally leaks in or out. In many US climates,
this saves substantial amounts of energy. Sherman and McWilliams (2007)
determined that around one-third of the energy used for heating and cool-
ing is due to accidental air leakage. There are far fewer measurement data
on accidental air leakage in commercial buildings, but it is reported to be
around 20-30% (range, 0-58%) of the heating or cooling energy used
(Edwards and Hamilton, 1993; Emmerich, 2005; Shaw, 1995). In a study
of several California buildings, Mowris and Fisk (1988) observed that ac-
cidental air leakage made up 0-30% of the total air-exchange rate. Persily
and Norford (1987) found leakage of 31-58% in a three-story office build-
ing. About 20-40% of the air leakage can be sealed in existing residential

1 There is, of course, great variation among buildings in these general categories; building
age, material, size, location, and predominant use are important factors.
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and commercial buildings; in new construction, it is feasible to seal about
90% of potential leakage in typical stock (Spengler, 2010).

Seal air-distribution systems. Holes and gaps in air handlers, supply and
return ducts, and plenums? lead to leakage in buildings. If the air-handling
system is off, then they behave like any other leak. When an air handler
is on, leaks are exacerbated by the greater pressure difference across holes
or gaps. Cummings et al. (1996) reported that measured duct leakage in
commercial buildings averaged about 80 ft3/min at 25 pascals/100 ft?> of
duct surface area; the largest outdoor-air infiltration rates were in vented
spaces, such as attics, crawlspaces, mechanical closets, and wall cavities.
Indoor relative humidity may increase if hot and humid outdoor air infil-
trates these spaces. In response, air-conditioning units may have longer run
times to correct the imbalance and thus waste energy.

Manage indoor-outdoor air-pressure differences. If airflow through
heating, ventilating, and air-conditioning (HVAC) equipment results in
excessively pressurized or depressurized zones, rooms, or building cavities,
then indoor air may be forced out or drawn in through the building en-
closure. The most common example is return air plenums. Any air leak in
exterior walls that bound a return plenum becomes an accidental outdoor-
air intake when the air handler is operating. If a mechanical room is used
as a mixing chamber for return and outdoor air, the room is likely to be
depressurized by 10-30 pascals and may be depressurized by as much as
90 pascals (Spengler, 2010). Another example common in residential and
small commercial buildings is a duct layout that includes supply diffusers
in every room and air returns in corridors. When doors to the corridor are
closed, the rooms are pressurized, and the corridors are depressurized. The
combination of that dynamic and duct leakage to the outside can greatly
increase the air-exchange rate in a building. In a study of unplanned air-
flows in 70 commercial buildings, 8 had air-exchange rates of 2 to 10 air
changes per hour (ACH) when the air handlers were running (Cummings
et al., 1996). Similar results have been reported for residential buildings. A
research project on 91 Florida homes found that the average air-exchange
rate went from 0.21 ACH with air handlers off to 0.91 ACH with air han-
dlers on (Cummings and Tooley, 1989). Depending on the circumstances,
poorly managed pressure differences may decrease desired circulation of
outdoor air indoors or increase energy costs through excessive intrusion
of outdoor air.

Replace atmospherically vented combustion equipment with high-
efficiency combustion equipment in residential buildings. Atmospherically
vented combustion equipment typically vents through a chimney. The

2 A plenum is a space in which a building’s supply or return air is mixed or moves; it can be
a duct, a joist space, an attic, a crawlspace, or a wall cavity (EPA, 2011b).

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13115

Climate Change, the Indoor Environment, and Health

BUILDING VENTILATION, WEATHERIZATION, AND ENERGY USE 213

chimney ventilates the equipment room and, when the equipment is not
running, exhausts air. When the equipment is running, it ventilates at a
much higher rate because of the high flue-gas temperature. Measurements
made in the 1980s found typical flows of air through chimneys of 50-100
ft3/min (Spengler, 2010). High-efficiency combustion equipment, such as
condensing furnaces, does not have a chimney—it vents to the outdoors
through pipes in a side wall. The combustion gases are vented to the outside
through a small fan, which typically runs at about 25 ft3/min. When such
furnaces are not firing, the flows are essentially zero. That dynamic affects
single-family buildings, some low-rise multifamily buildings, and small
commercial buildings that are constructed with residential methods. If the
equipment is in a basement or crawlspace in a climate that has a substantial
heating season, ventilation through the chimney is often controlling humid-
ity that enters through the foundation. That does not, however, apply to
sealed combustion units (which draw no air from the mechanical space)
and heat pumps (which need no vents, because there is no combustion).

Effects of Tightening on Ventilation

Lawrence Berkeley National Laboratory (LBNL) investigators com-
piled a dataset on blower-door tests used to assess air leakage from homes
across the country (Chan et al., 2003). Figure 8-1 illustrates the results of
the home air-tightness tests expressed as whole-house air exchange vs the
year when a home was built. The solid line represents the smoothed fit
through the data. It shows that the air-exchange rate—as extrapolated from
a blower-door pressurization test of air leakage—has been decreasing in
homes built over the past 40 years. The trend in tighter house construction
coincides with a housing boom in the United States in warm-climate areas,
such as Atlanta, Las Vegas, and Phoenix, where air conditioning often re-
duced the dependence on natural ventilation.

An evaluation of air-tightness measurements in 201 commercial and
institutional buildings in the United States by Emmerich and Persily (2005)
found that the structures were tighter than the overall average for residen-
tial buildings but leakier than new residential construction. The authors
state that “unlike the residential air tightness data, the database of US
commercial building air tightness shows no indication of a trend toward
tightness for newer buildings” (Persily and Emmerich, 2009).

ENERGY-EFFICIENCY PROGRAMS FOR BUILDINGS

Several government and private initiatives are aimed at reducing energy
use in residences and commercial structures. Depending on the program,
they may include energy audits, general or building-specific recommenda-
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FIGURE 8-1 Normalized air leakage in a sample of homes (measured as air changes per
hour) vs year when a home was built (Chan et al., 2003).

tions for action, and assistance in identifying or hiring contractors trained
to perform remediations and upgrades. Improvements can include such
weatherization measures as envelope and duct sealing, caulking, replace-
ment of leaky windows, and increased insulation and such conservation
steps as replacement of incandescent with compact fluorescent or LED
lighting and appliance and HVAC upgrades. Information on some of the
programs is summarized below.

National Weatherization Assistance Program

The national Weatherization Assistance Program (WAP) was launched
in 1976 to help Americans with limited financial means to respond to
rapidly increasing fuel prices during the oil embargoes of the 1970s. WAP
weatherizes existing homes. Over the past 33 years, it has provided weath-
erization services to more than 6.4 million low-income households. Major
funding comes from DOE, and additional support from a variety of sources,
including the Low Income Home Energy Assistance Program block grants
and energy utility programs (WAP, 2009b).

WAP conducts energy audits and selects appropriate energy-conserving
measures that can be implemented for costs that do not exceed a capped
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dollar amount. In 2008, WAP provided services to around 100,000 house-
holds at a cap figure of $3,500 per unit. In 2009, that rose to 171,000 units.
The target number of units weatherized for 2010 was 200,000 with a cap
of $6,500 per unit (WAP, 2010).

WAP grantees and subgrantees use professionally trained staff and
contractors. They make their own decisions on how training is provided.
Although that creates some variability across the country, protocols for
building assessment, weatherization measures, and quality-assurance pro-
cedures have evolved into a fairly consistent industry set of practices (WAP,
2009a). Training may be provided by independent weatherization trainers,
inhouse technical trainers, or local or regional weatherization training
centers. Typically, it is supplied by a mixture of the three. In 2009, 90% of
states used state-agency staff for training, 75% used local-agency peers for
training, and 70% used independent trainers (WAP, 2009a). Grantees also
make their own decisions about certification. Some require certification by
a national organization, such as the Residential Energy Services Network
(RESNET) or the Building Performance Institute (BPI). Others provide their
own certification, and 17 states do not require certification (WAP, 2009a).

Many of the training facilities for WAP also provide instruction to
private-sector building-performance contractors. Twelve weatherization
training centers in 11 states offer training that reaches beyond the WAP
community. BPI supplies education through a network of training affili-
ate organizations, individual certifications, company accreditations, and
quality-assurance programs. RESNET develops standards and certification
for home-energy raters (WAP, 2009a). DOE is also planning to provide ad-
ditional training for new workers in the weatherization field (WAP, 2009a).

ENERGY STAR

In 1992, the US Environmental Protection Agency (EPA) introduced
ENERGY STAR as a voluntary labeling program designed to identify
and promote energy-efficient products to reduce greenhouse-gas emissions.
Computers and monitors were the first labeled products. However, in
1996, EPA partnered with DOE for some product categories, and the
ENERGY STAR label was extended to new homes and commercial and
industrial buildings (EPA, 2010b). In 1999, EPA, DOE, and the Depart-
ment of Housing and Urban Development started Home Performance with
ENERGY STAR, an energy-performance program for existing homes. The
initiative provides guidelines and support for programs—often partnerships
of government agencies, building-science technical-support organizations,
building-performance contractors, and utility programs—to provide train-
ing and quality assurance for contractors who help homeowners to bring
their properties up to ENERGY STAR standards for new construction. To
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receive an ENERGY STAR label, a home must be tested to demonstrate
performance. More than 75,000 homes have been improved through the
program (EPA, 2010b). More than a million US homes had received
the ENERGY STAR label as of 2009, and 20% of the roughly 500,000
new homes constructed in 2009 were ENERGY STAR-labeled.

The ENERGY STAR Indoor Air Package is a label that adds items that
address a broader array of indoor environmental quality issues—including
moisture control, pest management, combustion safety, ventilation, emis-
sions from building materials, and radon control—to the baseline ENERGY
STAR program (EPA, 2010b). It was initiated in 2005 and intended to
contribute to improved indoor air quality in new homes compared with
code-built homes.

Other Programs

Nongovernment “green and affordable” housing programs are under
way at the local and national levels. One example is the Enterprise Com-
munity Partnership, which serves low-income people in communities across
the country and provides funds and expertise to enable developers to build
and rehabilitate homes to be healthier, more energy-efficient, and consistent
with sustainability criteria. The program started in 2004 and by 2009 had
produced 17,500 new and renovated affordable homes (Enterprise Com-
munity Partners, 2010).

Many energy utility companies have energy-efficiency programs that
aid residential, commercial, and institutional customers. The amount of
money spent each year on such programs is large, totaling $5.3 billion in
2009 (Nevius et al., 2010). Program budgets vary widely by US Census
region: states in the West account for 45% of the national total; in the
Northeast, 25%; in the South, 17%; and in the Midwest, 13%. Utilities in
California alone reported combined budgets of about $1.6 billion—30% of
the national total. Programs were most likely to address energy-efficiency
improvements in residential furnaces and boilers and in commercial and
industrial lighting.

Commissioning and retrocommisioning are terms used to describe the
usually independent evaluation of newly constructed or existing buildings
(respectively) to determine whether they operate as designed or intended
and whether they can be improved. It is more typically performed on
commercial and public buildings. Examination of the energy efficiency of
HVAC, lighting, plumbing, and other mechanical systems is a typical com-
ponent of the process.
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Effects of Programs on Energy Use and Employment

A 2010 LBNL case study of 14 energy-efficiency programs undertaken
by state and local governments, utility companies, and nonprofit organiza-
tions found a wide range of participation and a maximum energy saving of
about 15% for an individual home (Fuller et al., 2010). EPA reported that
newly built homes implementing ENERGY STAR upgrades can realize up
to 20% energy savings compared with conventional construction practice
(EPA, 2007).

Effinger and Friedman (2010) summarized the findings of an LBNL
report on retrocommissioning. The study—which comprised 112 buildings,
including offices, hospitals, hotels, a retail space, and a school—found that
measures to improve energy efficiency resulted in savings of 8-31% (me-
dian, 16%). The equipment affected included air-handling units, pumps,
chillers, cooling towers, outside air-temperature sensors, and heat exchang-
ers. The cost of the implemented measures and the retrocommissioning
itself had a simple payback of 0.5-2.5 years (median, 1.1 years). The LBNL
report itself (Mills, 2009) concluded that “these findings demonstrate that
commissioning is arguably the single-most cost-effective strategy for reduc-
ing energy, costs, and greenhouse gas emissions in buildings today.”

Residential energy upgrade programs through DOE, state energy offices,
and mandated service of public utilities are expected to grow substantially
over the next decade. California has committed to reducing energy use in
existing homes by 40% by 2020 (CPUC, 2008). Nationally, jobs in the sec-
tor are expected to grow from around 114,000 person-years of employment
(PYE) in 2008 to 200,000-380,000 PYE by 2020 (Goldman et al., 2010).

PRODUCT-LABELING AND BUILDING-
CERTIFICATION PROGRAMS

Well before the green-building movement gained currency in the 1990s,
indoor air quality concerns were recognized as more sealed buildings were
constructed, ventilation rates were reduced, and new equipment, materi-
als, coatings, and furnishings were introduced. In response to those con-
cerns, governments and private organizations developed product-labeling,
emission-testing, and building-certification systems to distinguish and mar-
ket? healthier and more environmentally conscious products and buildings.

The following sections summarize and evaluate some features of the
green-building movement related to indoor environmental quality, includ-

3 The US Federal Trade Commission maintains Guides for the Use of Environmental Market-
ing Claims (also known as the Green Guides), which are intended to help marketers to make
truthful and substantiated claims about “green” products. The guides were under review and
revision when the present report was completed at the end of 2010 (FTC, 2010).
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ing the process of materials testing and labeling, building-certification pro-
grams, and research needed to address knowledge gaps and uncertainties
about the effect of the processes as they are related to building design,
construction, and operation under future climate scenarios.

There is little peer-reviewed literature on this topic, and the commit-
tee’s work was informed in part by white papers on building materials and
product-testing regimens (Levin, 2010) and green-building rating systems
(Srebric, 2010) commissioned by EPA in support of the present study. A
2010 National Research Council workshop report addressed the broader
topic of third-party certification systems for products and services labeled
as sustainable (NRC, 2010).

Materials Testing and Labeling Systems

There are numerous green-product labeling and whole-building certifi-
cation systems: a World Resources Institute report indicated that there were
more than 340 such systems in November 2009 (WRI, 2010), and a Web
site created to compile “ecolabel” information listed nearly 380 in Febru-
ary 2011, including 85 related to building products and 64 to buildings
(Ecolabel Index, 2011).

Green-product labeling systems are intended to promote the use of ma-
terials that have low or lower problematic emissions as established through
uniform laboratory testing at fixed temperatures and airflow rates (Willem
and Singer, 2010). Initial protocols for developing voluntary materials-
labeling standards through emissions testing were developed in northern
Europe—most notably in Germany, Finland, and Denmark—but have since
spread around the world. The Levin (2010) and Srebric (2010) white papers
and Willem and Singer (2010) and WRI (2010) reviews contain informa-
tion on the major initiatives; information on some specific programs is
highlighted below. International standards and certification programs are
addressed because these may affect products used in the United States
through imports of certified products, US manufacturers designing for in-
ternational sales, or competitive pressures for US companies to manufacture
green products.

Denmark’s DICL* system, which was the first to test materials in emis-
sion chambers, was developed to address the most common building-related
complaints: the evaluation of odors and sensory irritation, particularly irri-
tation of the eyes and upper respiratory tract. It assesses how a standardized
exposure to a material or product irritates mucous membranes or is detected
by people (Wolkoff and Nielsen, 1995), but it may also incorporate data
from animal studies (Wolkoff et al., 1991). Products are labeled in terms of

4 Danish Indoor Climate Label; also known as the Danish Indeklima Mzrke (DIM).
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the time that it takes either to achieve no (or a minor) change in breathing
frequency in a mouse assay or to drop below odor or irritation thresholds in
humans (Kephalopoulos et al., 2005; Wolkoff and Nielson, 1995; Wolkoff
et al., 1991). Indoor environment “comfort thresholds” are based on the
time required for the VOC emissions to decay to the point where their
room concentrations are below their indoor-relevant threshold, which is
half the value of either the odor threshold or the sensory-irritation esti-
mate (whichever is lower) for each individual VOC cited in the VOCBASE
database (Jensen and Wolkoff, 1996; Kephalopoulos et al., 2005). In most
cases, the odor threshold drives the determination of the time value for a
specific VOC because sensory-irritation estimates are typically at least an
order of magnitude higher than odor thresholds. In practice, use of half the
odor threshold is a public-health protective safety factor to account for the
presence of the same VOC from other outdoor or other indoor sources in
the building. With its focus on irritation and odor thresholds, the DICL test
protocol does not address other potential health effects of exposure to haz-
ardous chemicals, such as carcinogenic, allergenic, or endocrine-disrupting
properties (Kephalopoulos et al., 2005; Levin, 2010).

REACH (Registration, Evaluation, Authorization, and Restriction of
CHemical substances) is the name used for the European Community’s
(EC’s) legislation regarding chemical substances (European Commission
Environment, 2011). In contrast to the other programs mentioned here,
it has regulatory force with the European Union. The regulation includes
provisions regarding emissions from building materials. In 2011, the EC
announced that six toxic chemicals, three of which are widely used as plas-
ticizers in flooring, adhesives, and textiles, were being phased out under the
authority of REACH (European Commission Environment, 2011).

In 1988, the Canadian government founded EcoLogo—an Interna-
tional Organization for Standards (ISO) Type 1 ecolabel that takes toxic-
ity, recycled content, and renewable energy percentage into consideration
but does not consider impacts such as raw material extraction (EcoLogo
Program, 2011). It certifies building and construction materials such as
adhesives, heating and cooling systems, and paints.

The most well known of the building-materials and furnishing testing
systems in the United States may be the certification process promulgated by
the GREENGUARD Environmental Institute, an industry-independent non-
profit organization established in 2001 (AQS, 2009b). GREENGUARD’s
certification processes put building materials and building-related products
(such as carpets) into chambers for a fixed period to measure emissions of
VOGCs, organic acids, formaldehyde, respirable particles, and other com-
pounds. Green Seal is a nonprofit certification organization seeking to
reduce the environmental impact of residential and commercial buildings
and materials (Green Seal, 2010). It follows guidelines for labeling set by
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the US government, specifically the Environmental Protection Agency and
Federal Trade Commission, awarding a Green Seal to those products that
meet its standards. Much of its focus for construction materials is on low
VOCs emissions in paints, coatings, and adhesives.

Levin’s white paper (2010), which reviews a number of product label-
ing and certification systems in place in the United States, Europe, and Asia,
identifies some weaknesses in their emission testing schemes:

e They measure emissions on a small number of products and test
emissions from limited number of samples.

e Results of testing individual products may be used to represent the
results of similar products from the same or other manufacturers.

e Tests are performed over a short period that is probably a small
fraction of the total service life of many products.

e The focus on building materials, surfaces, and coatings means that
other known strong sources, such as consumer products or liquid
surface treatments (paints, sealers, and so on), are not systemati-
cally tested.

It suggests research and policy initiatives that would help resolve them.

In addition to those issues, a small number of chemicals are measured
in the emissions tests, and there are few data on health effects of many of
the emitted chemicals in animals or humans with which to assess hazards or
develop health-based indoor environmental quality standards (Willem and
Singer, 2010). None of the existing or proposed labeling systems includes
information on chemical emissions in the text of the labels themselves
(Willem and Singer, 2010).

Most important, the testing regimens focus on emissions under “nor-
mal” environmental conditions and do not assess the array of potential
product-use scenarios, environmental conditions, or air-exchange rates in
connection with which building materials or consumer products might be
used. For example, the emissions of a mattress in a test chamber held at
50% relative humidity and 72°F (22°C) with one air change per hour will
not represent the breathing-zone concentrations experienced by a person
sleeping on the mattress where temperatures and humidities are likely to
be different. Such an approach also limits the range of interventions that
might be undertaken to address problems.

Nonetheless, such testing systems represent an important source of
information on product emissions and a driving force in lowering emis-
sions. These will become more important if climate change mitigation and
energy conservation measures that encourage tighter buildings become
more widespread.
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Building Certification

There are numerous green-building or sustainable-building certification
systems, including BREEAM (Building Research Establishment’s Environ-
mental Assessment Method) in the UK and Canada; CASBEE (Comprehen-
sive Assessment System for Building Environmental Efficiency) in Japan;
Green Star in Australia; and Green Globe, GreenPoint, and LEED in the
United States (AQS, 2009a; Srebric 2010). Many of them were spawned
by green building councils (GBCs), which exist in a number of developed
or rapidly developing countries. The World Green Building Council Web
site lists 82 nations that have established, associated, emerging, or prospec-
tive organizations in early February 2011 (WGBC, 2011). The standards
and certifications that the bodies promulgate collectively promote design
practices that, in theory, reduce environmental impacts and costs over time,
although the evidence base for this assertion is thin (Srebric, 2010).

The US-based GBC’s LEED (Leadership in Energy and Environmental
Design) certification is a voluntary standard that has become widely ac-
cepted for certification of energy efficiency and perceived “greenness” of
US buildings (EHHI, 2010; Srebric, 2010). It was one of the first and is
among the most widespread standards in the United States. As of September
2010, the organization counted 442 cities, towns, or counties in 45 states;
35 state or territorial governments; and 14 federal agencies or departments
that incorporated various LEED initiatives into their regulatory or policy
frameworks (LEED, 2010).

The goal of LEED and other rating systems is to provide guidance in
the process of building or renovating “green” through a certification or
voluntary compliance system. The LEED tiered scoring system for new
construction and major renovations awards up to 110 points toward at-
taining certification at one of four levels: Certified (40-49 points), Silver
(50-59), Gold (60-79), and Platinum (80 and above) (LEED, 2011). Seven
categories are evaluated:

Energy and atmosphere (up to 35 points).

Sustainable sites (26).

Indoor environmental quality (15).

Materials and resources (14).

Water efficiency (10).

Innovation in design (6).

Regional “priority” credits (bonus points for water efficiency in the
southwestern United States or use of insulation in colder regions,
for example) (4).
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Those categories are similar to standards employed by GBCs in other
countries.

The Srebric white paper (2010) notes that both of LEED’s indoor
environmental quality prerequisites and 12 of the 15 available points in
the category address indoor air quality. The first prerequisite, “minimum
indoor air quality performance,” is based on compliance with American So-
ciety of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE)
building ventilation standards, while the second, “environmental tobacco
smoke (ETS) control,” is generally achieved by banning smoking in or near
the building. Points are also awarded for using low-emitting materials—ad-
hesives and sealants, paints and coatings, flooring systems, and composite
wood and agrifiber products—in construction, for indoor chemical and
pollutant source control, and for designing for maintaining the thermal
comfort of occupants.

From a public-health standpoint, one of the primary criticisms of LEED
is that it is possible to receive the highest level of certification without earn-
ing any points in indoor environmental quality. Because the system was de-
veloped by various stakeholders in the design, materials, and construction
industries with little input from the indoor-environment and public-health
research communities, point values are weighted more heavily toward
the built environment and less toward human exposure and health. The
nonprofit organization Environment and Human Health, Inc. (EHHI),
published a report in 2010 that offered a number of recommendations
for improving the LEED scoring system. They include adding health and
environmental-science expertise to the GBC LEED board, simplifying the
scoring system and specifying a minimum level of building performance
within each of the rating categories, awarding points for the use of known
safe products and deducting points for the use of known hazardous sub-
stances, and performing postoccupancy indoor air quality testing (EHHI,
2010). The organization also recommended that the GBC take an advocacy
role in encouraging federal testing of chemicals used in building products.
LEED responded to the EHHI report by acknowledging gaps in its standard
but noting that that the criticism discounted the health benefits of buildings’
using less energy (Fisher, 2010).

Numerous other organizations also promote standards for various
building sectors or in particular regions. The Ecolabel Index lists a number
of these (Ecolabel Index, 2011). One such example is Build It Green, a
California-based nonprofit organization that developed a “GreenPoint”
system that rates buildings on resource conservation, indoor air quality,
water conservation, community, and energy efficiency (Build It Green,
2011). The system includes consideration of off-gassing of VOCs from
building materials and the adequacy of ventilation.
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Observations and Synthesis

Product-labeling, emissions-testing, and building-certification systems
have the potential to foster the development and use of products and de-
signs that promote environmental stewardship. However, weaknesses in
current testing regimens and in the information base on the effectiveness of
the systems limit the conclusions that can be drawn about their usefulness
in protecting occupant health.

The large number of materials-labeling systems creates confusion be-
cause of the lack of standardization, and steps are being taken to address
this issue. The European Union is pursuing harmonization among the
various European rating systems now in place to ensure consistency within
their borders (ECA, 2010). Standardization of protocols for airflow rates
and other experimental measures will help foster a milieu where informa-
tion generated by the testing regimens can more easily be used to predict
indoor air concentrations resulting from the use of materials in buildings
or consumer products.

Product-labeling systems help to identify products that can contribute
to higher scores in green-building certification processes, but the lack of
data on types and rates of chemical emissions from materials after instal-
lation hampers scientific evaluation of the effect of labeling on indoor
environmental quality. That uncertainty also hinders the development of
health-based indoor environmental quality standards, as does the lack of
research on links to human health and comfort in these buildings.

More specifically, a number of research and information needs are
related to emissions testing of materials and consumer products, includ-
ing development of methods or product-sampling schemes that account
for the variability and representativeness of tested building materials; data
on source strength of wet-applied products,’ cleaning products, and air
fresheners; and more health-based standards that explore the wide array
of potential health effects associated with the products and compounds
(Levin, 2010). In addition, because of the current focus on laboratory test-
ing, there have been few studies that validate the utility of testing systems
in the real-world environments where materials are used or that recognize
that buildings are complex operational units that must simultaneously
manage ventilation, moisture, thermal conditions, and other characteris-
tics that affect source strength and exposure. It will thus be necessary to
conduct well-designed long-term studies to determine the extent to which
emission-testing and building-certification programs and standards achieve
improvements in indoor environmental quality.

Buildings are not static: furnishings, equipment, and maintenance prac-

5 For example, paints, adhesives, sealants, and caulks.
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tices change, and structures may be refurbished several times over their
operational life. As a result, the contaminants in an extant building may
be quite different from the ones that were present when the structure was
new. It would be desirable to develop cleaning and maintenance data on
the rate of introduction of new materials and furnishings or finishes after
occupancy in buildings.

Building ventilation rates vary by season and location, so longitudinal
studies that evaluate the variability in emissions over time would be useful.
Accurate characterization of indoor chemical concentrations requires nu-
merous samples of a variety of materials, rigorous measurement methods,
and accepted quality-assurance and quality-control procedures. Those need
to be linked to quantitative work on the effect of LEED and other certifica-
tion programs on resident health and productivity over time.

Climate change complicates all the problems identified here by intro-
ducing more unaccounted-for variables and greater uncertainties. Currently,
no building-rating system addresses the effect of changes in future climate
conditions even though these changes will certainly affect performance over
the lifetime of a structure. To provide clues about performance in a variety
of climate change scenarios, future research needs to focus on minimum
ventilation rates and room sizes and on scenarios in which to measure emis-
sions. An integrated understanding of the interplay among those factors is
crucial for understanding the minimally necessary conditions to maintain
healthy indoor environmental quality in a changing climate (Levin, 2010).
Reports of respiratory symptoms associated with wallboard from China
offer an example of a circumstance in which particular use conditions may
have contributed to product breakdown and health problems (Babich et al.,
2010; Hooper et al., 2010).

As already noted, material testing and labeling systems represent an
important source of information on product emissions and a driving force
in lowering emissions. Private sector, federal, and state government efforts
are already yielding results as manufacturers seek the advantages that ac-
crue from being able to sell green products. Promoting the use of testing and
labeling systems by standards-setting organizations and in the marketplace
will accelerate this process, helping to produce healthier indoor environ-
ments that are more resilient to the effects of climate change.

HEALTH ISSUES RELATED TO WEATHERIZATION

Energy-efficiency upgrades and weatherization programs have the po-
tential for altering indoor environments of homes. Such measures as sealing
ducts, caulking, replacing windows, and increasing insulation may reduce
energy consumption, but they may also change airflow patterns, reduce
ventilation, and increase moisture and air pollution in a structure.
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Effects on Indoor Environmental Quality

Box 8-1 provides examples of potential indoor environmental quality
problems resulting from energy-conservation measures in buildings. Addi-
tional health or safety issues may arise as new applications are implemented
by the home-remodeling industry and the emerging energy-performance
industry. Even with the best intentions, indoor environmental quality issues
may emerge with interventions that have not been sufficiently well screened
for their effects on occupant safety and health.

Researchers have examined the effects of poor ventilation on indoor
air quality. Offermann (2010) simultaneously measured indoor and outdoor
VOCs, aldehyde, CO,, and PM, . levels, and air-exchange rates in 108
newly constructed homes in California. Of the 108 homes, 26 had inter-
mittently operating outside makeup-air systems® or continuously operating
air-to-air heat exchangers.” Some 57% of the homes had 24-h air-exchange
rates below the 0.3 ACH recommended in ASHRAE Standard 62.28 for res-
idential buildings, and 25% had below 0.18 ACH (Offermann, 2010). The
California Office of Environmental Health Hazard Assessment (COEHHA)
chronic 8-h reference exposure level (REL) for formaldehyde of 9 pg/m?3
was exceeded in 98% of the homes (Offermann, 2009). COEHHA’s acute-
irritation REL of 55 pg/m? was exceeded in 28% of the homes (Wolkoff
and Nielson, 2010). Of homes with less than 0.3 ACH, 37% exceeded
the 55 pg/m? acute-irritation REL for formaldehyde, and 14% of homes
with more than 0.3 ACH exceeded that acute-irritation REL (Offermann,
2010). There was a significant inverse relationship (p > 0.0001) between
air-exchange rate and formaldehyde concentration. ASHRAE Standard 62.2
allows the use of intermittently operating mechanical ventilation systems.
In Offermann’s study, homes that had ducted outside-air systems operat-
ing intermittently when the heating or cooling systems were on could not
maintain sufficient outside air to achieve the minimum ventilation recom-
mendations (Offermann, 2010). All the homes that had continuously oper-
ating air-to-air exchangers met ASHRAE Standard 62.2 recommendations.

Offermann (2010) concluded that homes with intermittent outside
ducted air did not adequately safeguard occupants against poor indoor air
quality, because the homes’ coupled fresh-air makeup systems were not oper-
ated for long enough periods. That suggested that it would be appropriate to

¢ A makeup-air system replaces indoor air exhausted through an HVAC system with out-
door air.

7 Air-to-air exchangers place indoor air being exhausted from a building and outdoor air
being drawn into the building in side-by-side chambers to allow the outdoor air to warm or
cool to indoor levels through heat exchange.

8 ANSI/ASHRAE Standard 62.2-2010, Ventilation and Acceptable Indoor Air Quality in
Low-Rise Residential Buildings.
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BOX 8-1
Examples of Potential Indoor Environmental Quality Problems
Resulting from Energy-Conservation Measures in Buildings

Air sealing. Steps taken to make buildings more airtight may lower ventila-
tion rates and, in the absence of source control or the introduction of mechanical
ventilation, increase both indoor-air contaminant concentrations and indoor-air
humidity. Sealing also has the potential to modify internal air pressure and thus
create other problems, such as deficiencies in the makeup air for combustion
appliances and exhaust fans. Changing the pressure dynamics in a house can
cause depressurization of the foundation or slab and lead to intrusion of soil gases
and radon.

Increased insulation. Heavily insulated foundation, wall, and roof systems
are more vulnerable to water intrusion, air leakage, and water-vapor migration
than more traditional assemblies. Adding insulation to foundations, walls, and roof
systems that currently have subacute rain seepage or condensation problems can
lead to decay, mold growth, or corrosion problems. Adding insulation to the bottom
side of some roof decks or to the inside of brick walls in cold and mixed climates
may result in moisture problems.

Some insulation materials may contain irritating chemical compounds, such
as formaldehyde in UFFI and some fiberglass insulation and hexabromocyclo-
dodecanes (HBCD) in polystyrene insulation (Harrad et al., 2010; Roosens et
al., 2009). The long-term durability of spray-on polyurethane foams is of concern
because their thermal degradation can generate and release hydrogen cyanide,
carbon monoxide, amines, and isocyanates (Carter, 2010).

Building codes in high-risk termite areas often prohibit the use of foam-board
insulation on the exterior of a foundation because it interferes with the applica-
tion of soil pesticide treatments. Foam board on either the interior or exterior of a
foundation also makes it difficult to inspect for signs of termite invasion, such as
mud tubes (Ogg, 2006). If changes in climatic conditions lead to termites’ becom-
ing endemic in areas of the country where they were not previously a problem,
then structures that have this form of insulation could be more susceptible to
infestation.

High-efficiency combustion equipment. Replacing atmospherically vented
combustion equipment (such as furnaces, boilers, and water heaters) in single-
family and low-rise multifamily residential buildings with at least 90% efficient
combustion or electric equipment lowers the ventilation rate in basements and
crawlspaces. In some buildings, that may change the indoor moisture balance
and result in cold-weather condensation in the building enclosure. The lowered
ventilation rate may also result in increased radon exposure.

Appearance of “legacy hazards.” Older homes may have materials that, if
disturbed during renovations for energy improvements, can cause health hazards
for renovation personnel and occupants. Those materials include asbestos in insu-
lation and tiles and polychlorinated biphenyls (PCBs) in caulking. PCB-containing
caulking materials—commonly used in the late 1950s though the 1970s—also
pose a liability for owners of buildings constructed during that period, including
schools and other public structures.
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require airtight energy-efficient homes to have mechanical outdoor-air ven-
tilation that reliably meets or exceeds ASHRAE Standard 62.2. Offermann
(2010) calculated that the additional cost for fan power and heating, cool-
ing, and dehumidification for a typical 1,764-ft> (164-m?) home would be
$100-300/year, depending on climate region and utility rates.

Epidemiologic Research on Effects of Ventilation
on Health and Productivity

As Chapter 4 notes, many studies have examined the relationship
between indoor air quality and occupant health, and some of these have
considered ventilation—or a proxy for it—among the possible influences.
A few studies have directly examined the relationship between ventilation
and particular health outcomes or productivity. Mendell (1993), Godish
and Spengler (1996), and Seppinen et al. (1999) have all published reviews
of the literature. Most recently, Sundell and colleagues (2011) conducted
a detailed evaluation of studies of ventilation rate and health or occupant
productivity that have appeared in peer-reviewed journals. Table 8-2 sum-
marizes the results of the papers that they reviewed.

The researchers concluded that an association between ventilation rates
and health outcomes is biologically plausible. They found that the literature
supported links between low ventilation rates and increased risk of aller-
gies, symptoms of sick-building syndrome, and respiratory infections and
suggested that “higher rates than are currently common may be health-
protective in many instances” (Sundell et al., 2011). However, they noted
their conclusions were based on limited data derived primary from colder
climates and that there was a great need to collect information from build-
ings in hot and humid environments.

Several potential explanations of those health outcomes have been put
forward. One possibility is that conventional HVAC-system design in air-
conditioned buildings—which involves frequently wet surfaces on cooling
coils, drain pans, and sometimes humidifiers—may lead to as yet unchar-
acterized microbiologic exposures and consequent illness (Mendell et al.,
2008; Menzies et al., 2003). Poor system condition and poor maintenance
increase the risk of such problems. Accumulated dust and dirt and moisture
in HVAC systems provide a nutrient source and growth medium for micro-
organisms (Morey et al., 2009; West and Hanson, 1989).

Ventilation-system hygiene is thus a factor in ensuring good indoor air
quality. A 2003 study investigated the health effects of biologic contamina-
tion of HVAC systems by examining the association between ultraviolet
germicidal irradiation (UVGI) of drip pans and cooling coils in building
ventilation systems and indoor microbial concentrations and self-reported
symptoms in occupants (Menzies et al., 2003). The researchers system-
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TABLE 8-2 Health and Productivity Outcomes Associated with Low
Ventilation Rates in Buildings (Adapted from Sundell et al., 2011)

Homes

Increased allergy symptoms
Increased asthma symptoms

Increased bronchial obstruction
High-occupancy buildings
Higher rates of respiratory illnesses?

Schools

Degraded perceptions of indoor air quality

Increased symptoms of sick-building
syndrome?
Increased absences

Decreased performance in school work
Possible reduction in test scores
Increased allergy symptoms

Increased asthma symptoms

Increased nasal symptoms

Office buildings

Degraded perceptions of indoor air quality
Increased symptoms of sick-building
Syndrome¢

Bornehag et al., 2005

Emenius et al., 2004; Norback et al.,
1995

Qie et al., 1999

Brundage et al., 1988; Hoge et al.,
1994; Menzies et al., 2000

Wargocki et al., 2000
Wargocki et al., 2002

Milton et al., 2000; Shendell et al.,
2004

Wargocki and Wyon, 2007a,b
Shaughnessey et al., 2006

Harving et al., 1993; Norbick et al.,
1995; Smedje and Norbick, 2000;
Sundell et al., 1995

Smedje and Norbick, 2000
Walinder et al., 1997a,b, 1998

Wargocki et al., 2000
Apte et al., 2000; Erdmann and
Apte, 2004; Jaakkola and Miettinen,

1995; Mendell et al., 2005; Stenberg
et al., 1994; Sundell et al., 1994a,b;
Wargocki et al., 2002

Milton et al., 2000; Shendell et al., 2004
Wargocki et al., 2002a, 2004

Myatt et al., 2004

Increased absences
Decreased performance and productivity
Increased rhinovirus prevalence

@ Evidence supporting higher rates of respiratory illness in high-occupancy buildings may
be the result of confounding factors in addition to low ventilation rates.

b Sick-building syndrome (SBS) refers to a combination of nonspecific symptoms related to
residence or work in a particular building. Core symptoms may include irritation of the eyes,
nose, and throat; cough; dry skin; fatigue; headache; lack of concentration; and high frequency
of respiratory tract infections (IOM, 2004). There is no generally agreed-on definition of SBS,
and differences in the symptom lists used in various studies make it difficult to draw summary
conclusions.

atically turned UVGI lamps installed in the HVAC systems of three office
buildings on and off over the course of a year and collected environmental
and occupant data. Fungi, bacteria, and endotoxin concentrations were
measured, and building occupants who were unaware of the operating
condition of the UVGI lamps filled out questionnaires on their health. Other
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environmental data (temperature, humidity, air velocity, HVAC recircula-
tion, and concentrations of CO,, nitrogen oxides, ozone, formaldehyde,
and total VOCs) and occupant data (participants’ assessment of thermal,
physical, and air quality and demographic, personal, medical, and work
characteristics) were also collected. Occupants reported significantly fewer
work-related mucosal symptoms (adjusted odds ratio [OR], 0.7; 95% Con-
fidence Interval [CI], 0.6-0.9) and respiratory symptoms (adjusted OR, 0.6;
95% CI, 0.4-0.9) when the UVGI lamps were on. Reports of musculoskel-
etal symptoms (0.8; 0.6-1.1) and systemic symptoms (headache, fatigue, or
difficulty in concentrating) (1.1; 0.9-1.3) were not significantly different.
Although median concentrations of viable microorganisms and endotoxins
were reduced by 99% (CI, 67-100%) on surfaces exposed to UVGI, there
were no significant decreases in airborne concentrations. The results sug-
gested that limiting microbial contamination of HVAC systems might yield
health benefits.

Memarzadeh and colleagues (2010), who studied health-care facilities,
cautioned that UVGI disinfection of HVAC systems should not be relied
on as the sole intervention used to minimize microbial contamination. The
authors stated that

other factors, such as careful design of the built environment, installation
and effective operation of the HVAC system, and a high level of attention
to traditional cleaning and disinfection, must be assessed before a health
care facility can decide to rely solely on UVGI to meet indoor air quality
requirements for health care facilities.

Ventilation effectiveness, the ability of a system to provide supply air
that reaches the occupants’ breathing zone and distributes conditioned
air within occupied spaces to dilute and remove air contaminants (Levin,
1996; NRC, 2006), is one of those factors. The 2006 National Research
Council report Green Schools: Attributes for Health and Learning found
that ventilation effectiveness was—in combination with ventilation rate;
filter efficiency; the control of temperature, humidity, and excess moisture;
and HVAC operations, maintenance, and cleaning practices—a key fac-
tor in good indoor air quality. Experiments by Nielsen (2009) determined
that air-distribution patterns with high ventilation effectiveness played an
important role in minimizing airborne cross-infection in a hospital setting.

Weatherization Workforce Training in Considerations
of Indoor Environmental Quality and Health

As awareness of the potential of weatherization programs to engender
problems of indoor environmental quality and health has grown, initia-
tives have been undertaken to train the weatherization-industry workforce
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to perform high-quality building retrofits that improve energy efficiency
while maintaining or enhancing the health and safety of occupants. These
are summarized briefly below.

In January 2011, DOE issued revised guidance for WAP participants
aimed at ensuring the health and safety of weatherization workers and
recipients of weatherization services (DOE, 2011). The nonprofit National
Center for Healthy Housing has developed training programs for a variety
of stakeholders, including designers, builders, owners, code inspectors, and
public-health workers. Instruction covers new and existing single-family
and multifamily buildings and includes ventilation, moisture control, dust
control, integrated pest management, material emissions, and management
of air-pressure relationships (NCHH, 2008). The American Lung Associa-
tion of the Upper Midwest’s Healthy House program produces guidance for
builders and maintains a “Preferred Products” program that lists general
cleaning products, stains, finishes, and interior paints that meet standards
for low end-use emissions of harmful pollutants and irritants (American
Lung Association, 2011).

The Indoor Air Quality Guide: Best Practices for Design, Construction,
and Commissioning was developed by ASHRAE, the American Institute of
Architects, Building Owners and Managers Association International, the
Sheet Metal and Air Conditioning Contractors’ Association, EPA, and the
US Green Building Council. The Guide “presents best practices for design,
construction and commissioning” and “provides information and tools ar-
chitects and design engineers can use to achieve an TIAQ-sensitive building
that integrates IAQ into the design and construction process” (ASHRAE,
2009, p. XII). Its objectives for achieving good indoor air quality comprise
the following:

e Manage the design and construction process to achieve good in-

door air quality.

Control moisture in building assemblies.

Limit entry of outdoor contaminants.

Control moisture and contaminants related to mechanical systems.

Limit contaminants from indoor sources.

Capture and exhaust contaminants from building equipment and

activities.

¢ Reduce contaminant concentrations through ventilation, filtration,
and air-cleaning.

®  Apply more advanced ventilation approaches.

EPA developed voluntary “Healthy Indoor Environment Protocols for
Home Energy Upgrades” and released a draft for public comment in late
2010 (EPA, 2010a). It focuses on indoor environmental quality issues and
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identifies actions intended to “promote improved occupant health through
home energy retrofits” (EPA, 2011a). DOE released a companion draft
titled “Workforce Guidelines for Home Energy Upgrades,” which details
work specifications for high-quality retrofits. Together, the documents are
intended to help homeowners, energy auditors, and contractors perform
home-energy retrofits that remediate or prevent indoor environmental
health problems (EPA, 2010a). If made final and widely adopted, the docu-
ments have the potential to define future training efforts.

SYNTHESIS

Buildings are complicated to operate and, to date, operating measures
and guidance have been based largely on occupant comfort rather than
occupant health or productivity (Sundell et al., 2011). ASHRAE Standards
62.1 and 62.2, for example, offer some guidance for ventilating build-
ings properly, but these are minimum levels derived from a consensus
process based in the engineering, building, and equipment-manufacturing
industries. Among the limitations of the current approach are the lack of
integration with material-emissions data and the lag between health-science
research and guideline or standards-setting processes of government, indus-
try, and consensus groups. There is inadequate understanding of the ap-
propriate indoor air quality design standards or the range of susceptibility
inherent in the populations that work in buildings or attend schools. Persily
(2010) points out that high-performance guidelines for buildings need to
do a better job of addressing the issue of moisture control. Although code
requirements and other documents address moisture management, many
serious moisture problems persist and—as noted elsewhere in this report—
climate change may well exacerbate them.

New building materials and equipment arrive on the market every
day, and experience suggests that some may bring unforeseen problems of
indoor environmental quality with them. Many such problems might be
identified and avoided if the current process of designing and constructing
buildings took a more integrated approach that included consideration of
the links between indoor environmental quality and indoor and outdoor
sources, ventilation, occupant comfort, and energy efficiency.

Material testing and labeling systems represent an important source
of information on product emissions and a driving force in lowering emis-
sions. Private sector, federal, and state government efforts are already
yielding results as manufacturers seek the advantages that accrue from
being able to sell green products. Promoting the use of testing and labeling
systems by standards-setting organizations and in the marketplace will ac-
celerate this process, helping to produce healthier indoor environments that
are more resilient to the effects of climate change.
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Research aimed at developing guidance is needed to address these situ-
ations. In addition, weatherization programs should incorporate tracking
mechanisms to identify problems of indoor environmental quality problems
as they arise and solutions as they are developed and implemented.

CONCLUSIONS

On the basis of its review of the papers, reports, and other information
presented in this chapter, the committee has reached the following conclu-
sions regarding building ventilation, weatherization, and energy-use issues:

e Research indicates that poor ventilation in homes, offices, and
schools is associated with occupant health problems and lower
productivity. However, the information base is inadequate, and
studies in hot and humid climates are lacking.

e Proper design, operation, hygiene, and maintenance of HVAC sys-
tems contribute to lower microbial contamination, decreased dis-
ease incidence, and increased occupant productivity.

e Climate change may make ventilation problems more common
or more severe in the future by stimulating the implementation of
energy-efficiency (weatherization) measures that limit the exchange
of indoor air with outdoor air.

e Government and consensus organizations are beginning to recog-
nize the importance of this issue and have established or are estab-
lishing voluntary guidelines and codes that account for the links
between energy efficiency, indoor environmental quality, ventila-
tion, and occupant health and productivity. Problems will persist
until the weatherization workforce is properly trained to recognize
and avoid problems of indoor environmental quality, the efficacy of
guidelines and codes is validated, and they are widely implemented.

¢ Introduction of new materials and weatherization techniques may
lead to unexpected exposures and health risks. Energy-efficiency
programs must therefore take emissions of building materials and
products into account and incorporate tracking mechanisms to
identify problems of indoor environmental quality as they arise and
solutions as they are developed and implemented.
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Key Findings, Guiding Principles,
and Priority Issues for Action

This chapter builds on the foundation laid in Chapters 1-8 to draw out the
overarching themes of the report and present its primary recommendations.

OVERVIEW OF THE COMMITTEE’S WORK

The committee’s statement of task charged it to summarize the current
state of scientific understanding of the effects of climate change! on indoor
air and public health. The US Environmental Protection Agency (EPA), the
report’s sponsor, provided three examples of key questions to address:

e What are the likely impacts of climate change in the United States
on human exposure to chemical and biological contaminants inside
buildings, and what are the likely public health consequences?

e  What are the likely impacts of climate change on moisture and
dampness conditions in buildings, and what are the likely public
health consequences?

e  What are the priority issues for action?

While there is substantial scientific literature on the effects of outdoor
environmental conditions on the indoors, of indoor environmental condi-

! This report uses the term climate to refer to prevailing outdoor environmental conditions—
temperature, humidity, wind, precipitation, sea level, and other phenomena—and climate
change to refer to modifications in those outdoor conditions that occur over an extended
period of time.
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tions on health, of climate change on health, of climate change on build-
ings, and of buildings on climate change, there is almost no literature on
the intersection of climate change, indoor environmental quality (IEQ), and
occupant health—and much of what little literature there is summarizes
information on one or more of the above categories rather than offering
original contributions. The committee was thus required to approach its
task by reviewing the available information on components of the climate-
change-IEQ-occupant-health nexus and deriving its findings, conclusions,
and recommendations and identifying research needs on the basis of a syn-
thesis of that information. It considered peer-reviewed papers, government
and research organization reports, and authoritative literature reviews,
notably publications in the National Academies’ America’s Climate Choices
series (NRC, 2010a,b,c,d), the National Research Council reports Green
Schools: Attributes for Health and Learning (2006) and Global Climate
Change and Extreme Weather Events: Understanding the Contributions to
Infectious Disease Emergence (2008), and the Institute of Medicine study
Damp Indoor Spaces and Health (IOM, 2004).

The committee’s observations and recommendations are based on gen-
eral conclusions reached in previous National Academies reports on climate
change and literature those reports found to be authoritative. They do not
depend on any particular model of future climatic conditions. The literature
on IEQ and health is rich and unequivocal: indoor environmental condi-
tions have a great influence on human health, and adverse conditions harm
occupant well-being. Altered climatic conditions will not necessarily intro-
duce new risks for building occupants but may make existing indoor envi-
ronmental problems more widespread and more severe and thus increase
the urgency with which prevention and interventions must be pursued.

The committee structured the results of its work into three catego-
ries. The key findings explicate why people and governments should be
concerned about the effects of climate change on the indoor environment.
Guiding principles are the elements of the public-health mission that in-
formed the specific recommendations offered. The priority issues for ac-
tion and recommendations are the primary initiatives that the committee
believes should be implemented to address the problems that it identified.
The details underlying these are contained in the preceding chapters.

KEY FINDINGS

Three key findings derived from the committee’s literature review un-
derlie its conclusion that alterations in indoor environmental quality in-
duced by climate change are an important public-health problem that
deserves attention and action.
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Poor indoor environmental quality is creating health problems today
and impairs the ability of occupants to work and learn.

There is an extensive scientific literature on the effects of poor indoor
air quality, damp conditions, and excessively high or low temperature on
human health. Epidemiologic literature reviewed by the committee indi-
cates that pollution intrusion from the outdoors, emissions from building
components furnishings, and appliances, and occupant behaviors introduce
a number of potentially harmful contaminants into the indoor environ-
ment. Dampness problems in buildings are pervasive, and excessive indoor
dampness is a determinant of the presence or source strength of several
potentially problematic exposures, notably exposures to mold and other
microbial agents and to chemical emissions from damaged building ma-
terials and furnishings. Damp indoor environments are associated with a
number of respiratory and other health problems in homes, schools, and
workplaces. Extreme heat has several well-documented adverse health ef-
fects. The elderly, those in frail health, the poor, and those who live in
cities are more vulnerable to exposure to temperature extremes and to the
effects of exposure. Those populations experience excessive temperatures
predominantly in indoor environments.

Less information is available on the effects of adverse indoor envi-
ronmental conditions on the productivity of workers and students. Avail-
able studies indicate that inadequate ventilation is responsible for higher
absenteeism and lower productivity in offices and schools. Indoor comfort
is also important: experiments suggest that work performance and school
performance decrease when occupants perceive that a space is too warm or
cool or the ventilation rate is too low.

There is inadequate evidence to determine whether an association exists
between climate-change-induced alterations in the indoor environment
and any specific adverse health outcomes. However, available research
indicates that climate change may make existing indoor environmental
problems worse and introduce new problems by

e Altering the frequency or severity of adverse outdoor conditions
that affect the indoor environment.

e Creating outdoor conditions that are more hospitable to pests,
infectious agents, and disease vectors that can penetrate the indoor
environment.

e Leading to mitigation or adaptation measures and changes in oc-
cupant behavior that cause or exacerbate harmful indoor environ-
mental conditions.
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The available research includes

e Models of the potential effects of climate change outdoor condi-
tions and experience with extreme weather events, combined with
knowledge of how the outdoor environment influences conditions
indoors.

e Measurements of indoor levels of biologic and chemical agents,
combined with information on the determinants of high indoor
levels and the relationship between outdoor and indoor levels.

e Studies of the association between exposure to biologic and chemi-
cal agents or extreme temperature conditions and adverse health
outcomes or productivity effects.

¢ Information and experience concerning the design, construction,
operation, and maintenance of buildings and how these affect in-
door environmental conditions.

e Studies of the potential health consequences of changes made to
buildings as a result of climate change or energy conservation
concerns.

e Knowledge of the health consequences of behavioral responses to
problems with buildings and their infrastructure.

The lack of directly relevant literature—studies of the intersection
of climate change, indoor environmental quality, and occupant health—
prevents the committee from drawing more definitive or specific conclusions
and underscores the need for the additional data collection and research
recommended in this chapter.

Data reviewed as part of the National Academies’ America’s Climate
Choices series of reports indicate that global mean temperatures have risen
over the past 100 years, heat waves have become longer and more extreme,
and cold spells have become shorter and milder. Measurements of rainfall
show that moist regions are getting wetter, semiarid regions are becoming
drier, and extreme weather events are increasing. Heavier rainfall and ear-
lier thawing and later freezing of rivers and lakes are leading to increased
flooding risks. Climate models suggest that those trends will continue and
intensify. Such findings are salient for the committee’s work because condi-
tions in the outdoor environment help to determine conditions in the indoor
environment.

Weather fluctuations and seasonal to annual climate variability influ-
ence the incidence of many infectious diseases. Climate change may result
in shifting patterns of exposure to pesticides as occupants and building
owners respond to infestations of pests like termites whose geographic
ranges have changed.

Beginning in the 1970s, rising heating fuel costs created economic pres-
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sures to “tighten” buildings to limit heat loss during the winter. Efforts have
since expanded to what is now known as the green building movement,
which seeks to reduce the energy needed to heat, cool, and light struc-
tures and to increase their resiliency in the face of adverse outdoor condi-
tions to limit contributions to and adverse effects of climate change. Such
weatherization measures can result in decreased building ventilation rates
and—in combination with the introduction of new materials and products
indoors—lead to increased pollutant levels indoor and associated adverse
exposures in some circumstances.

Other responses to adverse outdoor conditions may also have conse-
quences for indoor exposures and occupant health. Potential increases in
the level and frequency of peak electricity demand due to heat waves and in
the occurrence of extreme weather events have led to concerns over power
outages that could leave building occupants without sources of temperate
air and over carbon monoxide poisonings from improper use of generators
or other alternative sources of energy and heat.

Opportunities exist to improve public health while mitigating or adapt-
ing to alterations in indoor environmental quality induced by climate
change.

Although some climate-change adaptation and mitigation measures
for the indoor environment have inadvertent adverse health effects, this
need not necessarily be the case. Several building technologies, including
mixed-mode or hybrid mechanical systems that support natural ventilation,
can produce comfortable indoor environments with lower energy costs and
greater health benefits than systems typically in use today. Some of them
yield additional benefits, such as lower greenhouse-gas emissions or the
ability to maintain safe indoor conditions during extended power outages.
Widespread introduction of such measures as cool-color building exteriors
and appropriate shading, which reduce the amount of heat absorbed by
structures, can lower heat-island effects and benefit entire neighborhoods.
Such interventions require up-front investments and will vary in their
cost-effectiveness depending on the technology, climate, building type and
age, and other factors. Inaction also has costs, though, and the public and
governments must consider both when deciding whether and how to act.

GUIDING PRINCIPLES

The mission of public health is to “[fulfill] society’s interest in assur-
ing conditions in which people can be healthy,” and its aim is “to generate
organized community effort to address the public interest in health by ap-
plying scientific and technical knowledge to prevent disease and promote
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health” (IOM, 1988). The committee took a public-health approach in
formulating its recommendations for reducing the health effects of altera-
tions in IEQ induced by climate change, which can be summarized in three
guiding principles:

Prioritize consideration of health effects into research, policy, programs,
and regulatory agendas that address climate change and buildings.

Energy-conservation considerations have been the driving force in
weatherization-related research. Ventilation guidelines and standards for
buildings are based largely on occupant comfort and odor perception. As
the country moves toward a future in which climate change will spur the
need for increased action to lower buildings’ energy demands and increase
their resistance to adverse outdoor conditions, it is vital that public health
be put in the forefront of the criteria taken into account in making decisions
on issues that affect indoor environments.

Make the prevention of adverse exposures a primary goal when de-
signing and implementing climate change adaptation and mitigation
strategies.

As Damp Indoor Spaces and Health noted, prevention is a founda-
tion principle in public health (IOM, 2004). Indoor environments already
present myriad opportunities for exposure to chemical agents in products,
outgassing from building materials, emissions from dampness-related mi-
croorganisms, airborne pollen and infectious agents, and the like. Common
sense suggests that eliminating or lessening those exposures and limiting
the introduction of new agents should be the first consideration when
responding to potential problems. However, although some steps in that
direction have been taken with the introduction of testing regimes to evalu-
ate emissions from building materials and products and the emergence of
low-emitting alternatives, more can be done.

Collect data to make better-informed decisions in the future.

A central aim of public-health professionals is “to maximize the influ-
ence of accurate data and professional judgment on decision-making—to
make decisions as comprehensive and objective as possible” (IOM, 1988).
As this chapter has already observed, there is almost no literature at the
intersection among climate change, IEQ, and occupant health. It is possible
to offer informed views on strategies to minimize the adverse effects of
climate change on the basis of existing research, but uncertainties abound,
including uncertainties in
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e The details of the changes that will take place, the rate at which
they are manifested, and their magnitude.

e The influence of technologic advances and other influences on in-
door conditions.

e The effects of weatherization and of other adaptation and mitiga-
tion measures on public health.

Collecting data that support assessments of the effects of climate change
on the indoor environment and health and data on the effects of mitiga-
tion and adaptation measures on health will allow future policy to be set
in a more informed manner and help to identify misguided or inefficient
approaches so that they can be corrected.

PRIORITY ISSUES FOR ACTION AND RECOMMENDATIONS

Chapters 4-8 offer several observations regarding how climate change
may affect indoor air quality; dampness, moisture, and flooding; infectious
agents and pests; exposure to thermal stress; and building ventilation,
weatherization, and energy use. The items below constitute a distillation
of the committee’s thoughts on how their findings and conclusions should
be operationalized.

The committee recommends that the Environmental Protection Agency
undertake the following actions.

The Environmental Protection Agency should work with such agencies
as the Centers for Disease Control and Prevention to assist state, terri-
torial, and local health and emergency-management agencies in efforts
to initiate or expand programs to identify populations at risk for health
problems resulting from alterations in indoor environmental quality
induced by climate change and to implement measures to prevent or
lessen the problems.

EPA is a source of expertise on a number of issues related to the indoor
environment and health. The Centers for Disease Control and Preven-
tion (CDC)—which has the lead federal role in monitoring health, detect-
ing and investigating health problems, and developing and implementing
responses—already works with EPA on topics of common interest such as
the health effects of dampness and mold. Such cooperation will become
more important in an era in which extreme weather events are more fre-
quent and severe. EPA’s knowledge in such fields as weatherization—where
changes in the building envelope may affect ventilation and the presence
of moisture indoors and thus IEQ and health—will be of great use in
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anticipating which future populations may be at risk and in developing
solutions. The committee thus recommends that interagency collaboration
between EPA and CDC expand into emerging issues of climate change and
IEQ. Populations whose health, economic situation, or social circumstances
make them more vulnerable to adverse consequences will require special
attention in this regard.

The Environmental Protection Agency and other federal agencies
should join to develop or refine protocols and testing standards for
evaluating emissions from materials, furnishings, and appliances used
in buildings and to promote their use by standards-setting organiza-
tions and in the marketplace. Standards should include consideration
of emissions over the operational life of products and the effects of
changes in indoor temperature, dampness, and pests.

Prevention of adverse exposures to materials in the indoor environment
and those introduced as a part of weatherization and other climate-change
mitigation activities should have high priority, but relatively little informa-
tion is available. Organizations and government entities in the United States
and other countries are pursuing and promoting testing protocols, but the
report notes that these efforts are fragmentary. Facilitating the development
of uniform test standards not only will let builders and occupants make
more informed decisions about which materials, furnishings, and appliances
to use in buildings but will simplify compliance for manufacturers.

EPA’s Environmental Technology Verification Program and Environ-
mental and Sustainable Technology Evaluations projects, which include a
microorganism-resistant building material testing initiative (EPA, 2011a),
constitute an example of the agency’s current work in this field. Expanded
and coordinated action with other federal agencies—including the National
Institute of Standards and Technology, which sets testing standards for
products and systems and is heavily involved in building research, and the
Federal Trade Commission, which is concerned with the accuracy of envi-
ronmental-product marketing claims—will help to ensure that the resulting
protocols are comprehensive and to promote their acceptance.

The Environmental Protection Agency should expand and accelerate
its efforts to ensure that indoor environmental quality is protected and
enhanced in building-weatherization efforts by facilitating research to
identify circumstances in which mitigation and adaptation measures
may cause or exacerbate adverse exposures; by reviewing and, where
appropriate, changing weatherization guidance to prevent these expo-
sures; and by establishing criteria for the certification of weatherization
contractors in health-protective procedures.
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One of the primary points made in this report is that buildings are
complex systems whose siting, design, and operation interact in ways that
are not necessarily easy to predict. Weatherization measures have the po-
tential to inadvertently increase adverse exposures. For example, changes
that would reduce ventilation rates would tend to increase indoor radon
levels and might also alter the effective radiation dose received.> The use
of untested building materials could introduce toxic agents to the indoor
environment.

EPA and the Department of Energy (DOE) are already cooperating on
protocols for home energy-conservation upgrades that were in draft form
when the committee completed its report (DOE, 2011b; EPA, 2010). Such
recognition of health effects on both occupants and persons performing
weatherization work is welcome. It will need to be followed, however, by
surveillance activities that evaluate whether guidance is achieving its health-
protective objectives and by a mechanism to revise guidance on the basis of
evaluation. Certification of weatherization contractors in health-protective
procedures would allow consumers to make better-informed decisions on
whom they choose to perform work and give governments and utilities
guidance on potential service providers.

The research suggested here will take time to yield usable results and, in
the interim, EPA will need to use the best available information to inform
its judgment on health-protective weatherization policies.

The Environmental Protection Agency in coordination with the Depart-
ment of Energy, the American Society of Heating, Refrigerating and
Air-Conditioning Engineers, and building-code organizations should
facilitate the revision and adoption of building codes that are region-
ally appropriate with respect to climate-change projections and that
promote the health and productivity of occupants.

Building codes are predicated in part on local environmental condi-
tions. Codes in northern parts of the country account for the possibility
of extended cold and snowy conditions; those in areas prone to hurricanes
may require that structures be resistant to extreme weather. If climatic con-
ditions in a particular area change—for example, if there are more severe
or more frequent episodes of intense precipitation—buildings constructed
under existing codes and designed to operate under previously existing

2 An investigation conducted by EPA in the 1990s found no consistent relationship between
air tightness and indoor radon levels (Dyess, 1994). A large-scale, field study that was under
way when this report was completed is revisiting the question, measuring pre- and post-
weatherization levels of radon in a nationally representative sample of approximately 550
homes (Tonn et al., 2011).

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13115

Climate Change, the Indoor Environment, and Health

248 CLIMATE CHANGE, THE INDOOR ENVIRONMENT, AND HEALTH

conditions may fail under the new conditions. That suggests that careful
consideration must be given to revising building codes and practices to
anticipate future climatic conditions and to taking a coordinated approach
to addressing risks.

EPA works in cooperation with the American Society of Heating,
Refrigerating and Air-Conditioning Engineers (ASHRAE), a professional
organization, in developing guidelines for indoor air quality and ventila-
tion, notably the Indoor Air Quality Guide: Best Practices for Design, Con-
struction, and Commissioning (ASHRAE, 2009). ASHRAE standards for
building ventilation and thermal comfort are often incorporated in building
codes. DOE works with ASHRAE, other professional organizations, in-
dustry, and state and local officials on the development and promulgation
of building energy codes (DOE, 2011a). ASHRAE, the International Code
Council, the US Green Building Council, and the Illuminating Engineering
Society of North America joined together to produce an “International
Green Construction Code” for potential adoption by regulatory authorities
(US Green Building Council, 2010).

The committee recommends that these cooperative efforts on codes
be extended to encompass climate-change issues. Most residential and
commercial buildings have useful lifetimes that are measured in decades.
Promoting research on and development and adoption of regionally ap-
propriate building codes that account for the possibility of future climatic
conditions not only will protect the well-being of occupants but could pro-
duce economic benefits in the form of longer building lives, lower building
insurance fees, and avoided retrofitting costs.

The Environmental Protection Agency and other public agencies and
private organizations should join to develop model standards for ven-
tilation in residential buildings and to foster updated standards for
commercial buildings and schools. The standards should

Be based on health-related criteria.
Account for the effects of weatherization and of other climate-
change-related retrofits of existing buildings.

e DProvide design and operation criteria for mechanical ventilation
systems in new construction.

¢ Include consideration of ventilation system hygiene and ventilation
effectiveness.

e Address how to maintain proper ventilation throughout the life of
the system.

e  Contain “fail-safe” provisions that allow for sufficient air exchange
with the outdoors to sustain occupant well-being in the event of
ventilation-system breakdown or an extended power outage.
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e Achieve the objectives mentioned above in an energy- and cost-
efficient manner.

This report has highlighted the central role that ventilation plays in
determining IEQ and occupant health. Current ventilation standards, how-
ever, are not based on maintaining the health and productivity of occupants
and do not account for the potential effects of climate change on building
design and operation and on occupant behavior.

The committee believes that action should be taken to address this.
There are still information gaps, but the epidemiologic literature makes it
clear that poor ventilation in homes, offices, and schools is associated with
occupant health problems and lower productivity. Climate change may
make ventilation problems more common or more severe by stimulating
the implementation of energy-efficiency and weatherization measures that
reduce the exchange of indoor air with outdoor air. Because standards
are often applied or evaluated only during the initial design process, later
changes in the building envelope and the inevitable aging of heating, ven-
tilation, and air-conditioning systems may produce problems in buildings
that were initially deemed to have good ventilation. Some states—including
California, Connecticut, New York, Minnesota, Vermont, and Washing-
ton—already require mechanical ventilation in at least some new construc-
tion. That helps to ameliorate ventilation and health concerns but creates a
safety risk in circumstances in which failures in building systems or power
outages disable mechanical ventilation; this may happen more often if
climate change leads to more instances of extreme weather conditions or
unsustainable loads on the electric grid due extreme outdoor temperatures.

New ventilation standards should take into account all the consid-
erations listed above. The committee recommends that EPA foster the
development and implementation of standards in cooperation with other
stakeholders.

The Environmental Protection Agency and other federal agencies
should put into place a public-health surveillance system that uses
existing environment and health survey instruments to gather informa-
tion on how outdoor conditions, building characteristics, and indoor
environmental conditions are affecting occupant health and on how
these change over time.

Chapter 1 lists a number of survey instruments that EPA, DOE, CDC,
the Department of Housing and Urban Development, and other government
agencies and departments use to gather information on housing character-
istics or the health of occupants. Outdoor pollution concentrations, envi-
ronmental conditions, and climatologic information are separately tracked.
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Lack of general population information on the influences of buildings
on occupant health hampers the setting of priorities and the development
of effective interventions. The committee believes that it is important to
start collecting such data. The ideal surveillance system for assessing how
climate change affects indoor environment exposures and related health
effects would collect data from across the nation and have this clear focus
in mind. However, there are substantial logistical hurdles in mounting such
an effort, and its high cost may not be tenable under current federal budget
circumstances.

The committee therefore recommends that EPA cooperate with its col-
laborating agencies to identify means for adapting existing environment
and health survey instruments to meet the need. All the existing instru-
ments have weaknesses as potential sources of information on the effects
of climate change on the indoor environment and health. However, the
committee believes that it is possible to identify ways to modify and add to
existing instruments such as the National Health and Nutrition Examina-
tion Survey (NHANES) and Behavioral Risk Factor Surveillance System
(BRFSS) to generate useful data and facilitate combining of databases to
perform novel analyses.

The Environmental Protection Agency should exercise a strong level
of commitment to educate the public on issues of climate change, the
indoor environment, and health. Its efforts should

e Include materials tailored to those involved in the design, construc-
tion, operation, maintenance, and renovation of buildings and to
occupants of single-family and multifamily residences.

e Consider differences in geography, building type, age, and setting
(city, suburb, and rural area) and in current and possible future
climate conditions.

e Contain specific advice on actions that will reduce the effects of
climate change on the indoor environment and will improve health.

This report began by noting that relatively little attention has been given
to the possible effects of climate-change—induced alterations in the indoor
environment on occupant health. If adverse effects of climate change are to
be prevented, public education and training of professionals will be integral
parts of the solution. Education and outreach—especially to those in vulner-
able communities and those who provide services to those communities—
could have a large role in preventing or limiting adverse effects by making
people mindful of potential problems and of the means of addressing them.

EPA already maintains a Web site, IAQ and Climate Readiness, that
disseminates general information on weatherization, ventilation, and solu-
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tions to indoor air-quality problems (EPA, 2011b). The committee recom-
mends that EPA expand its efforts by creating and disseminating specifically
tailored messages that speak to the specific circumstances and needs of the
diverse audiences listed above and that are focused on steps that these audi-
ences can take to improve IEQ in the spaces that they occupy. It’s Tools for
Schools initiative provides a number of educational products for building
professionals, school staff, and the general public aimed at maintaining “a
healthy environment in school buildings by identifying, correcting, and pre-
venting [indoor air quality] problems” (EPA, 2011c). These products could
be supplemented to cover climate change-related issues. Tools for Schools
also provides a template for broader outreach on climate change, indoor
environment, and health issues for other building types and audiences.

Public health professionals also have a need for education on the issues
raised in this report. The public health community is well-versed in how to
respond to crises caused by acute circumstances like hurricanes, floods, or
heat waves. However, in general, less is known about prevention and con-
trol measures for more widespread and chronic issues like building damp-
ness (IOM, 2004). If sanitarians are sensitized to building-related issues and
instructed in how to anticipate, identify, and address problematic indoor
environmental conditions resulting from climate change, they can add ap-
propriate interventions to their practice and better serve their communities.

Cross-training of those involved in public health and in the design,
construction, maintenance, operation, and renovation of buildings in
the determinants of good IEQ will help to avoid problems and improve
interventions.

The Environmental Protection Agency should continuously evaluate
actions taken in response to climate-change—induced alterations in the
indoor environment to determine whether they are enhancing occupant
health and productivity in a cost-effective manner, should identify ini-
tiatives that fail to achieve these objectives, and should take corrective
steps as needed.

There is little available research on how changes in climatic conditions
may affect the indoor environment. It will therefore be especially important
to follow up on the measures taken to lessen adverse effects to determine
whether they are effective and whether there are more efficient means
of achieving the desired outcomes. The committee therefore recommends
that intervention programs include the collection of data that will allow
evaluation of whether the programs are materially affecting the health of
occupants.

The committee notes that this recommendation is in line with those
already offered by the National Research Council’s America’s Climate
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Choices: Panel on Informing Effective Decisions and Actions Related to
Climate Change. That panel recommended that the federal government
“establish information and reporting systems that allow for regular evalu-
ation and assessment of the effectiveness of both government and non-
governmental responses to climate change” and indicated that “decisions
and policies should be revised in light of new information, experience, and
stakeholder input, and use the best available information and assessment
base to underpin the risk management framework” (NRC, 2010c).

The Environmental Protection Agency should spearhead an effort
across the federal government to make indoor environment and health
issues an integral consideration in climate change research and action
plans and to coordinate work on the indoor environment and health.

The serious gap in the scientific literature concerning the relationships
among climate change, IEQ, and occupant health identified in this report
is a barrier to effective action on the issue. In the committee’s judgment,
there is a clear lack of recognition of this topic at a level commensurate
with its importance.

At the US federal level, the research gap is emblematic of a more
fundamental problem regarding indoor environmental health concerns:
that responsibility for the integrated environmental, public-health, energy-
conservation, housing, urban-planning, and worker well-being issues that
make up IEQ do not fall neatly under the aegis of any federal department
or agency. Because several organizations have interests in some subjects, yet
no entity has the lead responsibility, research needs go unrecognized and
unmet, and opportunities for efficient action are unrealized.

The committee believes that this situation must change. Several of the
priority issues listed above recommend that EPA either initiate or deepen
their cooperation with governmental and other entities on some specific
urgent issues, and achievement of their goals will be predicated on building
and sustaining robust partnerships. The committee believes that these initia-
tives should be part of a larger effort to entwine indoor environment and
health considerations into the fabric of research and action plans. Because
it is difficult to separate the effects of climate change from other influences
on the indoor environment, a broad approach to IEQ issues is needed.

There are several potential approaches to addressing the problem.

One is for EPA to initiate action within the US Global Change Re-
search Program (USGCRP)—in which it participates—to address the ef-
fects of climate change on indoor environmental quality and on the health
and productivity of occupants. The USGCRP, which involves 13 federal
departments and agencies, serves as the coordinating body for federal re-
search on climate change and its effects on society (CCHHG, 2011). Major
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publications of the program do consider the effects of climate change on
public health and, separately, on the built environment.? However, with few
exceptions, public-health considerations are not focused on the indoor en-
vironment and health. Discussions of the built environment are centered on
threats posed to the infrastructure by flooding and other extreme weather
events. The USGCRP is in the process of formulating a new strategic plan
with the intent of releasing it in December 2011 (USGCRP, 2011). This
process presents an opportunity for EPA to advocate for the inclusion of
indoor environment and health concerns into the work of the Program
and in particular, the adaptation science; assessments; and communication,
education, and engagement elements of the new strategic plan.

EPA should also explore options for stimulating action on climate
change, indoor environment, and health issues outside and within the gov-
ernment. These include the initiatives highlighted in the committee’s recom-
mendation above that the agency exercise a strong level of commitment to
educate the public on these issues.

At the federal level, the committee suggests that EPA promote a broader
coordinated effort to address indoor environment and health issues through,
for example, the establishment of an interagency working group or a na-
tional center. Such mechanisms have been used to effectively coordinate
action to identify information gaps, facilitate research, collect data, and
catalyze work on other critical issues. An effort to establish a governmental
entity to act as a coordinating body will likely require support from the
administration or Congress. Nonetheless, the committee believes that con-
solidating and focusing indoor environmental health efforts may generate
efficiencies that make it worthy of consideration and that any efforts that
support collaboration in the pursuit of healthy indoor environments will
produce societal benefits.

The committee notes that the Public Health Service surgeon general’s
2009 Call to Action to Promote Healthy Homes already calls for a coordi-
nated federal effort in research, guidance, and technical assistance regarding
healthy homes and notes the need for standardization in evaluating inter-
ventions (HHS, 2009). The Call to Action labels safe and healthy homes as
having high federal priority and offers some of the same recommendations
put forward in this report, including focusing interventions on the most
vulnerable populations and using low-emission building materials.

The United States is in the midst of a large experiment of its own mak-
ing in which weatherization efforts, energy-efficiency retrofits, and other
initiatives that affect the characteristics of interaction between indoor and

3 In this context, the built environment comprises not only buildings but also the accompa-
nying transportation (roads, bridges, and the like) and public-works (energy, water, sewage,
and so on) infrastructures.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13115

Climate Change, the Indoor Environment, and Health

254 CLIMATE CHANGE, THE INDOOR ENVIRONMENT, AND HEALTH

outdoor environments are taking place and new building materials and
consumer products are being introduced indoors with little consideration of
how they might affect the health of occupants. Experience provides a strong
basis to expect that some of the effects will be adverse, a few profoundly
so. An upfront investment in considering the consequences of these actions
before they play out and thereby avoiding problems that can be anticipated
would yield benefits in health and in avoiding costs of medical care, reme-
diation, and lost productivity.
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3:40 p.m.
Climate change and sustainable architecture

Christoph Reinhart, PhD

Associate Professor of Architectural Technology, Department of
Architecture and Group Head, Graduate School of Design—Sustainable
Design [G(SD)?] Initiative, Harvard University

4:10 p.m.
Climate change and the built environment

Franklin W. Nutter, JD
President, Reinsurance Association of America

4:35 p.m.
HUD’s national surveys of lead and other residential exposures: A
possible model for national IEQ surveillance?

Peter J. Ashley, DrPH
Director, Policy and Standards Division, Office of Healthy Homes and
Lead Hazard Control, Department of Housing and Urban Development

5:00 p.m.
Roundtable discussion—session II speakers

John D. Spengler, PhD, moderator

5:15 p.m.
General discussion—day’s speakers and committee members

John D. Spengler, PhD, moderator

5:30 p.m.
Workshop ends
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WORKSHOP 2

July 14, 2010
Clark Kerr Campus
University of California at Berkeley

9:00 a.m.
Welcome to the Workshop; conduct of the workshop and introduction of
the Committee

John D. Spengler, PhD
Committee Chair

9:15 a.m.
Climate change, energy efficiency, and IEQ research

William J. Fisk, MS
Senior Staff Scientist and Department Head, Indoor Environment
Department, Lawrence Berkeley National Laboratory

10:00 a.m.
Indoor climate and climate change—a perspective on research needs

Hal Levin, BArch
Research Architect and President, Building Ecology Research Group

11:00 a.m.
The impact of indoor air pollution sources on climate

Kirk R. Smith, PhD, MPH

Professor of Global Environmental Health, and Director of the Global
Health and Environment Program, School of Public Health, University of
California, Berkeley

11:45 a.m.
Climate change and human health

Kristie L. Ebi, PhD, MPH

Executive Director, Technical Support Unit, Working Group II (Impacts,
Adaptation, and Vulnerability), Intergovernmental Panel on Climate
Change (IPCC)
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1:00 p.m.
Roundtable discussion—committee, speakers, and observers

John D. Spengler, PhD, moderator

2:00 p.m.
Workshop ends
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Environmental Protection Agency
Contractor Reports on Climate-Change,
Indoor-Environment, and Health Topics

The US Environmental Protection Agency (EPA) Indoor Environments
Division—the sponsor of this study—commissioned a set of white papers
on topics related to climate change, the indoor environment, and health to
provide information for the committee’s consideration. They are listed be-
low! and cited, where appropriate, throughout the report. The white papers
are also compiled on an EPA Web site that provides links to a number of
Agency and contractor reports on issues of indoor air quality (EPA, 2011).

The responsibility for the white papers listed below rests with their
authors, and their content does not necessarily represent the views of the
committee or the Institute of Medicine.

Contractor Report: Climate Change and Indoor Air Quality

This report presents a general discussion of the effects of climate change
on indoor air quality, including occupant influences. Among the issues
addressed are how increasing outdoor temperatures may change window
and air-conditioning use, moisture intrusion and its adverse health effects,
and the effects of weatherization and energy-efficiency efforts on indoor
air quality.

Field WR. 2010. Climate change and indoor air quality. Washington, DC:
US Environmental Protection Agency.

! Descriptions of report content are derived in part from EPA (2011).
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Contractor Report: Research Needed to Address the
Impacts of Climate Change on Indoor Air Quality

This report offers opinions on climate-change and indoor air quality
research needs. Topics include high-temperature events; infiltration of out-
door allergens, particulate matter, and ozone; water and dampness intru-
sion; and disease vectors. The discussion of research gaps focuses on human
health but also includes energy efficiency.

Girman J. 2010. Research needed to address the impacts of climate change
on indoor air quality. Washington, DC: US Environmental Protection
Agency.

Contractor Report: National Programs to Assess Indoor Environmental
Quality (IEQ) Effects of Building Materials and Products

This report examines national building-materials and product-
evaluation programs, which were developed often in response to indoor
air quality concerns and vary in focus and scope. These include efforts in
the United States, various countries in Europe, the European Union, Japan,
and Korea.

Levin H. 2010. National programs to assess IEQ effects of building ma-
terial and products. Washington, DC: US Environmental Protection
Agency, Indoor Environments Division.

Contractor Report: Climate Change and Potential Effects
on Microbial Air Quality in the Built Environment

This report examines the effects of climate change on pathogens and
indoor air quality. Changing climates have caused pathogens and pests to
venture into new geographic areas and create new indoor environmental
risks, including the possibility of increased pesticide use in response to
invading organisms.

Morey PR. 2010. Climate change and potential effects on microbial air
quality in the built environment. Washington, DC: US Environmental
Protection Agency.

Contractor Report: Building Codes and Indoor Air Quality

This report that examines energy-related building codes throughout
the United States and how these codes affect ventilation, including air
exchange, and indoor air pollution. Ventilation and moisture conditions
in existing residential and commercial buildings may be altered because
of an increase in extreme weather events due to climate change. Buildings
constructed under a set of standards appropriate for the original climate
may not be adequate in a different climate.
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Mudarri D. 2010. Building codes and indoor air quality. Washington, DC:
US Environmental Protection Agency.

Contractor Report: Public Health Consequences and Cost
of Climate Change Impacts on Indoor Environments

This report addresses the public-health and economic implications of
the effects of climate change on indoor environmental quality. It details the
effects of biologic agents and of increased humidity, temperature, ventila-
tion, and product emissions on the indoor environment and corresponding
human health risks. Climate change and its effects on outdoor contami-
nants are also examined, and possible adaptation strategies are examined.

Mudarri D. 2010. Public health consequences and cost of climate change
impacts on indoor environments. Washington, DC: US Environmental
Protection Agency.

Contractor Report: Climate Change, Indoor Air Quality and Health

This report describes exposure to common biologic and chemical
agents that result from building adaptations. The discussion includes a look
at Green Building programs and recommendations on how to make them
more considerate of issues of indoor air quality. There is an emphasis on
the need for community health-care practitioners to become more involved
in addressing susceptible and vulnerable populations.

Schenck P, Ahmed, AK, Bracker A, DeBernardo R. 2010. Climate change,
indoor air quality and bealth. Washington, DC: US Environmental
Protection Agency.

Contractor Report: Indoor Environmental Quality and Climate Change

This report addresses the impacts of climate change on indoor environ-
ments, including material related to potential interventions and solutions.

Brennan T. 2010. Indoor environmental quality and climate change. Wash-
ington, DC: US Environmental Protection Agency.

Contractor Report: The Impact of Increasing
Severe Weather Events on Shelter

This report addresses the impacts of severe weather events on indoor
environments. Topics addressed include the use of buildings as shelters from
weather extremes.

Brennan T. 2010. The impact of increasing severe weather events on shelter.
Washington, DC: US Environmental Protection Agency.
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DRAFT Contractor Report: Opportunities for Green
Building (GB) Rating Systems to Improve Indoor Air Quality
Credits and to Address Changing Climatic Conditions

This report describes green-building rating systems, climate change, and
indoor environmental quality. Green-building rating systems focus mostly
on indoor environments, including moisture, ventilation rates, volatile or-
ganic compounds, thermal comfort, and particulate matter but are evalu-
ated in a climate-change context. Two rating systems, those of BREEAM
and LEED, are detailed in this report.

Srebric J. 2010. Draft report: Opportunities for green building (GB) rating
systems to improve indoor air quality credits and to address changing
climatic conditions. Washington, DC: US Environmental Protection
Agency.

REFERENCE

EPA (Environmental Protection Agency). 2011. Indoor air—Publications and resources. http://
www.epa.gov/iaq/pubs/ (accessed June 21, 2011).
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Biographic Sketches of
Committee Members and Staff

John D. Spengler, PhD (Chair), is the Akira Yamaguchi Professor of Envi-
ronmental Health and Human Habitation in the Department of Environ-
mental Health of Harvard University’s School of Public Health. He has
conducted research in personal monitoring, air-pollution health effects,
aerosol characterization, and indoor air. More recently, Dr. Spengler has
been involved in research that includes the integration of knowledge about
indoor and outdoor air pollution and other risk factors into the design of
housing, buildings, and communities. He uses the tools of life-cycle analy-
sis, risk assessment, and activity-based costing to measure the sustainable
attributes of alternative designs, practices, and community development.
Dr. Spengler has served as an adviser to the World Health Organization
on indoor air pollution, personal exposure, and air-pollution epidemiol-
ogy. He serves on the Institute of Medicine Roundtable for Environmental
Health and recently chaired a National Research Council Committee on
Green Schools. In 2003, Dr. Spengler was the recipient of the Heinz Award
for the Environment; in 2008, he was honored by the International Society
of Indoor Air Quality and Climate Academy of Fellows with the Max von
Pettenkofer award for distinguished contributions to the field of indoor-air
science. He received a BS in physics from the University of Notre Dame, an
MS in environmental health sciences from Harvard University, and a PhD
in atmospheric sciences from the State University of New York-Albany.

John L. Adgate, PhD, is Professor and Chair of the Department of Environ-
mental and Occupational Health in the Colorado School of Public Health,

University of Colorado, Denver. His research on exposure assessment, risk
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analysis, and children’s environmental health has focused on improving ex-
posure assessment in epidemiologic studies by documenting the magnitude
and variability of human exposures. Dr. Adgate has served on many science
advisory panels of the US Environmental Protection Agency, exploring tech-
nical and policy issues related to residential exposures. Dr. Adgate received
a BA in biology from Calvin College, an MSPH in environmental science
from the School of Public Health of the University of North Carolina at
Chapel Hill, and a PhD in environmental health granted jointly by the
University of Medicine and Dentistry of New Jersey and Rutgers University.

Antonio J. Busalacchi, Jr., PhD, is Director of the Earth System Science
Interdisciplinary Center and a Professor in the Department of Atmospheric
and Oceanic Science of the University of Maryland. His research interests
include tropical ocean circulation and its role in the coupled climate system
and climate variability and predictability. Dr. Busalacchi has been involved
in the activities of the World Climate Research Programme for many years
and is chair of its Joint Scientific Committee. Dr. Busalacchi is chair of the
National Research Council Board on Atmospheric Sciences and Climate,
a member of its Panel on Advancing the Science of Climate Change, and
cochair of the Research Council Committee on National Security Implica-
tions of Climate Change on US Naval Forces. He holds a BS in physics and
an MS and a PhD in oceanography from Florida State University.

Ginger L. Chew, ScD, is an Epidemiologist in the National Center for
Environmental Health of the Centers for Disease Control and Prevention
(CDC). She is also Adjunct Professor at Columbia University’s Mailman
School of Public Health. Dr. Chew’s research has focused on exposure
assessment of aeroallergens and fungi in the indoor environments of low-
income children. She has been part of a team that is designing a nationwide
study of low-income homes that have been renovated with green or tra-
ditional materials and methods. In 2005, Dr. Chew participated in CDC’s
environmental-health response to Hurricane Katrina, helping to plan its air-
sampling strategy and perform data analysis and interpretation. She holds a
BS from the University of Georgia, an MS from the University of Alabama,
and an ScD from the Harvard School of Public Health.

Sir Andrew Haines, MBBS, MD, is Professor of Public Health and Primary
Care of the London School of Hygiene and Tropical Medicine, where
he served as Director until October 2010. His research interests are in
epidemiology and health-services research, focusing on the study of en-
vironmental influences on health, including the potential effects of global
environmental change. In 2009, he chaired an international task force of
55 scientists from nine countries that undertook a program of research on

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13115

Climate Change, the Indoor Environment, and Health

APPENDIX C 269

climate-change mitigation and public health, whose results were published
in a series of articles in The Lancet in December 2009. Dr. Haines serves
on a number of major international and national committees, including the
Advisory Board of the National Institute for Health Research of England,
the Medical Research Council (MRC) Global Health Group, and the MRC
Strategy Group. He was formerly a member of the UN Intergovernmental
Panel on Climate Change and of the World Health Organization Advisory
Committee on Health Research. Dr. Haines earned his MBBS in medicine
and MD in medicine and epidemiology from the University of London. He
is a Foreign Associate Member of the Institute of Medicine.

Steven M. Holland, MD, is Chief of the Laboratory of Clinical Infectious
Diseases of the National Institute of Allergy and Infectious Diseases, Na-
tional Institutes of Health. He is also a tenured investigator and Chief of
the Immunopathogenesis Section of the laboratory. Dr. Holland’s major
research interests include susceptibility to disseminated and pulmonary
mycobacterial infections, mechanisms of mycobacterial and bacterial patho-
genesis, and mechanisms of phagocyte immunodeficiency. From 2006 to
2008, he served as President of the International Immunocompromised
Host Society. Dr. Holland received his MD from the Johns Hopkins Univer-
sity School of Medicine, where he served as a resident in internal medicine,
assistant chief of service in medicine, and fellow in infectious diseases. He
is Board-certified in internal medicine with a subspecialty in infectious
disease.

Vivian E. Loftness, MArch, FAIA, is University Professor of Architecture at
Carnegie Mellon University and Senior Researcher in its Center for Building
Performance and Diagnostics. She is an international energy and building-
performance consultant for commercial and residential building design and
has researched and written extensively on energy conservation, passive so-
lar design, climate, and regionalism in architecture. Prof. Loftness is a mem-
ber of the Pennsylvania State Climate Change Advisory Committee and has
served on several National Academies committees, including the Committee
on Review and Assessment of the Health and Productivity Benefits of Green
Schools. She has worked for many years with the Architectural and Building
Sciences Division of Public Works Canada, researching and developing the
issues of total building performance and the field of building diagnostics.
Prof. Loftness holds a BS and an MArch from the Massachusetts Institute
of Technology. She is a Fellow of the American Institute of Architects and
is a registered architect.

Linda A. McCauley, PhD, FAAN, RN, is Professor and Dean of Emory
University’s Nell Hodgson Woodruff School of Nursing. Dr. McCauley has
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expertise in the design of epidemiologic investigations of environmental
hazards and is nationally recognized for her expertise in occupational-
health and environmental-health nursing. Her work aims to identify cultur-
ally appropriate interventions to decrease the effects of environmental and
occupational health hazards in vulnerable populations, including workers
and young children. Dr. McCauley was previously the Associate Dean for
Research and the Nightingale Professor of Nursing in the University of
Pennsylvania School of Nursing. She received a bachelor of nursing degree
from the University of North Carolina, a master’s in nursing from Emory,
and a doctorate in environmental health and epidemiology from the Uni-
versity of Cincinnati. She is a Member of the Institute of Medicine.

William W. Nazaroff, PhD, is the Daniel Tellep Distinguished Professor
and Vice-Chair of the Department of Civil and Environmental Engineer-
ing of the University of California, Berkeley. His main research interest is
in indoor air quality, with an emphasis on pollutant-surface interactions,
transport and mixing phenomena, aerosols, source characterization, expo-
sure assessment, and control techniques; and his teaching activities include
a course that assesses the technologic opportunities for mitigating climate
change. Dr. Nazaroff is coeditor of Indoor Air and Vice President of the
International Society of Indoor Air Quality and Climate Academy of Fel-
lows. He received his BA in physics and his MEng in electrical engineering
and computer science from the University of California, Berkeley, and his
PhD in environmental engineering science from the California Institute of
Technology.

Eileen Storey, MD, MPH, is Chief of the Surveillance Branch, Division of
Respiratory Disease Studies, National Institute for Occupational Safety and
Health, of the Centers for Disease Control and Prevention. She has been
serving as Acting Chief for the Surveillance Branch since February 2009.
She was formerly Chief of the Division of Public Health and Health Policy
and Director of the Center for Indoor Environments and Health at the
University of Connecticut Health Center. Dr. Storey’s research focuses on
the spectrum of respiratory disease associated with indoor environments,
with particular interest in the relationship between building-related upper
respiratory syndromes, such as rhinitis and sinusitis, and the develop-
ment of lower respiratory syndromes, such as asthma and hypersensitivity
pneumonitis. Her work addresses the development of exposure-assessment
tools to characterize indoor risk factors. Dr. Storey received her MD from
the Harvard Medical School and her MPH from the Harvard School of
Public Health. She is Board-certified in internal medicine and occupational
medicine.
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INSTITUTE OF MEDICINE STAFF

David A. Butler, PhD, is Senior Program Officer in the Institute of Medi-
cine (IOM). He received his BS and MS in engineering from the University
of Rochester and his PhD in public-policy analysis from Carnegie Mellon
University. Before joining the IOM, Dr. Butler served as an analyst for the
US Congress Office of Technology Assessment, was Research Associate in
the Department of Environmental Health of the Harvard School of Public
Health, and performed research at Harvard’s Kennedy School of Govern-
ment. He has directed several IOM studies on environmental-health and
risk-assessment topics, including ones that produced Damyp Indoor Spaces
and Health, Clearing the Air—Asthma and Indoor Air Exposures, Veterans
and Agent Orange: Update 1998 and Update 2000, and the series Charac-
terizing the Exposure of Veterans to Agent Orange and Other Herbicides
Used in Vietnam. Dr. Butler was also a coeditor of Systems Engineering to
Improve Traumatic Brain Injury Care in the Military Health System.

Lauren N. Savaglio, MS, is a Research Associate in the Institute of Medi-
cine. She received her BS in political science and international relations
from Arizona State University and her MS in global health from George
Mason University (GMU), where her research interests included pesticide
use in agriculture and the nutritional status of those infected with HIV/
AIDS. She is also an Adjunct Professor in GMU’s Department of Global
and Community Health, where she teaches health and environment courses.
Before going to the IOM, she practiced as an emergency medical technician
at INOVA Fair Oaks Hospital in Virginia, performed HIV/AIDS research
for Whitman-Walker Health, and served in the Peace Corps in Togo, West
Africa.

Tia S. Carter, MHA, is a Senior Program Assistant in the Institute of Medi-
cine. In December 2008, she graduated with her master’s in health-care
administration from the University of Maryland, University College. She
received her undergraduate degree in community health from the University
of Maryland, College Park. Before going to the IOM, she worked as the
Health Promotions Coordinator at the Greater Washington Urban League
in the Division of Aging and Health Services, where she was responsible
for health-promotion and disease-prevention education services and activi-
ties among the elderly. She has been involved with the IOM committees
responsible for the reports Asbestos: Selected Cancers and Veterans and
Agent Orange: Update 2004 and Update 2006.

Rachel S. Briks, BS, is a Program Assistant in the Institute of Medicine
Board on the Health of Select Populations. She received her BS in commu-
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nity health from the University of Maryland, in College Park in May 2010.
Before joining the IOM, she interned at AED Center on AIDS and Com-
munity Health and worked as a clerk for the Centers for Disease Control
and Prevention National Center for Health Statistics through the Student
Temporary Employment Program (STEP).

Victoria Wittig, PhD, was a winter 2010 Christine Mirzayan Science and
Technology Policy Fellow at the National Academies. She graduated from
the University of Illinois with a PhD in plant biology in May 2008. Her
thesis research quantified the effects of two rising greenhouse gases—
tropospheric ozone and carbon dioxide—on the growth and productivity
of trees, a topic that has implications for understanding and modeling the
global carbon cycle and climate change. Previously, Dr. Wittig was a post-
doctoral research associate in the Department of Atmospheric Sciences, also
at the University of Illinois, where she improved models of photosynthesis
to project effects of global changes on the terrestrial carbon cycle. She is
now working toward applying her academic training at the intersection of
environmental science and public policy in Washington, DC.

Rose Marie Martinez, ScD, is Director of the Institute of Medicine Board
on Population Health and Public Health Practice. Before joining the
IOM, she was Senior Health Researcher at Mathematica Policy Research,
where she studied the effects of health-system change on the public-health
infrastructure, access to care for vulnerable populations, managed care,
and the health-care workforce. Dr. Martinez is former Assistant Director
for Health Financing and Policy with the US General Accounting Office,
for which she directed evaluations and policy analysis on national and
public-health issues. Dr. Martinez received her doctorate from the Johns
Hopkins School of Hygiene and Public Health.
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