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Abstract

Indoor air quaLity OAQ) has been recognized as a serious issue in the workplace.
However, much of the information provided by LAQ building assessments is not
appropriate for managers. Hence, measures to correct poor IAQ are seldom implemented
or are inappropriate. This dissertation developed a set of indicators, based on LAQ data,
which provides management with pertinent information for decision making.
The development of ZAQ indicators required basic information about the
development of indicators, FPLQ building investigation methodology, forms of scientific
evidence about IAQ contaminants, and existing IAQ guideIines. This information is in a
easy to read and understand format because standard textbooks on these subjects are not
suitable for building managers.
IAQ indicators were developed using a case study methodology, which helped to
ensure that the indicators were practical and useful. The IAQ indicators were verified by
a survey of building managers across Canada The results of the survey validated the
appropriateness and usefilness of the set of IAQ indicators.
The IAQ indicators used a pressure-state-response fiarnework to model the causes
(pressure) of the IAQ problems, determine the state of the indoor air, and list potential
solutions (responses) to IAQ issues. The set of indicators consists of checklists for the
pressures and responses and five measurements for state: effective temperature, effective
ventilation, combustion infiltration, odour intensity, and particulate load.
Conclusions reached include:
Indicators are a good tool for decision-making but there is resistance to developing
them. Indicators will always have compromises and will never be "perfect".
LAQ investigations are difficult to conduct because of the number of sources and

complexity of the building. Building managers need to engage in pre-event risk
communication to help prevent over-reactions of the occupants, when an LAQ
problem occurs.
Three general cases result &om the exposure to contaminants: usual, allergic, and
unusual. The allergic and unusual cases should be expected but are difficult to
manage.

A comprehensive set o f IAQ guidelines does not exist and the existing set should be

applied with care because of concerns over the application of the toxicological data

and epidemiological data.
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1.1 Probiem Description

Numerous issues in management remain unresolved because information
conveyed about the problems is not readily understood by managers. Decisions and
actions are impaired by this lack of communication and consequently, these problems
continue and usually get worse. This can be seen in many areas of business and in
particular, how business is affecting the surrounding environment. Issues in this area
include waste disposal, consumption of resources, and air pollution.
Indoor air quality (IAQ) has been recognized as a serious issue in the workplace
(Samet & Spengler, 1991). Recently, many newspapers and television broadcasts, such
as Rotfistein & Clavier (1999), Steffenhagen (1999), and Canada AM (1999), have
addressed issues about sick building syndrome and related IAQ health concerns. Much
of the infomation provided by IAQ assessments is not appropriate for managers. Hence,
measures to correct poor IAQ are seldom implemented or are inappropriate. This project
proposes to develop a set of indicators based on IAQ data that will provide management
with pertinent information for decision making. One definition of indicators is that they
"quantify information so its significance is more readily apparent, and simplify

information about complex phenomena to improve communication." (Hammond,
Adriaanse, Rodenburg, Bryant, & Woodward, 1995). These indicators will address
current concerns or attempt to forecast future events related to the ramifications of poor

MQTraditionally, indicators in management have been used to assess production line
or purchasing performance. In environmental science, indicators have been used to
assess wildlife habitat, pollution concentrations, and many other things. Thus, indicators
maybe a familiar concept to IAQ scientists or managers; it is the application to IAQ that
is different.

1.1. I Objectives

The research objectives of this project are:
1. understand the background information that is required to appreciate the issues
surrounding IAQ,

2- determine a step-by-step process for the IAQ assessment of a building,

3. determine what theoretical models exist for the development of indicators,
4. determine what are criteria for good performance indicators,

5. determine which criteria are important for IAQ performance indicators,
6. identify an appropriate Eamework for IAQ performance indicators,

7. fiuther define the process of performance indicator deveIopment;
8. determine the types of data collected in a standard IAQ investigation,
9. determine the types of information about IAQ that management needs as a basis for

decision making,
10. develop a set of IAQ indicators, and
11. verifL if the developed set of IAQ performance indicators are an appropriate tool for

building management.
1.1.2 Methodology

Literature reviews and key informant interviews were chosen to address
objectives 1,2, 3, and 4. A case study was used to address objective 5 through 10. A
survey was used to address the final objective.
1.1.2.1 Literature Review and Interviews

Four areas were determined to be of importance to the development of IAQ
performance indicators: performance indicators, indoor air quality, scientific background
(e-g., toxicology, epidemiology, physiology), and indoor air quality standards and

guidelines.
Performance Indicators

The search for information about performance indicators occurred on databases
and the internet. Databases that were searched included ABI Inform, Article First,

ProQuest, and Webspiris. These data bases were searched using the limitations of only
English articles and articles that were between the years of 1983-1999. Internet searches
were conducted with two different types of search engines: Yahoo; a subject title-based
search engine and Excite; a page-based search engine. Terms used in both the database

and Web-based searches were: benchmarking, environmental monitoring, indicator, key
performance factors, key performance variables, management indicator, performance
evaluation, performance indicators, performance monitoring, performance reporting, and
performance standard. The results of the literature search are provided in Chapter 2.

Indoor Air Qualiry
The search for information about indoor air quality occurred on databases and the
internet. Databases that were searched included Biological Abstract, Canadian Research
Index, ERIC, Zoological abstracts, Article First, Canadian Periodical Index, Cornpendex,
Enviroline, and Pollution abstracts. These data bases were searched using the limitations
of only English articles and articles that were between the years of 1983-1999. Internet
searches were conducted with two different types of search engines: Yahoo; a subject
title-based search engine and Excite; a page-based search engine. Terms used in both the
database and Web-based searches were air quality index, air quality standards, indoor air
quality, and ventilation standards. The results of the literature search are provided in
Chapter 3.
Scientz;fic Background

Much of the information obtained about scientific background came from the
disciplines of toxicology and epidemiology. Background information in these areas came
from directed studies taken by the researcher fiom specialists in the field. Basic texts

used in these directed studies were:

Klassen, C. D. (Ed.). (1996). Casarett and Doull's Toxicolow: The Basic Science of
Poisons (5thed.). New York: McGraw-Hill.
Loomis, T. A., & Hayes, A. W. (1996). Loomis's Essentials of Toxicoloqy. (4Lh
ed.).

New York: Academic Press, and
Beaglehole, R., Bonita, R., & Kjellstrom, T.(1993). Basic Epidemiolow. Geneva:
World Health Organization.
A summary of Sonnation pertinent to IAQ appears in Chapter 4.
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Iitdoor Air Quality Standards and Guidelines

The documents that contained references to the applicable IAQ standards and
guidelines were determined from the IAQ literature search, US Environmental Protection
Agency (EPA), Occupational Safety and Health Administration (OSHA), National
Institute for Occupational Health and Safety (NIOSH) and American Conference of
Governmental Industrial Hygienists (ACGM) provide standards and guidelines for
ambient of industrial air quality. Only Health Canada and World Health Organization
provide guidelines for indoor air quality. The web sites of these organizations were
searched for relevant materials regarding the:
process of setting standards or guidelines,
criteria used to set the standards or guidelines, and
standards or guidelines for IAQ contaminantsThe standards or guidelines for selected IAQ contaminants appear in Chapter 5.
1-1.2.2 Case Study

A case study was used to develop the set of IAQ performance indicators. The

development of the case study protocol was based on the work of R.K.Yin (1993). For a
complete justification of the case study and a description of the case study methodology
and results refer to Chapter 6 . The case study was a single case descriptive study to
examine a theory that is being tested, i-e., IAQ indicators improve communication, thus,
resulting in changes in the building to improve the IAQ. The criteria for choosing the
case study:
site has resident full-time building management, which may include people that
oversee building design, operation and maintenance, supervise HVAC operation and
maintenance, and administer to occupant health and safety;
building management team has the power and authority to implement changes, either
directly or through recommendations;
building management team has the motivation to implement changes, which may
include sites that have a high potential for IAQ problems or have experienced
previous IAQ concerns;

building management team is open to new ideas and strategies about IAQ; and
building management team is willing to participate.

This case study consisted of a group of people that participate in building managemenr at
a post-secondary institution. The primary methods of data collection were interviews and
observation.
Survey
The purpose of the survey was to verify the results obtained in the case study. For
a complete justification of the survey and a description of the survey methodo logy and
results refer to Chapter 7. Two groups of people were surveyed to determine the extent
of the applicabiiity of the set of IAQ performance indicators developed in the case study.
Educational institution building managers were selected because they were similar to the
group of building managers that developed the LAQ performance indicators. Private
building managers were selected to determine if other types of building managers would
find these indicators usekl. The survey determined the professional opinion of building

managers about the indicators.
I . I .3 Results

The results of the dissertation are:
a description of a step-by step process of developing indicators,

a list common frameworks used to develop indicators,
a list of common criteria for evaluating indicators,
a description of the methods used to assess a building's IAQ,
a description of pertinent biological processes that effect the toxicity of indoor air
contaminants,
a description of the sources of scientific evidence, which aid in determining the
effects of indoor air contaminants,

a list of typical indoor air contaminants, their health effects, and applicable standards
or guidelines, and

a set of indoor air quality indicators, which have been verified by building managers.

1.2 Organization of Document

This dissertation is organized into four sections and eight chapters. (Table 1. I )
There are four fundamental problems with the presentation of the material in this
document: the background lmowledge of the reader is varied, the issues and concepts
discussed are highly interrelated, there is a Iarge volume of material, and some of the
information is only available in highly technical form. Five strategies have been used to
address these problems.
The background chapters (2,3,4, and 5 ) have been written such that they can be
read in isolation. Depending on the background and preference of the reader, chapters
may be omitted or read out of sequence. Although they have been written as stand-alone
documents, the ideas and concepts presented in these chapters are inter-related. The
reader is encouraged to briefly review each chapter, as a minimurn, unless they have an
extensive background on the subjectThe information obtained in interdisciplinary work is highly interrelated and
presenting the material in linear fashion is difficult. Consequently, for this dissertation, a
flowchart has been developed to describe the relationships between the chapters. (Figure
1.1) The chapters on performance indicators, IAQ building investigations, and scientific

evidence are in parallel with each other. The chapter on IAQ contaminants follows the
chapters on IAQ building investigations and scientific evidence because important
background information in these chapters is required to understand the standards and
guidelines. All the background chapters progress into the applied research section. The
applied research section consists of the description and results of the case study and
survey.

Table 1.1 - Description of Dissertation Comtent
Chapter
1

2

3

4

I

Title

6

7

8

i

Introduction
+ Purpose of dissertation
Structure of document
Research approach
+ Previous research
Background Information
Performance Indicators
+
Development process
+ Frameworks
+ Criteria for indilcators
Indoor Air Quality Building
Preliminary assessment
Investigation
Building walk-through
+
Detailed assessment
Scientific Wormation
+
Toxicology
+ Epidemiology
Indoor Air Contaminants
Contaminant characteristics
+ Indoor sources
Health effects
+ Applicable standards or guidelines
Appiied Research
Case Study
+
Justification of methodology
Descriptionofcasestudy
+ Results of case study
Survey
Justification of methodology
Description of s urvey
+
Results of survey
Discussion and ConcIusions
Discussion and Conclusions
+
Discussion
+
Conclusions
+ Areas for fbrthe~research
Introduction

-
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1

Description

-

There is a large amount of information presented in this dissertation. Two
methods have been used to orient the reader: visual cues and mini-tables-of-content. At
the beginning of each chapter, a small diagram representing the flow chart in Figure 1.1,
is displayed at the top right hand comer. The relevant chapter in tihe diagram has been
darken so that the reader can determine where in the flowchart this chapter is located.
The second method used is a mini-table of contents, which is provided at the beginning of

I

I

1
I

I
I
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each chapter. This provides the reader a concise description of the organization and
contents of the chapter.

Survey

Introduction

Background
Information

Applied
Research

Disc &
Conc-

Discussion &
Conclusions

Figure 1.1 - Flowchart of Chapter Relationships
Any highly technical information has been translated into easier to read and

understand form. An additional aid to understanding the content of the dissertation is a
glossary located in Appendix A.
1.3 Previous Work on Performance Indicators for Indoor Air Quality
1.3.I Description

There has been relatively little work conducted in the field of performance
indicators for indoor air quality. This is largely due to the relative newness of the topics
of indoor air quality and performance indicators. IAQ indicators have been developed
by:

American Society of Heating, Refrigerating, and Air-Conditioning Engineers,
Environment Australia,
Health Canada, and

Canadian Standards Association.
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1.3.1. I American Society of Heating, Refigerating, and Air-Conditioning Engineers

The American Society of Heating, Reftigeration, and Air-conditioning Engineers

(ASHRAE) does a considerable amount of work in the area of indoor air quality. They
have developed indicators for thermal comfort, environmental indices, and amount of air
mixing in a room.
Thermal comfort
The Predicted Mean Vote - Predicted Percent Dissatisfied (PMV-PPD) mode1 --is
widely used and accepted for design and field assessment of comfort conditions."
(American Society of Heating Reftigerating and Air-Conditioning Engineers, 1997) It
uses metabolic activity, skin temperature, sweat rate, thermal characteristics of the
garments, and local atmospheric conditions to determine thermal comfort and an estimate
of the percent who would be dissatisfied with the environment under steady state
conditions. This calculation is normally conducted on a computer.
The Two Node model calculates thermal comfort levels under transient
conditions. It uses the same variables as the PMV-PPD model, the rate of temperature
change in the environment, and empirically derived relations to determine if the degree of
comfort falls into one of six categories ranging fi-om comfortable to intolerable.
(American Society of Heating Refrigerating and Air-Condi tioning Engineers, 1997)
Environrn ental Indices

Environmental indices combine two or more parameters into a single variable to
simplify the description of the environment. ASHRAE has seven environmental indices:
effective temperature, humid operative temperature, heat stress index, index of skin
wettedness, wet-bulb globe temperature, wet-globe temperature, and wind chill index.
Effective temperature combines temperature and relative humidity to describe thermal
response. Variables required for the calculation include temperature, saturated vapour
pressure, skin wettedness, clothing moisture permeability, and a person's clothing and
activity levels.

11
The humid operative temperature is the effective temperature at 100% relative
humidity. Heat stress index compares the heat loss a person has to release to maintain
thermal equilibrium with the environment to the maximum heat loss possible. It uses the
change of body mass due to loss of water dunhg respiration and the amount of heat loss
through the skin to calculate the index.

The index of skin wettedness is essentially the same as the heat stress index
except for a factor of 100.
The wet-bulb globe temperature is an environmental heat stress index that
accounts for air humidity, air movement, radiant temperature, and air temperature in its
calculation. There are several mathematical models to predict wet-bulb globe
temperature but the simpler approach has been to plot isopleths of the index on
psychrometric charts.
The wet-globe temperature is a simplified approach to the wet-bulb globe
temperature using a special thermometer (Botsball).
The windchill index is an empirically derived relationship between air velocity
and ambient temperature. It is normally used for the outside environments since it
appIies to temperatures between -50°C and 10 OC.
Air Mixing Index

Ambient air velocity can contribute or detract for thermal comfort. ASHRAE has
developed an Air Diffusion Performance Index (ADPI) that measures the effective draft
based on air velocity and local temperature variations.
1-3- 1-2 Environment Australia
Environment Australia has suggested the most comprehensive IAQ indicator set,
but it has not been implemented because of technical gaps in the IAQ information. It has
categorized IAQ indicators into comfort, ventilation, and source indicators. Comfort
indicators consist of them& comfort criteria, relative humidity, and air velocity. The
thermal comfort criteria should comply with standard building air-conditioning designs
(i.e., ASHRAE guidelines). The suggested range for relative humidity levels is 40-60%.

Local air velocities should be less than 0.15 m/s at 22 OC for winter conditions and less
than 0.25 m/s at 24OC for summer conditions,
The ventilation indicator suggested is a measurement of carbon dioxide
concentrations. Concentrations less than 1000 ppm would be acceptable for residential
buildings, and 800 ppm for commercial buildings.
Source indicators suggested included measurements of asbestos, radon,
environmental tobacco smoke (ETS),respirable suspended particles (RSP), legiolzella
spp., house dust mites, microbiological contaminants, formaldehyde, volatile organic
compounds (VOCs), pesticides, nitrogen dioxide, carbon monoxide, and ozone. These
indicators are summarized in Table 1.2.
Environment Australia recommends a two-s tage implementation plan for these
indicators. Broad indicators (e-g-,temperature, humidity, air velocity, carbon dioxide, or
ventilation rate) should be used in the early stages of an IAQ investigation. Specific
indicators should be used as the IAQ investigation progresses and as the situation
wanants it.
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Table 1.2 - Environment Australia's IAQ Source Indicators
Brown, 1997)
GuideIine
Indicator
Comments
Asbestos
not useful because product
I assessment and hazard assessment I
was considered a better measurement
of exposure potentialusehl only for earth-constructed
Radon
housing.
there has yet been a good indicator
exposure guideline of 7.5 ng/m3
ETS
in workplace air over 40
developed for a variety of smoking
conditions (e.g., heavy, moderate,
light).
placed on a reserve List until
RSP
howledge about the physical
properties and chemical composition,
health effects, and measurement
techniques improved.

I
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Table 1.2 - Environment Australia's IAQ Source Indicators - continued

Indicator
Legionella spp.
House Dust
Mites

Microbiological
contaminants

Formaldehyde
VOCs

Pesticides
Nitrogen
dioxide
Carbon
monoxide

Ozone

Comments
resource intensive and poor indicator
of actual exposure
Allergen levels in accumulated dust
vacuumed fiom mattresses, carpets,
and fUrniture and analyzed by an
imrnunochemical assay, preferably
enzyme-linked immunosorbent assay

a) Carefhl inspection of buildings
for the presence of moist or damp
sudaces or visible moulds
b) Sampling of surfaces with sterile
swabs where moisture or mould
was suspected
For buildings using other than small
quantities of pressed-wood products.
Need to develop a definition for
total volatile organic compound
(WOC)
VOCs that are carcinogens or
irritants at low levels should be
measured when sources are
present
Used when building inspection
identifies pesticide residues
Buildings that use unflued gas
appliances
Buildings that use d u e d gas
appliances and in enclosed parking
sites without ventilation
Measured in rooms with heavy use of
electrostatic photocopies, laser
printers, or other sources, and in the
air outlet from ozone based air
sterilizes.

Guideline

!

!
i

Very low c 0.5 Der p 1 (pdg dust)
hw
c 5 Der 1 ( ~ g / dust)
g
Intermediate c 15 Der p 1 (pg/g
dust)
High < 20 Der
Very high > 20 Der p I (@g
dust)
a) The presence of moist or damp
surfaces with or without
presence of visible mould
b) The presence of confirmed
pathogens or toxigenic hngi in
airborne or surface samples
Significant sources when TVOC
are greater than 500 j@rn3

i
'
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1-3.1-3 Health Canada
Health Canada has considered two general indicators of IAQ for residential
applications; carbon dioxide and water vapour. "The concentration of carbon dioxide in
the indoor air is closely related to the ventilation rate" (Health Canada, 1995a) and the
rate of dilution. Consequently, carbon dioxide concentration may be a surrogate indicator
of undesirable concentrations of other substances such as, bio-effluents. Inappropriate
water vapour, or relative humidity, levels can trigger the operation of HVAC systems in
commercial operations. Water vapour acts as a surrogate indicator for the indoor
pollution levels anC a direct indicator for thermal comfort. Health Canada determined
that both of these indicators were not appropriate for residential use.
1.3.1.4 Canadian Standards Association

The Canadian Standards Association (CSA) has a list of "Healthy Building
Indicators" (Baldwin, Skopek, & Doggart, 1996). This list was developed to assist in the
environmental performance assessment for existing office buildings and is based on a
point system, where points are awarded if the assessed building has the characteristic
described. The assessment applies to the following aspects of environmental
performance: lighting, paper recycling, water conservation, hazardous materials, radon,
noise, microbiaI contamination, and air quality. Table 1.3 lists the characteristics that
apply to indoor air quality.

Table 1.3

- CSA's Healthy BuiIding Indicators

(Baldwin et al., 1996)
Heating, ventiiating, and air conditioning
Building designed to achieve climatic control and avoid overheating by means not
requiring use of CFCs
HVAC system with individual controls and operational outside air dampers or openabIe
windows in accordance with CSA Standard 2204.
Air intakes
a) designed to ensure exhaust air does not re-enter;
b) located away fkom sources of outdoor pollution; and
c) protected by suitable filters.
Humidification by steam &om an independent source or other well maintained system.
No recirculation of used airRecirculation with adequate particulate filtration.
Systems designed and installed for easy maintenance and cleanliness, with filter media,
thermal and acoustic insulation prevented fiom releasing fibres into the air stream.
Extract ventilation to areas used as toilets, kitchens, and for smoking, photocopying, and
other polluting activities.
Occupants provided with local control of temperature, e.g., by thermostatic radiator
valves, and where appropriate, information and the use of these controls.
Commissioning complete or system recommissioned in last 5 years, including check
procedure on the commissioning data.
All systems thoroughly cleaned before hand-over or at least within the last 5 years.
No collection of stagnant water or dirt within ventilation system.
Building and fuiishing materials
All h i s h i n g s thoroughly cleaned within the last year or shown to be clean.
Use of non-static carpets.
Lavout
Cellular rather than open plan, i.e., at least 90% of rooms designed for 10 or fewer
occupants.
Shallow plan: maximum distance of occupants fiom a window of 7 m.
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Table 1.3 - CSA's Healthy Building Indicators - continued
Operation and maintenance issues
I
Hygiene and maintenance schedule including: all air intakes checked and cleaned
regularly, filters replaced, wet regions in A/C cIeaned and sterilized, and regular checks
for and cleaning of dirt accumulations in systems.
Operational maintenance schedule including automatic control system (e-g., local
thermostats), humidification unitsOperational maintenance schedule including control point settings, a requirement for
recommissioning on repartitioning, and check for blocked air supply grilles.
Carpet cleaning specification requiring high performance, regular maintained vacuum
cleaners with high efficiency, hot water extraction (steam) cleaning (with minimum
I
operating temperature of 70 "C) at least once a year, and, where papers are stored for
more than 2 years, cleaning dust from them.
I
Questionnaire-based staff survey to determine prevalence of sick building syndrome
(SBS) symptoms 1 year after occupation and then every two years.
Policy to minimize the use of polluting processes, equipment, and materials including
adhesives, floor waxes, stains, polishes, spray cans, deodorizers, detergents, and
pesticides.
Smoking ban or smoking allowed only in designated and separately ventilated rooms that
make-up less than 5% of the floor space.

i

1.3.2 Indicators in General Use
Building managers commonly use a small number of indicators to determine the
quality of the indoor air. These include temperature, relative humidity, carbon dioxide,
carbon monoxide, and odours. Temperature and relative humidity are typically used the
most. Carbon monoxide monitoring is usually confined to areas where there are known
sources (e-g., underground parking garages, b a c e rooms). Heating, ventilating, and
air-conditioning (HVAC) control systems usually include temperature and relative

humidity as part of the control system. Carbon dioxide can also be incorporated as part
of the control system but is not in widespread use yet.
1.3.3 Assessment of Existing L4Q Indicators
The existing indicators are problematic because there isn't a complete set that is
flexible or adaptable enough to use in the majority of situations or building
configurations. Some apply only to industrial buildings (i.e., CSA's Hedthy Building

Index) or residential homes (i.e., Health Canada; carbon dioxide and relative humidity).
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The existing indicators tend to focus on the state of the indoor air and neglect issues such

as causes or mitigation measures, which are essential components to the management of
the issue. Some of the indicators are too complex and sophisticated for every day use
(e-g., effective temperature, humid operative temperature, and wet-bulb globe

temperature). Some require special equipment (e.g, heat stress index, index of skin
wettedness, and wet-globe temperahue) not readily available to the building manager.
Some have complex calculations that best done on a computer (PMV-PPD and Two
Node models). Consequently, the existing indicators do not address the original research
problem, to improve the information building manager receive about LAQ so that they
can make better decisions-

There are aspects of the existing indicators, which were taken into consideration
during the development of a complete set of IAQ performance indicators. Carbon
dioxide was mentioned several times as a surrogate indicator of ventilation and other
contaminants. Temperature and relative humidity are measurements that can be done by
most building managers. Carbon monoxide was mentioned as a significant concern near
combustion sources. All of these potential indicators were considered during the
development process.
1.3.4 Application of Outdoor Air Quality Indicator

There are several outdoor (ambient) air pollution indicators in current and
widespread use (e.g., coefficient of haze, sulphw dioxide concentrations, smog index).
However, the relevancy of applying ambient indicators to indoor air is questionable
because
indoor air contains a variety of contaminants, which differs significantly in its
composition and concentration fkom pollutants found in outdoor air,
the proportion of time people spend indoors (80-90% of their time) exposed to
contaminants is significantly different than outdoors,
the outdoor and indoor air cannot be considered a continuum because the building
provides filtration of the outdoor and recirculation of the indoor air,
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some criteria used to select ambient indicators is inapplicable to indoor air (e-g., the
reduction of photochemical smog),
the risk perception is different in the indoor environment compared to the outdoor

environment, and
the methods of controlling outdoor pollution is different than the methods used to

control indoor air contamination. Prown, 1997)
Consequently, ambient air indicators were not used in the development of indoor air
quality indicators.
1.4 Interdisciplinary Research

The development of performance indicators for indoor air quality included six
different topics: performance indicators, environmental management, indoor air quality,
building science, epidemiology, and toxicology. The number of disciplines that
contributed to this research and the relationships between them make this research
interdisciplinary in nature. A brief review of the literature (e-g., Pickett, Willian R.
Burch, & Grove (1999); Wear (1999); and Naiman (1999)) on how to conduct

interdisciplinary research revealed that this type of research is relatively new and rapidly
evolving. There is no standard methodology, common terminology, or widely accepted
concepts for interdisciplinary research. Consequently, there is a need to clarifL and
integrate the terminology, methods, and concepts used for interdisciplinary research,
which have its origins in mono-disciplinary studies.
The characteristics of interdisciplinary research assist in determining study
methods, potential barriers to conducting the research, and the anticipated results. These
characteristics are shown in Table 1.4 and are compared to the parallel concepts in monodisciplinary research, since this represents the opposite end of the spectrum.
One of the primary characteristics of interdisciplinary research is the selection of
a topic that involves several disciplines. Interdisciplinary dissertations examine both the

research question(s) and the interrelationships between the disciplines, and require a wide
scope. Conversely, mono-disciplinary dissertations focus on one topic in one discipline
by narrowly defining their scope in order to address the issues in depth. One of the
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firndamental problems of interdisciplinaryresearch is determining the necessary depth of
knowledge (Ievel of detail) and the nature of investigation into each topic. This
dissertation involved the selection of three primary research topics (performance
indicators, environmental management, and indoor air quality). These three topics were
researched using primary sources of information through literature reviews, key
informant interviews, a case study, and a survey.
The understanding of three other topics was important information in support of
the development of the three primary research topics: building science, epidemiology.
and toxicology. These three topics were described using secondary sources and key
primary sources of information.
The distinction between the three primary research topics and the other three
supporting topics is important because if all six topics were investigated to the same level
of detail normally encountered in a mono-disciplinary dissertation, the research would
have been impossibly large to conduct.

Table 1.4 - Characteristics of Mono-disciplinary and Interdisciplinary Research*
Mono-disciplinary
One topic in one discipline
Discouraged, but not prohibited, firom
introducing other disciplines
Great detail

1

Interdisciplinary
One topic, which involves several
disciplines
Required to introduce other disciplines
Detail determined by what is appropriate,
too much creates problems
Requires the development of a conceptual
hework
Applied or directed research
Motivation is practical applications

Clear, well developed frameworks tare
generally available
Pure or basic research
Motivation is curiosity and new
knowledge
*these characteristics descriie each end of a research spectrum.

Mono-disciplinary dissertations generally have readily available, well-developed
frameworks for conducted the research. An interdisciplinary dissertation may have
several h e w o r k s originating fiom some or all of the disciplines involved in the
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research topic. Although d l of these h e w o r k s could be applied, they are usually not
ideal fiarneworks for the particular application under consideration and not all could be
applied easily at the same time. This creates a need to develop hybrid frameworks that
bridge the gap between disciplines. in conducting interdisciplinary research, the
development of the hybrid h e w o r k may occur before, during, or result fkom the
research and time must be allocated to accomplish this.
Mono-disciplinary dissertations are often pure or basic research with the main
motivation of curiosity or new knowledge. The interdisciplinary dissertation is generally
applied or directed research with the motivation of solving a problem. The application of
scientific research to current, complex problems is what makes interdisciplinary research
valuable. The result of interdisciplinary research should be practical solutions.
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2.1 Introduction

Our lives depend on feedback. Feedback is the mechanism that provides
information about a situation after an action has been initiated. Without feedback, peopIe
wouldn't be able to determine if they need to eat: if a surface is hot. or if they've made it
home. Feedback is essential for survival. As with humans, feedback is also necessary for
organizations. Organizations tend to use monetary forms of feedback. Is the
organization profitable? What is the organization's overhead? What is the stock price?
These numbers answer questions about the direction an organization is progressing. The
combination and permutations of the number and types of information available for an
organization to use as feedback is endless. It is important to use forms of feedback that
are concise, credible, and that measure important aspects of an organization. These
measurements are called performance indicators.
Indicators are an important toolfor translating and delivering concise.
scientifcalZy credible information in a manner that can be readily undersrood and used
by various audiences to assess performance especially with respect to progress on goals
and objectives (Thompson & Schippem, ad.). They shouldprovide a clue ro a matter of
larger significance, or make perceptible a trend or phenomenon that is nor immediately
detectablemarnrnond et al., 1995).

Although financial forms of performance indicators are common and traditionally
have been used to evaluate the direction of an organization, performance indicators can
be used to measure other aspects. In fact, financial forms for performance indicators may
not be appropriate because of a lack of agreement on the worth of a particular aspect
(e-g-,the value of a tree varies from the point of view of a lumbejack, bird, and dog).
This problem is especially apparent in environmental performance indicators.
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Consequently, environmental performance indicators measure other quantities such as
water usage, amount of materials recycled, release of toxic chemicals, etcPerformance indicators can provide answers about the hard-to-evaluate
performance of an organization and provide infoxmation for decision-making. This
chapter describes the uses, general process of indicator development, implementation of
indicators, and discusses current issues with performance indicators. Although this
chapter focuses generally on performance indicators, the development process outlined
can be applied to environmental performance indicators.
2.2 Uses

Performance indicators have several uses; however, the most common use is to
provide feedback for determining if changes to actions by an organization have moved
them closer to goals. Ifthere are goals or objectives, there must be feedback or the goals
or objectives don't really matter. There are many types of performance indicators;
financial, social, environmental, etc. They are explanatory, planning, and performance
assessment tools. They can:
provide standards of performance,
supply criteria for evaluation,
identify valid interventions,
define new organizational purposes,
assess whether the firm's activities have actually achieved the established
environmental policy and objectives,
provide information on performance and societal changes to allow the re-evaluation
and redesign of corporate policy and objectives,
apply infomation on performance and societal changes to the re-evaluation and
redesign of corporate policy and objectives,
aid in integrating of environmental concerns with company policies,

assist in the decision-making of issues that concern environmentai and economic
factors, and
report on the state of the environment.

The major goal in the development of indicators is "a translation by a
scientifically defensible method of many components of the environment into an
optimum number of terms with maximum information content" (Thomas, 1972).
2.2.1 Dijjferent Types of Phenomena

Performance indicators attempt to characterize and trend phenomena. There are
several types of phenomena; continuous, periodic, and eventContinuous phenomena occur all the time. Examples of continuous phenomena are
carbon dioxide measurements of the atmosphere, water levels of the ocean, etc.
Periodic phenomena occur with a regular frequency, i-e., lapses, or a significant
reduction of the phenomena between times of activity. Examples of periodic
phenomena are temperature fluctuations with seasons, air flow rates in a building
with heating, ventilating, and air-conditioning (HVAC) systern contro lIer, waste

production from a product line with employee shifts, etc.
Event phenomena are rarely occurring phenomena with no regular interval.
Examples of event phenomena are Union Carbide's Bhopal chemical release, Exxon
Valdez's oil spill, Mount St. Helen's eruption, etc.

Indicators can measure continuous phenomena but periodic and event types of
phenomena are more difficult to measure. There are several problems with measuring
periodic and event phenomena:
determining the type of measurement to take (continuous, snap-shot7 long sample),
detexmining when and how many samples to take,
determining whether the measurement was taken during a period of activity or

inactivity, and
translating these data into meaningful information (maximum, mean, time-weighted
averaged).
Unfortunately, most phenomenon that is of interest falls into the categories of
periodic or event. If the frequency of a particular periodic phenomenon is known, it is
possible to take measurements of this phenomenon. However, it must be clear what these

data will be used for - worst case scenarios, average conditions - so that the
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measurement method can be determined. Developing indicators for event phenomena is
practically impossible.

2.3 Established Methodology for Developing Indicators
The steps in developing performance indicators follow the mantra set by the total
quality management movement; plan, do, check and act (Deming Cycle - Figure 2.1 ),
which is better expressed as; planning, implementation, operations, and feedback. There
are several versions of the steps to developing performance indicators. Some of these
steps are more applicable to performance indicators that will be developed by a public
participation process (Maclaren, 1996) than by a private organization; however, all the
steps are necessary.
I Define Goals
Ping

Choose Indicator
3ramework

h Define Selection
3riteria

L Identify
Potential
.dicators
Select Final
- Indicators
Collecting Data
Analysing and
Converting Data
Performance

7

I

Information

Reporting and
Communicating

Figure 2.1 - Development Cycle for Indicators

The planning portion of developing performance indicators includes defining
goals, scoping, choosing an appropriate indicator W e w o r k , define and identify
selection criteria, identifying appropriate indicators, and choosing the final set of
indicators. These steps are described in more detail below.

Planning is an essential p& of implementing a successfbi set of performance
indicators- Planning eliminates possible problems at other stages of performance
indicator development. Additionally, careful forethought during the planning stage can
mean fewer adjustments after a set of performance indicators has been implemented and
starts the continual improvement cycle.
2.3.1.1 Define GoaIs

The first step in developing indicators is to define the goals of the performance
indicator system. The process of identifying the goals implicitly expresses the values of
the organization at that time and place because goals flow fiom values (Znnes, 1990).
Defining goals may consist of a gap analysis, e-g., determining the differences between
customer expectations and what the company delivers, and setting priorities and
strategies to close this gap. However goals must not be static, this process is cyclic and
goals must be updated.
2.3.1.2 Scoping
Scoping identifies:
the target audience;
the number of indicators that properly encompass the phenomenon but do not
overwhelm the audience;
the time h

e over which the indicators are to be measured; and

the geographic location the indicators will encompass.

It is important to recognize that one size does not fit all when developing performance
indicators and that scoping can determine similarities and differences between
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organizations. This information can be used to identifjr potential indicators in similar
industries and where special indicators will need to be developed,
2.3.1.3 Choose Appropriate Indicator Framework
Developing indicators usually takes place over a long period. Frameworks help
by maintaining consistency, providing guidance, and focusing the development process.
Several fhmeworks can be used in developing performance indicators. Each framework

has inherent advatages and disadvantages. A combination of fkneworks may be used.
A h e w o r k is a conceptual model that aids in the selection and organization of
performance indicators. Indicators are not developed quickly (Thompson & Schipperus,
n-d.) and by using a b e w o r k to develop indicators, continuity is maintained, scope is
easier to define, the perspective of the indicators is established, and limits of the
measurement system can be identified. There are four classifications of frameworks;
scope, location, process, and mixed.

Scope
The scope classification organizes the framework on the topics that the developers
of the indicators consider important. Common h e w o r k s of this type divide the topics
into environment-societal-economic categories or use goals or issues to organize the
frameworks. There are three types of scope frameworks: goal, issue, and domain.
Goal Framework: The goal-based 6amework separates the objectives and targets into
goals (or vice versa depending on the definitions used). For example, the
development of indicators for environmentd management would include considering
compliance, emissions, and resource consumption goals. Although this framework
gives direct information about the success in achieving goals, it sometimes neglects
the more complex and/or interrelated issues.
Issue Framework: An issue-based framework concentrates on developing indicators

for concerns. This M e w o r k may be easier to construct and may be readily
understandable. This structure does not express the interreIationship between
different goals and there is no direct connection to goals.
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Domain Framework: The domain-based h e w o r k separates the objectives into
dimensions. For example, the development of indicators for sustainability under this
h e w o r k would use the dimensions of environment, economy, and society.
Indicators are identified for each dimension. Dimensions can be Iinked through
indicators that show the relationships and dependencies between each of the
dimensions. However, the link between the objectives of the organization and the
indicators is weak in this b e w o r k .

The location type of k e w o r k divides the topics into areas based on geographic
boundaries, administrative-politicalboundaries, or ecosystems. There is one location
framework, sectorial. The sectorial-based fi-arnework for developing indicators is
primarily used in government but could conceivably be used in large organizations with
clear divisions. Indicators are developed based on the divisions within the organization.
For a municipal government, separate indicators would be developed for the waste
engineering department, tax collection agency, and building inspection services. This
makes it easier to determine accountability; however, rivalry between departments and
compartmentalization can occur.

Process
The process class of framework assumes underlying rules govern the operation of
the system, which include the causal or pressure-state-response framework, economic
models, linked human well-beinglecosystem model, and capital flow models. There are
four process fiameworks: input-process-output, pressure-state-response, IS0 14031, and
risk-based.
Input-Process-Output Framework (Borden & Banta, 1994): This framework has its
roots in evaluating production line efficiencies where inputs, processes, and outputs
are clearly defined and indicators can be developed for each component. There are
several variations to this framework, which are fiameworks that:
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uses economic indicators measure the inputs, efficiency indicators measure
the process, and effectiveness indicators measure the outputs.
uses quality and efficiency as separate dimensions (Howell, 1994).
uses of input, output, impact, and effect performance indicators (The
Canadian Institute of Chartered Accountants, 1994)- This form of the inputprocess-output h e w o r k is commody known as the life cycle framework
(International Organization for Standardization, 1998).
The input-process-output hrnework is the dominant methodological approach to
evaluating U.S-educational institutions (Borden & Banta, 1994). The problems
associated with this h e w o r k are dif£iculties in distinguishing between input,
process, and outputs in a complex system, and in developing links between inputs,
processes, and outputs. The input-process-output framework is the precursor to the
causal £kamework. The main difference between the two frameworks is the addition
of value-laden components in the causal frame.rvork.
Pressure-State-Response (Causal) Framework: Pressure-State-Response (PSR)
fiameworks use the concept of cause and effect to develop indicators, (Figure 2.2)
This b e w o r k develops three types of indicators (pressure, state, and response) for
each issue. State indicators gauge the quantity and quality of the components in the
system. Pressure indicators measure the human activities that affect the system.
Response indicators measure the performance of society's efforts to change pressures,
which are causing undesirable trends in the state. Problems with the causal
framework include difficulties in differentiating between pressure, state, and response
indicators, and the cause and effect relationship is not always clear.
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Information
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Enterprises
International

Resources

Response

I

Decisions and Actions
Figure 2.2 - Pressure-State-Response Framework
(Organisation for Economic Co-operation and Development, 1993)

IS0 14031: The International Organization for Standardization (ISO) has drafted an
international standard for environmentaI performance evaluation. This guideline is to
be used in conjunction with their guideline on environmental management systems
(IS0 14000 series) but can also be used as a stand-alone document. "Environmental

performance evaluation is an internal management process that uses indicators to
provide information comparing an organization's past and present environmental
performance with its environmental performance criteria" (International Organization
for Standardization, 1998). The framework, suggested by I S 0 14031, describes two
categories of indicators: environmental performance indicators (EPI) and
environmental condition indicators (ECI). EPls can fiuther be broken down into two
subcategories: management performance indicators (MPI) and operational
performance indicators (OPI). These categories are interrelated as shown in Figure
2.3.

The Organization (EPIs)
Environmental
Condition and
Other Sources

The Management of the
b Organization (MPIs)
4

The Operations of the
Organization (OPIs)

Inputs

1 >

Physical
Facilities and
Equipment

Interested
Parties

1

Outputs

Figure 2.3 - Interrelationships of an Organization's Management and Operations,
and the Conditions of the Environment
(International Organization for Standardization, 1998)

The IS0 14031 combines the input-process-output and causal fkameworks and has
many of the advantageous of these frameworks. One significant advantage is that it is
part of a required portion of a certifiable environmental management system.
However, it still suffters fiom the problem of determining cause and effect
relationships.
Risk-Based Framework (International Organization for Standardization, 1998):
Indicators may be developed on a risk-based fkamework. There are four main types
of risk-based ftameworks: probabilistic, human health, financial, and sustainability.
Each type targets different issues in an organization. Probabilistic fiarneworks
examine the magnitude and probability of harm. A human health risk-based
k e w o r k is concerned about long-term health of the employees. The costs of
problems are reflected in a financial risked-based framework. The sustainability riskbased b e w o r k s concentrate on problems occurring in the three dimensions of
sustainability; economic, environmental, and social. This kamework has a limited
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focus, which is determined by the aspect it examines, and it only monitors negative
impacts to the organization.

Although a framework is h e l p l l in providing a theoretical foundation for
indicator development, in practice, a mixed M e w o r k approach is often used, e.g., one
fiarnework is predominately used with the incorporation of characteristics &om other
~ e w o r k s These
.
h e w o r k s all have their individual strengths and wealmesses and
by combining characteristics of each kamework, the wealcnesses are minimized.
2.3.1.4 Define and IdentifL Selection Criteria

The selection criteria for indicators will depend on the problem being addressed;
however, there are some common features to most indicators. These features that are
listed in Table 2.2. Defining the seIection criteria is different from scoping in that the
selection criteria define the characteristics of the indicators and scoping focuses the
problem. However, the result of defining the selection criteria and scoping is similar
because it may reduce the number of indicators for consideration.
The performance indicators that a company uses are usually developed fiom
already established performance indicators; however, great care must be taken that these
indicators are of acceptable quality. Some of these performance indicators may be
adapted to suit the needs of the company. It is important to establish an agreed-upon set
of criteria to aid in choosing or changing performance indicators. These criteria may
vary f?om company to company; however, a set of general criteria that apply to all
performance indicators is shown in Table 2.2. The criteria have been separated into five
dimensions: purpose, science, politics, economics, and communication.
Purpose

The performance indicator system must be designed to show performance with
respect to the goals and objectives of the organization. It is surprising how often there is
a discrepancy between environmental performance indicators and the goals of the

organization. For example, a policy of effIuent reduction may not be reinforced by the
organization's goals of increased production.

The information provided by the performance indicators must 11611 the needs of
the potential users. This implies that they should provide direct information to the level
at which they are applied, they evolve a s the company's expertise increases or changes,

and they represent matters that require attention and action.
Indicators normally come in sets to provide a representative picture of the
phenomenon being monitored. The goal is to insure that the indicator set is
comprehensive enough to portray linkages yet focused enough to guide decision making.
One of the main purposes of developing performance indicators is to show trends,
which might be used to predict trends. Changes in the trends will determine if an action
is required- If the trend is in the correct direction, then no action should be taken, except
to maintain or m e r improve the situation. If the trend is steady and the level of the
performance indicator is acceptable, no action should be taken. If the trend is steady but
the level of the performance indicator is unacceptable, action should be taken. If the

trend is in the wrong direction and the level of the performance indicator is unacceptable
action should be taken. (Table 2.1)
Table 2.1

- Relationship between Indicator Trends and Leveis,
and Action to be Taken

Trend
Right Direction
Steady
Steady
Wrong Direction

Level
N/A
Acceptable
Unacceptable
N/A

Action?
Unlikely
Unlikely
Yes
Yes

Science
Indicators must be based on sound scientific reasoning and technology. This
ensures validity of the measurements and aids in the acceptability of the indicators. The
natural progression fiom scientific theories to standard procedures is shown in Figure 2.4.
All three components must be present for a valid indicator. The indicators must be based
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on well-established, verifiable theories, the best available science (especially for cause
and effect measurements), and reliable and consistent procedures-

Theory

1

Science

I
Figure 2.4

I
I

Standard
Procedures
i

- Natural Flow of Technology

The quality of the data used to develop indicators must be of high caliber.
Chqmcteristics of high quality data are reliability, accuracy, verifiable, current, and nondeterministic. Reliability and accuracy are demonstrated in Figure 2-5. A high degree of
reliability means that several measurements of the same phenomenon would have similar
values. A high degree of accuracy means that the average of the measure values is close
to the true value. The optimum combination to ensure high quality data would be a high
degree of both accuracy and reliability. It is difficult to determine the validity of a
measurement if there is no method of verifying it. Comparing measured values to
benchmarks, standards, alternative measurements, and similar conditions lends
confidence to the quality of the data. The data should be brought up-to-date on a regular
basis to maintain its quality. Basing decisions on dated infoxmation can lead to poor
conclusions. The data and the resulting indicator should be non-deterministic. The
behaviour of an indicator is importantIt is difficult to design indicators with appropriate response patterns. An

appropriate response pattern would have little or no time delay, accurately reflect the
phenomenon being measured (Figure 2.6), be applicable over a broad range of conditions
(e-g., time and space), and degree of change in the indicator would reflect the magnitude

of change in the measured phenomenon. Occasionally, the changes shown by the
phenomenon fluctuate quickly and an indicator that reflects these changes would be
difficdt to use for predicting future events. In this case, a less sensitive indicator would
be required to average the fluctuating effects and aIlow for interpretation and

36

extrapolation of the indicator- This technique should be used sparingly because
averaging reduces response rates and the validity of the data-

Many characteristics determine good performance indicators. Not all of these
criteria may be satisfied and it is helpful to have some general rules of thumb. Two
important things to consider are: sometimes simple measurements are the best
measurements and in general, indicator direction is more important than precision.

I
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Measured values

Measured values
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True value

True value
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Measured values
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Figure 2.5 - Accuracy and Reliability
(Beaglehole, Bonita, & Kjellstrom, 1993)
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Figure 2.6 - Poor Response Patterns for Indicators
Politics

Although performance indicator theory lends itself to scientific application, it is
important to pay attention to the political aspects of performance indicators. International
recognition of performance indicators may be important, especially for indicators that are
global in nature or application. Those indicators that are global in scope or are regional

in scope, with international significance, should have international consensus about their
validity, for stakeholder acceptability.
Stakeholder interest and acceptance can be difficult to achieve when using
performance indicators. Two strategies that can mitigate these problems are ensuring that

the indicators are desirable for the long-term interests of the stakeholders, and indicators
are developed with the input f?om the stakeholders.
Economics

The economics of implementing environmental management tools is always of
importance. For performance indicators, several strategies can be used to reduce the

costs associated with developing, implementing, and maintaining the measurement
system:

Insuing data are readily available either through internal measurement systems or
fiom external sources of information. This may mean considering existing
sources of information when developing indicators.
Using existing sources of information should be encouraged as it integrates the
performance indicator system into the corporate system and reduces the costs of
collecting the data,
Using cost-effective indicators. This may mean compromising between the best
available technology and the most economical technology when choosing data
collection techniques. It could also mean choosing a different measurement
system when the data analysis for another system is too onerous.
Comrnunicafion

Performance indicators are useless unless the users can understand them,
therefore indicators that are easy to communicate are preferred. All indicators, no matter
their ease of understanding, shouid be accompanied by adequate documentation. This is
required to educate and inform the audience and to prevent misused or distortion of the
information. Topics that should be included in this documentation are: dearly defined
performance indicators and terminology; explanation of performance indicator use and its
limitations to the user; identification of linkages to other areas; and clear unambiguous
statements of results. Scientific strategies that can be used to clarify the meaning and
give relevance to indicator sets are the use of a threshold or benchmark to compare
against, comparisons with other indicators, normalization of numeric data, the use of
relative rankings, or comparing against a target. This information should be concisely
stated.
A common problem in designing indicator sets is information overload. If there

are too many indicators in the set for a particular audience, the information that they

provide becomes too complex. A short list of indicators is preferred because it improves
the understandability of the information, increases the reliability of the data gathered,
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raises response rates, and increases the Likelihood the system will survive. However,
Ashbeyzslaw states that in order to have an adequate measurement system, it must be of
the same order of complexity as the system it is measuring.
The presentation of performance indicators greatly effects their understandability.
Incorporating pictures, graphs, and charts can increase comprehension of the information.
A clear and attractive appearance can also improve comprehension.

Table 2.2 - Common Performance Indicator Criteria
Dimension
Purpose

Criteria
relevant

comprehensive

Science

shows trends
evolve as company
evolves
sound scientific reasoning
and technology

high quality data

appropriate indicator
behaviour

Politics

1 international recognition
stakeholder interest and
acceptability
media acceptance

Characteristics
related to goals and objectives
represent key variables
Mfills information needs of users
set of indicators
portrays linkages
periodically reviewed
well established, verifiabIe theories
best available science
reliable and consistent procedures
cause and effect relationship well
understood
reliability
accuracy
verifiable
current
non-deterministic
no time delay
leading or current trend information
broad range of response
change in indicator reflects change in
measured phenomenon
international consensus of validity
desirable for long-term interests of
stakeholders
developed with stakeholder input
attractive to use
not easily distorted or misused

I

Table 2.2

- Common Performance Indicator Criteria - continued

Dimension
Politics

Criteria
company acceptance

Economics

reasonable codbenefit
ratio

Communication

adequate documentation

scientific clarity

I
conciseness
appearance

Characteristics
fitswitficompanystructure
drives policy and practice in right
direction
assigned accountability
integrated into reward system
based on measures that company has
control over
uses accessible information
uses existing measurement systems
cost effective collection
cost effective analysis
links to other economic, forecasting,
and information systems
can be aggregated
can be adapted for different audiences
definitions of performance indicators
and terminology
defined use and limitations
description of linkages
clear results
anecdotes are not necessary to
communicate purpose of indicator
compareagainst:
thresholds,
benchmarks,
targets, and
other indicators.
normalized data
short list of indicators
charts, graphs, and pictures
format

2.3.1.5 Identifjl Potential Indicators

There are several sources of information for identifying potential indicators.
Literature reviews and reports on indicators used in similar circumstances are an easily
accessible list of potential indicators. Experts and stakeholders often have other
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interesting potential indicators that can be obtained through s w e y s , in-depth interviews,
and brainstorming in workshops. Examining the current collection of performance
indicators may reveal additional potential indicators (e-g., causal b e w o r k s may
suggest looking for pressure indicators). Potential indicators can also be identified or
developed by examining the basis of the fknework.
2-3.1.6 Choose Final Set of Indicators

There are several factors to consider when selecting the appropriate performance
indicator &om the list of potentid indicators. The following are five rules of thumb for
the selection process.
Use what is required (codes, licenses, TRVNPRI, etc.)
Use what other organizations, companies, industries, countries, etc. use
Use what is available
Use what is available and apply criteria
Develop/adapt your own
Using what other's use has several advantages:
they should have already evaluated and tested, and determined, we hope, the validity

of the performance indicators;
using the same indicators allows for comparisons;
savings occurs because the development process for performance indicators does not
have to be done; and
the introduction of these indicators requires less effort when the audience is already

familiar with the performance indicator.
However, caution must be used in selecting existing performance indicators. The
use of existing performance indicators assumes inheritance of the selection criteria used
by the developing organization, which may not be appropriate. One main reason to use
existing performance indicators is to compare to them. Comparisons are more applicable
across similar industries or business hctions.
The suitable indicators can be chosen fiom the list of potential indicators and
comparing them to the selection criteria. This process is iterative because new indicators

42

or criteria may be developed as a consequence of evaluation. There are two standard
scales used for evaluating the indicators: two point and three or more point.
Two Point Scale
A two-point scale determines if the potential indicator has satisfied the criteria

(i-e., yes, or no). (Table 2.3)

Table 2.3 - Two Point Scaie
Indicator

Criteria 1
Criteria 2
Criteria 3
Criteria 4

Indicator
A
No
Yes
No
Yes

Yes
Yes
No
Yes

Indicator
C
Yes
Yes
Yes
Yes

Accepted

No

No

Yes

B

Three or More Point Scale
A three or more point scales weights the importance of the selection criteria. An

example of a three-point scale would be low-medium-high importance. Consequently,
although an indicator may not possess all the attributes dictated in the criteria, it may

possess enough high importance criteria to be of use. (Table 2.4)

Tabie 2.4 - Three Point Scale

Criteria 1
Criteria 2
Criteria 3
Criteria 4
Accepted

Importance
Indicator
of Criteria
A
.--High
No
Medium
Yes
Medium
No
Low
Yes

No

Indicator
B
Yes
Yes
No
Yes

Indicator
C
Yes
Yes
Yes
Yes

Yes

Yes

Applying either scale to the potential indicator list may result in a list of indicators
that is too large. Consequently, other selection techniques must be applied to reduce the
list of indicators to a manageable level. Two common approaches are the sequential and
hybrid sequential selection process. The application of selection criteria to potential
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performance indicators is not a static process. The list of indicators and the criteria which
they must meet tends to change as new indicators are added to the list as a result of

review the selection criteria or selection criteria are changed as a result of reviewing the
available indicators.
Sequential Selection Process

In a sequential process, the selection criteria are divided into several sets based on
criticality or objectivity. These sets are applied to the sub-set of potential indicators fiom
most critical/objective to least critical/objective. As each criteria set is applied to the
Indicators, the number of indicators is reduced.
Hybrid Sequential Selection Process

The hybrid sequential process is similar to the sequential process except that new
indicators may be introduced in the later phases of the evaluation if certain indicator
criteria are not being hlfilled by the reduced indicator set.
2.3.1.7 Other Aspects of Indicators

Relative Scale

It is sometimes very important to understand the relative scale of a organization's
impact on the environment with respect to other anthropogenic and natural sources. If
the relative contribution to the overall problem is small, the amount of resources that
should be devoted to reducing the impact must be carehlly considered.
For example, where the release of a particular pollutant, as measured by an
indicator, is small relative to amounts released by other corporations or other industries,
the significance of the release, and the indicators is of less importance than those releases
which are significant relative to other sources.
Therefore, the importance of indicators must be adjusted according to the size of
the impact relative to other causes of similar impacts:
What is the relative size of the impact compared to other sources (causes) within the
industry sector?
What is the size of the impact compared to sources (causes) in other industry sectors?
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What is the size of the impact compared to natural sources (causes)?
Of course, if there are other benefits to be obtained by reducing a relatively small
impact, then cost effective reductions should be carried out.
For example, releases of methane, a greenhouse gas and a valuable product, are
small in the Canadian petroleum industry relative to some other nations and certainly
relative to natural releases of methane. However, the Canadian petroleum industry may
still want to reduce releases, because of the value of the product that is saved, and to
reduce concerns of local communities about local air quality.
Measurement Format

Performance indicators can measure in different formats:
absolute,

nominal (ranking),
ordind (rank ordering),
compound (combining absolute and ratio categories),
interval (equal scaIe distances with arbitrary zero),
ratio (equal scale distances with a known zero), and
group (data for related factors).

Absolute or direct indicators are expressed in the units of the measured quantities.
Examples of absolute indicators are number of spills, dollars of expenditures, tonnes of
waste, etc.
Ratio or relative indicators rate a measure against another amount. This process is
called normalizing. A variety of reference values that can be used to normalize
indicators, e.g., benchmarks, standards, targets, and averages.
Units to consider include measured quantities, portions and percentages.
Objectives tend to be measured on interval or ratio, while goals, aims, and
purposes are usually measured on a nominal or ordinal scale.

2.3.2 Do

The implementation of the performance indicators usually requires the formation
of an implementation team. What is required is an implementation pian, which includes
Linking performance indicators to databases and information systems, and communicates
performance indicators throughout organization. The first time performance indicators
are measured and calculated is a critical period in their development. This phase will
determine any difficulties in implementing the performance indicators. Any difficulties
should be reported and solved or the perfonnance indicator should be eliminated.
2.3.2.1 Collecting Data

The collection of data is the first step in implementing an indicator once the
indicator has been developed. Raw data is not a performance indicator but must be
analyzed and interpreted and sometimes combined with other information to produce the

final performance indicator. (Figure 2.7) The data collection methods should reflect the
performance indicator criteria for data reliability. This may include a quality assurance
and control program.

2.3.2.2 Analyzing and Converting Data

This stage combines the raw data and other information such as guidelines and

industry standards, conversion factors, and value weighting methods to obtain values the
performance indicators.
2.3 -2.3 Assessing Momation

The focus of the analysis should be on the trends of indicators (changes over time)

because it determines where the organization is headed. Unfortunately, the initial
measurements can not reveal trends but will establish baseline values. Trend information
becomes more informative as more collection periods are conducted. Three points of
indicator values are the minimum required to establish trend information. The value of
the performance indicators can occasionally be benchmarked or compared to preestablished performance criteria Any data collection and analysis difficulties should be
recorded so that this information can be used to improve the performance indicators.

INPUTS

PROCESSES

OUTPUTS

Sources
of Data
Data
Conversion
Factors,
Guidelines,
Standards,
Other Info

Information:
performance
indicators

Benchmarks,
Perfomance
Criteria
Results:
trends and
values
Internal and
External
Reports

Figure 2.7 - Using Data and Information
(International Organization for Standardization, 1998)
2.3 -2-4 Reporting and Communicating
The environmental report is the main method of communicating the quantities and
trends of the indicators. There may be two reports, internal and external. For clarity, the
report should contain information other than the quantitative value of the indicator such

as:
the meaning of each indicator and its linkages;
the importance of the indicator;

the historical trends or anticipated changes; and
an evaluation of whether the indicator is showing movement and in what direction
(Maclaren, 1996).
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The data coIlection difficulties recorded in the previous step should also be documented
in the report.
2.3.3 Check
2.3 -3.1 Assessing Indicator Performance

Assessing indicator performance is crucial to the usefulness of indicators to the
management system. Assessing indicator performance has ramifications on all steps of
the indicator development process. When indicators are initially set up, assessing the
indicator performance should be frequent. However, once the indicators are confirmed

and established, this process may occur less often. Areas that may be examined are:
costs and benefits derived fkom the performance indicators,
quality of information provided,

other better indicators,
direction performance indicators drive performance, and
integration of the indicators into the organization's management system.
2.3.4 Act

The act portion of the development process for performance indicators is used to

correct problems identified in the check portion of the cycle. One possible result is to
change a performance indicator. There is usually some resistance to this type of change
because valuable trend data is lost when a performance indicator is altered; however, the
dternative is continuing to use a poor indicator. There is a balance between continuous
improvement and the value of the trend information.
2.4 Implementing Performance Indicators

Several conditions must exist in an organization for the successful implementation
of performance indicators. These conditions normally occur during three distinct phases:
pre-development, development, and post-development phases. However, the evolution of

these conditions is a continuing process and is not necessarily limited to the phase.

In the pre-development phase, performance indicators must be perceived to be
necessary (WilIis, 1994), especially by top management. A review of the driving forces
may reinforce the impetus for developing performance indicators.
Top management should also agree on and have existing a business model for
their organization. This business model should include processes within the organization
and interactions outside the organization. A clear business model helps define which

indicator framework is most applicable, which criteria are most important, what to
measure and the potential indicators that are calculated from the measurements.

During the development phase of performance indicators, several concepts must
be clear:
goals and strategies of the organization,
perspectives or dimensions to be monitored, and
business unit(s) for which the set of indicators is appropriate.
An example of these concepts is the goal of the organization is to increase

profitability by 5% by making the production process more efficient (strategy). Critical
areas in the production process that can be more efficient are power consumption,
material consumption, and production times. These dimensions will be monitored and
performance indicators developed for them. The performance indicators will be reported
to and approved by senior level management.

In many situations, there will be some forms of performance indicators already
established within the organization. In these cases, it is important to assess the current
performance measurement system and determine which measures should be eliminated,
modified, or retained, which must be added. If the changes to the performance indicator
system are significant or a new perforrnance indicator set is to be initiated, an
implementation team should be designated to achieve this. This team will:
determine the information required to calculate the performance indicators,
establish the underlying technology for the required measurements,
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develop the methodologies for taking new measures, and
designates who takes the measures, calculates the performance indicators, and writes
the reports.
Decisions must be made on the fkequency and format of performance indicator
reports. The fiequency of calculating performance indicators will depend on how quickly
they change, and how difficult and expensive they are to obtain. Utility rather than
routine should determine the fiequency of calculating performance indicators. The
format of the performance indicator reports is dependent on who receives the reports. It
is critical to define the audience to determine the content and presentation style of the
indicator report,
2.4.3 Post Development

There is a need to ensure that the set of indicators does not become obsolete.
Adopting a continuous improvement model for the performance indicators can ensure
that the indicators are current. This may be achieved by organized audits and
reevaluation of goals and objectives, and the critical dimensions that determine the
organization's successIt is important that the performance indicators become integrated with the
management system and do not operate in isolation. Management can reinforce
performance indicator effectiveness by basing personnel evaluation and compensation
processes on performance indicators (e.g., reduction in paper waste could be reflected in
profit sharing programs).
Performance indicators identifL critical factors that require attention. This is
accomplished by concentrating on significant departures from expectations. Effective
performance indicator use involves identifying these depamires, implementing change,
and determining if the change resulted in the required shift in the performance indicators.

2.5 Participants and Actors (Stakeholders) Involved or Affected

In general, the following groups in Table 2.5 should be examined for inclusion.
This is not a comprehensive list and other participants may have to be included.

Table 2.5 - List of Potential Stakeholders

Company

Financial

Regulatory

Society

Others

board of directors
customers/conswmers
decision makers
employees
managers
policy makers
shareholders
suppliers
banks
creditors
financial community
investment community
governments
industry associations
insurers
judiciary
legislature
local and federal agencies
local and regional planner
public authority
regulators
communities
environmentalists
media
non-governmental organizations (NGOs)
public
special interest groups
consultants
researchers
scientists and engineers

2.6 Discussion
The development and installation of performance indicators can be perceived as
capital and labour intensive. The development of performance indicators does require

human capital; however, using the guidelines in Section 2.3.1.6 can significantly reduce

the time and effort. Significant resources may also be required to place these new
measures on an equaI footing with financial data. If infomation availability and
provision are looked at more critically, information requirements are likely to be reduced
and in some cases the requirements for financial accounting may be satisfied more
cheaply by adjustment to the cost and management accounting system. The development
and maintenance of performance indicators require commitment because they can take a
long time to develop and test. In addition to the initial capital investment, h d s and time
must be allocated for the maintenance of the indicators.
There are some issues with development and use of indicators. Indicators can be
immeasurable because of a lack of knowledge, technology, or funds. Knowledge can be
lacking when we don't know what to measure. Technology can be lacking when we
don't know how to measure. Funding is usualIy a decision between costs and benefits,
sometimes intangible benefits.
One purpose of indicators is to compare them; however, they can lack
comparability on several levels: temporal, spatial, within industry, and within the
economy.
Temporal comparisons involve examining the indicators over a long period.
Consistency over time can be difficult to achieve as measuring technologies
evolve.
Spatial comparisons can be conducted within a geographical location or within
other sites of the same company, whose boundaries or ownership can fluctuate.
Industrial comparisons are usually regulatory driven such as TRI or W R I
information. However, industry, especially ones with a large number and sizes of
organizations, tend to produce similar information that cannot be compared.
Economic comparisons also exist but issues arise as to how to validate these
comparisons given the complexity of an economic system. Comparability is
made difficult by lack of agreement on priority areas for measurement, on
definitions of terms and measurement protocols, and problems with using single
operations as the unit of analysis.
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Indicators can lose variance for indicators that derive their data &om human
activity. This is due to four factors: true improvement, false improvement (learning how
to meet the measure without improving performance), selection (replacing low
performers with high performers), and suppression of information.
Indicators currently have difficulties in evaluating different kinds of data;
qualitative and quantitative.

In developing indicators, compromises are dways required. Typical areas include
trade-offs between simple measures which can be easily understood and used but may not
capture a complete picture of performance, and more complex ones with the opposite
characteristics.
Too many indicators result in information overload. Our ability to create and
disseminate measures has outpaced our ability to separate the few measures that contain
information about future performance £tom those that do not. We have a tendency to
maintain old indicators for their own existence and not for any important information.
(Bisgay, 1995)
Segregated approach yields a fragmented indicator system. Indicators have been
developed with the components of the system in mind, but to get a better view of changes
in the system a more holistic approach is needed. This problem is compounded by our
lack of howledge about the cause and effect finkages within a system.

Chapter 3: Indoor Air Quality Building Investigation

3.1 Introduction
3 -2 Types ofBudding Problems

3.3 Conducting an IAQ Investigation
3-4 Preliminary Assessment
3-5 Visual Inspection and Walk-through

3.5.1 Risk Management
3 -5.1.1 Risk Communication

3.5-1.2 Risk Perception
3 -5.1.3 Risk Communication Events

3.5.2 Inspecting and Assessing W A C System
3-5.3 Assess Outside Sources
3.5.4 Assess Inside Sources
3.5.5 Survey Occupants
3.5.6 Identie Problem and Non-problem Areas of the Building
3.5.7 Limited Sampling
3.5.7.1 Odow
3 -6 Detailed Assessment

3 -6.1 Assessment of Ventilation

3.6.1.1 Airflow in a W A C system
3.6.1.2 Airflow measurement devices

3.6.1.3 Carbon dioxide concentration measurements

3.6.1.4Thema1 Balances

3.6.1-5 Tracer Gas Measurements
3.6.1 -6 Ventilation Requirements
3 -6.2 Identification and Quantification of Contaminants
3.6.2.1 Designing a Sampling Program
3.6.2.2 Sources of Uncertainty

3.6.3 Pollutant Pathways and Cross Contamination

3.7 Mitigation Measures
3.8 Report

3.9 Follow-up

3.10 Discussion
3.10.1 Solutions to IAQ Problems
3.10.2 Improper, but Common, Assumptions in an IAQ Investigations

3.10.3 Steps of the IAQ Investigation that can be Conducted by the Building

Manager
3.10.4 Steps of the LAQ Investigation that is Best Conducted by the IAQ
Professional

3.1 Introduction

Conducting an indoor air quality (ZAQ) assessment of a building is part art, part
science, and part experience. The art lies in the ability to identi@ potential sources, link
cause and effect, develop sound hypothesis, and design appropriate sample programs to
prove the hypothesis. The science aspect of building assessment validates and verifies
the art of the hypothesis.
The knowledge required to assess the building includes W A C operation, source
identification, and building science. The skills required included LAQ sampling,
interview, and observation skills. IAQ building assessment is hard to do because of the
variety of knowledge and skills required and, for this reason, is normally conducted by
interdisciplinary teams rather than individuals.
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Background information about IAQ building investigations is necessary for the
building manager because the building manager may be required to:
assess the IAQ of a building,
assist in an IAQ investigation,
supervise or monitor an LAQ investigation,
review and critique a previous IAQ investigation,
communicate with experts, and
communicate with regulators and health officials.
The following section describes the components of a IAQ building assessment.
3.2 Types of Building froblems
A spectrum of LAQ problems can effect buildings. There are:

buildings with obvious problems and simple solutions,
buildings with problems that can be solved by investigation, and
buildings with problems that can not be identified or solved.
Buildings with problems can be described by a variety of terms. However,
indiscriminant use of terms, such as illness or sick building syndrome, have made
defining and describing these problems very difficult. Definitions for sick building
syndrome, building related illness, and tight building syndrome have been developed to
clarify these concepts.
Sick building syndrome (SBS) is "characterized by an increase in prevalence (i.e.,
the number of cases of illness over a specific period) of certain non-specific symptoms in

more than 20 percent of the work force." (Samet & Spengler, 1991) The common nonspecific symptoms are shown in Table 3.1. Relief of these symptoms occurs immediately
on leaving the building. There is some debate about the symptoms of SBS. Further
guidance on the interpretation of the symptoms include:
mucous membrane irritation should be the most kequently reported symptom,
symptoms involving the lower respiratory airways and other organs should be

infrequent,

no evidence of causality shouId be found, and

symptoms should appear frequently in one area of the building. (Godish, 1995)
Table 3.1 - Common Symptoms of Sick Building Syndrome
(World Health Organization, 1983)
1
Sensory irritation in the eyes, nose and throat
Neurotoxic or general health ~roblems
Skin imitation
Nonspecific hypersensitivity reactions
Odour and taste sensations

Building related illness (BRI) is the development of a specific set of symptoms to
the exposure to a specific agent. Examples of BRI include Legionnaires' disease.
humidifier fever, and hypersensitivity pneumonitis. BRI has a specific set of symptoms
that is related to the exposure. Symptoms frequently do not disappear upon exiting the
building and often only effect a few occupants. BRI is easier to recognize than SBS
because of the distinct symptom pattern. (Samet & Spengler, 199 1)
Tight building syndrome (TBS) developed out of the energy crisis in the 1970's.
Attempts to conserve energy resulted in buildings that had 100% recirculated air.
Complaints included feelings of stuffiness, odours, and tiredness, Proper ventilation
usudly rectifies TBS. Some have implicated TBS as a contributor to SBS, but there has
been little scientific evidence to establish a direct link. (Godish, 1995)
3.3 Conducting an IAQ Investigation

There are a variety of IAQ investigation protocols, which have their origins in
deveIoping solutions, building diagnostics, industrid hygiene, or epidemiology (Greene
& Williams, 1996). Well known protocols have been developed by:

National Institute for Occupational Safety, and Health (NIOSH): a building
investigation protocol that emphasizes developing solutions by systematically
excluding a narrowing range of possibilities W.S. Environmental Protection Agency,
1991),
Woods, Morley, and Rask (1989): an IAQ investigation protocol for the ASTM based
on evaluating building performance rather than identifying sources,

ACGIH: a strategy for investigating buildings with biological contamination based
on industrial hygiene standards (Macher, 1999), and
Baker (1984): suggested an LAQ building investigation protocol based on
epidemiologica1considerations.
All of these approaches provide strengths and weaknesses in different areas and
they aH contain some similar features. The following approach is a combination of
the above protocols, designed to maximize the benefits. The following approach
uses extensive checklists to remind the investigator and to ensure a comprehensive
investigation is conducted. An IAQ building assessment is composed of four parts;
preliminary assessment, visual inspection and waIk-through, detailed assessment,
and report. A schematic of the IAQ building assessment process is shown in
Figure 3.1 and Figure 3.5.

Collect Background Information
determine scope
define patterns of disease
develop preliminary hypothesis

BuiIding Walk-Through
risk management
inspect and assess HVAC system
assess outside and inside sources
survey occupants
ident@ problem and non-problem areas
limitedsampling

Detailed

cause of the IAQ
comphint?

4 Yes
Develop Mitigation Measures
a elimhate/modiflsource

Input fmrn

dilute
redistribute air patterns
clean the air

-

--

[ Irnplemeot Recommendations
Did the mitigation
measures fix the

. .-

L1-_

I

Assessment

Yes

(stop)
Figure 3.1 - Preliminary Steps of an IAQ Building Investigation
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3.4 Preliminary Assessment

The purpose of the preliminary assessment is to gather as much background
information about the site as possible before visiting the site. The purpose of this step is
to determine the general scope of issues, define patterns of symptoms, and develop a

preliminary hypothesis. Typically, this information can be provided by building
management and other sources. Information that should be gathered is shown in Table

3.2.

Table 3.2 - Preliminary Assessment Information
Type of Information
age
gender
occupants
nature of occupant activities
occupant density
times and days employees are on duty
timing (continuing, periodic, seasonal,
Complaints
building
weekly, daily)
and/or
management
Occurrence of
location
occupants
Problems
number affected
complaint forms
occupational health
nature of complaint initiation
and safety
nature of employee/tenant/management
committee
relationships
Symptoms
symptoms
occupants
severity
building
management
duration
compliant forms
associations
incident logs
doctor diagnosis
medical records*
1 informal and formal treatments
* This source of medical information may be limited due to confidentiality agreements.

Information
Occupant
Characteristics

I
I

1

Sources of Information
building
management

I
I

I
I

I
1

I
1

I

11
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Table 3.2 - Preliminary Assessment Information - continued
Information
Building
Characteristics

Sources of Information
building plans and
specifications
previous IAQ
studies
environmental audits
energy audits
maps
aerial photographs
geological maps
building
management

Ventilation
System
Characteristics

facilities st&
building plans and
specifications
testing and
balancing reports

Maintenance

maintenance staff
building
management
maintenance records
chemical inventories
WHMISandMSDS
information sheets

Type of Information
insulation
number of floors
area per floor
age of building
intended use
previous occupancy
date and extent of major renovations
building smoking policy
building substrate
sewer connections
location of air intakes
location of all building exhausts
external sources in area
type of HVAC system
return, outdoor, and supply air volumes
type of air filters
type of humdification system
number and location of HVAC zones
air duct configuration
location of air supply diffusers and
return air grills
method of operating HVAC system and
controls
indoor and outdoor pesticide use
removal of asbestos and other
insulation
leaking water pipes
repair or renovation of eIectrica1,
plumbing or HVAC systems
installation of new partitions, wall
coverings, flooring
wax stripping
flooding
lead-based paint removal
cleaning of upholstery, wall and floor
coverings
type of cleaning solutions
type of cleaning equipment

3.5 Visual Inspection and Walk-through

A visual inspection and walk-through of the building site is a necessary step in

conducting an IAQ assessment. The purpose of this step is to develop a more solid
hypothesis, identify any obvious problems, and collect information to design a sampling
strategy. Activities conducted during this step include
risk management,

inspecting and assessing the HVAC system,
assessing outside sources,
assessing inside sources,
surveying occupants,
identifying problem and non-problem areas of the building, and
limited sampling.

Any information that was not collected during the preliminary assessment should
be collected at this step. Table 3.3 has been provided as a initial guide to focus the
investigation; however, once the hypothesis about the cause of the IAQ problems has
been developed, these areas should be investigated firther. Inadequate ventilation has
traditionally been identified as a major cause of LAQ problems, this is partly due to:
mechanical engineers are traditionally retained to examine IAQ problems,
the adequacy of ventilation is easily tested, and

the equipment for testing ventilation is readily availabIe and inexpensive, when
compared to equipment for testing other IAQ problems.
Inadequate ventilation is likely over represented as a source of IAQ problems because of
these factors. However, even if a significant portion of the inadequate ventilation
diagnoses could be attributed to other sources, inadequate ventilation would remain a

primary source of IAQ problems.

Table 3.3 - NIOSH's Primary Sources of LAQ Problems
(Seitz, 1989)
r
Problem
Occurrence

Inadequate ventilation
Contamination &om inside the building:
Contamination fiom outside the building
Microbiological contamination
Contamination from building fabric
Unknown sources
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16
10
5
4
13

3.5.1 Risk Management
Frequently overlooked is risk management and communication. Risk
management must be implemented in order to mitigate the potential for mass hysteria in
the occupants and to obtain accurate information during interviews. The following
section describes the steps in risk management and communication and is based on
Mulligan's (1997) work.
Risk management is a "systematic application of policies, procedures, and
practices to the tasks of analyzing, evaluating, controlling, and communicating risk"

(Canadian Standards Association, 1995). Risk management can also be defined as the
probability of the event multiplied by the magnitude of the consequences. Risk
management is an important part of any indoor air quality investigation. There are six
steps to risk management. (Figure 3.2) Risk analysis includes identification of hazards,
probabilities, and consequences. Risk evaluation examines the costs, benefits, impacts,
judgements, and values. Risk control addresses the options for reducing the probability
andlor the consequences of the identified hazard.

Initiation

Risk Analysis , .

- identification
- probabilities

'

- consequences

C

Risk
Management

4

Risk
Assessment

Risk Evaluation ./

Monitoring

A
1

Risk Control

Action

Figure 3.2 - Risk Management Model
(Canadian Standards Association, 1995)
3 -5.1. I Risk Communication

Risk co~UIZicationshouId often occur in all steps of risk management. Risk
communication is "an interactive process of exchange of information and opinion among
individuals, groups, and institutions. It involves muItip1e messages about the nature of
risk and other messages, not strictly about risk, that express concerns, opinions, or
reactions to risk messages or to legal and institutional arrangements for risk

management" (National Research Council, 1996). Risk communication has a temporal
aspect. Risk communication can and should occur before, during, and after an event.
(Figure 3.3)

I

Before

During

4
4
d
d
4

4

Risk Identification
Risk Analysis
Risk Evaluation
Risk Control
Risk Communication

After

d
d
4

4

d
d

d

Figure 3.3 - Risk Communication Matrix
3.5.1.2 Risk Perception

The level of indoor air quality can be perceived as acceptable or unacceptable
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communicate the facts and context regarding indoor air quality to ensure that there is an
informed perception of risk. Many factors can amplify a person's perception of risk.
Some of these factors are inherent to the issue of indoor air quality and other factors
depend on the communication process. (Table 3.4) The inherent factors that play a
dominant role in the perception of risk in indoor air quality include; voluntary versus
coerced, chronic versus acute, and controlled by individual versus controlled by others
(Sandman, 1993). Indoor air is a coerced exposure; however, the perception of the

relative risk that this poses is modified by a costlbenefit evaluation performed by the
employee. Issues with indoor air quality are normally considered a chronic exposure
although an incident can be considered acute, Indoor air quality is largely a risk that is
controlled by others since it is dependent on other occupant activities, building materials
and contents, and the structure and operation of the heating ventilating and air-

conditioning W A C ) system. These risk factors are inherent to the issue of indoor air
quality, and it is important to be aware of these factors when communicating about
indoor air quality, regardless of whether the risk is real or perceived.
Other factors that influence risk communication are: natural versus industrial,
familiar versus exotic, not memorable versus memorable, not dreaded versus dreaded,
knowable versus not knowable, fair versus unfair, and morally irrelevant versus morally
relevant. These factors may effect risk communication in IAQ; however, they do not
play as significant of a role as the above mentioned factors.

Table 3.4 - Factors that can Amplify Risk Controversies
adapted &om (Sandman, 1993)
I Inherent To Controversv
1 Communication Process
Trust versus No Trust
Voluntary versus Coerced*
Responsive Process versus
Natural versus Industrial
Unremonsive Process
I Appropriate Media versus
I Familiar versus Exotic
Inappropriate Media
Not Memorable versus Memorable Timelv versus Late
m ~ g d e versus
d
Dreaded
1
1 Chronic versus Acute*
I
I Knowable versus Not Knowable 1
Controlled by Individual versus
Controlled by Others*
Fair versus Unfair
Morally Irrelevant versus Morally
Relevmt
I Benefit versus No Benefit
* Factors that significantly sect IAQ

1

3-5.1.3Risk Communication Events

The purpose of the initial contact with occupants on site is to
identify key people (e.g., complainant, building manager, building owner),
inform occupants of the investigation,

inform occupants of potential interruptions to their routine,
establish background and technical competence of investigators,
detennine the methods of information dissemination,
develop a rapport with building management and occupants, and
address any concerns or questions that may arise.
Depending on the size of the building, the number of occupants and level of
concern, a second contact may be necessary to:
acquaint occupants with the equipment (shifting it from an unknown to a known risk),
provide another opportunity for occupants to raise questions and concerns,
further enhance the rapport established in the first contact, and
build on levels of trust.

The building walk-through also provides another opportunity for communication.
It provides the occupants with an opportunity to ask questions or voice concerns about
indoor air quality and to become comfortable with the consultant, prepares them for the
impending air quality sampling, and provides additional information on air sampling
methods, its merits and limitations.
3.5.2 Inspecting and Assessing U Y AC System

There are a variety of HVAC systems and consequently, a variety of potential

IAQ problems. A simplified HVAC system is shown in Figure 3 -4.

Relief or
Exhaust air

Return
air

air

Prefilter
and filter

Cooling coil,
drain pan

Figure 3.4

- Typical HVAC System Components

The W A C system can be a solution or a contributor to IAQ problems. During
this step of the investigation, an examination o f the HVAC system is conducted to
determine any problems that may contribute poor IAQ. Typical LAQ problems related to

the HVAC system include:

inadequate control of temperature, relative humidity, and air velocity,
insufficient outdoor air for the effective control of bio-effluent and other
contaminants generated in buildings,
migration of contaminants kom one building zone or space to another (crosscontamination)
re-entry of building exhausts,
entrainment of contaminants generated outdoors,
generation of man-made mineral fibres from the disintegration of sound liners in air
handling units,
microorganisms and organic dust contamination in drip pans, humidifiers, filters, and
porous thennaL/acoustic insulation,
inadequate dust control,
inadequate airflows into building spaces due to system imbalances (Godish, 1995),
and
proper distribution of airflows in each space.

Many of the problems associated with the HVAC system are due to:
poor original design,
inappropriate modifications to original HVAC design,
inappropriate modifications to building, and
lack of maintenance-

Visual inspection of the HVAC system includes an examination of the
components shown in Figure 3.4. Potential IAQ problems are listed with the associated

W A C component in Table 3.5.

Table 3.5 - Potential IAQ Problems due to the HVAC System
Adapted fkom (American Society of Heating Refkigerating and Air-Conditioning
Engineers, 1997),(Godish, 1995),(Macher, 1999), and (Sarnet & Spengler, 1991)
HVAC Component
IAQ Problem
Air Intake
Obstructions
Potential snow blockage
Entrainment of soil, mould, and debris
Proximity to external source (e.g., exhausts, standing water,
etc.)
Filters
Obstructed filters
Inadequate filtration
Mould growth on filters
Gaps between filters and housing
Return and Outdoor
Incorrect aperture opening (not enough outdoor air)
Air Mixing
Bird screen
I Heating coil
Dirty heating coils
Proper exhaustion of combustion by-products (e-g., no
backdraftinn)
Thermal liner intact
Dirty cooling coils
Contaminated humidification system
Excess water in condensate pans
Inadequate drainage fkom collection pans
Biocide treatment
Plenum and Ductwork Poorly maintained mechanical rooms (when used as a
p lenurn)
Dirt and debris in ductwork
Acoustic liner intact
Grilles and Diffusers
Supply diffusers and return grilles placed inappropriately (e-g.
blocked, too close together, near a source)
Improper pressure differences (e-g. positive pressure pushes
contaminants into rooms)
Dirt, dust, and grease on grilles and diffusers
Controls
Improper setting of thermostat or humidistat
Improperly set operating schedules and control sequences
-

- .. ..

I

. -

I

3.5.3 Assess Outside Sources
It is important to assess outside sources of contamination because in over 500

IAQ building investigations, NIOSH reported that contamination from outside the
building was the primary source of contamination in 10% of the cases (Seitz, 1989).
There are a variety of outside sources but particular attention should be placed on the
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location of exhausts and other sources reIative to the position of intakes. (Table 3.6)
Prevailing wind patterns may be a factor in determining the extent of local exterior
sources. In addition to airborne contamination infiltrating the building envelope, the
building exterior should be examined for liquid forms of infiltration. (Table 3.7)

Table 3.6 - Outside Sources of Contamination
(Lee, de Biasio, & Santini, 1996)
Airports
Animal habitat (ledges for birds)
I Building exhausts (fume hoods, chimnevs. etc.) I
cooling towers
Dense vegetation (pesticides, pollen, moulds)
Exposed soil
Garbage areas
Gravel pits
Hi& tramc corridors
Industrial activities
I
I--

Soil gases (radon, underground fuel tanks)
Stagnate water sources
Table 3.7 - Building Exterior Factors
(Macher, 1999)
Animal infestation near building or in crawl
space beneath building
Automatic lawn sprinklers that wet exterior
walk
I
Blocked gutters
Damage to the building envelope
Evidence of rain penetration
Penetrations in the siding or veneer
Poor grading
Poor water drainage
Wood rot in structural timbers

I

I
I

3-5.4 Assess Inside Sources

Common indoor sources of contamination are shown in Table 3.8. Indoor sources
of contamination are derived £?om three areas: human activities, building contents, and
building components.
Table 3.8 - C o m m o n Inside Sources of Contamination and Some of the Potential
Contaminants
(Godish, 1995),(Lee et al., 1996),(Macher, 1999),(Samet & Spengler, 199 1)
Category
Source
Possible Contaminants
Human
Cleaning and
Xylene, chloroform, benzene
maintenance activities
Activities
Tetrachloroethylene, MMMF, 1,1,1.trichloroethane, animal dander
Odours, particles
Formaldehyde, VOCs, odour,
trichloroethylene, methylchloroform, styrene
Exercising
Carbon dioxide, odours, particles
Methylene chloride, particles, odours
Nearby construction or

BuiIding
Contents

Chlorpyrifos, chlordane, heptachlor, diazinon
Carbon monoxide, particles, nitrogen oxides,
nicotine, benzo[a]pyrene, formaldehyde
D-dichlorobenzene.temenes
VOCs, C 10-C 11 isoparaffinic hydrocarbons,
n-nonane, n-undecane, n-decane, ammonia
Ozone, phenol, toluene, xylene, cresol, nbutanol, ethylebenzene, heptadecane,
phosphoric acid
Ozone, selenium, carbon black, VOC
Acetone, Benzene, 1-butanol, hexanol,
xylene, styrene, 2-phenylpropane, toluene,
ethvl toluene. benzaldhvde. ozone
I Dander, hair, saliva, insects, outdoor
contminants, feces
Viable or~anisms.~ollens.mould

I

,
Air fresheners
Blueprint copiers

m
Computers

Co ymachine
Laser printers

I Pets

Plants

I

I

I

I

Table 3.8 - Common Inside Sources of Contamination and Some of the Potential
contaminants - continued
BuiIding
I Acoustical panels
Polychlorinated bi-phenyls (PCBs), n-butyl
acetate
Components
VOCs, odours, aromatic hydrocarbons,
Adhesives and glues
aliphatic hydrocarbons
Areas o f condensation or Moulds, particles, odours, myco-toxins
dampness @athrooms,
I kitchens, leaky pipes, (
leaky roofs)
Formaldehyde, VOC, synthetic fibres, nylon,
Carpet
latex rubber, polypropylene, polester, carpet
cleaners, microorganisms, odows, particulate,
rlphenylcyclohexene (4-PC)
Synthetic polymers, pentane, hexane, octane,
Caulking and silicon
benzene
Sewer odours
Dry traps in plumbing
fixtures
Radon particulate
Gypsum board
Carbon dioxide, nitrogen oxides, particulates,
ImproperIy vented
s u b dioxide, sulfate, polycyclic aromatic
combustion sources
hydrocarbons, soot
Asbestos, particles, resins, formaldehyde,
Insulation
polystyrene, hydrocarbons, polyurethane,
VOCs, urea-formaldehyde, benzene,
benzaldehyde, acetaldehyde, creso1, acro li en,
phenol
Lead, aromatic hydrocarbons, aliphatic
Paints
hydrocarbons, biocital additivies, sytrene,
butylene, acrylics, vinyls, acetone
Moulds, particles, odours, myco-toxins, radon
Unvented crawl spaces
with exposed earth
Use of preserved woods
Urea and phenol formaldehyde
I and resin bound wood I
I products

1

I

I

When identifying potential sources, it is also important to identi@ pollutant
pathways. The source cannot cause a response if there is no method for the source to
reach the individual. An example of a potential indoor air quality source, which does not
become an indoor air quality problem, is the proper use of fume hoods to conduct
chemical experiments. Pollutant pathways include:

doors,
operable windows,
stairways,
elevator shafts,
utility chases,
accidental opening (e-g., cracks and holes),
ductwork and plenums, and
areas served by common HVAC controls (U.S. Environmental Protection Agency,
1991)
3.5.5 Survey Occupants

During the site visit, it is likely that the investigator will have to interview the

building manager, occupants, maintenance personnel, and cleaning staff. Lntenriewing
skills are a required part of a building investigation and points to remember are:
listen more than you speak,
put questions in a straightforward, clear and non-threatening way,
eliminate cues which lead interviewees to respond in a particular way,
enjoy it (or at least look as though you do) (Robson, 1993),
do not ask leading questions,
follow human ethics guidelines for conducting interviews, and
if possible, conduct interviews on neutral territory to eliminate occupants concern

over anonymity of information (e-g., outside the building).
The purpose of the interview is to determine:
demographic information
occupant perceptions about environmental and work conditions, and
nature of complaints and symptoms, if any (Godish, 1995).
The number of people that information is required fiom determines if an interview
or survey method would be employed. A standardized format ensures comprehensive
questions and a pre-developed and tested questionnaire is shown in Appendix B. This
standardized questionnaire developed by NIOSH can be used in a structured interview or
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as a self-directed questionnaire. The use of a standardized questionnaire facilitates the
comparison with other studies; however, investigators may find it necessary to adapt the
questionnaire to the situation (Macher, 1999).

3.5.6 Identz3 Problem and Non-problem Areas of the Buiding
The identification of problem and non-problem areas of the building consists of
collecting the information gathered fkom the HVAC assessment, exterior and interior
source identification process, and occupant survey to determine areas that are
problematic. These lines of investigation should converge on problem areas. It is also
essential to determine areas that do not have problems, as these areas could:
assist in identifjmg anomalies in the W A C system,
become reference a e a s when contaminant samples are collected, or
assist in defining natural d o w patterns within the building.

3.5.7 Limited Sampling
During the initial walk-through, limited sampling can be performed. The purpose
of this limited sampling is to confirm problem and non-problem areas, confirm or refirte
hypotheses, and develop a strategy for hrther sampling. This sampling is usually
restricted to point (snap-shot) sampling with portable direct read equipment that measure
carbon dioxide, carbon monoxide, nitrogen dioxide, temperature, relative humidity,
particle counts, TVOCs, and ozone. Refer to Section 3.6.2.1 for proper sampling
procedures.

3.5.7.1 Odour
The detection of odours can be a valuable tool in the IAQ investigation.
However, the source of odours can vary in strength and nature. Odour detection is
largely a qualitative art as our ability to detect odours depends on hormonal variations,
gender, disease state, and potentially with some drugs. In addition to the variation of
detecting odour, there is the variation in interpreting odours. Judging odours depend in
part on our psychological background and personal biases. A particular p e h e may be
attractive to one person and repulsive to another person. Nonetheless, our ability to smell
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aIlows us to detect potentially harmfirl substances at concentrations below harmhl levels
(American Society of Heating Refrigerating and Air-Conditioning Engineers, 1997),
which is helpful in an IAQ building diagnosis. There are many compounds that emit
odours, refer to Chapter 5. During an IAQ building investigation, complaints about
odours should be noted, particularly odours associated with h g a l growth, as this may be
the most immediate clue to their presence. The IAQ investigator should be aware of
olfactory adaptation and fatigue. The significant characteristic of olfactory adaptation is
the increase in a person's threshold level to smell a particular odour after exposure. The
rate of adaptation varies but usually occurs after 1 to 2 5 minutes of exposure
(Cherernisinoff & Young, 1975). The easiest remedy for olfactory adaptation or fatigue
is to remove the exposure, usually by going outside, and allowing the olfactory senses to
return to normd.
3.6 Detailed Assessment

The detailed assessment is a further investigation into the hypothesized problems
developed during the initial walk-through. Different detailed assessments are conducted
depending on the hypothesized problems; however, common areas of investigation
include assessment of the ventilation, identification and quantification of airborne
contaminants, and mapping of pollutant pathways and identification of areas of crosscontamination. All areas of investigation may need to be explored, depending on the
IAQ problem. The following section describes the basic steps in conducting detailed

assessment into each of these areas.
3.6. I Assessment of Ventilation

The assessment of ventilation occurs when there is a suspicion that there is
inadequate fiesh air supply as indicated by high carbon dioxide measurements or a
feeling of stuffiness in an area. Given that approximately 52% of problems associated
with poor IAQ are associated with inadequate ventilation (Table 3.3), a detailed
assessment of the W A C system is important and the first thing that should be checked.
The detailed assessment of an W A C system should be conducted by qualified personnel
and one of the most commonly used protocols to assess the HVAC system is by Lane
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(1989). Although the entire HVAC system should be assessed, there are measurements
that can indicate if an area is receiving adequate ventilation. This section will review
three methods of determining adequate ventilation into spaces and reviews the ventilation
guidelines.
Inadequate outdoor supply has been associated with
the HVAC system not having a method for providing outdoor air to the space,
insufficient outdoor air to meet the needs of the space,
the number of occupants exceeding the design conditions,
the inlet dampers malfunctioning,
the controls not properly set,
the HVAC system operating such that sufficient outdoor air does not reach the space,
and
the filters, fans, and other HVAC components being poorly maintained and

contributing to a poor supply of outdoor air,
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Figure 3.5 - Steps of Detailed IAQ Building Investigation

Background information that assists in properly assessing ventilation
effectiveness includes know1edg.e of the:
return, outdoor, and supply air volumes,
number and location of H V A C zones,
air duct configuration,
location of air supply difisexs and return air grills, and
theory of HVAC operation m d controls.
There are four common methods of determination of outdoor air ventilation rates;
airflow measurement devices, csilbon dioxide concentration measurements, thermal
balances, and tracer gas measurements. A review of the HVAC ventilation system is first
provided to show sampling locatiions for the calculations and to clarify terminology.
3.6.1.1 Airflow in a W A C system

Air exchange between the outdoor and indoor air can be divided into two
categories; natural and forced vemtilation. Natural ventilation occurs through windows
and doors, as well as, any leaks a r cracks in the building envelope. Pressure differences
between the inside and outside o f the building force air to migrate through these
openings. Infiltration occurs when outside air migrates through openings into the
building. Exfiltration is the leakage of air from the interior of the building to the outside.
Natural ventilation is difficult to yredict and control.
Forced ventilation is provided by the HVAC system of the building. A simplified

air handling unit (AHU) is shown in Figure 3.6. The AHU conditions the air in the
building. Outdoor air is suppIiedl to the building by an exterior grill. This air is then
mixed with recirculated air to form mixed air. The mixed air is treated by heaters,
coolers, and (de-) humidifiers to become supply air. Supply air enters the ventilated
space. Air brought back from the ventilated space is return air. A portion of the return

air is diverted to become recirculated air and the remaining air is exhaust air, which is
vented to the outside.
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Figure 3.6 - Airflow in a Simple HVAC System
3-6.1 -2 Airflow measurement devices
There are a variety of devices that can measure airflow but the device specifically
designed to measure airflow through difhsers and grills are airflow-measuring hoods.
These devices consist of a fabric hood, a plastic or metal base, an airflow measuring
manifold, a meter, and handles for carrying and positioning (American Society of
Heating Rekigerating and Air-Conditioning Engineers, 1997). The hood is placed over

the grill or diffuser and the flow is directed through the manifold to the meter, which
measures the voIumetric airflow. These airflow-measuring hoods can measure flow in
either direction. The area of the diffuser or grill is inconsequential because either the
hood covers the entire area in which case only a single measurement is required, or
several non-overlapping measurements are required to cover the area, which are then
added together to obtain the overall volumetric flow.
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Depending on the accessiiility of the HVAC system, several calculations can be
made to calculate the percentage of outside air delivered to the space.
Outdoor air (%) =

x 100
Qs

Outdoor air (%) =

Qs-

Qr+

Qt

x 100

Qs

where Qsis the volumetric flow (Us) in the supply air (or mixed air)

Q,is the volumetric flow @is) in the outdoor air
Q,is the volumetric flow (Us) in the return air
Q,is the volumetric flow (Us) in the exhaust air
The first equation ignores infiltration and exfiltration effects and the second

equation includes these effects. Converting the percentage measurement of outdoor air to
the measurement of (Us), which is the ventilation standards measurement units, is
accomplished by the following equation
Outdoor airflow rate (Us) =

Outdoor air (%) x Total airflow (Us)
100

Total airflow is determine either by system design characteristics or by airflow

measurements.
3-6.1.3Carbon dioxide concentration measurements

The amount of outdoor air delivered to a space can be estimated by carbon
dioxide concentration measurements taken in the retum, supply, and outdoor air. The
value of the carbon dioxide calculation is that it takes into consideration natural
infiltration and exfiltration through the building envelope fiom the space. Carbon
dioxide measurements should be taken after carbon dioxide levels have stabilized in the
space, usually four hours after occupancy, depending on the ventilation rate.
Outdoor air (%) = Cr-Cs x100
c r

-Co
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where C, is the concentration of carbon dioxide @pm)in the supply air (or mixed air)
C, is the concentration of carbon dioxide @pm)in the retum air

C , is the concentration of carbon dioxide @pm)in the outdoor air
3.6.1 -4 Thennal Balances

The percentage of outdoor air supplied to a space can be determined by
temperature measurements of the mixed, return, and outdoor air. This measurement is
simple to perform but can be complicated by the design of the HVAC system. Access to
the returnloutdoor mixing box is essential and may be difficult in some HVAC designs.
The disadvantages of the thermal balance method of determining the amount of outdoor

air are that it requires a relatively simple W A C system and it ignore infiltration and
exfiltration effects.
Outdoor air (%) = Tr -TIn

x100

Tr -='a
where T,is the temperature ("C)of the return air

T, is the temperature ("C) of the mixed air

Tois the temperature ("C)of the outside air
3-6.1.5 Tracer Gas Measurements

The most reliable way to measure ventilation is by using a tracer gas (American
Society of Heating Refigerating and Air-Conditioning Enagineers, 1997), which is an
inert or non-reactive gas. The tracer gas is released into the building in a controlled
manner, and then the concentration of the gas within the building is monitored and
related to the ventilation. There are three methods for introducing the tracer gas into the
building: decay or growth, constant concentration, and constant injection.
3.6.1.6 Ventilation Requirements

Ventilation requirements are specified by the American Society of Heating,
Re~geratingand Air-Conditioning Engineers (ASHRAE). The most recent standard for
Ventilation for Acceptable Indoor Air Quality is ASHRAE standard 62-1999. However,

this standard is relatively new and during the case study (Chapter 6 ) ,the previous
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version, ASHRAE standard 62-1989, was used. ASHRAE standard 62 specifies the
procedure for determining acceptable ventilation rate, which involves prescribing:
outdoor air quality acceptable for ventilation,
outdoor air treatment, when necessary,
ventilation rates for residential, cornmerciaI, institutional, vehicular, and industrial
spaces,
criteria for reduction of outdoor air quantities when recirculated air is treated by
contaminant-removaI equipment, and
criteria for variable ventilation when the air volume in the space can be used as a
reservoir to dilute contaminants- (American Society of Heating, Refrigerating and
Air-Conditioning Engineers, 1999)

Of most interest to IAQ investigations is the ventilation rates. Table 3.9 contains
excerpts of the ventilation rates &om the standard.
Table 3.9 - Ventilation Rates
Society
of
Heating,
Reegerating and Air-Conditioning Engineers, 1999)
(American
Description
Application
Estimated
Outdoor Air
Maximum
Requirements
Occupancy
U s per
People11000 A
'
or
/I00 m2)
person
2 people for the
7.5
Residential
Living areas
I first bedroom, 1 I
person per
bedroom thereafter
Kitchen (openable windows)
n/a
12
10
7
Commercial Office mace
s
-Reception Areas
60
8
Cafeteria
100
10
8
Classroom
Institutional
50
I Laboratories
1
30
10

~

I

I

I

-

--

I

I

The determination of the ventilation standard used the assumption of good mixing
patterns in the ventilated spaces. Good mixing patterns create uniform temperature, air
velocity, and relative humidity conditions in the occupied zone. Short-circuiting is a

I
I

I

1
1
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condition where supply air from the diffuser is directly vented to the return air grill, and
little mixing occurs in the space. (Figure 3.9) The degree of short-circuiting depends on
proximity of supply inlets and return outlets,
supply air temperature,
ventilation rate,
placement of fi.Lrniture and dividers,
type of supply diffuser, and

type and size of return air outlets (Godish, 1995).
Determination of short-circuiting can be accomplished by visible tracer gases.
(Section 3.6.3)
3.6.2 Identification and Quantification of Contaminants

Identification and quantification of contaminants involves designing a sampling
program, collecting and analyzing the samples, determining if the hypothesized question
has been answered, reporting on the findings, and possibly developing or modifying the

hypothesis to continue the investigation.
3.6.2.1 Designing a Sampling Program
The goal of sampling programs is usuaIly to accurately and completeiy represent
the extent of contamination or to represent the conditions most likely to be associated
with adverse effects (Macher, 1999). A sampling program must be designed before

sampling for specific contaminants. Designing a sampling program consists of
specifying the
contaminants under study;
sources and/or reservoirs of the contaminants;
anticipated concentrations, including variability in time and space for each
contaminant;
analytical methods that will be used to detect, identify, and quantify the contaminant;
sampling methods to be used;

operating parameters of all instrumentation; and

location and times samples will be collected. (Macher, 1999)
Note that designing a sampling program relies on the information gathered in the initial
walk-through. Specification of the potential contaminants under study, the sources
and/or reservoirs for these contaminants, and the anticipated concentrations of
contaminants cannot occur without some background knowledge about the site. The
design of most sampling programs reflects the desire to minimize costs (i-e., number of
locations and types of equipment) while still allowing for a reasonable determination of
the nature and extent of the contamination or IAQ issue (Thome & Basso, 1998). Other
factors to consider when designing a sampling program are shown in Table 3.10.

Table 3.10 - Factors to Consider W h e n Designing a Sampling Program
(Macher, 1999)
The nature and expected concentrations of contaminants
The relevance of average or worst case concentration measurements
The cost and availability of various types of sample analysis
Constraints that analytical methods may impose on sample collection
The suitability, cost, and availability of sample collection devices and
I related suppIies
1
Constraints the time and method of sample transport to an analytical
laboratory may impose
Technical expertise required of field and laboratory personnel

Analytical methods that will be used [G detect, identifj, and quantzfi the conraminant

The analytical methods used to detect, identify, and quantify the contaminant include
determining the collection technique, the required equipment, and the appropriate
analysis. In many IAQ sampling, these steps occur at the same time, as in the sampling
of temperature. However, this process is more complicated for other IAQ contarninants
such as microbiological organisms, where decisions must be made about the collection
(e-g., surface or air samples), equipment (e.g,, adhesive tape or swab samples), and
analysis (e-g., culture or immunoassay). Although there are several types of analytical
methods, it is important that the appropriate method is matched with the situation. The
procedure should be sufficiently:

sensitive,
selective,
rapid,
comprehensive,
portable,
cost efficient (World Health Organization, 1983), and
not designed to make the problem worse (e-g., scare the occupants).
Sensitivity characteristics of the sampling method refer to the theoretical
sensitivity, accuracy, precision, range, and reproducibility. (Figure 3.7) Reproducibility
is the closeness of agreement among repeated measurements of the output for the same
input. (American Society of Heating Refrigerating and Air-Conditioning Engineers,
1997) Although, this terminology is traditionally applied to instrumentation, it also
applies to the entire analytical process.
Sampling methods to be used
There are a variety of methods to collect samples. This section reviews gas
sampling tubes, eIectronic direct-read instruments, active integrated samplers, and
passive integrative samplers.

Gas sampling tubes (GST) provide quick, real-time measurements of
contaminants by passing a small quantity of air (about 0.1 L) over a granular sorbent.
This induces a colour change in the sorbent material, which can be compared to the
calibrated colour scale provided by the manufacturer. Their main use has been in

industrial hygiene applications- Poor results have been noted measuring formaldehyde
levels with this method. (Godish, 1995)

Table 3.1 1 - Advantages and Disadvantages of GSTs
Advantages
Low cost
Real time results
Simple to use
Wide variety of gases
and vapours
Available to the
building manager

Disadvantages
Accuracy = 25%
Lack of specificity
High lower levels of
detection
Limited shelf Iife
(1 year)
Limited range

+

Electronic direct-read instnunents provide real-time or quasi-real time
measurement of a gas, vapour, or particle concentrations. They are pump-driven devices
that measure concentrations by a variety of methods including electro-chemistry,
photometry, infixed analysis, and chemiluminescence. Output is displayed on a scale or
digitally.
Table 3.12 - Advantages and Disadvantages of EIectronic Direct-Read Instruments
Advantages
Real time res&
Simpletouse
Portable

1

Disadvantages
Somelackof
specificity
Only snap-shot
sampling
Limited gases or
vapours
Tend to be expensive
instnunents
Accuracyis
dependent on the
calibration of the
DUmD

Active integrated instruments are pump-driven devices that pass the air over a
liquid or solid sorbent. The sampling duration can vary between minutes to hours,
depending on the expected level of contamination in the area and the lower level of
detection of the instrument. The measurement represents average values over the
sampling time and is referred to as integrated samples. (Godish, 1995)
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Table 3.13 - Advantages and Disadvantages of Active Integrated Instruments
Advantages
Measuresdynamic
phenornena
Accommodates low
contaminant
concentrations

Disadvantages
Long sampling time
Not easy to use

Passive integrated instruments are similar to active integrated instruments except
that there is no pump to pass air across or through a sorbent. Concentrations are collected
through natural diffusion. Consequently, sampling periods tend to be long, up to a week

in duration. The instruments are left in a spec& location and retrieved later.
Table 3.14- Advantages and Disadvantages of Passive Integrated Instruments
Advantages
Measures dynamic
phenomena (but
averages over the
sampling period)
Accommodates low
contaminant
concentrations
Easy to use
Inexpensive
Reliable

Disadvantages
Long sampling time
Limited shelf life

Operatingparameters of all instrumentation

Each instrument has its own characteristics, which determine if the instrument is
appropriate for the intended use. Characteristics that are important in the selection of an
instrument include accuracy, resolution, range, and lower level of detection (LOD).
Accuracy is the ability of the instrument to indicate the true value. Resolution is the
smallest measurement the instrument can detect. Accuracy may be larger than resolution.

Range is the upper and lower Limits between which the instrument can measure and has
been calibrated for, The lower limit of detection (LOD) is the smallest concentration of a
substance the instrument can measure. (Figure 3.7) Note that in this figure there is a
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difference between the measured value and the true value, indicating that the instrument
is in need of calibration. LOD is of particular importance in the selection of IAQ
instruments because many instruments have been developed for industrial hygiene, which
is interested in higher concentrations of contaminants. General guidelines for the
selection criteria for instnunentation appear in Table 3-15.

Lower Limit

Resolution

True Value

Upper Limit

Range

Figure 3.7 - Instrument Characteristics

Table 3.15 -Operating Parameters of Instrumentation
(National Research Council, 1991)
I 0.1 time the level of
Sensitivity
interest
Range
0.1 to 10 times the
I
I level of interest
I
Precision
&5%
Accuracy
k5Y0
Reproducibility
SYO

I

I

There are other aspects of selecting IAQ instrumentation that are important in the
selection process; slew rate, non-linearity, drift, and confounding. Slew rate is the
maximum rate of change an instrument can handle (Beckwith, Buck, & Marangoni,
1982). This attribute is important to know when taking snap-shot or worst case samples.

The slew rate effects the ability of the instrument to measure sudden changes in
concentration of a substance, since measurements must be given time to settle and

resolve. Non-linearity is the deviation of the instrument to produce a straight-line
response to equal increases in input. Non-linearity must be stated in any specifications.
Drift is a phenomena that occurs gradually over time and it produces changes in the
output at the same input levels. Drift is unrelated to the environment, load, or input and
is one of the main reasons for Eequent calibration. Confounding occurs when there is a
lack of specificity in the instrumentation (e.g., different compounds cause readings).
Total volatile organic compound readings are a confounded reading because the specific
components are not identified. Confounding can also occur with instruments that
measure hydrogen sulfide (H2S) levels in environment that also contains sulphur dioxide
(SOz), which most instruments have difficulty in distinguishing. Some instruments will
have filters that will attempt to eliminate confounding but skill and expertise is required
to operate these correctly.
Location and times samples will be collected

Key to designing a sampling program is the sample locations. The sampling
locations should reflect the hypothesis developed in the initial building walk-through, e.g.
sampling to determine inadequate ventilation will have different sampling locations than
sampling for ozone contamination. Four areas should be considered when sampling;
areas with the most susceptible occupants,
areas with potential sources,
areas identified by the survey,
areas with the least effective ventilation, and

areas that serve to provide baseline data. (Godish, 1995)

For many substance in the indoor air, their occurrence in the environment is a
naturd phenomenon. To determine if concentrations are in excess of normal conditions,
a baseline reading must be established. There are several types of baseline values:
concentrations in outdoor air,
concentrations in areas where no symptoms are reported, and
expected "background" range for typical buildings without perceived IAQ problems.
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The purpose of the IAQ investigation assists in determining which baseline value is
appropriate; however, outdoor concentrations of the contaminant are commonly used.
Another factor that must be considered in determining the sampling locations are
the HVAC zones. A zone is a conditioned space under the control of a single thermostat
(McQuiston & Parker, 1994). Temperature measurements should be correlated to the
thermostat setting in each zone.
There are a variety of sampling strategies that can be used: random, stratified
random, systematic grid, and hot spot. In random sampling, the locations of the samples
are determined by randomly generated values. It does not use any information obtained

in the walk-through or survey,uses a high number of samples, and can miss areas of
inhomogeneity, but is statisticallyrigorous. The stratified random sampling technique is
similar to random sampling except that the sample area is divided into areas of higher and
lower sampling densities. This techniques uses some information &om the initial walkthrough and survey but suffers fiom many of the problems associated with random
sampling. Grid sampling covers the site with a grid and samples are taken at the
intersections of the grid. It samples the entire site and may be useful in determining
concentration isopleths. However, it is not statisticalIy based and does not use the
information collected in the initial walk-through or by the surveyor. Hot spot sampling
uses the infoxmation collected in the building walk-through to determine areas of
sampling. This is the most commonly used method of IAQ sampling. This method is
usem for screening and h d i n g peak concentrations of contaminants. (Figure 3 - 8 )

Random

Stratified
Random

Grid

Hot Spot

Figure 3.8 - Sampling Strategies
The timing of the sampling refers to when the sample is taken and how long the
sampling occurs. Outside environmental conditions, mechanical disturbances, and
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human activity change the concentrations of contaminants within buildings. Sampling
patterns must reflect these seasonal, weekly, and daily changes. Contaminants that tend

to demonstrate fluctuations are formaldehyde, carbon dioxide, and carbon monoxide
(Godish, 1995). FomaIdehyde in homes fluctuates with the seasons in some areas.

During the winter months the concentrations are at the lowest and during the summer
months they are at the highest (Godish, 1985). Other seasonal variations would be mould
and pollen exterior concentrations that infiltrate into the building. Carbon dioxide has a

tendency to fluctuate on a daily and weekly basis because of automated HVAC systems
(e-g., building HVAC systems shuts down over nights and weekends) and changes in
occupant load. Carbon dioxide concentrations tend to reach peak values at about four
hours after building occupancy (Valbjorn & al., 1990). Peak carbon monoxide
measurements are particularly difficult to obtain because of the episodic nature of the
generation of this contaminant (e.g., only when the furnace is actively producing heat).
The determination of the duration of sampling is based on the toxic nature of the
contaminant and actual exposure. Various types of sampling periods are shown in Table
3.16.

Table 3.16 - Sampling Duration
Type

Description

Continuous

Sampled
continuously
through the time
period of interest

Worst Case
Snap Shot
Hot spot

Collect samples
before, during,
and after,
activities
suspected to
cause exposures

Typical
Duration
15 min.
8 hours
40 hour work week

Measurement
Device
Active or
Passive
Integrated

Instant
Minutes

GST or
Electronic
Direct-read

Application
Contaminants that
cause toxic effects
on chronic exposure
Comparing to
occupational
exposure limits
Contaminants that
cause toxic effects
on acute exposure

3-6.2.2 Sources of Uncertainty

Errors are the difference between true and measured vaiues. Not all errors can be
measured and estimates of error must be used. The estimate of error is referred to as
uncertainty. Measurement of any phenomena is composed of a sequence of steps and
during each step, there is the potential for uncertainty. Common sources of uncertainty
include:
inaccuracies in the mathematical model that describes the physical quantity,
inherent variability of the measurement process,
operator error,
uncertainties in measurement standards and calibrated instrumentation,
time-dependent instabilities due to gradual changes in standards and instrumentation,
effects of environmental factors,
values of constants and other parameters obtained f?om outside sources,
uncertainties arising fkorn interference, impurities, inhomogeneity, inadequate
resolution, incomplete discrimination,
computational uncertainties and data analysis,
incorrect specifications and procedural emors,
instrument malhction,
laboratory practice, and
uncertainty in corrections made for known effects. (American Society of Heating
Refigerating and Air-Conditioning Engineers, 1997)
Methods to reduce sources of uncertainty include regular calibration and good
quality assurance programs, which are a function of training. Calibration involves
comparing the output of an instrument to a previously established standard. Calibration
should occur in the range of the anticipated field measurements. Single point calibration,

where only one value is compared to the standard, is sufficient only if the instrument has
been proven linear (Beckwith et al., 1982). Where possible, calibration of instruments is
conducted both before and after sampIing.
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Good quality assurance programs include the use of field blanks, media blanks,
replicate samples, and split or spiked samples (Godish, 1995). (Table 3.17) An
appropriate number of field banks should be used to establish the potential for media
contamination. In general, two field blanks is recommended for every ten active samples
(Samet & Spengler, 1991).

I

Phaseof

Table 3.17 - Samples Used to Assess Uncertainties
(Macher, 1999)
Use
Sample
Description
Field blank

Analysis

I

Handled as a sample, except
no material collected
Duplicate
Sample collected
simultaneously with another
Laboratory I Laboratory sample processed
blank
with field samples
Positive
Sample known to indicate
control
the presence of an substance
Sample known to indicate
Negative
control
the absence of an substance
Replicate
Repeated analysis on a
portion of a sample
Portion of a sample sent to
Split
another laboratory
Sample with a known
Spiked
I amount of a substance

1

To detect contamination
during satnoline
To measure the precision
of a collection method
I To detect contamination
during analysis
To confirm proper
sample analysis
To confirm proper
sample analysis
To measure the precision
of an analytical method
To assess laboratory
performance
To determine calibration
I curves

I

I

Retum Air
Grill

Figure 3.9 - Short-circuited Airflow Pattern
3.6.3 Pollutant Pathways and Cross Contamination

IAQ problems may occur when contaminants migrate fiom their controlled
ventilated area to other areas of the building. This can be seen in laboratory, hospitals,
and industrial buildings, when specialized processes that generate contaminants escape
their designed containment systems. Reported problems of this nature include:
motor vehicle exhausts drawn through elevator shafts from underground parking
g=%es,
gasoline fumes fiom leaking underground storage tanks,
tobacco smoke fkom smoking lounges,
sewer gases drawn up through dry drain traps fkom the stack effect in buildings,
cafeteria odours migrating through ceiling air space to other offices, and
laboratory solvents in storage areas with insufficient negative pressure migrating into
surrounding areas (Godish, 1995).
Having several AKUs that serve the same areas can contribute to cross-contamination.
Communication between AHUs can also occur through elevator shafts, stairwells, and
utility connections. The greater the pressure difference between two areas, the more
likely there will be cross-contamination. Identification of pollutant pathways and areas
of cross contamination is done by:

identification of a contaminant in an area with no local sources,
identification of the source(s) of the contaminant in other areas of the building, and
tracing airflow patterns between the locations to determine the cross-contamination
route.
Tracing area flow patterns involves the use of a visible tracer gas (e-g., titanium
tetrachloride) (Lee et al., 1996). Consequently, this procedure introduces contaminants,
such as particles, into the indoor air. The procedure should be conducted with the
appropriate safety precautions (i-e., remove unnecessary personnel from the area) and
after all other sampling has been conducted. The method of tracing airflow patterns
involves placing the source of the visible tracer gas at the location of the contaminant,
observing and following the smoke patterns.
3.7 Mitigation Measures

The development of mitigation measures depends on the IAQ problem but can be
classified into
source elimination (e.g., removal, encapsulation, disinfection, etc.) or modification,
use of outdoor air,
space air distribution, and
air-cleaning. (McQuiston & Parker, 1994)
Good mitigation measures are not developed in isolation. It is important to involve the
building managers in the development of these measures because their priorities and
resources will, in part, determine the most appropriate mitigation measure.
Source elimination or modification is one of the most effective methods of
improving LAQ for contaminants that are not generated by the occupants or fiom
necessary activities. Examples of source removal or modification incIude
elimination of smoking within the building or provision of special smoking areas,
removd of M s h i n g and fhishings, such as carpets,
storage of paints, solvents, cleaners, insecticides and volatile compounds off-site, and
specifications for low odour paints during renovations.
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The use of outdoor air to dilute the indoor air such that contaminant concentration
levels are lowered to reasonable levels has proven successful in controlling bio-effluent
levels and meeting ventilation guidelines. There is an energy trade-off with this strategy
that should be considered carefblly before implementation. The general dilution of
indoor air is not as effective in controlIing formaldehyde and VOC emissions because the
increased ventilation increases source production (Godish, 1995), until outgassing has
finished. Additionally, no significant relationship exists between the prevalence of SBS
and carbon dioxide levels (Godish, 1995), when ventilation rates are above 10 Us per
person. Consequently, this strategy may only be effective if there is an existing problem
with low ventilation rates.

Space air distribution refers to phenomena such as short-circuiting and cross
contamination. Modifications for this mitigation method vary fiom sealing a utility
corridor or moving return grill locations. AIso included in this category is the use of
direct vent systems for areas where high levels of contaminants are generated.
Laboratory fume hoods, localized ventilation around printers, and exhaust fans over
stoves are examples of common applications of direct vent systems.
Air filtration can occur in the HVAC system and at the local level by portable

filtration devices. Air filters are capable of filtering particles and some gases. The
effectiveness of an air filter will depend on
overall cleaner efficiency,
particle size (for particle filters),
proper installation of filters,
proper maintenance of filters,
airflow rate,

recirculation rate, and
absorption media (for gases). (Godish, 1995)

3.8 Report
The purpose of the report is to
summarize findings,
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interpret results,
identify significant associations between exposures to specific agents and incidence
of health problems,
establish contributions of chemical, physical, and social factors in IAQ problems,
form conclusions,

make recommendations, and
specify a follow-up surveillance program. (Greene & Williams, 1996)
The report may contain the following sections:
introduction;
background, purpose, and objectives;
terms of reference;
materials and methods (e.g., sampling protocol, instrument specifications);
observations;
survey analysis;
test results;
discussion of results;
conclusions;
recommendations for mitigation;
references; and
appendices, which may include copies of field data, sample and analytical results,
field observations, chain-of-custody aflirmations, calibrations, and names of field and
laboratory personnel. (Macher, 1999)
The IAQ investigator must be carefid that the recommended mitigation measures
do not include the design of HVAC systems or building alterations that are the restricted
practice of registered engineers or architects. If the IAQ investigator suspects that
medical treatment would benefit the effected occupants, then recommendations should
include that the occupants be exarnined by a qualified health care specialist.
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3.9 Follow-up

Many times the IAQ investigation is completed with the report. Termination of
the investigation at this point lacks an important component of any management system,
feedback. Feedback is essential to determine if mitigation measures were successful, if
the hypothesis was correct, whether fiuther investigation is needed, and whether more
aggressive mitigation measures need to be irnpIemented. The follow-up benefits the
client, occupants, the investigator, and the scientific community by:
ensuring the IAQ problem is solved,
improving the investigator's diagnostic capabilities,
assessing the effectiveness of mitigation measures, and
providing the occupants with information about the effectiveness of the mitigation

measure (risk commUILication).
In reality, when the mitigation measures are successful, the follow-up is rareIy done.
Only when mitigation is not effective or improperly done, will the IAQ investigation
continue.
3-10 Discussion

3.10.1 Solutions to LAQ Problems
Some buildings with IAQ problems will defy an investigator's attempts at
diagnosis. NIOSH investigated over 500 buildings and 13% had unidentified sources
(Seitz, 1989) as cause to the problems. Woods (1991) reports that the prevalence of SBS,
which does not have identifiable source(s) to the IAQ problems, is between T 0% to 25%.
There may not be an identifiable cause, and hence solution to an LAQ problem.

NIQSH reports that inadequate ventilation is the primary problem with buildings
(Seitz, 1989). Other studies conducted by Honeywell (50 buildings) and Healthy
Buildings International(223 buildings) confirm that the HVAC system plays an
important role in IAQ problems (Hansen, 1991). IAQ investigations, in which there is no

obvious source of the problem, should start with the W A C system.
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Sometimes sources o f IAQ problems are readily apparent and easily fixed (e.g.,
open garbage on site). Sometime obvious sources are not the cause of the specific IAQ
complaint but must be fixed first because they obscure any additional investigation.
The strength of the indication as to the source of the IAQ problem depends on the
convergence of multiple lines of evidence, i-e., HVAC assessment, outdoor and indoor
source identification, and occupant surveys. The number of lines that converge on a
particular cause determines the likelihood of that cause being the problem.

3.10.2 improper,but Common,Assumptions in an L4Q investigations
Outdoor air may not b e a clean as is normally assumed. Infiltration of outdoor
contaminants was cited by NIOSH as the cause of 10% of IAQ problems (Seitz, 1989).
Given the current pollution levels of our outdoor environment and the increased
probability of local sources in high density housing area, this will continue to be a
significant cause of IAQ problems.
There are a large number of potential sources in any building, but the magnitude
of contaminant generation (e-g., rate of off-gassing) determines the degree of their effect.
Very low levels of contaminant generation may not be a problem, especially if ventilation
is adequate. It is also easy to underestimate the degree of the effect of indoor sources due
to an inaccurate estimate of the number of sources or rate of contaminant generation.
Significant attention i s given to the problem areas of a building because of the
concern over health effects, However, identifying non-problem areas of the building can
be just as important because these areas can provide information on differences in
operation, maintenance, and design. This information can assist in determining the
sources of LAQ problems in the problem areas.

Many LAQ investigations terminate with the report. However, the last step in the

IAQ building investigation shauld be to verify if the mitigation measures were effective
in solving the IAQ problem. This feedback is essential for:
occupants (to inform them that the IAQ problem has been solved),
building managers (to assure them that mitigation measures are effective), and

IAQ investigators (to determine if diagnosis was correct).

Building managers tend to minimize IAQ problems because they:

think that it reflects poorly on their performance,
do not wish to instigate mass panic in the occupants,
want to avoid a public image or reputation problems,
believe that it is largely a psychosomatic problem, or
place it lower in importance relative to other issues in building management.
However, this attitude is ineffective for risk communication. Risk communication serves
to ensure that a common level of risk is perceived by all stakeholders and can facilitate
progress towards solutions, Openness and clarity about IAQ problems can be more
effective in diagnosing an6 implementing solutions to IAQ problems.
It is essential to involve stakeholders in developing mitigation measures if
practical solutions are sought. Practical mitigation mezszies takes into consideration the
priorities and limitations of the stakeholders, which is information only the stakeholders
can provide. Involving the stakeholders at this stage is a form of risk communication
(e.g., before the event), and facilitates the process of implementation.
3.1 0.3 Steps of the L4Q Investigation that can be Conducted by the Building Manager

There are certain aspects of an IAQ investigation that the building manager can
perform:

risk communication,
outdoor and indoor source identification,
rudimentary ventilation assessmentydepending on the complexity of the W A C
system,

HVAC inspection,
simple survey of the occupants, and
limited contaminant sampling (e.g., direct-read electronic instruments, or GSTs).
3.10.4 Steps of the L4Q Investigation that is Best Conducted by the IAQ Pro/essional

There are certain aspects of an IAQ investigation that an IAQ investigator should
perform:

detailed assessment of the HVAC system,
assessment of the medical condition of occupants with symptoms,
design of sampling program,

extensive sampling, especially biological samples,
interpretation of the results of an extensive sampling program, and
determination of airflow patterns,

These aspects of the IAQ investigation require special skills, knowledge, and experience.

Chapter 4: Scientific Information Related to IAQ

4.1 Introduction

4.1.1 Sources of Information
4.1.2 Spectrum of Health Effects
4.2 Toxicology
4.2.1 Exposure

4.2.2 Infiltration

4.2.2.1 Inhalation (respiratory)
4.2.2.2 Ingestion (oral, gastrointestinal)

4.2.2.3 Skin (dermal, percutaneous, topical)
4.2.2.4 Environmental Factors that Effect Exposure and Infiltration
4.2.3 Transmission, Transformation, and Elimination
4.2.3.2 Accumulation and Storage
4.2.4 Mechanisms of Chemical Toxicity

4.2.4.1 Non-specific Chemical Action
4.2.4.2 Selective Chemical Action
4.2.4.3 Factors Modifying the Chemical Toxicity
4.2.5 Normal Response to Chemical Exposure

4.2.5.1 Evaluating the Dose-Response Relationship
4.2.5.2 Repair, Reserve Functional Capacity, and Tolerance
4.2.5.3 Variation in.Normal Responses

4.2.6 Extrapolation from Animal Studies to Humans
4.3 Allergic Response

4.4 Abnormal Responses to Chemical Exposure
4.4. Z Idiopathic Environmental Illness
4-4.2 Psychosomatic Response
4-5 Epidemiology

4.5.1 Measurements in Epidemiology
4.5.1.1 Prevalence
451.2 Incidence
4-5.1-3 Risk Ratio
4.5.2 Types of Epidemiology Studies

4.5.2.1 Observational Studies
4.5.2.2 Experimental
4.5 -3 Errors in Epidemiology Studies
4.5.4 Strength of Epidemiological Findings
4.5.4.1 Establishment of Causation in Epidemiology Studies
4.6 Discussion

4.6.1 Usual Response
4.6.2 Allergic Response
4.6.3 Unusual Response
4.6.4 Toxicology
4.6.4.1 Different Doses
4.6.4.2 Different Species
4.6.4.3 Different Environmental Conditions
4.6.5 Epidemiology
4.6.6 Natural Defense Mechanisms
4.6.7 Obligations of the Building Manager
4.6.7.1 Usual Response
4.6.7.2 Allergic Response
4.6.7.3 Unusual Response
4 - 6 3 Terminology

4.1 Introduction

Human health is difficult to define and measure. The World Health Organization

(WHO) has attempted to define health as "a state of complete physical, mental, and social
well-being and not merely the absence of disease or infirmity" (World Health
Organization, 1948). The definitions of normality and abnormality are required to
establish well being. There is no clear distinction between normal and abnormal because
the two concepts lie at either ends of a spectrum. However, toxicology and epidemiology
are two scientific disciplines, which focus on physical disease and infirmity and their
potential causes. These two tools are relatively new interdisciplinary methods of
investigation, which combine elements fiom other basic disciplines such as chemistry,
biochemistry, biology, demographics, physiology mathematics, physics, risk assessment,
and statistics.
Many adverse health effect are caused by exposure to substances, as in the case
with many IAQ problems. There is a significant range in response to these exposures.

Two types of responses should be distinguished: the usual response and the unusual

response. The usual response has the characteristics of clear clinical symptoms, known
exposure, known source, relatively easy to diagnose, and relatively easy to solve. The
unusual response is characterized by their low prevalence, unknown mechanisms of
action, inconsistency of response pattern, lack of specificity in target organs, and
consequently, difficulty in determining diagnosis and solutions. This chapter discusses
the scientific evidence and concepts relevant to understanding usual responses, and

symptoms and potential causes of unusual responses.
4.1.1 Sources of Information

Decisions on the limits of exposure to chemicals are complicated by society's
perception of risk and the utility derived fkom the substance (Dieter, et. al., n.d.).
However, part of the decision about acceptable exposure limits must be based on
scientific idonnation. The scientific information used to establish adverse effects
thresholds for substances comes largely fiom two fieIds of investigation: toxicology
(largely animal studies) and epidemiology (studies of human populations).
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"Toxicology is the study of the harmful actions of chemicals on biologic tissue''
(Loomis & Hayes, 1996). The study of toxicology can provide information about how a
chemical effects an organism's health and may be able to determine what mechanisrn(s)
cause the effect(s). The subjects of toxicology testing are normalIy animals or synthetic
organs. Occasionally, toxicological information for humans is available fiom
catastrophic events that expose large numbers of people to specific known chemicals.
The information f?om toxicology usually is extrapolated to determine the potential effects
on humans.
A building manager needs a basic understanding of applied toxicology because

they may be required to:

manage people that are exposed to chemicals,
distinguish between different types of responses,
understand why there is variability in response to an exposure,
assess the potential hazard of a substance,
develop procedures that prevent toxic effects,
interpret and apply air quality standards and guidelines, and
communicate with experts.
ccEpiderniologyis the study of the distribution and determinants of health-related
states or events in specific populations, and the application of this study to controI of
health problems" (Last, 1988). The information fiom epidemiology can assist in
determining the causes of heaIth effects. This information is normalIy obtained from the
study of human populations either as an observational study, where nature is allowed to
take its' course; or an intervention study, where a disease determinant is changed.

Exposures that are typically studied are industrial (e.g., asbestos miners, morticians
working with formaldehyde), accidental (e.g., Bhopal and methyl isocyanate, Minamata

and methyl mercury), and volmtary (e-g., experimental drugs, modified diets, smoking).
A building manager needs a basic understanding of epidemiology because they

may be required to:
identify risk factors that are associated with IAQ problems,
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determine if there is an LAQ problem by knowing prevalence rates for particular
diseases,
know which intervention mechanisms for poor IAQ are successful,
identify IAQ problems through an understanding of the typical course of disease,
interpret and apply air quality standards and guidelines, and
communicate with experts.
Two other types of scientific information that can assist in determining adverse
effects thresholds are computer modeling of chemical interactions with biological
systems and health surveys.
4.1.2 Spectrum of Health Eflects

Exposures to substances can generate three effects (Figure 4.1):
known (usual) response,
allergic response, which is modified by the immune system, and
unknown (unusual) response, where the mechanisms of action have not been
established.
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Non-specific symptoms
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Figure 4.1 - Potential Response Patterns
Known responses can be predicted through the toxicological assessment of

animals and observed effects in humans.
The allergic response, although a common and well-understood response, is one
that tends to be highly individual (Klassen, 1996) and standard animal testing does not
predict this response pattern.
Unknown responses cannot be determined by animal toxicology data or
epidemiological studies, and do not exhibit typical allergy response patterns. The
response in the individual may be specific and predictable in that repeat exposures
generate the same effect at the same site. Unknown responses may also target multiple
organs and generate a variety of response to the same exposure.

1
I
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Therefore, the following is written for building managers, regulators, and those
that establish guidelines so that they can understand the nature of LAQ problems and that
the impacts of IAQ contaminants are not simple, mechanical, and predictable.
4.2 Toxicology

The science of toxicology has developed fiom the use of poisons for hunting,
warfare and assassinations (Klassen, 1996) to the study of the quantitative effects of
chemicals on biological systems (Loomis & Hayes, 1996). Toxicology has emphasized
the study of the hannfbl effects of foreign substances on animals in order to ascertain the
effect on humans. The application of animal studies for the normal human population
relies on two assumptions:
the effects produced in laboratory animals are applicable to humans, and
exposure of animals to chemicals in high doses and extrapolating to low doses is a
necessary and valid method of discovering possible hazards in humans (Klassen,
1996).

in designing animal toxicity studies, it is essential to obtain reliable results within
economic constraints. For example, a relatively small dose of a chemical may elicit an
abnormal response in one out of ten thousand animals (1:10,000). (This frequency of
abnormal response is equivalent to the upper limit for "almost improbable" risks (Dieter
et al., n.d.).) For a confidence level of 95%, a margin of error of 5%, and a standard
deviation of 0. 1, a sample of 160,000 animals would be needed to determine with
statistical significance the abnormal response. Increasing the dose increases the
probability of an observable abnormal response and consequently, fewer animals are
necessary to obtain statistical significance. In the example, if the increased dose
increased the probability to (1:100), then the sample size would be 160 animals. The
larger dose is typically higher than humans would normally experience. The information
gathered about high dose levels in animals is extrapolated to obtain information about
effects of possible low dose exposures in humans.
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Figure 4.2 - Schematic Pathway of a Contaminant Through a Biological System
A contaminant moves through a biological system in the following manner:

exposure;
infiltration;
transportation,
biotransformation, and
toxic action, storage and/or accumulation, and/or elimination (Figure 4.2).

A description of each of these processes follows with fhther details about the toxic
action including mechanisms of toxicity and normal responses to chemical exposure.
The intent of this section is to provide the reader with a review of the basic

concepts and issues encountered in toxicology that apply to indoor air quality concerns.
The primary references used in writing this section are:

Klassen, C. D. (Ed.). (1996). Casarett and Doull's Toxico1o.w: The Basic Science of
Poisons (5" ed.). New York: McGraw-HiI1,
Loomis, T. A*,& Hayes, A. W. (1996). Loomis's Essentials of loxico1o.w. (4'hed.).
New York: Academic Press,
Landis, W. G-,& Yu, M.-H. (1999). Introduction to Environmental Toxicoloqv:
Impacts of Chemicals Upon Ecoloeical Svstems. (2"d ed.). New York: Lewis
Publishers, and
Comell, D. W. (1997). Basic Concats of Environmental Chemistrv. New York:
Lewis Publishers.
4.2.1 Exposure

Exposure refers to the conditions under which a chemical gains access to the
biological system, that is the:
dose(i.e., quantityandduration);
duration (e-g., 5 minutes, 8 hours)
number of exposures (e-g., once, twice, ten times);
fkequency of exposure (e.g., daily, weekly, monthly);
exposure site (e-g., skin, lungs, digestive system); and
application method (e-g., solid foods for the digestive system).
Toxicologists usually divide single exposures into four categories; acute, sub-acute, subchronic, and chronic. They divide multiple exposures into three categories: sub-acute,
sub-chronic, and chronic. The length of time for each type of exposure depends on the
average Iife span of the tested organism. For example, mice are typically exposed for
two to three years in an chronic test, which covers a significant portion of their life span
(Loomis & Hayes, 1996). Definitions of these different types of exposures used in
toxicology testing appear in Table 4.1. These are not the only types of toxicoIogy testing
performed because there are specialized tests to address issues such as mutagenicity,
teratogenicity, carcinogenicity, reproduction effects, and changes in behavioural patterns.
Toxicity tests should be designed to consider five factors:

use species that handle the substance similarly to humans (e-g., metabolism,
absorption, excretion, etc.);
use several dosages;
establish a biologically-insignificant concentration by use of delineating high doses
with a safety factor and professional judgement (e-g., the no-observable adverse

effects level (NOAEL) for formaldehyde in mice is 14 ppm (2 years exposure) and in
rats is 5.6 ppm (McLaughlin, 1994) but the suggested limit of exposure for humans is
interpretation of statistical information; and
routes of exposure should be similar to the expected exposure routes in humans.
(Loomis & Hayes, 1996)

I

I

~

Table 4.1 - Different Types of Toxicity Tests
(Loomis & Hayes, 1996), (Klassen, 1996)
Conducted to
Frequency of Period of
Category
Establish
Exposure
Dose
Lethal
Dose at
Less than 24
Once
Acute
which 50% of
hours
the organism
die (LDso)
Not greater
Dosages
One to three
Sub-acu te
required for
(repeated dose doses, which
sub-chronic
are closely
1 spaced
I expectancy of I studies
1 the organism
No observable
Usually many 90 days most
Sub-chronic
(adverse)
common
doses
(prolonged)
exposure time effects level
(NOEL or
NOAEL)
Maximum
Covers a
Tolerated
significant
portion of the Dose (MTD)
organisms life

I

I

1

I

I
I

Infiltration refers to the routes that substances take to enter biological systems and
these routes normally occur in food, by air, or through the skin (demally). Under
laboratory conditions, an additional route of exposure used is injection. Generally,
substances produce the greatest effect if administered by injection, inhalation, oral, and
dermal routes (Klassen, 1996). Exposure via injection is considered a route not normally
encountered outside of laboratory conditions, the exception being studies involving drug
users. Injection is a special case in toxicology because it bypasses many of the body's
natural defense mechanisms. Defense mechanisms are the methods used by an organism
to protect itself against potential harmful substances. For example, human skin "protects
the underlying tissue from bacteria infection, drying out, and harmf!ul light rays"
(Tortora, 1986). Defense mechanisms are the reason why very small exposures to non-

carcinogenic and non-radioactive substances will not produce any symptoms.

Figure 4.3 - Human Respiratory System
adapted fiom (Morgan, 1992), (Larson, 1990), (Tortora, 1986)
4.2.2.1 Inhalation (respiratory)
Inhalation is the primary mechanism of exposure to indoor air contaminants.
Consequently, the natural defense mechanisms of the human respiratory system, and
absorption of substances through the lungs will be discussed in detail.
The respiratory system consists of the nose, pharynx, larynx, trachea, bronchi, and

lungs. (Figure 4.3) This system has physical methods to remove harmfill substances
fiom inhaled air. Table 4.2 displays the respiratory component, removal method of
airborne contaminants, and approximate size of particle that can be removed for the

human respiratory system. Physical filtration for particles occurs primarily in the upper
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pathways by fiactudng of the airways, entrapment by hairs and mucous, cough reflex,
and bronchoconstriction. These removal mechanisms are located such that large particles
are removed near the beginning of the respiratory system and smaller particles are
removed lower into the respiratory system. Biological devices, such as macrophages and
cell-secreted chemicals, are used in the lower respiratory tract to remove contaminants(CordascoSr-, Derneter. & Zenz. 1995)
Nose
The nose has an internal and external component. The internal portion of the nose
lies within the skull and is a series of cavities containing the smelling (olfactory) senses.
The nostrils lead to a vestibule that has coarse hairs (vibrissae), which filter out large
particles. M e r the air has passed through the vestibule, it enters the nasal cavity. A
mucous membrane lines the nasal cavity in which goblet cells produce a mucous blanket.
The mucous moistens the air and traps particles. Cilia are cells under the mucous
membrane that have projections that beat in unison at fkequencies up to LOO cycles per
minute. (Figure 4.4) Figure 4.4 was developed based on the description in the following
paragraph, Cilia move the mucous-covered particles down and out of the nose, towards

the throat to be eliminated by expectoration or swallowing.

Contarninants

Cilia
Cells

Goblet
Cell

Figure 4.4

- Schematic of Mucociliary Blanket

To Nose
& Mouth

Stomach

The mucosal blanket that lines the upper airways o f the respiratory system is
composed of two layers: an upper, more viscous or sticky layer, which floats on a lower
more 'tYatery" layer- This allows the cilia to move with relative ease in the less viscous
layer, while the tips of the cilia cells move the upper layer towards the trachea to be
eliminated by coughing or into the digestive system. A mucous blanket must cover the
cilia for the cilia to function properly. (Cordasco Sr. et al., 1995)
The combination of coarse hairs, mucous blanket, and cilia removes dust particles
of 10 to 15 jm average diameter fiom the nose. Breathing through the mouth bypasses
an important filter in the respiratory system. People with stuffL noses tend to breathe

through their mouths, increasing their exposure and therefore the effects o f larger
particles.
Pharynx (throat)

The pharynx (throat) is a h e l - s h a p e d tube about 13 cm long that acts as a
passageway for food and air, with two openings to the atmosphere; the nose and the .
mouth. There is a sharp turn in the air passage at the junction between the nose and the
throat where particles of the size 5 to LO pm hit the back o f the throat. Important factors
that determine the f7equency of impacts by particles are the velocity of the air, the bends

in the respiratory tract, and the size of the particle. Mucous traps these particles and cilia
cells facilitate removal of them fiom the respiratory system by expectoration or
swallowing.

Table 4.2 - Natural Defense Mechanisms of the Human Respiratory System
Respiratory
Component

I Method of

Nose

Laryn~
Trachea and Bronchi
Lungs

I

(
Other

Contaminant
Removal or
Destruction
Vibrissae
Fracturing of the
airwavs
Laryngeal closure
Impaction
Sedimentation
Sedimentation
Brownian motion
Turbulent diffusion
Electrostatic forces
Macrophages
Temperature
Mucous layer
Biological devices

I Approximate size of

I

Particle that can be
Removed
> 10-15 urn

I

5-10
5-10
7to l 6 p
5-0.2

I 5 0.1

I 5 0.1
5 0.1

*w

1 0 . 2 urn

The larynx's purpose is to separate the air fkom liquids and foods. It consists of a
system of folds that directs liquids and solids to the esophagus and stomach, and air to the
windpipe. An epithelium lining exists below the vocal cords, which provides protection
similar to the mucociliary blanket in the nose and throat.
Trachea (windp@e)

The trachea (windpipe) is a tubular passageway about 12 cm in length and 2.5 cm
in diameter with an epithelium Iining that behaves similarly to the lining in the larynx.

The trachea divides into two passages leading to the left and right lungs, the bronchi,
which are covered in an epithelium lining. Bronchi further divide in the lungs forming a
branched system. The right bronchus is slightly more vertical and larger in diameter than
the left bronchi. Consequently, particles are more likely to enter the right bronchus
(Cordasco Sr. et al., 1995). Particles deposited in this area are of the size 7 to 16 p.m.

Lungs
The lungs consist of inter-connected sacks (alveoli), which give lungs the
consistency of a sponge. The exchange of respiratory gases with blood occurs at the
alveoli and capillary walls. Sedimentation of particles occurs when gravity acts on the
particles to drop them to the surface of the tissue. This occurs primarily in the bronchi
and lungs because the rate of airflow is substantially decreased in this region due to the

increase in cross-sectional area of the air passage. Small particles in the lower Iungs are
removed by
Brownian motion (the random movement of the molecule due the collision with other
molecules),

diffkion(agitationofgases andparticles), and
electrostatic forces (a particle with an electric charge attracts another particle with the
opposite charge).
Within alveoli, free alveolar macrophages absorb and destroy dust particles and
debris in the lungs. They can absorb particles approximately 2 prn in size. The process

of absorption of particIes by macrophages is comparatively slow.
Other Defense Mechanisms of the Respiratory System

The respiratory system has defense mechanisms other than the filtration methods
described in the respiratory components. These defense mechanisms are temperature,
mucosal blanket, and biological devices.
Temperature is an effective mechanism to deter foreign matter and potentially
h a d l organisms from invading the respiratory system. The temperature in the upper
respiratory tract is between 30°C and 33°C and it is above 33°C in the lower respiratory
tract. Some saprophytic soil organisms require temperatures below 30°C for growth.
Consequently, these organisms have limited growth in the normal human respiratory
system. Rhinoviruses require temperature conditions of less than 34"C, which effectively
limits their existence to the upper respiratory system and the upper layers of the mucosal
blanket where it is cooler.
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The mucous layer aids in removal of indoor air contaminants by sorbing the more
soluble gases into the mucous, and by diluting the concentrations of irritants. The
rnucosal blanket also contains glycoprotiens, which are components that destroy and
inhibit the growth of certain bacteria and viruses.
The mucous layer is an important component in the defense mechanism of the
larger ahways but certain air contaminants can reduce its effectiveness. Tobacco smoke
can temporarily paralyze the movement of the ciIia cells. Some viruses can damage cells,
resulting in areas of the upper respiratory system that do not have a adequate mucous
cover.
The human respiratory system contains biological devices that protect the host if
the filtration mechanisms are not effective in removing the air contaminants. These
biological devices are located in the lower respiratory level at the alveolar and interstitial
level. There are two main categories, phagocytic cells and chemicals. These biological
devices can
remove a contaminant physically,
a

initiate an inflammation and repair process,

a

control and keep the contaminant in check, and/or
initiate a process that permanently damages and restructures the tissue at the
contarninant location.

Absorption of Substances through the Lungs

Absorption is the transport of a substance across any body barrier, which is
accomplished primarily through the cellular membranes or between cellular membranes
by diffusion or active bansport. lhis is the primary method of absorption for gases and
vapours. Factors that determine the absorption characteristics of a gas or vapour are the
blood-to-gas partition coefficient (solubility ratio of the concentration of the chemical in
the blood to the gas phase) and ventilation rate. The mechanism of absorption of aerosols
and particles through the lungs is not well understood but is a fimction of particulate size.

The factors that determine the rate of absorption of a substance in the lungs are
significantly different than other exposure routes. (Table 4.3)

Table 4.3 - Signiftcant Factors that Influence Absorption Rates for Different Routes
of Exposure

Lungs
Gas and
Vapours
Water
solubility
Tissue
reactivity
Blood-to-gas
partitioning
coefficients

Aerosols
and
Particles
Aerosol
size
Water
solubility

Skin

Oral

Degree of
ionization
Lipid
solubility

Degree of
ionization
Lipid
solubility
PH

PH

4.2.2.2 Ingestion (oral, gastrointestinal)

Although the primary route of exposure for airborne contaminants is inhalation,
ingestion of airborne contaminants can occur through disposition on food or excretion of
contaminant-containing mucous &om the lungs into the digestive system. The
gastrointestinal tract is usually considered external to the body, although it resides within
the body. A contaminant can cause injury if it harms the surface cells of the
gastrointestinal tract or if it is absorbed into the body to cause harm elsewhere. The first
site at which chemicds have the opportunity to absorb into the body is the stomach. The
low transient time of substances in the mouth and esophagus make it unlikely that a
significant amount of the chemical will be absorbed at these locations. In the
gastrointestinal tract, the contaminant will encounter the contents, hydrochloric acid, bile,
and additional secretions. The pH, degree of ionization, reactions with contents, and
degree of lipid solubility of the substance determine its absorption characteristics.
4.2.2.3 Skin (dermal, percutaneous, topical)

Airborne contaminants can be deposited on the skin to be absorbed into the body.
The skin is not very permeable and provides a good barrier. Removal of the top layer of

skin greatly enhances its permeability. Contaminants that damage the skin will therefore
be absorbed more easily into the body. Characteristics of the contaminant, which
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determine the ease of absorption, are phase, pH, extent of ionization, molecuIar size, and
water and lipid solubility.
4.2.2.4 Environmental Factors that Effect Exposure and Infiltration

Environmental factors can influence the toxicity of substances by:
effecting the initial state of the organism,
changing the characteristics of the environment,
transforming the substance,
altering the mode of exposure, and
changing the magnitude of the source of the substance.
The most significant environmental factors are temperature, relative humidity, and
exposure to ultra-violet CUV)radiation.

An increase in temperature increases the heart rate of a human, to cool the body
by increasing the circuIation so that more blood can flow from the body core to the
extremities where the release of heat is more effective (American Society of Heating
Refrigerating and Air-Conditioning Engineers, 1997). This increase of circulation can
also increase the uptake of a relatively insoluble gas (Klassen, 1996). Changes in
temperature can also change the vapor pressures of residual solvents in building contents
and construction material, which is expected to significantly increase emission rates
(Godish, 1995). This effectively changes the magnitude of the source and the mode of
exposure. Temperature can also be a form of stress, reducing the organism's capability
of handling the toxicant.
Humidity significantly effects biological contaminants such as bacteria, h g i , and
viruses and has been correlated to increased acute respiratory infection. This effect has
been attributed to drying and cracking of mucous membranes, which allows viruses to
more easily penetrate the primary defense mechanisms of the respiratory system. High
humidity levels appear to produce larger particles, which reduces the probability of
infection by utilizing the filtration mechanisms of the upper respiratory system.
Ultra-violet light is electromagnetic radiation in the 40 n m to 390 nrn wavelength
range, which can effect the toxicity of substances in several ways. It can alter the

substance as in the formation of photochemical smog and/or damage the skin (sunburn)
increasing its permeability.
4.2.3 Transmission, Transformafion, and Elimination
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Figure 4.5 - Routes of Absorption, Distribution, and Excretion in the Body
(Klassen, 1996)
A reaction between the substance and a particular location (effector site) in the

biological system causes damage. Generally, the substance must be transported in the
biologic system before it reaches the effector site. Refer to Figure 4.5 for possible
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pathways in mammalian systems. Several mechanisms are used to move chemicals along
these routes; transportation (i-e., absorption, and translocation), biotransformation, and
excretion (Loomis & Hayes, 1996).
Absorption is the distribution of the substance fkom the site of exposure to the
general circulation or specific site of action in the organism, e.g., in mamnzals, the blood
and lymph systems.

If the exposure site is not the effector site, the substance must move in the
biological system to reach the effector site. The biologic system has membranes that
enclose the effector site, which the substance must cross. This is accomplished by
translocation.
Biotransfonnation is the changing of the chemical by the biological system, which
can have three results; biotransformation into a more 1h1
h-

substance, a similarly

substance, or a less harmful substance.
Excretion is the method that the organism uses to eliminate the substance by the

kidneys, liver, and lungs.
4.2.3.1 Accumulation and Storage

The concentration of the substance at the effector site determines the magnitude
of the reaction. This is dependent on the arrival and departure rates of the substance at
the effector site, or in other terms the absorption, translocation, biotransformation and
elimination rates. To illustrate the time dependency of toxic reactions, assume that a
substance is applied in a constant manner to a biologic system and that it does not
undergo biotransformation. If the absorption and translocation rates are higher than the
elimination rate, this results in an accumulation of the substance at the effector site and
the effect will increase with time. If the absorption and translocation rates are lower than
the elimination rate, this results in little or no reaction, i.e., the substance never reaches

toxic levels.
Preferential disposition of chemicaIs can occur in the liver, kidney, fat, and bone.
The liver and kidneys act as filters for bodily fluids and have a high capacity to bind
many chemicals. Consequently, these organs concentrate more toxicants than any other
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organ. Contaminants that accumulate in fat stores tend to be highly lipophilic and tend to
accumulate within the body. Short-term dieting or starvation can release the toxicants
stored in fat allowing the target organ(s) to be effected. Deposition of chemicals in the
bone may or may not be detrimental to the bone and are not necessarily permanently
sequestered,
4.2.4 Mechanisms of Chemical Toxicity
Two forms of chemical action can induce toxicity: non-specific chemical action
and specific chemical action. Non-specific chemical action causes a toxic response from

all cells at the exposure location. An example of this type of toxicity is exposure to a
strong acid or base, which produces generalized destruction of all the exposed cells. The
specific chemical action only occurs at Iow doses of the substance at specific effector
sites. An example of this type of toxicity is carbon monoxide affinity for the hemoglobin
molecule.
4.2-4.1 Non-specific Chemical Action
Toxicity may manifest at the site of exposure, such as initation on the skin or in
the respiratory tract. The nature of such toxicity is usually the resuIt of the caustic or

corrosive nature of the substance and the manifestation of toxicity is a local inflammatory
response. These substances are referred to as primary irritants and their action is nonspecific. Sulphur dioxide and nitrogen dioxide, which are converted into sulphurous acid
and nitrous acid in the lungs, are examples of airborne contaminants that produce an
primary irritation (Loomis & Hayes, 1996).
4.2.4.2 Selective Chemical Action

The manifestation of specific toxicity can happen through several routes:
delivery of the substance,
interaction of the substance with the effector site,
impaired cellular function, and
inappropriate repair.

Delivery

Examples of altered biological microenvironments include: substances that alter
ion concentrations, solvents and detergents that alter the lipid phase of cellular
membranes and destroy trans-membrane solute gradients, and other substances that
occupy a site or space. An example of an airborne contaminant that induces toxicity in
this manner is carbon monoxide, which displaces oxygen in hemoglobin causing
asphyxiation (Klassen, 1996).
Inreraction at Effector Site

The reaction of a substance with the effector site or target molecule may cause
dysfunction or destruction by interfering with the effector sites processes, either by
blocking receptors, inhibiting sodium channels, hindering electron or ion transport,
obstructing enzymes, or impairing the construction of proteins. The destruction of the
target site by a substance occurs by changing the effector site through cross-linking and
fragmentation. The result of molecular changes at the effector site can be destruction of
the effector site through spontaneous degradation or by the immune system. An airborne
example of a contaminant interacting with a effector site is nicotine. Nicotine binds with
the nicotinic receptors in the central nervous system, which produces accelerated heart

rates, elevated blood pressure, and constricted blood vessels in the skin. High doses of
nicotine can induce paralysis of the muscles used for respiration. (Klassen, 1996)
Impaired Cellular Function

Cells have functions such as the regulation of gene expression and cell activity;
and internal and external cell maintenance. Toxicity can result if a substance interacts
with a cell, which triggers changes in the cell function and/or structure. An airborne

contaminant that displays this type of interaction at the effector site is hydrogen suphide,
which disrupts an enzyme crucial to generating energy in cells resulting in paralysis of
the respiratory system (Greenberg, Hamilton, & Phillips, 1997).

Inappropn'ate Repair

Damage may be repaired in several ways, some damage is simply reversed, other
types of injury results in degradation and rebuilding. Toxicity can result from
M e r e n c e of the repair mechanisms. Fibrosis occurs when the repair function
excessively deposits an extraceUu1a.r matrix of abnormal composition. Fibrosis is
detrimental in a number of ways:
the extra tissue can obliterate organ tissue or blood vessels;
the extra tissue establishes a barrier between organ tissue and cells that provide
sustenance, which contributes to malnutrition of the organ tissue;
the fibrosis reduces the flexibility of the surrounding tissue (critical in the proper

functioning of the lungs and heart); and
the fibrosis can alter the surrounding cells' behaviour-

Airborne substances that can induce fibrosis in the lungs are mineral particles and
overexposure to pure oxygen (Klassen, 1996).
4.2.4.3 Factors Modifying the Chemical Toxicity

The composition of biologic membranes determines the ability of a substance to
absorb and translocate. Biologic membranes are composed of two Iayers of a molecule
that has a polar head and a non-polar tail (Figure 4.6). There are proteins inserted into
the membrane, some of which completely cross the layer providing an aqueous pathway.
There are two methods for crossing the membrane: diffusion and specialized transport.
The diffusion process occurs through the membrane for non-polar substances and through

the aqueous (polar) pathways for polar substances. Specialized transport can occur
through a variety of mechanisms including molecular carriers, pumps, and phagocytes.

Polar head
Non-poiar tail

Figure 4.6 - Schematic of a Biological Membrane
adapted from (Klassen, 1996)
Absorption and translocation of a substance in an organism is dependent on the

chemical properties that determine the substance's motility:
polarity,

ionization,
solubility in lipid material, and
chemical structure.
Although polarity, ionization, and solubility are less of a factor when the exposure route
in by inhalation (Table 4.3) they do influence of the transIocation of the substance in the
organism, once the substance has crossed the exterior membrane.
Sfate of Substances

The state of a substance (gas, liquid, solid, aqueous solution, non-aqueous
solution) determines its likely route of exposure. Substznces that are solids at standard
conditions are more likely to be ingested than inhaled, unless they are small particles.
Conversely, substances that are gases at standard conditions are more likely to be inhaled.
Gases at room temperature are substances with weak intermolecular forces, nonionic,
non-polar, with a low molecular weight.

Polarity is the difference in charge between ends of a molecule or chemical bond
measured as a dipole moment (debyes). Molecules are described as highly polar, polar,
weakly polar, or non-polar (Connell, 1997) (Table 4.4). Polarity is important in
determining the mobility of a compound because non-polar compounds appear to pass
readily across all biologic membranes (Loomis & Hayes, 1996).
Table 4.4 - DipoIe Moments of Some Chemical Bonds
(Connell, 1997)
Bond
Dipole I
Bond
Moment
Description
(Debye)
Hydrogen-Fluoride
1.9 1
Highly polar
Hydrogen-Chlorine
1.08
Polar
Carbon-Hydrogen
0.4
Weakly polar
Carbon-Nitrogen
Non-polar
0.2

I

I

Ionization

Ionization occurs when a molecule transfers an electron to another atom in the
moIecuIe, which then separates. This results in atoms or molecules that have either an
extra electron (-) or a lack of a electron (+): molecu~esare charged (ionized). The degree
of ionization is dependent on the pH of the aqueous solution. Current evidence suggests
that ionized, non-lipid soluble forms are less capable of passing through biologic
membranes (Laomis & Hayes, 1996).
Lipid Solubility

Lipid solubility refers to the ability of a substance to dissolve in fats. Lipids are
non-polar compounds and substances that dissolve easily in them are non-polar. Most
substances that are lipophilic (lipid loving) tend to be hydrophobic (water hating) because
water is a polar substance. Substances that have a high lipid solubility tend to diffuse
quickly through the fatty acid portion of biologic membranes. Substances that are
lipophilic have a tendency to accumulate in organisms to higher concentrations than
occurs in the external environment due to bio-concentration, bio-accumulation, and biomagnification effects, and in general, display some toxicity to all biota (Cornell, 1997).

Chemical Structure
The contribution of the chemical structure of a substance to toxicity is called
quantitative structure-activityrelationships (QSAR)- QSAR can be used to estimate the
potential toxicity of a substance by using five factors to evaluate the toxicity:
the longest chain of atoms;
types of carbon chain hgments;
types and combinations of ring systems;
types of chemical and/or biological substructures; and
areas on the substance that are electron-donating or electron-withdrawing (indicates
potential for polarization and ionization) (Landis & Yu, 1999).
Mixtures
Humans seldom encounter toxicants in a pure state because they usually are
exposed to many of substances simultaneously. Quantitative assessment of toxicity is
almost always determined for pure substances and exposure to a mixture may have
different effects than normal toxicity information would predict. There are four potential
combined effects of exposures to mixtures: additive, potentiation, synergistic, and
antagonistic (Table 4.5).
Evaluating the toxicity of mixtures is best determined by direct measurement;
however, the number of combinations and pennutations in mixtures is large.
Consequently, mathematical models are used in combination with toxicity testing to
determine the potential toxicity of mixtures.

Table 4.5 - Potential Reaction to Mixtures

Effect
Additive
(Summation)
[1+1 = 21

Potentiation
[0+1 < 11

Synergistic
[ l + l < 21

Antagonistic
[!+I = O]

Definition
The effect of simdtaneous exposure
to these different substances is the
s u m of the effects if they had been
administered separately, i-e., each
toxicant acts on unrelated effector
sites or on the same sites in similar
ways.

Example
antihistamines
and barbiturates
(Loomis & Hayes,
1996)
two
organophosphate
insecticides
(Klassen, 1996)
Potentiation occurs when a nontoxic
epinephrine and
compound is anministered in
cocaine (Loomis &
combination with a toxic compound
Hayes, 1996)
and exhibits a greater effect than the
isopropanol and
original toxic compound would
carbon tetrachloride
normally cause.
(Klassen, 1996)
Synergism occurs when two or more
alcohol and
toxic compounds are administered and barbiturates
the net effect is much greater than the (Loomis & Hayes,
sum of each compound administer
1996)
separately.
tobacco smoke
and asbestos
(Beaglehole, Bonita,
& Kjellstrom, 1993)
nitrogen dioxide
and formaldehyde
(Cordasco Sr. et al.,
1995)
The administration of two toxic
methanol (agent)
compounds can result in an effect less and ethanol
than what would be expected &om the (antidote) (Loomis
separate exposure of either chemicals. & Hayes, 1996)
This is the basis for many antidotal
carbon
therapies.
monoxide (agent)
and oxygen
(antidote) (Klassen,
1996)

.

4.2.5 Normal Response to Chemical Exposure

The dose-response relationship is the most hdamental and pervasive concept in
toxicology (Klassen, 1996). The dose-response relationship describes the effect a
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substance has on an organism over a wide range of dosages. A distinction must be made
between xenobiotic substances and endogenous substances, because the dose-response
relationship is significantlydifferent. However, the principles underlying the dose-. response relationships are the same, which are:

the substance is known to cause the biological effect,
the magnitude of the response is related to the dose, and
there is a quantifiable means of measuring, and a precise means of expressing, the
toxicity of the substance.
The second assumption is a composite of three other assumptions:
there is a effector site(s) which the chemical interacts with to produce a response,
there is a relationship between the magnitude of the response and the concentration of
the substance at the effector site(s), and
the concentration at the effector site(s) is related to the dose administered.
The determination of the dose-response relationship begins with an experiment
designed to determine the dose of a chemical required to produce a specific response.
Groups of homogeneous organisms (e-g., cells, tissues, plants, or animals) are exposed to

a substance and the effects are observed. The information resulting £?om this experiment
can be presented in two ways; as a frequency-response plot, or as a cumulative-response
plot.

Mean
Dose

Figure 4.7 - Hypothetical Frequency Response Plot

The fiequency-response plot, shown in Figure 4.7, represents the range of doses
required to produce a particular effect in a homogeneous population. Under practical
conditions, the exposed group is never homogeneous and there are variations in response.
This deviation in response is due to biological variation. A normal (Guassian)
distribution is shown but is rarely obtainable. A skewed version of a normal curve is
what normally results fkom these experiments (Loomis & Hayes, 1996).
Frequency-response curves are not commonly used in toxicology, rather doseresponse curves (cumulative response) are used. These curves represent the total number
of organisms in a homogeneous population exhibiting the specified response at a range of
doses. These curves have a characteristic "S" shape for substances that are xenobiotic
(Figure 4.8)
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Figure 4.8 - Hypothetical Dose-Response Plot for a Xenobiotic Substance

Figure 4.8 can be represented in terms of positive and negative cumulative effects
and is shown in Figure 4.9. Figure 4.9 uses the estimate of a linear response, which is
representative of the scientific information that is generally available. Dose-response
plots are usually obtained by determining at least three points in the linear range of
response and linearly extrapolating the results. Figure 4.9 also displays the difference in
response between a substance that does not have a threshold (e-g., radioactive,
carcinogenic). The threshold is created by various natural defense mechanisms in the
organism. Those substance that the body does not have a defense mechanism for do not
have thresholds.
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Figure 4.9 - Hypothetical Concentration-Effect Plot for a Xenobiotic Substance

The dose distinguishes the potential for harm or safety of a substance. In the case
of endogenous substances, they have a dose, which is optimal for the organism, and doses
outside this range generate h a r m effects. This effect can be seen by nutrients (Vitamin

C - scurvy and hardening of the arteries) or other essential substances (water dehydration and drowning). The concentration-effect curve for an endogenous substance
is a characteristic inverted "J" shape (Figure 4.10). Carbon dioxide has the common
inverted J shape curve. At low doses of carbon dioxide, the acid balance in the lungs is
altered resulting in a decrease of oxygen entering the body. This produces symptoms

such as dizziness, palpitations, and wheezing. Conversely, at high doses, carbon dioxide
becomes an asphyxiant causing symptoms of drowsiness, dyspnea, dizziness, and
headache.

Concentration

Figure 4.10 - Hypothetical Concentration-Effect Plot for an Essential Substance
4.2.5.1 Evaluating the Dose-Response Relationship

In animal studies, the first statistical value normally obtained from toxicology
testing is the LDso the lethal dose of the substance for 50% of the organisms. This value
is a estimated value and is always accompanied by an estimation of error. The L m o for a
xenobiotic substance is shown on Figure 4.8.
There are other statistical points on the dose-response curve that have special
meanings. LCso is the concentration of the substance that causes 50% of the tested
organisms to die. This value is distinguished fiom the LDso in that LCsois the
concentration of the substance in the ambient environment; not the amount administered
to the organism. This value may be more applicabIe to the conditions found with LAQ
than LDSo. The LCso will always be large than LDso because of exposure. ECsois the

concentration of the substance that causes an effect (not mortality) in 50% of the tested
organisms. There is also a corresponding EDsofor the dose that causes an non-Iethal
effect in 50% of the tested organisms. LD50,LC5o,EDsoand ECso will be located at the
mid-point of the dose-response or concentration-response curve, but they will be on

134

different graphs as they have slightly different meanings. The therapeutic index (TI) is
the ratio between the LDso and the EDso. It represents the relative safety of a substance
(usuaT1y a drug). The smaller the ratio the more toxic a substance. This value does not
take into consideration the slope of the dose-response curve.
Mortality is not the only response observed in determining the effects of
substances on organisms. Other points on the dose-response plot that are commonly
observed are the NOEL, NOAEL, LOEL, and LOAEL.

No Observed Effect Level (NOEL)is the estimated highest dose that does not cause

an effect,
No Observed Adverse Effect Level (NOAEL)is the highest estimated dose that does
not cause an adverse effect.
Lowest Observed Effect Level (LOEL)
Lowest Observed Adverse Effect Level (LOAEL).
There are limitations to the use of these points. NOEL and NOAEL are
determined by se!ecting the lowest dose in the study or extrapolating to the lowest dose,
which did not produce an effect. The NOEL or NOAEL level may change if the

increment between the series of tested dosage changes.
Figure 4.1 1 is an enhanced view of the lower portion of Figure 4.8 and displays
the difference between NOEL and LOEL.
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Figure 4.11 - Hypothetical Dose-Response Plot with NOEL and LOEL
Another important point on the dose-response curve is the threshold or NOEL.
Doses below the estimated threshold show no effects at the cellular, sub-cellular, and
molecular level. The NOEL dose cannot be determined experimentally. The concept of
threshold applies to non-carcinogenic and non-radioactive substances. The assumption of
a lack threshold for carcinogenic substance is done for regulatory reasons to estimate the
level of risk (Laomis & Hayes, 1996).
The ability to detect the threshold or no effect level is dependent on a number of
criteria including:
sample size and replication;
number of dosages or concentrations;
number of endpoints observed;
the ability to measure the endpoints;
intrinsic variability of the endpoints within the experimental population;
statistical methodology. (Landis & Yu, 1999)
The determination of the threshold or estimated no effect Ievel assumes a straight line.

4.2.5.2 Repair, Reserve Functional Capacity, and Tolerance

Other mechanisms that effect the dose-response relationship of a biological
system to a substance are repair, reserve functional capacity, and tolerance, which vary in
a population. Most components of a biological system are capable of repair after damage
has been done. The rate and type of repair and time interval between doses afEects the
functioning of the biological system. If the rate of repair allows the tissue to regenerate
before the next dose, there is no permanent harm,
Most organs have a reserve capacity that allows them to operate normally even
though portions of the organ have been damaged. The biological system may not
demonstrate visible harm unless a significant portion of the organ is damaged.
Tolerance to a substance can develop in a biological system. Tolerance is the
ability of the biological organism to show less response over time to the identical dose.
These three phenomena; repair, reserve capacity, and tolerance can contribute to a delay
in the response of the biological system to a dose.
4.2.5.3 Variation in Normal Responses

In evaluating the toxicity of substance, it is important to take into consideration
the characteristics and habits of the receptor. In standard toxicity tests, organisms are

chosen that are relatively homogeneous. Humans are a genetically heterogeneous group

and have a wider deviation in response. External factors increase the biological variation,
and consequently, responses, in the population (Table 4.6).
Hypersensitivity
A hypersensitive response is the "normal pharmacological or toxicological

response of greater intensity than that which occurs in the majority of the population
following a given dose of the chemical agent" (Loomis & Hayes, 1996). It occurs in a
small proportion of the population and the effects are consistent, if exaggerated, with the
normal dose-response relationship. Pre-exposure to the chemical or substance is not
required to elicit a response.

Conversely, hyposensitivity is the normal pharmacological or toxicological
response of lower intensity than that which occurs in the majority of the population
following a given dose of the chemical agent. Again, this occurs in a small percentage of
the population and pre-exposure is not required. Hypersensitivity and hyposensitivity are
largely due to natural biological variation found in the human population and the factors
listed in Table 4.6.
Table 4.6 - Host Factors that Influence Susceptibility
adapted &om (Beaglehole et al., 1993)
Type of Factor
Factors
Example
Predisposing Factors Age
youth, elderly
Sex
female
Previous illness
allergy, liver disorders, HIV
Multiple exposures bio-transformation mechanisms
Previous exposures pregnancy, circadian rhythms
Genetics
Other
Poor nutrition
diet
Enabling Factors
Bad housing
cold exposure, hygiene habits
Inadequate medical untreated conditions
care
smoking, drug habits, protective measures
Precipitating Factors Exposure to a
specific agent
Reinforcing Factors Repeat exposure
second hand smoke, pollution
Physical and mental emotional stress, hard physical labour
stress

I

Predisposing Factors
The stage of development can influence the toxicity of a substance, Children
have more lung surface area per unit mass than adults; are generally more active, which
increases breathing rates; and have higher metabolisms. They also have immature
immune systems and socialize with a highly infectious group (other children) and
consequently, have a high prevalence of disease. They can also have differences in
biological systems e-g., children can develop methemoglobinemia (blue baby syndrome)
fiom exposure to nitrites because of three biological differences:
less acidic stomach, which facilitates the conversion of nitrates to nitrites,

I

more susceptible hemoglobin, and
more consumption of water per body weight, which is the common source of nitrates
(Harte, Holdren, Schneider, & Shirley, 199 1).

Elderly can be more susceptible to chemical exposure because of lingering
diseases, long-term drug regimes, and a reduced ability to repair damage (Harte et al.,
1991). As human's age, the decIine in rend function increases the effect of toxins in the
elderly (Landis & Yu, 1999). The sex of an organism can alter the dose-response curve
for a toxicant. This is largely due to differences in metabolism and fat composition
between the sexes. Differences in metabolism appear during puberty and are usually
maintained for the remaining Me span (Connell, 1997). According to Pert ( 1997), states
that the difference in hormone systems can also account for variabiLity of the doseresponse relationship.
Allergic reactions to substances are addressed in Section 4.2.6. Disease and
damage to defense mechanisms and organs responsible for storage, metabolism and
excretion of toxicants can predispose a person to more severe responses following an
exposure (Landis & Yu, 1999). Diseases of the immune system, such as HIV,will
increase a person's susceptibility to chemical exposure by reducing the body's ability to
defend itself.
Previous exposures to the same substance can cause the reaction to consecutive
exposures to be stronger. This is especially true of exposures that involve odours. The
odours trigger a memory response, which can enhance the physioIogicaI response. Since
odours are subject to interpretation, exposure to similar substances can produce the same
effect. According to Beaglehole (1993), these types of factors should be categorized in
precipitating or reinforcing factors, but these factors are significant in IAQ and can also
be predisposing factors.
The variation in response can be caused by altered bio-transformation processes.

Enzymes are involved in the bio-transformation process and exist according to the
genetic templates of the organism. Genetic differences in enzymes have been shown to
be responsible for some specific types of toxicity, increased susceptibility to alcohol

consumption may be caused by a deficiency of the liver enzyme alcohol dehydrogenase,
which metabolizes ethanol (Loomis & Hayes, 1996).
Other factors that increase the variability in the degree of response include
pregnancy because the mother has to metabolize and detoxify xenobiotics for themselves
and the fetus, and circadian rhythms, which have been shown to effect the response
patterns of certain drugs,
Enablingfactors

Enabling factors are social factors that tend to enhance the response of exposure
to chemicals. Diet plays an important role in maintaining health, which is related to the
response characteristics of exposure. Additionally, dieting, vegetarianism, and starvation
decreases metabolism and reduces the clearance of chemicals ftom the body leading to
increased toxicity (Landis & Yu, 1999). Improper amounts of carbohydrates, fats, and
vitamins have been shown to increase the toxicity of xenobiotics. Other enabling factors
include low income, bad housing, and poor medical care, all which have been shown to
lead to susceptibilityto disease but do not cause a specific disease (Beaglehole et al.,

r 993).
Precipitatingfactors
Precipitating factors are what are traditionally thought of as the cause of disease.
Examples include exposure to cholera-contaminated water to develop cholera, exposure
to the influenza virus to develop the flu, or exposure to loud noises to develop hearing
loss.
Reinforcing factors

Reinforcing factors contribute to an already established disease. The mental state
of the patient has been shown to influence the course of certain diseases, such as multiple
sclerosis. Diet and exercise have been shown to influence heart disease. Exposures to
tobacco smoke can effect those with lung cancer, in this case, tobacco smoking being
both the precipitating factor and the reinforcing factor. (Beaglehole et al., 1993)

4.2.6 Extrapolation porn Animal Studies to Humans

Two problems make the assessment of low dose response difficult in animal
studies: this level of exposure can be below the experimentally observable range of
response, and the large dose and small study group combination necessary for statisticaI
requirements does not determine the response in the low dose region. Consequently,
mathematical models, which use assumptions about the administered chemical, are used
to extrapolate the low-dose portion of the dose-response curve. For example, if the
effects of the chemical are irreversible, e.g., carcinogenic, it is assumed that there is no
threshold response for this chemical. If the effects of the chemical are reversible, a
threshold is assumed. Figure 4.12 shows four possible extrapolations for the low dose
region of Figure 3. Curves A and B represent normally distributed curves. Curves C and

D represent linear extrapolations to 30% and 0%, respectively, fiorn 50% response. A
wide range of dose-responses can be obtained depending on the extrapolation method.
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Permissible human exposure limits to chemicals are defined by regulators from:
adverse effects thresholds described by biochemical and medical science, political criteria
of toleration, and societal benefits derived fiom the chemical (Dieter et al., n.d.).
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Regulators are interested in the low dose response of a population to a chemical, which
compares with what the expected exposure is in human populations.

Table 4.7 - Characteristics of Responses

Type of Response
Nonnal

Hypersensitivity or
(Hyposensitivity)

Allergic

Idiopathic
Environmentd
Illness

Psychosomatic

---------

Characteristics
occurs in the majority of the population
does not require pre-conditioning
responses are the normal expected effects of the chemical
responses are dose-response related
occurs in a few individuals
does not require pre-conditioning
responses are the normal expected effects of the chemical
0
exaggerated (reduced) response to a small dose
responses are dose-response related
requires pre-conditioning
responses are not the normal expected effects of exposure to
the chemical
produces antigens (in three of the four types of allergic
reactions)
exaggerated response to a small dose
responses are dose-response related
on-set of disease usually can be correlated to a specific
exposure event
general environmental exposure to chemicals, which usually
have an odour
responses are not the normal expected effects of exposure to
the chemical
exaggerated response to a small dose
variable latency period for response
unla?own if responses are dose-response related
responses are sudden
illness is exacerbated by communication between those
affected
no known causative agent
no clear or consistent symptom patterns

1

4.3 Allergic Response

The allergic reaction is part of the natural defense system designed to protect the
host. Although it does not follow the typical dose-response relationship for a xenobiotic
substance, it a is prevalent type of response with 20% of the population having at least
one allergy (Samet & Spengler, 1991). A n allergy consists of a three step process, the
first being an initial exposure to the allergen. Second, the body produces antigen as part
of the defense against the allergen. The third step consists of a re-exposure to the
allergen, which results in the antigen-antibody interaction. This interaction produces a
cellular response designed to inactivate the allergen. The allergic response can be
produced fkom exposure to two types of substances; xenobiotic chemicals, and biological
material. For example, polyisocyanates, a group of chemicals used in adhesives, paint
hardeners, and coatings, is b o r n to produce the full range of allergic responses in

humans. Formaldehyde and pesticides have also been implicated in producing allergic
responses, although the precise mechanism is not known (Klassen, 1996). However,
most cases of allergic responses in the indoor environment involve biological material,
such as b g i , plant pollen, and animal dander.
There are four different allergic response patterns but each one shares the
common characteristics of a previous exposure required to elicit a response. The most
known type of allergy reaction produces an immediate reaction upon exposure to the
allergen but IAQ investigators should be aware of the fourth type of allergenic reaction,
which has a delayed response, typically 1 to 2 days after exposure. There is a diverse
range of symptoms that can occur £iom exposure to an allergen. Examples of allergy
responses are rhinitus, contact dermatitis, asthma, and anaphylaxis. Common air-borne
substances that cause allergenic reactions are shown in
Table 4.8. Many allergens can be tested for using such diagnostics as skin prick
(patch) test, enzyme-linked immunosorbent assay @LISA), radio irnrnunoassay (FUST),
elimination diets, and selective avoidance therapy.

Tabie 4.8 - Common Air-borne Allergens
Pollen
Animal dander, saliva, and urine
House dust
Dust mites
Insect excreta and parts
Fungi spores and hyphal hgments
4.4 Abnormal Responses to Chemical Exposure

There are two types of abnormal responses to chemical exposure idiopathic
environmental intolerance @I), and psychosomatic response. Frequently, the literature
uses the term hypersensitivity to describe allergic reactions. In this chapter, sensitization
reactions or sensitivity will be used to describe immune mediated responses (aller,aies).
(Section 4.2.6) Hypersensitivity will be used in reference to a specific and different type
of reaction described in Section 4.2.5.3 and in Table 4.7. Idiopathic environmental
intolerance is the condition formerly known as multiple chemical sensitivities (MCS) or
environmental illness (American Academy of Allergy and Immunology, 1996).
Psychosomatic response, although not typically considered as part of a toxicological
abnormal response, is discussed because of its prevalence in IAQ investigations.
4.4.1 Idiopathic Environmentaf Illness

Idiopathic environmental illness @I)

has had many names including, multiple

chemical sensitivities, (MCS),ecological illness, total allergy syndrome, and 2othcentury
disease. The most recent change in naming convention abandoned the term MCS in
favour of IEI because MCS "makes an unsupported judgement on causation" (American
Academy of Allergy and ImmunoIogy, 1996). A clinical description for IEI does not
exist because of the various and subjective nature of the illness (American Academy of
Allergy and Immunology, 1996). However, idiopathic environmental illness (IEI) has

four important characteristics:
the illness is acquired in relation to some environmental exposure,
symptoms involve more that one organ system, and recur and abate in response to
predictable environmental stimuli,

low exposures are required to elicit symptoms, and
the manifestations of IEI are subjective and there is no available test that can expIain
symptoms and no objective evidence of organ damage or dysfunction (Sparks et al.,
The list of chemical exposures, which cause symptoms, is extensive but the more
common chemicals are listed in Table 4.9.

Table 4.9 - Sources and Chemical Exposures that can Trigger IEI Symptoms
(American Academy of Allergy and Immunology, 1996)
Car exhaust
Cigarette smoke
Domestic and industrial solvents
Formaldehvde
I
Gasoline and diesel &es
1
New carpets
Perfiunes and scented products
Pesticides
Plastics
Urban air ~ollution

I

The symptoms of E
I are varied because this illness has multiple targets
(American Academy of Allergy and Immunology, 1996). Theories of what causes IEI
vary and include hypotheses about immune, neurological, and psychoIogicai
mechanisms.
Immune mechanisms that do not contribute or cause IEI and have been
established as distinct disorders are allergies, immune deficiencies, and auto-immune
disorders. One immune mechanism hypothesis suggests that IEI is a more general form

of immune dysregulation (American Academy of Allergy and Immunology, 1996). An
alternative immune mechanism hypothesis is that IEI is the result of inflammation.
The foremost neurological mechanism that has been hypothesized as contributing
to or causing IEI is the olfactory-limbic and neural sensitization model. Ln this model,
neural stimulation, which is the progressive amplification of response with the passage of

time and repeated, intermittent exposures, occurs through the olfactory senses and effects
the limbic system.
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The psychological mechanisms that have been suggested that cause, effect, or
contribute to IEI include odour-triggered panic disorder, odour-response conditioning,
manifestations of childhood trauma and stress. (American Academy of Allergy and
Immunology, 1996)
Many medical professionals feel that IEI is a consequence of increasing exposure
to chemicals in our living environment. This is due to
increased use of synthetic organic chemicals in o w building materials and contents,
energy efficient buildings with lower fiesh air and higher concentrations of volatile
organic chemicals, and
the length of time a typical North American now spends inside (90%) (Miller, 1994)
plus outdoor exposures.
4.4.2 Psychosomatic Response

The psychosomatic response is a term that is used to describe physical disorders
that appear to be caused or worsened by psychological factors such as emotions (Morgan,
1992). Psychosomatic response among a group of people has been cited in the literature
as hysterical contagion, mass hysteria, epidemic hysteria, psychosomatic illness,

epidemic psychogenic illness, and mass psychogenic illness (Godish, 1995). There is
scientific evidence that emotional state can influence physical responses. "Neuropeptides
and their receptors join the brain, glands, and immune system in a network of
co~xuaunicationbetween the brain and the body, probably representing the biochemical
substrate of emotion" (Pert, 1985). Consequently, Pert (1985) argues the emotional state
of the individual can effect the physical state.
Psychosomatic responses have been noted in some cases of sick building
syndrome (SBS). These cases involve outbreaks of illness with high prevalence of
nonspecific symptoms with no physical signs that share these common characteristics:
onset of illness was sudden,
illness was exacerbated by communication between those affected,
females exhibited high prevalence rates, and

source(s) of the illness could not be determined (Godish, 1995).
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Certain risk factors have been associated with SBS and psychosomatic responses:
job category,
type of organization an individual works for,

dissatisfaction with superiors or colleagues,
quantity of work,
job stress, role conflict, general job dissatisfaction,
perceived degree of environmental control,
occupant density, and
perceived satisfaction with one's physical environment (Godish, 1995).
4.5 Epidemiology

"Epidemiology is the study of the distribution and determinants of health-related
states or events in specific populations, and the appiication of this study to control of
health problems" (Last,1988). This implies that epidemiology is interested not only in
the negative health effects of exposure to substances, but also with the positive health

effects. Epidemiology can be used to:
describe the health status of populations,
determine the cause of disease or improved health,
determine if treatments or interventions for disease are effective, and
determine the natural course of disease.
The IAQ investigator is primarily concerned with the Sonnation that
epidemiologyprovides on the causes of disease but other information, such as comfort
zones for temperature and relative humidity for LAQ; prevalence rates for particular
diseases; and natural courses of disease assist in diagnosing IAQ problems. This section
will describe:
types of epidemiological measurements;
types of epidemiological studies; and
types of scientific information that result &om these studies.
The intent of this section is to provide the reader with a review of the basic
concepts and issues encountered in epidemiology that apply to indoor air quality

concerns. Only well established and documented epidemioIogica1 concepts are
presented. A thorough literature review was not required because the information was
available in standard introductory textbooks on epidemiology. The primary reference
used in writing this section is Beaglehole et al. (1993).
4.5.1 Measurements in Epidemiology

Epidemiology has to be able to measure the relative health of a population in
order to determine health status, causes, effectiveness of treatments, and the natural
course of disease. The development of criteria to establish disease presence or absence is
usually based on clinical signs, such as symptoms and test results used for diagnosisThere are two cases with illnesses associated with IAQ: those cases with clear symptoms
and those cases that have no clear symptoms or are asymptomatic. The criteria
development for the case with clear symptoms is easier than for the unclear symptoms or
asymptomatic case.
There are several common measurements in epidemiology. These are prevalence
rate, incidence rate, and risk ratio. The following section reviews each of these
measurements.
4.5.1.1 Prevalence
Prevalence refers to the number of cases in a defined population at a specific point
or period in time. Ifthe data were collected at a specific point, the tenn point prevalence
rate is used, E the data were collected over a period of time, the term period prevalence
rate is used and the time period should be specified.

P=

number of people with the disease or condition at a specified time
number of people in the population at risk

SeveraI factors can influence prevalence rates, which are shown in Table 4.10.
Prevalence rates are u s e l l for assessing the need for medical services, and measuring
disease rates when on-set is gradual.

Table 4.10 - Factors that Effect Prevalence Rates
(Beaglehole et al., 1993)
Factor
Effect on
Prevalence Rate
Improved cure rates
decreases
Increased severity of disease
decreases
In-migration patterns of healthy people*
decreases
Improved reporting and diagnostic facilities increases
Increased number of new cases
increases
h-mimition m at terns of susce~tible~ e o ~ l e *increases
1 Longer duration of diseases
1 mcreases
;* vice versa applies
--

-

-

-

-

-

1

4.5.1.2 Incidence

Incidence refers to the number of new cases in a specified population during a
specified period.

I=

number of people who get the disease in the specified period
sum of the length of time during which each person in the population is at risk

x

10"

The numerator refers to the first events of disease. Consequently, a distinction
must be made between the onset of disease and disease re-occurrence, when collecting

the data The denominator is difficult to calculate because of the estimation of diseasefkee periods for each individual. The denominator is often calculated by multiplying the

average size of the study population by the length of the study period. This estimation is
reasonably accurate when the population is stable and the incidence rates are low.
Incidence rates are usehl for determining the development of epidemics, and determining
diseases, which are associated with age. If the prevalence rate of a disease is low and
does not vary significantly with time, prevalence may be estimated using incidence by the
following equation.

P = 1x average duration of the disease
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Prevalence and incidence are different ways of measuring the occurrence of a
disease in a population at risk. An example of a high prevalence rate, but low incidence
rate is the occurrence of non-insulin dependent diabetes mellitus. An example of a low
prevalence rate, but high incidence rate, would be the occurrence of colds4.5.1.3 Risk Ratio
Risk ratio or relative risk is a measurement that compares the risk of occurrence
of a disease between those that have been exposed and those that have not been exposed.
Risk ratio provides information of the relative strength of causation of a particular
exposure. An example of a strong risk ratio is the one for lung cancer, which is
approximately 20.

RR =

incidence rate of those exposed
incidence rate of those not exposed

4.5.2 Types of Epidem iology Studies

Epidemiology studies can be classified into two groups; observational, and
experimental. Observational studies allow the disease to take its natural course and the
investigators do not intervene. Experimental epidemiological studies change the course
of the disease by altering the exposure, behaviour, or by introducing a treatment. These
are similar in design to other experiments in that two groups of people are used, modified
and control groups.
4.5.2.1 Observational Studies

There are four types of observational epidemiological studies: ecological, crosssectional, case-control, and cohort (Beaglehole et al., 1993). Different factors determine
which observational study design is appropriate (Table 4.1 1).

Ecological
Ecological studies are frequently used for exploratory research. They focus on
groups of people or populations and use readily available data. An example of an
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ecological study would be the comparison of the prevalence of smoking and disease
between men in different comtries. Information provided fiom this type of study is
difficult to interpret because of the lack of a link between the studies finding and
individual influencing factors. However, the information can direct researchers to areas
-thatrequire fbrther investigation.

1

I

Table 4.11 - Applications of Different Observational Studies
(Beaglehole et al., 1993)
I Ecological I CrossI CaseI Cohort
Sectional
Control
Investigating rare
not suitable suitable
not suitable
VerY
diseases
suitable
Investigating rare causes
somewhat
not suitable not suitable suitable
suitable
somewhat
Testing the multiple
somewhzt
not suitable suitable
suitable
suitable
effects of a cause
somewhat
Studying multiple
somewhat
somewhat
very
exposures and risk factors suitable
suitable
suitable
suitable
somewhat
Measuring time
not suitable can be
suitable
relationships
suitable
suitable, if
prospective
not suitable not suitable can be
Measuring incidence
suitable
suitable, if
populationbased
Investigating disease with not suitable not suitable somewhat
not suitable
long latency periods
I suitable

I

Cross-sectional

Cross-sectional studies explore the occurrence of potential causative agents and
disease in individuals at a particular time. The information that the cross-sectional
studies provide is prevalence data, the number of cases over time. Cross-sectional studies
have difficulties establishing cause and effect relationship because the causative factors
and the prevalence of disease are measured at the same time. An example of a crosssectional study is Master's (1974) study on the prevalence of lung disease and exposure
to wood smoke.

Time

--

I

Direction of Inquiry
Exposed
Not Exposed

I Not Exposed

r

-

Population

Figure 4.13 - Design of Case-Control Studies
(Beaglehole et al., 1993)
Case-control studies examine two groups of individuals, those with the disease or
characteristic and those without the disease or characteristic. The past of these
individuals is examined to determine if they have been exposed to a potential causative
agent. Case-control studies are consequently longitudinal studies, but the direction of
inquiry goes back in time (historical). Difficulties in case-control arise fkom two areas;
population selection and determination of the duration of exposure. Population selection
must include cases and controls. Cases are relatively easy to identify but controls are
more problematic. Controls should have the same characteristics of the cases, with the
exception of not developing the disease or characteristic of interest. The determination of
the duration of exposure is important for establishing causal relationships and dose-

response characteristics. This information is provided from a variety of sources,
including interviews of the study population or their relatives or associates. Interview
information about past events is subject to recall bias. The classic example of a casecontrol study is the discovery of link between thalidomide and unusual limb defects in
babies. This study compared normal children with effected children and determined that
thalidomide was taken during the 4 to 6" week of pregnancy (Mellin & Katzenstein,

152
1962)- Case-control studies have also been conducted on exposure to formaldehyde and

sinonasal cancer (Olsen & Dossing, 1982), (Roush & al., 1987).
Cohort
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I

Figure 4.14 - Doesign of Cohort Studies
(Beaglehole et al., 1993)
Cohort epidemiological studies a r e similar to case-control studies with the
exception that the direction of inquiry is with the progression of time. The investigator
starts with a population of people that do not have the disease or characteristic and
follows them over a period to determine exposures and disease. Consequently, cohort
studies are longitudinal, but progress with time. Cohort studies provide the best
information on causal relationships and t h e most direct measurement of risk of the
observational epidemiological studies. A n example of a cohort study is the examination
of passive smoking and mortality rates (Gillis & al., 1984).
4.5.2.2 Experimental

Experimental epidemiology studies are similar to traditional laboratory
experiments in that investigators are attempting to change a variable in a group of people
and compare the results to a group of uninfluenced people. This type of study can take
on three fonns: randomized control trials., field trials, and community trials. Ethics are a
concern in experimental epidemiology studies because the study may involve exposing

people to a dangerous factors or withholding valuable treatment. These studies are
usually conducted after toxicology tests on the test drug are completed and the relative
safety has been determined.
Randomized controlled trials
Randomized controlled trials are typically used to test new drugs or therapies.
Qualified patients are invited to participate in the study; those that accept are placed
randomly in either the treatment or placebo (control) category. The results are assessed
by comparing the outcome of the two groups. These types of trials have been used to

establish comfort zones for temperature and relative humidity in IAQ (American Society
of Heating Refrigerating and Air-Conditioning Engineers, 1997).

Field triaIs
Field trials involve people who are disease fkee but are at risk fiom developing the
disease. The purpose is to prevent disease either through a drug or therapy (e-g., vaccine
or diet regimen) or reduce exposure (protective clothing in insecticide application). Field

trials occur with non-institutionalized people in the general population.
Community trials
Community trials are performed using communities to study diseases that have
social causation factors. An example of a community trial would be the study of
cardiovascular disease, since many social factors can influences the development and
course of this disease.
4.5.3 Errors in Epidemiology Studies

Errors occur in any scientific investigation. Awareness of the types of errors that
can occur is essential in designing and understanding scientific studies. There are
different types of error, random and systematic. "Random error is the divergence, due to
chance alone, or an observation on a sample &om the true population value, leading to
lack of precision in the measurement of an association" (Beaglehole et al., 1993).
Random errors in epidemiology are usually due to biological variation, sampling error,
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and measurement emor. Random exror is controlled or compensated by increasing the
size of the sample however, this is not always economically feasible.
Systematic error results from selection bias and measurement bias. Selection bias
occurs when there is a recurring difference between those that are chosen for study and
those that are not. The healthy worker effect is an example of selection bias where
workers must be healthy enough to perfom their duty thus, creating a self-selected
population. Measurement bias occurs when there are inaccuracies in the measurement
devices (e-g. inaccurate classification systems). Recall bias, which is the preference to
remember certain events, is prevalent in case-control studies and is an example of

measurement bias,
Confaunding is not a random or systematic error but it Ieads to misleading
estimates of responses. Confounding occurs when there is a non-random distribution of
risk factors in the sample. Etwo exposures contribute to a disease, but only one is being
studied, the incorrect conclusion maybe drawn about the relationship between the studied
exposure and the disease. An example of confounding is demonstrated by the apparent
relationship between coffee and the risk of coronary heart disease. Coffee consumption
is associated with cigarette smoking and cigarette smoking is associated with an
increased risk of coronary heart disease. In this case, smoking is confounding the
apparent relationship between coffee consumption and the risk of coronary heart disease
(Beaglehole et d.,1993). Control of confounding can be incorporated into the study
design by randomization (need large sample sizes), restriction (e.g. study only
nonsmokers), and matching (e-g. using both non-smokers and smokers). Control of
confounding can also be done at the analysis stage through statistical procedures of
stratification and modeling.
4.5.4 Strength of Epidemiological Findings

The strength of epidemiological findings is based on two aspects, the design and
the results of the study. There are separate sets of criteria to evaluate each aspect.
Epidemiological findings are judged on the following criteria:
strength of association,

consistency of observations,
specificity (uniqueness in quality or quantity of response),
appropriateness of temporal relationships (exposure before response),
dose responsiveness,
biological plausibility and coherence,
verification, and
analogy (biologica1 extrapolation) (Hill, 1965).
The strength of the epidemiology study design is judged on the following criteria:
power of detection (which is a h c t i o n of study size, variability, accepted detection
limits for endpoints under study, and specified significance level),
appropriateness of outcomes,
verification of exposure assessments,
completeness of assessment confounding factors, and
applicability of outcomes to general population (Klassen, 1996).
4.5.4.1 Establishment of Causation in Epidemiology Studies

The traditionaI rules for determining a cause and effect relationship were based on

Pasteur's work on microorganisms. To determine if a particular organism causes a
disease, the organism must:
be present in every case of the disease,
be isolated and grown in culture,
cause the disease, when inoculated into a susceptible animal,and
be recovered fiom the animal and identified (Beaglehole et al., 1993).
For most diseases, these rules for determining cause and effect relationships are
inadequate, except in the case of an overpowering infectious agent. These rules are
inadequate because there are many causes, which may contribute to disease, many
diseases may be associated with a cause, and many times the causative agent has
disappeared before disease has developed.

Consequently, epidemiology relies on other, less rigid, rules for determining
cause and effect relationships. These rules are shown in Table 4.13. The ability of a
study design to establish causal relationships is shown in Table 4.12.

Descriptive

Experimental

~ l 4.12
e
- Ability of Study Design to Establish Causation
(Beaglehole et al., 1993)
Type of Study
Unit of Study
Alternative
Relative
name
Ability to
Establish
Causation
Ecological
Correlational
Populations
Weak
Weak
Individuals
Cross-sectional Prevalence
Case-reference, Individuals
Moderate
Case-control
Retrospective
Individuals
Moderate
Cohort
Fo110w-up
Patients
Strong
Randomized
Clinical trials

I Healthy people I

----

Community
trials

Community
intervention

communities

Table 4.13 - Guidelines for Assessing Causation in Epidemiology
(BeaeIehole et al.. I9931
Characteristic
Guideline
Exposure before response
Temporal Relation
Other medical or scientific
PIausability
evidence
Reproducible results
Consistency
Size of risk ratio
Strenrrth
I Dose-response relationship
I Increased exposure results in
I
increased effect
Removal of cause reduces
Reversibility
disease prevalence
Type of study (Section 4.5.2)
Study design
Judeine the evidence
Converging lines of evidence

In addition to determining cause and effect relationships, epidemiology can
determine factors that contribute to, but do not cause, disease. Many factors can
contribute to disease including, predisposing factors, enabling factors, precipitating
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factors, and reinforcing factors. (Table 4.6) These factors also complicate the issue of
inadequate IAQ. Epidemiology has used the term risk factor to describe factors that are
positively associated with a particuiar disease but there is insufficient evidence to
establish a causal relationship.
4.6 Discussion

The above discussions have important implications to the building manager that

has to cope with IAQ problems. These implications are discussed below and are
structure in the following format: three types of responses (usual, allergic, and unusual);
implications regarding the two types of scientific evidence (toxicology and
epidemiology); natural defense mechanisms; obligations of the building manager for the
different responses; and terminology.
4.6.1 Usual Response

There are usual, allergic, and unusual responses to chemical exposures. For the
usual case, the cause and effect relationship is clear and intervention strategies can be
designed to interrupt routes to effector site (Table 4.14).

Table 4.14 - Methods to Prevent Contaminant from Reaching Effector Site
Strategy
Control the source
Interrupt pathway fiom source to
organism
Prevent infiltration
Increase transport to lower
absorption rates
Biotransforrn into a less toxic
substance
Prevent reaction with receptor
Improve elimination rates

Example
Remove dq-cleaned clothes
Use exhaust hood

Stage in Route
Source
Exposure

Use respirator
Cathartic

Infiltration
Transport

Chelation therapy

Biotransfonnation

Use oxygen to counter effects
of carbon monoxide exposure
Change pH of urine

Effector site
-

Elimination

The usual response pattern is dependent on whether the substance is xenobiotic or
endogenous. Guidelines would be different (e-g., a lower and upper limit for endogenous
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substances) and treatment would be different for each type of substance. For xenobiotic
substances, since the only h

d effects occur under overdose conditions, the treatment

consists of strategies to remove the toxicant &om the body.
For endogenous substances, harm can occur when there is under or over dose,
(Figure 4.10) With endogenous substances, it has to be ascertained if there is a
deficiency or an excess of the substance. Endogenous substances are not recognized as
d substances by public and thus, are not normally considered potential IAQ

h

hazards. Carbon dioxide, water, and oxygen are all considered part of, and intrinsic to,
life. Consequently, LAQ problems involving endogenous substances may not be as
obvious.
4.6.2 Allergic Response

It is impossible to predict the development of an allergy because:
the initial exposure required to develop an allergy does not produce a response, and
an allergen cannot be identified until after an individual develops an allergy to it (i.e.,
after initial exposure),
Although there are typical response patterns for allergies (e-g., skin rash,
inflammation of the eyes, constriction of the airways, vomiting, and diarrhea (Morgan,

1992)), each person's response to an allergen will be individual (e-g., pollen exposure
may provoke an asthma attack in one person and a runny nose in another) but still
diagnosable. Consequently, an allergic reaction can be identified, but not predicted in the
general population.
Allergic reactions occur to a variety of substances: chemicals, food, biological
material, etc. Although, biological materials are the most common allergens, the building
manager should be aware that they are not the only potential allergens.
Different allergens produce similar responses in people but it is not the allergen
that causes the symptoms. For example, in a particular individual, an allergy to
strawberries or latex gloves can manifest as a skin rash. If the history of exposure is
unknown, it can be difficult to determine the cause of the allergic reaction (e-g., skin

rash).
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An allergic response can occur a s i w c a n t period after exposure (e-g., 1 to 2
days). This complicates identifying the allergen because of problems associated with
recall and the number of potential sources encountered during the period between
exposure and response. Building managers should therefore be aware that investigations
into allergic reactions should extend back in time at least two days, until diagnosis is
complete.
Very low levels of the allergen are required to elicit an allergic response.
Implications are that the allergen may not be measurable to confirm it's presence and
avoidance may not be possible (e-g., avoiding grass pollen in summer).
Although avoidance strategies tend to be the most effective at preventing allergic
reactions, in cases that avoidance is not possible, antihistamines can be used to control
the allergic response. The use of antihistarnines applies a different strategy than
intempting the allergen before it reaches the effector site, which is the typical strategy
employed. Antihistamines do not interrupt the allergen from reaching the effector site
but control the chemical (histamines) that is released from cells and therefore control
symptoms. Antihistamines can be used even if the allergen is unknown. Antihistamines
are used because effector sites vary between individuals and the pathway between source
and effector site is difficult to establish. Some strategies can be employed to prevent
reactions at the effector site (e-g., use of corticosteriods at the site), but only if the
effector site is laown before exposure.
4.6.3 Unusual Response

There is a small portion of the population that will exhibit unusual responses. If
the response pattern is specific and predictable, then intervention strategies may be
designed to prevent this unusual response (e.g., source avoidance). The unusual case that
does not have specific and predictable responses is significantly more difficuIt or
irnpossibie to diagnose and only reactive strategies can be used (e.g., epinephrine).
The response in the unusual case may be, in part, due to psychosomatic factors.
Although psychosomatic factors may be contributing to the unusual response,

psychosomatic factors may also be used to treat the unusual case (e-g., third-party
acknowledgement of the response, biofeedback, relaxation therapy, etc.).
4.6.4 Toxicology

Toxicology is an appropriate tool for predicting usual responses but is inadequate

in predicting unusual o r allergic responses because these responses are individual.
Toxicology has limitations in it application to humans because of extrapolation
techniques necessary to:
estimate low dose effects f?om high dose results,
extrapolate results to different species, and
estimate for the differences between laboratory conditions and the actual
environment-

4.6.4.1Different Doses
Economics and logistics require scientists to use as few and as small animals as
possible in conducting toxicology experiments. This forces the use of higher doses to
reduce the number of animals required for statistical significance. There are many ways
of extrapolating the results fiom the lowest administered dose to the conditions that
would normally be encountered by humans. (Section 4.2.6) Determination of the
method of extrapolation depends on the characteristics of the chemical and on scientific
judgement.
4.6.4.2 Different Species

Economics requires scientists to use as few species as possible to determine the
effects of an exposure. Typically, mice, rats, guinea pigs, and rabbits are used because
they are relatively inexpensive, readily obtainable, and easily handled (Loomis & Hayes,

1996). Extrapolation between these species and humans can be difficult. Doses
administered to test animals are limited by the size of the animal. In the acute toxicity
tests, selection of the animal may not be reflective of the maximum dose that a human
could receive. The life span of the comrnoniy tested animals is significantly less than the
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life span of a human. In chronic toxicity tests, chemicals with long latency periods may
not show any effect in these animals but may surface during the life span of a human.
Testing on multiple species confirms the effects of the substance but economic realities
may prevent testing on more than two species. The options range between testing one
chemical on multiple species or multiple chemicals on one specimen.

4.6.4.3Different Environmental Conditions

The laboratory conditions for toxicology testing do not mimic the conditions
normally encountered by humans. A discrepancy is that humans are a genetically diverse
population, and the species tested in toxicology tests are relatively homogenous because
of statistical requirements (i-e., the standard deviations are low). Consequently, a higher
prevalence of unusual responses should be expected in the human population. The
human population is rarely exposed to a single substance as is the case with most
toxicology tests (exceptions being ETS,asbestos, etc.). Exposures to multiple chemicals
can have significantly different responses (e-g., additive, synergistic, potentiation, and
antagonistic) than exposure to these chemicals in isolation. (Table 4.5) The human
population is subject to multiple stresses coincident with exposures, which can effect
responses. (Table 4.6) Genetic diversity, exposure to mixtures, and multiple stresses all
contribute to variability in response of the human population.
Traditional toxicology testing methods requires a significant amount of
extrapolating to apply the results to humans. The economic and logistic motivations are
in conflict with good scientific practice. Alternative testing procedures or reliance on

other methods (e.g., computer modeling) to determine toxicity is required to try to
determine the effects in more complicated scenarios.
4.6.5 Epidemiology

Epidemiology studies account for the complexities of human life and yields
valuable information for the IAQ investigator in terms of establishing disease course,
determining natural background levels of disease, identifying risk factors, and verifying
intervention mechanisms. However, interpretation of epidemiological results must be
done with care (e.g., correlations are not cause and effect relationships). Long term, low
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dose exposures of chemicals that have long latency periods are still difficult to quantify
with epidemiology. (Table 4.1 1)
4.6.6 N'ural Defense Mechanisms

The human body has severd natural defense mechanisms, which prevent a
chemical from reaching an effector site. There are two primary categories of natural
defense mechanisms; physical (e-g., nose hairs, rnucociliary blanket, macrophages) and
bio-chemical (e-g., kidneys, immune system). The natural defense mechanisms define
the threshold for usual response to xenobiotic materials. There are no naturaI defense
mechanisms for endogenous substances because specific quantities of these substances

are necessary for life. The threshold can be altered by the state of the individual @reexisting illness, previous exposures, etc.) causing variations in response.
4.6.7 Obligations of the Building Manager

Distinguishing between different responses has implications on the obligations of
the building manager. The obligations regarding usual, allergic, and unusual responses

are discussed.
4.6.7.1 Usual Response

Usual responses are predictable, and exposure standards and guidelines can be
developed based on NOAEL, professional scientific judgement, a costhenefit
assessment, and the public's risk perception of the substance.
The building manager must comply with standards involving IAQ. However,
complying with guidelines is optional but complying with them provides evidence of
reasonable care in the defense against negligence. The usual response is manageable if
there is a basic understanding of the mechanisms involved, sufficient testing to determine
exposure levels, and appropriate implementation of mitigation measures.
4.6.7.2 Allergic Response

Allergic responses, although they have an identifiable response pattern, are not
predictable in that it is not predictable who has an allergy and what the allergen is.
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Strategies that the allergic person can employ to prevent an allergic response include
avoidance (e-g., do not eat shellfish), and modification of response (e.g., antihistamines

and corticosteroids). The allergic person may have to solicit the help of the building
manager to implement avoidance strategies. Good building management may mean
accommodating the allergic person within reason.
4-6.7.3 Unusual Response

In the unusual response, it is not possible to predict who will have an unusual
response and what causes the response. Unfortunately, the unusual response can be
expected but diagnosis will be difficult, if not impossible. If the response is specific and
predictable, management o f the condition is easier and avoidance strategies can be used,
The effected individual may have to solicit the help of the building manager to implement
these avoidance strategies. Good building management may mean accommodating the
effected individual within reason. The individual that has an unusual response that is
non-specific and non-predictable has a condition that is more difficult to manage and the
only management strategy tends to be a reactive strategy. This strategy is best empIoyed
by the effected individual because they know when a response occurs.
4.6.8 Terminology

Several terms in tox5cology and epidemiology have technical meanings, which are
used different1y in everyday Language. Building managers must distinguish between the
technical and common use of these terms. (Table 4.15)

Table 4.15

- Correct Definitions of Terms that are Commonly Misused

Dose:
quantity, and
duration.

Prevalence:
number of cases at a specific period in
time
Allergy:
requires pre-conditioning
responses are not the normal expected
effects of exposure to the chemical
produces antigens (in three of the four
types of allergic reactions)
exaggerated response to a small dose
responses are dose-response related

Exposure:
dose,
duration,
number of exposures,
frequency of exposure,
exposure site, and
application method.
Incidence:
number of new cases at a specific
period in time
Sensitivity (IEI, MCS):
on-set of disease usually can be
correlated to a specific exposure event
general environmental exposure to
chemicals, which usually have an odour
responses are not the normal expected
effects of exposure to the chemical
exaggerated response to a small dose
variable latency period for response
unknown if responses are doseresponse related
Psychosomatic Response:
responses are sudden
illness is exacerbated by
communication between those affected
no known causative agent
no clear or consistent symptom patterns ]
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5.1 Introduction
Background knowledge about the more common or h e 1 indoor contaminants
is necessary for the building manager because the building manager may be required to:
match occupant symptoms with known effects of contaminants;
identify potential sources of contaminants by their physical description, h o w n indoor
uses, and potential locations;
comply with legal standards for indoor air quality;
satisfy occupant request to maintain IAQ at established guideline levels;
decide which IAQ mitigation measures to implement;
choose the order of implementing the IAQ mitigation measures;

determine if an odour is a reason for health concerns or an esthetic problem;
identify existing IAQ hazards before they develop into problems;
develop design criteria for the repair, renovation, and construction of buildings; and
identify IAQ hazards that may become liabilities during the purchase of a building.
5.1.1 Selection of the Contaminants

Many chemicals can exist in the atmosphere of the built environment. The
average number of VOCs found in the indoor environment is around fifty (Samet &
Spengler, 1991) and the number of chemicals identified in tobacco smoke is several
thousand (Godish, 1995). To assess all of these substances would be a multi-volume
work, which is not within the scope of this dissertation. Information has been provided in
this dissertation on contaminants that are relatively common or pose a significant health

threat if found in the indoor air. These criteria assume that the adverse health effects
&om exposure to the chosen contaminants are known. There are substances for which
the adverse health effects are relatively d o w n and are not addressed in this document.
5.1.2 Organization of Information

The purpose of this chapter is to provide a brief review of the characteristics of
common indoor air contaminants. The information provided for each contaminant
consists of:
description of contaminant,
indoor sources,

known human health effect, and
applicable standards and guidelines.

In the case of chemicals, the information has been summarized into tables, which
includes the folIowing information:

CAW: The Chemical Abstracts Service registry number is produced by the American
Chemical Society. It is a referencing number unique for each chemical and allows for
efficient searching of other electronic databases. It prevents confusion between
chemicals because chemicals have many similar names and acronyms. The general
format for CAS # is xxx-xx-x.
synonyms: identifies chemicals that have different scientific names, trade, or common
names.
chemical formula: assists in categorizing the chemical, to provide general information
on the chemical structure, and to avoid any codusion with isomers.
molecular weight: provides information on size and possible state of the molecule.

state at standard temperature and pressure (STP):assists in assessing and identifying
potential indoor sources.
boiling point, at standard pressure: provides information about the volatility of the
chemical.
conversion between pg/m3 to ppm: provided in the event the sampling device
measures in ppm.
colour: assists in identification.
odour: assists in identification. Odour detection h i t s have been provided when
available. This detection h i t represents the concentration that most people can
smell the chemical but perhaps not identifjr it.

IARC rating, for carcinogenic compounds: International Agency for Research on
Cancer (IARC)rating has been provided. The IARC rating system for carcinogenic
substances is shown in Table 5.1.

Table 5.1 - IARC Rating System for Carcinogenic Substances
World Health Or~anization.1996l
IARC Rating
Description
1
Proven human carcinogen
2
I A Probable human carcinogen
(higher degrees of evidence)
B Probable human carcinogen
(lower deaees of evidence)
13
1 Unclassified chemicals
I

5.1.3 Limitcrtions of Contaminant Descriptions
Descriptions about the known human health effects of each compound are based
on current literature; however, the literature occasionally does not distinguish between
dose (i.e., the amount administered) and exposure (i.e., the amount, duration, number of
times, site, application method, and frequency of administration). Refer to Section 4.2.1
on the distinction between exposure and dose. Readers must note that the descriptions
use the terms of the original document without attempting to determine whether dose or
exposure is meant. When available, the quantitative dose or exposure information is
provided. Some of the original documents provide dose (exposure) descriptions based on
terms such as low, medium, and high. For example, the occupational health and safety

exposure limits, which would be considered a medium exposure, for carbon dioxide is
5,000 ppm and for carbon monoxide is 50 ppm (8 hour). Recognizing that this
terminology is ambiguous and relative, actual values have been included, when known.
5.2 Standards and Guidelines
Standards or guidelines are helpful to the IAQ assessor in interpreting the results
of environmental measurements. Standards are different than guidelines in that they are
legaily enforceable. Several organizations develop standards or guidelines for ambient
air quality. The United States Environmental Protection Agency (EPA) establishes the
National Ambient Air Quality Standard ( N M Q S ) .

These are standards designed for

ambient or outdoor conditions. Their applicability to the indoor environment is
questionable but they provide a reference value to evaluate against.
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The Occupational Safety and Health Administration (OSHA) develops standards
for the workplace. The National InstEtute for Occupational Health and Safety (NIOSH)
publishes guidelines to reduce or eliminate adverse health and safety hazards in the work
environment. MOSH is closely related to OSHA in that they provide recommendations
to OSHA for standards. American Conference of Governmental Industrial Hygienists
(ACGIH) supply guidelines for the practice of industrial hygiene. ACGIH, OSHA and

NIOSR develop exposure values for t h e industrial setting. The practice of applying
industrial workplace standards or guidelines io IAQ issues has largeIy been discontinued
because of a lack of ability of the guidelines or standards to diagnose IAQ problems
(Godish, 1995). This is due to the difference in exposure time between the occupational
setting (8 hours/day, 5 days a week) amd the residential setting (12 hours/day, 7 days a
week) and Iow concentrations that appear to have effects normally encountered in the
residential setting. However, these widelines and standards are useful for interpreting
IAQ measurements, especially when LAQ guidelines for a particular contaminant do not

exist.
Only guidelines for IAQ exist. Health Canada developed criteria for the
residential indoor environment. The World Health Organization (WHO) has not
specifically developed indoor air qualiity guidelines but instead have guidelines that '-do
not differentiate benveen indoor and autdoor air exposure because, although the site of
the exposure is determining the type a n d concentration of air pollutants, it does not

directly affect the exposure-response relationship" (van Leeuwen, 1997). Consequently,
the WHO guidelines are applicable to the indoor environment. Many other orp.nizations
provide occupational health and safety exposure limits and several organizations provide

IAQ guidelines, The above organizatiions' guidelines or standards are the most
frequently applied in North America
Two other organizations whose guidelines are applicable to the indoor
environment in North America are:
American Society of Heating, Remgerating and Air-Conditioning Engineers

(ASHRAE),ventilation and contaminant guidelines; and
Canadian Radiation Protection Bureau, guidelines for radon.

5.2.1 Terminology
This section briefly reviews the terminology used by each organization to specify
allowable exposure levels. The focus is on exposure periods and frequency and, for each
organization, this terminology is slightly different. The WHO explicitly states periods
and fiequency of acceptable exposure and does not use acronyms to describe acceptable
exposure limits.

Acronym
PEL

I

I
PEL-ST
PEL-C

Table 5.2 - OSHA Standard Terminology
(Chan, 1997)
Terminology
Definition
Permissible Exposure
The time weighted average concentration that
Limits
a worker may be exposed to a substance for a
1 8 hour workdav during a 40 hour work week.
Permissible Exposure
The time weighted average concentration that
Limits - Short-term
a worker may be exposed to a substance for
Exposure Limit
15 minutes during any workday.
Permissible Exposure
The concentration that should not be exceeded
Limits - Ceiling
during anytime

Table 5.3 - NOSH Guideline Terminology
(Chan, 1997)
Acronym Terminology
Definition
Recommended Exposure
REL
The time weighted average concentration that
1 Limits
I a worker may be exposed to a substance for a
10 hour workday during a 40 hour work week.
Recommended Exposure
REL-ST
The time weighted average concentration that
I Limits - Short-term
I a worker may be exposed to a substance for
I
Exposure Limit
15 minutes during any workday.
EL-C
Recommended Exposure
The concentration that should not be exceeded
I Limits - Ceiling
I during anytime

1

I

Table 5.4 - ACGIH Guideline Terminology
(ACGB, 1999)
Definition
Acronym Terminology
"Threshold limit values refers to airborne
TLV
Threshold Limit
concentrations of substances and represent conditions
Value
under which it is believed that nearly all workers may
be repeatedly exposed day after day without adverse
health effects" (ACGIH, 1999). TLV's are intended to
be applied to the industrial environment and are for the
use of controlling hazards in the workplace.
This is the concentration of a substance that a worker
TLVThreshold Limit
may be exposed to day after day for a conventional 8
Value - Time
TWA
Weighted Average hour day and 40 hour work week, without adverse
I
effect,
This is the concentration of a substance that a worker
Threshold Limit
TLVValue - Short-Term may be exposed to for a short period without
STEL
suffering:
Exposure Limit
irritation
chronic or irreversible tissue damage, or
narcosis of sufficient degree to increase the
likelihood of accidental injury, impair selfrescue, or materially reduce work efficiency.
A STEL is define as a 15 minute exposure period for
which the concentration should not exceed
recommended values. There should be no more than
four exposures per day at this concentration and there
should be a 60 minute waiting period behveen each
exposure.
This
is the concentration of a substance that a worker
Threshold Limit
TLV-C
I should not exceed during the work period. (sic)
Value - Ceiling
I

1

1

I
I

I

I

I

I

I

I

/

Table 5.5

Acronym
ASTER

ALTER

- Health Canada Guidehe Terminology

(Health Canada, 1995a)
Terminology
Definition
Acceptable Short-term
The concentration range to which it is
believed fiom existing information that a
person maybe exposed over the specified time
period without undue risk to health. (sic)
Acceptable Long-term
The concentration range to which it is
Exposure Range
believed fiom existing information that a
person maybe exposed over a Iifetime without
undue risk to health. (sic)

Guidelines and standard published later in this chapter are referenced from the
following sources:
American Society of Heating Refrigerating and Air-Conditioning Engineers. (1997).
1997 ASHRAE Handbook. (SI ed.). (Vol. Fundamentals). Atlanta: ASHRAE,
National Institute for Occupational Safety and Health. (1997). NOSH Pocket Guide
to Chemical Hazards. In Centers for Disease Control and Prevention. US Dept. of
Health and Human S e ~ c e (Ed.).
s
Washington, D.C.: US Government Printing
Office,
American Conference of Governmental Industrial Hygienists. (1999). 1999 TLVS
and BEIs: Threshold Limit Values for Chemical Substances and Physical Agents,

Biological Exposure Indices. Cincinnati, OH: ACGIH,
World Health Organization. (1999). Guidelines for Air Oualitv. Geneva: WHO,
Health Canada- (1995a). Exposure Guidelines for Residential Indoor Air Ouditv.
Ottawa: Department of National Health and Welfare.
Sarnet, J. M., & Spengler, J. D. (1991). Indoor Air Pollution: A Health Pemective.
Baltimore: The John Hopkins University Press, and
World Health Organization. (1996). U p d a k and Revision of the Air Qualitv
Guidelines for Europe (EUWHFA target 21). Brussels, Belgium: WHO, Regional
Office for Europe.
Guidelines are indicated in italics in the tables.
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Additional terminology used by WHO in the setting of guidelines include unit risk
per lifetime and tolerable concentrations. Unit risk (UR) per lifetime is "the additional
lifetime cancer risk occurring in a hypothetical population in which all individuals are

exposed continuously from birth through their lifetimes to a concentration of 1 pg/m3 of

the agent in the air they breathe" (World Health Organization, 1999). Unit risk only
applies to carcinogenic compounds. Tolerable concentrations apply to non-carcinogenic
compounds.

5.3 Particulate Matter
Particulate matter (PM) refers to particles in ambient air in either solid or liquid
form and is a broad category of chemical and physical contaminants- Particle matter
consists of a variety of materials including sulphur dust, fungal spores, animal dander,
etc., and for various sizes and shapes.

5.3.1 Nuisance Dust
Nuisance dust is particle matter that is typically found in residences and office

areas and includes human and animal hair and dander, mites, moulds, textiles, food leftovers, bacteria, insect paits, and decomposed material (Lowenstein, 2 986). Nuisance
dust does not contain significant amounts of particles that have specific toxic effects (e-g.,
asbestos) but is a significant factor in allergies. The genera1 tern for nuisance dust in
industrial hygiene is particles not otherwise classified (PNOC).

Indoor Sources

Table 5.6 - Sources for Respirable Particles
(Godish, 1995)
activities of occupants
dirt and dust from occupants clothes
environmental tobacco smoke
fireplaces
humidifiers
kerosene heaters
maintenance products
natural deterioration of building
products and fiunishings
plant and animal material
wood stoves

I
Health Effects

Particulate matter is classified according to size (Table 5.7). Particles of
aerodynamic diameter less than 10 p can be inhaled and 80% of them will be deposited
in the human respiratory system (Gamble & Lewis, 1996). The size of the particle

determines the deposition location and the potential risk. Smaller particles pose
potentially a higher risk because they can by-pass the natural respiratory defense
mechanisms and lodge deeper into the lungs, where removal is slower and more difficult.
Smaller particles are suspended longer in the atmosphere and have a greater possibility of
being inhaled. They also serve as carriers for other contaminates such as radon, PCBs,
and pesticides.

Table 5.7

- Particle Classification

Particle Size
(Aerodynamic Diameter)
< 3.0 p
3.0 pm c 10.0 p
> 10.0 p

Classification

Respirable
Inhalable
Non-inhalab le

Toxicity of particulate matter is poorly understood but factors that influence the
toxicity are:

particle size,
chemical composition,
number of particles (World Health Organization, 1999),
particle shape, and
additional contaminants sorbed on to the particle.
Symptoms and health effects of exposure to particles include chemical and
mechanical irritation, impairment of the respiratory's natural defense mechanisms.
aggravation of pre-existing respiratory diseases, negative effects on immune systems,
morphological changes in lung tissue, and cancer. Epidemiological studies have
consistently linked higher levels of airborne particles to increased risks of respiratory,
cardiovascular, and cancer-related deaths as well as pneumonia, lung function loss,

asthma, other respiratory problems, and hospital admissions (Reichhardt, 1995).
Airborne dusts may be reported as total suspended particles (TSP), respirable
suspended particles (RSP), man-made mineral fibres (MMMF), synthetic vitreous fibres
(SVF), ultraviolet particulate matter (UVPM), coefficient of haze (COH),atmospheric
anthropogenic aerosol (AAA), particulate matter of less than 10 p in aerodynamic
diameter (PMlo),and particulate matter of less than 2.5 p m in aerodynamic diameter
(PMZ.~
). UVPM, COH, and AAPL are used primariIy for reporting on ambient
conditions. A distinction is made between PMlo and PMZ.5because of the ability of
smaller particles to infiltrate lower into the human respiratory system (Figure 4.3).
Samples for particles are normally taken as a mass fiaction, pg of particles per cubic
meter of air sampled (Irgh3),
but particle counts per cubic meter of air are also useful.
Many standards for particle matter have been set for indoor, outdoor, and industrial
applications (Table 5.8).

Figure 5.1 - Particle Sizes
(Cordasco Sr. et al., 1995)

Table 5.8 - Particulate Standards

I
1

I Organization
Outdoor
Standard

US - EPA NAAQS

I

I Size
I
I

PMlo

PMlo

I Concentration I Averaging
I

50 pg/m3
150 pg/xn3

I

Time*"
Long term
I concentration
averaging - 1 year
Short term
f concentration
averaging - not to be
exceeded once per

1
1
1
1
I
I

Ye=
Industrial
Workplace
Standard

OSHA

Indoor
Guideline

Health Canada

*
**

total

15,000 pg/m3

PEL

respirable
particles

5,000 irg/rn3

PEL

(2.5 jun
MwMD*

100 0g/m3

ASTER - I hr.
average concentration
ALTER

<2.5p
44oPg/rn3
MMMD*
MMMD - mass median aerodynamic diameter

Refer to Table 5-2, Table 5.3, Table 5.4, and Table 5.5 for definitions of the

acronyms used for averaging time.
5.3.2 Asbestos

Table 5.9 - Characteristics of Asbestos
Asbestos
Form
Chrysotile

Amosite
Crocidolite
Trernolite
Anthophyllite
Actinolite
I

CAS #

Synonyms

Chemical formula

Molecular
Weight
277.13

12001-29-5 Canadian Chrysotile, 3MgO-2SiOz-2H20
White Asbestos,
Serpentine
12172-73-5 Brown Asbestos,
(FeMg)Si03
Fibrous Grunerite
12001-28-4 Blue Asbestos
NaFe(S i03)zFeSi03-Hz0
14567-73-8 Fibrous Trernolite
Ca2MgsSisOz2(OH)z 185-03
17068-78-9 Azbolen Asbestos
(MgFe)-rSisOzz(OH)z
13768-00-8
CaO-3(MgFe)O-

4sio2

I
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Asbestos is the generic name for a group of naturally occurring fibrous mineral
silicates of the serpentine and amphibole series. The various forms of asbestos are:
chrysotile, amosite, crocidolite, trernolite, anthophylIite, and actinolite. Colours can vary
fiom white, gray, blue, brown, green, or yellow. Asbestos was used as a building
material because of its insulation, strength, and fire-pro0fing characteristics. Refer to
Table 5.10 for examples of asbestos containing materials. Asbestos has fibers that have a

small diameter and a long length- The surfaces of the fibers are smooth.
indoor Sources
Table 5.10 - Examples of Asbestos Containing Building Materials
(Saxnet & S ~ e n ~ i e199
r . 11

I Product

1

I

Floor tile and sheet
Cement pipe and sheet
Roofing felt
Sprayed insulation
e
Preformed ~ i v wrap
Boiler insulation

Y

'

Dates Used

1

I Average Percent ]

1950 - ~resent
1930 - present
1910 - present
1935 - 1978
1926 - 1975
1930-1978
1

Asbestos
20
30
15
50
50
10

--

Health Effects
Four diseases are clearly associated with asbestos exposure: lung cancer,
mesothliorna, asbestosis, and nonmalignant pleural disease. Mesothlioma is cancer of the
chest or abdominal cavity and is usual fatal. Asbestosis is a progressive, nonmalignant
fibrosis of the lung, which results in severe disability and death. Nonmalignant pleural
disease is characterized by the thickening of the double walled lining that encompasses
the lung. Asbestosis and nonmalignant pleural disease is associated with heavy exposure

to asbestos.
Not all asbestos poses the same risk. The asbestos products of greatest concern
are those of a £kiabIe nature and insulating materials applied to pipes. Asbestos is deemed
friable when it can be crushed by the application of hand pressure. Asbestos that has
been sprayed or troweled is usually Eiable (Samet & Spengler, 1991).
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Asbestos can penetrate deep into the lungs due to its aerodynamic profile. The
asbestos enters the lung like a javelin, exposing only the diameter of the fiber to the
respiratory's natural defense mechanisms. Once in the body, the macrophages attempt to
neutralize the fibers. However, asbestos particles are especially durable in biological
systems. Asbestos fibers have been found in autopsies that were conducted long after
exposure. Long thin fibers tend to be more toxic than short ones and the surface
characteristics of the fibers also determine the degree of toxicity (Klassen, 1996).
Standard or Guideline
Table 5.11 - Standards and Guidelines for Asbestos
Industrial
Workplace
Standards

Concentration

Organization
OSHA

0-1 fibers/cm3
t

1 fibers/cm3

NIOSH

I 0.1 fibers/cm3

ACGB

0.2j?bers/cm
(chrocidolite)
2.0fibers/cm3
(chlysotile)
0.l fi6ers/cm3

,

(

Averaging Time*
PEL (optically measured
longer than 5 p)
PEL - C (30 min)
Long term q o s u r e
Gfibers longer rhan 5 p)
TL V-W A
fibers longer than 5 p n )

Indoor
Long term exposure
WHO
Guidelines
fibers longer than 5 p)
*
Refer to 'able 5.2, Table 5.3, Table 5.4, and Table 5.5 for definitions of the
acronyms used for averaging time.

I

1

Table 5.12 - Characteristics of Lead
J

CAS #
Synonyms
Chemical formula
Molecular Wei.&t
State at STP
Boiling point
Colour

7439-92-1 1
Lead Metal, Plumburn
Pb
207.2
Solid
1740 "C
Gray

J

Indoor Sources

Lead is a heavy, ductile, soft gray metal, which forms alloys with many other
materials. Indoor sources of Iead include pipes, paints, solders, glass, pottery glazes,
rubber, plastics, and insecticides (Landis & Yu, 1999). Lead, in the form of
tetraethyllead, was used (1920-1983) as an anti-knock agent in gasoline. Although its use
in North America has been discontinued, lead is ubiquitous in our environment. Average
daily intake is estimated between 20 to 400 pg per person (Wassen, 1996). Exposure to
lead is usually by ingestion however, inhalation is a potential route of exposure when
there are significant point sources of emissions near-by.
Health Eflects

The health effects of lead exposure vary dramatically between adults and children.
This is largely due to a Werence in absorption rates and the development of the central
nervous system. Lead absorption in the lungs varies due to:
concentration,
volume of air respired,
form of lead (particle or vapour), and
size distribution of particles (World Health Organization, 1999).
Particles that are less than 0.5 p m in diameter infiItrate the lungs deep enough to

be absorbed. Absorption through the alveoli is efficient and complete. Lead concentrates

in two areas in the body, the skeleton and the gray matter in the central nervous system.

Lead is capable o f crossing the placenta but fetal blood levels are slightly lower than
maternal blood levels. The effects of lead involve several organ systems and biological
activities. Since several books are available on the toxicity of lead (e-g., (National
Research Council, 1993), (Environmentai Protection Agency, 1989)), this section will
briefly describe the effects of lead and will not describe the mechanisms of toxicity-

Human effects are described in terms of blood iead concentrations, since this is the most
direct measure of exposure. Blood lead concentrations of 10 to 20 pg/dL can result in
decreases in IQ (intelligence quotient), Vitamin D metabolism, and hearing in children.
Concentrations of 40 pg/dL induce peripheral neuropathy (footdrop and wristdrop),
anemia, and renal nephropathy in adults. Encephalopathy, convulsions, and delirium
occur when blood concentrations approach 100 pg/dL. (Klassen, 1996)

Standard or Guideline
Table 5.13 - Lead Standards and Guidelines

I

I Organization
Outdoor
Standards
Industrial
Workplace
Standards

Indoor
,Guidelines
t

I Concentration

US - NAAQS

1.5 pg/m3

OSHA*

50 j.~g/rn~
100 pg/m3 - worker
blood lead remains less
that 0-060 mg Pb/100 g
of whole blood
50 @/m3
0.5 pg/in3

NOSH**

ACGIH***
FWO

I Averaging

Time****
Long term - 3
months
PEL
FEL

I

TL V-W A
Annual

OSHA considers lead to mean metallic lead, all inorganic lead compounds (lead
oxides and lead salts), and a class of organic compounds called soaps.

**

NIOSH considers lead to mean metallic lead, lead oxides and lead salts (including
organic salts, such as lead soaps but excluding lead arsenate)

***
****

ACGIH considers lead to mean elemental lead and inorganic compounds as Pb.
Refer to Table 5.2, Table 5.3, Table 5.4, and Table 5.5 for definitions of the
acronyms used for averaging time.

5-4 Gases
5.4. I Carbon Dioxide

Table 5.14 - Characteristics of Carbon Dioxide
CAS #
Synonyms
Chemical formula
Molecular Weight
State at STP
Boiling point
Conversion
Colour
Odour

-

124-38-9
Carbonic Acid Gas,
Dry Ice, C 0 2

co2
44.01
Gas
-78.5

OC

1 ppm = 1,800 pp/m3
Colourless
Odourless

I

Indoor Sources

Carbon dioxide is a normal body constituent, which is generated by respiration. It
is a natural component of air and background levels range fiom 300-450 pprn and is
rising each year due to releases fkom sequestered forms. The main source of carbon
dioxide in the indoor environment is the occupants. Other indoor sources include carbonbased he1 combustion, and aerobic decomposition processes.

Health Effects
Carbon dioxide is essential to normal health but is an asphyxiant, a respiratory
stimuIant and a depressant of the central nervous system. At low doses (< 1,000 ppm),
carbon dioxide is used as an indicator of inadequate £kesh air ventilation (American
Society of Heating Refigerating and Air-Conditioning Engineers, 1997). Acute
exposure levels of 40,000 ppm (100 times normally encountered concentrations) increase

human respiratory rates to double normal levels. Increases in heart rate and blood
pressure are noted at exposure levels of 75,000 ppm. Other reported symptoms at this
exposure level include dyspnea, dizziness, and headache. Exposure levels of 100,000
pprn produced eye flickering, twitching, headache, dizziness, dyspnea, sweating,
restlessness, and a sensation of fullness in the head. Exposure levels over 100,000 ppm a

loss of consciousness occurs. Exposure levels over 170,000 ppm are considered life
threatening. (National Institute for Occupational Safety and Health, 1976e)

Standard or Guideline
There are two motivations for carbon dioxide standards: toxicity concerns, and
occupant comfort levels and ventilation requirements, The industrial workplace
standards are concerned with toxic concentrations of carbon dioxide. Indoor air quality
standards are concerned with the comfort of the occupants.

Table 5.15 - Carbon Dioxide Standards and Guidelines

Averaging Time*
Concentration
PEL @.EL) (TLV5,000 ppm
TWA)
(9,000pg/m3)
PEL (REL) (TLV)
30,000 ppm
- STEL
(54,000pdm3)
ALTER
Health Canada
3,500ppm
Indoor
Standards
(6.300 pg/m3)
Short term
WHO
6,600ppm
exposure
(I2,OOOmg/m3)
ASHW
1,000ppm
(1,800mg/m3) or 650
ppm ( I , I 70 mg/m
above ambient levels
*
Refer to Table 5.2, Table 5.3, Table 5.4, and Table 5.5 for definitions of the
Industrial
Workplace
Standards

Organization
OSHA
NIOSH
ACGIH

acronyms used for averaging time.

5.4.2 Carbon Monoxide

Table 5.16 - Characteristics of Carbon Monoxide
L

'CAS #
Synonyms
Chemical formula
Molecular Weight
State at STP
Boiling point (760 mrn Hg)
Conversion
Colour
Odour

630-08-0
Carbon Oxide, Flue Gas,
Monoxide
CO
28.00

Gas
-19 2 0 ~
1 ppm = 1,150 pg/m3

Colourless
Odourless

Indoor Sources

Carbon monoxide is produced by incomplete combustion of carbon based hels
and common indoor sources include gas stove, kerosene lanterns and heater, mainstream
and sidestream tobacco smoke, wood stoves, fireplaces, gas furnaces, and hot water
heaters. Exposure to carbon monoxide can also occur by infiltration of automobile fiunes
&om attached garages and increased ambient levels during weather inversions (American

Society of Heating Refrigerating and Air-Conditioning Engineers, 1997).
Health Egects

Carbon monoxide typically enters the body through the respiratory tract. Carbon
monoxide has about 250 times the affinity for hemoglobin than oxygen (Klassen, 1996).
Consequently, carbon monoxide preferentially replaces oxygen and reduces the oxygen

carrying capacity and effectively suffocating the body. Carbon monoxide is currently the
only air pollutant with a specific biological marker, COHb (carboxyhemoglobin).

The severity of the health effects associated with carbon monoxide exposure is

increased with the intensity and length of exposure. Lower level exposures (C 50 ppm)
result in shortness of breath and a possible tightness across the forehead. Increasing the

exposure (50-500 ppm) levels causes symptoms of headaches, irritability, fatigue,
disturbed judgment, dizziness, and dimness of vision. High exposures (> 500 ppm) can
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result in unconsciousness, intermittent convulsions, respiratory failure, and finally, death.

The same exposure levels to carbon monoxide can produce different symptoms because
of certain physical conditions. For example, children, people with chronic lung disease,
anemia, and heart disease will show more severe symptoms. (National Institute for
Occupational Safety and Health, 1972)

Standard or Guideline
Table 5.17 - Carbon Monoxide Standards and Guidelines

I Outdoor

Organization
US - EPA - NAAQS

Standards

Concentration
35 PPm
(40,000 &m3)

Averaging Time*
Short term
concentration
averaging - I hr. - not
to be exceeded more
concentration
averaging - 8 hr. - not
to be exceeded more
than once er year

Industrial
Workplace
NIOSH

(55,000 @m3)
35ppm

YI
REL

I
REL-C

I

I Indoor

Health Canada

(44,000pg/m3)
25 P P ~

Guidelines

t
1
15 minutes

(any exposure is not to
exceed 2.5% C O W

IC

30 minutes
52 P P ~
(60,000pg/m3)
26ppm
(30,000p--/m3)
8 hour
9P P ~
(10,000&m3)
Refer to able 5.2, Table 5.3, Tab1 5.4, and Table 5.5 or definitions of the

I

I

acronyms used for averaging time.

5.4.3 Nhogen Dioxide

Table 5.18 - Characteristics of Nitrogen Dioxide

~ynonyms

Chemical formula
~olecul&
Weight
State at STP
Boiling point (760 mm Hg)
Conversion
Colour

Odour

Niwogen Teaoxide, NTO,
Dinitrogen Tetroxide,
Nitrogen Peroxide
I NOz and NzO4
46.00 and 92.00
Gas

1 21 OC

I

1 ppm = 1,880 &m'
Reddish orange to dark
brown - nitrogen
tetraoxide is coIourless
Pungent, detectable at 0. t 1

Indoor Sources

Nitrogen dioxide is produced by the combustion of carbon based fuels and
common indoor sources include gas stove, kerosene lanterns and heaters, mainsmeam and
sidestream tobacco smoke, woodstoves, fireplaces, gas furnaces, and hot water heaters.
Exposure to nitrogen dioxide can also occur by infiltration of automobile fumes fkom
attached garages and increased ambient levels during weather inversions.

Health Effects
Nitrogen dioxide is an oxidant gas (combines with water to form nitrous acid) that
is soluble in tissues. Oxidant injury is the assumed mechanism through which nitrogen
dioxide damages tissue. Inhaled nitrogen dioxide is dissolved in the moisture in the large
and small airways. Low doses of nitrogen dioxide (25-50 ppm) are moderately irritating
to the eyes and nose, causes respiratory irritation and chest pain. At higher
concentrations (50-100 ppm) nitrogen dioxide causes pulmonary edema with sub-acute or
chronic lesions. At concentration of over 100 ppm for longer than 60 minutes, nitrogen
dioxide is thought to cause death. Nitrogen dioxide also adversely affects the natural

defense mechanisms of the respiratory tract. Reduced efficiency has been noticed on
filtration, particle transport, and the alveolar macrophage when nitrogen dioxide is
inhaled. Additionally, there is evidence that exposure to nitrogen dioxide reduces
resistance to viral infection, Studies indicate that concentration levels of nitrogen dioxide
are more significant than duration of exposure. Thus, short-term spikes in nitrogen
dioxide may be biologically significant. Nitrogen dioxide is reported to be a potential
carcinogen by way of fiee radical damage. (National Institute of Occupationaf Safety and
Health, 1976f)
Standard or Guideline

Table 5.19 - Nitrogen Dioxide Standards and Guidelines
Organization
Outdoor
Standards

US - EPA - N M Q S

Industrial
Workplace
Standards

OSHA

Concentration Averaging Time*
Long term
concentration
averaging
PEL-C
5.0 ppm
0.055 ppm
(1 00 !dm3)

(I.800 pg/m3)
3.0 ppm

TL V-T E A

I (9,400 pg/m5)
Indoor
Guidelines

*

Health Canada

I O.25ppm

ASTER - I hour

(480 pg/m3)
ALTER
0.050 ppm
(100 pg/m3)
I hour
0.100 ppm
WHO
(200 ,ug/rn3)
annual
0.020 ppm
(40 R/m3)
Refer to Table 5.2, Table 5.3, Table 5.4, and Table 5.5 for definitions of the

acronyms used for averaging time.

5.4.4 Sulphur Dioxide

Table 5.20 - Characteristics of Sulphur Dioxide
7446-09-5

CAS #

Synonyms

Sulphurous acid anhydride,
I sulphurous oxide, sulphur
oxide

Chemical formula
so2
Molecular Weight
64.10
State at STP
Gas
Boiling point (760 rnm Hg) 1 -10oc
Conversion
I 1 ppm = 2,630 pg/m3
Colour
1 Colourless
Pungent, detectable at 0.5
Odour
-

I

- --

-

DDm

Indoor Sources

Sulphur dioxide is the by-product of the combustion of sulphur-containing hels
such as coal and oil. Sources in the indoor environment include gas or kerosene space
heaters, furnaces, and hot water heaters (if sulphur-containing fuel is used). Industrial
sources of pollution account for large amounts of background suIphur dioxide in the
atmosphere.
Health Efects

Many negative effects from sulphur dioxide exposure results from its reaction
with water to produce suIphurous acid. Exposure to concentrations of 10 to 50 ppm
causes irritation of the eyes, nose throat, choking, coughing and in some instances
bronchoconstriction. Ninety percent of all sulphur dioxide is absorbed into the upper
respiratory passages. High concentrations of sulphur dioxide can produce respiratory

paralysis and pulmonary edema.

Standard or Guideline
Table 5.21 - Sulphur Dioxide Standard and Guideline
Outdoor
Standards

Industrial
Workplace
Standards

Organization
US - EPA - NAAQS

OSHA

NIOSH

Indoor
Standards

*

Health Canada

I

I

REL
2 PPm
(5,OO 0 &m3)
REL-ST
5 PPm
(13,000 p@m3)
2P P ~
(5, 000 pg/m3)

TL V - M A

5P P ~
(I3.000,ug/m3)

TL V-ST

0.019ppm
(50pg/m3)
0.38ppm
( I , 000 pg/&
0.190ppm
(500pg/m3)
0.095 ppm
(I25 pg/m3)
0.048ppm
(50, ~ g / m ~ )
Refer to Table 5.2, Table 5.3, able 4,and Table 5.5
acronyms used for averaging time.

I

Concentration Averaging Time*
Short tern
0.14 ppm
(365 pg/m3)
concentration
averaging - 24 hr.
Long term
0.03 ppm
concentration
(80 &m3)
averaging - 1 yr.
PEL
5 PPm

ALTER

I ASTER - 5 min
1O minutes
24 hour
annual

I
for definitions of the

Table 5.22

- Characteristics of Ozone
10028-15-6
Triatomic Oxygen,
I Trioxveen

11

I

Chemical formula
Molecular Weight
e-- at STP

0 3

48.00

I Gas

1 Boiling point (760 mm Hg) 1 -1 12 OC
--

.

I

Conversion
Colour

1 ppm = 1,960 pgjrn'
1

Colourless to bluish
Acrid, detectable at 0.0 1

I

I
11

1

I

DDm

Indoor Sources
Ozone is a by-product of an electrical discharge and indoor sources include
electrostatic precipitators, ion generators, photocopy machines, projecting equipment, and
laser printers. Ozone spontaneously decomposes under all ordinary conditions
consequently, it is only encountered in the immediate vicinity of where it was generated.
Health Eflects

Ozone is a powerfLl oxidizing agent and is very irritating to the upper and lower
respiratory tract when inhaled. Low dose exposures (0.25-0.75ppm) are characterized by
eye irritation, dryness of the nose and throat, and cough. Higher exposures are associated
with headache, upset stomach or vomiting, pain or tightness in the chest, shortness of

breath or tiredness, lung damage and possibly death. Ozone may cause damage to
chromosomal structures. Ozone in short-term, repeat exposures produces the most
damaging effects. Klassen (1996) reports that long term exposure to low levels ozone

may induce intolerance,

Standard or Guideline
Table 5.23 - Ozone Standards and Guidelines
Outdoor
Standards
Industrial
Workplace
Standards

Organization
US - EPA - NAAQS

OSHMMOSH

Concentration Averaging Time*
0.120 ppm
Short term
concentration
(235 Wm3)
averaging - 1 hr.
0-100 ppm
PEL (REL)
(200 p9/m3)

f

0.300 ppm
PEL @EL)-ST
(600pg/m3)
0.100 ppm
TL V-STEL
ACGIH
(200 /4q/m3)
Health Canada
ASTER - I hr.
0.120 ppm
Xadoor
Guidelines
(240 pg/m3)
0.060 ppm
8 hour
WHO
(I 2 o pg/m3)
r(s
Refer to Table 5.2, Table 5.3, Table 5.4, and Table 5.5 for definitions of the
acronyms used for averaging time.

5.5 Volatile Organic Compounds
Volatile organic compounds (VOCs) are organic gases. VOCs can be categorized
according to their volatility. (Table 5.24) Compounds that fall under this classification
are chlorinated solvents, light aromatic hydrocarbons, and pesticides. Any organic liquid
with a vapour pressure can contribute to VOC concentrations. They are highly suspect as

the cause of sick building syndrome because:
many VOCs cause sensory irritation and central nervous system effects, which are
characteristic syrnptoms of sick building syndrome;
indoor air normally has higher concentration of VOCs than outdoor (ambient) air; and

many VOCs are normally found in the indoor environment giving the potential for
synergistic effects.
Five hundred VOCs have been identified in indoor air. Approximately twentyfour of these VOCs are carcinogenic or mutagenic (Sheldon & al., 1988). However, the
mechanisms of action for VOCs are largely unknown and fiuther research must be done
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in this area Table 5-25 is a list of the more common VOCs found in indoor air and their
sources. The common VOCs with potential for more serious health effects are discussed
below. Total volatile organic compound concentration (TVOC)has been used as an
indicator to identify potential problem areas in buildings, but due to the variance in the
spectrum of compounds and the different methods to calculate TVOC, TVOC values are
often not comparable. Indoor samples of TVOC typically contain 100 or more VOCs at
concentrations ranging between 1 to 100 &m3 (World Health Organization, 1996).
Molhave (1991) tentatively concluded that TVOCs level of 200 pg/m3 should not cause
any mucous membrane imitation. The exception to this guideline is formaldehyde, which

is a very reactive small molecule. Separate guidelines must be applied to this compound.
Table 5.24 - Classification of Volatile Organic Compounds
Boiling Point at
Standard Pressure

CIassification

0°C-75°C

very volatile organic compounds
(WOC)
volatile organic compounds
WOC)
semivolatile organic compound
(SVOC)

75°C-250°C

250°C-390°C

Table 5.25 - Common VOCs in Indoor Air and Their Sources
VOC

benzene
tetrachloroethylene
p - dichlorobenzene
chloroform
methylene chloride
1,I, 1-trichloroethane
trichloroethylene
carbon tetrachloride
aromatic hydrocarbons

alphatic hydrocarbons
terpenes

Source
smoking, auto exhaust, pumping gas
dry cleaned clothes, dry cleaner
room deodorizers, moth balls
showering, washing clothes,
washing dishes
paint stripping, solvent usage
dry cleaned clothes, aerosol sprays,
fabric protectors
cosmetics, electronic parts,
degreasing solvent
industrial strength cleansers
paints, adhesives, gasoline,
combustion sources
paints, adhesives, gasoline,
combustion sources
scented deodorizers, polishes,
fabrics, fabric softeners, cigarettes

5.5.1 Benzene

Table 5.26 - Characteristics of Benzene

J

CAS #
Synonyms
Chemical f o d a
Molecular Weight
State at STP
Boiling point (760 mm Hg)
Conversion
Colour
Odour

7 1-43-2
Benzol, Phenyl Hydride
Ca6
78.10
Liquid

80 OC
1 pprn = 3,190p g / ~ 3
Light yellow
Aromatic, detectable at 4.7

IARC

ppm
1

k

Indoor Sources
The main source of benzene exposure is active smoking. Other sources of
benzene are gasoline, solvents, petrochemical industries, and combustion processes.

Health Eflects

The most significant adverse effect of prolonged exposure to benzene are
haematoxicity, genotoxicity and carcinogenicity. Haematoxicity effects due to chronic
benzene exposure above 38 ppm are presented as decreases in red and white blood cell
counts and in bone marrow cellularity, which can Lead to aplastic anemia. The
genotoxicity of benzene is expressed as chromosomaI irregularities after in vivo exposure
(1.25-2.2 ppm) but not with in vitro exposure. The in vivo exposures indicate that

benzene is mutagenic. Benzene is a multi-site carcinogen, leukemia being the primary
effect (World Health Organization, 1996)Benzene toxicity is dependent on two separate series of events. The first involves
how benzene is deposited at the target organ, A series of reactive intermediates
(metabolites) must be generated and be located in bone marrow in order to produce a
negative reaction. It has been postulated that both benzene and a defined mixture of
benzene metabolites must be present to produce toxicity. The second step required for
toxicity is the reaction between benzene, benzene metabolites, and bone marrow. Several
possible mechanisms, alone or in combination, may be responsible for the resulting
disease of anemia. Benzene and its metabolites may
negativeIy effect the environment that bone marrow cells require for growth and
development;
may encourage growth of immature myeloid celIs, which may impair their cell
differentiation resulting in neoplastic characteristics; and/or
may effect other related target sites, which interact with bone marrow, such as
inhibition of cell replication or enzymes. (Klassen, 1996)

Standard or Guideline

Table 5.27 - Benzene Standards and Guidelines
Industrial
Workplace
Standards

Organization
OSHA

Concentration
1 PPm
(3,200 &m3)
5 PPm

Averaging Time*
PEL
PEL-ST

I

I ppm

ACGB

[

10P P ~
(32,000 ,ug/m3)

RE.-ST
TL V-W A

UR/lzj5eerime
4.4-7-5x
- .I@
W O
Indoor
Standards
I
[pg/m']-l
*
Refer to Table 5.2, Table 5.3, Table 5.4, and Table 5-5for definitions of the

acronyms used for averaging time.
5.5.2 Carbon Tetrachloride

Table 5.28 - Characteristics of Carbon Tetrachloride
CAS #
Synonyms

56-23-5
Carbon Chloride, Carbon
tet, Freon@ 10, Halon0
104, Tetrachloromethane

Chemical formula
Molecular Weight
State at STP
Boiling point
Conversion
Colour
Odour

ccb
153.8
Liquid
77 "C
1 ppm = 6,290 pg/rn3
Colourless
Ether, detectable at 21 pprn

Indoor Sources
Carbon tetrachloride is a solvent and in the indoor environment is commonly

found in industrial strength cleansers (Samet & Spengler, 1991). It is also used for dry-

cleaning, cleaning electrical parts, and as a fire extinguisher (National Institute for
Occupational Safety and Health, 1975).
Health Effects

Exposure to carbon tetrachloride is largely through vapours; however, significant
amounts can be absorbed through the skin to cause negative health effects. Carbon
tetrachloride effects the central nervous system, liver, kidney, eyes, and blood. Carbon
tetrachloride is a central nervous system depressant and in the past has been used as an
anesthetic. Carbon tetrachloride effects the central nervous system by producing
symptoms of dizziness, headache, vertigo, giddiness, and fatigue at low doses and
demyelination and necrosis in the brain at high doses.
The toxic effects on the liver due to carbon tetrachloride exposure are due to
reactive metabolites and not the oria@al substance. Effects of exposure to carbon
tetrachloride are liver damage caused by cellular injury and fat deposition (Klassen,
1996). Carbon tetrachloride causes a massive discharge of epinephrine in humans, which

also leads to liver damage (Landis & Yu, 1999).
Visual impairment resulting from carbon tetrachloride exposure ranges from
colour blindness, blurred vision, constriction of visual fields, and optic neuritis (National
Institute for Occupational Safety and Health, 1975). Exposure to carbon tetrachloride
increases blood pressure (KIassen, 1996).

Standard or Guideline

TabIe 5.29 - Carbon Tetrachloride Standard and Guideline

[

Organization
OSHA

Concentration
Averaging Time*
PEL
10 PPm
(126,000 &m3)
PEL-C
25 PPm
(3 15,000 @m3)
200 p?m
PEL-ST ( 5 min. peak
maximum in any 4 hrs.)
(2,520,000 j@rn3)
REL-ST (1 hr.)
2 PPm
(12,600 pg/m3)
ACGH
TL V-T K A
J P P ~
pr,ooo &d)
Indoor
M O
0.001 ppm
1 Tolerable
Guidelines
Concen~ution- I year
1 (6.1rn/m3)
s
Refer to Table 5.2, TabIe 5.3, Table 5.4, and Table 5-5 for definitions of the
Industrial
Workplace
Standards

I

acronyms used for averaging time.

1

I

5.5.3 Chloroform

Table 5.30 - Characteristics of Chloroform
CAS #

I 67-66-3

Synonyms
Chemical formula
Molecular Weight
State at STP
Boiling point (760 mm Hg)
Conversion
Cofour
Odour

IARC

1

1

Methane Trichloride,
Trichloromethane
CHCI3
119.4
Liauid

' 62 OC

1 ppm = 4,880 pJm3
Colourless
Pleasant ether-like, nonirritating, detectable at
0-001 ppm

2B

1

I

Indoor Sources

Chloroform has traditionally been used as a general anesthetic; however, due to
high incidences of liver damage and heart problems, and it is a possible human
carcinogen, its use has been largely discontinued. Chloroform exposure in indoor air
occurs through the volatilization of chlorine in the water. Samet and Spengler (199 1)
have noted that hot showers with chlorinated water are sources of chloroform.
Health Efiecis

At low doses (1000 ppm for 7 minutes) chloroform produces eye and skin
irritation, dizziness, and stomach up-set. At higher doses (14,000 ppm) chloroform
causes tissue necrosis, damage to liver cells, fat infiltration into the liver, kidney damage,
and cardiac arrhythmia (National Institute for Occupational Safety and Health, 1974).
However, repeated exposure to lower levels of chloroform can also cause liver and
kidney toxicity. The degree of liver damage chlorofonn can cause is related to the ease

in which the chlorine(s) can be removed to produce a reactive metabolite. A
carcinogenic effect has been noted with exposure to chloroform but the mechanism of

20 1

action is postulated as recurrent cytotoxicity with chronic tissue regeneration (Klassen,
1996).
Standard or Guideline

Table 5.31 - Chloroform Standard
Organization
OSHA

Industrial
Workplace
Standards

Concentration
50 PPm
(240,000 p g / ~ 3 )
2 ~ P m
(9,780
10P P ~
(48.900 ,4g/rn3)
4.2d ff lK/m3]-'

NIOSH
ACGlTi

Averaging Time*
PEL-C
REL-ST (I hr.)

TL V-TEA

Indoor
FmO
URnifetime
Guideline
*
Refer to Table 5.2, Table 5.3, Table 5.4, and Table 5.5 for definitions of the
-

- - -

I

1

I

acronyms used for averaging time.

Table 5.32 - Characteristics of p-Dichlorobenzene

I

CAS #
Synonyms

1

Chemical formula
Molecular Weight
State at STP
Boiling point (760 mm Hg)
Conversion
Colour
Odour

1

106-46-7
p-DCB,1,4Dichlorobenzene, paraDichlorobenzene,
Dichlorocide
Cficl2
147.0
Solid

I

174 OC
W t e crystalline
Mothball-like, detection at

I

Indoor Sources

The two main sources of p-dichforobenzene are moth controlling agents and room
deodorizers. P-dichlorobenzene is also used for toilet solid deodorants.
Health Effects

Acute health effects from exposure to p-dichlorobenzene include headaches,
dizziness, nausea, and swelling around the eyes, hands, and feet. Exposure to high
concentrations of p-dichlorobenzene causes liver damage, which, if severe enough can
cause death. Long term exposure to p-dichlorobenzene can cause damage to the nervous
system resulting in wealmess, trembling, and numbness in the extremities. This chemical
can damage the lungs, liver, kidneys, and blood cells, causing anemia. (US.
Environmental Protection Agency, 1988) p-Dichlorobenzene has been shown to cause
cancer in mice and rats and is classified as a possible human carcinogen.
Standard or Guideline

Table 5.33 - p-DichIorobenzene Standard and Guideline

I

I Industrial
Workplace
Standards

1 Organization
-

I OSHA

I Concentration

1 75 PPm

NIOSH

I Averaping- Time*
I

I PEL

rJ

-

-----

(450,000 pglm3)
Minimize workplace axposure concentration;

ACGIH

VWO
0.02 ppm
TolerabZe
Indoor
Concentration
- I year
Guideline
(134 &3)
*
Refer to Table 5.2, Table 5.3, Table 5.4, and Table 5.5 for definitions of the
acronyms used for averaging time.

I

I

5.5.5 Formaldehyde

Table 5.34 - Characteristics of Formaldehyde
CAS #
Synonyms
Chemical foxmula
Molecular Weight
State at STP
Boiling point (760 mm Hg)
Conversion
Colour
Odour

50-00-0
Methand, Methyl
Aldehyde, Methylene
Oxide
HCHO
30.0
Gas but often available in
an aqueous solution called
fonnalin
-21 OC
1 ppm = 1230 irg/m3
Nearly coIourIess
Pungent suffocating,
detectable at 0.5 ppm

Indoor Sources

Formaldehyde occurs naturally in the environment and is by-product of
metabolism in mammalian cells (McLaughlin, 1994). This compound is commonly used

in the form of a urea- or phenol-formaldehyde resins (Samet & Spengler, 1991) but is
prevalent in our indoor environment due to many potential sources (Godish, 1995).
(Table 5.35)

-

Table 5.35 Product Uses of Formaldehyde
(US Department of Health and Human Services, 1981)
Adhesives
Fungicides
Cosmetics
Insulztion, foam
Deodorants
Laminates
Detergents
Leathers, fi~,
and hair
Dyes
Paints
Embalming fluids
Paper
Explosives
Pharmaceuticals
Fertilizers
Plastics
Fiberboard, plywood, particle
Rubber
board
Surfacecoatings
Filters
Synthetic lubricants
Food
Friction materials
Textiles
Water-so ftening
Fuels
chemicals

Health Effects

Formaldehyde is a strong reducing agent. The majority of exposure does occur by
inhalation, although formaldehyde can be absorbed through the skin. There is substantial
variability in the response to formaldehyde in humans. Formaldehyde is a strong skin
sensitizer, which may also cause or exacerbate respiratory distress in individuals with
pre-existing or formaldehyde-induced bronchial hyperactivity. The odour threshold for
formaldehyde is 0.5 ppm and eye irritation levels occur at 2-10 ppm. Severe tissue
irritation, with the possibility of tissue damage, occurs at exposure levels of 25 ppm. The
evidence for formaldehyde as a carcinogen in humans is, at this point, controversial.
There is a highly significant incident of nasal cancer in rats at exposure levels of 14 ppm,
but the dose-response curve was highly non-linear with the risk being disproportionately
low at low exposures. The difference between the human and rat respiratory system are
significant; however, the respiratory defense mechanisms are similar. Some
epidemiological data have established a correlation between high occupational exposure
to formaldehyde and nasal cancer. Consequently, formaldehyde is treated as a probable
carcinogen in humans. (National Institute for Occupational Safety and Health, 1976b)

Formaldehyde has been "reported to cause a wide variety of symptoms, including most of
those which characterize SBS at concentrations in the range of 6 1-610 pg/rn3" (Godish,

Standard or Guideline

Table 5.36 - Formaldehyde Standards and Guidelines
Organization

Concentration
OSHA
0.75 ppm
Industrial
Workplace
(923 @m3)
Standards
2 PPm
(2,460 pg/m3)
0.016ppm
(20 &m3)
0.1 pprn
(I20 rn/rn3)
0.3 p p
(360 K/rn3)
Health Canada
0.I pprn
Indoor
Guidelines
(I20 pg/m3)
0.05 pprn
(60 pg.m3)
0.8 ppm
WHO
(100 pg/m3)
4
Refer to Table 5.2, Table 5.3, Table 5.4, and Table 5.5
acronyms used for averaging time.

Averaging Time*

PEL
PEL-ST

REL-C (15 rnin.)

Action level

Target level
30 minute

br definitions of the

5.5.6 Methyl Chloroform

Table 5.37 - Characteristics of Methyl Chloroform

CAS #
Synonyms

71-55-6
Chlorothene, 1,I, 1Trichloroethane

Chemical formula
Molecular Wei-ght
State at STP
Boiling point (760 mm Hg)
Conversion
Colour
Odour

m3CC13
133.40
Liquid
74 "C
1 ppm = 5,460 pg/m3
Colourless
Chloroform-like, detection
at 100 pprn
L

Indoor Sources
Commonly encountered indoor sources of methyl chloroform are insecticides,
spot removers, cement and adhesives, fabric cleaning solutions, and degreaser. Its
primary application is as an industrial cold cleaning solvent.

Health Effects
Methyl chloroform primary effects the central nervous system by impairing
reaction time, manual dexterity, and perceptual speed. These symptoms have been
observed at concentrations as low as 250 ppm for 30 min. At 400 ppm various degrees of

eye, nose and throat irritation have been reported. Sleeplessness, lightheadedness, and
headaches associated with exposure of 500 pprn for 7 hours/day for 5 days. Significant
impairment of coordination occurs at exposure levels of 900 pprn for 20 min. A
sensation of lightheadedness occurs at short-term exposures at 2,600 ppm. Significant
decreases in blood pressure occur at 8,000 pprn for 5 min. Methyl chloroform induces
anesthesia at concentrations between 10,000 and 26,000 ppm. Passive congestion of the
lungs was found in chronic exposure conditions (135 pprn for 90 days) and in high dose
acute conditions, which caused death. (National Institute for Occupational Safety and

Health, 1976a)

Standard or Guideline

Table 5-38 - Methyl Chloroform Standard and Guideline
Organization
OSHA

Concentration
Averaging Time*
350 ppm
PEL
( 1,900,000 j&rn3)
450 ppm
PEL-ST
(2,450, 000 &n3)
350ppm
REL-C (I5 min,)
MOSH
(1,900,000,45/m3)
350
ppm
TL V - W A
ACGlTI
(1.910,000pg/m3)
TL V-STEL
45Oppm
(2,460,000
pg/m3)
Refer to Table 5.2, Table 5.3, Table 5.4, and Table 5.5 for definitions of the

Industrial
Workplace
Standards

*

-

acronyms used for averaging time.
5.5.7 MethyCene Chloride

Table 5.39 - Characteristics of Methylene Chloride
L

CAS #
Synonyms
Chemical fonnuIa
Molecular Weight
State at STP
Boiling point (760 mm Hg)
Conversion
Colour
Odour

75-09-2
Dichloromethane,
Methylene Dichloride
CHzClz
84.9
Liquid
40 OC
1 ppm = 3,470 pg/m3
Colourless
Chloroform-like,
detectable at 200 ppm

Indoor Sources

Methylene chloride is encountered in the indoor environment in paint and varnish
removers, insecticides and W g a n t s , solvents, cleaners, pressurized spray products, fire
extinguishers, and Christmas tree bubble lights. It is allowed as a food additive and can

1
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be found in concentrations up to 30 ppm in spice oleoresins and 10 ppm in roasted and
instant decaffeinated coffee (used to decaffeinate the coffee).
Health Effects

Methylene chloride effects the central nervous system and in the past has been
used as an anesthetic. Accident proneness occurs at exposure levels around 450 ppm.
Significant impairment of coordination and balance has been observed at concentration of
900 ppm for 20 minutes or more. The ability to detect sounds decreases at exposure

levels of 800 ppm. Experiments with mice indicate there may be a cumulative effect on
the central nervous system.

Methylene chloride also effects the cardiovascular system. Significant decreases
on blood pressure occur at exposure levels of 8,000 ppm for 5 minutes. Exposures,
which cause death, shown gross congestion of the lungs and pulmonary edema. It is
unknown precisely at what exposue levels to methylene chloride death occurs in
humans. (National Institute for Occupational Safety and Health, 1 9 7 6 ~ )
Standard or Guideline

Table 5.40 - Methylene Chloride Standard and Guideline
Organization
OSHA

Averaging Time*
Concentration
PEL
Industrial
25 PPm
Workplace
(86,800 &m3)
Standards
125 p p m
PEL-ST
( 434,000 pg/m3)
NIOSH
Minimize worelace exposure concentration;
limit number of workers exposed
50 P P ~
TL V - W A
ACGIH
(1 74,000 ,ugh3)
24 hours - average
0.9 ppm
Indoor
KIT0
Guidelines
I
I (3,000rn/rn3)
*
Refer to Table 5.2, Table 5.3, Table 5.4, and Table 5.5 for definitions of the

I

I

acronyms used for averaging time.

I
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5.5.8 Polycyciic Aromatic Hydrocarbons

Aromatic hydrocarbons are hydrocarbons that contain benzene rings or similar
structural features. Aromatic hydrocarbons can M e r be classified as a benzene

. of aromatic
derivative or polycyclic aromatic hydrocarbons 0Examples
compounds are toluene, xylenes, ethytbenzene, and styrene. They are formed during
incomplete combustion of oil, gas, coal, and wood. PAHs are almost everywhere
because of wide spread sources. They are present as complex mixtures of hundreds of
chemicals, most of the biological properties of which are unknown. Benzo[a]pyrene

(BaP) is the most extensively studied chemical of this class. Lung carcinogenicity &om
exposure to BaP has been demonstrated in rats and hamsters. The carcinogenicity of a

PAH mixture may be influenced by synergistic and antagonistic effects of other
compounds emitted together with PAHs. PAH measurements suffer from the same
problems as TVOC measurements, the composition of a PAH sample can vary from site
to site making it difficult to compare measurements. BaP is used as an indicator for the
carcinogenic PAH in air. WHO has recommended a guideline maximum exposure level
of 8.7 x10'
1997)

(&m3) for PAH as measured by BaP over W i f e t i m e . (van Leeuwen,

5.5.9 Tetrachloroethylene

Table 5.41 - Characteristics of Tetrachloroethylene
L

CAS #
S~nonyro~
Chemical formula
Molecular Weight
State at STP
Boiling point (760 rnm Hg)
Conversion
Colour
Odour
IARC

127-18-4
Perchlorethylene,
Perchloroethylene, Perc,
Perk, Tetrachlorethylene
Cl2C=CC12
165.80
Liquid
120 OC
1 ppm = 6,780 pgh3
Colourless
Etheral-like, detection at
50 pprn
3

Indoor Sources
Tetrachloroethylene is used in the majority of dry cleaning establishments as a
cleaning solvent. Other uses include metal degreasing and grain fumigation.
Health Effects

Central nervous system effects to acute exposures to tetrachloroethylene include
loss of consciousness, dizziness, lightheadedness, inebriation, and difficulty in walking.
Prolonged exposures can produce confusion, impaired memory, numbness of the
extremities, and impaired vision. Involvement of the liver in tetrachloroethylene
exposure has been indicated by impaired liver h c t i o n and evidence of jaundice.
Mucous membrane irritation has also been observed in those exposed.
Tetrachloroethylene's potential for carcinogenicity is indicated by an intermediate. The
first step in the metabolism of haloethylenes is the oxidation to a reactive intermediate.
The reactivity of this intermediate seems to indicate it's relative carcinogenic potential.
Tetrachloroethylene's intermediate demonstrates limited reactivity.
Chronic exposure in the range of 25 to 400 ppm produce hyperactivity of the
autonomic system include symptoms such as, tremor of the eyes and fingers. At

exposure levels of 100 ppm, short-term studies have shown central nervous system
effects with reports of the onset of renal damage occurring at average exposures of 150

ppm. Exposure levels of 500 pprn produce increased salivation, metallic taste, slight eye
irritation, increased perspiration of the hands, and tightness of the fkontal sinuses. Light
narcosis is induced at exposure levels of 2,000 ppm. (National Institute for Occupational
Safety and Health, L976d)
Standard or Guideline

Table 5.42 - Tetrachloroethylene Standard and Guideline
1

Averaging Time*
Concentration
PEL
100 ppm
Industrial
Workplace
(678,000 &m3)
PEL-C
Standards
200 ppm
(1,356,000 j . ~ ~ / r n ~ )
5 min. maximum peak
300 ppm
(2,034,000 pg/m3) in any 3 hrs.
Minimize worklace exposure concentration;
NIOSH
limit number of workers exposed
TL V-TWA
ACGITi
50 P P ~
(339,000
TL V-STEL
200 ppm
(1,368
24 hours
0.038 ppm
JTRO
Indoor
Guidelines
(250 M/m3)
30 minutes
1.2 ppm
(8,000pg/m3)
r(r
Refer to Table 5.2, Table 5.3, Table 5.4, and Table 5.5 for definitions of the
Organization
OSHA

acronyms used for averaging time.

5.5.1 0 Vinyl Chloride

TabIe 5.43 - Characteristics of Vinyl Chloride
CAS #

Synonyms

75-0 1 4
Chioroethene,
Chioroethylene, Ethylene
monochloride,
Monochloroethene,
Monochloroethylene, VC,
Vinyl Chloride Monomer

WCM)
Chemical formula
Molecular Weight
State at STP
Boiling point (760 mm Hg)
Conversion
Colour
Odour
IARC

CH?=CHCl
62.50
Gas
-14 OC
1 ppm = 2,560 &m3
Colourless
Pleasant
1

A

Indoor Sources

Vinyl chloride is created by chemical reactions in landfills. The primary source
of vinyl chloride in indoor air is fjrom contaminated soil gas that infiltrates into the

building &om nearby landfills.
Health Efects

Vinyl chloride produces toxicity by reactive intermediates. The first step in this
process is oxidize vinyl chloride across the double bond to produce an epoxide. This
epoxide is highly reactive and can covalently bind to nucleic acids. It is the degree of
reactivity of this intermediate, which determines its risk for carcinogenicity.
Monohaloethylenes (i.e., vinyl chloride) are more carcinogenic than dihaloethylenes and
among the monohaloethylenes, the risk of carcinogenicity from the intermediate from
vinyl chloride is greater than vinyl fluoride and vinyl bromide. Vinyl chloride has been
categorized as a potential human carcinogen. (Klassen, 1996)

Standard or Guideline

Table 5.44 - Vinyl Chloride Standards and Guideline

I Organization
Industrial
Workplace
Standards

I Concentration

OSHA

NIOSH
ACGIH

I Averaging Time*

1

PEL
1PPm
(2,560 p@m3)
PEL-C
5 PPm
(12,800 pg/m3)
Minimize workplace exposure concentration;
limit number of workers exposed
TL V-W A
5P P ~
(13.000jlg/m3)
URnzyetime
1x1 ad [&g/rn3]-*

F7YO
Indoor
Guidelines
*
Refer to Table 5.2, Table 5.3, Table 5.4, and Table 5.5 for definitions of the
acronyms used for averaging time.
5.6 Environmental Tobacco Smoke

Tobacco smoke results from the smoking of cigarettes, cigars, and pipes. There
are two types of tobacco smoke, mainstream (MS), and sidestream (SS). Mainstream
smoke is the smoke drawn through the tobacco and into the smoker's mouth. Side stream
smoke is the smoke generated by the smoldering tobacco between puffs and the smoke
diffusing through the paper and escaping fiom the burning cone during puffing.
Environmental tobacco smoke (ETS) is the combination of SS and exhaled MS. ETS is
considered to be passive or involuntary smoking. There are quantitative differences
between MS and ETS, which are due to the lower temperature during combustion and the
length of time the smoke has to react with constituents of the air. ETS has higher
concentrations of toxic and carcinogenic substances (National Institute for Occupational
Safety and Health, 1991) but the exposure is lower due to the dilution effects of the air.
Tobacco smoke is a complex mixture of gases and particles, over 400 chemical species
have been identified (Godish, 1995). The most notable gas phase species include
(Godish, 1995):
carbon monoxide (Section 5.4.2),
carbon dioxide (Section 5.4.1),

nitrogen oxides (Section 5.4. I),
acrolein,
formddehyde (Section 5.5.5),
benzene (Section 5.5. I),
hydrogen cyanide, and
hydrazine.
The most notable particles include (Section 5.3) (Godish, 1995):
tar,
nicotine,
phenol,
2-naphthyI;unine,
benzo [a] pyrene (Section 5.5.8),
benzo [a] anthracene,
n-nithrosodiethanolamine,

cadmium, and
nickel.
The toxicology and epidemiology data suggests that exposure to MS tobacco

smoke has clear health effects. In 1964, the US Surgeon General concluded that cigarette
smoke causes lung cancer and that smoking is a major cause of heart disease (National
h t i t u t e for Occupational Safety and Health, 1991). However, the evidence on the health
effects of exposure to ETS is not as clear, because there is:
lack of objective measures for characterizing and quantifying exposures,

failure to adjust for all confounding factors,
potential for misclassification of ex-smokers as non-smokers,
unavailability of comparison groups that have not been exposed to ETS, and
low statistical power. (National Institute for Occupational Safety and Health, 1991)
Recent data suggest that there is an increased risk of lung cancer for nonsmokers
exposed to ETS. However, further evidence is required to determine if there is a

relationship between passive smoking and heart disease. WHO has determined that

[pg/m3]-1
~
URAifetime.
exposure to ETS has 1 x 1 0 ~
5.7 Radioactive Air Contaminants

Radioactive air contaminants can exist in a solid phase, such as a particle, or in a
gaseous phase. The main source of radioactive air contaminants is soil gas. Radioactive
materials cause the most harm when it is absorbed and retained in the body. Radioactive
materials cause harm by emitting alpha, beta, and gamma rays. Alpha rays have very low
power and only represent harm when their source is absorbed into the body. Beta rays
have higher power and can effect the human body both internally and externally. Gamma
rays have the highest energy but their penetrating ability depends on the type of particle.

The most common radioactive material found in the indoor environment is radon.
Radon is a noble gas produced in the radioactive decay of radium. It is commonly
found in uranium ores and phosphate rock. The main source of radon gas in indoor air is
the soil beneath structures. Average background levels of radon tend to be between 20
and 200 B ~ / I ~ (1
) . pCi/L = 37.04 ~ ~ / r Movement
n ~ )
of radon indoors is dependent on
the source strength, structural characteristics, and flow of air within and outside of the
building. Radon itself is inert and poses no threat to human health. However, as it
decays it produces progeny, radon daughters, which are short lived but emit alpha
particles. Radon daughters are solids that can be inhaled and deposited into the
respiratory tract The airway lining is 40 pn thick, and the alpha particles are able
transfer a significant amount of energy to the underlying cells. This energy can damage
lung cells and lung cancer may result. The term radon will be used to refer to radon and
radon daughters, aIthough it is the radon daughters that cause the damage. (Samet &
Spengler, 1991)
Measurements of radon concentration do not directly translate into exposure level
because of physical and biologic factors. Physical factors, which influence the exposure,
are:

hction of daughters unattached to particles,
aerosol size distribution, and

equilibrium of radon with its progeny.
Biologic factors that influence dose are:
respiratory volume and frequency,

oral or nasal route of breathing, bronchial morphology,
mucous clearance rate,
mucous thickness, and
Iocation of target celIs.
Table 5.45 - Radon Standard and Guideline
Industrial
Workplace
Standards
Indoor
Guidelines

Organization
US EPA

Health
Canada

FPZO
Canadian
Radiation
Protection
Bureau

Averaging Time
Concentration
150-740 ~ ~ / m ' Take action within a few
years
Take action within several
740-7400 ~ q / m '
months
Reduce
>7400 ~
~ / m
~ within several weeks
Level - I year.
800 ~ ~ / m Action
~
70 lIq/rn3
740 ~ ~ / m '

-

Maximum level

5.8 Bioaerosols

Bioaerosols are airborne particles composed of or derived fiom Iiving organisms
(Macher, 1999). Bioaerosols include whole and fragments of microorganisms; toxins,
such as VOCs; and waste products, such as dandruff and fecal matter. Bioaerosols
require:

a source of biological material,
multiplication of the original organism and in some cases, manufacture of cell
products, and

a method of disseminating the biological material into the air.
At present, there are no numerical guidelines for bioaerosol exposure for the

following reasons (Morey, 1990):

incomplete data on concentrations and types of microbial particulate indoors,
especiaIIy as affected by geographical, seasonal, and type-of-building parameters,
absence of data relating bioaerosol exposure to building related illness,
enormous variability in kinds of microbial particulate including viable cells, dead
spores, toxins, antigens, and viruses, and
large variability in human susceptibility to microbial particulate, making estimates of
health risk di££icult.
The bioaerosols that are discussed include bacteria, fungi, viruses, plants, and animals.
5.8.1 Bacteria

Bacteria are single celled organisms that have a cell membrane but not a nucleus
or membrane bound organelles. Most bacteria look like small spheres, straight or curved
rods, spiral rods, or branched filaments. They generally range in size fiom L to 5 p in
diameter. Bacteria reproduce by simple cell division. Bacteria use a variety of food
sources, but most bacteria isolated from air digest dead complex organic-based matter.
Bacteria can be classified into four groups based on their preferred temperature range.
(Table 5.46). Of most interest in the indoor environment are the mesophilic bacteria.

In the indoor environment, the majority of bacteria in the air come from human
and pet sources, such as human skin and respiratory tracts. The air concentrations of
these bacteria depend on the number of people, their activity levels, the type of clothing
worn, and the ventilation rates of the space. The risk from environmental bacteria
increases when excessive concentrations are found indoors.
Most naturally occurring bacteria do not cause negative human health effects.
Some bacteria are required for human health (e-g., bacteria in gut required for proper
digestion of food). However, some bacteria can cause negative human health effects. Of
prime interest to indoor air quality are the bacterial aerosols, which can be inhaled.
Hypersensitivity disease can also be caused by bacteria (e.g., farmer's lung). Bacteria,
like fungi,can produce toxins and volatile organic compounds (VOCs) which can
negatively effect humans.

Table 5.46 - Preferred Temperature Ranges for Bacteria
Bacteria
Psychrophilic
Mesophilic - Environmental Source
Mesophilic - Human Source
Thermophilic

Temperature Range
0°C to 10°C
18°C to 30°C
35°C to 44°C
50°C to 55°C

Health effects from exposure to bacteria can be caused by four mechanisms:
infection,
hypersensitivity pneumonitis,
toxins, and
vocs.
Infection is the best known mechanism and is normally acquired through
inhalation. Bacteria are transmitted through the air from humans or other animals.
Examples of bacterial infections include legionellosis, tuberculosis, anthrax, and
brucellosis.
Bacteria produce exo-toxins and endo-toxins. Exo-toxins are released into the
bacteria's environment. Exo-toxins have not been reported in air. Endo-toxins are part
of the bacteria's cell wall. Low exposures are considered necessary for developing the

immune system. Higher exposures of endo-toxins may produce mucous membrane
irritation. Very high exposures can produce flu-like symptoms with high fever and
difficulty breathing.
Bacteria can produce VOCs. Some of these compounds have distinctive odours,
which is associated with the decomposition of material. Exposure to VOCs may be a
cause of sick building syndrome (Section 5.5) but there is little evidence to connect
bacteria produced VOCs to specific health effects- Bacteria common to indoor air and
those that cause disease are shown in Table 5.47.
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Table 5.47 - Bacteria Common to Indoor Air and Those That Cause Disease
adapted from (Macher, 1999)
Organism
I Disease
I Outdoors
I Indoors
Common
Common
Usually none
Micrococcus spp,
Bacillus spp.
Common
Hypersensitivity Common
pneumonitis
Rare
T7zermoactinomyces spp. Hypersensitivity Uncommon
1 pneurnonitis
Occasional
Corynebacterium spp.
I Usually none
Rare
Mycobactenitm
Tuberculosis
Rare
Rare
tubercuZosis
Rare
Pseudomonas spp
Usually none
Common
Enteric bacterium
Various
Rare
Rare
Rare
Rare
Legionella pneurnophila Legionellosis

I

- -

-

5.8.2 Fungi

Fungi is a group of organisms which have cell walls that enclose a nucleus, lack
chlorophyll, and has no vascular structure. They can consist of single cell or they can be
multi-cellular organisms. Fungi appear in a variety of forms firom mushrooms to mildew.

The simplest classification of fungi is by visual inspection. Mould is a term used for
visible fungal growth where it is not wanted and has no taxonomic significance. Mildew
is the term used for fungi growing on windowsills, fabrics, or bathroom tile. Yeast
generally refers to fhgi that are unicellular.
Fungi must obtain food fiorn external sources and cannot subsist on water and

carbon dioxide, as can plants. Sources must contain carbon and can be in the form of
simple sugars or carbohydrates that are more complex. Fungi appearing to grow on a
non-carbon based substrate are using organic debris that has been deposited on the
substrate as a food source. Nutrients in a substrate can change and consequently other

fungi will supplant the existing fungi. Fungi release enzymes to digest carbohydrates but
critical to this process is the presence of adequate moisture. Fungi can live and feed on
dead organic matter (saprophytic) or can live on or in and feed on live organisms in a
harmful (parasitic) or beneficial manner (symbiotic). Fungi produce many metabolites

during the process of feeding, primarily carbon dioxide, nitrates, and water. However,
other metabolites may include ethanol and other volatile organic compounds. Fungi have

I
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complex life cycles, which may include sexual and asexual stages. Spores, which are
small, light, and easily transported in the air, can be produced in both stages.

Fungi require adequate temperatures, moisture levels, nutrients, light, and
atmosphere to grow. For each fungi there is a range of temperature, moisture levels,
nutrients, light, and atmosphere which is acceptable. Consequently, there is no one set of
environmental conditions for optimal fungus growth and a variety of environmental
conditions in which fungi can grow.
Water availability is one of the most critical factors in controlling fungal growth.
The moisture content of the building materials determines how quickly h g i will grow.
The relative humidity of the indoor air contributes to the water content of the building
contents but is not the determining factor for fungi growth. Assumptions about
controlling relative humidity in buildings to control fungi growth may not be true, as the
critical factor is the available moisture in a material.
Temperature affects h g i directly and indirectly, by a e c t i n g the availability of
water. Most fungi have an optimum temperature range between 15OC and 30°C (Macher,
1999). Temperature effects the ability of building contents to hold water. The higher the
temperature the more water a material can hold.
Light primarily influences spore production. Some exposure to light is required

for sporulation. Generally, dark colored spores are resistant to ultra-violet (UV)
radiation. Fungi do not preferentially grow in dark areas. Fungal growth found in dark
places is usually due to high water availability.

Fungi are ubiquitous in our environments and people are continuously exposed
with no ill effects. Some fungi are considered beneficial as a food (mushrooms, soy

sauce, cheese, wine, beer) or sources of drugs to control or prevent disease (penicillin,
cyclosporin A). However, fungi can cause human health problems. Fungi are a human
health c o n c m fiom three perspectives: first, they can be a source of allergens; second,

they are a source of particles, and third, they can release toxins. Generally, infectious
diseases from h g i only establish in human hosts with compromised immune systems. It
is impossible to eliminate all sources of fungi fiom our environment. However, it is
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prudent to take measures to reduce the potential for mould and b g i growth. (Table
5.48).

TabIe 5.48 - Fungi Components and Associated Diseases

Fungi Component
Proteins,
glycoproteins, or
antigens
Organisms

Disease
Allergic reaction

Mycotoxins aflaxtoxin

Depends on the
mycotoxin

Volatile Organic
Compounds

Depends on the

Infectious disease

VOC

(VOCs)

Examples
Asthma, alierigic rhinitus,
hypersensitivity
pneumonitis
Ringworm, atheletes' foot,
histoplasmosis,
balstomycosis
Macrophage toxicity,
inflammation,
carcinogenicity,
cardiovascular effects
M a y be responsible for
some building related
sicknesses

Outdoor f h g a l air concentrations vary but typical concentrations are 1000 colony
forming units (cFU)/m3and in the summer months it is not uncommon to exceed 10,000
cFV/rn3. There are two guidelines for assessing indoor fungal concentrations, Health
Canada (1993) provided the following for office buildings:
1. Significant numbers of certain pathogenic b g i should not be present in
indoor air (e-g., Aspergillusfurnigarur,Histoplasma and Cyptococcur). Bird
or bat dropping near air intakes, in ducts or buildings should be assumed to
contain these pathogens. Action should be taken accordingly. Some of these
species cannot be measured by air sampling techniques.
2. The persistent presence of significant numbers of toxigenic fungi (e-g.,
Stachybohys a m , toxigenic Aspergillis, Penicilliurn and Fusarirtrn species)
indicates that further investigation and action should be taken accordingly.
3. The confixmed presence of one or more h g a l species occurring as a
significant percentage of a sample in indoor air samples and not similarly
present in concurrent outdoor samples is evidence of a h g a l amplifier.
Appropriate action should be taken.
4. The "normal" air mycoflora is qualitatively similar and quantitatively lower
than that of outdoor air. In federal overnment buildings, the 3-year average
has been approximately 40 CFU/m for Cladosporiurn, Alternuria, and nonsporulating basidiomycetes.
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5. More than 50 C F U ~ of
~ a) single species (other than Clndosporium or
Altemaria) may be reason for concern present. Further investigation is
necessary6. Up to 150 CFU/rn3 is acceptable if there is a mixture of species reflective of
the outdoor air spores. Higher counts suggest dirty or low efficiency air filters
or other problems.
7. Up to 500 cFU/rn3is acceptable in summer if the species present are
primarily CZadosporiurn or other tree and leaf fungi. Values higher may
indicate failure of the filters or contamination in the building.
8. The visible presence of f h g i in humidifiers and on ducts, mouldy ceiling tiles
and other surfaces requires investigation and remedial action regardless of the
airborne spore load. (Health Canada, 1995b)

The ACGM (1999) provides the following for the indoor environment:
1. The presence of visible k g a l growth confinned by source sampling in
occupied indoor environments is strong evidence that exposure may occur.
The condition leading to such growth should be corrected and the growth
removed, using appropriate precautions.
2. The presence of moldy odors in occupied indoor environments is strong
evidence that fungal growth is occurring. Such growth should be located and
confirmed through source sampling. The condition leading to such growth
should be corrected and the growth removed, using appropriate precautions.
3. The persistent presence of water in indoor environments (except in places
designed for carriage or storage of water) is likely to lead to fungal growth.
The conditions allowing such water to accumulate should be corrected.
4. The presence of accumulations of organic debris, especially bird or animal
droppings, is presumptive evidence of the presence of h g a l contamination.
The conditions allowing the accumulation of such debris should be corrected
and the debris removed, using appropriate precautions.
5. Interpretation of source air sampling data in the absence of any of the above
conditions requires a sufficient number of samples (including controls) to
ensure the results are not due to random chance. If these data requirements
are met, an investigator may consider sampling results in light of the
following discussions. (Macher, 1999)
Indoor/Outdoor Relationships
Indoor/outdoor relationships should be assessed by comparing both the
concentration and the type of species composition present. Indoor fungal concentrations
that are consistently and significantly higher than outdoor concentration may indicate that
indoor sources are present.

Indicator Species

Indicator species are b g i whose presence may indicate excessive moisture or a
health hazard. Presence of a significant concentration of these indicator species in the
indoor environment may indicate an indoor source.
Potentially Pathogenic Fungi

Some b g i may be assumed to be present when material known to support their

growth are found. Removal of the material should be conducted as if the fungi are
present.
Sampling for Fungi and Bacteria

There are three methods to sample for fungi and bacteria in the indoor
environment: air, bulk, and surface.
Air sampling consists of collecting and removing particles from air and placing

them on an agar surface for culture. Air samples are expressed in units of Colony
Forming Units (CFU)per m3. Sampling for airborne fungi is used to
detect and quantifi bioaerosol presence,
identify bioaerosol reIease from sources,
assess human exposure to biological agents, and
monitor the effectiveness of control measures.

Bulk sampling involves taking a portion of the material (e.g., sections of
wallboard, pieces of duct lining or filter, etc.) to be tested for biological material. Bulk
sampling is conducted to determine the:
source of biological agents,
presence of microbiological agents that are difficult to culture f?om air samples (e.g.

Legionella spp., amebae),
effectiveness of mitigation measures.

Bulk samples are expressed in units of CFU per gram of original material or volume of
original material.

Surface samples provide similar information to bulk sampling but in a less
destructive mannerr. It also provides better information about the human exposure to
biological agents iffthe route of exposure is through dermal contact. Sampling devices
can be:
agar contact plates, which are pressed against the sampling surface;
adhesive tape, which is placed against the sampling surface and then gently removed
with a slow ste-ady force; and
surface wash, which can be a swab, filter, cheesecloth, or gauze, which is used to
wipe the surface.
Surface samples are expressed in units of CFU per cmZ.(Macher, 1999)
5.8.3 Viruses

Viruses are=replicating, non-cellular particles that contain only one type of nucleic
acid (DNA or RNA) and depend completely on their hosts for reproduction. They are the
smallest (0.02 to 0-3 pm) and simplest lmown infectious agent. They vary in chemical
composition, host range, effect on a host, size, and morphology. Typically, viruses can
only infect one type of cell and these types can be classified into animal,plant, and
bacterial viruses. A virus's life cycle follows one of two patterns. The lytic pathway
occurs when the v h s invades the cell, multiples within the cell, and destroys the cell to
release new viruses for fiuther infection. The lysogenic pathway occurs when the virus
invades the cell and integrates its DNA into the cell's chromosome. There are three
possible results to tthe lysogenic pathway:

I) the infkcted cell could revert to the lytic pathway and ultimately destroys the
cell,
2) the infescted cell could produce new viruses at its surface without destroying

the cell, and
3) the infwted cell could lose control over its own growth and division. The
entire p;rocess of viral multiplication can take between 6 to 48 hours.
Viruses came only infectious diseases. Nearly all viruses are transmitted between
two humans, although a few viruses can be transmitted between animals and humans.

Most viruses are spread through the air, which is a relatively hostile environment for the

virus. Viruses tend to sorb onto other particles for transportation. The combined particle
may use several points of entrance to the human system; respiratory tract, mucous
membranes, gastrointestinal tract, skin, and open wounds. In order to cause infection, the
vim must reach the cells that it will infect, which can be prevented by the body's natural
defense mechanisms.
The risk of disease associated with exposure depends on individual immune
fimction, viral virulence and concentration, and particle size. Building factors that may
influence viral infection are temperature, relative humidity, density of population, and
ventilation rates. Some viruses demonstrate seasonal variations due to length of time
spent indoors, reduced fkesh air rates, and increased tightness of the building envelope.
Common airborne or droplet-borne viruses are shown in Table 5-49.

Table 5.49 - Common Airborne and Droplet-borne Viruses
(Macher, 1999)
Virus
Symptom Site
Disease
Papular-vesicular rash: chicken pox: Varicella-zoster virus
Skin
shingles
RubeIIa virus
Macular-erthematous rash: German
measles
Macular-hemorrhagic rash: measIes Measles virus
Central nervous EncephaIomyelitis, viral meningitis Measles virus, arenaviruses,
system
mumps virus
Mumps virus
Salivary glands Mumps
Rhinovirus, enterovirus,
Rhinitis, pharyngitis, common cold
upper
adenovhs, parainfluenza
respiratory tract
I
I
I virus, coronavirus
I Middle and
virus, respiratory
I Tracheitis, bronchitis, pneumonia I Parainfluenza
..
lower
I syncytnal
virus, influenza virus
I respiratory tract I Hantavirus pulmonary syndrome
f Hantavirus

I

1

I

I

I

1

5.8.4 Plant and Animal Matter

Plant and animal matter make up a large portion of airborne environmental
allergens. Dust mites, animal dander, pollen, ,fungi (Section 5.8.2), bird feces, and
cockroaches have been identified as allergens of particular concern in the indoor
environment,

I
I

I
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House dust mites have been studied extensively and are h o w n to be a major
allergen. Dust mites are members of the spider family and use discarded human skin as a
food source. Consequently, bedding material tends to have high concentrations of dust
mites, dried body parts and fecal matter. They tend to go unnoticed because of their
small size (225 to 520 pm in length) and relative transparency. The Iife cycle of the dust
mite population decreases with increasing temperature and within normal human comfort
zones that average lifecycle is about 40 days. Dust mite population growth is faster under
increasing relative humidity levels.
Animal dander, or skin cells, is one of the major sources of dlergenic matter fiorn
k e d animals such as cats, dogs, horses and cows. Other animal allergens include saliva
and urine. Urine is the main allergy source fiom rodents, such as guinea pigs, mice,
rabbits, and hamsters. The hair is not an allergen and thus,a short hair animal is equally
likely to be a source of allergens as a long hair animal. Cat allergens have higher
exposure levels because the dander is very small and light compared to other species'
dander.
Pollen grains can be generated from outdoor plants, which have infiltrated the
building, and indoor plants. Pollens vary between 7 to 120 pn depending on the species.
Only the smaller forms are airborne for a significant length of time and, because of their
size, a large portion of the pollens is deposited in the nasal hairs. Rhinitus, inflammation
of the nasal membranes, is a prevalent symptom of a pollen allergy because of the
preferentiaI deposition of pollen in this area. Pollen concentrations indoors vary with
outdoor concentrations unless there is an indoor source. Most pollen related reactions
can be anticipated because outdoor pollen generation is seasonal.
Bird allergens are found in feathers and droppings. Highest exposure to avian
material is associated with cleaning birdcages, lofts and coops. Bird breeder's lung is one
form of hypersensitivity pneumonitis that can occur with bird allergen exposure. Bird
droppings are associated with the production of fungi. The protein fiom the bird
dropping can enrich wet soil producing an environment ideal for certain soil b g i .
Pigeon dropping are associated with cryptococnrs neofonnans, which is of the fungi
family known to infect immune-compromised people.

Cockroaches produce several allergens; fecal matter, saliva, and dried body

fragments. Allergens associated with cockroaches are less than 5 p.m in diameter and
become airborne when disturbed. The cockroach can survive low ambient humidity
conditions because it can actively search for water, however it's preference is for moist
conditions with readily available food sources. Consequently, cockroaches are found in
unsanitary conditions and are associated with kitchens, animal care facilities, and
bathrooms. (Macher, 1999)
5.9 Discussion
5.9.1 Contaminant Sources

There can be many sources of contaminants in a building (e.g., laser printers,

medium density fibreboard furnishings, cleaning agents, carpet, and maintenance
procedures found in many offices and residences). Source identification is made more
difficult by the shear number of potential sources.
One source can emit a variety of contaminants, which can be identified during a
building walk-through. This is demonstrated by carpet, a relatively common building
component, which can emit up to 32 VOCs including benzene, 4-PC,methylene chloride,
chloroform and a variety of other PAHs (Bayer & Papanicolopoulos, 1990); and fibres,
dust mites, and h g i spores. Consequently, linking particular contaminants to sources
can be difficult because of the number of contaminants that can be produced by a single
object. Having one object producing a variety of contaminants also implies that normal
exposure to contaminants is by a mixture of compounds, not a single compound as is
typically tested under laboratory conditions.
All sources of indoor contaminants cannot be avoided because they are:

intrinsic to our bodily functions (e.g., carbon dioxide, formaldehyde, dander),
ubiquitous in our environment because of their biological persistence and previous
widespread use (e-g., PCBs, lead, DDT,asbestos),
normal in our environment but beyond our control (e-g., pollen, dust), and
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common in our environment because it provides great benefit (e-g., formaldehydebased resins, pets, peanuts) for the majority of the population and the adverse effects
impact only a small portion of the population.

Many contaminants are actually mixtures (e.g-, asbestos, ETS, particles) and the
toxicity varies with the components of the mixture. Some terms cover a wide range of
chemicals for example, the term pesticide includes insecticides, herbicides, fungicides,
and rodenticides; and the term asbestos includes chrysotile, amosite, crocidolite,
trernolite, anthophyllite, and actinolite forms of asbestos.
5.9.3 Health Effects

Many contaminants have similar health effects. For example, mucous membrane
irritation can be caused by excessive formaldehyde concentrations, high number of
particles, low relative humidity, andor increased levels of suphur dioxide. Multiple
causes of a symptom make it difficult to determine sources.
A single contaminant can generate a variety of symptoms. Exposure to lead can

effect several systems and organs including the central nervous system, kidneys,
cardiovascular system, reproductive organs, and blood chemistry. ConsequentIy, a
variety of symptoms can be associated with an exposure. If the symptom pattern is
unique to a particular contaminant, diagnosis is straightforward. However, the
prevalence of other potential contaminants and their impacts and associated symptoms in
the indoor environment may make source identification difficult in cases where there are
multiple symptoms.
Many contaminants commonly found in the indoor environment have the same
effector site. ExampIes would be exposure to higher than normal levels of carbon
dioxide (over 1000 ppm) and carbon monoxide. Many of the actions of VOCs have the
same effector site (e.g., the central nervous system). Another example would be
simultaneous exposure to nitrogen oxides, ozone, and sulphur dioxide, which have
similar modes of action. The combination of two contaminants at the same effector site
may lead to a synergistic effect creating a response greater than would normally be
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expected. A synergistic effect is one of four potential ways chemicals can combine to
produce an effect. (Section 4.2.5.3) This would make diagnosis of IAQ problems
difficult because the dose-response pattern would not be as predicted.
The health risk that a source poses is dependent on the form and location of the
source. One example would be asbestos. Asbestos in the f?iable form and in a location
where there is potential for human contact poses a significantly higher risk than asbestos

in floor tile located in the basement. In the latter instance, it may be debatable whether to
remove the asbestos because of the risk of exposure during the removal process.
Another example is toxicity of mercury, which varies greatly with its chemical
form. Mercury can exist as pure elemental mercury (IIg0), mercurous ion ( H~f' ), and
mercuric ion (IIg2C). Of these three forms of mercury, the mercuric ion is the most toxic.
However, the most toxic form of mercury occurs when it is methylated by biological or
chemical processes, Methylmercury (Hg(CH3)2) is very toxic because it is highly stable,

lipid soluble, and possesses ionic properties that allow it to readily cross membranes.
(Eisler, 2000)
5.9.4 Standards and Guidelines

All standards are for ambient conditions or industrial settings. These standards

are legally edorceable. There are no standards for the residential or commercial
application. Since IAQ guidelines are not legally enforceable, occupant's recourse to
exposure levels higher than guideline levels is limited.
The application of industrial or ambient standards to residential or office
situation is questionable because of differences in exposure. (Table 5.50) La most cases,
exposure levels will be greater in the residential setting than in the industrial setting
because they occur over longer periods of time and more frequently. Doses are likely to
be less in the residential setting.
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Table 5.50 - Differences in Exposure between Industrial and Residential Settings
Exposure Aspect
Average duration
Frequency
- Total number of times

Industrial
8 hours
5 days/ week
# of days employed in position

Residential
12 + hours
7 days/ week
# of days living in building

The guidelines or standards for ambient conditions or industrial settings are more
comprehensive in the number of compounds they address. The list of guidelines for IAQ
is less comprehensive. This forces the use of occupationd standards for residential
applications for certain contaminants, despite the limitations discussed above.
Odour is used as a diagnostic tool for IAQ assessment, but it is not a good tool for
determining if guideIines have been exceeded unless the particular contaminant can be
identified. (Table 5.5 1) For the odourous contaminants examined in this document,
approximately half of them exceed guidelines if an odour could be detected. It should
also be noted that some contaminants do not have an odour.

Table 5.51 - Odour Detection versus Guideline Concentrations

1

Odour

1 D::zon
1
(ppm)

1

c

Guideline
IAQ
(ppm)

Carbon dioxide
None
1000
Carbon monoxide
I None 1
9-87
Nitrogen dioxide
Pungent
0.11
0.02-0.25
Sulphur dioxide
Pungent
0.019-0.380
0.5
Ozone
Acrid
0.060-0.120
0.0 1
Benzene
4.7
Aromatic
0.1-10.0*
Carbon tetraEther
21
0.00 1
chloride
Chloroform
Ether
2-50*
0.00 1
p-Dichlorobenzene
0.18
Mothball
0.02
Formaldehyde
0.5
Pungent
0.1-0.8
Methyl Chloroform Chloroform
100
350-450*
Methylene Chloride Chloroform
200
0.9
50
Tetrachloroethylene
Ether
0.038-1-200
* No guideline for IAQ, guideline is for occupational settings
I

I

detection
Does Odour
exceed
guideline?

I

Yes
Yes
No
Yes
Yes
No
Yes
Yes
No
No
No
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5.9.5Scientific Informarion

The scientific literature that provides infonnation about toxicity of contaminants
can be ambiguous. Some of the information reviewed did not distinguish between dose

and exposure and gave relative terns (e.g., high, medium, low) to describe these doses
(exposures). This makes it difficult to interpret the scientific data. Additionally, the
information is not written in an easy to understand language. The average buiIding
manager is forced to rely on interpretations of the scientific infonnation. This
assumption may be appropriate; however, interpretations of ambiguous information are
likely to be ambiguous, as wel.

PART I . . APPLIED RESEARCH

Chapter 6: Case Study

6.1 Introduction
6.1 .1 Method of Generalization in Case Studies
6.2 Research Questions, Objectives and Approach
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6.6.7 Attributes of the Indicator Development Process
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6-6.9 Selection of the IAQ Performance hdicator Set
6.6.1 0 Characteristics of the IAQ Performance Indicator Set

6.7 Conclusions

6.1 Introduction
Case study research has been used in many situations to conduct empirical
inquiries. Common applications include investigations into policy, political science, and
public administration; community psychology and sociology; organizational and
management studies; city and regional planning research; and conducting dissertations
and theses in the social sciences (Yin, 1994). Using case studies as a research strategy
allows the investigation of "a contemporary phenomenon within its real-life context,
especially when the boundaries between phenomenon and context are not evident" (Yin,
1994). Despite the advantages of using case studies, many researchers disdain this
empiricaI investigation strategy (Yin, 1994). There are legitimate reasons for this belief.
Critics of the strategy cite problems with a lack of rigour, little basis for scientific
generalization, excessive time to conduct the study, and the inordinate amounts of
unreadable documentation that results fkom these studies win, 1994). Case Studies tend
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to be very specific and may not apply to all siituations. Many of these criticisms can be
addressed through proper case study design and methodology. However, it must be
recognized that good case studies are difficuIlt to conduct and consequently, careful and
thorough thought must be given to ensure t h e success of the research. This chapter
concentrates on the validity, justification of &e case study research technique used in this
dissertation and presents the results of the case study.

6.1.1 Method of Generalization in Case Studies
Proper case study design and methodology does little to address the concern of
little basis for scientific generalization in case study research because this issue is a
philosophical problem, not a methodological problem. Scientific generalization occurs at
two levels, statistical generalization, and andytical generalization. Statistical
generalization is readily understood as it is used in many scientific experiments. It
involves an inference about a population based on data collected from a sample (Yin,
1994). The coddence in the inference will depend largely on the nature and size of the

sample and the variation within the population.
Analytical generalization does not rely on sampling loge to obtain an inference, it
relies on replication logic to c o d i n n or refute a previously developed theory (Yin, 1994).
An examination of the definition of inference assists in understanding the differences

between statistical and analytical generalizatian. "Inference is the comprehensive term
for the formal drawing of conclusions. It includes both induction and deduction.
Induction is the inferring of a universal or general rule fiom particular instances.
Deduction is the reverse process o f drawing a conclusion as to a particular instance from
general premises."(Avis, 1989) Hence, statisttical generalization is induction logic and
analytical generalization is deduction logic.
Case study research relies on analytical generalizations. A case study has a
previously developed theory that is used as a pemplate to scrutinize the empirical results.
The use of analytic generalization in case study research restricts the application of the
case study technique to certain situations. Case study methodology is not used to assess
incident phenomenon because of the small sample sizes. Instead, it is usually applied to a

236

phenomenon where is it is vital to study it within its context and consequently has a large
number of associated variables. Case study research depends on a well-defined and
richly developed h e w o r k for the theory.

6.2 Research Questions, Objectives and Approach
6.2.1 Research Questions
The purpose of this dissertation is to identify and develop performance indicators
for IAQ. The research has been divided into three sections; literature review,
development of the set of IAQ performance indicators, and verification of the indicators.

This chapter addresses the development of the indicators. This section presents the
research question and objectives; reviews several approaches, outlining the characteristics

of each; and justifies the approach taken during this phase of the research. The primary
research question during this phase of the research is:
What are good performance indicatorsfor indoor air quality?

6.2.2 Objectives
The objectives that result from the primary research question are:
determine an appropriate group of people with which to develop performance
indicators for LAQ,
explain what performance indicators are to the group,
explain how to develop performance indicators to the group,
facilitate the development of performance indicators for IAQ, and
determine what appropriate performance indicators are for LAQ.

6.2.3 Research Strategroes

An appropriate research strategy must be chosen to answer the research question.
The characteristics of each research strategy assist in determining the appropriate
methodology. The characteristics are phase of research, type of question, focuses on past
or current events, and degree that the subject can be isolated &om the context. The phase

of research can be categorized into three areas: exploratory, descriptive, and explanatory.

(Figure 6.1) Exploratory studies are conducted when littie information is known about
the subject, It is conducted in order to "know enough to design and execute a second,

more systematic and extensive study" meurnan, 1997). It addresses "what" types of
research questions. Descriptive studies present the details of a situation, social setting or
relationship weurnan, 1997). It focuses on "who" and cchow"types of questions.
Explanatory studies attempt to determine causes and reasons for something to occur. It
focuses on '%why" questions. Common research strategies are experiment, historical
analysis, case study, and survey win, 1994).

1

I

Exploratory Studies
Answer "What?"

I

Descriptive Studies
Answer "Who?" & "How?"

Explanatory Studies
Answer "Why?"
Figure 6.1 - Phases of Research
Experimental strategies measure the effects of manipulating one variable on
another variable (Robson, 1993). They are limited to research questions where the
researcher can manipulate the situation by controlling the variables. Characteristics of
the experimental strategy are: it answers research "how" and "why" research questions,

requires that the subject can be isolated fiom the context, focuses on current events, and
typically is in explanatory studies (Robson, 1993).

An historical approach or historical comparative research focuses on past events

attempting to determine operational links in a past era or across different types of
environments. Characteristics of the historical strategy are: it answers "how" and "why"

research questions, does not require that the subject be separated from the context,
focuses on past events, and typically is used in exploratory studies win, 1994).
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Case studies develop detailed, intensive lmowledge about a single case or small

number of cases (Robson, 1993). A case study is an inquj. that researches a
contemporary phenomenon in a real-life context. It is used when the boundaries between
the phenomenon and context are not clear (Yin, 1994). The isolation of the subject from
the environment is not possible and so it focuses on "how" and '%why3'research questions.

Case studies examine current conditions. Case studies are classically used for
exploratory work.
Surveys are conducted by collecting information in a standardized form fkorn
large groups of people (Robson, 2993). Surveys concentrate on answering questions
which ask "who", '%hat9', "where", "how mauy",or "how much". Most surveys
concentrate on contemporary phenomenon and are used for descriptive studies.

The primary research question for the current study is "What are good
performance indicators for indoor air quality?". There is considerable information on
both performance indicators (Chapter 2) and indoor air quality (Chapter 3), but there is
limited information on performance indicators for TAQ. Thennal and stress
environmental indices exist (American Society of Heating Refrigerating and AirConditioning Engineers, 1997) but do not encompass many aspects of indoor air quality,
such as contaminants, and may not apply in all situations. There are ambient, or outdoor,
indicators but the applicability to the indoor environment is problematic because of types
of contaminants, purpose of the indicators, and exposure levels. Consequently,
investigation into performance indicators for IAQ is exploratory.
The management of IAQ is dependent on the physical, social and economic
environment. It is impossible to extract the issue fiom its context because they are
interrelated. It is also an issue that is best studied in the present because documentation
tends to be insufficient and recall bias is strong. The case study is the most appropriate
strategy, based on matching the characteristics of the research question to relevant
characteristics for each different research strategy. (Table 6.1) The case study can be
used for "what" types of questions, especially if they are exploratory studies (Robson,

1993).

Table 6.1 - Relevant Situations for Different Research Strategies
adapted fiom
1994)

win,

Research
Strategy

Type of Research
Question

Experiment
Historical
Analysis
Case Study

how, why
how, why
how, why
who, what, where,

Isolation
from
Context
yes
no

Focus

Phase

cment
Past

explanatory
descriptive

no

current

exploratory

6.3 Case Study Design

The case study design is the plan for collecting, analyzing, and interpreting the
data. It is the "logical model of proof' that allows the research question to be answered
by the data (Nachmias & Nachmias, 1992). Five key components of the case study
design are research questions, propositions, unit of analysis, linking of the data, and
criteria for interpreting the findings (Yin, 1994). The research question was posed in
Section 6.2.1. The case study's propositions are difficult to define because it is
exploratory research. However, implicit in the research question is the assumption that
performance indicators are a good management tool for IAQ. Verification of this
assumption occurs in the third phase of the research, the survey. This unit of analysis is
the people that manage indoor air quality in a building or buildings. The unit of analysis
may be one or several people, depending on the size and structure of the management
team, but it should include people that oversee building design, operation and
maintenance; W A C operation and maintenance; and occupant health and safety. A
conceptual h e w o r k is provided in Figure 6.2 to illustrate the unit of analysis, main
features, variables, and relationships in the case study.

EXTERNAL ENVIRONMENT
Building(s)
1

Buiiding Management
(Unit of Analysis)
Building Design,
Operation, &
Maintenance

HVAC Operation
& Maintenance

Occupant Health
& Safety

Building
Contents

Occupants

1
Occupant
Activities

.
Figure 6.2 - ConceptuaI Framework

In Figure 6.2, the external environment encompasses the building(s) but is

considered separate, even though the HVAC system is connected to the outdoor air. The
building management is the unit of analysis and includes people that oversee building
design, operation and maintenance; occupant health and safety; and HVAC operation and
maintenance. Within the buiIding(s), occupants conduct their activities using building
contents. There is two-way communication between building management and
occupants. Likely sources of indoor contaminants are represented: outdoor air, building
(including HVAC system), building contents, occupants, and occupant activities. The
factors that can change the indoor environment are represented: building management

and occupants.

Section of Process to be Completed
bv Case Studv

Reporting and
Communicating

Figure 6.3 - Development Cycle for Indicators
Linking of the data to the proposition and criteria for evaluating the data have
been the least well developed in case studies (Yin, 1994). In this case study, there are no
propositions and consequently, the linking of data to propositions cannot occur.
However, a fkamework is needed to accomplish the purpose of this exploratory case

study. The fi-amework chosen to develop performance indicators is described in Section
2.3.1.3. This b e w o r k provides the link between the research question and the data of

the case study. It is a process of developing performance indicators (Maclaren, 1996).
The entire process is not completed in this case study due to time constraints. Only the
planning section of the process is conducted (Figure 6.3, further explanation of the
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development cycle for performance indicator is found in Section 2.3.1). The final key
component to designing case studies is criteria for evaluating the data. This is conducted
external of the case study, in phase three of the research, the survey.

6.3.1 Sampling Strategy
The sampling strategy determines who, where, when and what is sampled
(Robson, 1993). Who is sampled in the case study is determined by the unit of analysis.
The "who" is building management team. This may be one individual or several people,
depending on the case study selected. "Where" refers to the setting in which the data are
collected. The nature of the research question involves the circumstances of the building,
including building management style, occupants and their activities, external influences

and other variables. The research is best conducted at the building with the building
management. "When" determines at what times the data are collected. The information
comes f?om the building management, who is participating in a voluntary capacity. Data
collection will be conducted at times that are convenient to building management. The
''what" is answered by the research question. Data will be collected about the set of LAQ
performance indicators.
6.3.2 Data Collection Technique

Several data collection techniques could be used for documentation, archival
records, interviews, direct observations, participant obsewations, and physical artifacts

win, 1994). Using multiple sources of evidence strengthens the case study by improving
construct validity. MuItiple sources are used to construct lines of inquiry, which should
converge.
Documentation includes communiques, such as letters and memos; written reports
of events, such as agendas and minutes of meetings; administrative documents, such as
proposals and progress reports; formal studies; and public information, such as
newspaper clippings and web-sites (Yin, 1994). Given the sensitive nature of some of
this documentation, such as communiquCs, written reports of events, and administrative
documents, much of the information will only be accessible indirectIy. Building
management will provide the documentation in an edited form; e-g., details that wouId
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violate an individual's privacy would be removed. Other forms of documentation are
readily available and are not sensitive. The original source will be used for these types of
documents.
Archival records include senice records, organizational records, maps and charts,
lists, survey data, and personal records (Yin, 1994). Some of this information is sensitive
and building management will have the opportunity to edit the records to protect
individual's identities. Original source material will be used, if the information is not
sensitive,
There are several ways of conducting observations. One method of classification
is by the role adopted by the observer (Robson, 1993). Junker (1960) has classified these

roles as complete observer, observer as participant, participant as observer, and complete
participant. Other common classification systems have been developed by Gans (1982)
and the Adlers (1987) but all have their basis with the Junker system. The complete
observer role occurs when the researcher can observe the group's activities without the
group knowing about the observations. in the observer as participant role, the researcher
does not take part in the activity but the group knows that the researcher is observing. In
the participant as observer role, the researcher attempts to establish close relationships
with the group, but does not conceal that the researcher is an observer. The researcher
becomes a full member of the group, concealing that they are observing the group, in the
complete participant role (Robson, 1993). The seIection of observation style is
determined by negotiations with the group, specifics of the setting, the researcher's
comfort, and the particular field role adopted (Neuman, 1997).
One of the assumptions of the research was that the building management team
would have limited knowledge about the development of performance indicators. The
researcher would have to play an educational role to inform the building management
team of this development process. This necessary contact excluded the complete
observer, observer as participant, and participant roles as a style of observation. The
participant as observer role has advantages and disadvantages, as shown in Table 6.2.
Methods used to reduce the disadvantages of participant as observer role were: records
were made during the events, participants added their own observations and information,
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and focus was more on the development of performance indicators and less on the social
interactions.

I

I

Table 6.2 -Aspects of Participant as Observer Role
[adapted fiom (Yin, 1994) and (Neuman, 1997)]
Ability to manipulate minor events, such as the scheduling of meetings
Advantages
Provides information fiom moup pemective
Ability to gain access to events or groups
Disadvantages Observational Biases
I
selective attention
selective encoding
interpersonal factors
Potential loss of obiective
~ermective
-.
too much attention relative to the observer
Participant role may re
role
May have to assume advocacy roles

I

I

I

I

1

Physical artifacts include technological devices, a tool or instrument, a work of
art, or some other physical nature (Yin, 1994). Generally, it is less valuable as an

information source in case study research. In this application, the development of
performance indicators requires an assessment of available measurement devices. Some
physical artifacts, such as the current possession of measurement devices, will be
examined.
6.3.3 Types of Case Study

There are four types of case study designs: single case holistic, single case
embedded, multiple case holistic and multiple case embedded (Yin, 1994). (Table 6.3)
Single case studies are conducted with one situation and multiple case studies use several
situations. A holistic approach focuses on one unit of analysis and an embedded
approach will examine several units of analysis, sometimes referred to as sub-units. A
single case study may be justified in three situations. One situation is when it represents
a critical case in testing a well-formulated theory. In this situation, the case study is used
to confirm, challenge, or extend the theory. Another situation occurs when the case study
represents an extreme or unique case. In this situation, the case study is used to
document a very rare condition or set of circumstances. The final situation in which the
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case study is applicable is the revelatory case. The phenomenon being studied has never
been available for study before.

Table 6 3 - Types of Case Studies
(Yii, 1994)
Single
MultipIe

Embedded

I

Type 2

1

Type4

1

For the current research, there is only one unit of analysis, as previously
determined by the research question (Section 6.2.3), and therefore the holistic type of
case study is appropriate. Examination of the literature did not reveal any similar case
studies or other related research. The case study is exploratory and revelatory. The
single case study design is also appropriate and therefore used.
6.3.4 Selection Criteriafor Case Study

The case study requires certain characteristics to make it appropriate for this
research. These characteristics are tbe:
site has resident full-time building management, which may include people that
oversee building design, operation and maintenance, supervise W A C operation and
maintenance, and administer to occupant health and safety;
building management team has the power and authority to implement changes, either
directly or through recommendations;
building management team has the motivation to implement changes, which may
include sites that have a high potential for IAQ problems or have experienced
previous IAQ concerns;

building management team is open to new ideas and strategies about IAQ;and
building management team is willing to participate.

6.3.5 Descrrjrtion of Case

A case study was found that fulfilled dl the criteria specified in Section 6.3.4-

The following section describes the physical site and the maaagement team. The
physical site is described because of its relevance to the third phase of the research, the
survey. Descriptions are provided for context; however, due to anonymity agreements
with the participants of the case study, explicit details are not included.

6.3.5.1 Physical site
The site is a post-secondary academic institution located in western Canada The
institution has areas that typically cause IAQ concerns; science laboratories, smoking
areas, printing facilities, physical education gymnasiums, welding and woodworking
shops. The institution is large enough to require fill-time, on-site personnel to administer
to the operation of the buildings. The institution is considering renovating and expanding
certain areas of the facility.

6.3.5.2Building Management Team
The building management team that participated in the case study consisted of
three individuals- Each individual had a specific role in the building management. One
individual oversaw building design, operation, and maintenance. Another individual
supervised HVAC operation and maintenance. The final individual in the team
administered to occupant health and safety. Although these roles are clearly defined in
the organization, the members of this building management team work together to solve

LAQ concerns. This building management team has stated that they have a vested
interested in the health of the occupants and hence, the quality of the working
environment. They have taken a pro-active aud innovative approaches in dealing with
prior IAQ concerns and problems. They perceived this case study as an opportunity to
improve their working enviro~mentand advance the field of study in LAQ.
6.3.6 Case Study Logistics

The case study was conducted during the period of January 1999 to April 1999.
All meetings were held at the case study site with the exception of one telephone
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conference call. Meetings were held every two to four weeks depending on the
availability of the building management team. Meetings were held in a private room with
the building management team and the researcher present.

6.3.7 Ethics Approval
An application for ethics approval was submitted to the Environmental Design

Local Research Ethics Committee on August 19, 1998. The application included
descriptions of the research, methodology, remuneration, manipulations and risks,
consent procedures, confidentiality andlor anonymity, and disposal of records. Ethics
approval was obtained from the representative of the Environmental Design Local
Research Ethics Committee in early October 1998. A copy of the ethics approval form,
which all of the building management team signed, appears in Appendix E. Any

identifjmg details were edited out of this copy in accordance with the anonymity
agreement between the researcher and the case study participants.
6.4 Development of the Set of IAQ Performance Indicators

Development of the performance indicators occurred in two stages. The first
stage comprised of presentations about the potential project, education seminars, and
provision of an LAQ assessment on a section of the institution. The purpose of this first
stage was to:
gain approval for the case study,
obtain access to the site,
become familiar with the site,
develop a rapport with the building management team members, and
provide the building management team with information about IAQ and performance
indicators.
The second phase of the case study concentrated on developing the performance
indicator set. The W e w o r k used to develop the set of indicators is shown in Figure 6.3.
Note that only the planning portion of the development cycle for indicators was

conducted by the case study. The following sections review the results of each step in the
process.

Building Management
learns about step to be
accomplished
I

I

I

I

I
Individual Members:
complete thestep

discusses results, and
decides which results
are appropriate.

I

I

Figure 6.4 - Development Cycle for Each Step
6.4.1 Plan

The development of the set of IAQ performance indicators was a step-by-step
process. Although each step is distinct, the process of accomplishing each step was
similar. Each step was preceded by an information seminar, which explained the purpose

and activities to be conducted by the step. Each member of the building management
team would complete the step separately and then the building management group would
meet to discuss the results and decide which results were applicable. (Figure 6.4) This
allowed each step of the development process for performance indicators to reflect the
specific nature of the individual's job function but also incorporated the more complete
viewpoint of the building management team. The researcher provided information about
each step and supporting information to assist each team member in conducting each
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step. The Sormation provided was based on available external literature. The following
sections describe each step taken in the case study.

6.4.1.1Define Goals
The first step in developing the set of IAQ performance indicators was to
determine the goals of the building management team. Several revisions were required
before a final set of goals was agreed upon. The initial set of goals is shown in Figure

6.5. There are two levels of goals represented. The overall goal appears in the middle of
the diagram. It represents the complete goals of the institution with respect to IAQ. The

other goals surrounding the main institution goal play supporting roles and are h c t i o n
specific, e.g., they reflect each member's area of responsibility.

Continue to promote a system for
investigating and resolving IAQ
issues and concerns

To maintain the HVAC
equipment in optimum working
condition, as originally
engineered.

Environment:
the IAQ in the physical spaces of the institution

Monitor and control construction,
renovation, and maintenance such
that work, product, and
procedures have minimal impact
on LAQ

Ensure that future expansion and
modifications to the institution
promote good LAQ
L

Figure 6.5 - Initial Set of Goals

Figure 6.6 - Final Set of Goals

25 1

Over a period of several weeks, these goals changed in wording and in
composition. One additional goal was added to reflect potential IAQ concerns that arise
fiom occupant activity. The wording on the existing goals was clarified and refined. The
resulting set of goals is shown in Figure 6.6. The positioning of the gods has also been
changed to indicate events that typically happen in the past, present, and future. There is
also one goal, which is dependent on another. The monitoring and control of
construction, renovation, and maintenance is, in part, dependent of the fhture expansion
and modifications to the institution. There is also evidence of feedback in this system of
goals. Arrows fiom the goal about investigating and resolving IAQ problems and
concerns provides information to the other goals thus, completing a very important
feedback component in management.
Several models were used to develop these goals. These models were acquired
through the institution's existing policies and procedures for similar topics. Examples
included the institution's mission statement, administrative procedures on smoking,
policy about accidents and injuries, and administrative procedures for accidents and
injuries.
6.4.1.2 Scoping

Defining the scope of the performance indicators was done by examining
different aspects of the issue and the intent of the indicators. Areas examined were time
frame, physical location, and target audience. The mutual decision of the building

management team was that there was not enough information to apply these indicators to
past circumstances. Consequently, the time h

e to which these indicators will apply is

kom the time of implementation into the future. A future date was not specified, as this
would depend on the usefulness of the set of IAQ pe~ormanceindicators. The physical
location was defined as all buildings on site. The building management team did
recognize the influence of the external environment on indoor air quality but decided that

regular monitoring of this area was not within the scope. The target audience was
defined as the building management team. The intended use of these indicators was to
provide the building management team with information to make better decisions about
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IAQ. However, the building management team recognized that there was the potential
for making these indicators public information. They did not feel that doing this in the
future would be a problem. However, they wanted to test and verify their usehiness
before making them public. Establishing the scope of the indicator set was done within
one meeting.
6.4.1 -3 Choose Appropriate Indicator Framework

PRESSURE:
High number of hours of operation
GOAL:
Maintain and operate the
HVAC equipment in
optimum working condition
as designed.

increased carbon dioxide levels

Figure 6.7 - Initial Conception of Framework
Five different types of frameworks for the development of indicators were
reviewed; goal-based, issue-based, domain-based, input-process-output, and pressurestate-response. During the goal development phase, it became clear that the goals were
important to the building management team in that goals provided individual and overall
direction. However, the goal-based framework was deemed not a sufficient framework
for this issue because it lacked the details about prediction, prevention, and reaction to
LAQ concerns. The building management team especially was concerned with the
prevention of IAQ problems because they have found that the best way to manage these
issues in the past has been to avoid them through prevention. Thus, they wanted
indicators that lead to action, not just a depiction of some aspects of the environment.
The building management team felt that an understanding of the underlying
environmental system was essential to prevent IAQ problems and that the pressure-stateresponse h e w o r k clarified the system by determining the interrelationships in the
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environment. It was felt that this ?kamework could aid in revealing the causes of IAQ
problems, the associated changes in the indoor environment, and management strategies
that could be effective for managimg IAQ problems and would lead to action.
The framework chosen to develop the indicators was a combination h e w o r k

between goal based and the pressure-state-response frameworks. Each goal would be
used to focus the indicators and a pressure-state-response fiamework would be used to
fUrther define the characteristics o f the goal. The g o d of optimal W A C operation was
used as a preliminary example. (Figure 6.7) Each goal would have to consider several
different pressure, state, and respollse factors.
6.4.1.4 Define and Identify Selectian Criteria

The next step in performanrce indicator development process was to determine

what selection criteria to use and t k e relative importance of each criteria. The building
management team was provided with a list of common criteria applied to performance
indicators with instructions to mod@ or add their own criteria as they felt was
appropriate. A detailed description of the criteria list appears in Section 2.3.1 -4. Using a
scale of low-medium-high, they ranked the relative importance of each criteria. The
results are shown in Table 6.4. The building management team found the list
comprehensive and did not make any additions or modifications to it.
There was a high degree o f agreement between the building management team on
the relative importance of each criterion. Any difference of opinion was not large and

resolved quickly. The setting of t h e priorities of the criteria was done in one meeting.
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Table 6.4 - Priority Assigned to Common Performance Indicator Criteria
Priority
Criteria
Dimension
high
relevant
Purpose
medium
comprehensive
medium
predicts trends
low
evolve as company evolves
medium to low
sound scientific reasoning and
Science
technology
medium
high quality data
appropriate indicator behaviour
high
low
international recognition
Politic
high to medium
stakeholder interest and acceptability
low
media acceptance
high
company acceptance
high
reasonable costhenefit ratio
Economic
high
Communication adequate documentation
medium
scientific clarity
conciseness
high
low
appearance
Many of the criteria in the common list conflict with one another, implying that
compromises are necessary in the choosing of indicators. Assigning dative priorities
assists in identifying areas where compromises will be necessary. It also identifies areas
where compromises will have to be made and are implicit in the organization. This
building management team has resolved some typical conflicts, such as the trade-off
between scientific clarity (medium) and reasonable costlbenefit ratio (high). In setting
the relative priority of each criterion, they have implicitly set the relative ranking of some
stakeholders: company acceptance (high), media acceptance (low), and international
recognition (low). The building management team also recognized some of the scientific
difficulties in managing IAQ by placing scientific clariw, sound scientific reasoning and
technology; and high quality data medium to low in rank. Some conflicts are yet to be
resolved are the appropriate balance between adequate documentation (high) and
conciseness (high).

6.4.1.5 IdentifL Potential Indicators

Each building management team member concentrated on a particular goal. They
developed pressure, state, and response indicators in accordance with their particular
goal. Some indicators were determined fiom existing documentation at the institution,
such as:
the employer's report of accident or industrial disease for the Workers' Compensation
Board,

W A C maintenance schedule,
work orders for construction or repair activities, and
previously documented occupant complaints (e.g., fiom the Occupational Health and
Safety committee) associated with IAQ.

Other indicators were found in external documents, such as
ASIFDUE Standard 62-1989 on Ventilation for Acceptable Indoor Air Quality
(American Society of Heating Ventilating and Air Conditioning Engineers, 1990),
Texas Department of Health's Volutary IAQ Guidelines for Public Schools (Texas
Department of Health, 1998),
World Health Organization's Assessment of Exposure to Indoor Air Pollutants
(Jantunen, Jaakkola, & Krzyzanowski, L 997), and

U.S. Environmental Protection Agency's Building Air Quality Guide for Building
Owners and Facility Managers (Axelrad & Bierbaurn).
Other indicators were developed fkom professional experience of the building
management team.
The initial attexpt at developing indicators for each specific goal in shown in
Table 6.5. The last two goals were completed by one team member and are combined.
The first attempt yielded many potential indicators; however, each team member had a
different perception of what was considered to be pressure, state and response indicators.
Also evident were several indicators that occurred several times in different goals. The
building management team had the most consistent perception of the state indicators.

Table 6.5 - Initial IAQ Performance Indicators
Goal
Continue with a system for

Type of
Indicator
Pressure

Indicators

investigating and resolving
IAQ issues and concerns.

State
a
a
a

Response

Pressure
Maintain and operate the
equipment in
I HVAC
optimum working condition
as designed.
State

a

isolation of work area eom users
inadequate communication
age of building
increase occupant densities
year round h c t i o n
tendering process encourages lowest
price
growing awareness of environmental
impact on one's health
modification/renovation
migration of fines and particulates
complaints
air quality
high carbon dioxide levels
conflict between renovator and user
less cooperation between contractor
and users
off-gassing
containment and control procedures
improve cornmunication systems
upgrade building and systems
improve tendering process
utilization of design consultants
W A C age
W A C hours of operation
type of HVAC system
location of HVAC system
renovations
temperature
relative humidity
air changes
operation
controls
compIaints
odom
particulate levels
vocs

Table 6.5 - Lni ial IAQ Pertl ~rrnanceIndicators - continued
Type of
Indicators
Indicator
Response
Maintain and operate the
maintenance program
HVAC equipment in
renovate and update
optimum working condition
repair
as designed - continuedreplace
relocate
educate
notifj. people
Pressure
Ensure that occupant
occupant activities
activity and the associated
number of occupants
materials and equipment
materials
required for the activities
equipment
will maintain IAQ at agreed State
temperahue
to levels.
stufhness
mucous membrane irritation
Goal

1

I
I
I
I

I

'

I

I

I

tiredness
air-changes
relative humidity
formaldehyde

vocs

Response

t-

Pressure

and modifications to the
institution promote good
fAQ.

1

Monitor and control
construction, renovation,
and maintenance such that
work, product, and
procedures will maintain
IAQ at agreed to levels

maintenance program including update,
repair and minor modification
modifL HVAC, building, activities,
procedures, materials equipment
management of people, educate,
reIocate or reassign, notification
economics
existing conditions
timelines

I
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Table 6.5 - Initial LAQ Performance Indicators - continued
Goal
Ensure future expansion
and modifications to the
institution promote good
IAQ - continued.
Monitor and control
construction, renovation,
and maintenance such that
work, product, and
procedures will maintain
IAQ at agreed to levels continued.

Type of
Indicator
State

Response

Indicators
lackoffunding
lack of work force
limited time to deliver product
lack of administration
need to maintain h c t i o n a l operations
while changes are being made
conflict between building construction
and building users
give adequate notice
educate occupants about upcoming
changes
proper planning
proper budget allocation

One member of the team suggested that the form of the pressure indicators should
be a checklist. This form would assist in diagnosing problems and would adapt to
different situations, such as multi-source conditions or different W A C applications.

This suggestion significantly changed the direction of the development of the indicators.
The idea of a checklist was expanded to include the response indicators as it was
recognized that several responses may be necessary to manage an LAQ concern.
Responses would also have to adapt to the situation.
The flexible nature of this set of indicators made it useful in most circumstances.
The state indicators became the anchor of the set of IAQ performance indicators. These
were to be monitored on a regular basis. The pressure and response indicators would be
implemented, as management deemed appropriate or necessary. A schematic of the
hctioning of the set of indicators appears in Figure 6.8.

F

Pressure Indicator
Checklist
[7 Improper
WAC
maintenance

State Indicators

Building
contents

Temperature
Ventilation
Combustion
Odours
Particulates

\

0 High

occupant
density

0 etc.

Response Indicator
Checklist
Improve
WAC
maintenance
0 Adjust
building
po Iicy
Move
occupants
etc.

Figure 6.8 - Form of Set of IAQ Performance Indicators
The majority of the indicator development time was spent developing the list of
potential indicators. This step took three meetings to accomplish with time spent outside

of the meetings reviewing relevant documents and recalling pertinent indicators from
experience.

6.4.1.6 Choose Final Set of Indicators
State Indicators

The state indicators were developed first because of the higher agreement of what
these should be. The lists of potential indicators were collected into a single list. This
list appears in Table 6.6, the number of times a particular indicator was mentioned is
indicated in brackets. Duplicates were eliminated but the frequency of appearance was
monitored because this could determine the relative importance of the indicator.
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Table 6.6 - Potential State Indicators and Possible Air Quality Measurements
Potential Indicator
Air changes (2)

Carbon dioxide levels (I)
Tiredness (1)

HVAC operation (1)

Mucous membrane irritation
(1)

I

Temperature ( 2 )
Particulate levels (2)
Odours (2)
Off-gassing (1)
Formaldehyde (1)
Stuffiness (1)

Relative humidity (2)

vocs (1)
Fumes (1)

Possible Measurements
Carbon dioxide
Outside/recirculated air
ratio
Carbon dioxide
Carbon dioxide
Temperature
Carbon monoxide
Temperature
Relative humidity
Carbon monoxide
Outside/recirculated air
ratio
Particulate
Relative humidity
vocs
Formaldehyde
Particulates
Temperature
Particulate levels
Odours
VOCs
Odours
VOCs
Odours
Carbon dioxide
Outside/recircuIated air
ratio
Temperature
Relative humidity
vocs
VOCs
Particulates
Carbon monoxide

.3

Upon reflection, some of the potential state indicators were placed in the pressure
or response categories. Others were determined not to be a direct influence on the air
quality but a indirect influence, such as lack of fhnding. The list of potential state
indicators was a combination of air quality measurements, occupant symptoms, and
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HVAC operation factors. The goal was to transform all potential state indicators into
measurements of air quality- Consequently, possible air quality measurements were
suggested for each potential state indicator. (Table 6.6)
There is a strong connection between outside/recircuiated air ratio and carbon
dioxide measurements. The outside/recirculated air ratio measurement was considered
redundant and eliminated, VOCs measurements were eliminated because they were too
costly to conduct on a regular basis. Formaldehyde is a VOC that has a pungent odour.
An odour indicator might act as a surrogate for formaldehyde. The air measurement list
was reduced to six common measurements: temperature, relative humidity, carbon

dioxide, carbon monoxide, odours, and particulates. Two of these measurements relate to
thermal comfort and the others are measurements of air quality.
Temperature and relative humidity were combined into one indicator called
effective temperature. The effect relative humidity has on the perception of temperature
is widely recognized (American Society of Heating Refigmating and Air-Conditioning
Engineers, 1997). The standard used to evaluate the appropriate ranges of temperature
and relative humidity is ASHlUE's Standard 55-1992 on thermal environmental

conditions for human occupancy (American Society of Heating Refrigerating and AirConditioning Engineers kc., 1992). This standard specifies conditions for thermal
comfort based on a survey of 1600 college-age students and states that these conditions
should satisfy 80% of the people. (Figure 6.9) It is applicable to sedentary or slightly
active people and has different acceptable ranges for summer and winter seasons. The
effective temperature indicator would measure temperature and relative humidity and
determine if the value was within the comfort range specified in Figure 6.9.

Figure 6-9 - ASHRAE Summer and Winter Comfort Zones
Other factors, such as asymmetric thermal radiation, draft, vertical air temperature
difference, floor temperature, activity levels, clothing, age, adaptation, sex, and seasonal
and circadian rhythms effect the perception of temperature. More accurate predictions of
thermal comfort are available, such as the predicted mean vote (PMV) index and the two
node model (American Society of Heating Refrigerating and Air-Conditioning Engineers,
1997). However, these factors or models were deemed too complex to be used regularly;

however, they may be applicable under special circumstances, e-g., when litigation is
involved. ASE3RAE has an environmental index called effective temperature. This index
involves operative temperature, wet skin fraction, moisture permeability index, water
vapour pressure in ambient air, and the saturated vapour pressure at the effective
temperature. This index was also deemed too complicated for the purposes of the IAQ
indicator set but may be useful in special circumstances.
Carbon dioxide was considered as an appropriate air quality measurement not
because of its potential to be a contaminant, although it can be, but because of its
potential to predict the amount of outdoor air supplied to a space. Natural background
levels range fiom 350 to 500 ppm. N O S H and ACGIH have toxicity standard for carbon
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dioxide at 5000 pprn (TWA-8h.r). The Canadian indoor standard is 3500 pprn. ASHRAE
suggests that a level of 1000 pprn or 650 pprn above ambient levels would be equivalent
to a delivery rate of 10 Us per person of outside air. This delivery rate would be
acceptable for most applications in the institution (American Society of Heating
Ventilating and Air-Conditioning Engineers, 1999), exceptions being athietic areas,
smoking areas, etc. A carbon dioxide indicator wouId measure levels of carbon dioxide
in a space after the environment is in equilibrium to determine if concentrations are

below 1000 ppm during occupied periods.
Carbon monoxide was determined to be an appropriate air quality measure
because of the significance of the health effects and associated risk and liability of this
contaminant. Sources of carbon monoxide are carbon based he1 sources. The institution

had a centralized heating system for the majority of the buildings; however, a few
buildings were self-contained, having heating systems within the building- Carbon
monoxide contamination is a potential concern in these areas. Additionally, there were
other potential sources of carbon monoxide within the buildings such as, smoking areas
and Bunsen burners in the science Iaboratories. A carbon monoxide indicator would
assist in identifying any IAQ problems in these areas. Indoor exposure guidelines vary
for carbon monoxide. NIOSH and OSHA specify standards of 35 pprn (TWA-8hr). The

Canadian indoor guideline is 11 pprn (TWA-8hr) (Health Canada, I995a). The
applicable guideline for the institution was the Canadian indoor guideline. A carbon
monoxide indicator would measure carbon monoxide concentrations and determine if the
concentrations were below the 11 ppm standard.
Odour is a subjective measurement and olfactory sensitivity is effected by
hormonal factors, sex, certain diseases, and various drugs (hnerican Society of Heating
RefXgerating and Air-Conditioning Engineers, 1997). Despite the complications of
judging odours, it remains a valuable tool for diagnosing potential IAQ problems. Many
times, odour is the first indication of an LAQ problem. Odour has four attributes,
detectability, intensity, character, and hedonic tone. Detectability refers to the minimum
concentration that provokes a olfactory sensation in a specified segment of the
population. Intensity refers to the strength of the sensation. Character is a qualitative

264
description of the odour. Hedonic tone is the degree the odour is perceived as pleasant or
unpleasant. It is assumed that if there is an IAQ concern that involves odour that it is
detectable and undesirable. Consequently, the attributes of odour that are components of
the odour indicator are intensity and character. There are several methods of measuring

the intensity of an odour but the simplest and most common is by a category scale. A
word category scale has been used to avoid any association between intensity and
concentration of the contaminant. The odour intensity scale used is shown in Table 6.7
(Meilgaard, Civille, & Carr, 1987).

Table 6.7 - Odour Intensity Scale
None at
all

Just
detectable

Very
mild

Mild

Milddistinct

Distinct
-

Distinctstrong

Strong

Table 6.8 - Forty-four Odour Descriptors
(Harper, Smith, & Land, 1968)
Descriptor
Sharp pungent, acid
Rancid
Fragrant
Sweaty
Camphor-like
Minty, pepperminty
Sulphidic
Almond-like
Light
Fruit (citric)
Burnt, smoky
Heavy
Cool, cooling
Fruit (other)
Herbal, green, cut grass,
etc.
Etherish, anaesthetic
Warm
Putrid, foul, decayed
Wood, resinous
Sour, acid, vinegar, etc.
Metallic
Musk-Iike
Like blood, raw meat
Oily, fatty
Like mothballs
Soapy
Dry7powdery
Like gasoline, solvent
Garlic, onion
Like ammonia
Cooked vegetables
Animal
Disinfectant, carbolic
Vanilla-like
Aromatic
Sweet
Fecal (like manure)
Meaty (cooked)
Fishy
Sickening
Spicy
Floral
Musty, earthy, moul4y
Paint-like

The character of an odour is more difficult to describe because an odour can have
many dimensions. There are a number of pre-defined Iists of descriptors for odour,
which vary fiom seven to 146 descriptors (American Society of Heating ReMgerating

and Air-Conditioning Engineers, 1997). Classification of odours is difficult because
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odour perception is dependent on the b

e of reference of the observer, interpretation of

the descriptors, and the selection of features to determine the characteristics of the odour
(Harper et al., 1968). Training of the classification of odours has been shown to improve
accuracy and validity (Meilgaard et al., 1987). However, applying descriptors to an
odour is usefil because it allows for recognition and identification of odours that may be
related to IAQ concerns. Harper has provided a list of descriptors that is practical.
(Table 6.8) Not every odour is described in this table and consequently, users of this
table should not limit themselves to just these descriptors. Further detailed list of
descriptors can be found in Appendix C. Chemicals have been provided as examples of
the odour associated with some descriptors in Appendix D, These substances are listed

for possible identification in a future VOC analysis. The odour indicator would involve a
person smelling the concerned area and determining the intensity and character of the
odour with the assistance of Table 6.7 and Table 6.8.

The find state indicator involves particulate levels. Particulates are defined as
suspended mixtures of solid of liquid particles (American Society o f Heating
Refkigerating and Air-Conditioning Engineers, 1997). They include asbestos, silica dust,
coal dust, bioaerosols, smoke, and fiunes. The toxicity of particles is related to the size
and nature of the particle. Smaller particles are deposited further into the lungs and the
removal processes at this location are slow. Particles less than 3 p n (microns) are of
concern. There are three ways to measure the amount of particulates in the air: particle
count, total mass, and optical density. Particle counters can count particles of different
0.3-0.5 p,0.5-1.0 p,and > 1.0 w- Some
sizes, usually in the ranges of < 0.3 p,
can count particles as small as 0-02 pm. Total mass particle measurements distinguish
between 2.5 p and 10 pparticle sizes. Optical density can detect different sizes of
particles, but is dependent on the visual acuity of the observer. Indoor air quality
standards are available for total mass particle measurements. The NIOSH standard for
particles < 2.5 pn mass median aerodynamic diameter is 5 mg/m3 (8hr) and ACGIH
specifies 3 mg/m3 (8hr). The Canadian guideline is 40 Clg/m3(8hr) and 100 pdm3 (lhr).

The particulate indicator would measure total mass of particles > 2.5 pto determine if
the quantity of particles is less than 40 pg/m3. This indicator assumes that the particles in
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the environment are nuisance dust Other standards would have to be applied if the
particles contained asbestos, cadmium, manganese fume, plaster of Paris, emery, grain
dust, crystalline silica, or coal dust. This standard does not applied for people that have
allergies to a particular particle. Refer to Section 4.3 for more information on the allergic
response.

Table 6.9 - Summary of IAQ State Performance Indicators
Indicator
Effective Temperature
Effective Ventilation
Combustion Infiltration
Odour Intensity
Particulate Load

I

Measurements
Temperature and Relative
Humidity
Carbon Dioxide
Carbon Monoxide
Intensity and Character
Total mass of particles < 2.5 p

Guideline
ASHRAE Summer and
Winter Comfort Zones
1000 ppm
11 ppm
None
40 pg/m3

A summary of the IAQ state performance indicators is shown in Table 6.9. The

measurements required to implement these indicators are simple to conduct and it is
relatively inexpensive to obtain or rept the equipment. Appropriate guidelines are
available for all but one of the indicators. Odour intensity indicator is used to monitor the
reoccurrence of IAQ problems, identi@ potential sources, and follow infiltration paths.
Although this indicator is the least objective, it may be the most valuable at identifying

potential IAQ problems before they become a concern. The combination of indicators
can assist with many LAQ concerns. Early diagnosis of mould growth could be detected
by increasing particulate load (spores) and unusual odours (VOCs). Determining the
cause of mucous membrane irritation could be determined by examining the effective
temperature (low relative humidity), particulate load (increasing levels of particles), or
odour intensity (VOC exposure). Ensuring satisfactorymitigation measures are in place
for renovations could be determined by the particulate load or odour intensity indicators.

Pressure Indicators
The final form of the pressure indicators is a checklist. This list has been divided
into areas of management, maintenance, temporary construction andlor repairs, design,
and increased use or change in occupancy. The purpose of the list is to provide a basic

1
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list of the agents that cause a degradation in IAQ. Further detail may be added to the list

depending on the site characteristics and management priorities.
The management section includes items that management normally has control
over:
improper operation of heating, ventilating and air conditioning W A C ) equipment,
poor selection or cone01 of building contents,
lack of or inadequate hazardous material handling procedures, and
Iack of communication with occupants, contractors, visitors, etc.
The improper operation of HVAC equipment includes activities such as setting of
thermostats, specifying the operation timing of W A C system, and scheduling of
maintenance procedures. The selection of building contents includes permanent and
nonpermanent items. Permanent items include such things as wall materials,
chalkboards, carpets, paint, and built-in ventilation units. Nonpermanent items can
include cleaning supplies, photocopiers, and furnishings.

The maintenance category included activities that are conducted on a regular basis
to maintain the site. The activities are:
poor maintenance of site including general debris, improper cleaning, pooling of
water, etc.
improper storage of materials, and
improper maintenance of HVAC equipment.
Poor maintenance of site includes a variety of items from simple debris collected on site
to cleaning of the common areas. A building manager should notice these items during a
walk-through of the site. The improper storage of materials includes items that both the
building management requires for operation and items that tenants need to conduct
business. Improper maintenance of the HVAC can include activities such as changing air
filters, seasonal setting of outsidehe-circulation air ratios, thermocouple replacement, and
checking oil levels in the equipment-

The category of temporary construction and/or repairs considers the difference
between construction and repair to be only the extent of the activity. Two items are in
this category:

contaminants associated with construction that infiltrate occupant spaces, and
construction practices that increase contaminant concentrations and/or exposure.
Typical contaminants that infiltrate into occupant spaces include dust, fumes, and odours.
Noise is a common complaint during construction but is not included as a L4Q pressure.
Construction practices can be altered to reduce the problems associated with IAQ
concerns. Alterations can include the erection of air and fume barriers, use of dust
collection devices, and scheduling of construction during non-peak or unoccupied hours.
The design category addresses IAQ pressures that result &om the initial
conception of the building. The pressures are typically difficult to mitigate after the fact
and should be considered in the planning stages of the buiIding. Pressures in this
category are:
infiltration by external sources,
infiltration by internal sources into other areas,
inadequate HVAC system, and
building components that increase airborne contaminants.
Infiltration by external sources requires an examination of the building site. Potential
concerns codd be nearby roads, exhausts fiom other buildings, location of loading docks
with respect to inlets of W A C systems, and radon gas. Infiltration of internal sources

into other areas considers the use of the building. This pressure assumes that the
occupant activities or the purpose of the building are known before the design process. It
includes items such as specially vented storage areas, installation of fiune hoods in
laboratories, and sealed and vented rooms for smoking areas. The HVAC system design
is critical in maintaining proper LAQ. Other factors to consider along with standard
design practices are potential use of areas (increased computer equipment), location of
fi-esh air intakes relative to exhausts, and building air circulation patterns. The final
design pressure item is the selection of building contents. This item refers to construction
materials used for building and includes specifications for insulation, paint, carpet, tile,
plywood, fiberboard, etc.
The final pressure indicator category is increased use or change in occupancy.
Increased use refers to a higher occupant density but could also refer to use that is more
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frequent. The change in occupancy creates a pressure when the space is not designed for

the type of occupant activities.

high occupant density, and
space not designed for occupant activities.
Response Indicators

The format of the response indicators is similar to the pressure indicators in that it
is a checklist. The response indicator list is divided into several categories: management,
maintenance and operation, preparation and supervision of construction and/or repairs,
preventative design, and education and training. Items on the response indicator list are
activities that mitigate IAQ concerns. The purpose of the response indicators is to
provide a basic list of activities that could mitigate IAQ concerns. However, not all items
will be applicable in each situation. This list can also be modified or enhanced to suit the
building site or management priorities.
Management response indicators include:
have a company policy addressing indoor air quality issues,
assign responsibilities for indoor air management,
allocate resources to solve problems,
ensure proper documentation of responsibilities and site procedures,
review and re-evaluate procedures for hazardous materials and activities,
ensure that there are proper procedures for hazardous activities or that the procedures
for handling hazardous materials are followed,
communicate with occupants, visitors, contractors, and maintenance personnel, and
have a procedure for receiving complaints.
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Much of this list is concerned with procedures and documentation. It must be recognized
that having the procedures in place or the documentation established does not necessarily
imply that procedures will be followed or documentation will change attitudes. However,

the process of creating procedures and documentation implies that this issue is important,
responsibilities are established, and actions regarding IAQ issues are monitored.
Communications is another management activity that can be conducted to improve IAQ
concerns, either in preventing or managing them.
Maintenance and operation of the building site includes the followir,g response
indicators:
regularly check environmental factors such as temperature, relative humidity, fresh
aidreturn air ratio, etc.,
check HVAC system for proper operation including air filtration equipment, integrity
of sound liners, leaks in any water systems, control systems, etc.,
check building air flow patterns for proper distribution and potential for cross
contamination,
check cleanliness of HVAC system including debris in intake grilles, duct work, on
equipment, etc.,
check for stagnate water on site or immediately adjacent to intakes,
check effectiveness of isolation systems for hazardous materials in storage, and
check cleanliness of site.
The maintenance and operation response indicators focus on the inspection of regular
maintenance activities or the state of the building environment. These items can effect
IAQ and they could be incorporated into a standard maintenance schedule.

The preparation and supervision of construction andor repairs indicator address
activities that can.be done before construction activities occur and focus on the
construction activity. They include:
adjust environment and/or scheduling to accommodate construction or repair
activities,
isolate occupants fiom temporary disturbances,
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follow appropriate procedures for hazardous activities or the handling of hazardous
materials,
adjust construction or repair activities to minimize impact on occupants, and
specify construction methods in contracts.
Adjusting the environment andlor scheduling to accommodate construction
activities can consist of altering ventilation patterns, supplying portable HEPA filters for

small areas, and scheduling construction at low occupancy periods. There are two
methods to isolate occupants 6-om temporary disturbances; isolate the occupants by
moving them to another area, or by erecting barriers, that encloses either the occupants or
the construction activity. Adjusting construction activities can include using different
techniques, materials, or tools. Specifications in contracts provide a document for
evaluating construction methods and processes. They can by usefbl in specifying certain
aspects that effect IAQ such as site cleanliness, scheduling of activities, preventative
measures, building materials, etc.

The preventative design response indicator concentrates on the planning process
of buildings. These indicators requires some knowledge about external sources on or
nearby the building site, building materials that have reduce potential to be IAQ
concerns, and potential current and future uses of the building. This category includes:
consideration of external contaminant sources,
a

use of criteria for the selection of building systems, components, and materials,

a

accommodate expansion or alternative uses for the building in design, and
consideration of internal contaminant sources.

The education and training response indicators provides several methods to
disseminate information about IAQ. The methods suggested include:
one-on-one consultations,
a

private documents such as letters, memos, contracts, etc., that contain LAQ
information,
incorporation of information into mandatory training,
meetings with occupants, contractors, consultants, project manager, etc. to inform of
on-site procedures,

information seminars, and
general public documents such as newsletters, posters, web sites, etc. that contain
IAQ information.
Some of these opportunities for education and training provide documentation that could
be used for other purposes, such as procedures. There are also opportunities to
accomplish ZAQ education and training in other forms of communication such as work
site meetings, and mandatory training seminars.

6.5 Implementation of the IAQ Set of Indicators
The implementation of the IAQ indicator set was perceived as a phased approach.
Initially, pressure and response indicators would be checked to determine their presence,
and state indicators would be regularly monitored, so that trends could be determined.
However, as the indicator system matured and as people became accustomed to the
indicator system, the pressure and response indicators would have to be rated as to their
appropriateness. For example, in the initial stages of the LAQ indicator implementation, a
check could be performed to determine if there existed a company policy (pressure

indicator) that addressed IAQ issues. Once the policy was established, it would then have
to be evaluated to determine its appropriateness (e-g., how well does it address IAQ
issues pertaining to sub-contractor work?). In this manner, the pressure and response
indicators could be followed and trends determined.

6.6 Discussion

6.6.1 Applicability of Current L4Q indicators
Literature reviews revealed a number of performance indicators for IAQ. These
indicators can be categorized into formal and informal types. The formal indicator or
indexes are primarily used for research and rigorous investigations into IAQ. They are
effective temperature, humid operative temperature, heat stress index, index of skin
wettedness, wet-bulb globe temperature, and wind chill index (American Society of

Heating Refrigerating and Air-Conditioning Engineers, 1997). These indicators provided
information about certain aspects of LAQ issues but were found too complex, detailed,
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labour intensive and costly for daily operations. However, these formal indicators may
be of use by IAQ specialists, when the set of IAQ indicators developed by the case study
does not reveal causes, conditions, or responses in more complex and difficult cases.
The infoma1 indicators used by most building managers were temperature and
relative humidity. In addition to these informal indicators, the case study site was also
using formaldehyde measurements as an indicator of IAQ. The informal indicators were
found appropriate and were incorporated into the state indicators.
6.6.2 Composition of the Building Management Team

The composition of the building management team (Section 6.3-5.2)meant that
three major management concerns were addressed during the development of the
indicators:
building design, operation, and maintenance;
a

HVAC operation and maintenance; and
occupant health and safety-

The representatives on the building management team are analogous to Deming's
management cycle of plan, do, check, and act. That is, the entire management cycle is
represented: planning, implementation, operations, and, feedback. This implies that in
designing the indicator set, the entire process of management was accounted for.
The composition of the management team also addresses the temporal aspects of
management. Past, current, and hture concerns are represented by the building
management team. Again, this implies that the composition of the building management
team was comprehensive with respect to time.
6.6.3 Background Knowledge of the Building Management Team.

The building management team was using three IAQ indicators on a regular basis;
temperature,
relative humidity, and
formaldehyde.
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This is an improvement over what is typically used in IAQ management, which is
usually only temperature and sometimes reIative humidity. Given the limited use and
knowledge about IAQ indicators meant that no firm preconceptions of what the indicator
set should look like or function. This provided flexibility in the design of the indicator
set.
6.6.4 Motivaiion of the Buildi~gManagement Team

Concern for the welfare of the occupants and good management practices were
primary reasons the building management team participated in developing IAQ. Several
past incidents, reported concerns of occupants, and impending renovations provided
additional motivation to help develop the IAQ indicators. The importance of LAQ
concerns to the building management team was substantiated by their willingness to
contribute a significant amount of time to develop the IAQ performance indicators.
Without these characteristics of the building management team, the performance
indicators for LAQ would not have been deveIoped at this site.
6.6.5 Occupants' Rules

Occupants play an important role in maintaining the quality of indoor air. Their
choices about how they conduct their activities and which materials to use can effect
IAQ. Although the occupants are not part of the management team, representation of the
occupants was necessary to develop a comprehensive indicator set. This was evident in
the initial attempt to determine the goals of the building management team. (Figure 6.5)

The development of goals considering only the job fhctions of the management team
resulted in a set of goals that was incomplete, which was apparent when the conceptual

framework was examined.
Representation of the occupants was provided by the researcher in the case study.
However, in future IAQ indicator development, a method of incorporating the occupants'
roles without disrupting the relationship between management and occupants should be
considered. Possible methods for including occupant information are:
occupant committee that would review and critique the IAQ indicator set,
occupant participants on the development tearn,

occupant documentation about activities and materials that effect IAQ,
workshops with occupants,
surveys, either by interview or questionnaires, and
focus groups.
What may determine the method for including occupant information is the relationship
between building management and the occupants- Having occupant participants on the
development team may not be feasible as the political relationships could disrupt the
process.
6.6.6 Importance of the Selection Criteria

Selection criteria are the List of attributes that the performance indicators should
have. The selection criteria was determined &om literature reviews and provided to the
building management team to determine the relative importance of each criteria. The
establishment of these priorities was not a critical step in the process because the building
management team was aligned in their goals and automatically made decisions about the
indicators that implicitly reflected the priorities. However, in a group that is less
homogeneous in their attitudes than this building management team, this step may
become more important.
6.6.7 Attributes of the Indicator Developmenf Process
There were several factors which facilitated the development process:
a step-by-step approach (Maclaren, 1996) existed to develop the IAQ indicator set.
(Figure 6.3) This approach provided a structure for the building management team to
follow.
the step-by-step approach made the process manageable by giving the building
management team distinct, reasonable tasks to accomplish after each meeting. This

was necessary because the management team had to learn about performance
indicators and create them at the same time, which is demanding.
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the building management team had a consistent perception of goals and priorities.
Once these gods and priorities were established, they were not questioned or deviated
fiom significantly, which optimized that process.
Several strategies were employed to facilitate the process of developing the
indicators:
background information was provided to the building management team,
infomation provided by the building management team was relatively easy for them
to access,
responsibilities for tasks to be accomplished were clearly established,
tasks were assigned that were in the area of the individud's specialties, and

regular meetings were scheduled to keep the process progressing.
6.6.8 Attributes of Indicator Framework

The performance indicator framework (pressure-state-response) provided a
philosophical basis for developing the indicators. The concept of the pressure-stateresponse provided a method of organizing the various aspects of IAQ, although cause and
effect relationships are not clearly established in many IAQ issues. The use of the state
indicators, which are measurements of thermal comfort and contaminant levels, provided
the building management team with tangible scientific evidence on which to base

decisions. The use of air quality measurements assists in distinguishing between IAQ
concerns that are psychological or physical in origin.
The use of checklists for the pressure and response indicators provided the
management team with the required flexibility to determine causes and responses in a
dynamic environment- The pressure checklist identifies potential causes that affect the

IAQ. The response checklist indicates appropriate actions that could be implemented by
the management team to mitigate the IAQ problem. A list of actions, or lack of actions,
is not traditionally considered an indicator because of the lack of a value to regularly
measure and monitor- However, these lists cannot be considered action plans or control
procedures because there is not a pre-defined plan or procedure to follow for each IAQ
problem. Consequently, the checklists are a hybrid between indicators and actions.
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These checklists are termed indicators because they fulfill the definition of 'providing a
clue to a matter of larger significance, or make perceptible a trend or phenomenon that is
not immediately detectable (Hammond et al., 1995)", refer to Section 2.1, and work in
conjunction with the state indicators.
6.6.9 Selection of the U Q Performance Iirdicator Set

The selection of the indicators for the performance indicator set was based on
general criteria found in the literature. The emphasis of each criteria was determined by
the building management team. The building management team made no alterations or
additions to the list of criteria Reference to the relative weightings during the selection

of the indicators did not occur. The building management team made decisions that
implicitly reflected the relative weightings of the selection criteria. Emphasis was placed
on having an indicator system that was easy and inexpensive to operate while providing
enough information to base decisions.
6.6.10 Characteristics of the LqQ Performance Indicator Set

The IAQ indicator set is new and original because:
aIl the individual components that have been collected together in one environmental

management tool, and
the components of the environmental management tool have been organized into a
pressure-state-response h e w o r k .
The IAQ indicator set has been designed to be flexible because of
the need to address the potential for single or multiple pressures on the indoor air.

IAQ problems can be caused by many factors such as changes in building contents,
weather, HVAC setting, occupant activities, etc. These factors can occur individually
or in conjunction with each other.

the need to implement one or several solutions to address an IAQ concern.
Depending on the context of the built, economic and social environment, different
solutions may be appropriate.
The indicator set provides good information about the overall condition of JAQ.
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The combination of state indicators can assist in diagnosing many IAQ problems.

Flexibility in both the pressure and response indicators, plus the use of several state
indicators reflects the complexity found in most IAQ issues.
The set of IAQ performance indicators conforms to standard indicator
b e w o r k s . This makes the set more acceptable because of precedence and easy to use
because of familiarity.
The set of IAQ performance indicators is realistic because they are:
cost effective,
easy to use,
uses a minimum amount of equipment,
uses widely available equipment, and
can be incorporated into the cuniculum of the educational institution.
The IAQ performance indicators reflect and integrate the goals and priorities of
building management team. Thus, they fulfill their original purpose.

6.7 Conclusions
FoxmaI indicators (e.g., effective temperature, humid operative temperature, heat
stress index) may be of use by IAQ specialists, but were found too complex, detailed,
labour intensive and costly for daily operations for the purposes of this IAQ indicator
set.
Some informal indicators (e-g., temperature, relative humidity) were found
appropriate and were incorporated into the state indicators.
The entire process of management (i.e., the Derning cycle) was accounted for in the
design of the IAQ indicator set.
All temporal aspects of IAQ (i-e., past, present, and future) were accounted for in the
design of the IAQ indicator set.
Previous limited use and knowledge about IAQ indicators by the building

management team meant that there were no fkm preconceptions of what the indicator
set should look like or function and provided flexibility in the design of the indicator
set.
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The building management team was concerned for the welfare of the occupants and
had good management practices. These characteristics were essential to the
development of the IAQ indicator set at this site.
It was necessary to include the occupant's perspective in designing the IAQ indicators
set because they play an important role in maintaining the quality of indoor air.
The relative weighting of the selection criteria was not a critical step in the process

because the building management team was aligned in their goals and automatically
made decisions about the indicators that implicitly reflected the priorities.

In a group that is less homogeneous in their attitudes, the relative weighting of the
selection criteria may become more important.

Three factors facilitated the development of performance indicators: a step-by-step
approach, distinct, reasonable tasks to accomplish for each step, and a consistent
perception of goals and priorities.
Other strategies used to facilitate the process of developing the indicators, which were
successfUl, are:
background information was provided to the building management team,
information provided by the building management team was relatively easy for
them to access,
responsibilities for tasks to be accomplished were clearly established,

tasks were assigned that were in the area of the individual's specialties, and
regular meetings were scheduled to keep the process progressing.
The performance indicator fknework (pressure-state-response) provided a
philosophical basis for developing the indicators.
State indicators provide tangible scientific evidence to base decisions, which assists in
distinguishing between LAQ concerns that are psychological or physical in origin.
The IAQ indicator set was designed to have the characteristics shown in Table
6.10.
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Table 6.10 - Characteristics of the IAQ Indicator Set

acceptable to other building managers and performance indicator users
can be incorporated into the curriculum of the educational institution
easy to operate
flexible enough to handle the wide conditions encountered in IAQ
inexpensive to operate
provides enough information to base decisions
provides good information about the overall condition of IAQ
uses a minimum amount of equipment
uses widely available equipment
The IAQ indicator set is new and original because:
all the individual components that have been collected together in one

environmental management tool, and
the components o f the environmental management tool have been organized into
a pressure-state-response framework.
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7.1 Introduction

The purpose of the final phase of the research was to verify the results obtained in
the case study. (Chapter 6 ) This is the Iast phase of the research. The research tool

chosen to accomplish this was the survey. Two groups of people were surveyed to
determine the extent of the applicability of the set of IAQ performance indicators.
Educational institution building managers were selected because they were similar to the
group of building managers that developed the IAQ performance indicators. Private
building managers were selected to determine if other types of building managers would
find these indicators useful. The purpose of the survey was to determine the professional
opinion of building managers about the indicators. Additional information collected
included factors of professionalism, complexity of building site, and recent IAQ
experience. This information was collected to investigate whether these factors
influenced the building manager's opinions about the indicators. This chapter
concentrates on the validity, justification of the survey research technique used in this
dissertation, and the results of the survey.
7.2 Research Questions, Objectives and Approach

7.2.1 Research Questions
Performance indicators for MQ were developed using a case study methodology

with buiIding managers of a post-secondary academic institution. (Section 6 -4) The
validity of this management tool needed to be established externally. This section
presents the research questions, and objectives; reviews several approaches, outlining the
characteristics of each, and justifies the approach taken during this phase of the research.
The research question during this phase of the research is:
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Whm are the professioonai opinions of building managers about the set of L4Q

performance indicators developed in Section 6.4?

There are additional research questions that enhance the primary research
question. These are:
What dzrerences are there between the opinions of building managers who
operate in similar environment in which the set of U Q peflomance
indicators were developed and those building managers in dzrerenr
environments?
What is the relationship between professional knowledge and the opinions of
building managers about the set of lAQ performance indicarors?
What is the relationship between complexity of buildings managed and the
opinions of building managers about the set of IAQ perlformance indicators?
Wzatistherelatiunship between recentL4Qerperienceandtheopinionsof
building managers about the set of U Q performance indicators?
What dzfferences m s t in demographics,professional knowledge. contplexity
of building site, and recent L4Q experience between building managers in
similar environments to the case study and building managers in dzfferenr
environments?

These research questions are secondary to the primary research question;
however, when evaluating the research approaches these secondary research questions
will be taken into consideration.

7.2.2 Objectives
The research objectives that emerge firom the primary research question are:
present the set of IAQ performance indicators to building managers in an
understandable and concise form,
determine what professional opinions building managers have about the
appropriateness of these indicators,
identify strong and weak indicators in the set of IAQ performance indicators,

and

determine if building managers think that the set of IAQ performance

indicators are a usefitl management tool,
Objectives that result &om the secondary research questions are:
evaluate the differences in professiond opinion about the set of IAQ
performance indicators between building managers in similar environments to
the case study and building managers in different environments,
determine general demographic information for each building manager,
determine the professional background of building managers,
determine the building site complexity in which each building manager
operates,
evaluate the relationship between building managers' opinions about the set of

IAQ performance indicators and their professional background, and
evaluate the relationship between building managers' opinions about the set of

L4Q performance indicators and the complexity of their building site,
evaluate the differences in demographic profile, professional knowledge, and
compIexity of building site between building managers in similar
environments to the case study and building managers in different
environments.

7.2.3 Research Strategies
A research strategy must be distinguished from a research tool. A research

strategy is a general approach taken to answer a research question (Robson, 7 993).
Research tools (research tactics, methods of investigation) are techniques or methods
used to collect the information. An example of a research strategy is a survey. An
example of a research tool to be used in the survey research strategy is a questionnaire.

Common research strategies are experiment, historical analysis, case study, and survey
(Yk, 1994).

Experimental strategies measure the effects of manipulating one variable on
another variable (Robson, 1993). They are Limited to research questions where the
researcher can manipulate the situation. Commonly there are two groups of people, one
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group acting as the "control group" and the other group having a particular attribute or
condition. Comparisons are drawn between the two groups to determine the
effectiveness of a process or treatment. Characteristics of the experimental strategy are:
it answers research "how" and ''why'' research questions, requires control over events,

focuses on current events, and typically is used to explain cause and effect relationships
(Robson, 1993).
An historical approach or historical comparative research examines aspects of the

environment in a past era or across different m e s of environments. The historical
approach attempts to determine operational links that happen over time. Characteristics
of the historical strategy are: it answers research "how" and '%vhyY'research questions,
requires no control over events, focuses on past events, and typically is used to describe
or explain situations (Yin, 1994).
Case studies develop detail, intensive knowledge about a single case or small
number of cases (Robson, 1993). A case study is an inquiry that researches a
contemporary phenomenon in a real-life context. It is used when the boundaries between
the phenomenon and context are not clear win, 1994). Control over events is not

possible and so it focuses on "how" and Why" research questions. Case studies examine
current conditions. Case studies are classically used for exploratory work,
Surveys are conducted by collecting information in a standardized form fiom
large groups of people (Robson, 1993). Typical tools used in survey research are
questionnaires and interviews. The focus is on the prevalence or incidence of a particular
phenomenon. Surveys concentrate on answering questions which ask "who", "what",
"where", "how many", or "how much". Although surveys have been conducted which
focus on past events, recall bias is a problem and most surveys concentrate on
contemporary phenomenon. Traditionally, surveys are used for descriptive studies.
The determination of appropriate research strategies has been traditionally
established by the hierarchical phase of the research question. There are three phases,
exploratory, descriptive, and explanatory. Exploratory research questions find out what
is happening, seeks new insights, asks questions, or assesses a phenomena from a new
perspective. Descriptive research questions attempt to portray an accurate profile of

persons, events, or situations. Explanatory research questions attempt to determine cause
and effect relationships (Robson, 1993). Typically, a study of a particular phenomenon
will be conducted in d l three phases starting from exploratory and ending in explanatory.

Certain research strategies are associated with the phase of research. Although any
strategy can be used for any phase of research (Yin, 1994), this association can be helpful

in determining the appropriate research strategy (Robson, 1993). Table 7.1 displays the
phases of research and typical strategies used in each phase.

Table 7.1 - Phase of Research and Typical Research Strategy Used
Phase of Research
Exploratory
Descriptive
Explanatory

Typical Research Strategy Used
Case Study
Survey, Historical Analysis
Experiment

Three other characteristics of the research question can also help determine the
appropriate research strategy: type of research question, extent of control the researcher

has over the circumstances, and focus on the present or past events (Yin, 1994). Table
7.2 describes the situation for each potential research strategy.

Table 7.2 - Relevant Situations for Different Research Strategies
adapted f?om win, 1994)

The primary research question is "What are the professional opinions of building
managers about the developed set of LAQ performance indicators?". It is a "what" type
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of research question, which requires little control over the circumstances, and focuses on
the description of current opinions of building managers about the set of IAQ
performance indicators. The survey is the most appropriate strategy, based on matching
the situation of the research question to relevant situations for each different research
strategy. (Table 7.2) This is also an appropriate research strategy for the secondary
research questions.

7.3 Methods
7-3.1Type of Survey
Surveys can be classified according to when they gather data f?om a temporal
aspect. In cross-sectional surveys, data are collected at one point in time. This type of
survey design can describe a sample and determine relationships between variables at the
time of study. It cannot establish cause and effect relationships. Longitudinal surveys
collect data over a period. Typical longitudinal surveys are trend studies, cohort studies,
and panel studies. Trend studies sample the same population at different points in time.
Cohort studies follow a group of people in a population over a period in time. Panel
studies follow specific people through time. Longitudinal surveys are usefbl in
establishing trends and cause and effect relationships; however, they tend to take a long
time to collect all the data.
Given the prirnary research question posed in Section 7.2.1, the purpose is to
collect current professional opinions and establish relationships between variables, such

as building complexity and building manager's professional opinions. Cause and effect
relationships or trend information is not needed. A cross-sectional survey design is
appropriate for the primary and secondary research questions.
7.3.1.1 Survey Tool

Several tools could be used to conduct a cross-sectional survey. Mail and selfadministered questionnaires, telephone interviews, and face-to-face interviews are typical
tools (Neuman, 1997). Some of the characteristics, which differentiate these tools, is the
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degree of supervision (Bourque & Fielder, 1999, and cost and time allowed to complete
the survey.
Mail and self-administered questionnaires require a minimal degree of
supervision and they can be distributed efficiently to most geographical locations.
Consequently, they are cost effective. They provide an opportunity for respondents to
collect data and contemplate questions before answering. However, they must be
designed carefidly because there is limited opportunity for the respondent to ask
clarifLing questions.
Telephone interviews provide an opportunity for respondents to ask clarifying
questions. They are more time intensive than mailed questionnaires but less time
intensive than face-to-face interviews. Respondents are motivated to answer questions
during the time of the interview and rarely have the time to refer to other data or to
contemplate questions.
Face-to-face interviews have a high degree of supenision and are labour and time
intensive for both the interviewer and interviewee. A face-to-face interview requires that
either the interviewer andlor interviewee to travel to an interviewing location.
Consequently, face-to-face interviews tend to be expensive. Respondents are pressed to
answer questions at the time of the interview with no opportunity to think about the
questions or to collect additional information.
The appropriate tool to use to conduct the survey was determined by examining

several factors: cost, geographical location of the respondents, and amount and type of
infomation requested. The mailed questiomaire provided a Iow cost tool to collect the
data that also provided an opportunity for the respondents to collect data and contemplate
questions. It also allowed the survey to be distributed over a very large geographical
area. As with any research tool, the self-administered mailed questionnaire has
advantages and disadvantages. These are outline in Table 7.3.

Table 7.3 - Advantages and Disadvantages of a Self-Administered Mailed
Questionnaire
Advantages
large geographical areas can be reached
respondents are anonymous, which
encourages m e s s
respondents can complete the questionnaire
when it is convenient
respondents can check records if necessary
respondents have to oppormnity to think
over questions before answering
large amounts of data can be collected in a
short period of time
large amounts of data can be collected
economically
interviewer bias is avoided

Disadvantages
response rates tend to be low
responses can be late
the conditions under which the
questionnaire is completed cannot be
controlled
questionnaire could be completed by
another person, other than targeted
respondent
questionnaire questions cannot be clarified

questionnaire can be completed at different
times and a different order than intended
a person's reaction to questions is not
recorded
assumes respondent is literate in English

1

Table 7.4 - Strategies Used to Increase Response Rates
(Neurnan, 2997),(Bourque & Fielder, 1995)

Accurate addresses
Letterhead
Confidentiality
Dated cover letter containing:
personalized salutation, when possible,
purpose of survey,
how they were contacted,
research associations,
clear instruction on how and when to return the questionnaire,
reason why individual's responses are importanti
estimate of the time required to complete questionnaire, and
contact information.
Neat, attractive questionnaire layout
Distribution scheduled during non-holiday periods
Clear instructions about the questionnaire
Incentives in the form of providing a copy of the survey results and
detailed descriptions of the set of FAQ performance indicators
Postage stamps on addressed return envelopes
Allotment for adequate time to complete questionnaire
Follow-up contacts

-- --- - -

The following strategies were employed to address the possible disadvantages of
the self-administered mailed questionnaire. Note that compensating strategies for a11
disadvantages could not be fomulated but effects of these disadvantages are expected to
be minimal.
response rates tend to be low

The strategies used in Table 7.4 have been shown to increase response rates and
were used in the implementation of the survey.
Post-distribution strategies are the surest method of increasing response rates
,
Strategies employed were two follow-up contacts; a
(Bourque & ~ i e l d i r 1995).
reminder letter followed by a telephone call. The content of the follow-up letter stressed
the purpose of the study and the importance of response. (Appendix I) The telephone
call inquired about whether the respondent received the questionnaire, had any questions

regarding the survey, and encouraged the respondent to answer and mail back the
questionnaire.
responses can be late
Respondents were given two months to respond to the questionnaire. Responses
were accepted four months after the initial distribution.
questionnaire questions cannot be clarified
Contact ix6ormation was provided in the cover letter, and follow-up letter.
Respondents had an opportunity to ask for clarification by e-mail and telephone. During
the telephone follow-up, respondents were asked if they had any questions.
questionnaire can be completed at different times and a different order than
intended

The questionnaire was designed such that the order in which respondents chose to
answer questions was not important.
assumes respondent is literate in EngIish

The incidence of English illiteracy in the sample population was assumed to be
low given the Literacy requirements of a building manager.

The cross-sectional survey design using a self-administered mailed questiomaire
has some disadvantages. However, it is the most appropriate strategy and research tool
for answering the primary and secondary research questions posed in Section 7.2.1.

7.3.2.1 Population

The primary research question (Section 7.2.1) specifies that the population of
interest is building managers. The secondary research questions further specifies two
groups of building managers within that population; those in similar circumstances to the
case study and those in different circumstances to the case study. Referring to Section

6.3.5, the primary characteristic of building managers in the case study is they manage
post-secondary educational institutions. Thus, there are two target populations for the

survey; building managers that operate post-secondary educational institutions and
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building managers who operate anything but post-secondary educational institutions,
such as commercial buildings, apartments, shopping centers, etc.
Due to financial and temporal constraints, the potential population to be surveyed
had to be limited. The limiting criterion chosen was geographical location. The selection
of building managers of post-secondary educational institutions was confined to those
residing in Canada This population closely represents the characteristics encountered in
the case study. The estimated population is approximately 100 people. Any W e r
limitations could possibly yield a low number of responses, which is undesirable from a
statistical viewpoint. The number of private building managers surveyed was also
limited by geographical location. However, using the criterion of building managers in
Canada would result in a population too large to s w e y given the economic and time
restrictions. The criterion of private building managers residing in Calgary resulted in a
population that was suitable in size (approximately 500 people) and would not result in
extra costs, such as long distance telephone charges- A larger population was chosen for
private building manager because the expected response rate was lower and an equal
number of responses fkom both populations were desired.
7.3.2.2 Sampling Frame
This s w e y had two target populations; post-secondary educational institution
building managers across Canada and private building managers in Calgary. Names and
addresses for post-secondary educational institution building managers were obtained
from a directory listing of the web-sites of universities and colleges in Canada from the
University of Calgary (University of Calgary, 1999). Additional information, such as
specific names and mailing addresses, were obtained £?om general inquiries to main
switchboards and web-sites. It is possible that some post-secondary educational
institutions were not listed in the directory. It is expected that this represents a small
fiaction of the population because most universities and colleges require web-sites to
hlfill the information needs fkom potential students and to portray the image of a stateof-the-art facility. Not all building managers at each institution were surveyed as this
would result in a duplication of building management information. Instead, one or two
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senior representatives fiom each institution were contacted, with the expectation that only
one person would respond- In total, it is estimated that this population is 1I 0 (one fulltime building manager per site and 110 sites).

Names and addresses for private sector building managers in Calgary were
obtained fiom telephone listings and publicly available information fiom organizations
and associations that provide accreditation andlor credentials for building managers. The
total population is difficult to determine but is estimated between 500 to 700. This
estimate is based on the number of buildings (Telus, 1999b)(assuming one manager per
building), the number of management firms in Calgary (Telus, 1999a), and the

researcher's own experience. A total of 274 people were surveyed representing between
39% to 55% of the estimated population. Names and addresses were available for 175

people and only addresses were available for 99 management positions. Attempts were
made to ascertain all names associated with buildings or companies that managed
buildings, but either the information was not pubLicly available or it was difficult to
determine who met the selection criteria. When names were not known and there was
reasonable confidence that there was a building manager at the address, the survey was
addressed to "Property Manager". Lower response rates were expected from the surveys
addressed to "Property Manager" because the survey was not addressed to a specific
person. However, this sample was included to offset the potential bias that occurs fiom
the sampling £kame used for those with names and addresses. A potential sampling bias
occurs from obtaining address information fiom organizations and associations that
provide certification. These respondents are likely to have more credentials/accreditation
than the average building manager in Calgary.

+

7.3.2.3 Sampling Method
The survey did not use any sampling method because the entire population of

both groups, as defined in Section 7.3.2.1, was surveyed. The sampling £kame used for
private building managers in Calgary did not provide a precise match with the targeted
population and consequently, this group is fewer in number than the targeted population.

7-3.2.4Selection Criteria

The selection criteria used to determine the survey populations are:
full-time building manager,
read and write English, and
either manages buildings at a post-secondary institution within Canada or
buildings within the City of Calgary.
The first criterion is used to ensure that the person is knowledgeable about the
complexity of building management. The criterion of being employed hll-time is used to
ensure sufficient experience. The criteria of reading and writing English is used to make
sure that the respondents understood the questionnaire, which is written in English, and
had the ability to respond suitably. Justification for the geographical criteria is given in
section 7.3 -2.1.
No selection criteria were applied to the type of building managed; however, there
was the perception that the questionnaire was not relevant to those who managed
residential buildings. During the telephone reminder, approximately ten people that
managed residential buildings in Calgary declined to respond to the questionnaire based
on their opinion that it was not applicable to their situation, which was primarily a

residential building.
7.3.3 Survey Quesfions

The survey questions were constructed around five areas: demographic
information, building management, and opinions about the three types of IAQ indicators
(pressure-state-response). Demographic information consisted of gender, age, education,
accreditatiodcredentials, and experience. The demographic information included the

information about the factors that contribute to professional expertise, which is relevant
to the secondary research questions. This information was collected using closed-ended
questions with forced responses. Nominal, ordinal, and interval rating scales were used
to place responses into categories. Building information consisted of age, type, area,
number off occupants, and possible IAQ hazards. This infomation was required to
answer aspects of the secondary research questions. It was collected using open-ended
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questions and yes/no forced choices. Opinions about the IAQ performance indicators
were collected using a five-point Likert scale. The IAQ performance indicators were
provided by the case study. (Section 6.4) Additional qualitative information could be
provided by the respondent at several points in the questionnaire. Refer to Appendix J
for the complete questionnaire.
7.3.4 Survey Logistics

The mail-out date of the survey was October 12, 1999. Responses were requested

by November 15, 1999. A follow-up reminder letter was mailed to those who had not
responded on November 1, 1999. Further telephone reminders were made during the
week of November 8, 1999 to those who had not responded. The cover letter for the
survey, the follow-up reminder letter, and the script used for the telephone reminder

appear in Appendix I. All aspects of the survey logistics were administered by the
researcher. The Canada Post was used as the delivery method for all mailed items. The
last date responses were accepted was December 3 1, 1999.

7.3.5 Survey Consfruction
7.3.5.1 Origin of Questions
The origin of the questions was the research questions asked in Section 7.2.1 .

The information required, based on these questions, is:
professional opinions of building managers about the developed set of LAQ
performance indicators,
professional howledge,
complexity of buildings managed, and
recent IAQ experience.
This information must be collected in a manner that distinguishes private building
manager's responses fkom educational institution building manager's responses.
The questions about the set of IAQ performance indicators are derived fiom the
previous case study work. (Section 6.4) Questions were asked about each performance
indicator.
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The elements that compose professional knowledge are education, experience,
and professional ethics- Both the level arid type of education are important. The level of
education refers to the amount of education that is obtained or recognized through formal
education systems. Infoma1 systems of education are classified as experience. The level
of education can be determined through the diplomas and/or degrees granted to an

individual. These diplomas and/or degrees are usually obtained in a hierarchical order.
They provide a mechanism to evaluate the amount of education an individual acquires.
The type of education is classified on the degree or diploma This classification is useful
in determining the appropriateness of education to building management. The amount of
building management experience a person acquires can be asked directly. The
professional ethics of an individual are difficult to ascertain and must be measured
indirectly. Surrogate measures of professional ethics are certifications because many
organizations offering these certifications have codes of conduct or rules of ethics to
which members must ascribe. Questions were asked about level and type of education,
years of building management experience, and certifications.

Many factors contribute to building complexity. Factors considered relevant are
number of buildings managed, age of the buildings, total area managed and number of
hazards within the buildings. The building management needs to be more complex for
greater numbers andor areas of buildings and for greater number of hazards within the
building. In general, the older the building, the more difficult it is to manage. This is
largely due to outdated equipment, improper renovations, increased repairs, and higher
maintenance. Questions were asked about number of buildings, age of buildings, area of
buildings, and number of hazards.
Recent IAQ experience can be determined fkom the number of contacts fiom
occupants regarding IAQ concerns and the amount spent in time and money addressing
these concerns. Questions were asked regarding these factors.
7.3.5.2 Structure of Questionnaire

Given the amount of information required, the design of the questionnaire was
critical. Factors that were important in the design of the questionnaire were how quickly
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and easily the respondent could answer. Consequently, most of the questions asked are
closed questions. The closed questions used either nominal or ordinal rating scales to
facilitate answers. Closed questions do not provide the respondent with an opportunity to
suggest ideas, cIarifL responses, offer new knowledge, or express alternative opinions
(Neuman, 1997). Some open questions were used in tandem with the closed questions to
compensate for the disadvantages of closed questions. The open questions were optional.
Closed questions were used for demographic and recent IAQ experience infomation.
CIosed questions could not be used for a large portion of the building compIexity
information because categories could not be pre-determined. Closed questions were used
when categories could be determined.
Many tools could be used to quantifL the professional opinions of building
managers: Likert scale, Thurstone scale, or semantic differential. The main criterion used

to select the appropriate tool to collect this information was ease of use by the
respondent. The Likert scale was chosen because of its high recognition (Neuman, 1997)
and consequently, its ease of use. A Likert scale provides an ordinal-level measure of a

person's attitude (Neuman, 1997). A Likert scale can vary between two to usually a

maximum of nine categories. The number of categories depends on the needs of the
survey and the skills of the respondent pink & Kosecoff, 1998). Five categories were
used because it provided the respondent with a neutral category, the number of categories
was not overwhelming, and the precision of measurement was acceptable.
Another concern about the questionnaire design was the order of the questions.
Factors considered in determining the question order were:
organize questions into common topics,
place questions in a logical order,

ask objective questions before subjective questions,
place pleasant, interesting, and easy to answer questions first,
move fiom the most familiar to the least familiar topics,

ask sensitive questions in the middle of the survey, and
place relatively easy to answer questions at the end (Babbie, 1973)' (Fink &
Kosecoff, 1998).
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Questions were organized into demographic, building complexity, recent IAQ
experience, state indicators, pressure indicators, response indicators, and feedback
categories. Characteristics of each set of questions are shown in Table 7.5. Based on
these characteristics, the appropriate order of the informational groups is as shown in
Table 7.5- The demographic set of questions was placed first because this information
was easy to answer. This placement goes against conventional advice (Babbie, 1973) but

the only other easy to answer set of questions were the feedback questions. Placement of
this set of questions needed to be Iast because of descriptions preceding the state,
pressure, and response indicator set of questions. Recent IAQ experience questions were

placed in the middle of the questionnaire because of the potential sensitivity of these
questions. State indicator questions were placed before pressure and response indicator
questions because the information should be more familiar to building managers and this
section contains fewer questions.
Table 7.5 - Characteristics of Each Set of Questions

Order
1

2
3
4
5
6

7

Set of Questions
demographic
building complexity
recent IAQ
experience
state indicators
pressure indicators
response indicators
feedback

Characteristics
easy to answer
uninteresting
large quantity of information
potentially sensitive questions

new idea
composed of common IAQ measurements
new idea
new idea
easy to answer

7.3.5.3 Pre-Testing

The questionnaire was pre-tested over a period of two weeks prior to the
distribution of the survey. The pre-test used the entire questionnaire in a manner similar

to the intended approach. Ten subjects reviewed the questionnaire and commented on the
ease, clarity, content, and understanding of the questionnaire. Subjects ranged from

building managers, experts in questio~airedesign, and experts in performance
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indicators- Two revisions of the questionnaire were tested before a final version was
produced because of feedback obtained from the test subjects.

7.3.6 Response Rates
Table 7.6 - Response Rates
Private Building Managers
Educational Institutions

Return to Sender
10%
0%

Response Rate
9%
36%

The response rate for building managers of post-secondary institutions was 36%
with no questionnaires retumed due to improper addressing. This response rate is forty
total respondents, which by the central limit theorem, allows the assumption that this
population is normally distributed (Weiss, 1995).
The response rate for building managers in Calgary was 9% or 21 responses.
Twenty-seven questions were returned because of improper addressing, either because of
person or location. The total number of responses is inadequate to assume a normal
distribution. Nonnal probability plots revealed that the distributions are not linear and
consequently the distribution of the sample cannot be considered normal. Figure 7.1
shows an exarnpIe of a normal probability plot for the number of hours that private
building managers spent on addressing IAQ issues per year. There is significant
curvature to the plot and consequently, is not normally distributed. Similar curvatures
were observed in the categorical data. Equations used for calculating response rates are
shown in Appendix K.

Time Spent Addressing IAQ Issues (hourslyear)

Figure 7.1 - Normal Probability Plot of the Number of Hours Private Building
Managers Spent on IAQ Issues per Year

Table 7.7 - Response Rates, After ~eminders'
Responses After
Initial Mail-out
Private Building Managers
Educational Institutions

2%
6%

Responses After
Mail-out
Reminder
2%
10%

Responses After
Phone CaII
Reminder
4%
20%

The difference in response rates between the two sample groups was expected;
however, the response rate for building managers in Calgary was considered low.
Further investigation into the response rates after each reminder showed that response
increased significantly after the teIephone reminder. (The response rates calculated in
Table 7.7 were based on the number of current responses that had been returned before
each reminder and thus, does not reflect a time lag of about 5 days for the mailed return
of a questionnaire.) An increase in response rates was expected after direct, personal
contact was made during the final reminder. The difference between the response rate of
educational institution managers and Calgary building managers may be due, in part, to
the difficulty in making telephone contact with those people surveyed in which the
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questionnaire was generally addressed to "Property Manager". (Ody 3% of these people
could be identified and contacted,)

Table 7.8 - Response Rate of Private Building Managers
Survey Addressed to "Property Manager"
Survey Addressed to a Specific Person

Response Rate
6%
10%

Table 7.8 shows the difference in response rates for building managers in Calgary

in which the questionnaire was addressed to a specific person or generally to "Property
Manager". Addressing the questionnaire to a specific person does slightly increase the
response rates.

In summary, the response rates for educational institution building managers and
private buiIding managers was 36% and 9%, respectively. Possible factors that
influenced the lower repose rates for private building managers are:
educational institution building managers are more receptive to research,
educational institution building managers are more likely to have e-mail
addresses and, consequently, would receive the incentive package, which
would only be delivered by e-mail because of economic constraints,
educational institution building managers are more likely to be interested in
WQ9

not all questionnaires sent to private building managers were addressed to a
specific person, and
questionnaires addressed to "Property Manager" did not receive the final
reminder.

The response rates for post-secondary educational institution building managers
are suftfcient to assume normal distributions of the data Response rates for private

building manages were low and special statistical methods are required for the data
analysis. The lower response rates for the building managers in Calgary increases the
sampling error and decreases the ability to compare the two sample groups.

7.3.7 Analysis
The analysis can be separated into three sections; descriptive analysis, rank order
analysis, and correlation analysis. The descriptive analysis attempts to describe the
results of the survey. Measures of central tendency (averages, medians) and of variation
(range, standard deviation) are the focus. The purpose of this analysis is to provide a
picture of the typical respondent and their opinions. Equations used for the descriptive
analysis appear in Appendix K. Qualitative information was summarized by sorting
comments by topic and choosing the most clear and succinct phrase that represents the
topic. Efforts were made to use direct quotes in the correct context. References to the
quotes were not made because of confidentiality agreements.

Rank order analysis sorts the opinions of building managers &om most important
to least important. This provides a relative order of importance of the set indicators in a
succinct manner. Rank order has been applied to each category of indicator: state,
pressure, and response. In addition to these categories, rank order has also been applied
to indicators that share common characteristics, such as those involving W A C systems
and communication. Occasionally, two indicators have the same rank. In these cases,

they share the ranking order and the next indicator is placed two ranks below.
Correlation analysis attempts to show relationships in the data. For example, is
there a relationship between time spent on IAQ issues and the number of LAQ hazards in
the building? The linear correlation coefficient, also called the Pearson product-moment
correlation coefficient, is used to establish correlations between opinions about the set of
IAQ indicators and other variables. Equations used for the correlation analysis appear in

Appendix K.
Additional analysis is provided based on the experience of the researcher as a
building manager. The researcher has five years experience as a building co-owner and
manager of a 3-story (30,000 ft?) commercial building located near the downtown of the

City of Calgary. Issues dealt with during the management period included tenant lease
agreements; building construction, repairs and maintenance; and IAQ concerns due to
laboratories and printing facilities within the building. This experience is helpful in
determining possible underlying reasons for some of the results in the survey, but there is
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littfe scientific evidence in the literature to support what is common knowledge in private
building management. Consequently, results that are derived fiorn this knowledge are
placed in a different section so that it can be evaluated separately.

7.3.8 Ethics
Application for ethics approval was submitted September 15, 1 999 to the
University of Calgary, Joint Faculties Research Ethics Committee. T h e submission
package included details about: methodology, remuneration, rnanipulartions and risks,
consent procedures, confidentiality and/or anonymity, disposal of recorrds, and copies of
the questionnaire, cover letter and follow-up letter. Ethics approval to conduct the survey
was obtained on October 6, 1999 with no alterations to the initial appliication.

7.4 Descriptive Results
7.4.1 Demographics

Table 7.9 - Gender
Private Building Managers
Educational Institutions

Male
76%

Female
24%

95%

5%

Table 7.10 - Age Distribution
Private Building Managers
Educational Institutions

18-24
0%

0%

25-34

35-44

45-54

10%
0%

50%

35%

55-64
5%

45%

45%

10%

65+
0%
0%

Building managers that responded tend to be males (Table 7.9) between 35 to 54

years of age (Table 7.10). There is greater inclination for educational imstitution building
managers to be male than private building managers. Most building managers have at
least some technical or trade school education (Table 7.11). A large pmrtion (between
45% to 56%) has a university degree or post graduate degree. Private building managers
tend to come f?om a business related educational background (Table 7. 12), whereas the
educational institution building manager typically have an engineering background.
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(Table 7.13) Private building managers have a variety of accreditation and/or credentials.
The most prevalent are; Real Property Administrator (RPA) (International Building

Owners and Managers Institute) and Certified Property Manager (CPM) (Real Estate
Institute of Canada). (Table 7.14) Educational institution building managers tend to
have a Professional Engineer (P.Eng.) (Canadian Council for Professional Engineers)
designation. The questio~airewas completed by people who had a variety in number of
years of experience. (Table 7.15)

Table 7.1 1 - Level of
I
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Private Building Managers
Educational Institutions

5%
3%
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0%

35%

5%

18%

e
3

15%
10%

5

3

& Ew
15%
28%

30%

38%

Table 7.12 - Type of Education for Private Building Managers
Some University
University Graduate
Postgraduate

Business
67%
57%
75%

Science
0%
43 %
25%

Engineering ,I
0%
0%
0%

Other
33%
0%

0%

The high proportion of building managers that are male may reflect several
factors: this profession is a traditional occupation for men or the required qualifications
for the occupation may be traditionally male dominated (e-g., engineering degree).
Private building managers are more likely to be female. The higher male ratio for
educational institutions is probably a reflection of more traditional or restrictive hiring
criteria.
Typical age ranges for building managers are between 35 and 54. There is a
indication that private building managers may be slightly younger than educational
institution managers. The older starting age reflects time spent gaining education and
experience before obtaining a position as building manager. It is unknown why people

J
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tend not to remain in this position after the age of 54 but may be caused by mandatory
retirement policies.
Building managers are well educated with most having some form of education
after high school. This may be due to the hiring requirements or because of the
demographics of the hiring base- The type of education tends to be business or science
based for private building managers. Although both science and business post-secondary
education are characteristic, there is more of an emphasis on business education. This
may imply that this type of education is more valuable to private building mangers or
their employers.
Table 7.13 - Type of Education for Educational Institution Managers
Some University
University Graduate
Postgraduate

Business
33%
13%
27%

Science
33%
7%
13%

Engineering
17%
73%
40%

Other
17%
7%
20%

Managers of educational institutions tend to have engineering degrees. There is
more diversity in the type of educational background for educational institution building
managers than private building managers. Given the physical complexity of the
structures at most educational institutions, it understandable that an engineering degree
may be a hiring criterion. There is some indication that a post-graduate degree in
business may be useful.
Private building managers tend to receive accreditation and/or credentials fiom
professional organizations that are not legislated by govenunent, such as the International
Building Owners and Managers Institute or the Real Estate Institute of Canada. The
prevalence of the RPA credential is explained by the bias of determining the sample
populations. This result is believed to be the result of how private building managers
were identified and do not reflect the populations' characteristics. Other accreditation

andlor credentials for private building managers included: Certified Commercial
Investment Manager (CCIM) (Commercial Investment Real Estate Institute), Licensed

Broker, Fellow of the Real Estate Institute (FRI) (Real Estate Institute of Canada), and
University of Calgary Management Development Program Certificate.

Table 7.14 - Accreditation/Credentials
[private Building Managers
I

Educational Institutions

P.Biol P.Chem P.Eng CFM CPM RPA FMA Other
0% 0% 19% 24% 5%
0%
0%
43%

0%

0%

Professional Biologist (P-Biol), Professional Chemist (P-Chem), ~ r o f e s s i o n r ~ n ~ i n e e r

(P.Eng), Certified Facility Manager (
0
Certified
,
Property Manager (CPM), Real
Property Administrator (RPA), Facilities Management Administrator (FMA)
Educational institution building managers tend to have a professional engineering
credential. This is expected given the significant portion of these building manager who
have an engineering education. Other accreditation and/or credentials for educational
institution building managers included: certified engineering technologist (CET)

(Canadian Council of Technicians and Technologists), Masters of Architecture,
Association of Higher Education Facilities Officers (APPA) (The Association of Higher
Education Facilities Officers), Project Management Professional (PMP) (Project
Management Institute), and Canadian Institute of Planners (MCIP) (Canadian Institute of
Planners). Refer to Appendix L for further information on these organizations that offer
certification relevant to building managers.

Table 7.15 - Years of Experience
Private Building Managers
Educational Institutions

N/A

1-5

6-10

0%

24%
10%

29%
20%

2%

11-15
14%
22%

16-20
19%
24%

20+

14%
22%

The respondents varied in their years of experience. This implies that an even
distribution of experience was obtained from the sample.

7.4.2 Building Management

Table 7.16 - Age of ~ u i l d i n ~ s "
r

Average

Median

Range

26
31

25
30

1-88
1-175

Private Building Managers
Educational Institutions

Standard
Deviation
13
12

Private building managers direct buildings that are, on average, 26 years of age
(median of 25 years). Managers of educational institutions have buildings that are
slightly older, an average age of 3 1 years (median of 30 years). There is a larger range
with buildings at educational institutions but a slightly smaller standard deviation.

Table 7.17 - Type of Building spaceiv
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59%
7%

9%
11%

Private building managers have predominately office space (59%) with some
industrial (1 7%) and commercial (16%) space. Educational institutions have a large
portion of the space allocated to educational activities (73%), followed by residential
space (11%).

Table 7.18 - Occupant Density (1/1000ft')"

Private Building Managers
Educational Institutions

Average

Median

Range

10.38
9.01

5.43
5.75

3.25-32.79
0.48-75.54

Standard
Deviation
12.59
13.59

Areas and occupant densities are presented in units of square feet because the

ASHRAE standard (American Society of Heating Refigerating and Air-Conditioning
Engineers, 1999) and conventional practice uses these units of measure. The conversion
to square meters is 10.8 ft2 = 1 m2. Average occupant density is about 9 to 10 people for
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each 1000 ft2,with a median behueen 5 to 6 people, for both private buildings and
educational institutions. There is significant variability in the data because ranges are 3
to 33 people per 1000 ftz for private buildings and 1 to 76 peopie per 1000 ftZfor
educational institutions. Standard deviations between 13 and 14 people per 1000 ft2 also
reveal large variances in occupant densities.

Table 7.19 - Occupant Density (111000 ftf) for Educational Institutions
r

Average

Median

Range

13.71
10.46
2.39
7.71
4.8 1
4.85

13-46
6.5 1
2.04
6.26
4.30
4.85

0.63-26.50
2.30-75.54
0.69-4.0 1
0.38-16.84
0.60- 13-04
4.10-5.59

CommerciaI
Educational
Industrial
Office
Residential
Unspecified

Standard
Deviation
8 -28
14.98
1.52
5.28
2.65
1.05

Wormation for occupant densities was provided only for commercial building
types and thus, reflects the overall values shown in Table 7.18. Educational institutions
saw the highest average occupant densities in commercial (14 people per 1000 ft2),
educational (11 people per 1000 fl?),

and office (8 people per 1000 fi2) applications. The

lowest occupant density occulred in industrial applications (2 people per 1000 ft2). The
greatest variability arises in the education and commercial building types (standard
deviations of 15 and 8 people per 1000 ft2, respectively).

Table 7.20 - Total Building Area (ft2)

Private Building Managers
Educational Institutions

Average

Median

Range

490,25 1

30 1,060

2,114,768

1,095,377

3,6002,425,644
48,7297,354,600

Standard
Deviation
672,061
2,086,840
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Table 7.21 - Number of Buildings Managed

Private Building Managers
Educational Institutions I

Average

Median

Range

6
19

3

1-43

Standard
Deviation
9

13

1-73

20

Educational institution building managers manage more buildings and more area
than private building managers. Average area managed was about 2,000,000 square feet

(median of 1,000,000

ft2) over an average of 19 buildings (median of 13) for educational

institutions. Private building managers managed an average of 500,000 square feet
(median of 300,000

ft2) over 6 buildings (median of 3).

Ranges and standard deviations

were large for both types of building managers.

Table 7.22

Science Labs
Wood Shops
Print Shops
Other Hazardous Areas
No Hazards
Table 7.23

Science Labs
Wood Shops
Print Shops
Other Hazardous Areas
No Hazards

- IAQ Hazards in Privatc Buildings
Average

Median

Range

0%
3%
13%

0%

0%

N/A
0%-36%

0%
0%
100%

0%-100%
0%- 100%
0%-100%

14%
74%

Standard
Deviation
0%
9%
32%
30%
39%

- IAQ Hazards in Educational Buildings
Average

Median

Range

34%
25%
26%
36%
42%

21%
11%
9%
27%
44%

0%-100%
0%-100%
0%- 100%
0%-100%
0%-100%

1

Standard
Deviation
35%
33%
37%
3 7%

33%

Private building managers were unlikely to encounter LAQ hazards in their
buildings (0.74 probability). If any hazards were present, they were an unspecified

hazard (14%) or print shops (13%). Educational institution buildings had a higher
prevalence of IAQ hazards. Only 42% of educational buildings had no IAQ hazards.

311

Encountering science laboratories, wood shops, print shops, and/or other hazards were
approximately equally likely in buildings that had hazards.
Private building managers supervise builciiags that are about 5 years younger than
educational institutions. The consistency of the average and median values suggests that
there are either no extremes in the data or a significant number of building ages are
around the average. There is a substantial range but a small standard deviation implying
the occasional extreme value with the age of many buildings clustered around the
average. Both private building managers and educational institution building manasers
manage new buildings. However, educational institution building managers administers
some of the oldest remaining buildings in ~ a n a d a ' .The oldest building managed by a
private building manager is halfthat of the oldest building managed by a educational
institution building manager.

In answering this question, some building managers supplied both the original
construction dates and any renovation dates. The ages that appear in Table 7.16 are
calculated based on the original construction dates because these dates will reflect some
of the potential IAQ problems that are associated with construction of that period. It is
understood that most of the older buildings have been modified or renovated to some
degree, and in the process have eliminated or introduced IAQ issues.

Information provided about type of building is, at best, very general. The
questionnaire asked for the main application of the building, implying only one response
was required. Most buildings are multi-purpose and this required the building manager to

make a judgement as to the primary building use. Many respondents provided several
responses and consequently, if the building type could be I'nfemed from the building
name, it was used but in most cases, the building types were left unanswered. Some
building types could not be classified under the provided system (e-g., ice rinks and
swimming pools). Consequently, the accuracy of the data used for this analysis is in
question and should be used carefblly.

' To provide an idea of how old some of these buildings are the British North American Act, which
established Canada as a country, occurred in 1867. A building built in this year would be 133 years old.

Private building managers tend to manage a variety of building types,
predominately office (59%), industrial (17%), and commercial (16%). This result is
believed to be slightly skewed against residential because many non-respondents did not
respond because they thought the questionnaire was not appIicable to residential
buildings.
Although educational institution building managers manage primarily educational
buildings (73%), a significant portion of what they manage is non-educational(22%)This number may under-estimate actual non-educational buildings because types of
buildings that could not be classified under the provided system (e-g., athletic facilities,
and research laboratories) may have been placed in the educational category.
The calculation for occupant density is a function of two sets of data, peak
population of the buildings and total area. Many respondents did not answer the question
about peak populations and this calculation could not be pedbrmed. The information
provided by private building managers concerned only office buildings. The average
occupant density for these buildings was 10 people per 1000 p.However, the median
value is five people per 1000 ft2. Given the wide range and standard deviation, the
median value is more representative of the population. Five people per 1000 ft2
compares well to the ASHRAE recommendation of seven people per 1000 A' for this
application (American Society of Heating Refkigerating and Air-Conditioning
Engineering, 1999).
Educational institutions have a similar average occupant density at around nine
people per 1000 ft2. However, as with the private buildings, the median is significantly
lower and the range and standard deviations are high. The median value of six peopIe per
1000 ft2 is more representative of occupant density at educational institutions. Sufficient
data were provided to determine occupant densities by building type. For commercial,

industrial,office, residential and unspecified building types, the average and median
values are similar and standard deviations are small. The average values are reflective of
the population characteristics. The educational average occupancy densities are higher

than the median and the standard deviation is large. There are outlier values and a nonsymmetric distribution pattern. This may be due to the variety of interpretations of
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"educational" building type and the variety of applications within that type. For example,
occupant densities are usually less in a laboratory classroom than in a normal classroom
because of equipment used for experiments and specialized ventilation requirements.
The average value and median value for occupant densities do fa11 within the range
suggested by ASHRAE standards (30 to 50 people per 1000 ft2, depending on
application) (American Society of Heating Refigeration and Air-Conditioning
Engineers, 1999).
The difference between the median and average total building area implies that
there are a few building managers who manage a large amount of space. The large
ranges and standard deviations c o b the existence of extreme values. Median values
are more representative of the sample. In general, educational institution building
managers supervise three times more area than do private building managers. However,
there is some overlap as some private building managers run building(s) within the range
of educational institutions and vice versa.
Educational institution building managers manage four times as many separate
buildings than private building managers. Again, given the large ranges and standard
deviations, the median value is more representative of the building management
characteristics. This question was difficult for some educational institution building
managers to answer. Some post-secondary institutions have a very continuous and open
design. It is difficult to distinguish where one building begins and where one building
ends. This is due to original design or to constant additions. The HVAC design
sometimes did not help in distinguishing buildings because many had a centralized
system servicing large portions of the building system. The number of buildings in these
cases was estimated.
The frequency of science laboratories and wood shops is not common in privately
managed buildings. Many private buiiding managers determined that there were no IAQ

building hazards. This identification of "other hazards" reIies on the ability of the

building manager to recognize potential problems. There is also some degree of

judgement in identifying these hazards. For example, some people may or may not
identify the presence of a photocopier as a potential IAQ hazard. Consequently, some
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hazards may be overlooked and others improperly identified- Since no criteria were
provided for assessing "other hazards" and a description of "other hazards" was not

required, the results in Table 7.22 and Table 7.23 should be used carefully.
Educational institution building managers identified more IAQ hazards than do
private building managers. Standard deviations and ranges are large and averages and
medians vdues are significantly different, implying extreme vdues. This is consistent
with the design philosophy of concentrating potential IAQ hazards in one area (a few

buildings contain all the activities that cause IAQ concerns) rather than distributing these
hazards throughout the institution.
7.4.3 Concerns about Iirdoor Air Quality

Table 7.24 - Annual Frequency of Format Contact
Private Building Managers
Educational Institutions

i

N/A

1-5

6-10

19%
7%

67%
63%

0%
7%

11-15
5%
5%

16-20
0%

2%

20+
10%
17%

Table 7.25 - Form of Formal Contact
Telephone
Private Building Managers
Educational Institutions

76%
62%

Written
Complaint
12%
24%

Meeting

Other

12%
11%

0%
4%

Table 7.26 - Annual Frequency of Informal Contact

N/A
Private Building Managers
Educational Institutions

27%
f 0%

1-5
55%

38%

6-10
9%
25%

11-15

0%
3%

Table 7.27 - Form of Informal Contact

Private Building Managers
Educational Institutions

Casual
Remark
67%
83%

Overheard
Conversation
0%
3%

Other
33%
14%

16-20
0%
8%

20+

9%
18%
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Occupants express their concerns about IAQ concerns by two methods; formal
and informal contacts. The distribution of the annual frequency of formal contact is
bimodal for both types of building managers, there is a peak at 1-5 contacts (about 2 1 3 ' ~
of the formal contacts) and at 2 0 t contacts (10% to 17%). The majority of these contacts
occurred by telephone. Other types of contact for educational institutions included
maintenance requests, Occupational Health and Safety Committee concerns, or reports
from security. Informal contacts show a similar bimodal distribution pattern with peaks
at 1-5 times and at 20t occasions. The primary method for contact was a casua! remark.
Another type of contact that was reported was by a second party.

Table 7.28 - Annual Time Spent Addressing IAQ Issues (Hours)

Private Building Managers
Educational Institutions

Average

Median

Range

17
511

10
60

0- 100
2-7000

Standard
Deviation
25
1327

Table 7.29 - Annual Costs Addressing IAQ Issues

Private Building Managers
Educational Institutions

Average

Median

$5,147
$3,544,65 1

$2,000
$3,900

Range

Standard

Deviation
$0-$50,000
$1 1,750
$20,008,595
$0$1 15,000,000

Private building managers spend, on average, 17 hours (median of 10 hours)
addressing LAQ concerns. Average costs were $5,100 (median of $2,000). Educational
institution building managers spent an average 5 11 hours and $3,500,000 (median of 60

hours and $3,500) addressing IAQ concerns.

The annual time and costs spent addressing can be normalized by total amount of
area managed or by the number of buildings managed. These normalized values do not
take into consideration the different building types. SpecificalIy, private building
normalized values are based on areas for commercial applications, since this was the only
area data available through the survey.
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Table 730 - Annual Time Addressing IAQ Issues/Area (Hours/1000 ft?)

Private Building Managers
Educational Institutions

Average

Median

Range

0.121
0.338

0.031
0.047

0.004 - 0,833
0.004 - 2.668

Standard
Deviation
0.201
0.667

Table 7-31- Annual T i m e Addressing IAQ Issues/# of Buildings (Hours)

Private Building Managers
Educational Institutions
Table 7.32

Average

Median

Range

10.29
1 12.40

2.29
5.83

0.23 - 50
0.4- 3000

Standard
Deviation
16-05
527.66

- Annual Costs Addressing IAQ Issues/Area (%/1000ft2)
Average

Median

Range

Private Building Managers

$87.85

$1 1.34

Educational Institutions

$67.31

$6.06

$0.67$833.33
$0.27 $785.27

Standard
Deviation
$2 19-55
$159-14

Table 7.33 - Annual Costs Addressing IAQ Issues/# of Buildings

Private Building Managers
Educational Institutions

Average

Median

$4583.02

$714.29

$10,505.94

$750-00

. Range

$40.00$50,000.00
$27.40$83,333.33

Standard
Deviation
$13,143.73
$23,355.92

The bimodal distribution pattern of both reported formal and informa1 contacts is
explained by having two distinct types of buildings, those that are operating within
expected parameters and those with IAQ problems. Those buildings that operate within
expected parameters represent the 1-5 frequency of contacts. Those building that have

IAQ concerns, whether real or perceived, are represented by the second peak at 20+
contacts. There may be a tendency to under-report this data because of the perception
that this may reflect poor building management.
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Time and money spent on addressing IAQ issues both have large ranges and
standard deviations suggesting outliers in the data This is consistent with the hypothesis
of two types of buildings, normal, and problematic. In interpreting this information, the
median values are more representative of normal conditions but the high end of the range
shows the current costs that could be incurred by IAQ issues. There could be a tendency
to under-report this information because of the perception of embarrassment.
Concerns over the accuracy of these data arise fiom the definition of an IAQ
issue. The questionnaire left this term undefined; therefore, there could be great
variability in the definition. For example, is discomfiture due to temperature considered
an IAQ issue? The replacement of W A C filters, is that an IAQ expense or considered
part of regular maintenance? Depending on the strictness of definition of what is an IAQ

issue, these numbers will vary.

The amount of time and costs educational institution building managers spend on
IAQ issues in comparison to private building managers reflects the greater amount of
area, number of buildings, and type of activities they must manage. In addition to these

factors, educational building managers may have occupants that are more aware of the
potential IAQ hazards because of the educational background required to handle
hazardous materials (e-g., laboratory technician), which may create a more sensitive
social environment. Concerns regarding IAQ issues may be raised more rapidIy and
often. Additionally the responsibility of managing a public institution, educational
institution managers may be more aware of the liability involved with some IAQ issues
because they manage a public building and may be more quick to respond and implement
solutions to IAQ concerns. These factors may increase contact rates, direct and indirect
costs.
Another factor that effects the amount of money and time that buiIding managers
spend addressing IAQ is the nature of the relationship between building managers and
tenants. In the private building setting, this relationship is largely dictated by the lease or
rental agreement. The details of the lease or rental agreement usually incorporates a

building management fee, general overhead expense, or leasehold improvement costs,
which cover the costs relating to addressing IAQ concerns. Consequently, tenants are
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more aware that expenditures related to addressing IAQ issues are directly coming fiom
them. They are less likely to raise IAQ issues and when raised, deal with them efficiently
because the costs are directly transferred to them. In the educational institution, this
relationship is less clear because there is no lease or rental agreement between h e
occupants and the building managers. Funding for IAQ concerns comes fiom a pooled
source, which the occupants contribute to indirectly through taxes. Costs incurred by
addressing IAQ issues are not directly transferred to the occupants. The feedback
mechanism that allows the private building manager and tenants to effectively and
efficiently deal with IAQ issues is less prominent in the educational institution.
The normalized values with respect to total area managed and number of
buildings have large standard deviations and consequently, median values are more
representative. Building managers spend approximately 2 to 3 minutes (0-031-0 -047
hours) per 1000 ft2 they manage addressing IAQ issues every year. They spend between

$6.00 to $11.OO per 1000 fi2 they manage to mitigated IAQ every year. For each building
they manage, they will spend approximately 2 to 6 hours in time and $750.00 addressing

any IAQ issues. Given the wide range and Iarge standard deviations, it is apparent that
time and dollar costs can vary substantially. However, a comparison of the median
values between the two types of building managers yields remarkably consistent results.
7.4.4 State Indicators

The indicators were evaluated by the respondents using a five-point Likert scale.
For the state indicators, the survey asked how "appropriate" are these indicators using the
five points of:

1 - inadequate;
2 - poor;
3 - no opinion;
4 - good; and

5 - excellent.
There cannot be any extreme values in these data because of the Likert scale.
Consequently, median and range values are of limited value but are provided because of
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convention. Average values over three would indicate a positive response and average
values below three indicate a negative response.
T-test values are typically provided with this type of data to determine if the two
samples (i-e., education and private building manager's opinions) are significantly
different. T-tests require that the population being sampied is normally distributed
(Weiss, 1995). In the case of the educational institution building managers, there is a
sufficient number of responses (40) to consider the sample to be normally distributed.
However, the number of private building manager responses was 21, which implies that a
normal distribution cannot be assumed. The t-test is a relatively robust calculation
(Weiss, 1995) and can be applied to distributions with minor deviations fiom linearity on
the normal probability plot. Examination of the normal probability plots for the private
building manager's responses revealed substantial deviations &om a straight line and
consequently, the t-test could not be applied. (Figure 7.1)

Table 7.34 - Average Indicator Values

State Indicators
Pressure Indicators
Response Indicators
Overall

Private Building
Managers
Standard
Average
Deviation
0.95
3.86
4.28
0.80
4.12
0.90
4.14

0.88

Educational Institution
Average

4.38
4.29

Standard
Deviation
0.84
0.73
0.75

4.29

0.76

3.99

The evaluation of Table 7.35 to Table 7.84 is complicated by the lack of an
external reference to compare against. Consequently, comparisons of high, medium, and
low for averages and standard deviations are made against the values provided in Table
7.34. Table 7.34 reveals that, on average, the opinions about the indicators are very good
(about a four on the Likert scaIe). The analysis of the following tables is an attempt to
distinguish the differences between educational and private building managers and not to
provide an overall rating of the indicators.
Table 7.34 also shows that, in general, educational institution managers have a
higher opinion about the indicators than do private building managers, as all the average
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values are higher. They are also in more agreement about these values because the
standard deviations are less. Educational institution building managers may place more
importance on the indicators because they have sites that are more complex, have more
IAQ hazards, and have more stakeholders. The most highly rated group of indicators was
the pressure indicators, followed by the response indicators, and finally, the state
indicators. Both private and educational institution building managers agreed on this
order of importance. Further details about the order of importance for each indicator
appear in Table 7.86, Table 7.87,and Table 7.88.

Table 7.35 - Effective Temperature
Average

Median

Range

3.84
4.14

4
4

2-5
2-5

Private Building Managers
Educational Institution

Standard
Deviation
0.90
0.75

Effective temperature indicator had a positive response for both types of building

managers. There was a stronger positive response (4.14) with the educational institution
building managers than the private building manager (3.84). Educational institution
building manager gave this indicator a higher than average rating. There was also more

unanimity in response fiom the educational institution managers with a standard
deviation of 0.75. Private building managers were slightly more diverse in their opinion
with a standard deviation of 0.90.

Table 7.36 - Effective Ventilation
r

Private Building Managers
Educational Institution

Average

Median

Range

4.25
4.38

4
4

3 -5
2-5

Standard
Deviation
0.79
0.72

The effective ventilation indicator scored the highest of all state indicators with a
value of 4.25 for private building managers and 4.38 for educational institution building

managers. Consensus of the appropriateness of this indicator was demonstrated by low
standard deviations.
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Table 7.37 - Combustion Infiltration

Private Building Managers
Educational Institution

Average

Median

Range

3.95

4
4

2-5

4.1 1

2-5

Standard
Deviation
0.89
0.70

The opinion about the indicator for combustion infiliration was positive.
Educational institution building managers rated this slightly more positive (4.11) than
private building managers (3.95). Both types of managers rated this indicator higher than
average. The standard deviation for educational institution managers was low at 0.70
indicate a consistent agreement. Private building managers had a higher standard
deviation at 0.89.

Table 7.38 - Odour Intensity

Private Building Managers
Educational Institution

Average

Median

Range

3.55
3-68

4
4

1-5
2-5

Standard
Deviation
1.19
0.97

Building managers rated the odour intensity indicator lowest of dl state indicators
with 3.55 for private building managers and 3.68 for educational building managers.
Although this opinion represents a positive opinion, when combined with the larger
standard deviations (1.19 private building managers and 0.97 educational institution
building managers) this indicator does not have the same perceived appropriateness as the
other state indicators. A factor that may contribute to this less positive response to the
odour indicator is the difficulty in objectively measuring odours.

Table 7.39 - Particle Load

Private Building Managers
Educational Institution

.~

Average

Median

Range

3 -70
3.68

4
4

2-5
1-5

Standard
Deviation
0.98
1.06

A positive opinion was given for the particle load indicator (3.70 private building
managers and 3.68 for educational institution building managers). Both types of building
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managers rated this indicator lower than average. Standard deviations were higher than
for the other state indicators,
7.4.4.1 Qualitative Information

Respondents were given the opportunity to comment on the state ;adicators and
make suggestions on new indicators or other information. Although no one offered to
comment on the state indicators, there were several suggestions for other state indicators.
These included:
Dust
Ultra-he particle counter
Volatile organic compounds (specifically mentioned was formaldehyde)
Other gases (ozone, nitrogen dioxide)
Dip slide tests on open water systems for microbiological organisms
Ambient velocities
Dust could refer to particles suspended in the air or surface deposition of particles.

If dust refers to suspended particle than the particle load indicator should be sufficient to
determine dust levels. If the term dust refers to surface deposition, then the particulate
load indicators is not an adequate measure but surface deposition is an indirect measure

of exposure. As the area is disturbed, for example people walking by generating air
turbulence, some of these surface particles become air-borne. The ultra-fine particle
counter is the suggested method for obtaining the raw data for the particulate load
indicator.
The measurement of volatile organic compounds is an expensive and timeconsuming process. Although this measurement yields valuable information, it was not
considered a good indicator because of the expense and time-lag between sampling and
results. Many VOCs have distinct odours, such as formaldehyde. The odour intensity
indicator assists in identifying these VOCs. This indicator is recognized as imperfect but
given the application as an indicator of potential problems, it was considered adequate.
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The odour intensity indicator would also be helpfLl in identifying the presence of other
odourous gases, such as ozone.
Nitrogen dioxide does not have an odour but is the by-product of combustion
process. The combustion infiltration indicator is a surrogate indicator for nitrogen
dioxide. The combustion infiltration indicator is based on the measurement of carbon
monoxide, a more dangerous gas in terms of health effects. Monitors for carbon
monoxide are relatively easy to obtain. Although nitrogen dioxide is a concern, the
combustion infiltration indicator should be an adequate surrogate indicator for this gas.
Dip slide tests refer to a technique for testing the sfipperiness of water to
determine if there are microbiological organisms present. This techniques does not
quantify the number or type of microbiological organisms. Many microbiologicaI
organisms release either spores or VOCs into the environment. Elevated levels or an
increasing trend in of the particulate load indicator or the odour intensity indicator could
suggest microbial activity. The dip slide test would be a good secondary measure to help
isolate the source of the microbial activity.
Ambient veIocity, or draft, is a important factor in occupant thermal comfort
levels, as are vertical air temperature difference and the temperature of the floors
(American Society of Heating Refigerating and Air-Conditioning Engineers, 1997).
These factors are more difficult to measure than temperature and relative humidity.
Given the complexity of measuring air veIocities accurately and determining "average"
values for an area, it was rejected as a primary indicator. However, the state indicators
generally represent the indoor air, there is a compromise between concise information
and a loss of detail. Iftrends in the state indicators are unchanging but trends in the
response indicators are increasing, m e r investigation is warranted as temperature and
humidity are not the causes of the response trend. Ambient velocities may be a part of
this investigation.
Overall, all the state indicators presented were rated positively with effecrive

ventilation having the highest and most consistent rating and odour intensity and particle

load having the lowest and least consistent rating. Suggestions for alternative indicators
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were either included in the current indicator set, or surrogates existed in the current
indicator set, or would be part of a more detail investigation.
7.4.5 Pressure Indicators

The indicators were evaluated by the respondents using a similar five point Likert
scale as the state indicators. However, for the pressure indicators, the survey asked how
"important" each item is in negatively effecting indoor air quality using the five points of:
1- very unimportant;

2 - somewhat unimportant;
3 - no opinion;

4 - somewhat important; and

5 - very important,
The list of items to evaluate was divided into the following categories:
management, maintenance, tempomy construction andlor repairs, design, and increased
use and/or occupancy changes. Descriptions of each list item were limited to two lines
and interpretations of each item may vary among respondents-

7.4.5.1 Management

Table 7.40 - Improper HVAC Operation

Private Building Managers
:EducationalInstitutions

Average

Median

Range

Standard
Deviation

4.65
4.82

5

4-5

0.49

5

2-5

0.56

A strong unanimous agreement was obtained for improper operation of heating,
ventilating, and air conditioning (HVAC) equipment. An average of 4.82 is the highest

item in the pressure indicator list for educational institution managers. The standard
deviation (0.56) is the smallest in this category implying that most managers feel that this
item is very significant. Private building managers feel similarly with an average of 4.62

and a standard deviation of 0.49. This result is expected because most building managers
place significant emphasis on HVAC operation. It is also one of the few variables in the
indoor environment that can be controlled and is the building component that produces
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one main solution to contaminant problems, which is dilution. Small mishandling of
such a critical component to the building system can result in significant changes in the
indoor environment.
Table 7.41 - Poor Selection or Control of Building Contents

Private Building Managers
Educational Institutions

Average

Median

Range

3.65
4.30

3.5
4

2-5
2-5

Standard
Deviation
0.99
0.66

Poor selection or control of building contents was given a positive response with

averages of 3.65 and 4.30 for private building managers and educational institution
managers respectively. These are lower than the average values obtained by pressure
indicators, in general. Standard deviations ranged between 0.66 and 0.99. This item is
important but not as important as W A C operation.
Table 7.42 - Lack of Material Handling Procedures

Private Building Managers
Educational Institutions

Average

Median

Range

3.90
4.16

4
4

2-5
2-5

Standard
Deviation
1.17
1-00

A lack of material handlingprocedures was rated positively but below average

values for pressure indicators. Standard deviations were elevated, between 1.00 and 1.17.
The lack of consensus about the importance of material handling procedures may be due
to various previous experiences with this type of IAQ issue, variability in the types of

materials that are handled on site, or the presence of existing procedures for material

handling.

Table 7.43 -Lack of Communication with Occupants, etc.

Private Building Managers
Educational Institutions

Average

Median

Range

4.05
4.05

4
4

2-5
2-5

Standard
Deviation
0.76
0.90

i
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Both private building managers and educational institution building managers
rated a lack of communication with occupants, contractors, visitors, etc. at 4.05. This
similarity in rating is unus1lal given that in the previous management pressure indicators,
educational institution building managers rated the each issue higher than did private
building managers. This rating is below the average score obtained by pressure
indicators. Communication was not a strategy used extensively because of concerns over
public perception and mass hysteria Refer to Section 7.4.6.5 for a more complete
description of these concerns. There may be resistance to identie the lack of
communication contributing to an LAQ concern because of the de-emphasis on
communication in general.
7.4-5.2 Maintenance

Table 7.44 - Poor Maintenance of Site
Average

Median

Range

4.25
4.34

4.5
5

2-5
2-5

Private Building Managers
Educational Institutions

I

Standard
Deviation
0.97
0-9 1

Poor maintenance of the site was of placed second in importance for maintenance

pressure indicators. Averages ranged fiom 4.25 for private building managers to 4.34 for
educational institution managers, which are slightly lower than average. Educational
institution managers may place more emphasis on this indicator because they have larger
sites, (Table 7.20) The standard deviation for this category is high, between 0.91 to 0.97,
implying that there is a variety of opinion about this indicator.

Table 7.45 - Improper Storage of Materials
- --

Private Building Managers
Educational Institutions

-

-

-

-

Average

Median

Range

4.05
4.1 1

4
4

2-5
2-5

Standard
Deviation
0.89
0.84

Improper storage of materials was the lowest rated of the maintenance pressure

indicators. The average for private building managers was 4.05 and for educational
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institution managers was 4.1 1. There is better consensus about this rating than poor
maintenance of the site as standard deviations were lower, ranging fiom 0.84 to 0.89.
Educational institution managers may be rating this slightly higher than private building
managers because they have more hazards and consequently, more storage concerns
associated with these hazards. (Table 7.22, Table 7.23)

Table 7.46 - Improper Maintenance of W A C Equipment

Private Building Managers
Educational Institutions

Average

Median

Range

4-75
4.71

5
5

4-5
2-5

Standard
Deviation
0.44
0.61

d

The improper maintenance of W A C equ@rnent was unanimously rated high, with
an average of 4.75 for private building managers and 4.71 for educational institution
managers. Again, this result is because of the importance of the HVAC equipment in
effecting the quality of the indoor air. Private building managers rate the importance of
maintaining the HVAC system higher than the proper operation of the W A C system.
(Table 7.40) Education institution managers place the operation of the HVAC system
more important than the maintenance of the W A C system.
7.4.5 -3 Temporary Construction/Repairs

Table 7.47 - Construction Contaminants Infiltrate into Occupant Spaces

Private building Managers
Educational Institutions

Average

Median

Range

4.40
4.3 9

5

5

2-5
2-5

Standard
Deviation
0.88
0.75

Table -7.48- Construction Practices that Increase Contaminants
2

Private Building Managers
Educational Institutions

Average

Median

Range

Standard
Deviation

4.35
4.37

4.5
4.5

2-5
2-5

0.8 1
0.75
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Both indicators for temporary construction andlor repairs were rated positively.
Both types of managers perceived that construction contaminants that infiltrate into
occupant space to be slightly more important than construction practices that increase
contaminant ZeveZs. This may be due to the perception that construction practices cannot

be easily modified to significantly change the rate or type of contaminants introduced
into the environment.
Averages for construction contaminants that infiltrate into occupant spaces were
almost identical between private building managers (4.40) and educational institution
managers (4.39). There was slightly more difference of opinion for construction
practices that increase contaminants with averages of 4.35 for private building managers

and 4.37 for educational institution managers. Standard deviations for both categories
were between 0.75 to 0.88, which is average.
7.4.5.4 Design
Table 7.49 - Infiltration by External Sources

Private Building Managers
Educational Institutions

Average

Median

Range

Standard
Deviation

4.00
4.2f

4
4

2-5
2-5

1.08
0.8 1

Table 7.50 - Infiltration by Internal Sources into Other Areas

Private Building Managers
Educational Institutions

Average

Median

Range

4.15

4
4

2-5
3 -5

4.32

Standard
Deviation
0.93
0.66

infiltration of contaminants can occur through the building shell or through
interior partitions. Building managers rated infiltration by internal sources into other
areas higher in importance than infiltration by external sources. Infiltration by external
sources was given average values of 4.00 for private building managers and 4.21 for

educational institution manager compared with 4.15 and 4.32 respectively, for infiltration

by internal sources. Infiltration by external sources was the lowest rated design pressure
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indicator. Standard deviations are average except for infiltra~ionby internal sources inro
other areas by educational institution building mangers. This higher average and higher
agreement may be due to the bigher prevalence of hazardous areas in the buildings they
manage. (Table 7.23)

Table 7.51 - Inadequate HVAC System

Private Building Managers
Educational Institutions

Average

Median

Range

4.75
4.76

5
5

4-5
4-5

Standard
Deviation
0.44
0.43

Inadequate design of the KVAC system received high values for the importance of

this design factor. Average values were about 4.75 and standard deviations were about
0.44. The importance of the HVAC system is again stressed in this indicator. Private

building managers perceived the design of the HVAC system equal in importance to the
maintenance of the HVAC system but less important than the HVAC operation.
Educational building managers heId HVAC operation more important than the design.
(Table 7.89) The differences in the averages of the pressure indicators involving the

HVAC system are slight and in general, all were rated very important.
Table 7.52 - Building Components

Private Building Managers
Educational Institutions

Average

Median

Range

4.15
4.22

4

2-5
2-5

4

Standard
Deviation
0.99
0.85

Components of the building can be a source of contaminants. Building managers
gave this pressure indicator an average value of 4.15 (private) and 4.22 (educational
institution), which is lower than average. Standard deviations were higher, ranging £tom
0.85 (educational institution) to 0.99 (private).

7.4.5.5 Increased Use or Change in Occupancy

Table 7.53 - High Occupant Density

Private Building Managers
Educational Institutions

Average

Median

Range

4.37

4
4

3-5
2-5

4.32

Standard
Deviation
0.68
0-77

Table 7.54 - Space Not Designed for Occupant Activities

Private Building Managers
Educational Institutions

Average

Median

Range

Standard
Deviation

4.79
4.63

5
5

4-5
4-5

0.42
0.49

Change in occupancy was more important than high occupant densities. Given

that occupant densities are lower than ASHRAE recommended values (Table 7.18 and
Table 7.19) this rating is not unusual. High occupant densities received an average score
of 4.37 (private) and 4.32 (educational institution) fkom building managers. Standard

deviations were lower than average ranging between 0.68 to 0.77. Change in occupant
use was ranked quite high with average scores of 4.79 for private building managers and
4.63 for educationd institution managers. Standard deviations are small, about 0.49,

indicating high agreement about the importance of this indicator.
7.4.5.6 Interpretation of the Pressure Indicator Results &om a Private Building Manager
Perspective
Private building managers may rate the pressure indicator of space not designed
for occupant activities higher than average because they experience a higher rotation of

occupants than educational building institutions. The short occupancy time of tenants

makes it difficult for managers to recover the capital costs they invest into renovating the
space for the tenant. Consequently, alterations to the space to accommodate IAQ
concerns, such as modifying the HVAC system, may not be addressed and the space may

not ideally suit the tenant's activities. Private building managers are also more
susceptible to the fluctuations in the market, and when there is a high vacancy rate they

-
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may temporarily fill space in the building to make it hancially viable. Under these
conditions, it is unlikely that any required modifications to the space will be made
because of the lack of fimds.
7.4.5 -7 Qualitative Momation

Private building managers offered the following comments regarding the pressure
indicators. All the pressure indicators "affect the quality of the air people breathew'and
are "basic to tenant's comfort and health". They are important because they are "sources
of contamination" and they are factors the landlord has "significant control over".
However, "direct management over tenant space is often viewed as intrusive so the best a
property manager can do in situations where contents or change in use is a problem is to

try to educate the tenant". Often, "occupants often aren't clear on the accountability for
population density or building capacity". "Most complaints and/or issues prior to placing
a tenant involve HVAC capacity controls and operation." "Buildings cannot always
handle the extra air flow required as companies add more electronics, people, etc."
Modifications are often necessary to meet new and existing tenant activities. Then,
"complaints related to construction spill over" can occur.
Educational institution building managers provided these comments regarding
IAQ pressure indicators. The list of pressure indicators is 'bcomprehensive'~
and "most of

the time these elements cause the majority of IAQ concerns". "If you don't provide a

good indoor environment, you deal with the consequences." ccAlmostall can be corrected
and their existence is unacceptable."
Educational institution building managers also expressed their concerns over a

lack of funds and time to properly implement solutions. "Maintenance budgets
continually keep being reduced on an annual basis. It is very difficult to implement a
preventative maintenance program with lack of h d s - operations are a "Band-Aid"
approach to everything". "All 100 often design and construction are done in haste.
Without having the time nor proper funding, there will be flaws." "Often overlooked are
the effects constructiodrenovation has on air quality". "Design is critical. Must involve
the operators in design as they have the best information on fbture problems. Address
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life cycle cost above cheapest £irst capital cost" "A properly designed system should be
able to handle variances in occupants and construction problems in the short term,"
Educational building managers stressed several areas. "Operation, maintenance
and design of HVAC systems are the main pressure indicators." "The maintenance and
management of HVAC systems on a day-to-day basis is important in monitoring LAQ."
"Good maintenance and housekeeping are critical." "Proper use of the space and space
designed for the proposed use are essential." "Change of occupancy ofien doesn't
include appropriate HVAC modifications, which is very prevalent in university
buildings ."
Suggestions were provide for alternative pressure indicators. These were:
monitoring and mitigation of ground contamination (may be historical),
budget is a prime indicator because most pressure indicators can be corrected
with money,

location of fiesh air intakes for HVAC systems,
weather, Chinooks, inversions,
seasonal occurrences (grass mold, pollen), and
numberofsmokers.
Typically, before any construction of a publicly or commercially funded building
is started, a site assessment is performed. This site assessment should reveal any
potential ground contamination and remediation efforts should be conducted before
construction starts. However, in reality, there are sites that have pre-existing ground
contamination. In these cases, the pressure indicator list should be altered to reflect
mitigation and/or monitoring of this ground contamination.
Budget is an indicator of the ability to remedy IAQ problems. It is not an
pressure indicator, as it does not cause IAQ problems. It is a secondary indicator for
response indicators. It is not a true response indicator because having the h d s does not
direct how the funds are spent. It does play a supporting role in allowing people to
implement responses. Consequently, monitoring budget is an indirect response indicator.
The location of fiesh air intakes for HVAC systems; weather conditions such as,
Chinooks and inversions; and seasonal occurrences such as grass, mould, and pollen are
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all external influences on the indoor environment and should be considered in the
infiltration by external sources indicator. Number of smokers should be considered in the
infiltration by internal sources indicator or external sources indicators, depending on the
smoking policy of the building.
All pressure indicators received a positive response from building managers.
Highest scores with the smallest standard deviations were given to indicators that
involved the HVAC system or to the indicator for space not designed for occupant
activities. Suggested alternatives for pressure indicator are either included in the list of
pressure indicators, secondary to the set of indicators, or a possible modification to the
pressure indicator list, if the situation warrants it.
7.4.6 Response Indicators

The indicators were evaluated by the respondents using the same five-point Likert
scale as the pressure indicators. (Section 7.4.5) The list of items to evaluate was divided
into the following categories: management; maintenance; preparation and supervision of
construction andlor repairs; preventative design; and education and training. Limitations
described in the evaluation of the pressure indicators also apply to the response
indicators.
7.4.6.1 Management

Table 7.55 - IAQ Company Policy

Private Building Managers
Educational Institutions

Average

Median

Range

3.95
3-97

4
4

2-5
1-5

Standard
Deviation
0.92
1 .OS

Table 7.56 - Assign Responsibilities for IAQ Management

Private Building Managers
Educational Institutions

Average

Median

Range

4.10
4.55

4
5

2-5
3-5

Standard
Deviation
0.83
0.60
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The steps in management include cornmitrnent, taking stock, setting policies and
targets, develop an action plan, assign resources and implement, report, and review
(Ibbotson & Phyper, 1996). The response indicators in the management section reflect
this management cycle. Having a company p o l i q for IAQ has a relatively low average

value with a high standard deviation. Assigning responsibilities and aZlocating resources
scored higher. Assigning responsibility for the management of IAQ attained an average
value of 4.10 for private building managers and a value of 4.55 for educational institution
managers. The higher rating by educational institution building managers may be due to
the nature of the relationship between occupants and building managers in the
educational institution setting. (Section 7.4.3) Standard deviations were low to moderate
ranging from 0.60 for educational institution managers to 0.83 for private building
managers.
Table 7.57 - Allocate Resources to Solve Problems

Private Building Managers
Educational Institutions

Average

Median

Range

4.14
4.68

4

1-5
3-5

5

Standard
Deviation
1-11
0.53

Allocating resources received a higher average rating, 4.14 fkom private building

managers and 4.68 fiom educational institution managers. However, the standard
deviation for private building managers is high at 1.1 1. This may indicate a variability of
h d i n g to implement changes necessary to improve IAQ. Educational institution
building managers were largely agreed on the average value assigned to this indicator
with a low standard deviation of 0.53. This may reflect the funding problems

experienced by most post-secondary institutions in Canada. Refer to Section 7.4.5.7
describing educational building managers concerns about b d i n g and the ability to
implement solutions.
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TabIe 7.58 - Ensure Proper Documentation of Responsibilities and Procedures
I

Private BuiIding Managers
Educational Institutions

Average

Median

Range

3.95

4
4

2-5
2-5

4.2 1

Standard
Deviation
0.94
0.78

Table 7.58 demonstrates that the documentation of responsibilities and
procedures is more important to educational institution building managers than private

buiIding managers. Large institutions are more reliant on documentation, rather than
verbal communication and individual memory, as a means of transmitting and recording
information. Relative to other response indicators in the management category, this
indicators was rated medium in importance and consensus.

Table 7.59 - Review and Re-evaluate Procedures for Hazardous Activities/Materials

Private Building Managers
Educational Institutions

Average

Median

Range

3.95

4
4

2-5

4.1 1

2-5

Standard
Deviation
0.97
0.65

The indicator for reviewing and re-evaluatingprocedures for hazardous activities
or materials was the lowest rated response indicator in the management category.

Educational institution building managers in particular are in consensus about the
importance of this indicators with a standard deviation of 0.65. These opinions may
reflect the existence of good procedures for hazardous activities and materials, which

may be the case in an educational institution setting, or the lack of need or awareness for
procedures because of a lack of hazardous activities and/or materials, which may be the
case for private buildings.

Table 7.60 - Proper Procedures for Hazardous ActivitiesMateriaIs in Place

Private Building Managers
Educational Institutions

Average

Median

Range

Standard
Deviation

4.10
4.6 1

4
5

2-5
4-5

1-00

0.50
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Having proper procedures for hazardous activities andor materials has a higher
average value than reviewing and re-evaluating these procedures. This Iends support to
the assumption that good procedures are already in place. Educational institution
building managers are in consensus, standard deviation of 0.50, about the importance of

this indicator. Private building managers are in less agreement about this indicator,
standard deviation of 1.00. This may be due to private building managers having more
variability in the number of hazardous activities and/or materials they have to manage.
Table 7.61 - Effective Communication with Occupants, etc.

r

Private Building Managers
Educational Institutions

Average

Median

Range

4.38
4.44

4
5

4-5
2-5

Standard
Deviation
0.50
0.72

Effective communication was of average importance for both private and

educational institution building managers. Private building managers are in more
agreement about the importance of this indicator than educational building managers are
(standard deviation of 0.50 versus 0.72).
Table 7.62 - Procedure for IAQ Complaints

Private Building Managers
Educational Institutions

Average

Median

Range

4.24
3.97

4
4

2-5
1-5

Standard
Deviation
0.92
1-05

Private building managers had a higher opinion of the indicator forprocedures for

UQ complaints than educational institution building managers. Standard deviations from
both types of building managers are moderately high, suggesting that there are a variety
of opinions about this indicator.

7.4.6.2Maintenance
Table 7.63 - Regularly Check Environmental Factors

Private Building Managers
Educational Institutions

Average

Median

Range

4.38
4.62

4
5

2-5
2-5

Standard
Deviation
0.74
0.64

Regularly checkrizg environmentalfactors, such as temperature and relative

humidity, has a high average value and low standard deviation £?om both private and
educational institution building managers. Both types of building managers perceive this
indicator to be of high importance. This importance is likely due to environmental
factors significantly contributing to IAQ. However, some of this importance may be due
to tenants' confusion about potential indoor contaminants and inadequate temperature or
relative humidity.
Table 7.64 - Check HVAC System for Proper Operation

Private Building Managers
Educational Institutions

Average

Median

Range

4.62
4.69

5
5

2-5
2-5

Standard
Deviation
0.74
0.6 1

The pattern of placing a high importance on the indicators involving the HVAC
system found in the pressure indicators (Table 7.40, Table 7.46, and Table 7.5 1) is also
reappears in the response indicators. The indicators for checking the proper operation of
the W A C system received high average values from both types of building managers.

They are also in agreement about the importance of this indicator because standard
deviations are low.
Table 7.65 - Check Building AirFlow Patterns

Private Building Managers
Educational Institutions

Average

Median

Range

4.3 8
4.33

4
4

3-5
2-5

Standard
Deviation
0.59
0.66
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Checking buildifig airflaw patterns have a higher than average value of

importance for the response indicators. Standard deviations are low, implying that both
types of building mangers agree on the relative importance of this indicator. Private

building managers place more importance on this indicator than educational institution
building managers. A related pressure indicator is infiltration of contaminants fiom

internal sources- (Table 7.50) Private building managers rated this indicator lower than
checking building flow patterns.

Table 7.66 - Check Cleanliness of HVAC System

Private Building Managers
Educational Institutions

Average

Median

Range

4.67
4.49

5

4-5

5

I

2-5

Standard
Deviation
0.48
0.76

Again, the pattern of emphasizing indicators that involve the HVAC system

occurs with the response indicator of checking the cleanliness of the HVAC system. This
indicator has high average values and low standard deviations implying that most
building managers think that this indicator is important. Private building managers rated
the cleanliness of the W A C system higher in importance than the proper operation of the
HVAC system. (Table 7.40) Educational institution building managers prioritized these
two indicators in the reverse order, with proper operation of the W A C system being
more important.

Table 7.67 - Check for Stagnant Water

,PrivateBuilding Managers
Educational Institutions

Average

Median

4.19
4.45

4
5

Range

I

2-5
2-5

Standard
Deviation
0.8 1
0.80

Both types of managers felt that checkingfor stagnant water was important but
the private building managers rated this indicator the lowest of all the maintenance
response indicators. Private building manages may rate this indicator Iower because of a

lack of knowledge about diseases, such as Legio~aire'sdisease, associated with stagnate
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water. Their educational background tends to be management where this topic is not
normally addressed.

Table 7.68 - Check Effectiveness of Isolation Systems for Hazardous Storage

Private Building Managers
Educational Institutions I

Average

Median

Range

4.29
4.28

5

2-5
2-5

4

Standard
Deviation
0-96
0.69

Checking the effectiveness of the isolation systemfor hazardous storage falls
slightly higher than average values for average and standard deviation for response
indicators. Private building managers rated this response indicator slightly higher than
educational institution building managers. Given the higher prevalence of hazardous
areas in educational institutions (Table 7.22, Table 7.23) this result initially appears
contradictory. However, examining the response indicators that involve hazardous
materials, educational institution managers place more emphasis on having procedures in
place to handle hazardous materials andlor activities, an average of 4.61. (Table 7.60)

Table 7.69 - Check Cleanliness of Site

Private BuiIding Managers
Educational Institutions

Average

Median

Range

4.33
4.3 1

5
4

2-5
2-5

I

Standard
Deviation
0.9 1
0.69

Checking the cleanliness of the sire was rated higher than average values for both
types of building managers. Private building managers assessed this response indicators
higher than did educational institution building managers. A factor that may influence
the evaluation of this indicator is the degree building managers have control over the
cleanliness of the site.

7.4.6.3 Preparation and Supervision of Construction and/or Repairs
Table 7.70 - Adjust Environment to Accommodate Construction
- -

Private Building Managers
Educational Institutions

-

Average

Median

Range

4.15
4.18

4
4

2-5
2-5

Standard
Deviation
0.88
0.77

Adjusting the environment to accommodate construction received average ratings

fi-om private building managers and lower than average ratings from educational
institution building managers. This indicator may have received a moderate rating
because adjusting the environment to accommodate construction is automatically done,
the adjustments normally performed do not impact IAQ, or adjustments cannot be made

to improve IAQ during construction and/or repairs.
Table 7.71

- Isolation of Occupants from Temporary Disturbances
I

Private Building Managers
Educational Institutions

Average

Median

Range

4-00
4.3 5

4
4

2-5
2-5

Standard
Deviation
1.12
0.72
.

The isolation of occupants$-omtemporary disturbances received a lower than
average rating fiom private building managers and a higher than average rating fiom
educational institution managers. The difference in opinion between private and
educational building managers may lie in the ability each manager has to isolate the
occupants.
Table 7.72 - Follow Appropriate Procedures for Hazardous Activities/MateriaIs

Private Building Managers
Educational Institutions

Average

Median

Range

4.40
4.54

5

2-5
3-5

5

Standard
Deviation
0.94
0.60

Following appropriate procedures for hazardous activities and/or materials was

rated above average for both types of building managers. Private building managers
assessed this indicator to be more important than reviewing and re-evaluating current
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procedures for hazardous activities andor materials, having procedures in place, and
checking the isolation system for the storage of hazardous materials. (Table 7.59, Table
7.60, and Table 7.68) Educational institution building managers rated havingprocedures
in place more important than following appropriate procedures for hazardous activities
and/or materials. Less emphasis on the following of procedures indicator could be due

to the degree of education and training found in the staE(Table 7-13) in an education
setting.
Table 7.73 - Adjust Construction or Repair Activities

Private Building Managers
Educational Institutions

Average

Median

Range

4.3 0
4.44

5
5

2-5
1-5

Standard
Deviation
1.03
0.75

Adjusting construction or repair activities to reduce the potential for air quality

degradation rated higher than average by both building managers. Standard deviations
were higher than average for the private building managers, Divergence in opinion by
private building managers may be due to a lack of knowledge about effective
modifications to construction practices that improve IAQ or resistance in the construct
trade to use different techniques.
Table 7.74 - Specifications for Construction Methods

Private Buiiding Managers
Educational Institutions

Average

Median

Range

4.20
4.41

5
5

2-5
1-5

Standard
Deviation
I .06
0.79

The specificationsfor construction merho& indicator received higher than
average values implying that this indicators is important. Standard deviations are average
for educational institution building managers but high for private building managers.
Higher deviations in opinion about specifications for construction by private building
managers may be due to hfiequent use of detailed specifications when sub-contracting

work.

7.4.6.4 Preventative Design

Table 7.75 - Consideration of External Contaminants

Private Building Managers
Educational Institutions I

Average

Median

&age

4.20
4.3 7

4

3-5
2-5

5

Standard
Deviation
0.62
0.82

Agreement about the indicator for considering external contaminants received
higher than average ratings for average and lower than average ratings for standard
deviations. This indicates agreement by both types of building managers about the
importance of this indicator. Building managers rated this response indicator higher and
with more consistency than its' corresponding pressure indicator of infllwation by
external sources. (Table 7.49) This prioritization may be due to the ease of

implementing changes in the design stage compared to after construction.
Table 7.76 - Criteria for the Selection of Building Components

Private Building Managers
Educational Institutions

Average

Median

Range

4.10
4.34

4
5

2-5
2-5

Standard
Deviation
0.9 1
0.85

Private building managers rated the criteriafor the selection of building
components lower than average whereas, educational institution building managers rated

this indicated higher than average. The discrepancy of opinion may lie in the prevalence
of detailed specification or criteria in the bureaucratic environment of the educationa1
institution or the higher degree of technical expertise of the educational building
managers.
Table 7.77 - Accommodate Expansion of Alternative Uses

Private Building Managers
Educational Institutions

Average

Median

Range

4.05
4.14

4
4

2-5
2-5

Standard
Deviation
0.89
0.75
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The indicator for accommodating expamion of alternative uses received a lower

than average rating h m both types of building managers. Standard deviations were
average. This indicator requires building managers to predict, or at least estimate, the

future. A lower rating for this indicator may be due to the difficulty of this task.
Table 7.78 - Consideration of Internal contaminant Sources

Private Building Managers
Educational Institutions

Average

Median

Range

4-26

4
4

2-5
3 -5

4.42

Standard
Deviation
0.87
0.55

Consideration of internal contaminant sources received higher than average

rating fiom both types of building managers. Educational institution building managers,
in particular, agreed about the importance of this indicator. Cigarette smoke is the most
common internal contaminant source. The public attention that has been given to this
specific health hazard may elevate concern and hence, the rating of this indicator. The
corresponding pressure indicator, infiltration by internal contaminant sources (Table
7.50) received lower ratings. This may be due to the ease of implementing mitigating

strategies in the design phase versus after construction.

7.4.6.5 Education and Training
Overall, the education and training category received the lowest assessments fiorn
both building managers for response indicators. The main reason given by respondents is
that public communication of IAQ concerns can incite m e r problems, not from
legitimate problems, but from physiological issues. (Section 7.4.6.7) The phenomenon
of "mass hysteria" is well-documented in IAQ issues (Godish, 1999, (Samet & Spengler,
1991). The only method of communication that received an average rating was meetings

between building management and tenants.
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Table 7.79 - One-on-one Consultations
Average

Median

3.70
3 -87

4
4

'private Building Managers
Educational Institutions

Lower
Upper
1-5
1-5

Standard
Deviation
1.03

0.88

One-on-one consultations received lower than average ratings from both types of
managers. Standard deviations were also higher than average indicating a high degree of
variability in response. This variability is also implied in the qualitative analysis where
some respondents emphasized communication and others warned against too much
communication. (Section 7.4.6-7)
Table 7.80 - Provide IAQ Information in Private Documents

Private BuiIding Managers
Educational Institutions

Average

Median

Range

3 -70
3.95

4
4

1-5
1-5

Standard
Deviation
1.03
0.90

Providing L4Q information of theform of private documents was rated lower than
average by building managers. Standard deviations were higher than average indicating a
lack of agreement as to the importance of this indicator. This indicator placed in the
middle relative to the other response indicators in the education and training category.

Table 7.81 - IAQ Information in Mandatory Training

Private Building Managers
Educational Institutions

Average

Median

Range

3 -79
4.1 1

4
4

1-5
2-5

Standard
Deviation
1.23
0.89

Incorporating U Q information into mandatory training received lower than
average Likert values for response indicators but placed second in importance of the
response indicators that fell into the education and training category. This indicator
assumes the existence of mandatory training for buiIding managers.
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TabIe 7.82 - Meetings

Private Building Managers
Educational Institutions

Average

Median

Range

4.15
4.50

4
5

1-5
2-5

Standard
Deviation
1-04
0.83

,

Meetings were the only response indicators in the education and training category

that received average or above average ratings. This method is likely the predominant
technique used to communicate information about IAQ situations. In the educational
institution setting, the standard response to any issue is a meeting, which may account for
its high rating by educational institution managers. However, a strong consensus about
the relative importance of this indicators was not achieved as standard deviations are
above average values.

Table 7.83 - Information Seminars

Private Building Managers
Educational Institutions

Average

Median

Range

Standard
Deviation

3 -53
3-79

4
4

1-5
2-5

1.07
0.8 1

The information seminars rated lower than average for response indicators and for
other education and training response indicators.

Table 7.84 - Provide IAQ Information in Public Documents

Private Building Managers
Educational Institutions

Average

Median

Range

3 -42
3.55

4
4

1-5
2-5

Standard
Deviation
0.96
1-01

Providing information about L4Q through pub& documenrs such as web-sites,

posters, posters, etc. received the lowest rating of all indicators. This indicator has high
standard deviations implying that some building managers thought that this very
important and others did not. Concern over inciting a public perception problem and
initiating physiological illnesses in the occupants were concerns given by respondents
about communication in general. (Section 7.4.6.7) These concerns may be amplified by

346

providing IAQ information in the form of public documents because of the lack of ability
to provide immediate response to the publics' concerns, inability to correct
misperceptions when they occur, and reduced degree of control over to whom and when
the information is distributed.
7.4.6.6 Interpretation of the Response Indicator Results from a Private Building Manager

Perspective
Private building managers ranked the response indicator of checking building
aiflow pattems relatively high. The emphasis on airflow patterns by private building

managers may be due to the high tenant rotation, which can cause inappropriate HVAC
system design. (Section 7.4.5.6) Private building managers also do not have the ability
to significantly con~roltenant activities in their lease area Consequently, tenant
activities, such as smoking, can contaminant other areas in the building providing fiuther
reason to emphasis the response indicator of checking building airflow patterns.

One reason that private building managers assign a lower ranking to the indicator
of checkingfor stagnate water is that in the private building setting, there may not be a
high prevalence o f water or steam based heating systems. Although the HVAC system is
not the only source of water at a building site, given the emphasis on HVAC indicators

and that the HVAC system is the primary method of distributing contaminants for
stagnate water sources, possessing a water and/or steam based heating system may
significantly influence the opinions about this indicator.
Typically, in a private building, the building manager supervises the cleaning o f
the common areas and the tenants are responsible for their rented area. The lack of

control over a significant portion of the building may cause private building managers to
rate the response indicator of checking the cleanliness of the site lower.
Private building managers did not rank the indicator isolate occupantsfrom

temporary disturbances very high. There are two methods of isolating the occupants
&om temporary disturbances: erect a barrier around the disturbance or occupants; or
temporarily transfer the occupants to another location during the disturbance. In the latter
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case, private building managers may not have the option to temporarily move tenants
during construction-

7.4.6.7 Qualitative Information

Private building managers provided the following comments about the response
indicators. "These are all critical factors in the improvement of indoor air quality" and
they are "all important because they have legal implications for the landlord". "These
questions are not relative to the risks involved with residential property." "Proper
maintenance of air handling equipment is critical" and "establishing operating procedures
will minimize HVAC problemsy'. c6Communicationis important" and would "help" deal
with some of these issues. "Setting a limited budget or to set aside money is expecting
the systems put in place designed to prevent problems are going to fail. If a problem

arises after your best shot at prevention, then any amount needed at that time should be
expended to fix the problem."
Educational institution building managers had the following comments about the
response indicators. "All factors listed address various aspects of this important issues."
"These are all activities worth consideration, but few may apply in specific cases."
"Failure to do just one results in the side effect of affecting many other people." It is a
"comprehensive list". Consideration of these factors is "common practice".
Items that educational institution building managers specifical!~mentioned as
important factors are as follows. "The key factors are: good communication, be
proactive, and be committed". "Good property managers ensure air quality problems do
not develop. Documentation and communication are essential." "Education and training:
employ people who are trained and educated for the job then allowlsupport them in

keeping them up to date". "'Proper preventative and routine maintenance of a properly
designed system go a long way to reduce IAQ concerns". "Preventative design - many
buildings are designed poorly fiom inceptiony'.
Educational institution building managers also express concern over
implementing some of the response indicators. "Education and training leads to
awareness but often difficult to get going due to budget restraints." ccInformation
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seminars and pubic documents are activities that 1) people get bored with (one-on-one

has always worked with me) and; 2) occasionally, by gathering a group on this issue,
panic ensues suddenly everyone thinks they have environmental illness-"
~
for response indicators:
Private building managers had t w suggestions

complaint/incident ratio and care-taking spec5cations. The set of LAQ performance
indicators was designed using the condition physical environment as a foundation.
Complaints about indoor air quality can arise £?om two areas; physical and psychological.
Typically, these two areas are inter-related. An indicator involving the number of
complaints would include the psychological aspects of IAQ, which this set of indicators
was not designed to measure. Care-taking specifications are an important aspect to IAQ

and the Iist of response indicators will be amended to include this factor.
Educational institution building managers had the following suggestions for
response indicators: awareness of information that is available and have a conscientious
and caring maintenance staff that will identify and address potential problem sources.
Both suggestions for response indicators play an important supporting role in maintaining
or improving IAQ but are not a direct component in the set of IAQ performance
indicators.
All response indicators received a positive rating fiom building managers.

Emphasis on indicators involving HVAC systems was noted. The category of education

and training was rated lower than average with the exception of the meetings indicator.
Possible reasons for less emphasis on education and training is the possible public
perception problem and the potential for inciting mass hysteria (Mulligan, 1997). The
relationship between building managers and tenants significantly influences the relative

ranking of indicators involving resource allocation and the assignment of responsibilities.
7.4.7 Overall Opinion of Building Managers

Table 7.85 - Building Managers Opinions About Usefulness of Indicators
Yes
No Response
No
24%
5%
71%
Private Building Managers
87%
Educational Institutions
8%
5%
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The overall opinion about the set of IAQ performance indicators was assessed by
a question at the end of the questionnaire, which asked the usehlness of these indicators.
The majority of building managers responded afbnatively. Only 5% of building
managers responded negatively. Approximately one quarter of the private building
managers did not provide a response to this questions. Reasons for a lack of response
could be:
amount of orm mat ion provided was inadequate to make a decision,
information provided was unclear,
respondents did not reach the final questions,
respondents did not notice the question, or
respondents did not have the time to evaluate the question.
Possible reasons for a negative response include:
respondents did not feel feedback was important,
they have never had an LAQ problem, or

they don't feel the indicators are u s e l l .
7.5 Rank Order Analysis

Table 7.86 - Rank Ordered by Importance of the Opinions of
Building Managers for State Indicators (1 = most important)
1
L

State Indicator

2 =
.=
.o
5
2cO .rne 2 *a .Z*
w

a s
'C:
1 g

Ef3E

Effective Temperature
Effective Ventilation
Combustion Infiltration
Odour Intensity
Particulate Load

3
1
.

2
5
4

g z
W Z

2
1
3
4
4

Table 7.86 displays the order of importance of each state indicator as determined

by the average Likert values assigned by the building managers. Both types of building

managers considered effective ventilation to be the most important state indicator.
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Effective temperature and combustion infiltration came second or third in importance.

Building managers of post-secondary educational institutions may place less importance
on the combustion inflltrution state indicator because their heating systems, a major
source of combustion by-products, are usually centralized and operated fkom a separate
building. Consequently, the risk of the infiltration of the combustion by-products to

occupied areas &om the heating system is low. Particulate load and odour intensim were
placed last. Possible reasons for this latter include difficulties in obtaining objective
measurements, lack of clear negative health effects upon exposure, and lack of
understanding of the indicator.

Table 7.87 - Rank Ordered by Importance of the Opinions of
Building Managers for Pressure Indicators (1= most important)
I

Pressure Indicator

2 e
g .=.=

rn
= c w -g* E
) r=
a *=
- = a C 0 3 g

a,mE w Y
Management Improper W A C Operation
Poor Selection of Building Contents
Lack of Material Handling Procedures
Lack of Communication
Maintenance Poor Maintenance of Site
Improper Storage
Improper Maintenance of W A C
Construction/ Construction Contaminants that Infiltrate
Occupant Spaces
Repairs
Construction Practices that Increase
Con taminants
Design
Infiltration by External Sources
Infdtration by Internal Sources
Inadequate HVAC Design
Building Components
Increased Use High Occupant Density
or Change of Space Not Designed for Occupant Activities
Occupancy

4
15
14
11

8
11

-7

1

1
10
13
15
7
14

3

5

5

7

6

13

12
8
2
11
8
4

9
2
9

6
1

Table 7.87 lists the order of importance of the pressure indicators as determined
by building managers. The top rated indicator by private building managers was space
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not designedfor occupant activities. The top three rated pressure indicators by education

institution buiIding managers were indicators that involved the HVAC system. These

same indicators followed space not designedfor occupant activities for private building
managers, indicating that they are also very important to private building managers.
Generally, there is good agreement between private building managers and educational

institution managers. With the exception of five indicators, all pressure indicators are
rated within two orders of rank.

Table 7.88 - Rank Ordered by Importance of the Opinions of Building Managers
for Response Indicators (1 = most important)
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Response Indicators
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Management Company Policy
Assign Responsibilities
Allocate Resources
Ensure Proper Documentation
Review and Reevaluate Procedures
Ensure Proper Procedures
Effective Communication
Effective Complaint Procedure
Maintenance Regularly Check Environmental Factors
Check HVAC System for Proper Operation
Check Building Air Flow Patterns
Check Cleanliness of W A C System
Check for Stagnate Water
Check Effectiveness of Isolation Systems
Check Cleanliness of Site
Construction/ Adjust Environment to Accommodate Construction
Repairs
Isolation of Occupants
Follow Appropriate Handling Procedures
Adjust Construction or Repair Activities
Specification for Construction Methods
Preventative Consideration of External Contaminants
Design
Criteria for the Selection of Building Components
Accommodate Expansion o r Alternative Uses
Consideration of Internal Contaminants
Education
One-on-one Consultations
and Training Private Documents
Mandatory Training
Meetings
Information Seminars
Public Documents

23
19
17
25
23
19
4

I1
4

-7
4

I
14
9
7
15
22
3
8
12
12
18
21
10
27
27
26
15
29
30

Table 7.88 lists the order of importance of the IAQ response indicators. The
cleanliness of the HKAC system was the highest rank response indicator by private
building managers. Educational institution building managers placed the proper

25
5

-3

20
23
4
10
25
3
1
17
8
9
19
18
21
15
6
10
13
14
16
22
12
28
27
23
7
29
30
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operation of the HYAC system first. Again, the most important indicators invoIve HVAC

systems. As a group, the indicators involving education and training ranked the lowest,
although meetings appear to be the exception. Maintenance indicators were the highest
ranked group of response indicators. There is good agreement in ranking between private

building managers and educational building managers on the response indicators for
construction/repairs,preventative design, and education and training. Differences occur
in response indicators for management and maintenance.

There are a number of indicators that share common characteristics, those
involving W A C systems, hazardous activities and/or materials, and communication- A

rank order analysis has been performed on these groups of indicators.
Table 7.89 - Rank Order by Importance of the Opinions of Building Managers of
Indicators Involving HVAC Systems (1 = most important)
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Pressure Management Improper HVAC Operation
Indicators Maintenance Improper Maintenance of HVAC
Inadequate HVAC Design
Design
Response Maintenance Check W A C System for Proper Operation
Indicators
Check Cleanliness of HVAC System
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Both types of building managers pIaced more emphasis on the pressure indicators
involving HVAC systems than the response indicators. The two indicators co-ranked for
fust position by private building managers are improper maintenance of W A C and
inadequate design. Educational institution building managers ranked improper HVAC
operation as first, which could be a reflection of their educational background. This does

implies that the HVAC system is more important as a pressure (cause) than a response.

Table 7.90 - Rank Order by Importance of the Opinions of Building Managers of
Indicators Involving Hazardous Activities and/or Materials (1 = most important)
I
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Pressure Management Lack of Material Handling Procedures
Indicators
Response Management Ensure Proper Documentation
Indicators
Review and Reevaluate Procedures
Ensure Proper Procedures
Maintenance Check Effectiveness of Isolation Systems
Constructioo Follow Appropriate Handling Procedures
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Building managers ranked response indicators for hazardous activities and/or
materials more important than pressure indicators. Private building managers felt that
following appropriare handling procedures during construction to be the most important

indicator in this category. Educational institution building managers felt that ensuring
properprocedures were in place was the most important indicator. There is good

agreement on the relative ranking of these indicators between the two types of building
managers.

j

Table 7.91

- Rank Order by Importance of the Opinions of Building Managers of
Indicators Involving Communication (1 = most important)
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Meetings
lnfonnation Seminars
Public Documents

2
7

7

8

1 8

1

The top ranked indicators of communication were the response indicators of
effective communication and meetings. The last ranked indicators by building managers

are information seminars and public documents. The pressure indicator of lack of
communication ranked in the middle. Pressure indicators were of some importance but

the appropriate or typical response strategy appears to be meetings. Again, good
agreement is found in the relative ranking of communication response indicators for the
building managers.

Table 7.92 - Average Values for Sets of Indicators
Set of Indicators
W A C System
Hazardous
ActivitiesMaterials
Communication
OveraIl

Private Building Managers
4.69
4.10

Educational Institution
Managers
4.69
4.32

3.84

4.03

4.14

4.29

Table 7.92 has been provided to provide context for the HVAC system, hazardous
group of indicators. Indicators involving
activities and/or materials, and co~~~munications

the HVAC system are rated higher than average in importance by building managers.
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Indicators involving hazardous activities and/or materials are rated about average by
building managers. Indicators involving communication are ranked lower than average.
Given the importance of indicators involving HVAC system, consideration must be given
to having a response indicator for HVAC design. Although, technicaily within the
category of the preventative design indicator, criteria for the selection of building
components, the emphasis placed on the HVAC system by building managers justifies a
separate indicator. The addition of this indicator will match the corresponding pressure
indicator of inadequate W A C design.

7.6 Significance of the Differences in Opinion of Building Managers
In addition to examining the rank order opinion to determine the differences of
opinion between the two populations of building managers, the paired z-interval
procedure can be used to detennine the significance of the differences in opinions. The
calcdations used in the z-interval procedure appear in Appendix K. The null hypothesis
is that there is no difference in opinion about the set of IAQ performance indicators
between private building managers and post-secondary educational institution building
managers. Using the differences between the average values on the Likert scale assigned
by the two populations and a significance level of 95% (two-tailed), the z-test statistic is
-5.74. This value falls inside the rejection region for the null hypothesis. Consequently,

we can be 95% confident that there is a difference of opinion between private and postsecondary institution building managers about the set of FAQ performance indicators.
They are significantly different populations and cannot be merged into one group for the

analysis.
7.7 Correlation Results
The relationship between two variables can be measured through a variety of
statistical procedures. The linear correlation coefficient, or Pearson product moment
correlation coefficient, is used to determine the strength of the linear relationship between
two variables. The use of categorical data, such as the Likert scale, tends to linearize the
information. The linear correlation coefficient is an appropriate measure of the
relationship between variables. The linear correlation coefficient always has values
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between -1 and 1 (Weiss, 1995). Positive values for the coefficient, between 0 and I, are
considered to be positively linearly correlated. As one variable increases, the other
variable increases as well. Negative values are considered to be negatively linearly
correlated. As one variable increases, the other variable decreases. The closer the
coefficient is to +l or -1, the stronger the correlation. Values between 0.9 and 1.O or 0.9 and -1 -0 are considered a strong correlation. Values between 0.4 and 0.9 or -0.4 and
-0.9 are considered to be weakly correlated. Values between -0.4 and 0.4 are consider to
have no correlation. Refer to Appendix K for the equations for the Iinear correlation
coefficient. Areas where a linear relationship could not be established the data were
plotted and examined graphically to determine if there were any non-linear relationships.

If it was determined that a non-linear relationship might exist, Chi-squared analysis was
performed on the data to verify the visual results. If a non-linear relationship was
verified by the Chi-squared analysis, these results were reported.
Table 7.93 - Strength of Linear Correlation Coefficient
(adapted fiom (Weiss, 1995))
Negative
Strength of
Positive
Correlation
None
0.0 < 0.4
-0.4 < 0.0
- . ---0.4 < 0.9
-0.9 < -0.4
Weak
0.9 < 1.0
-1-0 < -0.9
Strong

I

Care must be exercised in the use of the Iinear correIation coefficient because this
calculation establishes a relationship between two variables. However, it does not
establish a cause and effect relationship. The following section displays the linear
correlation coefficient between the average Likert values for each indicator and potential

influencing factors. Coefficient values above B . 4 are indicated by a grayed cell and bold
text. There are no strong correlations, only weak associations could be found.
Correlation coefficients can be heavily influenced by an outlier value. The
regression h e , which evaluates the linear relationship, significantly changes because of
one or two points. These points are called influential observations (Weiss, 1995). If a
correlation between two factors exists, the data were examined fbrther for the existence
of influencing observations. If the data contained influencing observations, the
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correlation coefficient was re-calculated excluding these data points. If the modified
correlation coefficient was significantly different, this value is reported. Ifthe modified
correlation coefficient is not significantly different, the original correlation coefficient
value is used.
The data were examined for correlations between the indicators and factors of
professionalism, factors contributing to building complexity, and building managers'
recent IAQ experience. The factors considered to contribute to professionalism are the
same elements considered by professional organizations for approval for certification:
education, experience, and ethics. Ethics was indirectly measured through the number of
certifications an individual had obtained. This measure is considered not as scientifically
credible as the other factors because:
it is an indirect measure and increased ethics may not correspond with increased
membership to different certifying organizations; and
the maximum number of certifications any individual reported was three, providing a
limited range f?om which to derive a correlation.
Factors considered to contribute to building complexity are number of buildings,
age of buildings, total area of buildings, and number of IAQ hazards in the buildings.
The degree of complexity increased as each of these factors increases. The number of

IAQ hazards in the buildings is a subjective measurement reported by the respondents.
Recent LAQ experience was determined by the number of occupant contacts
building managers received during the year and the amount o f time and money spent on
addressing IAQ concerns. The number of occupant contacts included those that were

formal and informal. It is likely that some of these contacts were not for legitimate or
verifiable LAQ problems- However, handling the perceived IAQ concerns of occupants is
an important aspect of building management and is a form o f IAQ experience.

7.7.1State Indicators

Table 7.94 - Correlation Between Factors of Professionalism and Ratings of State
Indicators for Private Building Managers

Effective Temperature
Effective Ventilation
Combustion Infiltration
Odour Intensity
Particulate Load

Level of
Education

Number of
Certifications

Years of
Experience

-0.03 8
-0.075
0.138
0.063
-0.01 6

G.26 1
0.055
-0.049
-0.255
0.089

0.210
0.364
0.235
0.026
0.336

There are no correlations between factors of professionalism and ratings of state
indicators for private building managers or educational institution building managers.
Table 7.95 - Correlation Between Factors of Professionalism and Ratings of State
Indicators for Educational Lnstitution Building Managers

Effective Temperature
Effective Ventilation
Combustion Infdtration
Odour Intensity
Particulate Load

Level of
Education

Number of
Certifications

Years of
Experience

0.196
0.028
0.044
0.107
0.016

-0.060
0.130
0.030
0.187
-0.021

0.172
0.013
0.045
0.068
-0.108

I

Table 7.96 - Correlation Betmeen Factors of Building Complexity and Ratings of
State Indicators for Private Building Managers
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There is a weak positive correlation between the state indicators of combustion
initration, odour intensity and partrrtrcuZafe
load, and total area for private building

managers. These state indicators were rated less important than effective temperature and
Hective ventiZafion b y building managers. Those that have more area to manage may

consider these indicators more important because they encounter these types of IAQ
concerns more often. There are two influential observations in the correlation data for
total area versus combustion in$Ztration, odour intensity, and parrimlate load.
Eliminating these influential observations fiom the correlation calculation increases the
correlation coeficients to 0.537 (combustion infiltration), 0.580 (odour intensity), and
0.559 (particulate load). Despite these adjustments, the correlation coefficient values are

not considered high, and the relationships remain weak.
Table 7.97 - Correlation Between Factors of Building Complexity and Rating of
State Indicators for Educational Institution Building Managers
Number of
Buildings
Effective Temperature
Effective Ventilation
Combustion Infiltration
Odour Intensity
Particulate Load

0.168
0.045
0.307
0.164
-0.028

Age of
Buildings
-0.03 1
0.062
0.199
0.344
0.063

Total Area

Number of
Hazards

0.336
-0.078
-0.050
-0.124
-0.1 14

0.1 17
0.069
0.236
0.203
0.009

There are no correlations between factors that contribute to building complexity
and state indicators for educational institution building managers.

Table 7.98 - Correlation Between Factors of Recent IAQ Experience and Rating of
State Indicators for Private Building Managers
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There is a weak negative correlation between the state indicator of parridare
iuad and frequency of contact and money spent for private building managers. The

importance of the particulate h a d indicator decreases when the number of tenant
contacts about IAQ and money spent addressing IAQ concerns increases. Further
examination of the particulate data revealed an influencing observation for the frequency
of contact and money spent for private building managers. When this data point was
removed eom the correlation calculation, the correlation coefficients changed to -0.257
for frequency of contact and 0.128 for money spent- It is unlikely that the bolded values
shown in Table 7.98 represent a true correlation.

Table 7.99 - Correlation Between Factors of Recent IAQ Experience and Rating of
State Indicators for Educational Institution Building Managers

There is a weak negative correlation between time spent and the odour intensity
state indicator for educational institution building managers. Odour complaints can be
the most difficult IAQ to quantify, trace to a source, and correct. Building managers that
have unresolved IAQ problems, whose prime concern was odour, may develop a negative
opinion about the odour intensity indicator.

Z7.2 Pressure Indicators
Table 7.100 - Correlation Between Factors of Professionalism and Rating of
Pressure Indicators for Private Building Managers

Management Improper HVAC Operation
Poor Selection of Building
Contents
Lack of Material Handling
Procedures
Lack of Communication
Maintenance Poor Maintenance of Site

Level of
Number of
Years of
Education Certifications Experience
-0.105
0.089
-0.I85
0.068
-0129
-0.307

0.007

0,074

-0.054

0.099
-0.225

0.089
0.045

0.1 14
-0124

There are four weak linear correlations for factors that contribute to
professionalism and pressure indicators for private building managers. Three negative
linear correlations are for level of education and construction contaminants the infiltrare
occupant spaces, constructionpractices that increase contarninants, and infiltration by
external sources. One positive correIation is between number of certifications and space
not designedfor occupant activities.
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Table 7.101 - Correlation Between Factors of Professionalism and Rating of
Pressure Indicators for Educational Institution Building Managers
Level of
Number of
Years of
Education Certifications Experience
Management Improper HVAC Operation
Poor Selection of Building
Contents
Lack of MateriaI Handling
Procedures
Lack of Communication
Maintenance Poor Maintenance of Site

0.002
-0.155

-0.195
0.212

0.345
0.325

-0.11 1

0,054

-0.057

0.042
0.078

-0.054
0-137

-0.135
0.338

at Infiltrate Occupant

There are two very weak positive correlations between years of experience and
the pressure indicators of improper maintenance of W A C and the choice of building
components during design for education institution building managers. Recognition of

the importance of these indicators may increase with experience.

Table 7.102 - Correlation Between Factors of Building Compiexity and Rating of
Pressure Indicators for Private Building Managers

The relationship between number of buildings and pressure indicators shows
several weak correlations for private building managers. There are weak correlations
between the number of buildings and improper WAC operation, improper maintenance

of W A C , inadequate HVAC design, and high occupant density. Further investigation

into these relationships revealed that for the pressure indicators of inadequate HVAC
design and high occupant density there was one influencing observation. When this
observation was eliminated from the correlation calculation, the resulting correlation
coefficients were -0.267 (inadequate HVAC design) and -0.1 32 (high occupant density).
Consequently, it is unlikely that there is any relationship between number of buildings
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and inadequate HYAC design or high occupant densities for private building managers.
There exists a weak negative linear relationship between number of buildings and
improper operation or maintenance of the W A C system. This relationship may be due

to private building managers becoming more effective at managing the HVAC system
when they manage more buildings.
The relationship between total area and improper maintenance of the HVAC

system contained two influencing observations. The correlation coemcient was 0.1 40
when these observations were removed- There is no relationship between total area and

improper W A C maintenance.

There are two weak linear relationships between number of IAQ hazards and lack
of material handlingprocedures and space not designedfor occupant activities. The

relationship between number of IAQ hazards and lack of material handling procedures is
positive. This implies that the more hazards that private building managers have to
manage, the more importance is placed on material handling procedures. The
relationship between number of IAQ hazards and space not designedfor occupant
activities is negative. Private building manager may recognize that the space must be

designed correctly if it is to contain many hazards. This assumption m a y be so prevalent
that less emphasis is placed on the indicator because the adjustments required are

obvious. The opposite may also be occuning; private building managers with many IAQ
hazards are placing less emphasis on space not designed for occupant activities because
they are unaware of the potential ramifications of many hazards on IAQ.

Table 7.103 -Correlation Between Factors of Building Complexity and Rating of
Pressure Indicators for Educational Institution Building Managers

Management Improper HVAC Operation
Poor Selection of Building
Contents
Lack of Material Handling
Procedures
Lack of Communication
Maintenance Poor Maintenance of Site
Improper Storage
Improper Maintenance of
HVAC
Construction Construction Contaminants
that Infdtrate Occupant
/Repairs
Spaces
Construction Practices that
Increase Contaminants
Infiltration by External
Design
Sources
Infdtration by Internal
Sources
Inadequate HVAC Design
Building Components
High Occupant Density
Increased
Uselchange Space Not Designed for
of Occupancy Occupant Activities

Number Age of Total Number
of
Buildings Area
of
Buildings
Hazards
0.237
0.221 -0.139
0.175
0.253

0.180

-0.244

0.227

0.278

0.139

-0.014

0.108

0.043
0.270
0.101
0.272

0.076
0.200
0.108
0.250

-0.009
0.073
0.044
-0.079

0.004
0.175
-0.050
0.199

-0.003

-0.018

-0.120

0.190

-0.126

-0.004

-0.277

0.033

0.124

0.010

-0.040

0.092

0.05 1

0.070

-0.183

0.123

-0.107
0.183
-0,022
0.026

-0.230
0.041
-0.135
0.039

0.024
0.143
0.045
0.162

-0.046
0.160
0-106
0.180

1
1

There are no h e a r correlations between factors of building complexity and

pressure indicators for educational institution building managers.

Table 7.104 - Correlation Between Factors of Recent IAQ Experience and Rating of
Pressure Indicators for Private Building Managers

There are many correlations between fiequency of contact and money spent for
the pressure indicators. (Table 7.104) Further examination of the fiequency of contact
and pressure indicator data revealed that there were two influential observations. Re-

calculation of the correlation coefficients excluding the influential observations changed
the coefficient values to the following: 0.08 1 (poor maintenance of site), -0.004
(improper storage), 0.33 1 (construction contaminants that infiltrate occupant spaces),

0.258 (construction practices that increase contaminants), and 0.037 (building
components). Excluding the influential observations, there are no correlations between
pressure indicators and frequency of contact for private building managers.

There are several weak negative correlations between money spent and the
opinions of private building managers about the pressure indicators. There was one
influential observation in this data. Re-calculation of the correlation coefficients without
the influential observation resulted in modified correlation coefficients of: 0.127 (poor
maintenance of site), -0.10 1 (improper storage), -0.183 (construction contaminants that
infiltrate occupant spaces), -0.222 (construction practices that increase contaminants),
0.03 1 (infiltration by external sources), 0.025 (infiltration by internal sources), and 0.122 (building components). The modified correlation coefficients fall within the range

of no Linear relationship.

Table 7.105 - Correlation Between Factors of Recent IAQ Experience and Rating of
Pressure Indicators for Educational Institution Building Managers
Frequency Time Spent
of Contact

Money
Spent

Management Improper HVAC Operation
Poor Selection of Building
Contents
Lack of Material Handling
Procedures
Lack of Communication
Maintenance Poor Maintenance of Site

0.20 1
-0.176

0.129
-0.066

0.06 1
0.205

0.002

0.094

0.156

0.072
0.1 74

0.204
0.268

0.200
0.144

Improper Maintenance of
WAC
Construction Construction Contaminants
that Infiltrate Occupant
/Repairs
Spaces
Construction Practices that
Increase Contaminants
Infiltration by External
Design
Sources
Infiltration by Internal
Sources
Inadequate HVAC Design
Buildinz Components
High Occupant Density
Increased
Uselchange Space Not Designed for
of Occupancy Occupant Activities

0.272

0.183

0.092

0.019

0.141

0.158

-0.266

0.15 1

0.159

-0.174

-0.005

0.210

-0.006

0.128

0.203

-0.088
-0.181
0.095
0.090

0.030
0.030
-0.092
0.044

0.107
0.187
-0.063
0.156

1
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There are no linear correlations between factors of recent IAQ experience and
pressure indicators for educational institution building managers.

7.7.3 Response Indicators
Table 7.106 - Correlation Between Factors of ProfessionaIism and Rating of
Response Indicators for Private Building Managers

Ensure Proper Documentation
Review and Reevaluate
Procedures
Ensure Proper Procedures
Effective Communication
Effective Complaint
Procedure
Regularly
Check
Maintenance
Environmental Factors
Check HVAC System for
Proper Operation
Check Building Air Flow
Patterns
Check Cleanliness of W A C
System
Check for Stagnate Water
Check Effectiveness of
Isolation Systems
Check Cleanliness of Site
Construction Adjust Environment to
Repairs
Accommodate Construction
Isolation of Occupants
Follow Appropriate Handling
Procedures
Adjust Construction or Repair
Activities
Specification for Construction
Methods

-0.037
-0.177

0.04 1
0.297

-0.048
0.134

-0.065
-0.111
-0.064

0.255
0.199
0-231

0.303
0.162
-0.02 1

0.1 10

0.134

-0.224

0.35 1

0.09 1

-0.204

0.254

0.168

0.137

-0.306

-0.115

-0.073

-0.328
-0.3 11

0.1 12
0.012

0.093
0.247

-0.361
-0.065

-0.030
0.050

-0.039
0.161

0.000
0.204

-0.077
0.184

0.032
0.092

0.068

0,168

0.028

-0.154

0.164

0.247

Table 7.106 - Correlation Between Factors of ProfessionaIism and Rating of
Response Indicators for Private Building Managers - continued
Level of
Number of
Education CertEcations

Preventative Consideration of External
Design
Contaminants
Criteria for the Selection of
Building Components
Accommodate Expansion or
Alternative Uses
Consideration of Internal
Contaminants
One-on-one Consultations
Education
and Training Private Documents
Mandatory Training
Meetings
Information Seminars
Public Documents

Years of
Experience

-0.084

0.141

0.129

-0.069

0.000

-0.175

-0.285

0.049

-0.069

0.155

0.364

0.037

0.254
0.290
0.068
0.336
0.256

0.252
0.336
0.304
0.125
0.232
0.264

0.147
0.147
-0.022
-0.003
0.120
0.182

0.188

1

There are two weak positive linear correlations between factors of
professionalism and response indicators for private building mangers. There is very
weak correlation between the number of certifications and the response indicator of
company policy. The education and training required for certification may make building

managers more aware of the importance of company policy. The other weak positive
correlation is between years of experience and the allocation of resources.

Table 7.107 - Correlation Between Factors of Professionalism and Rating of
Response Indicators for Educational Institution Building Managers
Level of
Number of
Years of
Education Certifications Experience
Management Company Policy
Assign ResponsibiIities
Allocate Resources
Ensure Proper Documentation
Review and Reevaluate
Procedures
Ensure Proper Procedures
Effective Communication
Effective CompIaint
Procedure
Maintenance Regularly Check
Environmental Factors
Check HVAC System for
Proper Operation
Check Building Air Flow
Patterns
Check Cleanliness of W A C
System
Check for Stagnate Water
Check Effectiveness of
Isolation Systems
Check Cleanliness of Site
Construction Adjust Environment to
Accommodate Construction
/Repairs
Isolation of Occupants
Follow Appropriate Handling
Procedures
Adjust Construction or Repair
Activities
Specification for Construction
Methods

.

-0.124
0.265
0.037
-0.01 7
-0.229

-0.0 15
0.151
0.020
0.059
0.097

-0.326
-0.042
-0.004
-0.1 80
-0.078

0.028
-0.004
0.02 1

-0.074
-0.1 10
-0.06 1

-0-180
0-117
0.336

-0.0 10

-0.170

0.273

-0.2 10

-0.122

0.195

0.000

0.196

-0.2 15

0.020

0.092

-0-3 17

-0.076
0.002

0.157
0.086

-0.00 1
-0.034

-0.042
-0.00 1

-0.2 16
0.195

0.228
0.324

0.087
-0.010

0.097
-0.025

0.308
0.052

0.127

-0.00 1

0.185

0.160

0.077

0.230

Table 7.107 - Correlation Between Factors of Professionalism and Rating of
Response Indicators for Educational Institution Building Managers - continued
Number of
Level of
Education Certifications
'preventative Consideration of External
Contaminants
Design
Criteria for the Selection of
Building Components
Accommodate Expansion or
AIternative Uses
Consideration of Internal
,Contaminants
One-on-one Consultations
Education
and Training Private Documents
Mandatory Training
Meetings
Information Seminars
Public Documents

Years of
Experience

0.171

0.026

0.159

0.035

0.147

0.3 62

-0.059

0.055

-0.096

0.101

0.023

0.26 1

0.207
-0.0 19
0.198
0.123
0.09 1
-0.145

0.047
0.054
0.1 15
0.024
-0.057
-0.147

0.105
-0.100
-0.057
-0.023
-0.017
-0.102

There are no correlations between factors of professionalism and response

indicators for educational institution building managers.

Table 7.108 - Correlation Between Factors of Building Complexity and Rating of
Response Indicators for Private Building Managers

Table 7.XO8 -Correlation Between Factors of Building Compiexity and Rating of
Response Indicators for Private Building Managers - continued
Number Age of Total Number
of
of
Buildings Area
Buildings
Hazards
Construction Adjust Environment to
/Repairs
Accommodate Construction
Isolation of Occupants
Follow Appropriate Handling
Procedures
Adjust Construction or Repair
Activities
Specification for Construction
Methods
freventative Consideration of External
Design
Contaminants
Criteria for the SeIection of
Building: Components
Accommodate Expansion or
Alternative Uses
Consideration of Internal
Contaminants
One-on-one Consultations
Education
and Training Private Documents
Mandatory Training
Meetings
Information Seminars
Public Documents

-0.05 1

0-043

0.259

-0.219

-0.093
-0.155

-0.013
0.030

-0.048
0.056

0-058
0.174

0.068

0.032

0.148

-0.01 1

0.022

-0.109

-0.122

-0.225

-0.123

-0.052

0.215

-0.475

0.052

-0.147

-0.167

-0.196

0.088

-0.187

-0.259

-0.075

0.067

-0.070

0.077

-0.189

-0.276
0.065
0.02 1
-0.069
-0.1 15
-0.1 18

-0.204
0.131
-0.043
0.052
-0.096
-0.125

0.022
0.201
0.201
0.147
0.169
0.096

-0.395
-0.058
0.097
-0.020
-0.065
0.037

There are two weak negative correlations between factors of building complexity

and response indicators for private building managers. As the number of reported

hazards increases, the opinion about the response indicator of assigning responsibility
decreases. Several possibilities exist that explain this relationship: the assignment of
responsibilities is obvious when there are a large number of hazards and consequently,
building managers do not have to emphasize this indicator; or private building managers
may have little control over assigning responsibility. Another weak negative correlation
exists between number of hazards and checking building aiflow patrerns. A possible
explanation for this negative relationship may be that checking building airflow patterns

is not an effective response indicator when there are many hazards. Private building
managers with many IAQ hazards may find other measures more effective and

consequently, rate checking airflow patterns less important.

Table 7.109 - Correlation Between Factors of Building Complexity and Rating of
Response Indicators for Educational Institution Building Managers
Number Age of Total Number
of
of
Buildings Area
Hazards
Buildings
Management Company Policy
Assign ResponsibiIities
Allocate Resources
Ensure Proper Documentation
Review and Reevaluate
Procedures
Ensure Proper Procedures
Effective Communication
Effective Compiaint
Procedure
Maintenance Regularly Check
Environmental Factors
Check W A C System for
Proper Operation
Check BuiIding Air Flow
Patterns
Check Cleanliness of HVAC
System
Check for Stagnate Water
Check Effectiveness of
Isolation Systems
Check Cleanliness of Site
Construction Adjust Environment to
/Repairs
Accommodate Construction
Isolation of Occupants
Follow Appropriate Handling
Procedures
Adjust Construction or Repair
Activities
Specification for Construction
Methods

0.1 14
0.201
0.247
0.271
-0.149

0.134
0.238
0.249
0.325
0.018

-0.035
0.283
0.207
0.015
-0.188

0-242
0.241
0.208
0.293
-0.017

0.131
0.175
0.372

0.074
0.127
0.328

0.068
0.072
0.096

0.059
0-212
0.340

0.090

0.064

-0.260

0-123

0.136

0.037

-0.211

0.192

0.280

0.309

-0.248

0-311

0.105

0.188

-0.177

0.108

0.28 1
0.093

0.161
0.021

-0.048
-0.273

0-206
0.108

-0.013
0.130

-0.144
0.195

0.127

-0.046
0.206

-0.035
-0.143

-0.046
-0.096

0.056
-0.13 1

0-029
-0.200

0.212

0.208

0.014

0.106

0.079

0.070

0.028

0.005

Table 7.109 - Correlation Between Factors of Building Complexity and Rating of
Response Indicators for Educational Institution Building Managers - continued
Number Age of Total Number
Buildings Area
of
of
Buildings
Hazards

Preventative Consideration of External
Design
Contaminants
Criteria for the Selection of
Building Components
Accommodate Expansion or
Alternative Uses
Consideration of Internal
Contaminants
One-on-one Consultations
Education
and Training Private Documents
Mandatory Training
Meetings
Information Seminars
Public Documents

0-154

0.197

-0.100

0.117

0.237

0.201

-0.215

0.157

-0.130

0.021

-0,100

-0.026

0.130

0.157

-0.082

0.032

0.249
0.180
0.177
0.073
0.337
0.182

0.360
0.176
0.215
0.078
0.326
0.071

0.039
-0.139
-0.007
-0.080
0.020
-0.292

0.228
0.123
0.052
0.014
0.219
0.155

There is one weak negative correlation between total area and the response
indicator of check cZeanZiness of site for educational institution building managers.
Further investigation revealed one outlier value, which significantly influenced the linear
regression h e . Re-calculating the correlation coefficient without the outlier value results

in a correlation coefficient of -0.28 1. Consequently, there are no relationships between
factors of building complexity and response indicators for educational institution building
managers.

,

Table 7.110 - Correlation Between Factors of Recent IAQ Experience and Rating
of Response Indicators for Private Building Managers

Table 7.110 - Correlation Between Factors of Recent IAQ Experience and Rating of
Response Indicators for Private Building Managers - continued

There are many correlations between factors of recent IAQ experience and
response indicators for private building managers. The relationship between the
fi-equencyof contact and response indicators has two influencing data points, which,
when removed from the calculation, substantially changes the correIation coefficients.
The modified correlation coefficients are: -0.025 (company policy), 0.449 (regularly
check environmental factors), 0.296 (check HVAC system operation), 0.132 (check
cleanliness of site), -0.243 (adjust environment to accommodate construction), -0.007
(isolation of occupants), -0.17 1 (follow appropriate handling procedures), -0.108 (adjust
construction or repair activities), -0.062 (consideration of internal contaminants), -0.12 1
(private documents), 0.282 (mandatory training), 0.027 (meetings) and, -0.223
(information seminars). Of these modified correlation coefficients, only one weak
correlation exists between frequency of contact and regularly check environmental

factors. This relationship is explained by two factors. One of the first actions of a
building manager when an occupant has contacted the building manager to express
concern about IAQ,is to check environmental conditions, such as temperature. With
increasing occupant contact, there is increasing checking of environmental factors, which
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emphasizes the importance of this indicator. Building managers that regularly contend
with LAQ concerns may recognize that environmental factors can contribute to perceived

and genuine IAQ problems and place more emphasis on this respcrnse indicator.
There are several correlations between money spent and response indicators for
private building managers. These data contain one influencing d a a point, which when
eliminated fkom the correlation coefficient calculation, significantlly changed the
correlation coefficient values. The modified coefficient values are: 0.260 (review and reevaluate procedures), 0.3 12 (ensure proper procedures), 0.080 (check for stagnate water),
0.286 (check effectiveness of isolation systems, 0.003 (check cleanliness of site), 0.004
(adjust environment to accommodate construction), -0.107 (isolatTon of occupants), 0.079 (follow appropriate handling procedures), -0.074 (adjust construction or repair
activities), and 0.502 (specification for construction methods). O f the modified
correlation coefficient values, only one relationship remains. There is a weak positive
correlation between money spent and spect~cationsfor constructian methods. This may
result fiom more planning and care being exercised as the expense increases.

Table 7.111 - Correlation Between Factors of Recent IAQ Experience and Rating of
Response Indicators for Educational Institution Building Managers
Frequency Time Spent
of Contact
Management Company Policy
-Assign Responsibilities
Allocate Resources
Ensure Proper Documentation
Review and Reevaluate
Procedures
Ensure Proper Procedures
Effective Communication
Effective Complaint
Procedure
Maintenance Regularly Check
Environmental Factors
Check W A C System for
Proper Operation
Check Building Air Flow
Patterns
Check Cleanliness of HVAC
System
Check for Stagnate Water
Check Effectiveness of
Isolation Systems
Check Cieanliness of Site

Money
Spent

0.126
0.1 14
0.272
0.041
-0- 162

0-080
0.207
0-239
0.156
-0.28 1

0.281
0.147
0.1 19
0.190
0.302

0.041
0.302
0.290

0.159
0.128
0.290

0.155
0.154
-0.266

0.074

0.219

0.108

0.138

0.1 14

0.1 04

-0.143

-0.020

0.206

-0.225

0.147

0.158

0.275
-0-036

0.236
0.207

0.129
0.248

0.046

0.199

0.191

Table 7.111 - Correlation Between Factors of Recent LAQ Experience and Rating of
Response Indicators for Educationai Institution Building Managers - continued
Frequency Time Spent
of Contact
Construction Adjust Environment to
/Rep airs
Accommodate Construction
Isolation of Occupants
Follow Appropriate Handling
Procedures
Adjust Construction or Repair
Activities
Specification for Construction
Methods
Preventative Consideration of External
Design
Contaminants
Criteria for the Selection of
Building Components
Accommodate Expansion or
Alternative Uses
Consideration of Internal
Contaminants
Education
One-on-one Consultations
and Training Private Documents
Mandatory Training
Meetings
Information Seminars
Public Documents

Money
Spent

0.1 13

0.182

0.213

-0.13 1
-0.33 1

0.160
0.157

0.191
0.152

0-099

0.186

0.178

0.097

0.282

0.181

-0.170

-0.033

0.151

0.023

0.121

0.154

-0.106

-0.373

-0.025

-0.167

0.271

0,229

0.044
0.044
-0.069
-0.037
0.185
0.163

0.020
0.163
0.164
0.073
0.120
0.056

0.272
0.2 19
0.192
0.1 15
0.280
0.275

There are no correlations between factors of recent IAQ experience and response
indicators for educational institution building managers.
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Table 7.112 - Weak Correlations for Private Building Managers
Type of
Indicator
State
State
State
Response
Pressure
Response
Response
Pressure
Response

Indicator
Odour Intensity
Particle Load
Combustion Infiltration
Specifications for Construction
Methods
Lack of Material Handling
Procedures
Regularly Check Environmental
Factors
AlIocate Resources
Space Not Designed for Occupant
Activities
Company Policy

Infiltration by External
contaminants
Pressure Construction Practices that
Increase Contaminants
Response Check Building Air Flow Patterns
Pressure Construction Contaminants that
Infiltrate Occupant Spaces
Response Assign Responsibilities
Pressure Improper W A C Operation
Pressure Improper Maintenance of HVAC
Pressure Space Not Designed for Occupant
Activities
Pressure

Factor

Modified
Correlation
Coefficient

Total Area
Total Area
Total Area
Money Spent

0.580
0.559
0.537
0.502

Number of Hazards

0.478

Frequency of Contact

0.449

Years of Experience
Number of
Certifications
Number of
Certifications
Level of Education

0.440
0.41 1

-0.403

Level of Education

-0.422

Number of Hazards
Level of Education

-0.43 0
-0.43 8

Number of Hazards
Number of Buildings
Number of Buildings
Number of Hazards

-0.44 2
-0.5 14
-0.539
-0.557

0.404

MI correlations for private building managers were weak. (Table 7.1 12) The

strongest positive correlations involved state indicators and total area The suggested
cause of these stronger positive correlations is the higher likelihood of encounter IAQ
concerns involving these state indicators when a larger area is managed. The three
strongest negative correlations involved pressure indicators and factors of building
complexity. The negative correlations involving the HVAC system and number of
building likely results kom increased effectiveness of the building manager in handling
the HVAC system.

i
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Only three correlations could be established for educational institution building
managers. There is a weak negative (-0.506) correlation between the state indicator of
odour intensity and time spent on IAQ concerns. There are two very weak correlations

between years of experience and the pressure indicators o f improper maintenance of

HYAC system (0.401) and building components (0.401).

7.8 Discussion
The discussion is centered on the originaI research questions posed in Section 7.2.
The primary research question was "Whatare the professional opinions of building
managers about the set of IAQpe$ormance indicators developed in Section 6.4? ". The

majority of building managers stated that the set of IAQ performance indicators
developed in Section 6.4 were useful. All indicators scored average Likert values of
approximately four, which implies they are good or somewhat important. Building
managers ranked pressure indicators higher than response indicators, which was ranked
higher than state indicators. This suggests a preventative attitude towards IAQ
management rather than a reactive attitude. Indicators involving HVAC systems were
unanimously ranked higher than average. Indicators involving communication were
ranked lower than average, with the exception of meetings, which may just be the normal
response and not the appropriate response.
A secondary research question was "Whatdifferences are there between the
opinions of building managers who operate in similar environment in which the set of
LAQ perjL!ormance indicators were developed and those building managers in dlferen t
environments? ". Statistical analysis proved with 95% confidence that the populations of

educational institution building managers and private building managers were different.
Their differences lie in the relative ranking and emphasis of each indicator. These
differences are caused by several factors: funding, fimction of the site, relationship with
the tenants, applicable regulations, degree of exposure to the public, degree of control
over the site, and existence of management systems.

Funding effects the ability to solve IAQ problems. The discrepancy in the
availability and source of capital between the two types of building managers is apparent
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from some of the qualitative infomation. A private building manager expressed that if
an IAQ problem "arises after your best shot at prevention, then any amount needed at that
time should be expended to fix the problem7'. m e r e a s , educational institution building
managers cited funding as a major issue in handling IAQ concerns.

". .. It is very

difficult to implement a preventative maintenance program with a lack of h d s " .
Function of the site somewhat dictates the importance of the indicators.
Educational institution building managers typically handle materials that are more
hazardous and consequently, they place indicators such as, lack of materials handling
procedures, higher in order of importance than private building managers. The reverse is
also true as private building managers placed the pressure indicators space not d e s i p e d
for occupant activities, which may be the result of high tenant turnover rates, higher in

importance than educational institution building managers.
The nature of the relationship with tenants effects the order of importance of the
indicators. Private building managers have a lease or rental agreement, which largely
determines the nature of the relationship with their tenants and their employees.
Educational institution building managers do not have a lease agreement with the
occupants of their buildings. The direct relationship between private building managers
and the occupants influences the importance of indicators, such as the allocation of
resources. These factors are usually determined by the lease agreement. The lack of a

lease agreement in the educational institution building managers situation effects
indicators such as assignment of responsibiZities, ensuring proper documentation and
folIo wing appropnate handling procedures. The lack o f an agreement to dictate the

c a m e of the relationship forces educational building managers to use alternative tools to
manage their occupants and their activities. These indicators become more important in
the educational institution setting.
The applicable regulztions are different between public and private buildings. It
is difficult to generalize about these differences because they are jurisdiction-dependent
but one example would be smoking. Educational institutions are considered public
buildings in which smoking is controlled. Private building managers have limited control
over the activities of the tenants, such as smoking,because the leased space is considered
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a private area. The pressure indicator of infiltration by internal source into other areas
would be effected by this regulation.
The degree to which the public is exposed to the building influences the building
managers' opinions about the relative ranking of the indicators. Educational institution
managers are conscious that public perception might possibly effect their ability to attract
students or independent h d i n g and consequently, may downplay an IAQ concern. They
may rate indicators involving public communication lower. Litigation may also be more
of a concern in a public setting. Consequently, building managers o f a public institution
perceive the need to prove due diligence and place more emphasis on indicators.

How much control building managers have over the site significantly influences
the order of the indicators. Typically, private building managers have little control over
the activities conducted in the tenant's space. Indicators such as cleanliness of site,
infiltration of internal contaminants into occupant spaces, and isolation of occupants
porn construction activities received low ratings because of the lack of control over these
areas.
Educational institutions have complex building sites. Management of these sites
is difficult without the use of a management system. Educational institution building
managers may be more inclined to accept and use the set of lAQ performance indicators
because they are recognizable and easily incorporated into existing management systems

or they might already use a type of IAQ indicator. Consequently, educational institution
building managers may rate the IAQ performance indicators higher than do private
buildings managers.
A secondary research questions was "what is the relationship between

professional knowledge and the opinions of building managers about the set of IAQ
performance indicators? ". Professional howledge was determined by level of
education, number of certifications, and years of experience. No relationships could be
determined for educational institution building managers and level of education. Three
weak linear relationships could be determined between the level of education and the
indicators for private building managers. These relationships are negative and involve
the pressure indicators of infiltration by external contaminants, construction contaminants
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that infiltrate occupant spaces, and construction practices that increase contaminants.
Private building managers may perceive a lack of control over these processes.
No relationships were found between educational institution building managers
and number of certifications. Private building managers had two weak positive
relationships with the number of certifications, The pressure indicator space nor
designedfor occupant activities and the response indicator company policy had positive

correlation coefficients. Education required for certification may emphasize these two
factors.
Educational institution building managers showed weak positive relationships
between years of experience and the pressure indicators of improper nraintenance of

W A C system and building components. Private building managers had a weak positive
relationship between years of experience and the response indicator of allocation of
resources. Experience draws attention to these factors in building management.

Another secondary research question was "what is the relationship between
complexzexzty
of buildings managed and the opinions of building managers about the set of
LAQperformance indicators? ". The factors that determined building complexity were

number of buildings, age of buildings, total area, and number of IAQ hazards.
Educational institution building managers had no relationships between the factors of
building complexity and the set of indicators. Private building managers showed weak

negative relationships between number of buildings and the pressure indicators of
improper HVAC operations and improper maintenance of the HVAC system. The

number of buildings a private building managers may determine the effectiveness of the
management of the W A C system.
There were no relationships between the age of the buildings and the set of IAQ
indicators. There are weak positive relationships between the total area managed and the
state indicators of combustion infiltration, odour intensity, and particle load. The
probability of encountering IAQ problems that involve these particular factors increases
with increasing area.
Number of IAQ hazards had two relationships with pressure indicators and two
relationships with response indicators for private building managers. The relationship
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between space not designedfor occupant activities and number of IAQ hazards was
negative. This implies that as the number of IAQ hazards increase, occupants' space is
designed to control these hazards. The relationship between the pressure indicator lack of
handlingprocedures and number of L4Q hazards was positive. The number of IAQ

hazards emphasizes the need for good handling procedures for the IAQ hazards. Weak
negative relationships were found between the response indicators for assigning
responsibilities and checking building aiflow patterns, and the number of L4 Q hazards.

This suggests that private building managers may have difEculties in implementing these
responses as IAQ hazards increase.
Another secondary research question was "what is rhe relationship between
recent L4Q experience and the opinions of building managers about the set of IAQ
performance indicators? ". The factors that determined IAQ experience were frequency

of contact, time spent, and money spent. Private buiIding managers had a weak positive
relationship between the frequency of contact and the response indicator of regularly
checking environmentalfactors. This suggests that environmental factors may be the

cause of many IAQ concerns. Educational institution building managers had a weak
negative correlation between the state indicator of odour intensity and time spent on LAQ
concerns. Odour problems tend to be difficult to isolate and resolve. Private building
managers had a weak positive relationship between money spent and the response
indicator of specificationsfor construction methods. Specifications for construction
become more important as the construction or repair work increases in costs.
The lack of relationships between the indicators and factors of professiona1
knowledge, complexity of building site, and recent IAQ experience was unexpected.
Further confirmation of no correlation occurs when influencing observations were
removed fkom the data analysis set, in almost all cases the correlation coefficients moved
towards zero, or less of a correlation. The lack of correlation can be explained by several
factors. Building managers did not understand the performance indicators. This
phenomena was observed in the case study. (Chapter 6 ) Building managers do not
understand the complexity of IAQ issues. Evidence of this may be found in the relative
ranking of the state indicators. Indicators that dealt with the HVAC system, or thermal
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comfort factors, were ranked higher than the indicators that dealt with contaminants, or
potentially serious health effects. Another factor contributing to a lack of correlation is
the responses and respondents were homogenous. This could be due to the actual
opinions of the building managers and the demographics but it could also be due to
inadequate detail in the scale.

The h a 1 research question was "whatdzflerences exist in demographics,
professional knowledge. compZexrexrty
of building site, and recent IA Q experience behveen
building managers in similar environments to the case study and building managers in
dzrerent environments? ".

Although both types of building managers tended to be male, there is a higher
proportion of females managing private buildings than educational buildings. Building
managers tend to be between the ages of 35 to 54, with educational building managers
likely to slightly older. Differences in the demographic profile of building managers are
mainly in the proportion of female to male managers.
Professional knowledge was considered to consist of level of education,
accreditation, and years of experience. Most building managers had obtained at least
some university education. Educational institution building managers are likely to have
obtained a higher level of education than are private building managers. Private building
managers were likely to come from a business background whereas, educational building
managers were more likely to come from a engineering or science background. Private
building managers had more variety in their credentiaIs than educational institution
building managers whom had the P.Eng. accreditation. Educational institution building
managers were more experienced than were private building managers.
Factors reflecting the complexity of building management were age of buildings,
total area, number of buildings, and number of IAQ hazards. Educational institution
building managers administer to older buildings and more buildings than do private
building managers. They have more IAQ hazards and more area to supervise.
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Table 7.113 - Characteristics of Building Managers
Category

Characteristic

Demographics

Gender
Age
Education Level
Type of Education

Professional
Knowledge

- -

Complexity of
Buildingsite

Recent IAQ
Experience

Private Building
Managers
Male
3 5-44
Some University
Business

Credentials
Years of Experience
Age of Buildings
TotalArea(ftL)
Number of Buildings
Percentage of Buildings
Containing IAQ Hazards
Annual Frequency of
Contact
Time Spent
Money Spent
-

-

-

Other,RPA
-

6-1 0
25
300,000
3
26%

Educational
Building Manager
Male
3 5-54
Some University
Engineering,
Science
P-Eng.
16-20
30
I
1,100,000
13
58%

2- 10

7-1 5

10

60
$4,000

$2,000

Recent LAQ experience was measured by annual frequency of contact from
occupants, time spent addressing IAQ concerns, and costs related to IAQ concerns.
Educational institution building managers had a higher frequency of contact, more time
and costs than private building managers.
7.9 Conclusions

The set of IAQ performance indicators is usefbl to building managers.
The set of IAQ performance indicators is comprehensive. This management tool is
applicable many different building sites. No new indicators were identified by the
building managers.
Educational institution building managers rated the importance of the set of IAQ
performance indicators higher than did private building managers. Complex building
sites and pre-existing management systems contribute to the acceptance of this
management tool.

Pressure indicators were, on average, considered the most important type of
indicators. Response indicators were second most important, followed by the state
indicators. Building managers place more emphasis on the causes of LAQ concerns.
This is a predictive o r proactive management structure.
Indicators relating to W A C systems were more emphasized by both private and
educational institution buiIding managers. The pressure indicators were rated more
important than the response indicators involving HVAC systems. HVAC systems are
more of a cause than a remedy for IAQ issues.
Indicators relating to education and training,with the exception of meetings, were
rated lower than any other indicators. Concerns over public perception and mass
hysteria are prevalent,
SeveraI factor influence the relative importance of indicators: fhding, function of the
site, relationship with the tenants, applicable regulations, degree of exposure to the
public, degree of contxoI over the site, and existence of management systems.
A small proportion o f buildings are "IAQ problem" buildings. These buildings

increase the level of olccupant contacts and the amount of time and money spent
addressing these IAQ concerns.

The most cited concern by educational institution building managers is funding.
The highest rated concern of private building managers is 'space not designed for
occupant activities'.
Education institution building managers have sites that are more complex. Hiring
requirements reflect the professional knowledge required to manage these sites.
A business background is important in managing private buildings.

Indicators should be listed in order of importance.
The addition of an W A C design indicator to the response indicator list would
enhance that set of IAQ performance indicators.
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8.1 Introduction
At the end of Chapters 2 - 7, there is a detailed discussion about the conc~usions

reached in the Chapter. However, a summary of these conclusions is presented below to
provide the reader with one location for all conclusions and to provide a foundation for

the conclusions that result fiom the interconnections between the chapters. The
discussion and conclusions that arise fiom the interconnections between each of the
chapters are presented in Section 8.3.
8.2 Conclusions from Chapters 2 - 7
8.2.1 Chapter 2 - Performance Indicators

Barriers to Developing Indicators
There is resistance to developing and implementing performance indicators
because of the perception that they are capital and labour intensive. Often the costs are
overestimated and the benefits are underestimated because:
the initial capital and labour costs involved in indicator development are readily
apparent and overshadow the apparent benefits,
the intangible costs of not having appropriate indicators can be difficult to define
(e-g., what is the loss of worker productivity due to exposure to high particulate

levels),
the costs of inadequate indicators may not be apparent until it is too late (e-g.,
financial difficulties due to IAQ problems),
kture costs, particularly contingency costs, can be difficult to evaluate (e.g., what is
the cost of contamination ten years fiom now, which could have been prevented with
proactive management using indicators),
many of the benefits are intangible (e-g., increased employee satisfaction) and are
difficult to assign a monetary value,
manybenefitsmaynotbereadilyapparent,and

many benefits occur in the hture, so they are discounted and difficult to evaluate.
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These factors lead to an inappropriate evaluation of the costs and benefits involved in
performance indicator development and implementation. Those considering
development of indicators must recognize and investigate these factors to obtain an
accurate estimate of the costs and benefits, They must also recognize that not all cost and
benefits cannot be quantified.
Compromises are always required in developing indicators. This is reflected in
the general criteria for performance indicators (Table 2.2) in which there are opposing
criteria. Consequently, it is not possible to develop "perfect" indicators because all
stakeholders' criteria cannot be met simultaneously. However, this difficulty should not
prevent the development of indicators because indicators provide necessary feedback,
which is essential for good performance. It is better to have a slightly imperfect indicator
than no indicator. Clarity of goals and values assists in determining appropriate

compromises.

Problems with Data
Some potential indicators cannot be measured at present because of a lack of
knowledge, technology, or funds. As advancements are made, these obstacles will be
overcorned or alternative methods will be found. It is up to the user to determine if they
will be leading, current, or lagging users of indicators, although a significant advantage to
being a leading developing and user of indicators is obtaining better information for
decision making.
Currently, some indicators have yet to be developed that adequately evaluate
qualitative forms of data. Ironically, qualitative data usually forms the leading type of
indicator (i-e., they can predict events rather than following trends). As indicator
methods evolve, better techniques will be developed to monitor and trend qualitative
types of data This area of indicator research has not been researched thoroughly and has
the most potential for development and application.
Indicators that derive their data f5om human activity can lose their sensitivity to
detect trends because people learn to satisfy the indicator, which is done at the expense of
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other activities. This can be an indication that the set of indicators is inappropriate and
does not reflect the entire system. Ifthis occurs, the indicator set should be assessed.
Indicators can lack of comparability on several levels; temporal, spatial, within
industry, and within the economy. The lack of comparability across time will always be

an issue because as our understanding and measurement of systems improves, the
indicators will change. The only solution to temporal inconsistency is to attempt to have
upgradeability (i-e., old indicator values can be translated into new indicator values),
which may not be possible in all cases. Inconsistency of indicators in space, industry,
and within economy may never be totally resolved because of the diversity of stakeholder
values. However, as good indicators are developed and prove themselves, their
likelihood of widespread use and hence, consistency, increases.
Concerns about Using Indicators

It is easy to have an inappropriate number of indicators. Too many indicators
result in information overload and too few indicators result in a fragmented
representation of the system. Users of indicators should attempt to optimize the number
of indicators they use. They may consider a two tiered system; a small number of
indicators is used to monitor and follow trends of usual events, but for unusual
circumstances, a second, more detailed set of indicators may be appropriate.

-

8.2.2 C h p t e r 3 L4Q Building Invesfigations
Initial Stages of L4Q Investigation
Building managers that have to conduct, supervise, or contract a IAQ building
investigation should understand that the initial approach should consider that:
sometimes sources of IAQ problems are readily apparent and easily fixed,
sometimes obvious sources are not the cause of the specific IAQ complaint but must
be fixed first, because they make further investigation impossible, and
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when there is no obvious source of the problem, the IAQ investigation should start
with the HVAC system because experience has shown that this is the most likely

source of IAQ problems. Furthermore, you have to be assured that the system is
clean and operating correctly.
Potential Sources

During the IAQ investigation, the source(s) of the IAQ concern should be
identified. Building managers should understand the foIIowing about sources that effect

IAQOutdoor air may not be as clean as is normally assumed and should be considered as a
source of contamination in a building investigation.
There are a large number of potential sources in any building, but the size of the
source and the rate of off gassing determines their effect. Consequently, not every
item or building component will be a significant contributor to poor IAQ and the
determination of potential sources must be done in a methodical manner.
The strength of the indication as to the source of the IAQ problem depends on the
convergence of multiple lines of evidence. Consequently, in the investigation, it is
necessary to use as many sources of information as is feasible,
It is easy to underestimate the degree of the effect of indoor sources due to an
inaccurate estimate of the number of sources or rate of contaminant generation.
Simple source identification can help with initial assessments but an accurate
determination of sources requires verification (e.g., measurements of contaminant
concentrations).
Facilitating the IAQ Investigation
Strategies that the building manager can employ to facilitate the IAQ
investigation include: allowing the investigator to access to all areas of the building,
acknowledging the IAQ concern, and communicating with occupants. Identifying nonproblem areas of the building is important in determining the sources of IAQ problems in
the problem areas. IAQ investigations should not be limited to "problem" areas.

Brrilding managers tend to minimize IAQ concerns because they:

think that it reflects poorly on their performance,
do not wish to instigate mass panic in the occupants,
want to avoid a public image or reputation problems,
believe that it is largely a psychosomatic problem, or
place it lower in importance relative to other issues in building management.
Consequently, IAQ concerns are not always addressed as quickly as other concerns. By
aclmowledging the concern, the buiIding manager can start to effectively manage the
situation. Additionally, because building managers are the usual initiators of IAQ
investigations by experts, the prevalence of IAQ problems is probably under-represented.
Risk communication with stakehoIders can assist in diagnosing and implementing
solutions to IAQ problems. Risk communication, when done properly (i-e., before,
during, and after the event) can facilitate the IAQ investigation. However, pre-event risk
communication regarding IAQ is rarely conducted because managers are afraid occupants
will over-react. Consequently, building managers need to communicate with the
occupants about IAQ before an event occurs and maintain the communication to establish
a positive relationship.

Q Investigation
The IAQ investigation is not the sole domain of the IAQ specialist. There are
certain aspects of an IAQ investigation that the building manager can perform (e.g., risk
communication, outdoor and indoor source identification, etc.). The aspects that building
managers can perform will depend on their education and general background. These
aspects should be conducted before contacting an IAQ expert unless an immediate health
hazard is evident. However, there are certain aspects of an IAQ investigation that a
qualified IAQ investigator should perform (i.e, HVAC system assessment, assessment of

the medical condition of occupants with symptoms in consultation with a medical

specialist, design of sampling program, extensive sampling (especially biological
samples), interpretation of the results of an extensive sampling program, and

determination of air flow patterns) because of required howledge, training, and
experience.
Stakeholder Involvement
It is essential to involve stakeholders in developing mitigation measures because
the solutions are more practical and feasible. Additionally, the implementation and
success of the mitigation measures will be facilitated if stakeholder buy-in has been
developed. Communication with occupants about KAQ concerns should be encouraged,
to a certain point, because they are often responsible for the source of the IAQ problem
(either through their activities or their required rnatcrials) and they may have good advice
on appropriate solutions.
Last Steps of an U Q Investigation

The last step in the IAQ building investigation should be to verify if the
mitigation measures were effective in solving the IAQ problem. This is a step that is
often overlooked in the typicd investigation but is critical in determining if the problem
has been solved. Building managers should be aware of this step and should ask for it in
quotations for IAQ investigation work.
Some buildings with IAQ problems will de@ an investigator's attempts at
diagnosis. There may not be an immediate identifiable cause, and hence no solution to
that IAQ problem. In these instances, LAQ experts should be contacted for further, more
detailed, investigation into the problem.
8.2.3 Chapter 4 - Scientific Infarmation

Management of Dzfferent Cases
There are three general categories of symptoms to chemical exposures: usual,
allergic, and unusual. Characteristics are shown in Table 8.1. These characteristics have
important implications on the management of IAQ issues.

Table 8.1 - Characteristics of Symptoms
Usual
Xenobiotic Endogenous
All
All

Effected
Population
Cause and
Effect
Relationship

I

Contaminant
Concentration
Response
Pattern

1

Clear

Clear

Norma1

Normal

I

Allergic

- 20%
Immune
response to
allergen,
sometimes
delayed
Very Low

Unusual
Predictable I Unpredictable
Small portion (est. 0.2-6%)*
Unknown

Unknown

Very Low

Very Low

"J"- c w e Identifiable Identifiable
Threshold
I orNo I
I butnot
butnot
Threshold
predictable predictable
Supplement Avoidance, Avoidance
Intermpt
Intervention
or Reduce
before
AntiStrategies
Exposure
histamines
effector
site
*according to (Workshop on Multiple Chemicd Sensitivities, 1996)

f

I

Unpredictable
andnonspecific
None

Avoidance strategies can be used where the symptoms are predictable, and the
contaminant can be identified, Building managers can use source elimination, isolation,

and containment to keep xenobiotic substances f?om reaching the occupant. When the
response pattern is known, and everyone exposed demonstrates symptoms (to a degree),
the LAQ issue is easier to diagnose and manage.
Endogenous substances (e.g., nutrients, micro-nutrients, carbon dioxide) can be
managed by ensuring the exposure to the substance in an adequate level. Endogenous
substances are not always recognized as harmfd substances and thus, are not normally
considered potential IAQ hazards. Consequently, IAQ problems involving endogenous
substances may not be as obvious.
When very low levels of the contaminant are required to elicit symptoms,
confirmation of the presence of the contaminant may not be possible, and an avoidance
strategy cannot be designed. Consequently, allergic and unusual cases are more difficult
to manage.

1

I

A
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In the case of alIergies, the cause and effect relationships (i-e., initial exposure,
development of antigens, re-exposure, allergic symptoms) are well understood and can be
easily identified, even though there is some variability in response. One possible strategy
to control symptoms is to use antihistamines or a desensitization program. ControIling
the symptoms rather than the source may be necessary because:
allergic reactions occur to a variety of substances,
different allergens can produce similar symptoms, and
the delay that can occur with allergy symptoms can complicate the identification of
the allergen.
Non-specific and non-predictable symptoms (i-e-, unusual cases (IEI)) are more
difficult to manage and the only management strategy tends to be reactive, such as
epinephrine injections. The unusual case may be, in part, due to psychosomatic factors,
which may be used to also treat the response. Building managers may be able to improve

LAQ concerns by addressing psychosomatic factors.
Importance of Toxicological Data

Toxicology is an appropriate tool for predicting usual cases but is inadequate in
predicting unusual or allergic cases because these symptoms are individual. Toxicology

has limitations in it application to humans because of extrapolation techniques necessary
to:
estimate low dose effects fiom high dose results,
extrapolate results to different species, and
estimate for the differences between laboratory conditions and the actual
environment.
Consequently, IAQ standards and guidelines, which are based in part on toxicology data,
should be interpreted carellly, especially in allergic or unusual cases.

Importance of Epidemiological Data
Epidemiology studies account for the complexities of human life however,
interpretation of epidemiological results must be done with care (e.g., correlations are not

400

cause and effect relationships). Long term, low dose exposures of chemicals that have
long latency periods are still difficult to analyze with epidemiology. Consequently, LAQ
standards and guidelines, which are based in part on epidemiological data, should be
interpreted carefdly, especially in cases where the contaminate is suspected of having a
long latency period.
Natural Defense Mechanisms

The natural defense mechanisms provide a good system for protecting the body
fiom harm fjrom a xenobiotic substance. The natural defense mechanisms define the
threshold for a usual result of exposure to xenobiotic materials. For healthy individuals,
the natural defense mechanisms of the person should protect them against lower than
guideline levels of exposure but the threshold can be altered by the state of the individual
(e-g., smoking, stress, diet) causing variations in response. Building managers should
expect some variation in the usual response pattern. However, since the cause and effect
relationship is usually identifiable, these situations should be relatively easy to manage.
The existence of thresholds implies that there is no need to eliminate all the
xenobiotic substances in our environment. In the case where there is extreme sensitivity
(e-g., allergy or IEI),reactions can occur at very low concentrations (below detection

knits for unsophisticated methods of measurement) and this is economically and
physically infeasible to do.
However, there are no natural defense mechanisms for endogenous substances
(e-g., carbon dioxide) because specific quantities of these substances are necessary for

life and so must be maintained in an appropriate range.
Termin ology

The building manager should be aware that there are six terms in science that
have specific meanings but are used differently in everyday language (e-g., dose and
exposure; prevalence and incidence; and allergy and sensitivity). The use or careless use
of these terms leads to codhion. Interpretation of the these words should consider the
source and context of the conversation and clarification may be necessary.

-

8.2.4 Chapter 5 Air Contaminants

Source Iden tzpcation

Source identification is made more difficult because of:
the number of potential sources, and

the number of contaminants that can be produced by a single object.

Consequently, avoidance of all IAQ contaminants is virtually impossible. However, a
methodological approach to source identification may identify obvious sources, which
can then be mitigated. With more complex situations, an LAQ specialist should be
contacted.

Trying to link symptoms to possible causes is made more difficult because of:
the similarity in responses to different sources, and
the number of different symptoms to a single contaminantConsequently, source identification is difficult to conduct by using only responses.
However, the responses can be one line of evidence that confirms the source.
Exposure to sources can occur outside of the workplace (e-g., pesticide exposure

during gardening at their home). If only one individual in the building is showing
symptoms, the source identification procedure should examine areas in which the
effected individual spends a significant portion of their time.
Mixtures

Normal exposure to indoor air contaminants is by a mixture of compounds
because of:
the number of sources in the indoor environment,
the number of contaminants a source can emit, and
manysubstances areactuallymixtures (e.g., asbestos, ETS, particles).
The toxicity of the indoor air contaminants will vary with the components of the mixture.
Unfortunately, most toxicologocd data are not designed for exposures to mixtures and

these effects are relatively unknown. Exposure to many contarninants may lead to
responses other than expected (i-e., addition, potentiation, synergism, and antagonism)
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complicating the diagnosis of IAQ problems. Variability in the response to mixtures
should be expected-

Standards and Guidelines
There are standards for permissible exposure levels of contaminants in the
industrial setting. The building manager must comply with these standards. However,
there are no IAQ standards for the residential or commercial application, which limits the
occupant's options to exposure levels higher than guidehe levels but lower than
industrial standards-

The ,p.idehes or standards for ambient conditions or industrial settings are more
comprehensive than the list of guidelines for IAQ. This forces the application of
industrial standards to commercial or residential situations, for certain contaminants. The
application of industrial or ambient standards to residential or office situations is
questionable because of differences in exposure. Exposure levels will be greater in the
residential setting than in the industrial setting because they occur over longer periods of
time and more frequently but doses are likely to be less in the residential setting.
Consequently, the application of industrial or ambient standards to other situations should
not occur. However, because nothing else is available, these standards and guidelines are
used, and this should be done with great care.
Guidelines are the only directive issued by regulatory agencies in regards to the
quality of the indoor air for residences and office areas. Guidelines are not enforceable
and are optional. However, complying with guidelines can provide evidence of
reasonable care in the defense against negligence and thus, provide a building manager
with a reason to maintain LAQ at those levels.

Odour is used as a diagnostic tool for IAQ assessment, but it is not a good tool for
determining if guidelines have been exceeded unless the particular contaminant can be
identified. Additionally, some IAQ contaminants do not have an odour and thus, odour
detection is not a feasible tool for these substances (e-g., carbon monoxide). Odour can
be an esthetic problem and not a health concern (e-g., perfiune). Consequently, odours
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can be helpfLl in diagnosing IAQ problems but they may not determine if contaminant
concentrations have exceeded guidelines. Odours that do not exceed guideline levels but
are complained about usually must be mitigated because of the social aspects of the issue
and their possible contribution to psychosomatic problems.

-

8.2.5 Chapter 6 Case Study

Use of Existing HQ Indicators
Formal indicators (i-e., effective temperature, humid operative temperature, heat
stress index, index of skin wettedness, wet-bulb globe temperature, wet-globe
temperature, wind chill index, PMV-PPD, Two node model, and ADPI) may be of use by
IAQ specialists, but were found to be too complex, detailed, labour intensive and costly
for daily operations for the purposes of this IAQ indicator set. Four informal indicators
(i.e., temperature, relative humidity, carbon dioxide, and carbon monoxide) were found to
be appropriate and were incorporated into the state indicators.
Characteristics of the Case Study

The entire process of management (i.e., the Deming cycle) was accounted for in the
design of the IAQ indicator set.
All temporal aspects of LAQ (i.e., past, present, and future) were accounted for in the
design of the IAQ indicator set.
Previous limited use and knowledge about LAQ indicators by the building
management team meant that there were no firm preconceptions of what the indicator
set should look like or function and therefore, provided flexibility in the design of the
indicator set.
The buiIding management team was concerned for the welfare of the occupants and
had good management practices. These characteristics were essential to the
deveIopment of the IAQ indicator set at this site.

It was necessary to include the occupant's perspective in designing the IAQ indicator
set because occupants play an important role in maintaining the quality of indoor air.

Use of Selection Criteria
The relative weighting of the selection criteria was not a critical step in the
process of developing IAQ indicators because the building management team agreed on
their goals and automatically made decisions about the indicators that implicitly reflected

the priorities. In a group that is less homogeneous in their attitudes, the relative
weighting of the selection criteria may become more important.
Facilitation of Indicator Development

Three factors facilitated the development of performance indicators: a step-bystep approach; distinct, reasonable tasks to accomplish for each step; and a consistent
perception of goals and priorities. These were characteristics of the approach and of the
building management team. Other strategies used to facilitate the process of developing

the indicators, which were successful, are:
background information was provided to the building management team,
information provided by the building management team was readily available to
them,
responsibilities for tasks to be accomplished were clearly established,

tasks that were assigned were in the area of the individual's specialties, and
regularly scheduled meetings kept the process moving.

Importance of the Indicator Framework
The use of the pressure-state-response b e w o r k for the development of the IAQ
indicators provided:
a philosophical basis,
a scientific basis,

a focus for the selection of indicators, and
potential areas to develop new indicators.
Any indicator development will required a good W e w o r k .
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Charactenstics of the L4 Q Indicator Set
The IAQ indicator set was designed to have the characteristics shown in Table 8-2.
Table 8.2 - Characteristics of the IAQ Indicator Set
Acceptable to other building managers and performance indicator
users
Can be incorporated into the curriculum of the educational
institution
Easyto operate
Flexible enough to handle the wide conditions encountered in IAQ
Inexpensive to operate
Provides enough information to base decisions
Provides scientific information about the overall condition of LAQ
Uses a minimum amount of equipment
Uses widely available equipment

Originality of Indicator Set
The IAQ indicator set is new and original because:
all the individual components that have been collected together in one environmental

manzgement tool, and
the components of the environmental management tool have been organized into a
pressure-state-response framework.

-

8.2.6 Chapter 7 Survey of Building Managers
A survey of two sets of building managers was conducted to determine if the set
of IAQ performance indicators was a good management tool. Post-secondary educational
institution building managers across Canada and private building managers in Calgary
were surveyed.
Professional Opinions about the IAQ Performance Indicator Set
The set of IAQ indicators is useful to building managers.
The set of lAQ indicators is comprehensive and applicable to many different building
sites.
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Educational institution building managers rated the importance of the set of IAQ
indicators higher than did private building managers. Complex building sites and
existing management systems contribute to the acceptance of this management tool.
Pressure indicators were, on average, considered the most important type of
indicators. Response indicators were second most important, followed by the state
indicators. Building managers placed more emphasis on the causes of IAQ concems.
This is a predictive or proactive management structure.
Indicators relating to W A C systems were emphasized more by both private and
educational institution building managers. The pressure indicators were rated more
important than the response indicators involving HVAC systems. HVAC systems are
perceived by building managers surveyed to be more of a cause than a remedy for

IAQ issues.
Indicators relating to education and training, with the exception of meetings, were
rated lower than any other indicators. Concerns over public perception and mass
hysteria were expressed.
Miscellaneous Observations
Seven factors influenced the relative importance of indicators: funding, fbnction of
the site, relationship with the tenants, applicable regulations, degree of exposure to
the public, degree of control over the site, and existence of management systems.
A small proportion of buildings are "IAQ problem" buildings. These buildings

increase the level of occupant contacts with building managers and the amount of
time and money spent addressing these IAQ concems.
Concerns of Building Managers
The most cited concern by educational institution building managers was funding.
The highest rated concem of private building managers was space not designed for
occupant activities.

Demographics of Building Managers
Educational institution building managers have sites that are more complex. Hiring
requirements reflect the professional knowledge required to manage these sites.
A business background is important in managing private buildings because they have

a contractual arrangement with the occupants, which does not exist in the educational
institution setting.

Suggested Changes to the LQQ Indicator Set
Indicators should be listed in order of importance.
The addition of an HVAC design indicator to the response indicator list would

enhance that set of IAQ performance indicators.

8.3 Discussion
The linkages between the different aspects of infomation and research revealed
conclusions in the areas of:
difficulties in conducting interdisciplinary research,
ambiguity of the scientific information,
importance of the indicator framework,
importance of the W A C system in IAQ,
applicability of guidelines and standards,
the use of guidelines and standards,

prevalence of the unusual case, and
limitations of the IAQ indicator set.
There are six different topics addressed in this dissertation and it is unacceptable,

in terns of time and resources, to expect to pursue each of these topics in the same depth
as in a mono-disciplinary study. However, some study should be expected in each topic
and the depth is determined by the closeness of the relationship between the topic and the
research question. Topics that are closely related should be investigated in W e r detail
using primary sources (e-g., journal articles) of information. Topics that do not directly
relate but are in support of the main research question can be research in less depth, using
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secondary sources (e-g., general textbooks) of information. One exception to this general
rule would be if an issue is not well established (i.e., there is significant controversy). In
this case, further investigation may be warranted. The degree of depth required to
understand and investigate each topic in interdisciplinary research depends on the
closeness of the relationship between the topic and the research question.
Understanding scientific evidence (e-g., toxicology and epidemiology) is required
to:
apply IAQ standards and guidelines,
diagnosis IAQ problems,
understand when a solution to IAQ is feasible, and
develop mitigation measures for LAQ problems.
The above four things are activities that the average building manager will likely have to

perform. Consequently, they should have a good understanding of scientific evidence;
however, the information about toxicology and epidemiology is normally written for
students that have previous knowledge about physiology, biology, and chemistry. Areas
of knowledge that the building manager typically doesn't have (Table 7.12 and Table
7.13). Consequently, what is needed is more scientific information about these

aspects, provided in a format, language, and context that the average building
manager can understand.
Previous work in TAQ indicators focused largely on the state of the air quality or
the sources that effected the air quality (Section 1-3). Normal building management also

focuses on state indicators, such as temperature and relative humidity (Section 1.3.2).
However, the state of the environment is only one aspect of managing IAQ. To
understand the problem, understanding the state is not enough because this does supply
information about cause and effect and management's options to deal with these
concerns. What must be understood are the causes that effect the state (i.e., pressures)
and the actions that change the pressures (i-e., responses). Understanding these aspects is
accomplished, in part, by monitoring these aspects of management. Building managers
appear to agree with this concept, rating the indicators in general quite high with overall
values of 4.14 and 4.29 out of 5 (Chapter 7). Consequently, the set of IAQ indicators,

which was developed based on the pressure-stateresponse framework, is an
effective tool for management.
IAQ building assessment emphasizes the role of the W A C system in two areas:
during the walk-through, it is one of the b t components to be inspected; and during the
detailed assessment, it is the first component to be analyzed. During the case study, the
importance of the W A C system appeared again in the:
composition of the building management team, a person was responsible for servicing
and maintaining the HVAC system;
development of gods, one goal was entirely devoted to the HVAC system;
development of the indicators, an important source of information was the operation

and maintenance schedule for the HVAC system; and
choice of state indicators, effective temperature and effective ventilation measure the
condition of the W A C system.
When building managers were surveyed about their opinions of the indicators, indicators
involving the HVAC system consistently ranked higher than other indicators (Table
7.89). Consequently, the HVAC system is important in maintaining adequate IAQ,

both as a source and a solution.
8.3.1 Application of the Standards and Guidelines

Scientific evidence provides regulators with information to assist in setting
guidelines and standards for IAQ. However, each form of scientific evidence has
limitations. Toxicology has limitations in its application to humans because of
extrapolation techniques and has difficulty in establishing long term effects because of
the average life span of the test animals. Epidemiological studies account for the
complexities of human life; however, interpretation of results must be done with care
(Section 4.6) because of confounding factors. Consequently, interpretation and

application of the guidelines and standards should be done carefully.
There is not as many guidelines for IAQ as there are standards for occupational
situations (Refer to Chapter 5). The IAQ investigator is forced to use occupational
standards in cases where an IAQ guideline does not exist. The exposure circumstances
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(i-e., dose, duration, timing, and route) are different between the indoor and industrid
environment (Table 5.50). Consequently, although the application of industrial

standards to the indoor environment will likely occur, this has to be done carefully.
The lack of IAQ guidelines for certain contaminants creates a situation in which
professional judgment is required to determine acceptable concentrations of contaminants
in the indoor environment. Where guidelines or standards exist, they are occasionally

inconsistent in their recommendation for acceptable concentrations (e. g., the different
standards for daily time-weighted exposures to carbon monoxide are: OSHA = 50 ppm

PEL, NIOSH = 35 ppm REL,WHO = 9 ppm 8-hr.). Professional judgment has to be
used to determine the applicable guideline or standard. Given the variety in education
and background of building managers and the lack o f education related to toxicology and
epidemiology (Table 7.12 and Table 7.13), the building managers may have difficulty
in applying standards and guidelines.
8.3.2 Unusual Case
The number of sources typically encountered in the indoor environment virtually
guarantees that the exposure generally consists of a mixture of contaminants- Exposures
to mixtures can cause a variety of effects including potentiation and synergism (Section
4.2.5.3).

In addition to variability in exposure, the threshold of an individual will vary

due to predisposing factors (Section 4.2.5.2). Consequently, the unusual case (i.e.,

where the mechanisms of action have not been estabIished) should be expected due
the number of combinations of exposures and predisposing factors, which changes

the threshold or nature of the impact.
The indicator set was designed to be usehl for the typical building manager. It
has an easy-to-use format requiring a minimal amount of equipment, which may increase
its appeal. However, there will be situations in which this IAQ indicator set will not be
sufficient in diagnosing the problem because o f :
complexity of the problem (e-g., uncommon sources, large number of sources,
intricate airflow patterns, complicated W A C system), and

unusual cases in the exposed population (e-g., very low exposures, which cause
atypical reactions in an individual).

The IAQ indicator set is not a panacea for IAQ problems because there are limits to
the set's applicability.

8.4 Retrospective Analysis of Research

In retrospect, there are several aspects of the survey that should have been
conducted differently. These aspects inciude additional questions, questionnaire design,
choice of sample populations, and questionnaire administration.
The following questions should have been asked in the survey:
Do you currently use any form of IAQ indicator? If so, which one(s) (check all that
apply)?
Temperature
Relative humidity
Carbon monoxide

Carbon dioxide
Others? Please specify
This question would have revealed IAQ indicators that are in current use, the prevalence

of IAQ indicators, and the familiarity building managers have with IAQ indicators.
Do you currently have a procedure for processing IAQ complaints?
This would revealed the existence of a management system that addresses LAQ concerns
and would determine, to some degree, the importance of LAQ issues.

An area that did not reveal much information is the analysis of correlational data
between building manager characteristics and their opinions about the set of LAQ
indicators. The reason for the lack of correlation is because the characteristics and
opinions of the building managers were relatively homogeneous. This did not appear

during the pre-test procedures and consequently, could not have been predicted.
However, if the survey were conducted again, strategies to reveal these relationships
could include:

having the building manager rank the indicators,
using a forced choice system for evaluating the indicators, or
expanding the Likert scale to seven or nine categories.

The response rate for private building managers was low. A low response rate
was expected and consequently, three times as many private building managers were
surveyed than educational institution building managers. However, the number of private
building manager responses (21)was low enough that a normal distribution could not be
assumed, which limited the amount of statistical information that could be derived &om
the data. A solution would be to increase the number of private building managers
surveyed, which implies that the geographical boundaries that originally limited the
number of people surveyed would have to be expanded.

The method used to monitor survey responses and assure respondents anonymity
was an identification number printed on the back of the questionnaire. Some o f the
respondents choose to return a photocopy of the questionnaire or used a facsimile to
return the questionnaire, which eliminated the identification number. Fortunately, all of
these respondents were included in the analysis because respondent's voluntarily
provided other means of identification. However, in retrospect, the identification number
should have been printed on the front of the questionnaire8.5 Areas for Further Research

8.5.1 Apply the Set of U

Q Indicators

The IAQ set of indicators has been reviewed and endorsed by educational and
private building managers. However, further information that would be helpfbl in
determining the set's usefid.ness would be to assess the:
effectiveness of the checklists as a trend indicator,
usefidness of the odour intensity indicator,
usefidness of the particulate load indicator,
ability to prevent IAQ problems,
ability to indicate trends in the IAQ state (e.g., improving, degrading, accuracy, etc.),

effectiveness of mitigation measures,
improvements in risk communication and attitudes of the building managers and
occupants,
costs and benefits of the use of set of indicators, and
IAQ awareness of building managers and occupants,
A further area of research, which is beyond the scope of this dissertation, would be

to follow a particular organization's implementation and use of these IAQ
indicators.
8.5.2 Second Detailed Set of L4Q Indicators

This IAQ indicator set was designed to be simple and easy to use. There are
situations where this indicator set will not be sufficient in diagnosing the LAQ problem
(e-g., radon infiltration, microbiological contamination, secondary factors of thermal
comfort). In these cases, other indicators will have to be used. There are some, more
detailed state indicators, which may be applicable (Section 1.3.1 -1). Further research
should be done to establish a second set of LAQ indicators to be used for a more
detailed analysis.
8.5.3 Occupant's Perception of LQQ Risk Indicator Sef

The set of LAQ indicators was specifically designed to incorporate the physical
(i-e., state) aspects of the quality of the air. Another component to managing IAQ is the
perception that occupants have about the quality of their indoor environment. The
occupant's perception is linked to the state indicators but aIso addresses issues of
psychosomatic response, EI, and risk perception. The risk perception of the occupants is
the risk that building managers have to manage, and although the IAQ set of indicators
improves risk communication and risk perception, there are other factors to consider.
Further research should be done to establish a complementary set of indicators that
reflects the occupant's perception IAQ.

8.5.4 Wybrid Performnce Indicator Frameworks

The result of the case study was an IAQ performance indicator set based on the
pressure-state-response framework. The state indicators were scientifically measurable
conditions of the indoor air, which M U the traditional definitions of performance
indicators. The pressure and response indicators are checklists and although are termed
indicators, are considered hybrids between action plans or control procedures and
traditional indicators. It was necessary to create these hybrids because of the dynamic
nature of the environment in which they operate- Further research should be done to
determine if this or similar hybrid indicators are more effective in managing quickiy
changing environments than traditional indicators.
8.5.5 Risk Communication

Communication about IAQ is an activity regarded by many building managers as
one that should be limited or conducted with care (Section 7.4.6.7). This perception of
building managers is due to possible over-reactions of the occupants. This phenomena
has been documented in the literature (e-g., (Alexander & Fedonrk, 1986), (Boxer, 1985):

etc.) and has the characteristic that "investigators believe that illness problems become
worse as a consequence of verbal and visual contact among those affected" (Godish,
1995). However, two distinctions must be made:

the difference between cornmunication between occupants and communication
between building management and occupants, and
the difference between pre-event risk communication and post-event risk
communication.
Communication between building managers and occupants can be an educational
process, where information fkom either party is exchanged. In this instance, building
managers have the opportunity to clarify misconceptions and provide accurate
information and occupants have the opportunity to clarify positions and express concerns.
The communication between occupants does not provide the building manager with an
opportunity to provide information. Consequently, occupants can develop an inaccurate
picture of risk associated with IAQ.
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Post-event risk communication can occur as a result of a reactive management
style (e.g., the event has happened and those effected should be told that they were
effected). Post-event risk communication is not an effective risk communication strategy
when performed in isolation, because the late release of information can:
slow the resolution of a problem,
damage the credibility of the building managers,
cause a loss of trust between occupants and building managers,
reduce time for significant occupant involvement,
create haste and cause the release of inaccurate information,
cause the re-occurrence of a similar incident because of lack of information,
cause more work responding to inquires about a situation,
develop anger and resentment in the occupants, and
cause the occupants to overestimate the level of risk.
Consequently, risk communication must occur before, during, and after the event in order
to be the most effective. (Mulligan, 1997)
Although the risk communication literature is clear that this is one effective
strategy in risk management, application to IAQ issues will be necessary to convince
building management that this is an effective strategy for their situation. Further
research needs to be conducted to study the effect risk communication has on
reducing occupant over-reaction and resolving IAQ problems.
8.5.6 Marraging the Unusual Case

Concern is focused on the cases that appear to develop symptoms to lower than
normal doses of the chemical. The unusual cases that have these characteristics are the
hardest to recognize and diagnose. To illustrate levels of exposure that cause reactions in
low dose unusual cases, consider atmospheric exposure to formaldehyde. The
Occupational Safety and Health Administration (OSHA) have set an air quality guideline

of 1 ppm for 8 hours of exposure in the workplace (Samet & Spengler, 1991). The low
dose unusual case typically responds to concentrations much less than guideline levels.
The following are analogies that might help someone understand what exposure to 100
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ppb would roughly approximate. Ifwe assume that an unusual case has symptoms of
exposure to formaldehyde at one tenth ('lto)
the guideline level (i.e., approximately 100
ppb), this would roughly correspond to a couple grains of salt in an Olympic size
swimming pool. A person would have to drink the entire Olympic pool and retain the
grains of salt within the body to be exposed to approximately 100 ppb. Another analogy,
in terms of time, is 100 ppb would approximately correspond to 1 minute in 32 years

(Appendix M). These low levels are practically impossible to comprehend and manage.
The reduction of the concentration of chemicals in the indoor environment will
not eliminate the unusual cases in the human popuIation, given the:
genetic diversity,
variability in previous exposures,
differences in experiences, stresses, and attitudes, and
differences in environmental conditions.
Consequently, we need to consider how to manage this issue. Avoidance is the usual
recommendation for the unusual case; however, this can be difficult when the
mechanism(s) that causes the response cannot be traced, Liability issues emerge when
there is permanent damage due to the exposure. It is not clear how much responsibility
building managers should carry in these unusual cases.
When examining the human populations' exposure to chemicals, it is normal and
should be expected that a certain portion of the population will be unusual cases. We
cannot expect current toxicology methods to predict these responses. Further research

needs to be conducted about how managers, toxicologists, epidemiologists,
physicians, IAQ investigators, and regulators should properly deal with these few
unusual cases.
8.5.7 Application of Indicator Style to Other Environmental Issues

IAQ problems typically have the characteristics of:
multiple sources (e-g., same contaminant from different sources, similar contaminants
fkom different sources, different contaminants from different sources),
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multiple aspects to the state (e.g., temperature, relative humidity, gases, particles,
microbiological contaminants, radon)
diverse population (e.g., genetically, previous exposures, current stresses),
complex relationships between exposures and population (e-g., mixtures and their
potential effects of addition, synergism, potentation, and antagonism), and
multiple responses required to mitigate the problem (e-g., source control, increased
ventilation, and education of the population).
Numerous other environmental problems may share the same characteristics for
example, bio-diversity, sustainable development, and global warming (Table 8.3). There
is strong evidence that IAQ indicator set will be an effective tool for managing IAQ

concerns. Given the similarities between XAQ and other environmental problems, the
application of a similarly structured indicator set for these environmental problems may
provide managers with a better tool to manage these issues. If these environmental

concerns share these characteristics, further research should be done to determine if
the structure and style of the IAQ indicator set can be applied to other issues.
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Table 8.3 - Potential Characteristics of Some Environmental Problems
Characteristic

Bio-diversity

Multiple
sources

Habitat
fiagrnentation
Habitat loss

Multiple state
factors

Type of habitat
Distribution of
nutrients
Distributionof
plant and animals
Barriers to
movement
Numberof
species

Diverse
population
Complex
relationships

Multiple
responses

Ecological system
Foodweb
relationships
Carbon cycles
Nitrogen cycles
Wildlife reserves
Wildlife corridors
ZOOS
Trade restrictions
(e-g., ivory)
International
treaties

Sustainable
development
Population
growth
Urbansprawl
Resource
consumption
Waste &
pollution
Standard of living
Life expectancy
Level of
education
GDP and GNP
#ofparksand
reserves
# ofspecies

Human population
Costhenefit
relationships
Utilitarian
analysis
Values
Economic
instruments
Regulations
Voluntary
strategies
Education

Global warming
Industrial activity

Land use changes

Methane (CK)
Carbon dioxide

(cot>

ChIorofluorocarb
ons (CFC)
Nitrous oxide
CN20)

Sulphur dioxide
(S02)
Temperature
Global systems
Atmospheric
chemistry
Climate systems
Hydrological
cycle
International
agreements (e-g.,
Montreal
Protocol, Rio
conference)

Endnotes

' The calculation of response rate was performed based on information that was
available at the time. For example, the calculation for the response rate at the time the
second telephone reminder used the number of people who had responded between the
dates of November 1'' and 8", 1999. This does not account for the time lag that occurs
for returning the response. This time lag will vary depending on the return method,
efficiency of the Canadian postal service and location of respondent.

'Some respondents answered this question by selecting all levels of education
they had received. E this was the case, only the highest level of education was entered.
...

'I1

The minimum age that a building could be assigned is one year. Building that

are new were assigned the minimum age.
iv

Some respondents indicated that several types of occupant activities were

conducted in one building. The main purpose of the building was of interest and this
could occasionalIy be determined by the building name. However, in the event the main
activities in the building could not be ascertained, this entry was left blank.

'Occupant density was calculated using the following equation. This equation
represents the worse case scenario as the peak number of people is used. The calculation
can be performed on an overall basis (e.g., all people and all buildings under the care of
the building manager) or on a building type basis (e.g., all people that work in the

commercial buildings and the total area of commercial buildings).
Occupant Density =

peak number of people
x 1000
total area (fi2)
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Appendix A Glossary
Absorption

Distribution of the substance from the site of exposure to the
general circulation or effector site in the organism

Accuracy

The ability of the instrument to detect the true value

Acute

One dose in less than 24 hours

Adverse effect

Detrimental result or response

Aerosol

Particles dispersed in a gas

Alveolus

Small cavity of pocket, usually in the lung where oxygen and
carbon dioxide are exchanged

Anaphylaxis

Severe allergic reaction that results in a sudden lowering of
blood pressure.

Anemia

Deficiency of red blood cells or their hemoglobin

Antidote

A substance that neutralizes or counteracts the effects of a
h
d substance

Antigen

A substance that can trigger an allergic reaction

Aromatic

A compound having physical and chemical properties
resembling those of benzene

Asbestosis

A progressive, nonmalignant fibrosis of the lung

Asthma

A (allergic) disease of respiration characterized by a sense of
breathlessness and wheezing

Autonomic system

Part of the nervous system that controls involuntary activities
such as the activities of organs and blood vessels.

Becquerel

Unit ofradio activity, equivalent to one atomic disintegration per
second

Biological endpoints

The biological effects measured as a percent of the population
a e c t e d in a toxicity test.

Biological variation

The degree of genetic diversity in a popuIation

Biotransformation

The changing of chemical by the biologic system

Blastomycosis

Fungus which can cause an infection in the lungs

Bonchus (bronchi)

Either of the two main divisions of the windpipe (trachea)

Bronchoconstriction

Narrowing of the airways in the lungs.

Building envelope

Elements of the building, including all external building
materials, windows, and walls, that enclose the internal space

Building related
illness

development of a specific set of symptoms de to exposure to a
specific agent

Calibration

comparing the output of an instrument to a previously
established standard

Carcinogenicity

A substance that causes cancer in an organism.

Cardiac arrhythmia

An abnormality in the rhythm or rate of the heartbeat

Cardiovascular

Pertaining to the heart and bIood vessels

Central nervous
system

The brain and spine

Chronic

M a n y doses over a significant portion of the organisms life span

Cilia

Cells under the mucous membrane that have projections that
beat in unison

Circadian rhythm

Any biological pattern based on a period of 24 hours

Confounding

A non-random distribution of risk factors in the sample. If two
exposures contribute to a disease, but only one is being studied,
the incorrect conclusion maybe drawn about the relationship
between the studied exposure and the disease

Confounding
(instrument)

Lack of specificity in the instrument

Contact dermatitis

An inflammation of the skin due to contact with some substance.
This reaction is sometimes due to an allergy.

Cytotoxicity

Toxicity of the cell

Dander

Shed or discarded skin cells

Demyelination

Break down of the fatty sheath that surrounds nerve fibres.

Dermat

By percutaneous route or through the skin

Diffusion

The spread of a substance by molecular movement from a high
area of concentration to a lower area

Dose

The quantity of a substance involved or introduced into a
biologic system in a unit period o f time

Drift

Change of output with same input levels

Dyspnea

Shortness of breath

EC

Effective concentration

EC50

The concentration of the substance that causes an effect in 50%
of the tested organisms
The dose of a substance that causes an effect in 50% of the
tested organisms

Effector site

The location in the organism that is harmed by the substance.

Electrostatic

Electrical charge

Encephalopathy

Any degenerative disease of the brain

Endogenous

Developing or originating within the organisms

Endotoxins

Toxins that are part of the bacteria's cell wall.

Entrainment

To draw in or pull dong

Epidemiology

The study of disease as it effects groups of people

Epithelium

The cells that cover the entire surface of the body and that line
most of the hollow structures within it.

Excretion

The method of eliminating the substance &om the biological
system

Exfiltration

Leakage of air tkom the interior o f the building to the outside

Exotoxins

Toxins released into the bacteria's environment

Exposure site

The location on the organisms that is penetrated by the substance

Fatty acid

Acids containing carbon, hydrogen, and oxygen

Friable asbestos

When it can be crushed by the application of hand pressure

Genotoxic

Toxic to the genome (e.g., DNA)

Glycoprotiens

A group or proteins containing a carbohydrate group

Goblet

Cells that produce a mucous bIanket

Haematoxicity

Toxicity of the blood

Hemoglobin

The oxygen carrying pigment in red blood cells. It combines
with oxygen and carries it fiom the lungs to deliver it to all body
tissues

Hemoglobinemia

The lack of ability of hemoglobin to transport oxygen

Histoplasmosis

Infection caused by the inhaIing of fungal spores of histoplasma
capsulaturn

Hydrocarbons

Compounds composed of hydrogen and carbon

Hydrophobic

Incompatibility with water

Hypersensitivity
pneumonitis

An inflammatory lung disease that occurs in people sensitized to

Idiopathic
environrnental
illness

bioaerosols
the illness is acquired in relation to some environmental
exposure,
symptoms involve more that one organ system, and recur
and abate in response to predictable environmental stimuli,
low exposures are required to elicit symptoms, and
the manifestations of IEI are subjective and there is no
available test that can explain symptoms and no objective
evidence of organ damage or dysfimction

In vitro

The performance of biological processes in the lab

In vivo

The p d ~ n n a n c of
e biological processes in the organism

Incidence

Number of new cases of a disease that occur during a given
period

Infiltration

Leakage of outdoor air into the building

Infrared

Having a wavelength greater than visible red light ( h > 750 nm)
but less than microwave (hc 1 m)

Ingestion

By the gastrointestinal route or eating

Inhalable Particles

Particles between 3.0 prn c 10.0 pin size

Inhalation

By the respiratory system or through breathing

Interstitial

Situated between or within the tissues of an organ or part

Ionization

Atoms or molecules that have either an extra electron (-) or a
lack of a electron (+)

Isopeth

Lines of constant concentrations, pressure, temperature,
elevation, etc,

Jaundice

Yellowing of the skin and the white of the eyes caused by
disorders of the liver

Laryngeal closure

Vocal cords

Larynx

Voice box

LC

Letha1 concentration

LC50

The concentration of the substance in the ambient environment
that causes 50% of the tested organisms to die

LD

Lethal dose

LDso

The lethal dose of the substance for 50% of the animals

Lesions

Any abnormality of structure or function in any part of the body

Limbic

An area in the center of the brain that plays a role in the
autonomic system, emotions, and in the sense of smell

Lipid

Fats and oils

LOAEL

Lowest observed adverse effect level
Lowest observed effect level

Lower level of
detection

Smallest concentration of a substance the instrument can
measure

Lysogenic pathway

Occurs when the virus invades the cell and integrates its DNA
into the cell's chromosome

Lytic pathway

A virus invades the cell, multiples within the cell, and destroys
the cell to release new viruses for fiuther infection.

Macrophages

Cells that actively digest and remove foreign matter

Mammalian

Vertebrates whose females have an organ that secretes milk to
nourish their young

Mesothliorna

Cancer of the chest or abdominal cavity

Metabolites

Reactive intermediates

Molecular weight

The sum of the atomic weights of a single molecuie of the
substance

Mutagen

Agent causing mutation

Necrosis

The death of tissue cells

NOAEL

N o observed adverse effect level

NOEL

N o observed effect level

Non-inhalable
Particles

Particles greater than 10.0 p m in size

Nonmalignant
pleural disease

A disease that thickening of the double walled lining that
encompasses the lung

Olfactory

Sense of smell

Parasitic

Live on or in and feed on live organisms in a hannful manner

Pathogen

Agent causing disease

Percutaneous

Through the skin

Peripheral
neuropathy

Disease, inflammation, or damage to the nerves that fan out from
the central nervous system (e-g., footdrop and wristdrop)

Pesticides

Includes insecticide, herbicides, fungicides, and rodenticides

Pharynx

Throat

Phaygocytes

A white or colourless blood corpuscle the ingest or destroys
h a r d i d bacteria

Photochemical

A chemical that is produced or influence by light

PM1o

Particulate matter of less than 10 p m in aerodynamic diameter

PMxs

Particulate matter of less than 2.5 pin aerodynamic diameter

Polar

Term used to describe the charge distribution across bonds and
molecules

Potentiation

Occurs when a nontoxic compound is administered in
combination with a toxic compound and exhibits a greater effect
than the original toxic compound would normally cause

Precision

The repeatability of measurements of the same quantity under
the same conditions

Prevalence

The number of cases of disease during a specified time period in
a defined population

Psychosomatic

Physical disorders that seem to have been caused or worsen by
psychological factors

Pulmonary edema

Accumulation of fluid in the lungs

Range

Upper and lower measurement Iimits

Renal

Pertaining to the kidneys

ReproducibiIity

The closeness of agreement among repeated measures of the
output for the same value of input made under the same
operating conditions over a period of time, approached fi-om
both directions

Resolution

The smallest measurement the instrument can detect

Respirable Particles

Particles less than 3.0 p in size

Rhinitus

Inflammation of the nasal membranes

Rhinoviruses

A type of virus that can cause an upper respiratory tract infection

Risk ratio

A measurement that compares the risk of occurrence of a disease
between those that have been exposed and those that have not
been exposed.

Saprophytic

Live and feed on dead organic matter

Sensitivity

The property of an instrument that determines the scale factor

Short-circuiting

A ventilation condition where the air from the inlet difiser
bypasses the majority of the room and enters the retum air grill

Sick building
syndrome

Characterized by an increase in prevalence (i-e., the number of
cases of illness over a specific period) of certain non-specific
symptoms in more than 20 percent of the work force.

Slew rate

The maximum rate of change an instrument can handle

Solubility

The capability of being dissolved, usually in water

Specificity

Uniqueness in quality or quantity of response

Stack effect

Pressure-driven air flow produced by convection as heated air
rises, creating a positive pressure area at the top of the building
and a negative pressure area at the bottom of the building

Standard Pressure

1 atmosphere

Standard
Temperature
Statistical
significance

The result is not likely due to chance factors within a specified
range.

Symbiotic

Live on or in and feed on live organisms in a beneficial manner

Teratogen

Agent causing defects in the developing fetus

Threshold

The point at which doses of a substance below this level show
no effects at the cellular, sub-cellular, and molecular level
/ EDs0 represents the relative safety of
Therapeutic index = LD5()
a substance (usually a drug)

Tight building
syndrome

Developed out of the energy crisis in the 1970's- Attempts to
conserve energy resulted in buildings that had 100% recirculated
air. Complaints included feelings of stuffiness, odours, and
tiredness.

Topical

Applied to the surface of the body

Toxicology

The study of the quantitative effects of chemicals on biological
systems

Trachea

Windpipe

Translocation

The movement of a substance across membranes

Unit risk per
iifetirne

"the additional Metime cancer risk occurring in a hypothetical
population in which all individuals are exposed continuously
from birth through their lifetimes to a concenaation of 1 pg/m3
of the agent in the air they breathe" (World Health Organization,
1999

Vapour pressure

At a fixed temperature, the pressure that the liquid and gas
phases of a substance are in equilibrium

Vertigo

Spinning sensation

Vibrissae

Stiff coarse hairs found in the nostrils

Xenobiotic

Foreign substance

Appendix B NIOSH Survey

NATIONAL INS=

FOR OCCUPATIONAL SAFETY AND HEALTH

INDOOR AIR QUALITY AND WORK ENVIRONMENT
SYMPTOMS SURVEY
The National Institute f o r Occupational Safety and Health (NIOSH) is part of the
United States Public Health Service and the division of the Centers for Disease Control
and Prevention (CDC) that is concerned with workplace health and safety. We have been

requested to evaluate the environment of your workplace and any possible health
concerns. Measurements of a .varietyof environmental conditions are being taken in your
work area throughout the day.
To help determine h o w these measurements relate to your comfort and health,
please complete the attached questionnaire. Your participation in this part of the
evaluation of this building is voluntary, but very important. Your completed
questionnaire will be collected and analyzed by NOSH investigators and your responses
WILL NOT BE SEEN BY MANAGEMENT OR UNION REPRESENTATIVES.
After completing the questionnaire, please place and sea1 it in the accompanying
envelope and return it to the NIOSH investigator in the manner specified.

"BY COh4PLETING THIS QUESTIONNAIRE, I INDICATE MY CONSENT TO

PARTICIPATE IN THIS STUDY. I UNDERSTAND CONFIDENTIALITY WILL BE
MAINTAINED".
THANK YOU FOX YOUR PARTICIPATION IN THIS STUDY.

NIOSH INDOOR ENVIRONMENTAL QUALlTY SURVEY
HETA Number
ID Number

Location

(Leave these blank)
Todays Date

/

/

Tbis survey is being conducted to determine the environmental quality of your
office building. This questionnaire asks about your office environment, your work, and
your health. Please answer the questions as accurately and completely as you can,
regardless of how satisfied or dissatisfied you are with conditions in the office. ALL OF

YOUR ANSWERS WILL BE TREATED IN THE STNCTEST CONFIDENCE.
I. WORKPLACE INFORMATION
1. How long have you worked in this building, to the nearest year?

Years

I€less than one year, how many months have you worked in this building?
Months
2. On average, how many HOURS per WEEK do you work in this building?

Hours per week
3. During LAST WEEK, how many days did you work in this building?

Days
4. Which best describes the space in which your current workstation is located?

Private office

(1)

Shared private office

(2)

Open space with partitions

(3)

Open space without partitions

(4)

Other (specifj)

(5)

4 a How many people work in the room in which your workstation is located (including
yourself)?

1

-

2-3

4-7

-8 or more

5. Is there carpeting on most or all of the floor at your workstation?
Yes (1)

No (2)

6 . In general, how clean is your workspace area?

Very clean

(1)

Reasonably clean

(2)

-Somewhat dusty or dirty

(3)

Very dusty or dirty

(4)

7. Please rate the Iighting at your workstation.

Much too dim

(1)

A little too dim

(2)

Just right

(3)

A little too bright

(4)

Much too bright

(5)

8. Do you experience a reflection or "glare" in your field of vision when at your
workstation?
Rarely

(1)

Occasionally

(2)

Sometimes

(3)

Fairly ofken

(4)

Very often

(5)

9. How comfortable is the current set-up of your desk or work table? (i-e., height and
general arrangement of the table, chair, and equipment you work with)
Very cornfortabIe

(1)

Reasonably comfortable

(2)

Somewhat uncomfortable

(3)

Very uncomfortable

(4)

Don't have one specific
desk or work table

(5)

LO. About how many HOURS per DAY do you work with a computer or word

processor, to the nearest hour?
Hours per day

Don't use one (9)

10a. If you use a computer or word processor, do you usually wear glasses when
you use these machines?
Yes(1)

-No (2)

-Not Applicable (9)

lob. Do you use a glare screen on your computer?

Yes(l)

-No(2)

-Not Applicable (9)

11. Which one of the following statements best describes the windows in your work
area?
There are no windows in my personal workspace and none in the general area
visible fiom my workspace (when I am either standing or seated).

(2)

There are no windows in my personal workspace, but I can see one or more
windows in the general area.

(2)

There are one or more windows in my personal workspace.

(3)

12. If there is a window visible fiom your workspace, about how far (in feet) is the

closest window from your desk chair?
Check here if no window (9)

feet

13. During the PAST THREE MONTHS, have the following changes taken place within
15 feet of your current workstation?

YES(I)
New carpeting

-

NO(2)

-

Walls painted
New fiuniture
New partitions
New wall covering
Water damage

-
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14. How often do you use the following at work? (Check the appropriate box for each

item.)

Several times

About once

3-4 times

Less than

a day

a day

a week

3 times/week

(1)

(2)

(3)

(4)

Never

Photocopier
Laser printer
Facsimile (FAX)
machine
Self-copying
(carbonless)
COPY paper
Cleanser, glue,
correction fluid,
or other strongsmelling chemical
15. Do you presently have any of the following pets at your home?

-~
No (2)

Dog:

Yes (1)

Cat:

Yes (1) -NO ( 2 )

Bird:

Yes(l) -No ( 2 )

a. INFORMATION ABOUT HEALTH AND WELL-BEING
1. Have you ever been told by a doctor that you have or had any o f the following?

YES

NO

Eyes for sinus infection or asthma,

(1)

(2)

in approximately what year was the
diagnosis first made?

Sinus infection
Asthma

Migraine
Eczema

Hay fever
Allergy to dust
Allergy to molds
Allergy to cats
2. What is your tobacco smoking status?
Never smoked

(1)

Fonner smoker

(2)

Current smoker

(3)

3. Do you consider yourself especially sensitive to the presence of tobacco smoke?

Yes(1) .No (2)
4. Do you consider yourself especially sensitive to the presence of chemicals in the air
of your workspace?

-Yes (1)

No (2)
5. What type of corrective lenses do you usually wear at work? (Check all that apply)

-None

(1)

Glasses

(2)

Bifocals

(3)

Contact lenses

(4)

6 . How old were you on your Iast birthday?
under 20

20-29 years

30-39 years

40-49 years

50-59 years

over 59 years

7. Are you:

Male (1 . Female (2)
This page contains questions regarding symptoms you may have experienced while at
work during the last 4 weeks. The following EXAMPLE shows how an employee might
fill out this type of questionnaire.

During the LAST FOUR WEEKS YOU WERE AT WORK., how often have you
experienced each of the following symptoms while working in this building?

447

If you answer "Not in Last 4 Weeks" for a symptom, please move down the page
to the next symptom.
Not in

1-3 Days

1-3 Days

Every or

last 4

inLast4

PERWKin

Almost

Weeks

Weeks

Last 4

Every

Weeks

Workday

(3)

(4)

SYMPTOMS
(1)
ringing in ears X
toothache

(2)

X
X

hiccups

X

leg cramps

ANSWER THE FOLLOWING, ONLY IF YOU EXPERIENCED ONE OR MORE OF

THE ABOVE SYMPTOMS
During the LAST FOUR WEEKS YOU WERE AT WORK, what happened to this
symptom at times WHEN YOU WERE AWAY FROM WORK? (e-g., holidays,
weekends)

SYMPTOMS
Got

Stayed

Got

Worse

Same

Better

(1)

(2)

(3)

ringing in ears
toothache

X

hiccups
leg cramps

X
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ANSWER THE FOLLOWING, ONLY IF YOU EXPERIENCED ONE OR MORE OF

THE ABOVE SYMPTOMS
While at work TODAY, did you experience this symptom?
SYMPTOMS

YES

NO

(1)

(2)

ringing in ears
toothache

X

hiccups
leg cramps

X

The above responses show that DURING THE LAST 4 WEEKS while at work, THIS

EMPLOYEE:
1. DID NOT experience TOOTHACHE or RINGING EARS.

2. Experienced HICCUPS 1-3 days. HICCUPS STAYED S A M E when away &om
work. NO HICCUPS on day of survey.
3. Experience LEG CRAMPS almost every day. LEG CRAMPS GOT WORSE when

away fiom work. HAD LEG CRAMPS on day of survey.

(NOTE that the symptoms in this example are for illustration only and ARE NOT the
same as those on the following page)

During the LAST FOUR WEEKS YOU WERE AT WORK, how often have you
experienced each of the following symptoms while working in this building?
If you answer "Not in Last 4 Weeks" for a symptom, please move down the page to the

next symptom,

SYMPTOMS
dry,itching,or irritated
eyes
wheezing
headache
sore or dry throat
unusual tiredness,fatigue
or drowsiness
chest tightness
s t u f f y or m y nose, or
sinus congestion
cough
tired or strained eyes
tension,irritability,
or nervousness
pain or stifiess in back,
shoulders, or neck
sneezing
difficulty remembering
things or concentrating
dizziness or lightheadedness
feeling depressed
shortness of breath
nausea or upset stomach
dry or itchy skin

Not in

1-3 Days

1-3 Days

Every or

last 4

in Last 4

PER WK in

Almost

Weeks

Weeks

Last 4

Every

Weeks

Workday

(3)

(4)
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ANSWER THE FOLLOWING, ONLY IF YOU EXPERJENCED ONE OR MORE OF

THE ABOVE SYMPTOMS
During the LAST FOUR WEEKS YOU WERE AT WORK, what happened to this
symptom at times WHEN YOU WERE AWAY FROM WORK? (e-g., holidays,
weekends)

SYMPTOMS
Got

Stayed

Got

Worse

Same

Better

(1)

(2)

(3)

dry,itching,or irritated
eyes
wheezing
headache
sore or dry throat
unusual tirednes~~fatigue
or drowsiness
chest tightness
stuffy or m y nose, or
sinus congestion
cough
tired or strained eyes
tensi~n~imtability,
or nervousness
pain or stiffhess in back,
shoulders, or neck
sneezing
dificulty remembering
things or concentrating
dizziness or lightheadedness
feeling depressed
shortness of breath
nausea or upset stomach
dry or itchy skin

ANSWER THE FOLLOWING, ONLY IF YOU EXPERIENCED ONE OR MORE OF

THE ABOVE SYMPTOMS
While at work TODAY, did you experience this symptom?

SYMPTOMS
YES
dry,itching,or irritated
eyes
wheezing
headache
sore or dry throat
unusual tiredness,fatigue
or drowsiness
chest tightness
stuffy or runny nose, or
sinus congestion
cough
tired or strained eyes
tension, irritability,
or nervousness
pain or stifiess in back,
shoulders, or neck
sneezing
difficulty remembering
things or concentrating
dizziness or li.;htheadedness
feeling depressed
shortness of breath
nausea or upset stomach
dry or itchy skin

NO

III. DESCRIPTION OF WORKPLACE CONDITIONS
During the LAST FOUR WEEKS YOU WERE AT WORK,how often have you

experienced each of the following environmental conditions while working in this
building?

Kfyou answer "Not in Last 4 Weeks" for a condition, please move down the page to the
next condition.
Not in

1-3 Days

1-3 Days

Every or

last 4

in Last 4

PER WK in

Almost

Weeks

Weeks

Last 4

Every

Weeks

Workday

SYMPTOMS
too much air movement
too little air movement
temperature too hot
temperature too cold
air too humid
air too dry
tobacco smoke odors
unpleasant chemical odors
other unpleasant odors
(e.g.,body odor, food
odor, perfime)
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ANSWER THE FOLLOWING, ONLY IF YOU EXPERIENCED ONE OR MORE OF

THE ABOVE ENVIRONMENTAL CONDITIONS
TODAY, while working at your usual workstation, did you experience this
environmental condition?

SYMPTOMS
YES

NO

too much air movement
too little air movement
temperature too hot
temperature too cold
air too humid
air too dry
tobacco smoke odors
unpleasant chemical odors
other unpleasant odors
(e.g.,body odor, food, odor, perfume)
How satisfied are you with the folIowing aspects of your workstation?
A. Conversational privacy

Very satisfied

(1)

Somewhat satisfied

(2)

Not too satisfied

(3)

Not at all satisfied

(4)

B. Freedom from distracting noise
Very satisfied

(1)

Somewhat satisfied

(2)

Not too satisfied

(3)

Not at all satisfied

(4)

IV. CHARACTERISTICS OF YOUR JOB
1. What is your job category?
Manageria1

(1)

Professional

(2)

Technical

(3)

Secretarial or Clerical

(4)

Other (specify)
(5)
2- MI in all, how satisfied are you with your job?

Very satisfied

(1)

Somewhat satisfied

(2)

Not too satisfied

(3)

Not at all satisfied

(4)

3. What is the highest grade you completed in school?
8th grade or less

(1)

Some high school

(2)

High school graduate

(3)

Some college

(4)

College degree

(5)

Graduate degree

(6)

455

4. Conflicts can occur in any job. For example, someone may ask you to do work in a

way that is different from what you think best, or you may find that it is difficult to
satisfy everyone. HOW OFTEN do you face problems in your work like the ones listed
below? (Check the appropriate blank for each statement.)
Rarely

Sometimes

Fairly

Very

or Never

Often

Often

(1)

(3)

(4)

Persons equal in rank
and authority over you,
ask you to do things
which conflict.
People, in a good position
to see if you do what they
ask, give you things which
conflict with one another.
People, whose requests
should be met, give you
things which conflict with
other work you have to do.
5. The next series of questions asks HOW OFTEN certain things happen AT YOUR

JOB. (Check the appropriate blank for each question.)
Rzrely Occasionally Sometimes

How often does your
job require you
to work very fast?

How often does your
job require you
to work very hard?
How often does your
job leave you with
little time to get

Fairly

Very

Often

Often

things done?
How often is there
a great deal to be
done?
How often are you
clear on what your
job responsibilities
are?
How often can you
predict what others
will expect of you
on the job?
How much of the time
are your work
objectives well
defined?
How often are you clear
about what others expect
of you on the job?
6 . The next series of questions asks about responsibilities OUTSIDE YOUR NORMAL

WORKING DAY. D o you currently have the following responsibilities?
RESPONSIBILITY

Major responsibility for
childcare duties
Major responsibility for
housekeeping duties
Major responsibility for
care of an elderly or disabled
person on a regular basis
ReguIar commitment of five hours
or more per week, paid or unpaid,

YES

NO

(1)

(2)

outside of thisjob (include educational
courses, volunteer work, second job, etc.)

PLEASE USE THE RE-G

SPACE TO DISCUSS ANY ASPECTS OF THE

BUILDING EFNRONMENT OR EMPLOYEE HEALTH THAT YOU FEEL
APPROPRIATE.

Appendix C Odour Descriptors
(Dravnieks, 1985)
Fragrant
Sweaty
Almond-like
Burnt, smoky
Herbal, green, cut
IFaSs
Etherish, anaesthetic
Sour acid, vinegar
Like blood, raw meaty

Dry, powdery
Like ammonia
Disinfect=;, carbolic
Aromatic
Meaty (cooked, good)
Sickening
Musty, earthy, rnouldy
Sharp, pungent, acid
r

Camphor-like
Light
Haevy
Cool, cooling
Warm
metallic
Perfumery
Malty
Cinnamon
Popcorn
Incense

Vanilla-like
Fecal (like manure)
Floral
Yeasty
Cheesy

Alcohol-like
Dill-like
Chemical
Creosote
Green pepper

Honey-like
Anise (licorice)
Turpentine (pine
oil)
Fresh green
vegetabtes
Medicinal
Orange ( h i t )
Buttery (fresh)
Like burnt paper
Cologne
Caraway
Bark-like, birch
bark
Rose-like
Celery
Burnt candle
Mushroom-like
Wet wool, wet dog
Chalky
Leather-like
Pear(fhit)
Stale tobacco
smoke
Raw cucumber-like
Raw potato-like

Household gas
Peanut butter
Violets

Cantaloupe, honeydew
melon
Tar-like

Mouse-like

Eucalyptus

Bean-like

Elack-pepper-like

Tea-leaves-Iike
Strawberry like
Stale
Cork-like
Lavender
Cat-urine-like
Pineapple ( h i t )
Fresh tobacco
smoke
Nutty (walnut, etc.)
Fried chicken
Wet paper-like
Coffee-like
Peach ( b i t )
Laurel leaves
Burnt milk
Sewerodour
Sooty
Crushed weeds
Rubbery (new
rubber)
Bakery (fi-esh
bread)
Oakwood, cognaclike
Grapefruit

Oily, fatty
Like mothballs
Like gasoline, solvent
Cooked vegetables
Sweet

Banana-like
Burnt rubber-like
Geranium leaves

Urine-like

Fishy

Beery (beer-like)
Cedarwood-like

Spicy
Paint-like
Rancid
Minty, peppermint

Coconut-like
Rope-like
Seminal, sperm-like
Like cleaning fluid

Grape-juice-like
Eggy (fresh eggs)
Bitter
Cadaverous, like
dead animal
Maple (as in syrup)
Seasoning (for
meat)
Apple ( h i t )
Soupy
Grainy (as grain)
Clove-like

(cubona)
Suphidic
Fruity (citrus)
Fruity (other)
Putrid, foul, decayed
Woody, resinous

Cardboard-like
Lemon ( h i t )
Dirty hen-like
Kippery (smoked
fish)
Caramel

Musk-like
Soapy
Garlic, onion
Animal

Sauerbut-like
Crushed grass
Chocolate
Molasses

Raisins

Hay
Kerosene
Nail polish remover
Fermented (rotten)
fruit
Cherry C b e ~ )

Varnish
Sour milk

- -

Odour

Chemical Structure

Chemical Exarnplc

Perfumes,
beeswax,
ether

Alkanes, alkenes, alkynes, alky l halides, nitro
alkanes to about C5,alcohols to Cj, ethers
(linearly) to about C8

Ethyl acetate, amyl acetate, ethyl buyrate,
lnethyl buyrate, acetone, ethyl ether,
chloroform, 1-propano1

Camphor
Spices:
cloves,
ginger,
pepper,
peppermint

Substituted be~lziodand alicyclic (mediumring) derivatives, with these substituents:
hydrozyl, methozyl, dioxymethylenyl,
carconyI, allyI, and propeny 1.

Camphor. borneol. pinene
Eugenol, benzaldehyde

Anise

Anethole, safole, methyl salicylate,
thymol, menthol

Citron

Citral, geraniol, IinaloOl

Almond

Benzaldehyde, nitrobenzene, benzonitrilc

Flowers

Substituted (medium-ring) cyclic and isosteric
compounds, with a carbon chain from C2to Cs
and these functional groups, alcohols (esters),
carbonyl, and carboxyl (ester)

Phenyl ethyl alcohol, ethyl anthranilate,
terpineol, methyl salicylate

-

..
..
---

Lily

Piperonal, ionone, irone

Vanilla,
balsam,

Vanillin, courmarin, anisaldehydc

Oily

Category

Odour

Chemical Structure

Chemical Example

Ambrosiac

Amber, musk

Macrocyclic (CI4to C18)and isoteric
compounds with cross-sectional area of 50
Angstroms and a length over breath ration
of 3, ~nolecularweight of about 250, and
well exposed functional groups, alcohol,
ether, carbonyl ester and nitro

Muscone, artificial musk

Onion, garlic

Straight chain thiols, thioethers, thials,
thioketones, thioesters, linear dialkyl-,

Acetylene, hydrogen sulphide,
mercaptans (thiols), ally1 sulphide, ethyl

dialenyl-, di- and tri-suphides

sulphide

Cacodylic

Cacodyl, trimethylamine

Iodine

Bromine, iodine

Empyreum Roasted coffee,
atic (burnt) tobacco smoke,
xylol,
naphthalene
Hircine

Goaty, cheese,
sweat, chestnuts
Rancid (fatty)

Benzenoid hydrocarbons, phenols, cresols,
xylenols, lower ethers, substituted
dioxofurons and pyrans

Petroleum, toluene, xylene, phenol,
guaiacol, cresol, benzene, napthalene,
anthracene, acrolein, aniline, pyridine,
toluidine, xylidine, amyl alcohols and
homologues, guaiacol
Caproic acid and homologues,
pentamethylenediamine (cadaverine),
dietllyl-sulphide

Saturate linear aldehydes from C5 to Cis,
Butyric acid
methyl ketones from C l oto CIS,fatty acids
from C4 to CIS;alcohols and esters from
el0 to C15

Category

Odour

Foul

Narcotics,
some bugs,
coriander
flower

Nauseous

Carrion,
feces, putrid
fish, urine

Chemical Structure

Chemical Example

Pryidine, quinoline, alkaliods

Pyrrol, pyridine, chinoline, indole and
lower homologues, steriods and isoteric
compounds, organic diamit~oand
aminosulphide compounds

Herbaceous
(green)

Unsaturated linear aldehydes from C5to
Clo,esters from about C2 to CIO,linear
ketones from Csto Clo

Woody

Two or three ring systems and isoteric
compounds with about 12 to 17 C atoms

Indole, skatole

and these functional groups, alcohol
(ester), carbonyl
Metallic

Ilexanol

Appendix E Consent Form

UNIVERSITY OF CALGARY
CONSENT FORM
Research Project Title: The Development of Indoor Air Quality Performance Indicators
Investigator: Christine Schuh

Funding Agency:

This consent form, a copy of which has been given to you, is only part of the
process of informed consent. It should give you the basic idea of what the research is
about and what your participation will involve. If you would like more detail about
something mentioned here, or information not included here, please ask. Please take the
time to read this fonn carefully and to understand any accompanying information-

One objective of this study is to develop performance indicators for indoor air
quality. Performance indicators are a management tool which provide objective and
credible measures of the state of the environment and how it is being affected, or a
measure of how an organization's management is effecting change in the environment.
You have been contacted because you manage the area for which the indoor air quality is

being examined and will participate in the development of the performance indicators.

This consent form is to describe the interview to you and to request your consent to
conduct it.
The interview consists of a variety of questions we would like to ask you. Most
of these questions will concern:
what areas of concern you have about indoor air quality,
what objectives you would like to achieve with indoor air quality performance
indicators,
what indoor air quality guidelines you think are appropriate,
what you might use indicators for,
what criteria are needed to develop indicators, and

how significant is each criterion.
Some of these questions will concern your opinion on the effectiveness of the
performance indicators for indoor air quality, which are developed by this research- Most
the information obtained during this study is dealt with as group data: forms are coded,
names removed, and information is pooled across the management group. This
information is not confidential, as the results will be published in a dissertation, which is
a public document- However, the results will be anonymous unless there is pertinent
information that comes &om you- This pertinent information may be published and you
identified as the source only if there is written permission from you. This written
permission will include the content of the pertinent information and the context in which
the pertinent information will be used. Information collected fiom this project will be
disposed of no later than January 1,2000.
Participation in the interview may benefit you. The infoxmation we receive may
identi& pertinent performance indicators for indoor air quality. These indicators may be
used by you to identify areas of concern, determine the status of the indoor air quality,
and assess the effectiveness of changes to the indoor air environment. In the long run, we

hope the performance indicators that we develop can indicate potential problems in the

indoor air environment before they become a significant health hazard andlor
management problem.
The interview and discussions are expected to take a total of 1 day of your time.
At the end of this study, you will also be asked to fill out a questionnaire regarding the
effectiveness of each individual proposed performance indicator. A summary of the
completed study will be available through the -------.
Your signature on this form indicates that you have understood to your
satisfaction the information regarding participation in this research project and agree to
participate as a subject. In no way does this waive your legal rights nor release the
investigators, sponsors, or involved institutions fiom their legal and professional
responsibilities. You are fiee to withdraw fiom the study at any time. Your continued
participation should be as informed as your initial consent, so you should feel free to ask
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for clarification or new information throughout your participation. If you have fbrther

questions concerning matters related to this research, please contact:
Christine Schuh
(403) ###-####

If you have any questions concerning your participation in this project, you may
also contact the Environmental Design Local Research Ethics Committee, Professor Tom

Harper, (403) ###-#f#f#.

Participant

Date

Investigator/Witness (optional)

Date

A copy of this consent form has been given to you to keep for your records and
reference,

Appendix F Pressure Indicators
Management
Improper operation of heating, ventilating and air conditioning (HVAC) equipment
Poor selection or control of building contents
Lack of communication with occupants, contractors, visitors, etc.
Lack of or inadequate hazardous material handling procedures

Maintenance
Improper maintenance of W A C equipment
Poor maintenance of site including general debris, improper cleaning, pooling of
water, etc.
hproper storage of materials

Temporary Construction and/or Repairs
Contaminants associated with construction that infiltrate occupant spaces
Construction practices that increase contaminant concentrations andlor exposure

Design
Inadequate HVAC system
Infiltration by internal sources into other areas
Building components that increase airborne contaminants
Infiltration by external sources

Increased Use or Change in Occupancy
Space not designed for occupant activities

High occupant density

Appendix G State Indicators
Effective Ventilation

Effective Temperature

Combustion Mltration
Particulate Load
Odour Intensity

Appendix H Response Indicators
Management
Effective communication with occupants, visitors, contractors, and maintenance
personnel
Allocate resources to solve problems

Ensure that there are proper procedures for hazardous activities or that the procedures
for handling hazardous materials are followed
Assign responsibilities for indoor air management
Have a procedure for receiving complaints
Ensure proper documentation of responsibilities and site procedures
Review and reevaluate procedures for hazardous materials and activities
Have a company policy addressing indoor air quality issues

Maintenance and Operation
Check HVAC system for proper operation including air filtration equipment, integrity
of sound liners, leaks in any water systems, control systems, etc.
Regularly check environmental factors such as temperature, relative humidity, fiesh
aidreturn air ratio, etc.
Check cleanliness of HVAC system including debris in intake grilles, duct work, on
equipment, etc.
Check building air flow patterns for proper distribution and potential for cross
contamination
Check for stagnate water on site or immediately adjacent to intakes
Check cleanliness of site
Check effectiveness of isolation systems for hazardous materials in storage

Preparation and Supervision of Construction and/or Repairs
Follow appropriate procedures for hazardous activities or the handling of hazardous
materials
Adjust construction or repair activities to minimize impact on occupants

Specifications for construction methods in contracts
Adjust environment and/or scheduling to accommodate construction or repair
activities
IsoIation of occupants fiom temporary disturbances

Preventative Design
HVAC design that considers IAQ
Consideration of internal contaminant sources
Consideration of external contaminant sources
Use of criteria for the selection of building systems, components, and materials
Accommodate expansion or alternative uses for the building in design

Education and Training
Meetings with occupants, contractors, consultants, project manager, etc. to inform of
on-site procedures
Incorporation of information into mandatory training
Provide information in private documents such as letters, memos, contracts, etc.
One-on-one consultations
Information seminars
Provide information in general public documents such as newsletters, posters, web
sites, etc.

Appendix I

Cover Letter, Follow-up Reminder Letter, and Script For Telephone

Follow-up
Cover Letter
October 12, 1999
{(Courtesy_Title)><d?irst-Name)) <d;ast-Name))
((Title))
{(Company,)
({Street-Address))
{(City>,,({State-or-Province))
(d'ostal-Code))
Dear <<Courtesy_Title))
<<First-Name))<Last-Name)):
You have been selected to participate in a survey about the potential effectiveness
of an indoor air quality management tool (performance indicators) because you manage
buildings for a post-secondary institution or manage a building or buildings in the
Calgary area. Although participation in this survey is optional, if you choose to
participate, the results, an analysis of the results, and details of the management tool will
be available to you by e-mail. We believe this information will be usehl to you in your
role as a building manager. The survey includes questions about:
your experience and educational background,
the type of buildings you currently manage, and
your opinions on the different aspects of the indoor air quality management tool
(performance indicators).
Depending on how many buildings you manage, it should take between 15 to 30
minutes to complete the questionnaire.
Poor indoor air quality can create major financial and personnel problems and can
be a difficult issue to manage. Our experience has shown that these problems can quickly
escalate into major issues. The purpose of our research has been to develop practical,
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effective, and efficient solutions to problems associated with indoor air quality. A set of
performance indicators is one management tool that managers can use in dealing with
issues of indoor air quality. Performance indicators provide clear, succinct information to
managers about the state of the indoor air (state indicators), factors that cause poor indoor

air quality (pressure indicators), and factors people can do to correct indoor air quality
problems (response indicators). We have developed performance indicators for indoor

air quality but we need your help to determining if these performance indicators are
appropriate. The results of this survey will provide building managers with an additional
tool to manage indoor air quality issues.
We recognize how busy you must be and greatly appreciate the time you have
taken to complete this questionnaire. When you are finished with the questionnaire, seal
the questionnaire in the attached enveIope, and return by November 15, 1999.

Your decision to complete and return this questionnaire will be interpreted as an
indication of your consent to participate. Your responses are confidential. No names or
individual information will be released, Please understand that you do not have to
answer any questions that cause you concern. The information you provide will be coded
and kept in a secured computer file available only to the researcher. This information

will be destroyed at the conclusion of the project, If you have any questions or concerns,
please feel fkee to contact Chris Schuh at the University of Calgary, (403) ###-#### or by
e-mail at ckschuh@ucal~ary.ca.
Sincerely,

Dixon Thompson, B.Sc., Ph.D.

Chris Schuh, P.Eng., M.Eng.

Professor, Faculty of Environmental Design

Ph.D. Candidate

Follow-up Reminder Letter
November 1,1999
((Courtesy-Title)) (<FirstName))((Last-Name))
<<Title>>
(<Company)
<<StreetAddress>)
<(City>>,
<(State-or-Province))
<<Po
stal-C ode))
Dear (<First-Name)) (Last-Name)):
About two weeks ago we sent you a questionnaire about indoor air quality. This
is a reminder asking you to complete this questionnaire. Ifyou have already done so,
please accept our sincere thanks. If not, we would appreciate your response mailed by

November 15", 1999. We recognize how busy you must be and greatly appreciate you
taking the time to complete this questionnaire. E b y chance you 6;d 'lot receive the
questionnaire or it got misplaced, please contact Chris Schuh to arrange to have a copy
faxed or e-mailed to you.
The information you provide will help you and others in managing buildings.
Your opinions will help determine if the performance indicators developed by the
research are a good tool for managing indoor air quality. Although participation in this
survey is optional, if you choose to participate, the results, an analysis of the results, and
the firU set of indoor air quality indicators will be available to you by e-mail. We believe
the find report will be useful to you in your role as a building manager.
Your responses are confidential. No names or individual information will be
released. If you have any questions or concerns, please feel fiee to contact Chris Schuh
at the University of Calgary, (403) ####### or by e-mail at ckschu.h@ucalgary.ca.
Sincerely,
Chris Schuh,P-Eng., M.Eng.
Ph.D. Candidate

Script for Follow-up Telephone Reminder

Good-morninglAftemoon, is cd?irst_Narne)>(Last-Name)) in?
Hello (<First-Name))<Last-Name w ,it' s Christine Schuh calling from the
University of Calgary. I'm calling to check if you have received an indoor air quality
survey I sent you about a month ago.
Did you receive it?
Do you have any questions about it?

This is also a call to encourage you to respond. The information you provide is
important. Thank you for your time and have a good day. Good-bye.

Appendix J

Questionnaire
INDOOR AIR QUALITY QUESTIONNAIRE

FTRST, SOME FACTS B O U T YOU
1. Gender

Male

Female

2. Age Group

3. Please check the highest level of education you have completed.
High school
Some technical or trade school

UTechnical or trade school certificate
Some university ..................

IJ

business

science

engineering

University graduate .............

business

science

engineering

Postgraduate ........................

business

science

[7 engineering

4. Which professional accreditations/credentials do you have? (check all that apply)

Professional Biologist (P-Biol)
Professional Chemist (P-Chern)
Professional Engineer (P.Eng)

0Certified Faciliy Manager (CFM)
UCertified Property Manager (CPM)
Real Property Administrator (RPA)
Facilities Management Administrator (FMA)
others, please specify

5. How many years have you managed buildings?

Other
Hazardous
Areas
Print
Shops
Wood
Shops
Science
Labs
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PLEASE ANSWER SOME QUESTIONS ON INDOOR AIR Q U a I T Y
Formal indoor air quality complaints usually involve a specific person contacting the building
manager with the intent to communicate a concern. These fonns of communication can involve
telephone calls, written complaints, and/or meetings. Informal complaints tend to occur by way
of another conversation such as a casual remark or overheard conversation. ExampIes of indoor
air quality complaints can include improper temperature, odours, drafts, dry eyes, wheezing.
headaches, etc.
6. In the past year, how many times has the issue of indoor air quality been brought to your

attention in a formal manner?

If any, generally in what form (select one)?
telephone call
written complaint (letter, memo, e-mail)

O meeting
0other, please specify
7. In the past year, how many times has the issue of indoor air quality been brought to your
attention in an informal manner?
N/A

[7 1-5

6-10

If any, generally in what form (select one)?

0casual remark

u overheard conversation
0other, please specify
8. In the past year, what would you estimate you have spent in total time and costs, addressing
indoor air quality issues?

hours &

dollars
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PLEASE PROVIDE SOME OPINIONS ON INDICATORS FOR INDOOR AIR QUALITY
Performance indicators provide clear, succinct information to managers for decision making.
They usually are developed in groups of three representing the state of the environment (state
indicators),things that cause a negative change in the state (pressure indicators), and things that
people can do to correct the problems in the environment (response indicators). The pressurestate-response pattern is usefbl in determining cause and effect relationships so that appropriate
measures can be taken to fix the problem.

State Indicators
State indicators monitor the quality of the stir. Measurements are usually taken regularly (e-g.,
monthly) to ensure that building air quality is maintained. The purpose is to provide early
warning of changes in the building environment, Following is a list of state indicators for indoor
air quality. How appropriate do you feel these indicators are in providing information about the
state of the indoor air? Please circle your response using the 1-5 scale.
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State
Indicator
Name
Effective
Temperature

Effective
Ventilation
Combustion
Infiltration
Odour
Intensity
Particulate
Load

r

Monitors
ventilation rates
based on occupancy
loads
contamination of
indoor air by
combustion byproducts
levels of volatile
organic compounds
(VOCs)
levels of dust and
other airborne
matter

Required
Measurements
temperature and
relative humidity
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carbon dioxide
(COz)

carbon monoxide

9. Could you explain why you feel fhat these are appropriate or inappropriate state indicators?

10. Are there any other state indicators that you feel are appropriate?

Yes

No

If yes, please specify (provide sources of information

such as books, web sites, newsletters, etc., where possible.)

Pressure Indicators
Pressure indicators provide a means for tracking and assessing factors that can negativeIy effect
the quality of the indoor air. Typically, there are five problem areas;
inadequate management,
inadequate maintenance program,
inherent building or mechanical design deficiencies,
temporary construction and renovation, and
increased use or change of occupancy.
The following is a list of items that tend to negative effect indoor air quality. How important do
you feel each item is in negatively effecting indoor air quality? Please circle your response using
the 1-5 scale.
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Management
Improper operation of heating, ventilating and air
conditioning (HVAC) equipment
Poor selection or control of building contents
Lack of or inadequate hazardous material handling
procedures
Lack of communication with occupants, contractors,
visitors, etc.
Maintenance
Poor maintenance of site including general debris, improper
cleaning, pooling of water, etc.
Improper storage of materials
Improper maintenance of W A C equipment
Temporary Construction andor Repairs
Contaminants associated with construction that infiltrate
occupant spaces
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11. Could you expIain why you feel that these are important or unimportant pressure indicators?

12. Are there any other pressure indicators that you feel are appropriate?

If yes, please specify (provide sources of information
No
such as books, web sites, newsletters, etc., where possible.)
Yes

Response Indicators
Response indicators monitor activities that can improve the quality of the indoor air. Typically,
improvements can arise fiom five areas;
better management,
improved maintenance and operation,
more careful preparation and supervision of construction and repairs,
using preventative designs for modifications and new structures, and
education and training.

The following is a list of activities that people can do to improve indoor air quality. How
important do you feel each activity is in responding to problems with indoor air quality? Please
circle your response using the 1-5 scale.
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Management
1
Have a company policy addressing indoor air quality issues
1
Assign responsibilities for indoor air management
1
Allocate resources to solve problems
Ensure proper documentation of responsibilities and site
1
procedures
Review and reevaluate procedures for hazardous materials
and activities
Ensure that there are proper procedures for hazardous
1
activities or that the procedures for handling hazardous
materials are followed
Effective communication with occupants, visitors,
I
contractors, and maintenance personnel
1
Have a procedure for receiving complaints
Maintenance and Operation
Regularly check environmental factors such as temperature,
1
relative humidity, fiesh airfreturn air ratio, etc.
Check HVAC system for proper operation including air
1
filtration equipment, integrity of sound liners, Ieaks in any
water systems, control systems, etc.
Check building air flow patterns for proper distribution and
potential for cross contamination
Check cleanliness of HVAC system including debris in
1
intake grilles, duct work, on equipment, etc.
Check for stagnate water on site or immediately adjacent to
I
intakes
Check effectiveness of isolation systems for hazardous
1
materials in storage
1
Check cleanliness of site
Preparation and Supervision of Construction and/or Repairs
Adjust environment and/or scheduling to accommodate
1
construction or repair activities
1
Isolation of occupants fiom temporary disturbances
Follow appropriate procedures for hazardous activities or
1
the handling of hazardous materials
Adjust constxction or repair activities to minimize impact
1
on occupants
1
Specifications for construction methods in contracts
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Activity

0

Preventative Design
Consideration of external contaminant sources
Use of criteria for the selection o f building systems,
components, and materials
Accommodate expansion or alternative uses for the
building in design
Consideration of internal contarninant sources
Education and Training
One-on-one consultations
Provide information in private documents such as letters,
memos, contracts, etc.
Incorporation of information into mandatory training
Meetings with occupants, contractors, consultants, project
manager, etc. to inform of on-site procedures
information seminars
Provide information in general public documents such as
newsletters, posters, web sites, etc.
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13. Could you explain why you feel that these are important or unimportant response indicators?

14. Are there any other response indicators that you feel are appropriate?

Yes

0No

Eyes, please specify (provide sources of information

such as books, web sites, newsletters, etc., where possible.)

15. Do you think performance indicators wouId be usehi in managing indoor air quality

concerns?

Yes

No

FURTHER COMMENTS

OPTIONAL INFORMATION
As a result of participating in this survey, the results, an analysis of the results, and the full set of
indoor air quality indicators will be available to you. To reduce costs and increase response time,
these results are only available by e-mail. If you wish to receive this information, please provide

your e-maiI address in the space below.

Do you wish to receive the results of the survey?

If yes, please provide your e-mail address

0yes

NO

Appendix K Statistical Equations
Response Rates

response rate =
response rate =

# of people who respond
x 100
# of eligible respondants
# of people who respond
# of mailed questionnaires - # of questionnaires "returned to sender"

Descriptive Statistics

Average (mean): This is the most commonly used measure of central tendency.
The average is the sum of the data divide by the number of pieces of data. It is sensitive
to extreme values in the data.
-

x=

gxi
i-1

n

-

sum of the data
number of pieces of data

Median: This is the data value that occurs at the mid-point of the data set when it
is arranged in increasing order. The median is resistant to extreme values in the data and
is usually the preferred measure of central tendency when this occurs.

Range: Range is the difference between the maximum and minimum values in

the data set. Range is easy to calculate but only relies on two pieces of information and
ignores the rest of the data set. Range is sensitive to extreme values in the data.

Sample Standard Deviation: This is a measure of dispersion about the average and
is usually used in combination with the average to describe the data.

sample standard deviation = s =

Paired 2-Interval Procedure

Assumptions:

faired samples: yes

1

i=I

n-1

x 100

Large sample (n>30): yes, n = 44
Null and alternative hypotheses:

Significance level, at = 0.05 or 95% coddence interval, which converted into z
values for a two tailed area is -1.96 < z c 1.96.
Calculate the paired differences, d = xl - xz, of the sample pairs. Refer to the
following table.
Compute the vaIue of the z statistic.

The z-statistic, refer to the bottom of the following table, is -5.74, which falls
outside the null hypothesis range (-1.96 c z -= 1.96). The null hypothesis must be rejected
and the alternative hypothesis accepted. There is a sigmficant difference of opinions
between private and post-secondary educational institution building managers about the
set of IAQ performance indicators.
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Differences in the Average Opinion of Building Managers

-

n

a m ' s
0
a

-=
-s a 2
t.caEg
"

+ = a M

(

State
Indicators

Pressure Management
Indicators

Maintenance

Construction/
Repairs

Design

Increased Use
o r Occupancy
Changes

Effective Temperature
Effective Ventilation
Combustion Infiltration
Odour Intensity
Particulate Load
Improper HVAC
Operation
Poor Selection of
Building Contents
Lack of Material
Handling Procedures
Lack of Communication
Poor Maintenance of
Site
Improper Storage
Improper Maintenance
of HVAC
Construction
Contaminants that
Infiltrate Occupant
Spaces
Construction Practices
that Increase
Contaminants
Infiltration by External
Sources
Infiltration by Internal
Sources
Inadequate W A C
Design
Building Components
High Occupant Density
Space Not Designed for
Occupant Activities

- -

c-

.-=p g
= ,2w - zg %B
f
==e 5
3 m a s a
J.:>

w-< =$

3-84
4.25
3 -95
3-55
3 -70
4.65

4-14
4.3 8
4.1 1
3-68
3.68
4.82

-0.29
-0.13
-0.16
-0.13
0.02
-0.1 7

3 -65

4.3 0

-0.65

3 -90

4.16

-0.26

4.05
4.25

4.05
4.34

0.00
-0.09

4.05
4.75

4.1 1
4.7 1

-0.06
0.04

4.40

4.39

0.01

4.35

4.37

-0.02

4-00

4.2 1

-0.2 1

4.15

4.32

-0.17

4.22
4.32
4.63

-0.07
0.05
0.16

4.75
4.15
4.3 7
4.79

Response Management Company Policy
Indicators
Assign Responsibilities
Allocate Resources
Ensure Proper
Documentation
Review and Reevaluate
Procedures
Ensure Proper
Procedures
Effective
Communication
Effective Complaint
Procedure
Maintenance Regularly Check
Environmental Factors
Check HVAC System
for Proper Operation
Check Building Air
Flow Patterns
Check Cleanliness of
HVAC System
Check for Stagnate
Water
Check Effectiveness of
Isolation Systems
Check Cleanliness of
Site
Construction/ Adjust Environment to
Accommodate
Repairs
Construction
Isolation of Occupants
Follow Appropriate
Handling Procedures
Adjust Construction o r
Repair Activities
Specification for
Construction Methods

3-95
4.10
4.14
3-95

4.55
4.68
4.2 1

-0.02
-0.46
-0.54
-0.26

3-95

4.1 1

-0.15

3.97

4.10

I

-

4.3 8

4.61
4-44

4-24

3 -97

0.26

4.3 8

4.62

-0.24

4.62

4.69

-0.07

4.38

4.3 3

0.05

4.67

4.49

0.78

4.19

4.45

4.29

4.28

0.00

4.33

4.3 1

0.03

4-15

4.18

-0.03

4.00
4.40

4.35
4.54

-0.35
-0.14

4.30

4.44

-0.14

4.20

4.4 1

-0.2 1

1

-0.05

-0.26

I

t

4.20
Preventative Consideration of
External Contaminants
Design
4.10
Criteria for the
Selection of Building
Components
4-05
Accommodate
Expansion or
Alternative Uses
4.26
Consideration of
Internal Contaminants
3 -70
One-on-one
Education
and Training Consultations
3 -70
Private Documents
Mandatory Training
4-15
Meetings
3 -53
Information Seminars
3 -42
Public Documents
Average (i)
Standard Deviation for a Population (od
)
Ztest Statistic ( z )

Correlation Statistics

Linear Correlation Coefficient

4-37

-0.17

4.34

-0.24

4.14

-0.09

4.42

-0.16

3.87

-0.17

3 -95

-0.25
-0.32
-0.35
-0.26
-0.13

1

I

1

4.50
3 -79
3.55

I

-0.14
0.78
-5.74

1

Appendix L C e m g Organizations
Certific
Mailing Address
ation
Alberta Society of P-Biol.
#68,9920 - 63 Ave
Professional
Edmonton, AB, Canada
Biologists
T6E OG9
P.Eng.
Association of
1500 Scotia One, 10060
Jasper Ave.
Professional
Engineers,
Edmonton, AB, Canada
T53 4A2
Geologists and
Geophysicists of
Alberta
Association of the C-Chem. 390 Bay Street, Suite
2000
Chemical
Toronto, ON, Canada
Profession of
M5H 2Y2
Ontario
40 1-116 Albert St.
Canadian Council P-Eng.
Ottawa, ON, Canada
in
for Professional
KlP5G3
Canada
Engineers
285 McLeod St.
Canadian Council CET
Ottawa, ON, Canada
of Technicians
K2P 1Al
and Technologists
Canadian Institute MCIP
116 Albert St, Suite 8 1
of Planners
Ottawa, ON, Canada
KIP 5G3
Commercial
430 N Michigan Ave.,
CCIM
gthFloor
Investment Real
Estate Institute
Chicago, IL,USA
606 111-4092
International
RPA,
415 Yonge St., Suite
BuildingOwners FMA
901
and Managers
Toronto, ON, Canada
M5B 2E7
Institute
CFM
International
1E Greenway Plaza,
Suite 1100
Facilities
Houston, TX, USA
Management
77046-0194
Association
Project
4 Campus Boulevard
PA@
Newtown Square, PA,
Management
Institute
USA
19073-3299
Organization

Phone
Number
780434-5765

Web-site
www.aspb.ab.ca

780426-3990

wwwr.ape~a,a,oro,

416364-4609

mr.acpo.on.ca

613232-2474

www.ccpe.ca

613-

www.cctt.ca

238-8 123
1-800207-2138

www-cip-icu-ca

www.ccim.orq
1-80062 1-7021
416977-8700

www.bomiedu.org

713-

www.ifma.oraq

623-4362
610356-4600

www-pmi.org

Organization

Certific
ation

Real Estate
Institute of
Canada

FRI

The Associztion

APPA

of Higher
Education
Facilities Officers

CPM,

Mailing Address
5407 Eglinton Ave.
West, Suite 208
Toronto, ON, Canada
M9C 5K6
1643 Prince Street
Alexandria, VA, USA
223 14-2818

Phone
Number

1-800-

Web-site

www-reic-ca

542-7342

703684-1446

wwur-appa.org

Appendix M 100 ppb Calculations
Olympic Pool Calculation
Olympic pool = 350,000Imperial Gallons = 1,591,000liters
Z grain of salt = 64.8 m g = 0.00 106 liters of sdt

0.00106 liters of salt/1,591,000 liters ofpool water = 6 . 6 1~0-lo= 66 ppb
Time Calculation

1 ppb = 1x10'~= 1 year / 1 x 10' years = 0.03 1536 seconds / year = 1 second / 32
Ye=
60 ppb = 1 minute/ 32 years

