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Preface

The decision to produce this book arose from the recognition that Indoor Air
Sciences have greatly evolved since the pioneering efforts of a few groups of
scientists who started work in the seventies. During this evolution, it has
become clear that achieving, maintaining, and restoring indoor air quality in
buildings are complex tasks involving several key professionals — namely,
architects, engineers, medical doctors, hygienists, chemists, biologists, envi-
ronmental psychologists and others — and their respective scientific fields.
The scientific progress in these disciplines has produced remarkable advances
in knowledge related to indoor air over the last 20 years. For instance,
toxicologists know a great deal about the effects of indoor pollutants; chemists
are now able to detect indoor air pollutants at low levels undetectable in the
past; engineers are able to model and predict pollution; medical doctors can
diagnose specific building-related illnesses; biologists can identify and speci-
ate microorganisms, their residues, and a number of allergenic materials;
environmental psychologists can assess environmental perceptions and dis-
comfort. However, most of these specific acquisitions of knowledge have re-
mained separate from each other and confined to the specialists within their
respective field of science. As a consequence, existing books are mostly mono-
thematic and there is a substantial lack of comprehensive and integrated
views about indoor air quality.

It was thus a challenge to offer the reader a reference book which, in a
single volume, would provide a complete panoramic view of every expertise
necessary for a comprehensive understanding and management of indoor air
quality. Such an ambitious goal was pursued by gathering experts active in
different international groups and selecting the material already available
which could present all the issues involved.

This strategy was supported by the active involvement of international
programmes, institutions, and organizations that had produced important
material and publications in this area. The editors (and the contributing
authors) are very grateful to all these bodies for having made available
essential documents and for consenting to the reproduction of — sometimes
integral — extracts of their publications . Among the principal sources used to
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compile this book, special mention deserves to be made of the NATO/CCMS
Pilot Study on Indoor Air Quality, the European Collaborative Action “Indoor
Air Quality and its Impact on Man” (formerly COST, 613), the World Health
Organization programme on [AQ, the United States Environmental Protection
Agency, the International Academy of Indoor Air Sciences, and the Interna-
tional Society of Indoor Air Quality and Climate.

The reader familiar with the scientific production of these international
groups will not find great novelties in the chapters of this book and, perhaps,
will have already listened to some of the arguments when they were presented
at the Indoor Air Conferences or in other workshops. However, we believe that
the “added value” of the enterprise is the combination of materials from sparse
(and sometimes difficult to find) sources and the matching of information
targeted to hygienists and medical doctors with other information targeted to
engineers, architects, chemists, etc. Thus we hope to have succeeded in our
goal which was to create a comprehensive multidisciplinary (or interdiscipli-
nary) book.

On account of the characteristics of this book, the editors believe that it will
be particularly useful for teaching purposes and as a reference for advanced
educational programmes on indoor air at universities and at post-graduate
level. Some chapters contain formative and educational messages that should
be basic elements in the professional formation of architects, engineers, and
public health professionals. Other chapters contain reference documentation,
the contents of which even an expert is unlikely to use every day, but which
become extremely important when a specific problem (e.g., measurement of a
pollutant) is addressed. Therefore, in this respect, the book presents two main
facets — basic education and advanced reference material — and its use for
educational applications would benefit from proper guidance by the teacher.

Although the preparation of the book has been a tremendous effort for all
contributors, it has also been a great professional experience and an opportu-
nity to strengthen our friendship with all those colleagues who have contrib-
uted to the enterprise. We are grateful for their patience and determination
that has allowed a productive outcome.

The Editors:
Marco Maroni
Bernd Seifert
Thomas Lindvall



vii

Acknowledgements

The Editors wish to thank the NATO-Committee for the Challenges of
Modern Society Pilot Study on Indoor Air Quality, the European Collaborative
Action “Indoor Air Quality and its Impact on Man”, the World Health Organi-
zation, the U.S. Environmental Protection Agency, the International Academy
of Indoor Air Sciences, the International Society for Indoor Air Quality and
Climate and the Nordic Committee on Building Regulations for having sup-
ported the preparation of this book by providing technical material and
expertise.

In addition, thanks are expressed to the National Institute of Occupational
Health of Norway, the National Institute of Public Health of Norway, the
Institute of Occupational Health of the University of Milan, the Institut de
Recherche en Santé et en Sécurité du Travail du Québec, the Research
Triangle Institute at Triangle Park (NC-USA), the Institute for Water, Soil
and Air Hygiene of the Federal Environmental Agency in Berlin, Germany,
The National Research Council of Italy, for having supported the NATO
workshops that have produced a part of the material of this book.

Special thanks are due to ENEL S.p.A. Directorate for Energy Production
and Transmission that has generously supported the workshop “Indoor Air
Quality for Health” held in Civitavecchia in September 1992, where this book
has been drafted and collegially discussed.

The Editors acknowledge the contribution provided by the International
Centre for Pesticide Safety in the preparation of the book. Skilful and dedi-
cated efforts have been provided by Dr. M.G. Colombo for the editorial coordi-
nation, Dr. V. Bertolini for language and technical supervision, Mr. G. Preti
and Mr. F. Visigalli for the preparation of tables and illustrations, Mrs. P.
Sartorelli, B. Villa and N. Spedicato for typing the text. Eng. A. Michelazzi, Dr.
R. lachetta, Eng. C. Onestini and Mr. L. Baroni and his staff at ENEL in
Civitavecchia are thanked for their contribution to the preparation of the first
draft of the book.



This Page Intentionally Left Blank



List of Editors, Authors and Contributors

Editors

Marco Maroni, Milan, Ttaly
Bernd Seifert, Berlin, Germany
Thomas Lindvall, Stockholm, Sweden

Authors

Robert Axelrad, Washington, DC, USA

Michael Berry, Triangle Park, NC, USA
Francesco Bochicchio, Roma, Italy

Bert Brunekreef, Wageningen, The Netherlands
Brian Flannigan, Edinburgh, United Kingdom
Matti J. Jantunen, Kuopio, Finland

Helmut Knoppel, Ispra, Italy

Hal Levin, Santa Cruz, CA, USA

Finn Levy, Oslo, Norway

James McLaughlin, Dublin, [reland

Lars Mglthave, Aarhus, Denmark

Demetrios Moschandreas, Chicago, IL, USA
Giacomo Muzi, Perugia, [taly

Anthony Pickering, Manchester, United Kingdom
Terrence Pierson, Triangle Park, NC, USA
Christian Schlitt, Milan, Italy

Contributors

X

The following experts have participated in the preparation of the book by

providing original material or taking part in the text discussion.
Brigitta Berglund, Stockholm, Sweden

Nadia Boschi, Milan, Italy

Gloria Campos Venuti, Rome, Italy



Paolo Carrer, Milan, [taly

Domenico Cavallo, Milan, Italy

Danilo Cottica, Milan, Italy

James H. Day, Kingston, Canada
Maurizio De Bortoli, Ispra, Italy
Gaute Flatheim, Stavanger, Norway
Silvana Piermattei, Rome, Italy

Olli Seppénen, Espoo, Finland
Michael Suess, Copenhagen, Denmark
Douglas Walkinshaw, Ottawa, Canada
Maged Younes, Bilthoven, The Netherlands



Biographies of editors, authors and
contributors

Editors

Name: Marco Maroni
Date of birth: 1949
Country: Italy

Marco Maroni is a Professor of Occupational Health at
the School of Medicine of the Universita degli Studi di
Milano and Professor of Environmental Hygiene at the
School of Architecture of the Politecnico di Milano. He
has conducted research in risk assessment of xenobi-
otics to human health, neurotoxicology, indoor air qual-
ity, pesticides. Professor Maroni is author of about
200 scientific papers published in international journals, several monographs
and chapters in books. He is also the co-editor of several books.

Professor Maroni has directed the NATO/CCMS Pilot Study on “Indoor Air
Quality” and other international research projects. His scientific assignments
include: member of the International Academy of Indoor Air Sciences, Vice
President of the International Society of Indoor Air Quality and Climate,
member for Italy in the Steering Committee of the Collaborative Action Indoor
Air Quality and its Impact on Man of the European Union, member of the
Advisory Board of the European Center for Environment and Health of the
World Health Organization, chairman of the Scientific Committee on Pesti-
cides of the International Commission on Occupational Health, member of the
National Commission for Indoor Pollution of the Ministry of Environment of
Italy, member of the National Commission for Pesticide of the Ministry of
Health Italy.

Professor Maroni is a member of the editorial board of the following
international journals: Archives of Environmental Health, Central European
Journal of Public Health of Praha, Indoor Air.



Xil

Name: Bernd Seifert
Date of birth: 1941
Country: Germany

Dr. Bernd Seifert was educated at the College
Francais in Berlin. After studying chemistry from
1960 to 1966 and roman languages from 1966 to 1968
he obtained a Ph.D. in chemistry from Berlin’s Tech-
nical University (TUB) in 1971. Dr. Seifert started
his professional career as an Assistant Professor of
Analytical Chemistry at TUB. In 1972, he joined the
Institute for Water, Soil and Air Hygiene in Berlin (part of the Federal
Environmental Agency) where he is currently Director and Professor, Depart-
ment of Air Hygiene.

After having devoted much of his early research work to the development
of analytical methods for ambient air pollutants, Dr. Seifert’s interest turned
to indoor air in the late seventies. In 1987, he was President of Indoor Air ’87,
the 4th International Conference on Indoor Air Quality and Climate held in
Berlin, and became Chairman of the EC Collaborative Action “Indoor Air
Quality and its Impact on Man”.

Currently, Dr. Seifert is President of the International Academy of Indoor
Air Sciences and a member of the Editorial Board of the scientific journai
Indoor Air. He is also an international councillor of the International Society
of Exposure and an Associate Editor of the journal Exposure Analysis and
Environmental Epidemiology. In 1993 he was appointed Chairman of the
Subcommittee on Indoor Air of the International Organization for Stand-
ardization (ISO).

On many occasions, Dr. Seifert has served as an expert to the Commission
of the European Communities and as temporary advisor to the World Health
Organization on all kinds of questions related to the field of air quality. Besides
these international commitments, Dr. Seifert is engaged in numerous activi-
ties at the national level, especially in the work of the German Commission for
Clean Air which granted him an Honorary Award in 1994. He is the author,
co-author and editor of about 100 publications.



xiii

Name: Thomas Lindvall
Date of birth: 1940
Country: Sweden

Thomas Lindvall, M.D., has a Doctors degree in
Medical Sciences, and is a Professor of Hygiene at the
Karolinska Institute and the Institute of Environ-
mental Medicine, Stockholm. He has conducted re-
search in sensory physiology and psychology, respira-
tory physiology and asthma, community noise, ambi-
ent air pollution, indoor air quality, occupational er-
gonomics, thermal stress, building hygiene, epidemiology and questionnaire
surveys. He has published about 200 scientific papers, books and book chapters.
Professor Lindvall’s scientific assignments include, amongst others: Presi-
dent of the Third International Conference on Indoor Air Quality and Climate,
Chairman of the Final Editorial Task Force on the WHO Air Quality Guide-
lines for Europe, Co-President of the First International Conference on
Healthy Buildings, President of the Fifth International Congress on Noise as
a Public Health Problem, former Member of the Nordic Committee for Build-
ing Regulations (NKBi), Member and Fellow of the American Society of
Heating, Refrigerating and Air-Conditioning Engineers, Member of the Steer-
ing Committee for the Second International Conference on Healthy Buildings,
Chairman of the Nordic Noise Group at the Nordic Council of Ministers,
Member of the Steering Committee for the European Collaborative Action
“Indoor Air Quality and Its Impact on Man”, Founder of the International
Academy of Indoor Air Sciences, Founder and former President of the Interna-
tional Society of Indoor Air Quality and Climate. In Sweden, amongst others:
Chairman of the Swedish National Project on Environmental Medical Surveil-
lance based on Biological Indicators, Chairman of the Swedish National
Project on Risk Assessment, Health and Environment, former Member of the
Swedish Environmental Research Board and former Chairman of its Scientific
Committee on Community Noise, Chairman of the Swedish National Allergy
Research Program Committee, and member of the Board of the Swedish
Foundation for Caring and Allergy Research.
Professor Lindvall has been a member of the Editorial Board of the follow-
ing international journals: Environment International, Franklin Institute
Journal, and Indoor Air.



Xiv
Authors

Name: Robert Axelrad
Date of birth: 1953
Country: USA

Robert Axelrad is currently the Director of the Indoor
Air Division at the U.S. Environmental Protection
Agency (EPA). He has been responsible for the devel-
opment of EPA’s indoor air program since 1988. The
program emphasizes non-regulatory guidance and
training approaches to provide architects and engi-
neers, building owners and managers, building occu-
pants, product manufacturers and the general public with practical inform-
ation on preventing and resolving indoor air quality problems. He initiated
and directed the development of Building Air Quality: “A Guide for Building
Owners and Managers”, the most widely used indoor air quality problem-
solving guidance document available in the U.S., as well as more than 20 other
EPA publications and training courses on IAQ. He also initiated and funded a
landmark assessment entitled “Respiratory Health Effects of Passive Smok-
ing: Lung Cancer and Other Disorder”, which classified second-hand tobacco
smoke as a Group A, or known, human carcinogen and developed EPA’s policy
recommendations and outreach materials on second-hand smoke.

Robert Axelrad serves as the lead Co-Chair on the Interagency Committee on
Indoor Air Quality (CIAQ), a coordinating organization of more than 21 Federal
agencies, and has served since 1989 as Co-Chair of a NATO Committee on the
Challenges of Modern Society Pilot Study on Indoor Air Quality. Previously, Mr.
Axelrad worked on hazardous and solid waste, water quality and pesticide issues
in both governmental and non-governmental roles. He received a B.A. in
Political Science from Pennsylvania State University in 1974.

Name: Michael A. Berry
Date of birth: 1943
Country: USA

Dr. Michael A. Berry is the Deputy Director of EPA’s
Environmental Criteria and Assessment Office at
Research Triangle Park, North Carolina. His career
in public health began in 1963 when he conducted a
study of Arab refugee camps in the Middle East. He
subsequently worked in Viet Nam (1967-1968),



where he dealt with many public health issues related to the civilian popula-
tion and refugees. Since 1969, he has specialized in the field of environmental
management and protection, focusing on air pollution, the assessment and
management of toxic substances, and indoor environments. From 1986 to
1992, Dr. Berry served as EPA’s manager for indoor air research.

Dr. Berry is EPA’s Campus Executive for the University of North Carolina
at Chapel Hill. He is an Adjunct Associate Professor in the Department of
Environmental Science and Engineering, School of Public Health, and in the
Kenan-Flagler Business School at the University of North Carolina, where he
teaches courses in environmental management and policy. He received his
Ph.D in Public Health from the University of North Carolina at Chapel Hill.
He holds a graduate degree in management from Duke University’s Fuqua
School of Business and an M.S. and B.S. degree in Mathematics from Gonzaga
University. He is a member of the Air and Waste Management Association and
a member of the International Academy of Indoor Air Sciences.

Name: Francesco Bochicchio
Date of birth: 1958
Country: Ttaly

Dr. Francesco Bochicchio was born in Bari (Italy) on
13 December 1958 and lives in Rome (Italy). He
obtained a classic high school degree in 1977 and a
degree in Physics at the University of Rome in 1984,
presenting a thesis on cosmology and elementary
particles. Later he dealt with health physics, and
attended the Specialisation School on Health Physics
at the University of Rome (1985-1987). In October 1987 he started to work as
a physics researcher in the Physics Laboratory of the Istituto Superiore di
Sanita (National Institute of Health) in the Radioactivity Section directed by
Prof. G. Campos Venuti.

Dr. Bochicchio has worked on many aspects of environmental radioactivity
and indoor air quality, including exposure estimation, risk assessment and
measurement techniques, especially regarding radon, thoron and their decay
products. He lectures on natural radioactivity and radon in dwellings at the
Specialisation School on Health Physics at the University of Rome (1989 to
1994). He has taken part in international meetings and workshops on environ-
mental radioactivity, health physics and indoor air quality; planning and
realisation of the Italian national survey on population exposure to natural
radiocactivity in dwellings (1988 to 1994); the working group of the NATO/
CCMS Pilot Study on Indoor Air Quality (1990 to 1992); the World Health



Organization working group on “Indoor Air Quality: a risk based approach to
health criteria for radon indoors” (1993).

Name: Bert Brunekreef
Date of birth: 1953
Country: The Netherlands

Prof. Dr. ir Bert Brunekreef has an academic degree
in Environmental Sciences from the University of
Wageningen (1979), and a doctorate (Ph.D) in envi-
ronmental epidemiology (1985). He is currently Pro-
fessor in Environmental Health with the Department
of Epidemiology and Public Health of the University
of Wageningen. His research has focused on health
effects of ambient and indoor air pollution, and on respiratory epidemiology in
general over the last several years. He has been involved as project leader in
most of the projects in the field of environmental health of the Department
over the last 12 years. In addition, he spent a year with the Harvard School of
Public Health in 1986/1987, collaborating with the Professors B.G. Ferris Jr.,
F.E. Speizer, J.D. Spengler, D.W. Dockery and J.H. Ware of the Respiratory
Epidemiology Program in research on health effects of ambient and indoor air
pollution. He is a member of the European Concerted Action (formerly COST
613/2) on Air Pollution Epidemiology, and he served as chairman of the Health
Effects Assessment working group of this concerted action. He is also a
member of the European Concerted Action “Indoor Air Quality and its Impact
on Man” (formerly COST 613). He is currently a councillor of the International
Society for Environmental Epidemiology (ISEE), and an active member of the
Exposure Analysis (ISEA), the American Thoracic Society (ATS) and the
European Respiratory Society (ERS).

Name: Brian Flannigan
Date of birth: 1935
Country: United Kingdom

Brian Flannigan is Reader in Microbiology at Heriot-
Watt University, Edinburgh, U.K., where his research
has been concerned with deteriogenic and toxigenic
moulds. The impact of microbial growth in buildings
on indoor air quality is a major research interest.
Much of his and co-researchers’ work on moulds,
bacteria and mites in damp housing has been carried



xvii

out in liaison with the Building Research Establishment of the U.K. Depart-
ment of the Environment. He also has a particular research interest in the
allergic/toxigenic cause of malt worker’s lung, Aspergillus clavatus, and is
working on development of rapid methods for its detection in airborne particu-
lates. He is a former President of the Biodeterioration Society and of the
International Biodeterioration Association, and a member of the IUMS Inter-
national Commission on Mycotoxicology (1983-1993 ). He was a member of an
expert working group which recently produced a report of Biological Particles
in Indoor Environments as part of the EC COST Project 613 on “Indoor Air
Quality and Its Impact on Man” and is chairman of an International Society
of Indoor Air Quality and Climate task force on moisture problems affecting
indoor air quality.

Name: Matti Juhani Jantunen
Date of birth: 1946
Country: Finland

Dr. M.J. Jantunen received his degree in Public
Health at the University of North Carolina. He is
currently Research Professor and Director, KTL-Di-
vision of Environmental Health, Kuopio, Finland,
and Coordinator, CEC European Concerted Action on
Air Pollution Epidemiology (1990-1994).

Dr. Jantunen is a founding member of the Board of Directors of the
International Society of Indoor Air Quality (ISIAQ). He was also vice-president
of the Indoor Air 93 conference, and currently serves on the Steering Commit-
tee of the CEC ECA “Indoor Air Quality and Its Impact on Man”, and Steering
Committee of the CEC ECA Air Pollution Epidemiology. He has also served
on WHO working groups on Indoor Air Quality, particularly, biological con-
taminants, and man-made mineral fibres and asbestos. His research activities
have been on the emissions of solid-fuel power-plants, atmospheric chemistry
of organic mutagens, Chernobyl fallout and its dispersion in urban environ-
ments, and indoor air quality, especially microbial growth and radon. He has
written a textbook on Air Pollution and on Global Climate Change. His
scientific publications consist of 48 original articles in peer-reviewed interna-
tional journals and proceedings; 32 congress abstracts; 54 other scientific and
professional articles; and four books (as author or editor).



xviii

Name: Helmut Knoppel
Date of birth: 1934
Country: Germany

Dr. H. Knoppel obtained his degree in Physics
(Diplom-Physiker) at the University of Bonn in 1961,
followed by a Doctorate in physical chemistry (Dr.
rer. nat.) and worked as a scientific assistant (1961—
65). In 1966 he became a scientific officer of the
Commission of the European Communities (CEC) at
the Joint Research Centre in Ispra, Italy. Since 1972
he has been working in environmental analytical chemistry (determination of
volatile organic compounds in air and water). Since 1981 he has been head of
the Environmental Chemicals Sector in the Chemistry Division of the JRC in
charge of indoor air quality activities.

Since 1983 Dr. Kndppel has been principal scientific officer, responsible for
the European Concerted Action “Indoor Air Quality and Its Impact on Man”.
Since 1990, he has been head of the unit “Environmental Chemicals — Indoor
Pollution” in the JRC’s Environment Institute; and editorial advisor to the
international journal Indoor Air. Since 1992, he has been a member of the
International Academy of Indoor Air Sciences. He is also a commission repre-
sentative in WHO and NATO-CCMS Working Groups on indoor air quality.

Name: Hal Levin
Date of birth: 1941
Country: USA

Hal Levin is a research architect in private practice.
His firm, Hal Levin & Associates, is located in Santa
Cruz, California. He has been consultant to archi-
tects and building owners on indoor environmental
quality in designs for new buildings and renovations
and has investigated problem buildings since 1978.
He has extensively advised private organizations,
individuals, and state, federal, and foreign government agencies on indoor air
quality. In 1988 he developed indoor air quality guidelines for the new EPA
headquarters.

Hal Levin received degrees in English and in architecture from the Univer-
sity of California, Berkeley in the 1960s. He returned to UC Berkeley in 1978
as research specialist at the Center for Environmental Design Research where
he studied indoor environments and their impact on occupant health and



XIX

comfort until 1989. He also taught in UC Berkeley’s Department of Architec-
ture and in the Board of Environmental Studies at UC Santa Cruz.

Levin has written more than 65 published articles, papers, or book chapters
on indoor environmental quality and is a frequent speaker at courses and
seminars both in North America and Europe. He edits and publishes the
Indoor Air Bulletin providing critical analysis of information on indoor envi-
ronmental problems based on the latest scientific and technical developments.
From its founding in 1988 until 1991 he edited the Indoor Air Quality Update.
In all, he estimates his published writings on indoor air exceed 2000 pages.

His public service is extensive and includes chairmanship of the Advisory
Committee, Monterey Bay Unified Air Pollution Control District, founding
member of the Steering Group, American Institute of Architects Committee on
the Environment; several committees of ASHRAE including Standard 62,
Environmental Health, and as chairman of the Guideline Project Committee
10P, “Criteria for Achieving Acceptable Indoor Environments”. From 1977 to
1985 Levin served on the California State Board of Architectural Examiners,
and from 1983 to 1985 as its president. Since its founding in 1985, Levin has
chaired the ASTM Subcommittee D22.05 on Indoor Air.

Name: Finn E.S. Levy
Date of birth: 1937
Country: Norway

Finn Levy works at the Department of Environment

and Occupational Medicine, Clinic for Preventive

Medicine at the Ulleval University Hospital. He

graduated from the Medical Faculty at the Univer-

sity of Oslo in 1962 and since then has held the

following positions: Internship Medical and Surgical

Department and general practice 1962-1965; assis-

tant physician at X-Ray Department 1965-1966; Medical Department (Gen-

eral and Cardiologic Department) Ulleval University Hospital 1966-1968, and

1970-1974 (haematology and gastroenterology); University lecturer, Internal

Medicine, specially haematology and gastroenterology, for medical students

1968-1970 and 1974-1975; The Deaconness’ Hospital, Oslo (gastroenterology,

cardiology, haematology, geriatrics & general medicine) (1975-1979); Senior

physician, National Institute of Occupational Health, Oslo, Norway (1979-
1993). Head of department (1989-1993).

Dr. Levy’s main tasks have included: out-patient clinic, information and

research. He has worked on the following projects: solvent induced encepha-

lopathy, occupational (allergic) pulmonary diseases, general occupational toxi-



XX

cology, office workers occupational diseases, including problems referring to
the use of “self-copying paper”, “work with video display units” and other office
equipment, and general indoor air quality problems. He is a widely used
lecturer on occupational medicine and in particular on indoor environment in
non-industrial workplaces. Since September 1993, he has been senior physi-
cian and head of the Department of Environment and Occupational Medicine
— a new department at Ulleval University Hospital, Oslo, Norway. He is also:
a member of the Norwegian Medical Association (since 1962); specialist in
internal medicine (1972) and in occupational medicine (1992); founding mem-
ber of ISIAQ (International Society of Indoor Air Quality); consultant physi-
cian for occupational medicine and IAQ matters for the Medical Board of the
Norwegian Association for Asthma and Allergy (since 1984); head of the
Committee for Health and Indoor Environment (HTI) of the Norwegian Asso-
ciation of Civil Engineers (1986—-1990) and thereafter member of their Board
for Professional Development Certificate on Indoor Air Quality; and a partici-
pant of the NATO/CCMS Pilot Study on Indoor Air Quality since 1989.

Dr. Levy arranged a workshop in Oslo, 1991 and co-authored the workshop
report with the same name “Epidemiology and Medical Management of Build-
ing-related Complaints and Illnesses” (Finn Levy and Marco Maroni, eds.),
National Institute of Occupational Health, Oslo, Norway, 1992. Coauthor of
Kjell Aas & Finn Levy: “House and Health, What the Physician Knows About
Indoor Environment” (in Norwegian), Cappelen, Oslo, 1992.

He was awarded the [SS-Scandinavia Indoor Climate Prize, Copenhagen
1993.

Name: James P. McLaughlin
Date of birth: 1941
Country: Ireland

James McLaughlin, B.Sc., M.Sc., Ph.D., is Natural
Radiation Research Group Leader at the Department
of Experimental Physics, University College Dublin.
His present research interests are: radiation expo-
sure and health effects on general population due to
natural radiation, with particular interest in the be-
haviour of radon and its health effects; and the devel-
opment of techniques, based on image analysis of alpha particle tracks in
CR-39, which are used in the retrospective assessment of radon exposure in
the indoor environment and for alpha particle autoradiography of human
tissue in leukaemia studies. His current activities include: member of the



XX1

Environmental Radiation Advisory Committee to the Radiological Protection
Institute of Ireland; member and rapporteur of WHO (World Health Organi-
zation) Working Group on Radon in Indoor Air Quality; Irish representative
on European Collaborative Action on Indoor Air Quality; consultant on radia-
tion protection matters to various utilities and companies.

Name: Lars Mghlave
Date of birth: 1944
Country: Denmark

Lars Mglhave, Master of Science (Experimental
Atomic Physics and Chemistry), Ph.D. in Public
Health, and D.Ms. (Doctor of Medical Sciences, Doc-
toral Thesis), is an associate professor at the Depart-
ment of Environmental and Occupational Medicine,
Aarhus University, where he is head of the Air Pollu-
tion Unit, which investigates human reaction to air
pollution in occupational and non- occupational environments. The keywords
of this research are: controlled experiments in climate chambers and field
investigations, theoretical modelling, investigation of human subjects, (nor-
mal subjects, workers, allergic- or asthmatic persons), investigation of human
reactions (objective eye, lung, neuroclogic or skin effects and subjective sensory
effects), investigation of exposures (airborne exposure to particulates or va-
pours of volatile organic compounds (VOCs), thermal exposures) and technical
innovations (exposure generation, source control, emission models, ventila-
tion, building materials, exposure measurements).

Lars Mglhave has received the following research awards: National Re-
search Foundation, Research Associateship; R.G. Nevin’s Physiology and Hu-
man Environment Award for Significant Accomplishment in Man’s Response
to the Environment, ASHRAE (American Society of Heating, Refrigerating
and Airconditioning Engineers) USA; the Environmental Protection Agency’s
(U.S. EPA) Scientific and Technological Achievement Awards within the
category of health effects. He also has the following scientific and technical
duties: member of the International Academy of Indoor Air Sciences; elected
international councillor of the International Society of Exposure Analysis
(ISEA); elected international trustee of the International Society of Indoor Air
Quality (ISTAQ); editorial advisory committee of the journal Indoor Air and is
research consultant to eight national and six international organizations.

His list of publications includes 62 internationally peer-reviewed research
publications and journals; 11 peer reviewed chapters for international text-
books, and 151 other publications.



xxii

Name: Demetrios J. Moschandreas
Date of birth: 1943
Country: USA

Demetrios Moschandreas, Ph.D. is professor of Envi-
ronmental Engineering at the Pritzker Department
of Environmental Engineering of the Illinois Insti-
tute of Technology in Chicago. His research interests
focus on total exposure to air pollutants and the
associated risks; he designs monitors applicable to
measuring exposure to VOCs and mobility patterns.
His present studies involve him in the measurement of exposure to airborne
VOCs from emission from wastewater treatment. In addition, he is one of the
principal investigators of the National Human Exposure Assessment Survey
(NHEXAS), and, as such, is in the process of designing a pilot study for
measuring exposure to multiple pollutants from all pathways. Finally, he is
investigating sick buildings by measuring both sensory and pollutant levels
and associating the two measurement modes. He has published many articles,
chapters in books, and technical reports. Dr. Moschandreas serves on several
professional committees; he was a member of the National Academy of Sci-
ences Committee on Indoor Pollutants, he serves on several committees with
WHO, NATO, EPA and other organizations. He is on the editorial board of the
journal Indoor Air and has co-chaired the second International Conference on
Indoor Air Pollution and Climate. He was the first president of the Interna-
tional Academy of Indoor Air Sciences.

Name: Giacomo Muzi
Date of birth: 1953
Country: Italy

Dr. G. Muazi received his M.D. at the University of
Perugia and followed this by postgraduate research
and clinical training at the Institute of Occupational
Medicine, University of Perugia. Since 1992 he has
been working as an Associate Professor at the Insti-
tute of Occupational Medicine and Environmental
Toxicology of the University of Perugia, Italy. His
early research was on the mechanism of dioxin toxicity in animals while
clinical and epidemiological studies investigated metal toxicity, with particu-
lar emphasis on lead absorption in children and n-hexane neurotoxicity in
workers. In recent years Dr. Muzi has been involved in large-scale research



xxiii

projects assessing the adverse health effects of indoor pollutants on office and
hospital workers in mild climatic areas.

Name: Anthony Pickering
Date of birth: 1942
Country: United Kingdom

Anthony Pickering is Professor of Occupational and
Environmental Medicine at the University of Man-
chester and Thoracic Physician at the North West
Lung Centre, Wythenshawe Hospital, Manchester.
He completed his medical training at Guy’s Hospital,
London, and later trained in the Department of Al-
lergy and Clinical Immunology at the Brompton Hos-
pital, London, under Professor Jack Pepys. His research activities in this
department included the design and evaluation of new techniques of bronchial
provocation using chemical allergens.

He was appointed as a thoracic physician in Manchester in 1976 where he
has continued both his clinical and research activities. He is at present
Director of the North West Lung Centre.

His main research interests have been in occupational and environmental
medicine. He is currently coordinating a 10-year longitudinal study of the
respiratory effects of dust exposure in cotton spinning and manmade fibre
workers. Other research interests have included the epidemiology of respira-
tory and nonrespiratory symptoms associated with airconditioning systems
and different types of humidification.

Name: Terrence K. Pierson
Date of birth: 1953
Country: US.A.

Terrence K. Pierson is manager of Environmental
Risk Analysis at Research Triangle Institute, North
Carolina, USA. His research interests focus on the
development of risk assessment methodologies and
the application of such methodologies within the con-
text of research, regulatory and policy-making activi-
ties. He has worked extensively on the development
of risk characterization methodologies for both carcinogens and noncarcino-
gens with respect to exposures in the indoor environment. He has completed
risk assessment for a number of consumer products emitting complex mixtures



XXIV

of volatile organic compounds in the indoor environment including office
equipment and new carpets. He has been involved in several NATO/CCMS
Pilot Study Indoor Air Quality workshops including serving as an organizer of
the workshop entitled “Sampling and Analysis of Biocontaminants and Or-
ganic in Non-industrial Indoor Environments” held in the United States in
1992. Dr. Pierson holds a B.S. in biological sciences and psychology from Ohio
State University, and a Ph.D. in the environmental planning from the Univer-
sity of North Carolina at Chapel Hill.

Name: Christian Schlitt
Date of birth: 1961
Country: Germany

Christian Schlitt attended the Italian site of the Eur-
opean School (European Baccalaureate Certificate) as
a German citizen and achieved his pre-doctoral degree
in chemistry (laurea in chimica, direction organical-bio-
logical) training at the Universita degli Studi di Pavia
(Italy). For the last three years he has been employed
at a local company (analysis of drug integrated fodder)
and at the Occupational Health Institute in Milan (laboratory section), and has
occasionally collaborated with the International Centre for Pesticide Safety,
Busto Garolfo, Italy. He currently specializes in toxicology at the University of
Milan, and works, as a grant-holder, at the Indoor Pollution Unit of the
Environmental Institute, Ispra (Commission of the European Communities).

Contributors

Name: Birgitta Berglund
Date of birth: 1942
Country: Sweden

Birgitta Berglund received a Ph.D. in psychology in
1971 and in 1993 became Docent in psychology at
Stockholm University, Sweden. Since 1980 her chairs
there have been affiliated with the Swedish Institute
of Environmental Medicine. During 1990-1994 she
held a chair, donated by the Swedish Council for
Building Research, as Professor of Environmental
Psychology at Stockholm University with an affiliation with the Karolinska
Institute. In 1994 she was appointed Professor of Perception and Psycho-



physics at Stockholm University with a continued affiliation with the Karolin-
ska Institute.

She has published ca. 250 scientific articles in English and has organized
21 conferences among which are “Indoor Air ’94" and "Healthy Buildings ’88"
in Stockholm. Her research areas include, among others, sensory psychology,
including olfaction and psychoacoustics, psychological scaling, indoor air qual-
ity, community noise and environmentally induced sensory deficits. Her most
recognized research results are predictive models for combined effects of
sensory stimulations and a method for calibration of psychological scales
called ‘master scaling’. She has also made substantial contributions to the field
of health effects of community noise and perceptual effects due to deteriorated
indoor air quality.

The international engagements are numerous as reflected in work for
organization as well as a stream of visiting guest researchers and guest
students. Currently, she is chairman of the International Commission on
Biological Effects of Noise (ICBEN), vice-president of the International Acad-
emy of Indoor Air Sciences (IATAS) and president of the International Society
of Psychophysics. She is also actively engaged in the Executive Committee of
the International Association of Applied Psychology and on several occasions
and in different subject areas, has served as an expert advisor for the World
Health Organization and the Commission of the European Communities. She
has also held, and is holding, advisory positions in boards of various research
funding organizations in Sweden.

Name: Nadia Boschi
Date of birth: 1963
Country: Italy

Nadia Boschi is secretary of the International School
of Indoor Air Sciences. In 1988 she received her de-
gree in Architecture with a thesis on “Restoration
and Preservation of Ancient Buildings” at the Poly-
technic of Milan. In July 1994 she obtained her Ph.D.
in Technology of Architecture and Environment at
the same institution. In 1993 she received a fellow-
ship from the U.S. Environmental Protection Agency, Indoor Air Division. In
1992 she was visiting scholar at the College of Architecture, Virginia Polytech-
nic Institute, Virginia, USA. In 1991 she was project manager for the Euro-
pean Community, Directorate General XVII for the Videoproduction of
“Bioclimatic Architecture — A System Approach”. Since 1988 she has carried
out work for the Italian Government evaluating historical buildings and has



XXVi

conducted research assignments and academic activities on indoor environ-
mental quality evaluation.

Name: Gloria Campos Venuti
Date of birth: 1928
Country: Ttaly

Professor Gloria Campos Venuti obtained a degree in
physics in 1960 and the habilitation in nuclear phys-
ics in 1968. From 1960 to 1978 she was member of a
research group in nuclear physics of intermediate
energies at the Electrosynchrotron of the Frascati
National Center. In 1962, after public examinations,
she joined the staff of the National Institute of Health
(Istituto Superiore di Sanita, [SS) in Rome. In the period 19651971 she was
a member of the Commission for Nuclear Safety and Health Protection of the
National Commission for Nuclear Energy. From 1968 to 1983 she was profes-
sor at the Department of Science of the University of Perugia; and in 1978 and
1979 professor in advanced course in health physics at the Department of
Science of the University of Rome. She became director of the Department of
Radiation of the ISS in 1977 and held this post until 1980. She has twice been
a member of the Scientific Committee of ISS: 1974-1980 and 1985-1988. Since
1979 she has been a member of the EC group for radiation basic standards
established by article 31 of Euratom Treaty. She is research contractor of the
National Institute for Nuclear Physics and director of the Radioactivity Divi-
sion, Department of Physics of ISS. She has published about 300 papers in
international and national scientific journals and books, on nuclear physics,
radiation protection and environmental radioactivity.

Name: Paolo Carrer
Date of birth: 1962
Country: ltaly

Dr. Paolo Carrer received his M.D. at the Universita
degli Studi of Milano. After specializing in occupa-
tional health, he undertook a masters in occupational
health and industrial hygiene with a research project
on “Exposure to volatile organic compounds: pollu-
tion characterization in office buildings and health
risk assessment”.



xxvii

Since 1988 he has been a researcher at the Environmental Toxicology Unit
of the Occupational Health Institute of the Universita degli Studi of Milano,
and since 1993 has been working as a M.D. Assistant in occupational health
at Clinica del Lavoro “Luigi Devoto”.

He is the author of 20 scientific papers on occupational health, indoor and
environmental hygiene.

Name: Domenico M. Cavallo
Date of birth: 1966
Country: Italy

Domenico Maria Cavallo obtained a diploma in In-
dustrial Chemistry in 1985. Since 1986 he has been
working as a technician at the Institute of Occupa-
tional Health of the University of Milano in the Envi-
ronmental Toxicology Unit where he is responsible
for the sampling activities and on-site investigations.
He will receive his degree in biological sciences in
Summer 1995. He is author and co-author of more than 50 scientific papers
and congress communications. He is a full member of the Italian Industrial
Hygiene Association (AIDII), American Conference of Governmental Indus-
trial Hygienists (ACGIH), American Industrial Hygiene Association (AIHA).
He is a member of WG9 of the ECA on VOC in Indoor Environments: Sampling
and Analysis; and member of WG7 of CEN-TC 264 about Indoor Air-Emission
of Chemical Substances from Building Materials.

Name: Danilo Cottica
Date of birth: 1949
Country: Italy

Dr. Danilo Cottica obtained his chemistry degree at
the University of Pavia in 1977. He is currently head
of the Environmental Section of the Industrial Hy-
giene Laboratory of the Foundation for the Institute
of Occupational Health of the University of Pavia;
vice-president of the Italian Industrial Hygiene Asso-
ciation; contract professor at the University of Pavia
for Industrial Hygiene; Italian member of EEC Technical Committees; and the
author of over 100 publications on industrial hygiene subjects.



XXViii

Name: James H. Day
Date of birth: 1931
Country: Canada

Dr. Day received his M.D. at McGill University in
1959 followed by training at the Royal Victoria Hos-
pital in Montreal. He later undertook research in
allergy and immunology at the Seripps Chinic and
Research Foundation, La Jolla, California and the
Wright Fleming Institute in London, England. He
returned to Queen’s University in 1967 where he
combines clinical practice, teaching and research in asthma and rhinitis
including controlled antigen challenge as a means of assessing medication for
allergic respiratory disease, hymenoptera sensitivity and health consequences
of indoor air quality problems.

Dr. Day is past president of the Canadian Society of Allergy and Immunol-
ogy and served as chairman of the Public Health Committee Ontario Medical
Association, a member of the Science Advisory Board of the International Joint
Commission of the Great Lakes and chaired the IJC Task Force on the health
effect of non-phosphate detergent builders. He serves as a consultant to the
World Health Organization/NATO on indoor air concerns.

He is currently professor of medicine and head of the Division of Allergy
and Clinical Immunology at Queen’s University, Kingston, Ontario.

Name: Maurizio De Bortoli
Date of birth: 1937
Country: Ttaly

Dr. M. De Bortoli obtained his licence in Chemistry
in 1961. He subsequently (1961-1972) worked on the
radiation protection of the population at the Joint
Research Centre of EURATOM, the European
Atomic Energy Commission, in Ispra, Italy. From
1973 to 1980 he worked on the chemical pollution of
the atmosphere (mainly by the use of tracers), in the
same place, under the Commission of the European Communities.

Since 1981 he has been working at the Environment Institute of the
European Commission (Ispra) in the indoor air pollution research (surveys in
homes and offices, emission/adsorption by materials in environmental test
chambers) and in the co-ordination of the European Collaborative Action
“Indoor Air Quality and Its Impact on Man”.



XXIX

Name: Gaute Flatheim
Date of birth: 1937
Country: Norway

Having obtained his M.Sc. degree in Mechanical En-
gineering from NTH, Technical University of Norway
in 1963, Gaute Flatheim started the consulting engi-
neering company Siv.ing. Gaute Flatheim A/S in
January 1965, and later Flatheim A/S in 1989. He
qualifies as an expert in Indoor Environment Con-
sultancy, working with schools, kindergartens and
office buildings. Gaute Flatheim is EURO-engineer and a lecturer in HVAC
and environmental subjects in Norway and all over the world. He is involved
in an ongoing research project “Indoor Environment in Schools” and in devel-
oping the Norwegian concept for “Next Century’s Office Buildings”. He is a
member of a wide range of committees dealing with HVAC and Indoor Air
Quality. Flatheim A/S is specializing in quality plans for building owners and
planners.

Name: Silvana Piermattei
Date of birth: 1930
Country: Italy

Dr. S. Piermattei received her degree in physics at
the Universita La Sapienza of Rome followed by
training at the Post-graduate school in nuclear phys-
ics (1953-1955). Later (1955-1974), as a scientist,
she undertook research work at the Dosimetry Labo-
ratory at ENEA (ex CNRN) in the field of low energy
X-rays; was head of the Radioactive Material Trans-
portation Section of ENEA-DISP (Directorate of Nuclear Safety and Radiation
Protection); cooperated with IAEA, RID, ADR for the preparation of technical
regulations for the safe transport of radioactive materials (member of interna-
tional panels) (1974-1982); head of the Environmental Radioactivity Section
of ENEA-DISP; technical supervision of Radioactivity Monitoring Networks in
Italy; collection and analysis of environmental radioactivity data; coordinator
of the national survey for the evaluation of the exposure of the Italian popula-
tion to natural radioactivity; member of articles 35 and 36 of the Euratom
Treaty; member of several international panels and working groups on envi-
ronmental matters (from 1982). She has published around 50 articles in
international and national journals and proceedings.



XXX

Name: Olli A. Seppanen
Date of birth: 1944
Country: Finland

Olli A. Seppénen has been Professor of Heating, Ven-
tilating and Air Conditioning at Helsinki University
of Technology since 1982. He worked as a manager of
building services, Ekono INC, Seattle (USA) from
1980 to 1982 and later as a manager of building
research, Ekono Consulting Engineers, from 1975 to
1980. He has been President of the 6th International
Conference on Indoor Air Quality and Climate (1993) and is President of the
International Society of Indoor Air Quality and Climate from 1994. His
publications are: one book, approximately 50 papers and 100 articles.

Name: Michael J. Suess
Date of birth: 1933

Dr. Michael J. Suess completed academic studies in
Israel and the USA in civil, hydraulic, sanitary and
nuclear engineering and radiation sciences, and ob-
tained a doctoral degree in environmental health
from the Graduate School of Public Health, Univer-
sity of Pittsburgh. He is a licensed engineer in Israel
and the USA, a Diplomate of the American Academy
of Environmental Engineers, an invited life member of the International
Academy of Indoor Air Sciences, and a founding member of the International
Society for Indoor Air Quality and Climate.

Dr. Suess joined the World Health Organization Regional Office for Europe
in 1968. As Regional Adviser for Recognition and Control of Environmental
Health Hazards, he has managed inter-country projects in the fields of water,
air, waste, new technologies, radiation and energy, and has organized over 90
scientific meetings and developed numerous manuals and reference hand-
books. In 1975 he initiated the WHO international programme on indoor air
quality and conducted ten related working groups, resulting with some major
and ground-breaking reports. Dr. Suess has published over 100 scientific
peer-reviewed papers and reports, and edited several reference books on water
examination, air quality protection, waste management, and radiation protec-
tion. He retired from WHO in 1993 and now presides over his own Interna-
tional Consultancy for Environmental Health Hazards and Engineering.



XXX1

Name: Douglas Walkinshaw
Date of birth: 1941
Country: Canada

Indoor Air Technologies (IAT) conducts indoor air
quality investigations and manages indoor air qual-
ity-related design, construction, retrofit and comm-
issioning. It also provides the secretariat for the
International Society of Indoor Air Quality and Cli-
mate (ISIAQ). The principal of the firm, Douglas S.
Walkinshaw Ph.D., P.Eng., is well known in the field
having served, inter alia, as: Coordinator of Indoor Air Quality at the National
Research Council (1982-1986) and at Health and Welfare Canada (1986—
1988); President of the 5th International Conference on Indoor Air Quality and
Climate — Indoor Air 90, Toronto, 1990; member of the American Society of
Heating, Refrigerating, and Air Conditioning Engineers (ASHRAE) Ventila-
tion Standard Committee (1990-1994); and member of the Canadian General
Standards Board Combustion Venting Requirements Committee CGSB-51.71
(1993-1994 ). Dr. Walkinshaw is the inventor of the ventilated cavity ECHO
system for energy efficient prevention of contaminant migration and moisture
problems.

Name: Maged Younes
Date of birth: 1950
Country: Germany

Having obtained his Ph.D. in Biochemistry from the
University of Tibingen, Germany, in 1978, Maged
Younes joined the Institute of Toxicology, Medical
University of Liubeck, Germany, where he remained
until 1989. During that peried, he conducted research
mainly in the field of biochemical toxicology. Dr.
Younes qualified as an Expert in Toxicology (Fach-
toxikologe) by the German Society of Pharmacology and Toxicology, and was
nominated Professor of Toxicology and Biochemical Pharmacology. In 1991 he
was nominated head of the Unit on Biochemical Toxicology at the Max von
Pettenkofer-Institute of the German Federal Health Office in Berlin. Since
November 1991, he has been the manager responsible for the European
Chemical Safety Programme of the World Health Organization at the Bilt-
hoven Division of the WHO European Centre for Environment and Health.



This Page Intentionally Left Blank



XXX111

Contents

Preface . . . . . . e v

Acknowledgements . . . . . . . . L e e e e Vil

List of editors, authors and contributors . . . . . . .. . ... ... ..... ix

Biographies of editors, authors and contributors . . . . . . . ... ... ... xi

Introduction . . . . . . . . e e e e e e e e e e 1
1. The importance of indoor airquality . . . .. ... .. ... ... .. 1
2. Indoor air quality: an international multidisciplinary effort . . . . . 1
3. Healthriskassessment . . . . .. .. ... .. ... ... ...... 2
4, Nature and sources of pollutants of indoorair . . . . . ... ... .. 3
5. Primary causes of health problems indoors . . ... ... ... ... 5
6. Indoor environmental management strategies . . . . . . ... .. .. 6
7. Conclusions . . . . . . . . . . ... e 9

Part I. Nature, Sources and Toxicity of Pollutants of Indoor Air

Chapter 1. Inorganic Pollutants . . . . . . . . . . .. ... ... ...... 13
1.1 Carbondioxide . . . . . . . . . .. e 13
1.1.1 Physico-chemical nature . . . . .. .. ... ... ..., 13

1.1.2 Occurrence and sources . . . . . . . . .. . ... .. .. 13

1.1.3 Typical concentrations and exposures . . . .. ... ... 14

1.1.4 Healtheffects . . . . ... .. ... ... ......... 15

1.2 Carbonmonoxide . . ... .. ... .. ... ... ... ... ... 15
1.2.1 Physico-chemicalnature . . . . . ... ... ....... 15

1.2.2 Occurrence and sources . . . . . . . . . . ... 15

1.2.3 Typical concentrations and exposures . . . . . . ... .. 15

1.2.4 Healtheffects . . . . . .. .. ... .. ... ....... 18

1.3 Nitrogendioxide . . . . . . ... .. ... 19
1.3.1 Physico-chemical nature . . . . . . ... ... .. .... 19

1.3.2 Occurrence and sources . . . . . . . . . . v .o, 20

1.3.3 Typical concentrations and exposures . . . . . ... ... 20

1.34 Healtheffects . . . . . .. .. ... ... .. ...... 21

1.4 Sulphurdioxide . ... ... ... .. ... .. ... ... ... 22
1.4.1 Physico-chemical nature . . . . . .. ... ... ..... 22

1.4.2 Occurrence and sources . . . . . .. ... .. .. .... 23

1.4.3 Typical concentrations and exposures . . . . . ... ... 23

1.4.4 Healtheffects . . . .. . ... ... . ... ... ..... 24

1.5 Ozone . . . . . .. e 27

1.5.1 Physico-chemical nature . . . . .. .. ... ... ..., 27



XXXIV

1.5.2 Occurrence and SOUrCES . . . . . . . . . oo 27

1.5.3 Typical concentrations and exposures . . . . . .. . ... 27

1.54 Healtheffects . . . . . . . . .. . . . ... 28
Chapter 2. Organic Pollutants . . . . . . . . ... .. ... .. ... ..., 29
2.1 Introduction . . . . . . . . . e 29
2.2  Volatile organiccompounds . . . . . . . ..o 33
2.2.1 Physico-chemical nature . . . . . . ... ... .. .. .. 33

2.2.2 Occurrence and SOUYCES . . . . .+« . o oo e e 34

2.2.3 Typical concentrations and exposures . . . . . . . .. .. 48

2.2.4 Healtheffects . . . . . . . . ... . .. ... ... 58

2.3 Formaldehyde . . . . . . . ... ..o 62
2.3.1 Physico-chemical nature . . . . . . ... ... ... ... 62

2.3.2 Occurrence and SOUrCES . . . . . .« o . oo 62

2.3.3 Typical concentrations and exposures . . . . . . ... .. 63

2.3.4 Healtheffects . . . . . . . . . . 65

2.4 Pesticides . . . . . ... e 69
2.4.1 Physico-chemical nature . . . . . . ... ... ... ... 69

242 Occurrence and sources . . . . . . . . . ... 71

2.4.3 Typical concentrations and exposures . . . . . . . . ... 73

2.4.4 Healtheffects . . . . . . . .« o oo oo oo 74

2.5  Polynuclear aromatic hydrocarbons . . . . . ... ... ... ... 79
2.5.1 Physico-chemical nature . . . . . .. ... ... ... .. 79

2.5.2 Occurrence and SOUTCES . . « v v v v v v v v v v v e 81

2.5.3 Typical concentrations and exposures . . . . . . . . . .. 81

2.5.4 Healtheffects . . . . . . . . . . o o oo 83

2.6  Polychlorinated biphenyls . . . . . . .. .. ... ..o 84
2.6.1 Physico-chemical nature . . . . . .. ... ... ... .. 84

2.6.2 Occurrence and SOUICES . « v v « v v v v v v v e 85

2.6.3 Typical concentrations and exposures . . . . . . . . . .. 86

2.6.4 Healtheffects . . . . . . . . . . .« . ... 87
Chapter 3. Physical Pollutants . . . . . . . . .« .. 91
3.1 Particulatematter . . . . . . . . e 91
3.1.1 Physico-chemical nature . . . . . . ... ... ... ... 91

3.1.2 Occurrence and SOUTCES . . .+« « v v v v v v e 92

3.1.3 Typical concentrations and exposures . . . . . . . . ... 93

3.14 Healtheffects . . . . . . . . . . . o oo 95

3.2  Asbestos . . . . . e e 98
3.2.1 Physico-chemical nature . . . . . .. ... ... ... .. 98

3.2.2 Sources and occurrence . . . . . ..o e e 99

3.2.3 Typical concentration and exposure . . . . . .. .. .. 100

324 Healtheffects . . . . . . . . . ... 103

3.3 Man-mademineralfibres . . . . . . . . . .. ... 104

3.3.1 Physico-chemical nature . . . . . . .. ... ... ... 104



XXXV

3.3.2 Occurrence and sources . . . . . . ... ... ..... 106

3.3.3 Typical concentrations and exposures . . . . . ... .. 107

3.34 Healtheffects . . . . . . ... .. ... ... .. .... 107

34 Radon . .. .. . . ... e, 108

3.4.1 Physico-chemical nature . . . . ... ... ... .. .. 108
3.4.1.1 Special quantities and units for radon and

radon decay products . . .. ... ... ... 112

3.4.2 Occurrence and sources . . . . . .. ... ... .... 114

3.4.3 Typical concentrations and exposures . . . . . .. ... 118

3.4.4 Healtheffects . . . . . . ... ... .. ... ...... 123

Chapter 4. Environmental Tobacco Smoke . . . . . . . . ... .. ... .. 125

4.1 Introduction . . . ... ... ... ... 125

4.2  Physico-chemical nature . . . . . .. ... ... ... ... ... 126

4.3  Typical concentrations and exposures . . . . . . ... .. .... 132

44 Healtheffects . . . ... ... ... . ... ... 136

Chapter 5. Biological Agents . . . . . . . . . . . . . e 139

5.1 Introduction . . . .. . .. ... ... ... 139

5.2 Housedustmites . .. ... .. ... ... ... ... ..., 141

5.2.1 Oceurrence . . . . . . . v i e 141

522 Typical concentrations . . . . .. ... ... ...... 142

5.2.3 Healtheffects . . . . . ... ... .. ... .. ..... 142

5.3 Dander from furred animals (pets) . . . . .. ... ... ..... 144

53.1 Occurrence . . . . . . v v v v i e e e e e 144

5.3.2 Typical concentrations . . . . . ... .. ... ... .. 145

5.3.3 Healtheffects . . . . . . ... ... ... ... ..... 146

54 Fungi. . .. . . .. 147

541 Occurrence . . . . . . o v v i i e 147

542 Typical concentrations . . . . . . .. ... ... .... 148

5.4.3 Healtheffects . . . .. . ... ... ... ... ..... 150

55 Bacteria . . . . . .. ... e 155

5.5.1 Oceurrence . . . . . . . . .. 155

5.5.2 Typical concentrations . . . . . ... ... ... .... 155

5.5.3 Healtheffects . . . .. .. ... .. .. ... .. .... 159

Part I References . . . . . . v v v v v v it e e e e e e e 161

Part Il. Health Effects of Indoor Air Pollution

Chapter 6. General Aspects of Assessment of Human Health Effects of

Indoor Air Pollution . . . . . . . . . e e e e 187
6.1  Assessment of human exposure to indoor air pollution . . . . . . 187
6.2  Human susceptibility to pollutants . . . . . . .. ... ... ... 188

6.3  Methods of studying healtheffects . . . . . .. ... ... .... 189



6.4  Syndromes related to indoor airquality . . ... ... ... ...
6.4.1 “Sick building syndrome” . . . . . . ... ... ... ..
6.4.2 “Building-related illnesses” . . . . . ... ... ... ..

6.4.3 Multiple chemical sensitivity or “chemical
hypersensitivity syndrome” . . . . .. ... ... ...

Chapter 7. Effects of Indoor Air Pollution on the Respiratory System . . . .
7.1 Respiratory health effects associated with exposure to indoor air
pollution . . . . . . ... .
7.2  Principal agentsand sources . . . ... ... .. ... ......
7.3  Evidence linking indoor pollution to effects on the respiratory
system . . .. L L e e e e e e e e
7.4 Susceptiblegroups. . . . . .. ... .
7.5  Publichealthrelevance . . . . . .. ... ... ..........
7.6  Methods for assessment of effects on the respiratory system . . .

Chapter 8. Allergy Associated with Indoor Air Pollution . . . . . ... ...
8.1  Allergic diseases associated with exposure to indoeor air pollution
8.2 Principal agentsandsources . . . . ... ... ... .......
8.3  Evidence linking indoor air pollution to allergic effects . . . . . .
8.4 Susceptiblegroups. . . . . . .. ... .. e
8.5 Public healthrelevance . . . .. ... ... ... .. .......
8.6  Methods for assessment of allergic effects of indoor air pollution .

Chapter 9. Cancer and Effects on Reproduction of Indoor Air Pollution . . .
9.1 Carcinogenic and reproductive effects associated with exposure
toindoor air pollution . . . . . . . .. ... ... .. ... ... .
9.2 Principal agentsandsources . . . ... ... ... ... .....
9.3  Evidence linking indoor air pollution to cancer and effects on
reproduction on humans . . . . .. .. ... ... ...,
9.4 Susceptiblegroups. . . . . . . ... L e
9.5 Publichealthrelevance . . . . . ... .. ... .. .. .. ....
9.6 Methods for assessment of carcinogenic and reproductive effects .

Chapter 10. Irritative Effects of Indoor Air Pollution on the Skin and
Mucous Membranes of Eyes, Nose and Throat . . . . . . ... ... ..
10.1 Irritative effects associated with indoor air pollution . . . . . . .
10.2 Principal agents and sources . . . . . ... ... ...
10.3 Evidence linking exposure to indoor air pollution to irritative
tissuechanges . . . . . . ...
10.4 Susceptiblegroups. . . . . . ... L o Lo o
10.5 Public health relevance . . . .. .. ... ... ... .......
10.6 Methods for assessment of irritative effects . . . . . . ... ...

193

193
194

195
196
197
198

201
201
202
204
204
204
205

207

207
207

209
210
210
212



Chapter 11. Sensory and other Effects on the Nervous System due to

Indoor Air Pollution . . . . . . . . . . . . i
11.1 Sensory effects associated with indoor air pollution . . . . . . .
11.2 Mechanisms involved in sensory perception . . . . . .. .. ..
11.3 Toxic effects on the nervous system . . . . . ... ... .. ..
11.4 Principal agentsandsources . . . .. . ... .. .. ......

11.5 Evidence linking indoor air pollution to sensory effects and

effects on the nervoussystem . . . . . . ... ... .......
11.6 Susceptiblegroups. . . . . . ... . ... ... .. ...
11.7 Public healthrelevance . . . . . . . .. ... . ... ......
11.8 Methods for assessment of sensory effects and neurotoxicity . . .

Chapter 12. Effects of Indoor Air Pollution on the Cardiovascular System

and Other Systemic Effects . . . . . . . .« . o v i
12.1 Cardiovascular effects associated with indoor air pollution . . . .
12.2 Other systemic effects associated with indoor air pollution . . . .
12.3 Principal agentsandsources . . . . .. .. ... ... ... ..

12.4 Evidence linking indoor air pollution to effects on the

cardiovascularsystem . . . . . . . .. ... ... ...
12,5 Susceptiblegroups . . . . . . . .. ... ... ...
12.6 Public healthrelevance . . . . . . ... ... ... .......

12.7 Methods for assessment of effects on the cardiovascular system

and other systemiceffects . . . . . . . ... ... ... .....

Part II References . . . . . . v v v v v v v it it e e e e

Part lll. Risk Assessment

Chapter 13. Risk Assessment: Hazard Identification and Dose Effect

ASSessSment . .. . ... e e e e e e e e e e e e
13.1 General aspects of risk assessment . . . . . . . ... ... ...
13.1.1  Introduction . . . . . . . .. ... ...

13.1.2  Assessment versus management of risk . . . . . . ..

13.1.3 Measuresofrisk . ... . ... ... ...

13.1.4  Perceptionofrisk . . . . .. .. ... ... ...

13.1.5  Risk communication . . . ... ... ... ... ...

13.1.6  Therisk assessmentprocess . . . . . . .. ... ...

13.2 Hazard identification . . . . ... .. .. ... ... ... ..
13.2.1  Carcinogenicagents . . . .. .. ... ... .....

13.2.2  Non-carcinogenicagents . . . . . . . .. ... .. ..

13.3 Dose—effect assessment . . . . . . .. ... L0
13.3.1  Toxicology and animal factors . . . . . .. ... ...

13.3.2  Non-carcinogen dose—effect assessment . . . . . . ..
13.3.2.1 Models for non-carcinogens . . . . . . . ..

XXXVil



XXxXViii

13.3.3  Carcinogen dose—effect assessment . . . . .. ... ..
13.3.3.1 Models for carcinogens . . . . .. .. ... ..

Chapter 14. Risk Assessment: Exposure Assessment . . . . . . . . . . ...

14.1 Direct and indirect methods for assessment of human exposure
14.1.1  Methods of exposure assessment . . . . . . . ... ...
14.1.2  Errors in assessment of human exposure . . . . . . . .
14.1.3 Measurement accuracy . . . . . . . . . ... 0oL
14.1.4  The hybrid exposure assessment . . . . . . ... .. ..
14.1.5 Comments on practicaluse . . . . . . . . ... ... ..

14.2 Exposuremodelling . . . . ... ... oo
14.2.1  Classificationofmodels . . . . . . .. ... ... .. ..
14.2.2  Description of individual models . . . . . . .. . .. ..
14.2.3 Comments on practicaluse . . . . . ... ... . ....

Chapter 15. Risk Assessment: Risk Characterization . . . . . . . . . . ...

15.1 Risk characterization framework . . . . . . ... ... ...
15.1.1  Predictiveriskequation . . . . ... .. ... ... ..
15.1.2  Framework for a systematic approach . . . . . . . . ..
15.1.3  Risk characterization for non-cancer effects . . . . . . .
15.2 The human exposuremodel . . . . . . . .. ... ... .. ...
15.3 Evaluating risks to susceptible populations . . . . . . .. .. ..
15.3.1  Susceptible populations and indoor air pollutants
15.3.2  Risk assessment techniques for susceptible populations
15.4 Limitations of the risk assessment methods . . . . . . . .. ...

Chapter 16. Application of Risk Assessment I: Radon . . . . . . . . . . ..

16.1 Introduction . . . . . . . . . . . . ... ..
16.2 Exposure evaluation for risk assessment . . . . . . .. .. .. ..
16.3 Risk estimation (a): the dosimetric approach . . . . . ... ...
16.4 Risk estimation (b): the miner epidemiology approach . . . . ..
16.5 Risk estimation (c): the residential epidemiology approach . . . .
16.6 Uncertainties in radon risk assessment . . . . .. .. ... ...
16.7 Conclusions . . . . . . . . . ... e

Chapter 17. Application of Risk Assessment II: Respiratory Health Effects

of Environmental Tobacco Smoke . . . . . . . .. ... ... ... ..
17.1 Introduction . . . . . . . . . . .o
17.2 Primaryfindings. . . . . . . .. .. ..o o
17.3 ETSandlungcancer . . . . . . . . . .. ... .. ...

17.3.1  Hazard identification . . . . . . . . . ... ...

17.3.2  Estimation of populationrisk . .. .. ... ... ...
17.4 ETS and non-cancer respiratory disorders . . . . . . .. . .. ..



Chapter 18. Application of Risk Assessment III: Carpets . . . . . .. .. .. 333
18.1 Risks associated with the use of carpets . . . . . . . . ... ... 333
18.2 Source characterization . . . . . . ... ... .. L. 334

18.2.1  Identification of off-gassing volatile organic compounds 334

18.2.2  Emission rate and decay constant estimation . . . . . . 334

18.2.3  Selection of “composite” carpets . . . . . . ... .. .. 335

18.2.4  Selection of worst-casecarpets . . . . . .. .. .. ... 336

18.3 Toxicity and health effect analysis . . . . . ... .. ... .... 336

18.4 Exposure assessmentmodel . . . ... ... ... L. 338

18.41 Model parameters . . . . .. ... ... 339

18.4.2  Estimated concentration profiles . . . . . .. .. .. .. 340

18.4.3 Time activity patterns . . . . . . ... ... ... ... 344

18.4.4 Exposureprofiles . . . . .. .. ... ... ....... 344

18.5 Risk characterization/health effect analysis . . . . . . . .. ... 345
18.5.1  Non-cancer health effects analysis for individual

constituents . . . . .. ... oo L0 345

18.5.2  Cancer health effects analysis for individual constituents 350

18.5.3  Health effects analysis of the mixture . . . . . . . ... 352

18.6 Conclusions . . . . . . . . . .0 e 354

Part ITI References . . . . o v v v v v v i i e it e e e e e 356

Part IV. Investigation, Diagnosis and Management of llinesses and
Complaints Related to Buildings

Chapter 19. Epidemiology of Principal Building-Related Illnesses and

Complaints . . . . . . . . e 369
19.1 Introduction . . . . . .. . ... .. ... 369
19.2 Definitions . . . . . . . . ..o 370
19.3 Epidemiological investigation of principal building-related
illnesses and complaints . . . . .. . ... ..o oo 371
19.3.1  Building-related illnesses with a known aetiology . . . 371
19.3.2  Complaints of poor indoor air quality . . . . .. .. .. 374
19.3.3  Sick building syndrome . . . . . . ... ... 376
19.3.4  General summary and conclusions . . . . . . ... ... 384

Chapter 20. Questionnaires on Exposure and Effect Assessment in

Buildings . . . . . . .. e e e 387
20.1 Introduction . . . . ... . ... ... .o 387
20.2 The questionnaire . . . . . . . . . . ... 389
20.2.1  Recallofthepast . . ... .. ... ... ... ..... 389
20.2.2  Simplicity is the rule, complexity the exception . . . . . 390
20.2.3  Some other importantissues . . . . . .. ... ... .. 390

20.2.4 Measurements . . . . . . . . ..o 391



x1

20.3
204
20.5

20.2.5 Calibration . .. .. ... ... ... .. ... ..., 392
20.2.6  Questionnaire data and symptom measurement . . .. 392
20.2.7  Measurement of annoyance/discomfort . . . . ... .. 393
Persons as measuring instruments . . . . ... ... ... ... 393
Reliability, validity and quality assurance . . . . . . .. ... .. 394
Questionnaires in investigations of problem buildings . . . . . . 395

Chapter 21. Diagnosis of Building-Related Illnesses and “Sick Building

Syndrome” . . .. e e e e 399
21.1 Introduction . . . .. ... ... ... ... . 399
21.2 Upper respiratory tract diseases . . . . . . . .. ... ... ... 400
21.3 Asthma . ... ... .. .. ... 403
21.4 Hpypersensitivity pneumonitis (extrinsic allergic alveolitis) . . . . 406
215 Humidifierfever . . . . . . . .. ... L 407
21.6 Toxicreactions . . . . . . . . . .. . ... ... .o 408
21.7 Infectiousdiseases. . . . . . . . .. ... ... ... ... 409
21.7.1  Viralinfections . . .. .. ... ... ... ....... 409
21.7.2  Bacterialinfections . . . . . .. ... ... ... ... 410

21.73 Fungalinfections . . .. .. ... ... ......... 412

21.8 Dermatitis . . . . . . . ... 414
21.9 “Sick building syndrome” . . . . ... ... oL 415
21.10 Nonspecific environmental hypersusceptibility . . . ... .. .. 417
21.11 Sensory effects and other effects on the nervous system . . . . . 417
21.12 Cancer and effects on reproduction . . . . ... ... ... ... .. 419
Chapter 22. Medical Management of Building Related Illnesses . . . . . . 421
22.1 Introduction . . . ... .. ... ... ... ... ... .. 421
22.2 Medical managementpolicy . . . . . . . . .. ... ... 422
22.3 Policy development committee . . . . .. .. ... ... ... .. 422
224 TheActionPlan . . . . . .. ... . ... ... ... .o ... 422
22.4.1  Assessment and treatment of affected workers . . . . . 422
22.4.2 Reductionofexposure . . . ... ... ... ...... 423
2243 Relocation . . . . . .. ... ... .. .o 424
2244 Counselling . ... ... ... ... ... ... ..., 425

22.5 Specifictreatment . . . . . ... oL Lo 425
22.5.1  Occupationalasthma . . . .. ... ... ... ..... 425
22.5.2 Humidifierfever . ... ... .. ... ... ...... 426
22.5.3  Extrinsic allergicalveolitis . . . . . . ... ... ... 426
2254 Infections . . ... ... ... ... ... ... .. ... 427
2255 Legionella . . . . ... . ... ... ... ... ... 427
22.5.6  Mucous membrane irritation . . . . .. ... ... ... 427

22.5.7  Symptoms from the central nervous system . . . . . . . 428

22.6 Healthsurveillance . . . . . . . . ... ... .. ... ... ... 428
22.7 Workplace assessment . . . . . . ... ... L. 429



22.8 Indoorairquality . .. ... ... .. ... ... .. ...
22.9 Conclusions . . . . . . . . . .

Part IV References . . . . . . . . i i v i i e e e e e e e e
Part V. Dynamics of Indoor Air Contaminants

Chapter 23. Indoor Air Quality Modelling . . . . . . . .. ... ... ...

23.1 Auvailable indoor air qualitymodels . . . . . . .. ... ... ...
23.2 Mass balanceequation . . . ... ... ... ... ...
23.2.1  Infiltration and exfiltration . ... .. ... ... ...
23.2.2  Generation and removal of contaminants . . . . . . ..
23.2.3 Effectivevolume . ... ... ..............
23.2.4  Generalized mass balance equation . . ... ... ...
23.3 Use of the mass balance equation . . . ... ... ... ...,
23.3.1  Equilibrium concentrations . . . . .. ... ... ...
23.3.2  Quantifying parameters . . . . . ... ... ... ...
23.3.3  Statisticalmethods . . . . . . . ... ... .......

Chapter 24. Sources and Sinks in the Indoor Environment . . . . . . . ..

24.1 Sources of indoor air pollution and their emission rates . . . . . .
24.2 Sinksanddecayrates . . . . . .. ... ...

Part V References . . . . . . . . 0 o e e e e e e
Part V1. Indoor Air Quality Investigations in Buildings

Chapter 25. Methodology of Building Investigation I: Data Collection and

Analysis . . . . . .o e e e e e
25.1 Generalremarks. . . . . . . . . . . .0 e
25.2 Collection of generaldata . . . . . ... ... ... .. ......
25.3 Collection of on-sitedata . . . . . .. ... ... ... ... ...
25.4 Engineering analysis . . . . .. ... ...

2541 General . . ... ... e

25.4.2  Stepsin an engineering analysis: . . . . .. ... ...

Chapter 26. Methodology of Building Investigation II: Strategies for

Measurement of Indoor Air Pollution and Air Exchange Measurements .
26.1 Introduction . . . .. ... ... . oo
26.2 The dynamics of indoor air pollution . . . . . . .. .. ... ...
26.3 Samplingobjectives . . . . . . ... L oo
26.4 Timeofsampling . ... ... ... . ... ... . ...,
26.5 Duration and frequency of sampling . . . . .. .. .. ... ...
26.6 Sampling location . . . . . ... ... ... 0oL
26.7 Active and passive sampling . . . . . ... . L.



26.8 Air exchange rate measurement . . . . .. ... ... ...... 498

26.9 Qualityassurance . . . . . . . . ... e 501
Chapter 27. Methodology of Building Investigation III: Sampling and

Analysis of IndoorAir . . . . . . .. e 503

27.1 Inorganicpollutants . . . . . . .. ... ... ... ... ..., 503

27.1.1 Carbondioxide . .. ... ... . ... ......... 503

27.1.2 Carbonmonoxide . . . ... . ... ... ... ..... 503

27.1.3 Nitrogendioxide . . . ... ... .. ... ....... 504

27.1.4 Sulphurdioxide . . . . . ... .. ... .. ... ... 504

27.1.5  Ozone . . . . . . . . . e 505

27.2 Organicpollutants ... . . . . ... .. ... ... . ... .. 505

27.2.1 Introduction . . . . . . . . ... .. .. ... ... .. 505

27.2.2 Samplingmethods . .. ... ... ........... 507

27.2.3  Sample transfer to the analytical equipment . . . . . . 511

27.2.4  Volatile organic compounds . . . .. ... ....... 512

27.2.5 Formaldehyde . . . . . . ... .. ... .. ... .. 515

27.2.6  Pesticides and polychlorinated biphenyls . . . . . . .. 518

27.2.7  Polynuclear aromatic hydrocarbons . . . . . ... ... 522

27.3 Physical pollutants . . . . . . ... ... .o 523

27.3.1 Particulatematter . ... ... .. ... L. 523

2732 Asbestos . .. ... ... . 526

27.3.3 Man-made mineral fibres. . . . .. .. ... ... ... 528

2734 Radon . . ... ... ... 530

27.3.4.1 Indoor radon measuring methodology . . . . . 530

27.3.4.2 Categories of measurement . . . . . . . . ... 533

27.3.4.3 Instrumentation . . . . . . ... ... L. 535

27.4 Environmental tobaccosmoke . . . . . .. ... 0000 540

27.5 Biologicalagents . . . . . . .. .. o oo 545

27.5.1 Housedustmites . . .. .. ... ... ... ...... 545

27.5.2  Dander from furred animals . . . ... ... .. .... 547

27583 Fuangi . ... .o e 548

27.5.4 Bacteria . . . . . ... e e 553

Part VI References . . . . . . . . 0 e e e e e 556

Part VII. Control of Indoor Air Quality and Climate

Chapter 28. Building Design for Good Indoor Air Quality . . . . . . . . .. 569
28.1 Introduction . . . .. . . . . ... ... oo 569
28.1.1  The effects of poor indoor air quality . . . . .. ... .. 570

28.1.2  Factors affecting indoor air quality . . . . .. ... .. 571

28.1.3  The economics of indoor air quality . . . .. ... ... 572

28.1.4  Designing for good indoor air quality . . .. ... . .. 575



28.1.5  Project documentation . . .. ... .. ... ... ... 576
28.1.6 Codesandstandards . . . .. ... ... ... ..... 577
28.2 Projectplanning . . . . . .. ... Lo 578
28.2.1 Programming . . . . . . . ... e 579
28.2.2  Documentation during project planning . . . . . . . .. 579
28.2.3 Spaceplanning . . . . .. ... ... 580
28.2.4 Contaminants and their sources . . . . . ... ... .. 581
28.2.,5  Time factors of pollutant generation . . . . . . .. ... 582
28.2.6 Budgeting . . . ... ... . . 583
28.2.7  Selectingadesignteam . ... ... ... ....... 583
28.3 Siteevaluation. . . . .. ... L oo 584
28.3.1 Documentation during site evaluation . . . . . . . . .. 584
28.3.2 Climate/wind . . . . . . . . . . . ... .. 585
28.3.3 Outdoorairquality . . . . ... ... .. ... ... .. 586
28.3.4  Adjacent and nearby siteuses . . . . .. .. ... L. 588
28.3.5  Soil and groundwater quality . . . .. . ... ... .. 593
283.6 Sitehistory . . . . ... ... 593
28.3.7  Other environmental considerations . . . . . . . . ... 595
28.4 Design services and good indoor air quality . . . . ... ... .. 596
284.1 Introduction . . . . .. . . ... ... oL 596
28.4.2  Indoor air quality criteria . . . . . .. ... ... 598
28.4.3 Siteplanning . . . ... ..o oo 606
28.4.4 Buildingenvelope . . . . . . . ... oL 608
28.4.5  Environmental control scheme . . . . . . . .. ... .. 610
28.4.6  Materials evaluation and selection . . . ... ... .. 620
28.5 The construction process . . . . . . . . . . ..o 628
28.5.1  Documentation during construction and commissioning 629
28.5.2  Field orders, shop drawings and change orders . . . . . 629
28.5.3  Progressinspections . . .. .. ... .. ... ... .. 630
28.5.4  Control of construction contaminants . . . . . ... .. 631
28.5.5 Commissioning . . . . . . . . . . e 631
28.5.6  Initialoccupancy . .. . . .. . .. .. ... ... 633
28.5.7  Testing building performance . . . .. .. .. ... .. 634
Chapter 29. Heating, Ventilation and air Conditioning (HVAC) Systems
and Indoor Air Quality . . . . . . . . .o e 637
29.1 Introduction . . . . . . . .. ... L. o 637
29.1.1  Roles of the HVAC system operator and facility manager 638
29.2 Typesof HVACsystems . . . . . . . .. .. ... ... .. .... 639
2921 Singlezone . . . .. .. ... ... ... 639
29.2.2 Multiplezone . . . . .. ... o000 639
29.2.3 Constantvolume . . . . .. ... ... ... ... ... 639
29.2.4  Variableairvolume . . . . . . . . . ... oo 640
29.3 Basic components of an HVAC system . . . . . . ... ... ... 640

29.3.1 Outdoor airintake . . . . . .. . .. ... ... ... 640



xliv

29.3.2
29.3.3
29.3.4
29.3.5

Mixed-air plenum and outdoor air controls . . . . . . .
Airfilters . . . . .. L L o
Heating and cooling coils . . . . . . .. ... ... ...
Humidification and dehumidification equipment . . . .

29.4 Testing, balancing and maintaining . . . . . . ... ... .. ..

20.4.1
29.4.2
29.4.3
29.4.4
29.4.5
29.4.6
29.4.7
29.4.8
29.4.9
29.4.10
29.4.11
29.4.12

Ductleakage . . . ... .. ... ... ... ...
Supplyfans . . . . .. ... ... . 0 o
Ducts . ... . ... e
Recommendations on duct cleaning . . . . .. .. ...
Terminaldevices . . . . . .. .. ... . ... ...
Return airsystems . . .". . ... ... ..o oL
Exhausts, exhaust fans, and pressure relief . . . . . . .
Self-containedunits . . . . . . ... ... ...,
Controls . . . . . . . ... s
Boilers . . . . . . . ..
Coolingtowers . . . . . . . . . .« ... ... ..
Waterchillers . . . . . .. ... ... .. L.

Chapter 30. Building Operation and Maintenance . . . . . . . . . ... ..
30.1 Managing buildings for good indoor air quality . . .. ... . ..

30.1.1  Developing an indoor air quality management plan
30.1.2  Product of the review of the indoor air quality profile
and other existing records . . . . ... ... ... ...
30.1.3  Preventive maintenance management . . . . . . . . ..
30.1.4 Integrated pest management. . . . . . ... ... ...
30.1.5 Material safetydatasheets . . . ... ... ... ...
30.16  Occupantrelations . .. .. ... .. ... .......
30.1.8 Smoking . . . . . ... e
30.2 Mitigating indoor air quality problems . . . . . .. ... .. ...
30.2.1 Introduction . . . . . .. ... . ... ...
30.2.2 Sourcecontrol . . . .. ... ... Lo
30.2.3 Ventilation . .. ... ... ... ...
30.24 Aircleaning . . . . . .. ... L o oo
30.2.5 Exposurecontrol . . ... ...... ... ...
30.2.6  Remedies for complaints not attributed to poor indoor
airquality . . . . . . ... oo
30.2.7 Judging proposed mitigation designs and their success .

Chapter 31. Specific Aspects of Indoor Air Quality and Climate Control
31.1 DMoisturecontrol . . . . . ... o o oo o o

31.1.1
31.1.2
31.1.3
31.1.4
31.1.5

Essentials for microbial growth . . . . ... . ... ..
Effects of moisture for the building and occupants
Control of relative humidity of indoor air . . . . . . . .
Condensation of moisture . . . . . .. ... ... ...
Water leaks from the water systems, air conditioners
humidifiers and dehumidifiers . . . . . .. .. ... ..



31.2
31.3

31.4

31.5

31.6

31.7

31.8

xlv

31.1.6  Storm- and meltwater leaks through the roofs and walls 716
31.1.7 Groundwater leaks through the concrete slab and

basementwalls . . . ... ... ... ... ... 717
31.1.8 Removing water and moisture from wet spaces;

kitchens, bathrooms and laundries . . ... . ... .. 718
31.1.9  Dealing with moisture from the construction period and

materials . . . .. ... Lo L 719
31.1.10 Chemical damage in materials under high humidity . . 720
Soilgascontrol . . . . . .. .. ... ... 724
Remedial and preventive measures to reduceradon . . . . . . . . 725
31.3.1 Imtroduction . . . . . . .. .. ... ... L. 725
31.3.2  General approach to control radon indoors . . . . . . . 725
31.3.3 Depressurisation . . .. ... ... ... ... ... .. 726
31.34 Ventilation . . ... ... ... .. ... . ....... 726
31.35 Sealing ... ... ... 727
31.3.6 Aircleaningdevices . . . . . . ... .. ... .. .... 728
31.3.7 Conclusions . . . . . .. ... oo 728
Combustion productcontrol . . . . . . . .. ... ... .. .... 728
31.4.1 Introduction . . . . . ... ... ... L. 728
3142 Controlmeasures . . . . . . . ... . 729
Aircleaning . . . . . . L L L oo 732
31.5.1 Evaluation of aircleaners . . . . . . ... ... ... ... 732
31.5.2  Particles and air cleaning devices . . . . . .. ... .. 736
Ventilation . . . . . .. . . ... . . 739
31.6.1 Introduction . . . . .. .. ... ... ... ....... 739
31.6.2  Role of ventilation in pollutant control . . . . .. ... 740
31.6.3 Methods of providing ventilation . . . . . ... ... .. 741
31.6.4 Pollutantsources . . . .. ... ... .. ........ 742
31.6.5 Ventilation systemdesign . ... .. .......... 743
31.6.6  Ventilation effectiveness . . . . .. .. ... ... ... 746
31.6.7 Calculating ventilationrates . . . . . . . . ... . ... 749

31.6.8 Minimum physiological requirements for respiration air 750
Selection of building materials, furnishing and maintenance

materials . . . . .. L e 753
31.7.1 Introduction . . . . .. .. .. ... .. ... ... ... 753
31.7.2  Selectioncriteria . . . . . . . ... .. 754
31.7.3  Desirable characteristics of materials . . . . . . . ... 755
31.7.4 Indoor air quality criteria . . . . . ... ... ... .. 756
31.7.5 Emissiontesting . ... ... .. ... ... ... 758
Evaluating building materials . . . . . ... ... .. .. .... 759
31.8.1 Identifying target products . . . . . . . ... ... ... 760
31.8.2  Screening target products . . . .. ... .. ... ... 760
31.8.3 Chemical contentanalysis . . ... ... ... ..... 761
31.84 Emissiontesting . . ... ... ... ... ..., 762

31.8.5 Recommendations . . . .. .. .. ... .. ... 763



xlIvi

31.9 Noisecontrol . . . . . . . ... 764
31.10 Lighting . . . . . . .. . 766
Part VII References . . . . . . . . . . . . o i e 769

Part VIIl. Guidelines for Indoor Air Quality and Selected International
Programmes

Chapter 32. Approaches to Regulating Indoor Air . . . . . . . .. .. ... 777
32.1 The need for regulations . . . .. ... ... ... ... ..... 777
32.2 The possibilities of achieving acceptable indoor air quality . . . . 778

32.2.1  Ventilation standards . . . . . ... ... 780
32.2.2  Banning chemical substances or products . . . . . . .. 781
32.2.3  Standards for indoor air quality . . . . ... ... ... 782
32.2.4  Guideline values for indoor air quality . ... ... .. 782
32.2.,5  Developing emission standards . . . . . ... ... .. 783
32.2.6  Voluntary agreements . . ... .. ... ... ..... 785
32.3 Thecostofregulation . . . .. ... ... ... ... ..., 785
32.4 Conclusions . . . . . . . .. ..o o e e 786

Chapter 33. The World Health Organization Air Quality Guidelines . . . . 789

33.1 Criteria used in establishing guideline values . . . . . . . . . .. 789
33.1.1  Criteria common to carcinogens and non-carcinogens . 790
33.1.2  Criteria for endpoints other than carcinogenicity . . . . 790
33.1.3  Criteria for selection of a lowest-observed-adverse-effect

level . . . . . . e 791
33.1.4  Criteria for selection of protection factors . . . . . . . . 792
33.1.5  Criteria for selection of averaging times . . . . . . . .. 793
33.1.6  Criteria for consideration of sensory effects . . . . . . . 794
33.1.7  Criteria for carcinogenic endpoint . . . . . .. . . . .. 794
33.1.8 Ecologicaleffects . . . ... ... ... ... ... .. 801

33.2 Summary of the guidelines . . . . . . ... ... ... ... .. 801
33.2.1  Guideline values based on effects other than cancer . . 803
33.2.2  Guidelines based on carcinogenic effects . . . . . . .. 806
33.2.3  Guidelines based on ecological effects on vegetation . . 809

Chapter 34. Air Quality Guidelines for Selected Pollutants . . . . . .. .. 811

34.1 Recommended and regulatoryradonlevels . . ... ... .. .. 811
34.1.1 Introduction . . . . ... ... ... ... ... .. .. 811
34.1.2 Application todwellings . . . .. .. ... ... .... 812
34.1.3  Application to “normal” workplaces . . . ... ... .. 814
34.1.4  Limitation of radioactivity concentration in building

materials . . . ... 0o o oo 815
34.1.5  Conclusions . . . . . .. ... oo 815
34.2 Guideline values for biological particles . . . . . ... .. .. .. 815

34.3 Volatile organiccompounds . . . . . . . . ... ... 819



Chapter 35. Recommendations of the NATO/CCMS Pilot Study on Indoor
Air Quality . . . . . . e e
35.1 Introduction . . . .. . . . . .. . ... e
35.2 Activities of thepilotstudy . . . .. ... ... ... ... ....

35.2.1  “Implications of Indoor Air Quality for Modern Society”
Erice, Italy, February 1989 . . . . . ... .. ... ..

35.2.2  “Managing Indoor Air Quality Risks”, St. Michaels,

Maryland, October 1989 . . . . . . . . . .. ... ...

35.2.3  “Energy and Building Sciences in Indoor Air Quality”,

Sainte-Adéle, Québec, Canada, August 1990 . . . . . .

35.2.4  “Epidemiology and Medical Management of
Building-Related Complaints and lllnesses”, Oslo,

Norway, August 1991. . . . . . . . . . ... ... ...

35.2.5  “Methods of Risk Assessment for the Indoor
Environment”, Kloster Banz, Germany, October 1991

35.2.6  “Sampling and Analysis of Biocontaminants and
Organics in Non-Industrial Indoor Environments”,

Chapel Hill, North Carolina, May 1992 . . . . . .. ..

35.2.7  “Indoor Air Quality for Health”, Civitavecchia, Italy,

September 1992 . . . .. ..o

35.3 Final recommendations of the pilot study . . . . . .. ... ...
35.3.1 Government policy . . . . . . .. ... ... ...
35.3.2  Design Considerations . . . . .. ... .. ... ....
35.3.3  Indoor air pollution control . . . . . . . . ... ... ..

Chapter 36. The Nordic Committee on Building Regulations Guidelines

for Indoor Climate and Air Quality . . . . . .. . . ... ... .. ..
36.1 Introduction . . . . ... . . . ...
36.2 Overallobjectives . . . . . . . . . ... oo

36.3 Requirements for buildings, fittings and fixtures, furnishings

and furniture, and activities in the building . . . . . . . . . . ..
36.3.1 Planning. . . . . . ... .00 o oo
36.3.1.1 Basicconditions . . ... ... ... ... ..

36.3.1.2 Quality of outdoorair . . .. ... .. .. ..

36.3.2 Thedesignofbuildings . . . . ... ... ... .....
36.3.3 Construction . . . ... ... ... ... ...
36.3.4  Building materials and surface finishes . . . . . . . ..
36.3.5  Fittings, fixtures, furnishings and furniture . . .. ..
36.3.6  Processes, activities and handling . . . . . . ... . ..
36.3.7 Cleanability and the cleaning of buildings . . . . . . . .
36.4 Requirements for ventilation . . . . . . ... ...
36.4.1 Outdoorairflowrates . . ... .. ... ... .....
36.4.1.1 Choice of outdoor air flow rates . . . . . . . ..

36.4.1.2 Operation . . . ... ... ... ... . ...

36.4.2 The quality of outdoorair . . .. ... ... ... ...

xlvii

832



xlviii

36.4.3 Airflowconditions . . ... ... ... ......... 866
36.4.4  Processes and sanitary accommodation . . . . . .. . . 868
36.45 Openingofwindows . ... ............... 869
36.4.6  Engineering requirements for air handling installations 869
36.4.6.1 Easeofuse . .. ... ... .......... 869
36.4.6.2 Space requirements . . ... ... ... ... 870
36.4.6.3 Cleanability . ... .............. 870
36.4.6.4 Components and materials . ... ... ... 871
36.4.6.5 Airtightness and pressure conditions . . . . . 871
36.4.6.6 Humidificationofair. . . .. ... . ... .. 872
36.4.6.7 Balancing, handingover . . . . . . .. .. .. 872
36.5 Documentation, management, operation and maintenance . . . 873
36.6 Quality assurance, inspection . . . . . . . ... ... ... ... 875
Chapter 37. Selected Indoor Air Quality Programmes and Guidelines . . . . 877
37.1 The U.S. EPA guidelines and activities . . ... ... ... ... 877
37.1.1 EPA’s program for dealing with indoor air pollution . . 877
37.1.2  Reducing pollutant levelsindoors . . . . .. ... ... 879
37.1.3  Increasing access to indoor air information . . . . . . . 881
37.2 The ASHRAE standard and guidelines . . . . . . ... ... ... 883
37.2.1 Standard 62-1989, “Ventilation for Acceptable Air
Quality” . . . . . .. 883
37.2.2  Standard 55-1981, “Thermal Environmental Conditions
for Human Occupancy” . . . . . . . .. ... ... 884
37.2.3  Standard 52-76, “Method of Testing Air-Cleaning
Devices Used in General Ventilation for Removing
Particulate Matter” . . . . . . . ... ... ... .... 884
37.2.4  Guideline 1-1989 “Guideline for the Commissioning of
HVAC Systems” . . . . . . .. ... .. oL 885
37.3 The residential air quality guidelines of Canada . . ... . . . .. 886
37.3.1 Introduction . . . . . . .. .. ... 886
37.3.1.1 Sources of indoor air contaminants . . . . . . 886
37.3.2 Purposeandscope . ... ... ... ... ...... 888
37.3.2.1 Objectives . . . . . . . .. ... .. ..., 888
37.3.2.2 Definitions of indoor air quality . . . . . . . . 889
37.3.2.3 General “indicators” of indoor air quality . . . 891
37.3.3  Derivation of guidelines and recommendations . . . . . 893
37.3.3.1 Data base for derivation of exposure
guidelines . . . . . ... ... ... ...... 893
37.3.3.2 Approach used in deriving exposure guidelines 896
37.3.3.3 Monitoring procedures . . . . . ... ... .. 898
37.3.4  Guidelines and recommendations . . . ... ... ... 899

37.3.4.1 Substances with exposure guidelines —
non-carcinogenic effects . . . . . ... .. .. 899



il

37.3.4.2 Substances with exposure guidelines —

carcinogenic effects . . . . . ... ... ... 907
37.3.4.3 Substances with recommendations for
controlling exposure . . . . . . ... ... .. 909
37.4 The European Union activities . . . . . . . .. .. ... ... .. 918
37.4.1 Introduction . . . . . ... ... .. ... ... ... 918
37.4.2  Scope and purpose of the European Collaborative Action
“Indoor Air Quality and its Impact on Man”. . . . . . . 918
37.4.3 Implementation of the European Collaborative Action . 918
37.4.4  Performed activities . . . ... . ... ... ... 919
37.4.5 Ongoing work and continuation . ... ... ... ... 922
37.5 Guidelines for indoor air quality in Norway . . . . ... .. ... 923
37.6 The indoor air quality programme of the WHO Regional Office for
Europe . . . . . . . 924
376.1 Introduction . . . ... ... ... ... ... ..., 924
37.6.2 Health aspectsrelatedto IAQ . . . . . . . . ... ... 925
37.6.3 Exposure and healtheffects . . .. .. ... ... ... 926
37.6.4 Indoor air qualityresearch . . . . . .. ... ... ... 927
37.6.,5  “Sick building” syndrome . . . . .. ... ... L 928
37.6.6 Radon and formaldehyde . . . . . ... ... ... ... 931
37.6.7 Organicpollutants . . . ... .. ... ... ...... 932
37.6.8 Biological contaminants . . . ... ... ... ... .. 936
37.6.9 Combustionproducts . . . ... ... .. ... ..... 938
37.6.10 Inorganic fibres and other particulate matter . . . . . . 939
37.6.11 Future activities . . . . . . . ... ... ... ..., 943
37.6.12 WHO air quality guidelines . . . ... ... ... ... 944
Chapter 38. Economic Implications of Indoor Air Quality and its
Regulation and Control . . . . . . . . .. ... ... oL 947
38.1 Nature of the economic effects of indoor air pollution . . . . . . . 947
38.2 Methodologies for valuing economic effects . . . . . ... .. .. 948
38.3 Estimates of economic costs and implications for business
MANAZELS . .+ v v e e e e e e e e e e e e e e e e 953
Part VIII References ". . . . . . . o . o v v v v i i it e i i e 962
Appendix I. Assessment of Levels of Knowledge About IAQ . . . . . . . . .. 973

Appendix II. Conclusions and Recommendations of the WHO IAQ Working
Groups . . . o o v o i e e 977

Analytical Index . . . . . . . . . e e 989



This Page Intentionally Left Blank



Introduction

1. THE IMPORTANCE OF INDOOR AIR QUALITY

The quality of air inside enclosed spaces has become a matter of growing
concern over the last twenty years. This concern was initially triggered by
reports of occupants of various indoor environments who complained about a
variety of unspecific symptoms, such as irritation or dryness of mucous mem-
branes, burning eyes, headache or fatigue. Because in some cases these
symptoms could be related to elevated concentrations of specific pollutants in
indoor air, such as formaldehyde, increasing attention was devoted to deter-
mining climate conditions and chemical compounds in the air of rooms when-
ever people complained about bad indoor air quality.

It rapidly became clear, however, that acute reactions to specific pollutants
were only one of the reasons for becoming concerned about indoor air pollution.
The other was more general and related to the fact that estimates of population
exposure to air pollutants had been based exclusively on data from outside air
monitoring; thus the quality, duration, and effects of human exposure to air
pollutants indoors were likely to have been overlooked and undervalued.

To correctly characterize the quality of exposure to air pollutants, emis-
sions from a variety of sources, including building materials, appliances of
various types and consumer products, must be considered. As to the duration
of exposure, the time that the population of industrialized countries spends
both outdoors and indoors would have to be taken into account.

2. INDOOR AIR QUALITY:
AN INTERNATIONAL MULTIDISCIPLINARY EFFORT

In recent years, our knowledge in the field of indoor air quality has been
increasing steadily. International conferences, especially the International
Conferences on Indoor Air Quality and Climate and comprehensive reports
prepared by international and national working groups as well as a number of
monographs, have contributed to the compilation of the knowledge available
in this field.
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This book is the result of a large international effort that has collected part
of the production of the NATO Committee for Challenges of Modern Society —
Pilot Study on Indoor Air Quality, the European Collaborative Action “Indoor
Air Quality and its Impact on Man” (formerly COST 613), the International
Society of Indoor Air Quality and Climate (ISIAQ), the World Health Organi-
zation, and the U.S. Environmental Protection Agency — Indoor Air Division.

Most of the authors who have contributed, directly or indirectly, to the papers
collected in this book belong to the International Academy of Indoor Air Sciences.

The reader will note that the knowledge developed over the last two
decades has changed the perception of the importance of indoor air, which is
now considered to be one of the major areas of intervention in health-related
research and in public health applications.

However, despite these efforts and achievements, much remains to be done
in both research and practice.

Up to now, large-scale surveys permitting broader conclusions than case
study-type investigations have been scarce and studies directed towards un-
covering relationships between indoor air pollution and potential negative
health effects are still limited for the majority of pollutants. This is in part due
to a lack of financial resources, but is also caused by the complexity of the
subject itself. Indoor air research being a multidisciplinary task, a highly
skilled team including scientists from various disciplines such as medicine,
chemistry, biology, engineering, architecture and building sciences, is gener-
ally required.

To deal with special problems, e.g., those related to air-conditioned office
buildings (“sick building syndrome”), it may even become necessary to include
professionals generally not involved in air pollution studies, such as psycholo-
gists and behavioural scientists.

3. HEALTH RISK ASSESSMENT

As was mentioned above, the indoor environment plays a highly important
role in the assessment of the risk associated with exposure to pollutants.

Hazard identification, dose-response assessment, exposure assessment
and risk characterization are the four elements of risk assessment.

While the concepts of hazard identification and dose-response assessment
include the use of biological data, such as absorption of pollutants into the
body, pharmacokinetics, bioassays and results from animal exposure experi-
ments, exposure assessment has to consider: (a) the sources of various pollut-
ants, (b) the concentrations to which the emissions of these sources lead, and
(c) the exposed population (in terms of both quality and quantity). Although
progress has been made with regard to these three topics, they are likely to
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continue to be major items on the agenda of indoor air quality research in the
years to come.

Even in the case of pollutants that have been dealt with in outdoor air
studies for many years, such as nitrogen dioxide and suspended particulate
matter, our knowledge of frequency distributions of indoor pollutant concen-
trations is generally not sufficient to permit a comprehensive exposure assess-
ment for the various population groups. However, a sufficiently developed
knowledge of such distributions is essential to a sound exposure assessment.

4. NATURE AND SOURCES OF POLLUTANTS OF INDOOR AIR

Occupants and their activities tend to introduce contaminants into the air
of a building. Additionally other contaminants often emanate from building
materials and contents or penetrate with outdoor air. Elevated contaminant
concentrations are usually reduced in a building by natural or forced ventila-
tion, whereby outside air displaces some of the contaminated air.

Clearly, a high ventilation rate is advantageous in reducing indoor air
pollution to a low level. There are, however, a number of factors which can
interfere with this simple solution, and make it necessary to consider compro-
mises and alternative indoor contaminant reduction strategies. The most
important of these factors are the energy cost of ventilation in terms of heating,
cooling or dehumidification, and intentional limitation of ventilation in some
locations under certain conditions when the air outdoors may be more polluted
than that indoors. In recent years, many countries have taken measures to
reduce ventilation rates to conserve energy, but this practice is now under
dispute for health economic reasons. Also, over the last several decades,
knowledge of the outdoor air pollution sources, the related adverse health
effects, and the methods required to improve ambient air quality has greatly
advanced. Many countries now have standards or guidelines for ambient air
pollutants, the concentration of which generally show a downward trend.

Hence, the impact of outdoor air pollution on the indoor air quality has often
been reduced.

The concentration of an air pollutant indoors depends on a number of
factors:

1. volume of air contained in the indoor space;

2. rate of production, or release of the pollutant into the indoor space;

3. rate of elimination of the pollutant from the indoor space through reaction,
filtration or settling;

4. rate of air exchanged with the outside atmosphere, through infiltration,
natural or forced ventilation;

5. concentration of the pollutant outdoors.
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In the indoor environment, because of the small mixing volume, even the
release of relatively small amounts of a pollutant can produce a high concen-
tration which many affect human health and well-being.

Since in almost all inhabited spaces there is a continuous air exchange with
the exterior, all pollutants present in the outdoor air are also found indoors.
Important pollutants in this category are: suspended particulate matter,
sulphur oxides, nitrogen oxides, carbon monoxide, hydrocarbons, photochemi-
cal oxidants and heavy metals. Measurements of these pollutants have been
made simultaneously indoors and outdoors by a number of investigators,
finding that in many cases — with the exception of several organic compounds
— concentrations indoors were similar to those outdoors, with the average
ratio of indoor/outdoor concentration falling within the range of 0.5 to 2.

Ultimately, all internally-generated air pollutants are the result of human
action or choice. It is useful to divide such pollutants into two categories. In
the first category, the pollutants are released only in connection with human
activity or even presence, while in the second, they are released from building
materials, and furnishings, generally over long periods of time. The number of
compounds related to human activity or presence is limited only by the
inclination of human occupants to bring them indoors. Thus, compounds which
occur in the industrial workplace can be introduced into the nonindustrial
environments. Furthermore, products enter the residential environment in
connection with hobby or craft activities. In many cases these are carried out
without the protective measures required by regulations governing the indus-
trial workplace.

The concentration of indoor pollutants varies in time and in the case of
activity-related compounds accumulated exposures depend on the intensity
and duration of the activity with which the release is associated.

Smoking is a major cause of indoor air pollution. While smokers are exposed
to mainstream smoke, nonsmokers in a space are exposed to increased concen-
trations of tobacco smoke constituents, especially respirable particulate mat-
ter, carbon monoxide, and a number of organic substances known or suspected
to be carcinogens.

In addition to smoking, other combustion processes like those related to
heating and cooking are at the origin of a large number of indoor air pollutants.

Human presence and activity bring further changes in the indoor atmos-
phere: metabolic activity reduces the concentration of oxygen and increases
that of COg, and produces a variety of odours. Respiration, sweating and
several other processes increase the amount of water vapour in indoor air. If
the ventilation rate is low, concentrations of COy and water vapour may rise
above the recommended levels.

A large number of organic pollutants are released from building materials
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and products, regardless of human presence or activity. One example is
formaldehyde which is released from, e.g., particleboard, medium density fibre
board and plywood.

Formaldehyde contained in these products can be released over long peri-
ods, depending on temperature and moisture regimes. Another example is
asbestos which has been used in the past in a variety of building products for
its special properties. Spray materials containing 10-30% asbestos have been
used for fireproofing, and for decorative and acoustic purposes, and elevated
airborne asbestos fibre concentrations have been found indoors. The use of
asbestos is now forbidden in many countries.

The ground on which the building is built may contain volatile pollutants
entering into the building via fissures and other openings in the building shell.
A well-known example is radon originating from the ground either due to
natural geological conditions or to earlier mining activities in the area.

5. PRIMARY CAUSES OF HEALTH PROBLEMS INDOORS

Despite the fact that indoor environments vary from one country (or even
region) to the other, due to differences in construction habits, climatic condi-
tions and life-style, the industrialised societies tend to face a growing number
of similar indoor air quality problems.

Indoor environmental problems have five common causes, and more than
one may be active at any time: an inadequately cleaned or maintained envi-
ronment, insufficient ventilation, pollutants emitted from sources and activi-
ties inside the building, contamination from outside sources, and biological
contamination due te a lack of moisture control. These causes can often
intensify or add to the stress that occupants suffer from inadequate tempera-
ture, humidity, or lighting, or by excess noise. Exposure to pollution indoors
also adds to stress of occupant density, job dissatisfaction, lack of personal
privacy and control over the environment.

The inadequately maintained environment is the consequence of inatten-
tion to the different emissions and by-products of activities indoors and the
need for constant ordering.

Poor ventilation sometimes is the result of dirty air filters that need periodic
cleaning or replacement. Emissions from cooking or tobacco products always need
to be removed. Left alone, they accumulate damaging materials, causing odours,
and in some cases increasing cancer risks to humans.

Particles from the outside are constantly being tracked or blown inside.
They need to be removed through cleaning and maintenance.

Before the 1974 energy crisis, most buildings were designed to provide
maximum comfort to inhabitants. Heating, ventilating, and air conditioning
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systems were designed to provide as much as 15 cfim of outside air for each
building occupant. Since 1974, buildings have been designed to save energy.
The size of spaces for heating and cooling has been reduced, and outdoor air
ventilation lowered to 5 c¢fm. Moreover, many ventilation systems do not
effectively distribute air to people in buildings. Inadequate air diffusion com-
bined with reduced ventilation causes pollution levels to grow and, as pollut-
ant concentrations rise, so do health complaints.

As already discussed, many indoor pollutants come from sources inside the
building, while others may enter the building with outdoor air or from the soil.

A major cause of illness indoors is biological contamination. It is — or is
derived — from living organisms such as bacteria, fungi, viruses, and mites,
and from other biological material such as insect parts, that can originate both
inside and outside of the built environment.

Biological contamination occurs most often when moisture and food sources
for living organisms are not properly managed. Ironically, mechanical ventila-
tion systems are often sources of these contaminants. Biological pollutants
such as fungi and bacteria breed in water that has been allowed to accumulate
on hard surfaces, for example in humidifiers and cooling coil condensate pans.

They also breed where water has collected on or under cellulose materials
such as ceiling tiles, wallpaper, carpeting, insulation, and internally lined duct
work. The most publicized of these biopollutants is Legionnella, that may
cause a fatal disease. In addition to the risk of infections, humans can be
sensitized to several different fungi such as Aspergillus and Penicillium, and
experience allergic reactions and a range of health effects involving skin, eye,
and the upper and lower airways.

6. INDOOR ENVIRONMENTAL MANAGEMENT STRATEGIES

It is interesting to note that in the same way as the man is responsible for
the creation of indoor air problems, the man can also prevent them to a great
extent adopting a proper environmental management strategy.

In general, environmental management is the process aimed at keeping
harmful substances away from humans or down to levels that will not cause
harm. The primary goal of environmental management indoors as well as
outside is to reduce exposures of people and materials to harmful substances.

We should be optimistic that we can improve or maintain the quality of the
indoor environment as there are many methods to keep pollution to safe levels
indoors. These approaches to pollution control are so fundamental and time-
tested that they can be recognised as basic principles of managing pollution.
They are:
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— source management which includes source removal or source modification,

— activity management,

— design intervention and remedial actions,

— dilution, and

— cleaning.

Pollutants are most effectively controlled at their source. Once a pollutant
is in the environment, it is more difficult to track down and return to its proper
place. Much more energy is expended in controlling pollutants that have
spread away from their sources than is spent keeping them there. Therefore,
it is important to investigate all options for controlling pollution at its source.
For example, some sources could be removed or displaced, others could be altered
so that they will stop polluting or emitting a specific pollutant. Or the pollutant
could be captured at the source so it cannot diffuse into the environment.

Source removal

The ideal, permanent way to eliminate pollution is to eliminate its source.
Unfortunately, almost everything in the environment is a source of chemical
emission and obviously, we cannot remove all sources: it may be impractical or
too expensive. As an environmental management option, source removal should
be considered particularly when the pollutants from the source cause serious
harm or damage to the environment or to humans.

Source modification is a powerful option in environmental management.
Almost always, a polluting source can be redesigned to pollute less: laundry
detergents containing phosphates can be replaced with non-phosphate deter-
gents; carpet-cleaning chemicals containing trichloroethylene can be replaced
with less hazardous solvents, etc.

One way to control a polluting source is adding a mechanical device to it
that will capture the pollutant before it is emitted to the environment. Source
control is a “technological fix” designed to manage emissions before they leave
the source. In this case the source itself is not removed from the environment
or modified.

Source control is an effective means of managing pollution so long as the
control technology does not break down. When it fails, pollution levels in the
environment will rise. Moreover, the expense of this technology will vary
depending on what is being fixed.

Other techniques for keeping pollution out of the built environment, are
activity management, design intervention, and remedial action. In some cases,
these approaches are refinements of source removal and source modification.
However, when we think of these techniques, we should think of them in terms
of:

— how the built environment is designed,
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— what activities we allow to go on in the built environment, and
— what we can do to keep down pollutant levels in the built environment
when we find a problem in it.

Activity management

Activity management is the process of ensuring that a building is used for
the activities it was built to accommodate. Every built environment is designed
for a specific human activity. Homes, multi-storey office buildings, laborato-
ries, manufacturing plants, schools, hospitals, churches, warehouses, and
barns are designed for specific and different activities. The activities that go
on in each of these special environments generate different pollutants and
pollutant concentrations. In most cases, built environments are designed to
deal with their usual activities and resulting by-products. However, if we
perform an activity in an environment not designed to handle it, we can create
pollution levels harmful to health.

For example, using large amounts of chemicals in a laboratory may be fully
acceptable. The laboratory will probably have adequate ventilation and dis-
posal systems for them. Using the same chemicals in a home, however, may
present serious hazards and risks. Similarly, office space is safe for some
activities and not for others. It is usually designed for people, desks, paper
storage, and phones. If we start manufacturing things in an office, cooking and
eating at our desks, or using products that emit excessive amounts of chemi-
cals, we can create a state of pollution that the building was never designed to
manage.

Contaminated buildings are often being used for purposes other than those
they were originally constructed for. The best way to manage this kind of
pollution problem is to control activities within the building.

Design intervention

Design intervention is meant to match the built environment with the
activity inside in order to minimize human exposure to pollutants.

Design intervention might include special ventilation systems that carry
away harmful by-products. It might also consist of the use of special building
materials that do not emit pollutants, such as wood products that do not
release formaldehyde, or paints that do not emit large amounts of hydrocar-
bons. Design intervention also includes building a structure that can be easily
cleaned: hard, flat surfaces are easier to clean than textured or fleecy surfaces
and thus more economical. Cleanable surfaces are a must, for example, in
hospitals and schools especially if the institution will have limited funds for
regular and thorough cleaning. Design intervention is very important when
designing a new building or when remodelling an old structure for a new use.



INTRODUCTION 9

Remedtal action
Even after a new building has been designed with a keen eye to reducing

pollution levels indoors, something often has been miscalculated or over-
looked. This is where remedial action finds indication. Remedial action may be
as simple as eliminating door mats, or it may involve increasing the air flow
in the ventilation system, installing dehumidifiers, or increasing the frequency
of cleaning activities. Remedial action may also include altering activities or
redesigning part of the built environment.

Once pollution has spread away from its source and into the environment,
three options for dealing with it are available: one can live with it, dilute it, or
clean it up.

Dilution makes pollutants less concentrated and the less concentrated they
are, the less toxic or harmful they become. Pollutants can be diluted either by
removing some of them or by re-distributing them out over a larger surface or
space.

Using dilution as an option for environmental management always entails
risks, because some harmful pollutants may remain at toxic concentrations
and harmful pollutants successfully removed from the immediate environ-
ment, may continue to cause problems in another environment.

At best, dilution is a way of coping with pollution by keeping it at less
harmful concentrations, nevertheless, the optimum place to manage pollution
is at its source and source management and removal should receive priority
over dilution.

Cleaning is the process of removing pollutants from the environment and
putting them in their proper place of disposal. Cleaning occurs after pollutants
have entered the environment: the steps of the process are find, identify,
capture, contain, remove, and dispose of pollutants. Cleaning is different from
diluting, as cleaning means removing. We do not hide or brush aside dusts and
wastes and say that we are cleaning. We must remove and dispose of them, too.

7. CONCLUSIONS

We are only beginning to understand now how important indoor environ-
mental quality is to health and well-being. It is clear that the indoor environ-
ment needs to be managed as seriously as the outdoor. If this does not take
place, the result will be human dissatisfaction, discomfort, illness, social
problems and, consequently, reduced productivity.

It has to be remembered that it is easier and less costly to design a healthy
building and keep it healthy through effective operation and maintenance
than it is to assess, correct, and pay for human suffering in an environment
that has deteriorated.
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The community should be motivated to properly manage the indoor envi-
ronment also because unhealthy buildings cost money: it costs money to
operate them inefficiently, and it costs money to restore them to healthy
environments. But the human costs are even higher: absenteeism increases,
and work productivity drops in unhealthy environments; work satisfaction
dwindles; people work more slowly when disturbed or annoyed by noise,
odours, or other ill-managed features of their workplace; much time is lost in
addressing complaints; still more time is spent trying to identify and correct
problems.

Fortunately, the indoor environment can be managed, although this re-
quires professional investments at every level. In contrast to the natural
environment, the man-made environment can be properly designed, operated,
and maintained to meet the needs of its inhabitants. As the society begins to
better understand the influence that natural and man-made environments
have on human health, the society recognizes a need to better understand our
options for managing the indoor environment and a need to better understand
procedures to be used to enhance the quality of life indoors.



PART I
Nature, Sources and Toxicity of Pollutants
of Indoor Air

The main pollutants of indoor air will be presented and discussed in the
following chapters of Part 1. For each pollutant there will be a description of
the physico-chemical nature, the occurrence and sources, the typical concen-
trations found indoors and the resulting human exposure. Finally the most
important toxicological properties will be discussed, together with the mecha-
nisms by which these compounds may interfere with human tissues.

Chapters 1, 2, 3 and 4 have been prepared by H. Knéppel and C. Schlitt, with
contributions from D. Cottica and D. Cavallo. Section 3.4 has been prepared by
F. Bochicchio and J. McLaughlin, with contributions from G. Campos Venuti
and S. Piermattei. Chapter 5 has been prepared by B. Flannigan.
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Chapter 1

Inorganic Pollutants'

1.1 CARBON DIOXIDE
1.1.1 Physico-chemical nature

Carbon dioxide (COy) is a colourless, odourless gas. It is a simple as-
phyxiant, but it can also act as a respiratory stimulant. [Conversion factors: 1
ppm® = 1.80 mg/m?; 1 mg/m® = 0.56 at 25°C and 101.3 kPa (1 atm)).

1.1.2 Occurrence and sources

Man continuously emits amounts of carbon dioxide and water vapour solely
from his breath. The significance of carbon dioxide as the leading human
exhalation product has already been recognized by Pettenkofer who, consider-
ing the hygienic aspects, suggested 0.1% of CO; as a limit value for an
adequately ventilated room (700 ppm in bedrooms) (Pettenkofer, 1858).

Carbon dioxide represents the main combustion product when considering
domestic energy use for cooking and heating purposes. Gas, kerosene or
wood-fuelled appliances can generally be considered as the main sources of
COy, depending on how combustion exhausts find their way into indoor
atmosphere.

1 A part of the text of this chapter has been derived from World Health Organization (WHO), 1987
“Air Quality Guidelines for Europe”, WHO Regional Publications, European Series No. 23, WHO
Regional Office for Europe, Copenhagen; U.S. Environmental Protection Agency (EPA), 1987
“Preliminary Indoor Air Pollution Information Assessment”, Appendix A, EPA-600/8-87/014,
pp. 2-18, 19, Office of Health and Environmental Assessment Washington DC; U.S.
Environmental Protection Agency (EPA), 1991 “Introduction to indoor air quality”, EPA/400/3-
91/003; ECA (European Concerted Action “Indoor Air Quality and its Impact on Man”, COST
project 613), 1989, Indoor Pollution by NO2 in European Countries, Report No. 3 (EUR 12219
EN), Luxembourg: Office for Publications of the European Communities, p. 8, 1989; Yocom J.E.
and McCarthy S.M. (1991) Measuring Indoor Air Quality. John Wiley & Sons, ISBN 0-471-
90728-6.

2 All adimensional concentration units in this book refer to V/V units, unless otherwise indicated.
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Fig. 1.1: Carbon dioxide as an indicator of human bioceffluents. The curve shows the perceived
air quality (% dissatisfied) as a function of the carbon dioxide concentration (COST, 1992).

1.1.3 Typical concentrations and exposures

In homes without COgy sources, concentrations might be in the range of
0.07-0.20% (NRC, 1981). Concentrations in homes with kerosene heaters can
reach concentrations above 0.3% within several hours, and concentrations
greater than 0.5% have been measured (Ritchie and Oatman, 1983). Concen-
trations of 0.177% to 0.815% were measured by Traynor et al. (1983) in a test
house heated by unvented gas heaters. The mean value for the indoor/ocutdoor
ratio is about 1-3.

As an indicator of human bioeffluents, COg has been applied quite success-
fully for more than a century (Huber and Wanner, 1983). Figure 1.1 shows the
percentage of dissatisfied visitors as a function of the COg concentration (above
outdoors) for spaces where sedentary occupants are the exclusive pollution
sources.

Although COq is a good indicator of pollution caused by human beings, it is
often a poor indicator of perceived air quality. It does not acknowledge the
perceived pollution from sources not producing CO; (Berglund and Lindvall,
1979) and certainly not the non-perceivable hazardous air pollutants such as
carbon monoxide, radon, benzene, etc.
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1.1.4 Health effects

At concentrations above 1.5% respiration is affected and breathing becomes
faster and more difficult. Concentrations above 3% can cause headaches,
dizziness and nausea. Concentrations above 6-8% can result in stupor and
death (NRC, 1981).

The lowest level at which effects have been observed in both human and
animal studies is about 1% (U.S. CPSC, 1983). Structural changes in the lungs
of guinea pigs have been observed along with calcification of the kidneys. In
humans, effects include increase in respiration, changes in blood pH and pCOs,,
and decreased ability to perform strenuous exercise. The significance of these
effects is not clear, but a potential increase in respiratory and gastrointestinal
illness has been postulated because these effects were observed in submarine
crews at concentrations of 0.5-1% (NRC,1981). Table 1.1 summarizes the
results of some studies conducted on exposure to COs.

1.2 CARBON MONOXIDE
1.2.1 Physico-chemical nature

Carbon monoxide (CO) is a colourless, odourless, and tasteless gas. It is a
product of the incomplete combustion of carbon-containing materials. In the
blood it reacts with haemoglobin to form carboxyhaemoglobin (COHb). [Con-
version factors: 1 ppm = 1.15 mg/m®, 1 mg/m® = 0.87 ppm at 25°C and 101.3
kPa (1 atm)].

1.2.2 Occurrence and sources

Carbon monoxide is one of the most common and widely distributed air
pollutants. It is widely generated indoors by unvented combustion appliances,
particularly if they are operated in poorly ventilated rooms. Tobacco smoking
is also an important source of indoor CO pollution.

1.2.3 Typical concentrations and exposures

Without sources, the concentrations of carbon monoxide in indoor environ-
ments are, at best, as high as those of outdoor air. The results obtained by Ott
and Flachsbart (1982), who in 1979/1980 determined CO in offices in Califor-
nia where nearly 97% of the values were lower than 10 mg/m?®, could mark an
upper limit in comparison with regions of lower outdoor pollution.
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TABLE 1.1

Selected studies on the effects of human exposure to carbon dioxide

Exposure concentra- Exposure Effects Ref.

tion and duration method and

subjects

4%, 2 weeks exposure Chamber, No psychomotor impairment; no Storm

bracketed by two 24 subjects decrement in complex task performance and

2-week control periods by healthy young subjects Giannetta
(1974)

4.2%, 5 days and 11  Chamber,
days; 3%, 30 days; 12 subjects;
exposures bracketed total 4 in
by two 3-5 day each of 3
control periods groups

3%, 5 days bracketed Space Cabin
by two 5-day control Simulator;
periods 7 subjects

1.5%, 42 days 0.7-5%, Chamber*;

50-60 days Submarines
(13 Polaris
patrols)

Chamber,
2 subjects
in each of 2
exposures

1% and 2%, 30 days

Increased arterial and cerebrospinal fluid Sinclair
bicarbonate; decreased pH; occasional et al.
mild headaches and awareness of (1969)
increased ventilation during first 24 h

of exposure; some ectopic foci (cardiac

arrythmia) noted during excercise but

small sample size hampered interpreta-

tion; decreased tolerance to exercise noted

No changes in ammonia or titrable Glatte et
acidity; no changes in serum electrolytes, al. (1967)
blood sugar, serum creatinine, or liver

function; no significant changes in

excercise or psychomotor studies

Schafer
(1979)

Increases in respiratory minute volume,
tidal volume, physiological death space;
decrease in vital capacity; respiratory
acidosis, increase in pCOg, decrease in
pH; decrease of plasma chloride, red cell
sodium increase, potassium decrease;
decrease in plasma calcium metabolism,
urine calcium, urine magnesium, increase
in red cell calcium. In the submarine
study a decrease in respiratory and
gastrointestinal disease was noted with
decreasing COg (and other pollutants)

At 2% significant increases in pCOg in Zharov
blood and alveolar air, decrease in ability et al.
to perform strenuous exercise; decrease  (1963)
in blood pH, increase in pulmonary

ventilation; changes at 1% were not

considered to be significant; authors

conclude that prolonged COg exposure

causes acidosis, hypodynamia, and

fatigue but effects are reversible

“Similar effects were noted in subjects in both the chamber exposure and submarine

exposure.
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Measurements in 250 Dutch apartments with unvented hot water appliances
(geysers) showed a CO concentration higher than 11.5 mg/m® in 1/3 of all cases
(Brunekreef et al., 1982). Continuous monitoring of the CO concentration in
kitchen air during the use of a gas stove resulted in short-term maximum
values up to 17 mg/m? (Seifert et al., 1984).

The measurements in smoking zones gave different CO concentrations
(depending on the extreme conditions). The upper limit of what may generally
be expected in bar and pubs could be taken from Cuddeback et al. (1976) or
Sebben et al. (1977) who measured average values of 11.5-23 mg/m?® with top
values of up to 34.5 mg/m®.

A review of indoor by-product levels of tobacco smoke (Sterling et al., 1981)
reported that the difference in CO values between smokers’ and non smokers’
sections of cafeterias ranged from 0.8 mg/m® to about 5 mg/m?®, while the
difference between indoor and outdoor values ranged from 0 to about 10 mg/m®.
Tobacco smoking usually makes the largest contribution to the CO body-bur-
den in smokers.

TABLE 1.2

Indoor microenvironments listed in descending order of weighed mean CO concentrations
(Akland et al., 1985)

Indoor microenvironment No. of CO concentration (ppm)
subjects
Mean Standard deviation
Public garage 116 13.46  18.14
Service station or motor vehicle repair facility 125 9.17 9.33
Other location 427 7.40 17.97
Other repair shop 55 5.64 7.67
Shopping mall 58 4.90 6.50
Residential garage 66 4.35 7.06
Restaurant 524 3.71 4.35
Office 2287 3.59 4.18
Auditorium, sports arena, concert hall, etc. 100 3.37 4.76
Store 734 3.23 5.56
Health care facility 351 2.22 4.25
Other public buildings 115 2.15 3.26
Manufacturing facility 42 2.04 2.55
Residence 21543 2.04 4.06
School 426 1.64 2.76

Church 179 1.56 3.35
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TABLE 1.3

Distribution of indoor residential CO concentrations for Denver, Colorado, winter 1982-83,
229 observations unweighted

Percentile (%) CO concentration (ppm)
10 05
20 0.8
30 1.0
40 1.3
50 1.8
60 2.3
70 3.0
80 4.2
90 6.2
95 8.5
99 14.5
Maximum 26.7
Mean 2.76
Standard deviation 2.92

Human exposure to CO in the residential indoor environment has been
investigated in studies in which subjects carried personal monitors while they
were indoors at home, or at work in a public building (Akland et al., 1985). The
monitors recorded average CO exposure during intervals of up to one hour.
Table 1.2 shows the mean and standard deviations of CO concentrations in the
various indoor environments that were studied. Table 1.3 gives the CO distri-
bution found in the air of residences. The results indicate that people may be
exposed to CO levels that approach the US National Ambient Air Quality
Standard (NAAQS) for the 8-hour and 1-hour averaging times. The 8-hour
NAAQS concentration for CO of 10.3 ug/m® was exceeded in 4.3% of the homes.
However, these data were collected during the winter and do not represent an
annual average.

The mean value for indoor/ocutdoor ratios is 1 in the absence and 1-5 in the
presence of CO sources.

1.2.4 Health effects

Since CO is a gas and does not penetrate the skin, the only route of exposure
is via inhalation. Like oxygen, CO is able to combine with haemoglobin
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forming carboxyhaemoglobin (COHb). However, CO is about 200 times as
effective as oxygen in combining with haemoglobin. This means that when
both Oz and CO are present, haemoglobin will not be available. The transport
of oxygen to the tissues may be dramatically reduced, depending on the CO
concentration. Once inside the body, CO has a half-life of about 5 hours.

The health effects of CO exposure are generally discussed in terms of the
percent COHb in the blood. The level of COHb is directly related to the CO
concentration in the air, the duration of the exposure, and the activity level of
the individual.

Normally, metabolic processes in the body will result in a COHb level of
0.5-1.0%. Average COHb levels among nonsmokers are 1.2-1.5%. In cigarette
smokers the level is about 3-4% on average, but it may be as high as 10% in
heavy smokers (WHO, 1987).

Continuous exposure to 30 ppm CO leads to an equilibrium COHb level of
5%; about 80% of this value is reached within 4 hours and the remaining 20%
over the next 8 hours. Continuous exposure to 20 ppm CO leads to COHb levels
of 8.7% and exposure to 10 ppm leads to COHb levels of 2%. The time for
equilibrium to be established is usually 8 hours, but this time can be shorter if a
person is physically active (Doull et al., 1980).

CO can have detrimental effects on the heart and lungs, and on the nervous
system. At COHb levels of 10%, the major effects are cardiovascular and
neurobehavioural. Levels of 2.5% have been shown to aggravate symptoms in
angina pectoris patients. No adverse health effects have been reported below
2.0% COHb. In the range of 2 to 3% findings with regard to health effects in
the normal population are inconclusive (WHO, 1987).

1.3 NITROGEN DIOXIDE
1.3.1 Physico-chemical nature

There are a number of different nitrogen oxides (NOy), among which nitro-
gen dioxide (NOy) is the most widely considered in indoor air pollution studies.
NO; is a water soluble red to brown gas with pungent, acrid odour. It is produced
during combustion at high temperatures from the combination of nitrogen and
oxygen from air. It is an oxidizing agent that is highly irritating to mucous
membranes, and causes a wide variety of health effects.

Oxidation of nitric oxide (NO) by atmospheric oxidants such as ozone occurs
rapidly, even at low levels of reactants present. The reaction is regarded as the
most important route for nitrogen dioxide production in the atmosphere.
[Conversion factors: 1 ppm = 1.88 mg/m?® 1 mg/m® = 0.53 ppm at 25°C and
101.3 kPa (1 atm)].
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TABLE 1.4

Range of the maximum l-minutge, 1-hour and 24-hour average NO2 concentration and of the
mean NOg concentration (ug/m”) in twelve Dutch homes (taken from COST Project 613 no.
3, 1989; modified from Lebret et al., 1987)

Location Maximum concentrations (ug/m3)
1-min average 1-h average 24-h average Overall mean
concentration
Kitchen 400-3808 230-2055 53-4718 36-227
Living room 195-1007 101-879 49-259 32-142
Bedroom 57-806 48-718 22-100 16-104
Outdoors 25-70

1.3.2 Occurrence and sources

Generally NOg is emitted from indoor combustion sources. These comprise
tobacco smoke, gas appliances kerosene heaters, woodburning stoves and
fireplaces. Additionally, outdoor air can act as a source for indoor NO;, pollution.

Long-term monitoring activities over the last two decades indicate an
increase in concentration of nitrogen oxides in urban areas throughout the
world. Indoors, sources such as cooking with gas or cigarette smoking may be
the main contributors to individual exposure. For example, the mainstream
smoke from one cigarette may contain 100-600 pg of nitrogen oxides (see Table
1.4). Although some controversy exists about the relative proportions of nitric
oxide and nitrogen dioxide, the latter is present initially, and other compounds
are formed later (WHO, 1977).

1.3.3 Typical concentrations and exposures

Nitrogen dioxide in indoor air has been determined in several countries for
many years. When comparing literature data, the time over which measure-
ments have been averaged should be noted. Indications of the importance of
the “measuring time interval” on the results are given in Table 1.4, in which
the influence of the sampling time is shown. The values have been calculated
using the same set of real-time data. It is clear that in rooms without any NO,
source the measuring time interval is less important.

Owing to the widespread use of unvented combustion appliances, nitrogen
dioxide concentrations in homes may considerably exceed those found out-
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doors. The average nitrogen dioxide concentration over a period of several days
may exceed 200 pug/m® when unvented gas stoves are used for supplementary
heating, clothes-drying, or when kerosene (paraffin) heaters are used (Gold-
stein et al., 1979). Maximum 1-hour concentrations in kitchens were found to
be in the range of 470-1880 pg/m® during cooking (Wade et al., 1975) and in the
range of 1000-2000 ug/m® when, in addition, unvented gas-fired water-heaters
are used (Lebret, 1985).

With regard to a special indoor environment it should be noted that it is
frequent commercial practice to burn propane or kerosene in order to enrich
glasshouse atmospheres with carbon dioxide as well as to provide heat. Under
such conditions, concentrations of nitrogen oxides (mainly nitric oxide) often
reach 3.5 ppm and remain high because air change is minimized in well sealed
glasshouses. Thus, certain crops are exposed to concentrations of nitrogen
oxides which far exceed the levels close to busy roads (Law and Mansfield,
1982).

In the environment, nitrogen dioxide exists as a gas. Thus, the only
relevant route of exposure to humans is inhalation. Human exposures to NO»
in indoor environments have been obtained primarily from indoor concentra-
tion studies and personal exposure monitoring studies in which the exposure
is integrated over both indoor and outdoor microenvironments. Thus it is
difficult to construct a data set of NOg observations alone obtained while the
subject is in the target microenvironment which fits the criterion of exposure
to a single pure compound. All studies show that indoor NO; levels are lower
than the immediate outdoor values when there are no indoor sources (e.g.,
all-electric homes) due to the reactivity of NOg with indoor surface. In the
presence of an indoor source the NOg levels are invariably higher than those
outdoors. If measurements integrated over a several-day period are carried out
the influence of infrequently used intermittent sources on the result is likely
not to be detected.

The order of magnitude of mean indoor/outdoor ratios for nitrogen dioxide
is 0.5—1 without indoor NOg source and 2—5 with indoor NOs source.

1.3.4 Health effects

NOg is a deep lung irritant which has been shown to generate biochemical
alterations and histologically demonstrable lung damage in laboratory animals
as a result of both acute and chronic exposures. The major health effects have
been summarized (WHO, 1987). In laboratory animals, biochemical changes
oceur at exposure to concentrations of as low as 0.2 ppm for 30 minutes.
Long-term animal studies have resulted in emphysema-like structural
changes and increased susceptibility to bacterial lung infections. Changes at
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the cellular level occur at the time of exposure, but biological effects are
delayed, which complicates the understanding of long-term effects.

In humans, 80-90% of NOs can be absorbed upon inhalation. Controlled
clinical studies have been conducted on susceptible subjects at concentrations
in the range of 0.1 ppm to 5.0 ppm. Most studies show that substantial changes
in pulmonary function can be demonstrated in normal, healthy adults at or
above concentrations of 2 ppm. The evidence at lower concentrations is not as
clear. Asthmatics appear to be responsive at about 0.5 ppm, and subjective
complaints have been reported at that level. Below 0.5 ppm, small but statis-
tically significant decrements in pulmonary function have been reported in
asthmatics. Kagawa and Tsuru (1979) reported decrements in the lung fune-
tion of asthmatics at concentrations as low as 0.15 ppm, but others have not
substantiated these findings.

NO; increases bronchial reactivity as measured by pharmacological bron-
choconstrictor agents in normal and asthmatic subjects, even at levels that do
not affect pulmonary function directly in the absence of a bronchoconstrictor.
Since the actual mechanisms are not fully defined and nitrogen dioxide studies
with allergen challenges showed no effects at the lowest concentration tested
(190 pug/m®), accurate evaluation of the health consequences of the increased
responsiveness to bronchoconstrictors is not yet possible.

Epidemiologic studies suggest that children who are exposed to combustion
contaminants from gas stoves have higher rates of respiratory symptoms and
illness than other children. Nitrogen dioxide concentrations in these studies
ranged from 0.005 ppm to about 0.3 ppm (U.S. EPA, 1982b; WHO, 1987). In
general, these results have not been observed in studies of adults.

1.4 SULPHUR DIOXIDE
1.4.1 Physico-chemical nature

Sulphur dioxide (SOg) together with other sulphur compounds and particu-
late matter is a major air pollutant all over the world due to its generation
during combustion of fossil fuels. From the health effects viewpoint two
different entities are important:

(a) sulphur dioxide, and

(b) the acid aerosols that may result from the oxidation of sulphur dioxide
in the atmosphere

Sulphur dioxide: Sulphur dioxide is a colourless gas with a strong pungent
odour which can be detected at about 0.5 ppm (NRC, 1981). It is readily soluble
in water and can be oxidized within airborne water droplets.
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TABLE 1.5

SO2 emission rates of indoor sources

Sources Emission rates (mg/h)

Kerosene space heaters

Radiant 31-109
Convective 34-94

Gas appliances
Range 1.29-1.66
Oven 0.67-1.09

Adapted from: U.S. Department of Energy (1985).

Acid aerosol: Sulphuric acid (HoSO,) is a strong acid that is formed from
the reaction of sulphur trioxide gas (SO3) with water.

[Conversion factors: 1 ppm = 2.62 mg/m®; 1 mg/m® = 0.38 ppm at 25°C and
101.3 kPa (1 atm)]

1.4.2 Occurrence and sources

Indoor SOy concentrations will invariably be lower than the respective
outdoor concentrations due to the chemical reactivity of SO, with interior
surfaces and the presence of neutralizing ammonia generated by humans and
animals in the indoor environment. In special cases, where sulphur-containing
products, e.g. kerosene, are burned indoors in an unvented device SO3 will be
generated indoors, and indoor values will exceed outdoor values. Table 1.5
provides a range of emission rates (in mg/h) of SO; for kerosene space heaters
and gas appliances.

Rates of SOy oxidation depend on temperature, humidity, and concentra-
tions of oxidants and catalytic components in the air. Indoor sources responsi-
ble for direct emissions of sulphuric acid are generally not significant except
in some occupational environments.

1.4.3 Typical concentrations and exposures

As a result of the reduction of emissions, annual mean levels of ambient
sulphur dioxide levels in major West European cities are now largely below
100 pug/m®. Similarly, there has been a decrease in maximum daily mean
values, which are now mainly in the range 200-500 pg/m?®. Peaks over shorter
averaging periods, such as 1 hour, may extend to 1000-2000 pg/m® or higher
especially under unfavourable meteorological conditions.
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TABLE 1.6

Two-week average SO9 levels for U.S. homes equipped with unvented kerosene heaters
and/or gas stoves (modified from Leaderer et al., 1984)

Source category location SO2 (ug/m?)

N Mean SD % > 80 pg/m®

One kerosene heater, no gas stove

House average 25 68.4 86.8 24.0
Living room 25 72.4 92.3 28.0
Bedroom 25 62.9 98.0 20.0

One kerosene heater, gas stove
House average 3 89.9 91.2 33.3
Living room 45.6 57.3 33.3
Bedroom 3 134.1 179.4 33.3

w

Two kerosene heaters, no gas stove

House average -5 120.4 66.4 40.0
Living room 5 90.1 62.4 60.0
Bedroom 5 150.7 146.5 60.0

Two kerosene heaters, gas stove

House average 2 110.0 81.5 50.0
Living room 2 118.0 102.4 50.0
Bedroom 2 101.9 60.7 50.0

As an example of SOg concentrations observed indoors in the presence of a
source, Table 1.6 presents a summary of concentrations measured in U.S. homes
with kerosene heaters and/or gas stoves. If there is no SO; source indoors the
indoor/outdoor concentration ratio is between 0.1 and 0.6, with the lower value
being observed at elevated outdoor SOy concentrations.

1.4.4 Health effects

Inhalation is the only route of exposure that is of interest in relation to the
effects of sulphur dioxide and acidic aerosol on human health. In this context,
however, only health effects on the respiratory tract will be considered.

Absorption of sulphur dicxide in the mucous membranes of the nose and
upper respiratory tract occurs as a result of its solubility in aqueous media.
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The absorption is concentration-dependent, with 85% absorption in the nose
at 4-6 mg/m® and about 99% at 46 mg/m®. Only minimal amounts reach the
lower respiratory tract (EPA, 1982a; Ericcson and Camner, 1983). From the
respiratory tract, sulphur dioxide enters the blood. Elimination occurs (after
biotransformation to sulphate in the liver) mainly by the urinary route.

The deposition pattern of acid aerosols within the respiratory tract is
dependent on the size distribution of the ambient droplets and humidity.
Acidic ambient aerosol typically has a mass median aerodynamic diameter of
0.3-0.6 um.

Some neutralization of the droplets can occur before deposition, due to the
normal excretion of endogenous ammonia into the airways. Deposited free H*
reacts with components of the mucus of the respiratory tract, changing its
viscosity (Holma, 1985). The unreacted part of H* diffuses into surrounding
tissues. The capacity of the mucus to react with H' is dependent on the H*
absorption capacity, which is reduced in acidic saturated mucus as found, for
example, in asthmatics.

In animal experiments (WHO, 1979b) and in occupational exposures to
more than 10 000 pg/m® concentrations of sulphur dioxide in the range
2600—2700 pg/m? give rise to clearly noticeable effects with bronchospasm in
asthmatics (Islam and Ulmer, 1979).

The effects of concern in relation to short-term exposures are those on the
respiratory tract. There is an extremely large variability of sensitivity to
sulphur dioxide exposure among individuals. This is true for normal persons,
but especially so if asthmatics are included (Holma, 1985). Asthmatics have
very labile airways and resistance is likely to change in response to many other
stimuli, including pollens (WHO, 1979b; EPA, 1982a; Ericcson and Camner,
1983).

Effects of repeated and/or long-term exposures

Repeated short-term occupational exposure to high concentrations of sul-
phur dioxide combined with long-term exposure to lower concentrations can
give rise to an increased prevalence of chronic bronchitis, especially in ciga-
rette smokers. A possible contribution of simultaneously occurring sulphuric
acid aerosol has, however, not been examined in these studies (Stjernberg et
al., 1985).

Several epidemiological studies have associated the occurrence of pulmo-
nary effects in communities with combined exposure to sulphur dioxide and
particulates.

A continuum of response to sulphur dioxide exposures at relatively low
concentrations has been observed in laboratory investigations on human
volunteers. The magnitude of the effects was much enhanced when subjects
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increased their breathing rates through exercise. The findings in a wide range
of studies among asthmatics are consistent with a linear relationship (Klein-
man, 1984) between magnitude of effect (in terms of proportionate increase in
airway resistance) and dose of sulphur dioxide delivered to the airways (after
allowing for removal of a substantial proportion in the nose or mouth). In a
strict sense it would be difficult to define the lowest-adverse-effect level since
this effect appears to be a function of the sensitivity of the subject, concentra-
tion, duration of exposure (10 minutes being the most usual duration of test
exposure), level of activity and mucus rheological properties. It was, neverthe-
less, considered that effects of concern to the health of exercising asthmatic
subjects were demonstrable down to sulphur dioxide levels of about 1000
ug/m?, with discernible effects of less certain consequence below that level.

Another aspect, of great importance to public health, is the proportion of
the population liable to be affected. Detailed information regarding the propor-
tion of asthmatic or otherwise sensitive people in the community is not
available, although estimates of around 5% have been suggested.

Sensory effects

At concentrations of 10 000 pg/m®, sulphur dioxide has a pungent, irritating
odour. Since the odour threshold of sulphur dioxide is at several thousand
ug/m®, this criterion is not critical in relation to public health.

The odour threshold for sulphuric acid has been estimated to be 750 ug/m®
on the basis of one study and 3000 pug/m?® on the basis of another (EPA, 1982).

Acute effects of acid aerosol

Sulphuric acid and other sulfates have been found to affect both the sensory
and the respiratory function in humans. Respiratory effects from exposure to
sulphuric acid (350 500 ug/m®) have been reported to include increased respi-
ratory rate and decreased maximal inspiratory and expiratory flow rates and
tidal volume (EPA, 1982a; Ericcson and Camner, 1983). However, other
studies of pulmonary function in nonsensitive healthy adult subjects indicated
that pulmonary mechanical function was little affected when subjects were
exposed to 100-1000 ug sulphuric acid per m® for 10-120 minutes.

Asthmatics are substantially more sensitive in terms of changes in pulmo-
nary mechanics than healthy people, and vigorous exercise potentiates the
effects at a given concentration. Effects could still be observed at 100 pg/m® in
exercising adolescent asthmatics in studies using mouthpiece inhalation.
However, the effects were relatively small and disappeared within about 15
minutes. In adult asthmatics undergoing similar protocols, the lowest-ob-
served-effect level was 350 pg/m® (Ericcson and Camner, 1983; Utell and
Morrow, 1986).
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1.5 OZONE
1.5.1 Physico-chemical nature

Ozone (O3) is one of the strongest oxidizing agents. It spontaneously
decomposes into oxygen with a half-life of 3 days at 20°C. Smell perceptions
(Gr. Ozein: ‘it smells of something’), which occur even at a 1 to 10 dilution, are
mostly due to NOy formation. In the outer layers of the atmosphere (25 km),
ozone is formed indirectly by the action of sunlight (at wavelengths lower than
240 nm) on nitrogen dioxide and recombination of the resulting oxygen radical
with molecular oxygen. Wavelengths at 240-300 nm decompose ozone to
oxygen.

[Conversion factors 1 ppm = 1.96 mg/m®; 1 mg/m?® = 0.51 ppm at 25°C and
101.3 kPa (1 atm)].

1.5.2 Occurrence and sources

There are no significant anthropogenic emissions of ozone into the atmos-
phere.

The presence of hydroxyl radicals and volatile organic compounds in the
atmosphere, either of natural or of anthropogenic origin, causes a shift in the
atmospheric equilibrium towards much higher concentrations of ozone.

The maximum ozone concentration that can be reached in polluted atmos-
phere appears to depend not only on the absolute concentrations of volatile
organic compounds and nitrogen oxides but also on their ratio.

Examples of indoor sources are air cleaners, UV lighting, photocopying
machines and laser printers.

1.5.3 Typical concentrations and exposures

Generally 120 pg/m?® can be considered to be the upper limit of the 24-hour
background outdoor concentration of ozone. In the early morning, some time
is needed for the photochemical process to develop. Ozone peak concentrations
of 350 ug/m® can be reached in the afternoon. Mean hourly ozone concentra-
tions may exceed values of 240 pg/m® for 10 hours or more. During the night,
ozone is scavenged by nitric oxide. Generally, ozone concentrations in city
centres are lower than those in suburbs, mainly as a result of the scavenging
of ozone by nitric oxide originating from traffic.

Without specific sources indoors, the main source of ozone in the indoor
environment is outdoor air, the concentrations depending on the balance of the
factors affecting ozone formation , transport and decomposition. Since in
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indoor space, factors producing ozone decomposition are predominant, in-
door/outdoor ratios vary from 0.10 to 0.25 for houses with restricted ventila-
tion. An indoor/outdoor ratio of 0.80 has been measured in a building where
the air was changed 10 times per hour with 100% outside air (Yocom, 1982).

1.5.4 Health effects

Ozone is a powerful oxidant and, as such, it can react with virtually every
class of biological substance. In general, ozone exerts its action mainly through
two mechanisms:

(a) the oxidation of sulfhydryl groups and amino acids of enzymes, co-en-
zymes, proteins and peptides; and

(b) the oxidation of polyunsaturated fatty acids to fatty acid peroxides.

All membranes are composed of both proteins and lipids, and appear for
that reason to be an obvious target for ozone. Cells or organelles with a large
specific surface (surface/volume ratio) may be extremely vulnerable (EPA,
1986a).

In a large number of controlled human studies, significant impairment of
pulmonary function has been reported, usually accompanied by respiratory
and other symptoms (EPA, 19864a; Von Nieding et al., 1979). Exposure to ozone
generally was 1-3 hours. In most studies humans were exposed once to
concentrations ranging from 200 to 2000 pg/m® (EPA, 1986a).

Field and epidemiological studies have indicated a number of acute effects
of ozone and other photochemical oxidants. Eye, nose and throat irritation, chest
discomfort, cough and headache have been associated with hourly average oxidant
levels beginning at about 200 ug/m?® (EPA, 1986a; Linn et al., 1982). Pulmonary
function decrements in children and young adults have been reported at hourly
average ozone concentrations in the range of 160-300 ug/m® (EPA, 1986a; Kagawa
and Toyama, 1975; Lioy et al., 1985). Such symptoms may be responsible for the
impairment of athletic performance in the range of 240-740 ug/m® (Wayne et al.,
1967). In addition, an increased incidence of asthmatic attacks and respiratory
symptoms has been observed in asthmatics exposed to similar levels of ozone
(EPA, 1986a).
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Chapter 2

Organic Pollutants'

2.1 INTRODUCTION

In contrast to inorganic pollutants, organic compounds in indoor air occur in a
much larger number of species and not all of those potentially involved in the
generation of indoor air problems can even be measured; in the last decade,
hundreds of such chemicals have been identified. Although most occur at concen-
trations which are several orders of magnitude below known effect levels, there
is appropriate concern about their effect on human health. Some of the compounds
are genotoxic and many exhibit toxic, irritant and/or odourant properties.

From a number of early small-scale studies (Johansson, 1978; Seifert and
Abraham, 1982), it could be concluded that the concentration of many organic
compounds in indoor air would exceed that in outdoor air. However, the data
were insufficient to permit a thorough evaluation of the levels of exposure of
the population. A compilation of 307 Volatile Organic compounds (VOC)
identified in indoor air by authors from different countries was published in
1986 (Berglund et al., 1986).

Meanwhile knowledge on the occurrence of organic compounds in indoor air
has greatly increased because a number of studies have been carried out in
different countries. Such studies from the Federal Republic of Germany (Krause
et al., 1987; Seifert et al., 1986)), [taly (De Bortoli et al., 1985), the Netherlands
(Lebret et al., 1986), and the United States (Wallace, 1987) provided indoor
concentration for a multitude of different VOCs in a sufficiently large number of
homes to make exposure estimates for the general population.

Field surveys undertaken to determine frequency distributions of concen-

1 A part of the text of this chapter has been derived from World Health Organization (WHO), 1989
“Indoor Air Quality: organic pollutants”, EURO Reports and Studies 111, WHO Regional Office
for Europe, Copenhagen; U.S. Environmental Protection Agency (ECA), 1991 “Introduction to
indoor air quality”, EPA/400/3-91/003; World Health Organization (WHO) “Formaldehyde”,
Environmental Health Criteria, No. 89, Geneva; World Health Organization (WHO), 1987 “Air
Quality Guidelines for Europe”, WHO Regional Publications, European Series No. 23, WHO
Regional Office for Europe, Copenhagen; U.S. Environmental Protection Agency (EPA), 1987
“Preliminary Indoor Air Pollution Information Assessment”, Appendix A, EPA-600/8-87/014,
pp. 2-18, 19, Office of Health and Environmental Assessment Washington DC.
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TABLE 2.1

Classification of indoor organic pollutants

Category Description Abbreviation Boiling-point range Sampling methods
(°C® typically used in
field studies

1 Very volatile organic VVOC <0 to 50-100 Batch sampling
compounds (incl. gases) adsorption on
charcoal
2 Volatile organic VvOoC 50-100 to Adsorption on
compounds 240-260 Tenax, carbon
molecular black or
charcoal
3 Semivolatile organic SVOC 240-260 to Adsorption on
compounds 380400 polyurethane
foam or XAD-2
4 Organic compounds POM >380 Collection on
associated with filters

particulate matter or
particulate organic matter

a Polar compounds appear at the higher end of the range.
b Styrene—olivinylbenzene co-polymer
Taken from WHO, 1989.

trations of organic indoor pollutants, or of population exposures, usually do not
consider the whole range of organic indoor pollutants but rather fractions of
them. A WHO Working Group has categorized the entire range of organic indoor
pollutants into four groups as indicated in Table 2.1 (WHO, 1989).

Groups or categories have been defined by boiling-point ranges, although
no sharp limits exist between the four categories. The reason is that in practice
the categories are determined or defined by the different methods used to
collect organic pollutants from air. Sampling methods most frequently applied
in field surveys are given in Table 2.1 for each category. Most of these methods
rely on trapping organic compounds on adsorbent materials such as polymers,
carbon molecular black or polyurethane foam. Volatility, which correlates
fairly well with boiling-point, is the most important factor determining the
range of compounds collected on a given adsorbent. However the sampling
volume (which may vary with the required experimental or the available
analytical sensitivity) and the compound polarities influence the range of
sampled pollutants as well (see Section 2.2.1). As a result, categories of
compounds cannot be separated by a single boiling-point value.

Sampling methods differ with respect to the required instrumentation,



2 — ORGANIC POLLUTANTS 31

volume, weight and cost. Therefore, their applicability to large scale surveys
is subject to limitations that are different for the different methods and, hence,
the different pollutant categories. As a result, concentration and exposure data
of organic indoor pollutants are becoming available by category. Sufficient
data for a tentative population risk assessment are for the time being available
only for VOC.

Available data on SVOCs and POM are scarce with the exception of
pesticides, polyaromatic hydrocarbons (PAHs), and polychlorinated biphenyls
(PCBs). Due to their widespread diffusion and sanitary significance, attention
has been focused on only these three compound classes.

SVOCs have also been defined (Clements and Lewis, 1988) as compounds
with vapour pressures at ambient temperatures from approximately 1072 to
10® kPa (107" to 107 torr). Depending upon their individual equilibrium
vapour pressures and the temperature of the environment, SVOCs are found
in the gas phase, distributed between gas and particle phases, or entirely in
the particle phase. Sampling systems must therefore incorporate both filters
and sorbent media.

For analytical reasons, some organic compounds cannot be included in the
above classification scheme. Because of their reactivity or thermal liability,
these compounds (e.g. formaldehyde) cannot easily be recovered from adsor-
bents or analysed by gas chromatography. Specifically designed sampling and
analytical methods are required for their detection and measurement. As an
example the 2.4-dinitrophenylhydrazine (2.4-DNPH) method is frequently
applied for the detection of formaldehyde and other carbonyl compounds.

The sources of organic compounds in indoor air can be classified into three
categories: outdoor air, man and his activities, and materials and equipment.

(a) Outdoor environment

All buildings exhibit a more or less pronounced exchange between outdoor
and indoor air. In buildings with natural ventilation this exchange is highest
if windows/doors are open, but also takes place, although at a reduced level, if
they are closed (infiltration through cracks and interstices). In the case of
mechanically ventilated buildings, the ventilation system forces outdoor air
into the building shell to guarantee air exchange. Hence, outdoor air cannot be
neglected as a source of contamination in indoor air, in particular if it exhibits
an elevated level of pollution.

For mechanically ventilated buildings measures should be taken to clean
the incoming air as much as possible. However, experience shows that this is
frequently not done to the extent needed. Due to malfunctioning of the ventila-
tion system or an unfavourable location of the air inlet (e.g., close to parking
garages or loading docks) polluted outdoor air may become a noticeable
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contributor to indoor air pollution. This contribution may be especially impor-
tant under certain meteorological conditions (high pollution episodes).

A special case of indoor contamination originating from outdoors is the migra-
tion of gaseous substances into the building from the surrounding soil. Although
radon is the most prominent example of such migration, a number of organic
compounds may also play a role in the case of buildings constructed on waste sites.

Finally, the outdoor environment may indirectly contribute to indoor air
pollution through organic substances originating from drinking water. In fact,
chloroform and other volatile halogenated hydrocarbons have been found to
reach non-neglectable concentration levels during showering (Andelman, 1985).

(b) Man and his activities

In addition to carbon dioxide and water vapour, human beings emit a large
number of organic compounds, many of which contribute to body odour.

Energy production, e.g. the use of kerosene heaters, gas appliances or open
fireplaces for cooking and heating, causes the presence of many indoor air
pollutants among which volatile organic compounds (VOC) and semi-volatile
organic compounds (SVOC).

Moreover, the large variety of existing household and hobby products
makes it impossible to give a comprehensive overview of their individual
components contributing to indoor air pollution.

Among the most important VOCs are those belonging to the classes of ali-
phatic, aromatic, and halogenated hydrocarbons (solvents), aldehydes and esters.

(¢) Materials and equipment

While most human activities cause short-term intermittent emissions
(Seifert and Ullrich, 1987), the use of building and renovation materials in a
room generally results in a more or less continuous pollution of indoor air
which may last several weeks, months or even years.

In the past, much attention has been paid to formaldehyde which can be
emitted from materials such as wood products, carpets, textiles, but also from
lacquers, glues, and sealants. Besides formaldehyde, a large number of VOCs
are emitted from materials, especially shortly after their installation.

As many paints and lacquers today are produced using water as the basic
solvent, they no longer emit important amounts of organic solvents. However,
a number of new compounds are now being added to these products (van
Faassen and Borm, 1990). As some of these have higher boiling points, they
may significantly contribute to the increased occurrence of VOCs with high
boiling points and also of SVOCs in the indoor environment.

Under certain circumstances, HVAC installations in air-conditioned build-
ings may be a vehicle for, or even a source of, organic indoor air pollution. In
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the first case, organic substances resulting from emissions or spills in one room
may be transported into other rooms if the percentage of recirculated air is
high. In the latter case, growth of mould in a badly maintained HVAC system
may produce different kinds of pollutants like odoriferous substances and even
mycotoxins (Miller, 1990).

As many air-conditioned buildings are being used as offices, a number of
organic compounds related to office work and office machines can be encoun-
tered in the air of such buildings.

As has been shown (Seifert and Schmahl, 1987; Borrazzo et al., 1990),
adsorption of pollutants on walls, material surfaces, etc. may lower concentra-
tions to a certain extent, especially in the case of polar organics. However,
desorption may occur at a later stage and thus cause the presence of the
pollutant(s) for a longer time in the air (Berglund et al., 1989).

2.2 VOLATILE ORGANIC COMPOUNDS

2.2.1 Physico-chemical nature

The Volatile Organic Compound (VOC) category has been defined (see
Table 2.1) by a boiling-point range with a lower limit of between 50°C and
100°C and an upper limit of between 240°C and 260°C, where the higher
values refer to polar compounds. Compounds of this category are typically
sampled by adsorption on carbon molecular black, charcoal or the porous
polymer Tenax.

VOCs encompass substances with widely varying physico-chemical proper-
ties. Among these, in particular two are of practical importance: (1) the
lipophilic or hydrophilic character of the compounds, typically described by the
octanol/water distribution coefficient and the water solubility; and (2) their
neutral, basic or acidic character. The latter has to be taken into consideration
for the chromatographic separation of VOC mixtures and determines the
choice of appropriate chromatographic columns. The lipophilic or hydrophilic
character of VOCs influences their retention on solid sorbents as demonstrated
in Table 2.2. The table reports a few typical indoor air pollutants the safe
sampling volume on Tenax (Health and Safety Executive, 1991) together with
their boiling points, the logarithms of their octanol/water distribution coeffi-
cients and their water solubilities. The upper part of the table demonstrates
that for unpolar lipophilic compounds (high K., low water solubility) the safe
sampling volume increases with increasing boiling point whereas the lower
part of the Table shows how the effect of the boiling point on the safe sampling
volume of a compound may be counterbalanced by its hydrophilicity: the lower
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TABLE 2.2

Comparison of safe sampling volumes of selected VOCs on Tenax with their boiling points,
octanol/water distribution coefficients and water solubilities

Compound Safe sampling volume'V bp log Kow Solubility in
on 200 mg of Tenax (1) °C) water (mg/1)
n-hexane 3.2 69 4.00? 12.96%
n-heptane 17 98 45@ 3.14%
n-octane 80 125 5.152 0.88®%
n-nonane 700 151 5.652 0.22®
2-butanone 3.2 80 0.79)% (50500)4
t-butanol not recommended 83 0:473® miscible
isobutanol 2.8 108 0.693® 75800
1-butanol 5 118 0.823%
ethoxyethanol 5 135 -0.153%) miscible

1 Taken from Health and Safety Executive, 1991.

2 Recommended value: Sangster, J. Phys. Chem. Ref. Data, 1989, 18, 1111-1229.

3 Mean values calculated from: J. Devillier, D. Dominé and M. Chastrette “Data compilation
for chemical fate models”, final report, under contract no. 3860-89-11 ED ISP F, Ispra (VA):
Commission of the European Communities, Joint Research Centre, 1990.

4 Values for 3-pentanone.

5 From CLOGP-3.3 data base, Medicinal Chemistry Project, Pomona College, Claremont, CA.

the Ky or the higher the water solubility, the higher must be the boiling point
in order to yield a given sampling volume. For example a boiling point
difference of 14°C is not sufficient in order to compensate the difference of the
water solubilities between n-hexane and #butanol: the retention volume of
¢-butanocl on 200 mg of Tenax is insufficient for safe sampling.

2.2.2 Occurrence and sources

Volatile organic compounds are ubiquitous in the indoor environment. The
number of VOCs detected in indoor air is usually higher than in outdoor air
and has continuously been increasing over the past decade. Already in 1981
over 250 different VOCs had been identified or tentatively identified in indoor
air (Jarke et al., 1981). In 1986 the number of identified VOCs amounted to
more than 300 (Berglund et al., 1986) and by 1989 over 900 VOCs had been
identified (U.S. EPA, 1989).

VOCs are released into indoor air by almost all materials, consumer products,
furnishings, pesticides, and fuels. They penetrate indoors together with outdoor



2 — ORGANIC POLLUTANTS

35

air by ventilation and can diffuse from polluted soil or be carried with contami-
nated drinking water (typically well-water) into the indoor environment.

Sources of VOCs in the indoor environment and the more important classes
of compounds emitted by these sources are reported in Table 2.3.

TABLE 2.3

Sources of volatile organic compounds in indoor air

Sources

Typical contaminants

Consumer and commercial products

Cleaners and wazxes

liquid floor wax, aerosol furniture wax,
paste furniture wax, aerosol bathroom
cleaner, unpressurized aerosol window
cleaner, liquid all purpose cleaner,
powdered abrasive cleaner, oven cleaners,
dishwashing detergent, concentrated spot
remover, aerosol and solid room
deodorants

Paints and associated supplies

paints (oil, urethane, acrylic), varnishes
and shellac, wood stains, paint thinners,
paint brush cleaners, paint removers

Pesticides

termite treatment of homes, aerosol
all-purpose household pesticides, roach
killer (powder, liquid, spray), flea killer
(powder, liquid dip, aerosol), mold and
mildew inhibitors, houseplant

aliphatic hydrocarbons (n-decane, branched
alkanes)

aromatic hydrocarbons (toluene, xylenes)
halogenated hydrocarbons (tetrachloro-
ethene, methylene chloride,
1,1,1-trichloroethane 1,4-dichlorobenzene)
aleohols

ketones (acetone, methyl ethyl ketone)
aldehydes (formaldehyde)

esters (alkyl ethoxylate)

ethers (glycol ethers)

terpenes (limonene, o-pinene)

aromatic hydrocarbons (toluene)
aliphatic hydrocarbons (n-hexane,
n-heptane)

halogenated hydrocarbons (methylene
chloride, propylene dichloride)
alcohols

ketones (methyl ethyl ketone, methyl
isobutyl ketone)

esters (ethyl acetate)

ethers (methyl ether, ethyl ether, butyl
ether)

aliphatic hydrocarbons (kerosene)
aromatic hydrocarbons (xylene)
halogenated hydrocarbons (chlordane,
1,4-dichlorobenzene, heptachlor, chloro-
pyrifos, diazinon)

insecticides, moth repellents, rodenticides _ ketones (methy] isobutyl ketone)

(rat or mouse killer), fungicides
(household disinfectants)

organic sulphur/phosphorous compounds
(malathion)

(continued)
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TABLE 2.3 (continuation)

PARTI

Sources

Typical contaminants

Adhesives

rubber cement, plastic model glue, floor
tile adhesive, ceramic adhesive, carpet
adhesive, all-purpose adhesive

Cosmetic/personal care products

perfume, personal deodorants (aerosols,
solids), body powder (talc), shampoo and
body soaps, rubbing aleohol, hair sprays

Automotive products

hydraulic fluids, motor oils, gasoline,
automotive cleaners, automotive waves

Hobby supplies
photographic chemicals, specialty
adhesives, clay dust, wood fillers

— aliphatic hydrocarbons (hexane, heptane)
— aromatic hydrocarbons

— halogenated hydrocarbons

- aleohols

— organic nitrogen compounds (amines)

— ketones (acetone, methyl ethyl ketone)

— esters (vinyl acetate)

— ethers

- aleohols (propylene glycol, ethyl and
isopropyl aleohol)

— ketones (acetone)

— aldehydes (formaldehyde, acetaldehyde)

— esters

— ethers (methyl ether, ethyl ether, butyl
ether)

— aliphatic hydrocarbons (kerosene, mineral
spirits)

— aromatic hydrocarbons (benzene, toluene,
xylenes)

— halogenated hydrocarbons
(tetrachloroethene)

— alcohols (ethylene glycol, isopropyl alcohol)

~ ketones (methyl ethyl ketone)

— amines (triethanolamine, isopropanoclamine)

— aliphatic hydrocarbons (kerosene, hexane,
heptane)

— halogenated hydrocarbons (methylene
choride, ethylene chloride)

— alcohols (benzyl alcohol, ethanol, methanol,
isopropyl alcohol)

— aldehydes (formaldehyde, acetaldehyde)

— ketones (methyl isobutyl ketone, acetone)

— esters [di-(2-ethylhexyl)phtalate] (DEHP)

— ethers (ethylene glycol ether)

— amines (ethylene diamine)

(continued)
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Sources

Typical contaminants

Furnishings and clothing

carpets, upholstered furniture, plastic
furnite, shower curtains, draperies,
blankets, mattresses

Building sources

Building materials

pressed wood products, gypsum board,
construction adhesive, insulating
materials, plastic piping, vinyl or plastic
wall coverings

aromatic hydrocarbons (styrene, brominated
aromatics)

halogenated hydrocarbons (vinyl chloride)
aldehydes (formaldehyde)

ethers

esters

aliphatic hydrocarbons (n-decane, n-dodecane)
aromatic hydrocarbons (toluene, styrene,
ethylbenzene)

halogenated hydrocarbons (vinyl-chloride)
aldehydes (formaldehyde)

ketones (acetone, butanone)

ethers

esters (urethane, ethylacetate)

Heating, ventilating and air-conditioning systems

furnaces (carbon-based fuels), air
conditioner reservoirs

Garage
vehicular exhaust, stored chemicals
(gasoline, pesticides, paints, solvents)

Combustion appliances

unvented heaters (kerosene, gas), gas
cooking stoves, woodburning stoves and
fireplaces

Personal sources

Tobacco smoke

aliphatic hydrocarbons

aromatic hydrocarbons (benzene)
chlorinated hydrocarbons
other substituted hydrocarbons

aliphatic hydrocarbons (propane, butane,
isobutane)
aldehydes (acetaldehyde, acrolein)

over 3800 compounds including:
organic nitrogen compounds (nicotine)
aldehydes (formaldehyde, acetaldehyde,
acrolein)

ketones

(continued)
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TABLE 2.3 (continuation)

PARTI

Sources

Typical contaminants

Human and biological origin

animal feces, pets, indoor plants (spores,
pollen), metabolic products, pathogens

Outdoor sources
Outdoor air

industrial emissions, contaminated
groundwater, vehicular exhaust

Potable water

volatilization of VOCs during showering,
bathing, other uses of potable water

Contaminated groundwater and sotl

seepage into basements

— aliphatic hydrocarbons (methane)
— aromatic hydrocarbons (toluene)
— aldehydes (acetaldehyde)

— ketones (acetone, 2-hexanone

— aleohols (3-methyl-1-butanol)

— pesticides

— aliphatic hydrocarbons

- aromatic hydrocarbons

— halogenated hydrocarbons

— aldehydes and ketones

— alcohols

— esters

— ethers

— organic nitrogen compounds

— organic sulphur/phosphorous compounds

— halogenated hydrocarbons
(1,1,1-trichloroethane, chloroform,
trichloroethane

- VOCs

Source: Adapted from U.S. EPA (1987).

Source emission rates

The information on organic compounds emitted from equipment, materials
and products is increasing. Unfortunately emissions are often complex: a large
number of VOCs may be emitted and the emissions from each of them may
vary with time in a different manner. Therefore also the characterization of
emissions is a complex task which needs standardized procedures.

Table 2.4 summarizes published “total” emission rates for VOCs of a large
number of sources collated by Levin (1991). “Total” VOC emission rates are
usually determined by summing up the responses of a gas chromatographic
detector (flame ionization detector, FID) for each individual compound emitted
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and assuming a common response factor for all compounds. This assumption
usually leads to underestimation of emissions of compounds other than hydro-
carbons.

TABLE 2.4

Emission rates for floor coverings, ‘wet’ products and various building materials (taken from
Levin, 1991)

Product Material or product Emission  Acquisition Ref.
type description (time rate age,

sampled during TVOC description

chamber test) (ug/m2 ‘h)  Comments

Floor Covering

Carpet floor and wall covering, 83 new Mpglhave (1982)
textile
Carpet floor covering, synthetic 120 new Mglhave (1982)
fibres/PVC
Carpet carpet, UF backing (1 h) 411 no seam Davidson et al.
(1991)
Carpet carpet, UF backing (1 h) 62 new, direct from Davidson et al.

manufacturer  (1991)

Carpet carpet, UF backing (1 h) 98 aged Davidson et al.
(1991)

Carpet carpet, UF backing (24 h) 202 no seam Davidson et al.
(1991

Carpet carpet, UF backing (24 h) 35 new, direct from Davidson et al.

manufacturer

(1991)

Carpet carpet, UF backing (24 h) 26 new, direct from Davidson et al.
manufacturer (1991)
Carpet carpet, UF backing (140 h) 20 new, direct from Davidson et al.
manufacturer  (1991)
Carpet carpet, UF backing (140 h) 111 no seam Davidson et al.
(1991)
Carpet carpet, UF backing (140 h) 6 new, direct from Davidson et al.
manufacturer  (1991)
Carpet felt carpet 80 new Mglhave (1982)
Carpet latex-backed carpet (336 h) 80 Tucker (1988b)
4-PC
Carpet carpet, SBR latex backed 45 new, direct from Black et al.
(144 h) manufacturer (1991)
Carpet carpet 36 <92 days Wallace et al.
(1987)

(continued)
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Product Material or product Emission  Acquisition Ref.
type description (time rate age,
sampled during TVOC description
chamber test) (ug/m%h) Comments
Carpet felt carpet (synthetic 11 new Mpglhave (1982)
fibres/plastic backing)
Carpet carpet, adhesive3 on 153000 single stick, Black et al.
assembly concrete (24 h) new products (1981)
Carpet carpet, adhesivel, padl on 145000 double stick Black et al.
assembly concrete (24 h) (1991)
Carpet carpet, adhesivel, on 98000 single stick, Black et al.
assembly concrete (24 h) new products (1991)
Carpet carpet, adhesive2 on 88300 single stick, Black et al.
assembly concrete (24 h) new products (1991)
Carpet carpet, adhesive4 on 783 single stick, Black et al.
assembly concrete (24 h) new products (1991)
Carpet carpet, pad3 on concrete 775 no adhesive, Black et al.
cushion (24 h) new materials  (1991)
Carpet carpet, padl on underlay- 549 no adhesive, Black et al.
assembly ment (24 h) new materials  (1991)
Carpet carpet, padl on concrete 136 no adhesive, Black et al.
assembly (24 h) new materials  (1991)
Carpet cushion P-3 (144 h) 8110 new from factory Black et al.
cushion (1991
Carpet cushion P-3 (24 h) 3360 new from factory Black et al.
cushion (1991)
Carpet cushion P-2 (24 h) 240 new from factory Black et al.
cushion (1991)
Carpet cushion P-1(24 h) 123 new from factory Black et al.
cushion (1991)
Carpet cushion P-1 (144 h) 59 new from factory Black et al.
cushion (1991)
Carpet cushion P-2 (144 h) 12 new from factory Black et al.
cushion (1991)
Vinyl vinyl floor covering 22280 van der Wal et
al. (1990)
PVC Central European PVC 7034 1-3 yrs, subject Saarela and
of complaint Sundell (1991)
PVC floor covering, homogenous 2300 new Mpglhave (1982)
PVC
PVC Finnish PVC-covering 2192 0.5 yrs, unused, Saarela and

from roll

Sundell (1991)

(continued)
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Product Material or product Emission  Acquisition Ref.
type description (time rate age,
sampled during TVOC description
chamber test) (pg/m2 ‘h)  Comments

PVC Finnish PVC-covering 1629 1 yr, unused, Saarela and
from roll Sundell (1991)

pPVvC Finnish PVC-covering 1443 <0.5 years, Saarela and
unused 2nd Sundell (1991)
quality from roll

Rubber floor covering, rubber 1400 new Mglhave (1982)

PVC English PVC-covering 1122 1 yr, unused, Saarela and
taken from roll  Sundell (1991)

pvC Finnish PVC-covering 273 2-3 yrs, subject Saarela and
of complaint Sundell (1991)

PVC Swedish PVC-covering 91 1-2 yrs, subject Saarela and
of complaint Sundell (1991)

Vinyl vinyl tile 45 Age <98 days  Wallace et al.

(1987)

Soft plastic  floor covering, soft plastic 590 new Mglhave (1982)

Linoleum linoleum floor covering 220 new Mpglhave (1982)

Linoleum linoleum 64 30 yrs, subject  Saarela and
of complaint Sundell (1991)

Linoleum floor covering (linoleum) 22 new Mpglhave (1982)

Wood pine, industrial (1 mo.) 682 0.1yr, Saarela and
experimental Sundell (1991)
surface coating

Wood birch, industrial 272 0.1 yr, Saarela and
experimental Sundell (1991)
surface coating

Wood pine 264 1lyr, Saarela and
UF-lacquered  Sundell (1991)
on site

Wood pine, untreated 216 new, in plastic  Saarela and
wrapping Sundell (1991)

Wood birch, industrial 157 0.1yr, Saarela and
experimental  Sundell (1991)
surface coating

Cork cork 805 0.3 yr, new Saarela and
material Sundell (1991)

Cork Cork 7 2 yrs, subject Saarela and

of complaint

Sundell (1991)

(continued)
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TABLE 2.4 (continuation)

PART1

Product Material or product Emission  Acquisition Ref.
type description (time rate age,
sampled during TVOC description
chamber test) (ug/m2 ‘h)  Comments
Wet Products
Adhesive wall and floor glue (24 h) 271000 water-based Mglhave (1982)
EVA
Adhesive adhesive, wall and floor 270000 Mglhave (1982)
(24 h)
Adhesive floor adhesive 220000 Tucker (1988b)
Adhesive carpet adhesive 99000 Black et al.
(24 h) (1991)
Adhesive carpet adhesive 90000 Black et al.
(24 h) (1991)
Adhesive carpet adhesive 76600 Black et al.
(24 h) (1991)
Adhesive carpet adhesive - low VOC 698 low VOC Black et al.
(24 h) formulation (1991)
Adhesive carpet adhesive (144 h) 17200 Black et al.
(1991)
Adhesive carpet adhesive (144 h) 11900 Black et al.
(1991)
Adhesive carpet adhesive (144 h) 3950 Black et al.
(1991)
Adhesive carpet adhesive - low VOC 76 low VOC Black et al.
(144 h) formulation (1991)
Adhesive carpet adhesive 234 Wallace et al.
(7d) (1987)
Adhesive cove adhesive (7 d) 5000 methanol based Wallace et al.
vinyl adhesive  (1987)
Adhesive primer/adhesive 6.1  wall primer/ Wallace et al.
(7d) adhesive (1987)
Adhesive floor adhesive <5000 Tucker (1988b)
(10-100 h)
Adhesive texture glue, PVA, 2100 Mpglhave (1982)
water-based (24 h)
Seam sealant carpet seam sealant 2960 seam sealant Davidson et al.
(1h) only (1991)
Seam sealant carpet seam sealant 249 seam sealant Davidson et al.
(24 h) only (1991)
Seam sealant carpet seam sealant 10 seam sealant Davidson et al.

(144 h)

only

(1991)

(continued)
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Product Material or product Emission  Acquisition Ref.

type description (time rate age,
sampled during TVOC description
chamber test) (ug/rnz ‘h)  Comments

Caulk silicone caulk 13000 Tucker (1988b)
(< 10h)

Caulk silicone caulk <2000 Tucker (1988b)
(10-100 h)

Caulk filler, PVA, glue-cement 10200 Maglhave (1982)
(24 h)

Caulk filler, sand, cement, 730 water based Mglhave (1982)
hardener (24 h) hardener

Caulk latex caulk (7 d) 637 interior/exterior Wallace et al.

latex caulk (1987)

Caulk sealing agent - putty strips 340 new Mglhave (1982)
(24 h)

Caulk tightening fillet 160 neoprene/ Mglhave (1982)
(24 h) polyethylene

Caulk Caulk - plasticized 56 new Mpglhave (1982)
PVC/polyethylene
(24 h)

Caulk heat-expanding neoprene 17 new Mglhave (1982)
(24 h)

Caulk tightening fillet, 16 new Mpglhave (1982)
heat-expanding neoprene

Paint Paint, acrylic latex 430 Mglhave (1982)

Paint latex paint, ‘high 249 Wallace et al.
profile’ (7 d) (1987)

Paint latex paint, ‘vinyl flat white’ 3.2 Wallace et al.
(7d) (1987)

Stain wood stain (< 10 h) 10000 Tucker (1988b)

Stain wood stain (1-100 h) <100 Tucker (1988b)

Varnish polyurethane wood 9000 Tucker (1988b)
finish (< 10 h))

Varnish floor varnish, 2-part 4700 Mpglhave (1982)
isocyanate (24 h)

Varnish floor varnish, clear 1300 Mpglhave (1982)
epoxy (24 h)

Varnish floor varnish, acid hardener 830 Mglhave (1982)
(24 h)

Varnish polyurethane wood <100 Tucker (1988b)

finish

(continued)
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TABLE 2.4 (continuation)

PART1I

Product Material or product Emission  Acquisition Ref.

type description (time rate age,
sampled during TVOC description
chamber test) (ug/m2 ‘h) Comments

Sealant sealing agent plastic 72000 Mglhave (1982)
compounds (24 h)

Sealant sealing agent silicone 26000 Mpglhave (1982)
compound (24 h)

Sealant urethane sealant 0.13 Wallace et al.

(1987)

Polish spray polish for 27100 Colombo et al.
furniture (1990)

Wax floor wax (< 10 h) 80000 Tucker (1988b)

Wax floor wax (10-100 h) <5000 Tucker (1988b)

Wax floor wax paste (initial 1880 Colombo et al.
emission rate) (1990)

Various Building Materials

Fibre board  woodfibre board (12 mm) 120 new Mglhave (1982)

Fibre board fibre board, glass fibre 17 new Mpglhave (1982)
polyester reinforce

Gypsum calcium silicate board 64 new Mpglhave (1982)

board

Gypsum plaster board 26 new Mpglhave (1982)

board

Gypsum plaster board (12 mm, 26 new Mglhave (1982)

board paper coated)

Gypsum gypsum board 26 age unknown Tucker (1988b)

board

Gypsum water repellant mineral 1.5 ageunknown, Wallace et al.

board board from (1987}

construction site

Insulation insulation foam, 1400 new Mpglhave (1982)
polystyrene

Insulation polystyrene foam A 260 van der Wal et

al. (1990)

Insulation insulation foam, 120 new Mglhave (1982)
polystyrene

Insulation polystyrene foam B 30 van der Wal et

al. (1990)

(continued)
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TABLE 2.4 (continuation)

Product Material or product Emission  Acquisition Ref.
type description (time rate age,
sampled during TVOC description
chamber test) (ug/m2 ‘h)  Comments
Insulation  polystyrene foam insulation 22 purchased Wallace et al.
retail, (1987)
age < 76 days
Insulation insulation batt (mineral 12 new Mglhave (1982)
wool)
Insulation  fibrous glass insulation 0.8 from Wallace et al.
construction site (1987)
Insulation duct insulation 0.28  purchased Wallace et al.
retail (1987)
Laminated laminated board 0.4 new Mglhave (1982)
board (plastic)
Particleboard Particleboard (new) 2000 Tucker (1988b)
formaldehyde
Particleboard Particleboard (24 h) 952 Black et al.
(1991)
Particleboard Particleboard (144 h) 837 Black et al.
(1991)
Particleboard Particleboard 200 2 yrs Tucker (1988b)
Particleboard Particleboard 140 new, from Mpglhave (1982)
manufacturer
Particleboard Particleboard (urea- 130 new, from Mglhave (1982)
formaldehyde glued) manufacturer
Particleboard Particleboard 130 new, from Mglhave (1982)
manufacturer
Particleboard Particleboard (urea- 120 new, from Mpglhave (1982)
formaldehyde glued) manufacturer
Particleboard Particleboard 120 new, from Mglhave (1982)
manufacturer
Particleboard Particleboard 28 age < 98 days Wallace et al.
(1987)
Plywood Plywood B 1450 van der Wal et
al. (1990)
Plywood Plywood A 900 van der Wal et
al. (1990)
Plywood Plywood C 725 van der Wal et
al. (1990)
Plywood Plywood D 215 van der Wal et
al. (1990)

(continued)
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TABLE 2.4 (continuation)

PARTI

Product Material or product Emission  Acquisition Ref.
type description (time rate age,
sampled during TVOC description
chamber test) (pg/m2 ‘h)  Comments
Sheathing exterior mineral board 0.03 Wallace et al.
(1987)
Chipboard  chipboard (age unknown) 130 Tucker (1988b)
Panelling plywood panelling HCHO 100 new Tucker (1988b)
Panelling plywood panelling (teak) 44 new Mpglhave (1982)
Wall vinyl and fibreglass 300 new Mpglhave (1982)
covering wallpaper
Wall wallpaper, PVC foam 230 new Mpglhave (1982)
covering
Wall wall covering, PVC 100 new Mglhave (1982)
covering
Wall wallpaper (age unknown) 100 Tucker (1988b)
covering
Wall vinyl coated wallpaper B 95 van der Wal et
covering al. (1990)
Wall vinyl wallpaper 40 new Mpglhave (1982)
covering
Wall printed wallpaper 31 new Mglhave (1982)
covering
Wall vinyl coated wallpaper A 20 van der Wal et
covering al. (1990)
Wall wall covering, Hessian 54 new Mglhave (1982)
covering
Mascellany
Cement cement block 0.54 Wallace et al.
block (1987)
Cement cement flag 73 Mpglhave (1982)
flag
Cable small diameter telephone 60 standard wall ~ Wallace et al.
cable (new) to telephone (1987)
Cable large diameter telephone 38 bundled wire, = Wallace et al.
cable (new) computer or (1987)
network
Pipe PVC pipe 0.53 Wallace et al.

(1987)

(continued)
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Product Material or product Emission  Acquisition Ref.

type description (time rate age,
sampled during TVOC description
chamber test) (ug/m2 ‘h) Comments

Vapour tar pipe 6.3 Wallace et al.

barrier (1987)

Subfloor concrete subflooring <5 Black et al.

(1991)

Trim black rubber moulding 103 age < 124 days, Wallace et al.
from (1987)
construction

Cove base vinyl cove moulding 46 age <98 days  Wallace et al.

(1987)
Cove base vinyl edge moulding 30 Wallace et al.
(1987)

Textile floor and wall covering, 1600 Mglhave (1982)

textile

Cleanser spray cleanser for carpets 50400 initial emission Colombo et al.
rate (1990)

Cleanser liquid cleanser/disinfectant 34900 Colombo et al.

(1990)
Cleanser liquid floor detergent 2200 Colombo et al.
(initial) (1990)

Pesticide moth cake (p-DCB) 14000000 Tucker (1988b)
@23C

Dry-cleaning dry cleaned clothes 100 Tucker (1988b)
(0-1 day)

Dry-cleaning dry cleaned clothes 50 Tucker (1988b)
(1-2 days) Perc

Office chair high back chair with arms 1060 1h Strobridge and
(1h) Black (1991)

Office chair  high back chair with arms 100 981 h Strobridge and
(981 h) Black (1991)

Office tackable acoustical 158 1h Strobridge and

furniture partitions (HCHO) Black (1991)
(1h)

Office tackable acoustical 74 25h Strobridge and

furniture partitions (2.5 h) Black (1991)

Office tackable acoustical 37 48 h Strobridge and

furniture partitions (HCHO) Black (1991)

(48 h)

(continued)
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TABLE 2.4 (continuation)

Product Material or product Emission  Acquisition Ref.
type description (time rate age,
sampled during TVOC description
chamber test) (}Jg/m2 ‘h)  Comments
Office tackable acoustical 6 581 h Strobridge and
furniture partitions (581 h) Black (1991)
Workstation workstation 3200 1h Strobridge and
Black (1991)
Workstation workstation 10 912h Strobridge and
Black (1991)
Workstation workstation (HCHO) 1470 1h Strobridge and
Black (1991)
Workstation workstation (HCHO) 830 336 h Strobridge and
Black (1991)

Modified from Levin (1991) Controlling Sources of Indoor Air Pollution, Indoor Air Bulletin,
1(6): 1-11.

This table is reprinted with permission from the November 1991 issue of The Indoor Air
Bulletin, H. Levin (Ed.). The Indoor Air Bulletin can be contacted at P.O. Box 8445, Santa
Cruz, CA 95060, USA. Tel. 408 426624; Fax 408 426 6522.

2.2.3 Typical concentrations and exposures

Already from a number of early small-scale studies (Johansson, 1978;
Mpglhave and Mgller, 1979; Jarke et al., 1981; Seifert and Abraham, 1982) it
could be concluded that the concentrations of many VOCs in indoor air would
exceed those in outdoor air.

By 1987, a number of field studies aimed at determining frequency distri-
butions of concentrations for a multitude of different volatile organic com-
pounds in the residential environment had been made available from
Germany (Krause et al., 1987), Italy (De Bortoli et al., 1985), the Netherlands
{Lebret et al., 1986), and the United States (Wallace, 1987). Analysing the data
produced by these studies, a Working Group of the World Health Organization
(WHO) concluded that, despite the somewhat different objectives and protocols
of the studies, there was quite good agreement between the results. The
Working Group therefore undertook the task of combining the results of these
studies into a consolidated data set which is shown in Table 2.5 (WHO, 1989).
The Working Group considered this data set to be fairly representative for
“normal” indoor situations and useful for an estimate of population exposures.
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TABLE 2.5

Concentrations and distributions of organic compounds in indoor air
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Pollutant Cat- Concentration (pg/ms) Sources
egory
H Percentile Mean Out-
door®
10th 50th 90th 98th

Aliphatic hydrocarbons

n-hexane 2 4 10 20 10 solvent, fuel
component

n-heptane 2 3 5 15 60 10 solvent, fuel
component

n-octane 2 2 5 10 5 solvent, fuel
component

n-nonane 2 2 5 20 10 solvent, fuel
component

n-decane 2 3 10 50 90 20 solvent, fuel
component

n-undecane 2 3 5 25 10 solvent, fuel
cmponent

n-dodecane 2 2 5 10 5 solvent, fuel
component

n-tridecane 2 2 5 10 10 <0.3  solvent, fuel
component

n-tetradecane 2 2 10 2 <0.3  solvent, fuel
component

n-pentadecane 2-3 1 5 1 <0.3  solvent, fuel
component

n-hexadecane 2-3 1 5 1 <0.3 solvent, fuel
component

3-methylpentane 2 5 80 5 2 solvent, fuel
component

2-methylhexane 2 5 100 5 2 solvent, fuel
component

3-methylhexane 2 2 100 2 solvent, fuel
component

Terpenes

limonene 2 2 15 70 30 odorant,
detergent

o-pinene 2 2 10 20 10 wax, wood
product

(continued)
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TABLE 2.5 (continuation)

Pollutant Cat- Concentration (ug/m®) Sources

egory
S Percentile Mean Out-
door®
10th 50th 90th 98th

fB-pinene 2 <1 <1 5 1 wax, wood
product

a-terpinene 2 1 5 10 5 wax, wood
product

Aromatic hydrocarbons

benzene 2 2 10 20 30 10 3 fuel component,
tobacco

toluene 2 30 65 150 250 80 5 fuel component,
solvent

m.p-xylene 2 10 20 40 20 2 fuel component,
solvent

o-xylene 2 3 5 10 10 1 fuel component,
solvent

ethylbenzene 2 4 10 20 10 1 fuel component,
solvent

n-propylbenzene 2 <1 2 6 3 <0.3  fuel component,
solvent

isopropylbenzene 2 1 3 1 <0.3  fuel component,
solvent

o-methylethylbenzene 2 2 5 5 <0.3  fuel component,
solvent

1,2,3-trimethyl- 2 2 5 2 <0.3  fuel component,

benzene solvent

1,2,4-trimethyl- 2 5 20 10 1 fuel component,

benzene solvent

1,3,5-trimethyl- 2 2 5 5 <0.3  fuel component,

benzene solvent

n-buthylbenzene 2 1 10 <0.3  fuel component,
solvent

p-methylisopropyl- 2 1 10 <0.3  fuel component,

benzene solvent

diethylbenzene 2 fuel component,
solvent

styrene 2 <1 1 5 10 fuel component

(continued)



2 — ORGANIC POLLUTANTS 51

TABLE 2.5 (continuation)

Pollutant Cat- Concentration (ng/m?) Sources
elgory
) Percentile Mean Out-
door®
10th 50th 90th 98th

Chlorinated hydrocarbons

chloroform 1-2 3 15 drinking water

dichloromethane 2 <10 <10 600 aerosol, paint
remover

tetrachloromethane 2 1 20 industrial
solvent

bromoform 2 drinking water

1,2-dichloroethane 2 cleaning agent,
additive

1,1,1-trichloroethane 2 2 5 20 10 dry cleaning,
solvent

trichloroethylene 2 1 5 20 30 <2 solvent, spot
remover

tetrachloroethylene 2 2 5 20 70 dry cleaning,
solvent

chlorobenzene 2 <0.5 10 1 solvent, textile
additive

m-dichlorobenzene 2 <0.5 5 <0.5  deodorant,
moth balls

p-dichlorobenzene 2 1 5 20 deodorant,
moth balls

1,2,3-trichlorobenzene 2 1 10 <1 dye carrier,
insecticide

1,2,4-trichlorobenzene 2 1 15 <1 dye carrier,
pesticide

1,3,5-trichlorobenzene 2 5 <1 dye carrier,
pesticide

Alcohols

ethanol 1 solvent,
beverages, fuel

propanol 1-2 solvent

n-butanol 2 <1 <1 1 solvent

isobutanol 2 <1 1 5 2 solvent

(continued)
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TABLE 2.5 (continuation)
Pollutant Cat- Concentration (;,Lg/m3) Sources
egory
) Percentile Mean Out-
door®
10th 50th 90th 98th

pentanol 2 solvent,
plasticizer

hexanol 2 solvent,
plasticizer

2-ethylhexanol 2 <1 1 5 2 solvent,
plasticizer

Esters and ketones

ethyl acetate 2 solvent

n-butyl acetate 2 solvent

ethylmethyl ketone 2 <2 5 10 1 solvent

4-methyl-2-pentanone 2 1 solvent

Aldehydes

formaldehyde b 25 60 40 chipboard,
urea-formalde-
hyde insulation

acetaldehyde b 10 30 cigarette smoke

acrolein b cigarette smoke

butanal b 1 5 1

hexanal 2 <1 1 5 paper, paints

nonanal 2 paper, paints,
flavour

Other compounds

naphthalene 3 2 5 solvent, moth
balls

1 See Table 2.1.

a A wide range of values can be found in the outdoor environment; higher values may be
found near sources.

b These pollutants cannot be placed within the range of categories given in Table 2.1 as
different sampling and analytical procedures apply.

Taken from WHO, 1989.
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The 50 percentiles of most compounds amount to only a few micrograms per
cubic meter and are several orders of magnitude below existing occupational
threshold limit values. However, it should be pointed out that much higher
concentrations up to tens of milligrams per cubic meter may occur indoors
when special products are used or when permanent sources exist in or near a
particular building.

In recent years organic compounds of a more polar character with volatili-
ties in the upper range of the VOC class, such as glycol ethers and esters, are
increasingly introduced and detected indoors. From Table 2.3 it results that
consumer products such as cleaners and waxes, paints and hobby supplies are
among their sources. Data on concentration distributions of these compounds
in the residential environment are, however, not yet available.

Fewer data have been published on VOC concentrations in the office environ-
ment. Measurements in 83 offices (10 buildings) of the European Parliament (EP)
in Brussels, Luxembourg, and Strasbourg are summarized in Table 2.6 (De
Bortoli et al., 1990). Median, 90 percentile and maximum concentrations are
reported for the most prominent and ubiquitous single VOC, for formaldehyde
and acetaldehyde, and for total VOC (TVOC, toluene equivalent).

Median values are in the low microgram per cubic meter range. Compared
to the values in Table 2.5 concentrations of hydrocarbon compounds are lower
by a factor of 4-6, whereas the concentrations of chlorinated hydrocarbons and
of aldehydes are comparable.

The distribution of a larger set of about 160 TVOC values measured in EP
buildings including the values of Table 2.6 is shown in Figure 2.1 (De Bortoli,
1991). The high end values of the skewed distribution are partially due to
infiltration of heavily contaminated air originating from a printing shop and
partially due to chemicals commonly used in offices such as 1,1,1-trichlo-
roethane from correction liquids.

[t should be pointed out that care has to be taken when using TVOC data,
because there is no generally agreed definition of TVOC and two VOC mix-
tures giving rise to the same TVOC value may have different composition and
health implications (Seifert, 1990). Using the definition of TVOC applied in
Table 2.6 and Figure 2.1, the contribution of non hydrocarbon compounds is
underestimated and concentrations of compounds eluting earlier than n-hex-
ane from the gas chromatographic column arc not included.

Measurements of a larger range of individual VOCs have been performed
by Maroni et al. (1992) in 18 offices of the administrative headquarters of a
large industrial company near Milan. Detected concentration ranges, median
and mean concentrations are reported in Table 2.7. The offices are air condi-
tioned, have tightly sealed windows and are supplied with 100% outdoor air
(no air recycling). The measured concentrations are similar to those measured
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TABLE 2.6

Compounds most fgequently observed in 83 offices (10 buildings) and their concentration
distribution (ug m™°)

Compound Median (50% ile) 90% ile Maximum (100% ile)
n-hexane 2.4 21 1730
n-heptane 1.0 24 194
benzene <1.0 6.8 16
toluene 11 36 280
1,3-xylene + 1,4-xylene 4.7 10 20
1,1,1-trichloroethane <20 40 3670
tetrachloroethene 24 160 1250
formaldehyde 45 122 139
acetaldehyde 9 24 57
total VOC > C6 V) 220 870 3930

1 Sum of the areas of gas chromatographic peaks measured by a flame ionization detector
at elution times equal to or greater than that of n-hexane and divided by the response factor
of toluene.

VOLATILE ORGANIC COMPOUNDS

100
90

804

70

60 +

50 1

40

304

o

20

number of rooms

10+

0-
025 05 075 1 1.25 15 175 2 225 25 2753275
mgm™

Fig. 2.1: Distribution of TVOC concentration values, determined in 10 buildings of the
European Parliament (De Bortoli, 1991).
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TABLE 2.7

Concentration ranges in offices provided with air quality control
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Compound No. of No. of Concentration (ug/mB)
sampled quantifiable
offices detections Range Median Mean?

Aliphatic hydrocarbons

Hexane 18 17 <5-43 20 20
Heptane 18 15 <5-23> 12 11
Nonane 18 13 <5-32 10 11
Decane 18 13 <5-23° 10 11
Pentadecane 18 11 ND-30 10 -
Isooctane 18 16 <5-41 11 14
5-methyl-decane 18 6 ND-19 ND -
3,4,4-trimethyldecane 18 7 ND-31 <5 S
2,4-dimethylpentane 18 10 ND-30° 7 R
2,5,6-trimethyloctane 18 4 ND-30> ND ¢
2,2,4,6,6-pentamethylheptane 18 11 ND-54 8 £
Cyclohexane 18 18 7-39 13 18
Methylcyclohexane 18 5 ND-33 ND -
Diethyleyclohexane 18 6 ND-37 ND S
2,4,4-trimethyl-2-pentene 18 8 ND-91 <5 -
Aromatic hydrocarbons

Benzene 18 6 <5-12 <5 5
Toluene 18 17 831" 16 16
Xylenes 18 15 <5-36° 17 16
Ethylbenzene 18 16 <5-32° 10 13
Propylbenzene 18 11 <5-37° 11 12
o-methylethylbenzene 18 11 <5-41° 8 12
1,3,5-trimethylbenzene 18 17 <5-29° 12 12
1,2,4-trimethylbenzene 18 17 <56-23 12 12
1,2,3-trimethylbenzene 18 16 <523 11 12
2,5-dimethylethylbenzene 18 8 <5-22" 4 7
m-~diethylbenzene 18 9 <5-21 5 8
o-methylpropylbenzene 18 10 ND-20" 4 £
Naphthalene 18 3 ND-24 ND -

(continued)
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TABLE 2.7 (continuation)

Compound No. of No. of Concentration (jg/m®)
sampled quantifiable
offices detections Range Median Mean®

Chlorinated hydrocarbons

p-dichlorobenzene 18 7 ND-21 <5 ¢
Trichlorofluoromethane 18 3 ND-13 ND £
1,1,1-trichloroethane 18 7 ND-11 ND £
Terpenes

Limonene 18 14 <6-39 18 17
Alcohols

FEthanol 18 7 ND-32 ND -
Hexanol 18 6 ND-37 ND £
2-buthoxyethanol 18 15 <56-37 17 18
Aldehydes

Formaldehyde 8 8 18-116 76 68
Acetaldehyde 8 8 35-53 40 42
Acroleine 8 8 1-5 3 3
Propanal 8 8 11-21 14 15
Butanal 8 8 2-6 4 4
Octanal 18 18 <5-26 10 10
Nonanal 18 18 <5-23 10 11
Benzaldehyde 25 25 <5-39 12 12
Total VOC = Cg 22 22 36-1920 578 565

ND = not detected.

a 2.5 pg/m3 has been used for <5 interval while calculating the mean.
b Higher range values refer to a small surface printing office.

¢ The mean cannot be evaluated.

in the EP buildings although somewhat higher.

Important information about actual exposures to VOCs has been provided
by the TEAM (Total Exposure Assessment Methodology) study (Wallace 1987).
Weighted estimates of the average concentrations of 11 target compounds are
summarized in Table 2.8.



2 — ORGANIC POLLUTANTS 57

TABLE 2.8

Typical exposures averaged over varying sampling periods

Contaminants Weighted estimates of concentrations (ug/m‘g) in personal air
Measurements in 2 cities Measurements in 1 city over
over the course of 3 the course of 3 sampling

sampling periods in 3 years periods in 1 year

Total 200-338 72240
1,1,1-Trichloroethane 45-94 16-96
m- and p-Dichlorobenzene 45-71 5.5-18
m- and p-Xylene 36-52 11-28
Tetracloroethylene 11-45 5.6-16
Benzene NCP-28 -
Ethylbenzene 9.2-19 3.7-11
o0-Xylene 12-16 4.4-13
Trichloroethylene 4.6-13 3.8-7.8
Chloroform 4.0-8.0 0.6-1.9
Styrene 2.1-8.9 1-3.6
Carbon Tetrachloride NDY-9.3 0.8-1.3

a Sum of concentrations of the reported 11 compounds.

b Sum of concentrations of 19 compounds (reported compounds plus n-octane, n-decane,
n-undecane, n-dodecane, o-pinene, 1,2-dichloroethane, p-dioxane, o-dichlorobenzene).

i Not calculated-high background contamination.

I Not detected in most samples.

Modified from Wallace, 1987.

The mean personal air exposures to the eleven prevalent target chemicals
were always greater than the mean outdoor concentrations (with one exception
at Los Angeles in February, where strong overnight inversions led to elevated
outdoor concentrations). As a major reason for this, elevated indoor air levels
at work and at home have been suggested. An additional reason for elevated
personal air exposures may be the increased pollutant concentration around a
“test person” performing professional or other activities during which VOCs
are released, such as pumping gas, using a cleanser, or applying glues, paints,
or other solvent containing products. High concentrations of pollutants in such
a “personal activity cloud” are detected by personal but usually not by environ-
mental monitoring (Rodes et al., 1991).

The value of personal samples as excellent indicators of exposure was
confirmed by the TEAM study through measurements of exhaled breath,
which proved to be a sensitive and noninvasive way of determining the
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presence of the target chemicals in the blood. The breath levels correlated
significantly with personal air exposures to nearly all chemicals but did not
correlate with outdoor air levels.

During the TEAM study a number of specific sources of exposure were
identified, including:

— smoking (benzene, xylenes, ethylbenzene, styrene in breath);

— passive smoking (same chemicals in indoor air);

— visiting dry cleaners (tetrachloroethene in breath);

— pumping gas or being exposed to autoexhaust (benzene in breath);

— various occupations, including: chemicals, plastics, wood processing,
scientific laboratories, garage or repair work, metal work, printing ete.
(mostly aromatic chemicals in daytime personal air);

— use of hot water in the home (chloroform in indoor air); and

— room air fresheners, toilet bowl deodorizers, or moth crystals (1,4-chio-
robenzene in indoor air).

Many of these sources are activity related and therefore emphasize the
potential importance of personal activity clouds for human exposure and,
hence, of personal sampling for exposure assessment.

A further interesting result of the TEAM study is that the inhalation route
provided more than 99% of the exposure for all chemicals except triha-
lomethanes. Drinking water provided nearly all of the exposure to the three
brominated trihalomethanes, and a substantial fraction to most personal
exposures to chloroform.

It should be noted that the target compounds of the TEAM study did not
include polar VOCs such as ethyl or methylglycol, alcohols, esters or limonene
which are often found in cleaning and conservation products (e.g. Colombo et
al., 1991).

2.2.4 Health effects

Exposure to VOCs can result in both acute and chronic health effects. Table
2.9 summarizes some health effects for selected contaminants. Most of the
available health effects data have been developed from animal studies or
occupational studies. In general, the health effects data-base for VOCs, espe-
cially for low-level or intermittent exposures, is in its infancy.

Many of the VOCs are potent narcotics and result in depression of the
central nervous system. VOCs can also result in irritation of the eyes and
respiratory tract and sensitization reactions which involve the eyes, skin, and
the respiratory tract. At higher concentrations, many of these chemicals have
been shown to result in liver and kidney damage.
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TABLE 2.9
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Health effects and sources of selected volatile organic compounds

Compound Health effects Sources and uses
Benzene carcinogen; respiratory plastic and rubber solvents;
tract irritant cigarette smoking; paints
Xylenes narcotic; irritant; affect adhesives, joint compound,
heart, liver, kidney and wallpaper, caulking compounds,
nervous system floor covering, floor lacquer, grease
cleaners, shoe dye, tobacco smoke,
kerosene heaters, varnish, solvent
for resins, enamels; used in
unleaded antomobile fuels,
pesticides, dyes, pharmaceuticals
Toluene narcotic; may cause solvents, solvent-based adhesives,
anaemia water-based adhesives,
edge-sealing, moulding tape,
wallpaper, joint compound, calcium
silicate sheet, vinyl floor covering,
vinyl coated wallpaper, caulking
compounds, paint, chipboard,
kerosene heaters, tobacco smoke
Styrene narcotic; affects central plastics, paints, synthetic rubber,

Toluene diisocyanate
(TDD)

Trichloroethene

Ethyl benzene

Dichloromethane

1,4-Dichlorobenzene

Benzyl chloride

nervous system; possible
human carcinogen

sensitizer; probable human
carcinogen

animal carcinogen; affects
central nervous system

severe irritation to eyes and
respiratory tract; affects
central nervous system

narcotic; affects central
nervous system; probable
human carcinogen

narcotic; eye and
respiratory tract irritant;
affects liver, kidney, and
central nervous system

central nervous system
irritant and depressant;
affects liver and kidney;
eye and respiratory tract
irritant

and resins
polyurethane foam aerosols

solvent for paints, varnishes, oil
and wax, cleaning compounds,
degreasing products, dry-cleaning

solvents, in styrene-related products

paint removers, aerosol finishers;
acoustical office partitions

moth crystals, room deodorizers

vinyl tiles plasticized with butyl
benzyl phtalate

(continued)
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TABLE 2.9 (continuation)

Compound Health effects Sources and uses
2-butanone (MEK) irritant; central nervous floor/wall covering, calcium silicate
system depressant sheet, fibreboard, caulking
compounds, particleboard, tobacco
smoke
Petroleum distillates  central nervous system; cleaning products, solvents, paint
affect liver and kidney thinners
4-phenylcyclohexene  eye and respiratory tract byproduct of styrene butadiene
irritant; central nervous latex, used in most synthetic fibre
system effects carpets

For many indoor pollutants, there is insufficient data to determine the levels at which the
specific effects listed would actually occur and the extent to which these levels are experi-
enced in non-industrial indoor environments.

Source: Tucker (1988a), Dreisbach (1980), Turiel (1985).

Symptoms of VOC exposure (depending on the dose) could include fatigue,
headache, drowsiness, dizziness, weakness, blurred vision, skin irritation,
irritation of the eyes and respiratory tract, and cardiac arrhythmias (Rosen-
berg, 1990).

The term “solvent encephalopathy” is used to describe a group of symptoms
(major symptoms — headache, irritability, difficulty concentrating, and fine-
motor deficits) attributed to VOC exposures. A dose-effect relationship has not
been described, but effects occur at levels below the threshold limit values for
individual solvents, and there appears to be a relationship between duration
of exposure and the time required to resolve symptoms after exposure stops.
VOCs may be present in office environments at concentrations that have been
associated with solvent encephalopathy (Hodgson, 1988).

Many of the VOCs which have been measured indoors are known human
carcinogens (benzene) or animal carcinogens (carbon tetrachloride, chloroform,
trichloroethene, tetrachloroethene, and 1,4-dichlorobenzene). VOCs such as 1,1,1-
trichloroethane, styrene, and o-pinene are mutagens. Other VOCs such as
octane, decane, and undecane are possible co-carcinogens. Although there are
few risk assessments available for VOCs in indoor air, VOCs appear likely to
pose a significant risk of cancer (U.S. EPA, 1989).

There is some evidence that VOCs can provoke some of the symptoms
typical of the “Sick Building Syndrome” (SBS) (see Part IV for a definition and
a discussion of this name). Mglhave observed increased mucous membrane
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irritation and impaired memory in healthy subjects (who previously demon-
strated symptoms of “sick building syndrome”) who were exposed to 22 VOCs
at total VOC concentrations of 5 mg/m® and 25 mg/m® (Mglhave et al., 1987).

Kjaergaard et al. (1987) also demonstrated a dose-dependent response in
63 randomly selected healthy subjects who were exposed to n-decane in the
range of 0—~100 ppm. Exposed subjects experienced mucous membrane irrita-
tion, decreased tear film stability, and sensation of increased odour intensity
and reduced air quality. The authors concluded that these results support the
hypothesis that VOCs can provoke some of the symptoms of the “sick building
syndrome”.

Some epidemiological studies have supported the hypothesis that VOCs are
related to SBS symptoms. There are both cross-sectional and longitudinal
studies available demonstrating a relationship between indoor VOC-concen-
trations and SBS-symptoms (Norbick et al., 1990a; Norbick et al., 1990b). In
another longitudinal investigation in a suspected sick library building, a
relationship was found between SBS-symptoms and the concentration of VOC
(Berglund et al., 1990). In addition, a relationship between newly painted
surfaces in dwellings and upper airway symptoms has also been demonstrated
(Norback and Edling, 1991).

In an interesting cross-sectional study SBS symptoms of 147 office workers
in five building areas were investigated using a linear-analog self-assessment
scale questionnaire to define symptoms at a specific point in time (Hodgson et
al., 1991). As a particular feature of this study, at the same time, the environ-
ment in the breathing zone was characterized by measuring, among other
parameters, total volatile organic compounds. Analysis of the results showed
that up to 25% of the variance in regression models could be explained by
mucous membrane irritation and central nervous system symptoms. These
two symptom groups were related to the concentrations of volatile organic
compounds. This study suggests that the “sick building syndrome” may have
specific environmental causes, including volatile organic compounds.

Individuals who appear to be affected by “Multiple Chemical Sensitivity”
report severe reactions to a variety of VOCs and other organic compounds
which are released by building materials and various consumer products
including cosmetics, soaps, perfumes, tobacco, plastics, dyes, and other prod-
ucts. Many of the chemicals contained in these products are potent sensitizers.

These reactions can occur after exposure to a single sensitizing dose or
sequence of doses, after which time a far lower dose can provoke symptoms.
Reactions can also be provoked as a result of chronic exposure to low doses.
Ashford and Miller (1991) summarize some of the studies that have been
conducted and attempt to link multiple chemical sensitivity to exposure to
VOCs and other organic compounds.
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2.3 FORMALDEHYDE
2.3.1 Physico-chemical nature

Formaldehyde (HCHO) is the simplest and most common aldehyde found
in the environment. It is perhaps the most important single indoor air pollut-
ant because of its frequent occurrence and its strong irritation potential.
Although formaldehyde is a volatile compound it is not detected by gas
chromatographic methods applied to VOC analysis. At normal room tempera-
ture it is a colourless gas with a pungent odour. Formaldehyde is soluble in
water and is used in a solution of about 30% or in polymerized form (parafor-
maldehyde).

Formaldehyde decomposes into methanol and carbon monoxide at tempera-
tures above 150°C, although uncatalysed decomposition is slow below 300°C.

Under atmospheric conditions, formaldehyde is readily photooxidized in
sunlight to carbon dioxide. It reacts relatively quickly with trace substances
and pollutants in the air so that its half-life in urban air, under the influence
of sunlight, is short. In the absence of nitrogen dioxide, the half-life of formal-
dehyde is approximately 50 min during the daytime; in the presence of
nitrogen dioxide, this drops to about 35 min (Bufalini et al., 1972).

2.3.2 Occurrence and sources

The major anthropogenic sources of formaldehyde affecting human beings
are in the indoor environment. They include cigarette smoke and other com-
bustion sources, and urea-formaldehyde resins which are used in large quan-
tities as glues in the manufacturing of wooden products such as particle board
and plywood.

Emission from wooden products such as particle board or furniture made
thereof results from the off-gassing of excess formaldehyde and of formalde-
hyde formed by hydrolytic cleavage of unreacted methylol groups in the resins.
Because of this second contribution, formaldehyde can be released over long
periods of time, even years, at a slowly decreasing rate.

Formaldehyde may also be used in urea formaldehyde foam insulation
(UFFI). The foam can emit formaldehyde, even after completion of work,
depending on factors such as processing and installation, age of foam, tem-
perature, and humidity.

When considering the indoor presence of formaldehyde, it is necessary to
differentiate between:

— Hospitals or other scientific facilities, where formaldehyde is used as a

disinfectant or preservative; and
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— All other indoor areas, especially living areas, schools, kindergartens,
and mobile homes where there may be uncontrolled emissions of formal-
dehyde from:

— the smoking of cigarettes and other tobacco products;

— particle boards (mainly furniture);

— urea formaldehyde foam insulation (UFFI);

— urea-formaldehyde resin based lacquers and varnishes, e.g. for furni-
ture and parquet;

— gas cookers;

— open fireplaces; and

— other building materials made with adhesives containing formalde-
hyde, such as plastic surfaces.

2.3.3 Typical concentrations and exposures

Indoor levels of formaldehyde clearly differ from the concentrations in
outdoor air. Indoor concentrations are influenced by temperature, humidity,
ventilation rate, age of the building, product usage, presence of combustion
sources, and the smoking habits of occupants.

The natural background concentration of formaldehyde in outdoor air is of
the order of 1 ug/m®. In urban air the annual average concentration is about
5-10 pg/m®. Short term peak concentrations, about one order of magnitude
higher, may occur in particular situations such as during peak traffic times or
periods of smog. Elevated concentrations can also be found in the vicinity of
industrial processes.

Concentrations measured in some larger studies (n 240) in homes are
reported in Table 2.10.

Formaldehyde concentrations found in buildings of the European Parlia-
ment are reported in Table 2.6.

In several countries over the past 10 years decreasing indoor concentra-
tions of formaldehyde have been observed as a result of decreasing emission
from materials used indoors. A competing factor is, however, the tendency to
tighten buildings in order to save energy or improve insulation against exter-
nal noise. The dependence of the indoor concentration level on both the
emission rate of the sources and the ventilation rate makes it difficult to
predict the effect of any measure to reduce the concentration levels acting on
emission rates alone.

The total exposure of humans to formaldehyde is the result of contributions
from various atmospheric compartments, from skin contact, and from inges-
tion. In a recent WHO publication (WHO, 1987) the contribution of ingestion
has been estimated to amount to about 1-14 mg/day, most of it in a bound and
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TABLE 2.10

Formaldehyde levels in homes®

Country No. of Formaldehyde Comments Reference
homes  concentration (mg/ms)
Canada (1981) 378 0.042 homes without UFFI UFFI (1981)
(2.6% > 0.123)
1897 0.066 homes with UFFI UFFI (1981)

(10.4% > 1.23)

Finland 432 0.20 average Niemala et al.
(1985)
0.11 25th percentile
0.33 75th percentile
Germany 985 < 0.05 57.3% of samples Prescher and
Jander (1987)
0.05-0.07 22.3% of samples
0.071-0.096 11.4% of samples
0.097-0.12 3% of samples
> 0.12 6% of samples
USA 41 0.04 homes without UFFI Ulsamer et al.
(0.012-0.098) (1982)
636 0.15 homes with UFFI
(0.012-4.2)
244 UFFI homes Breysse (1984)
>1.23 2.8% of samples
0.61-1.22 1.9% of samples
0.12-0.60 24.1% of samples
<0.12 71.2% of samples
59 non-UFFI homes and
apartments
>1.23 1.8% of samples
0.61-1.22 1.8% of samples
0.12-0.60 36.3% of samples
<0.12 60.1% of samples

a Modified from: Meek et al. (1985). Where blanks appear, relevant information not available
by authors.
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TABLE 2.11

Contribution of various atmospheric compartments to average exposure to formaldehyde®
(COST, 1990)

Source Estimated concentration Daily intake®
(mg/m3) (mg)

Ambient air (10% of time) 0.01 0.02

Indoor air

Home (65% of time)

— conventional 0.04-0.15 0.5-2

— prefabricated (chipbeard) 0.08-0.80 1-10

Workplace (25% of time)

— without occupational exposureh 0.04-0.16 0.2-0.8

—with 1 mg/m3 occupational exposure 1 5

Environmental tobacco smoke (ETS) 0.02-0.20 0.1-1

Smoking (20 cigarettes/day) - 1

a The contribution of food and water is ignored here.
b Assuming the normal formaldehyde concentration in conventional buildings.
¢ Assuming a respiratory volume of 20 m?/day.

unavailable form (WHO, 1986b). Estimated average contributions of various
atmospheric compartments to the total intake of formaldehyde are summa-
rized in Table 2.11.

2.3.4 Health effects

Toxicological effects

Data on acute toxicity are available mainly from epidemiological studies of
occupationally exposed populations and residents of buildings constructed of
materials containing formaldehyde, and from controlled human exposure
studies.

The symptoms displayed after short-term exposure to formaldehyde are:
irritation of eyes, nose and throat together with exposure-dependent discom-
fort, lachrymation, sneezing, coughing, nausea and dyspnoea (Andersen and
Mglhave, 1983). Symptoms are often more severe at the start of exposure and
may diminish after some minutes or hours. Children have been reported to be
more sensitive (Burdach and Wechselberg, 1980), their condition improving
after removal of the sources. Table 2.12 shows that human responses start
with an odour threshold at about 0.1 mg/m®, progressing to eye and throat
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TABLE 2.12

Effects of formaldehyde in humans after short-term exposure

Effects Formaldehyde concentration (mg/m®)

Estimated median  Reported range

Odour detection threshold (including repeated 0.1 0.06-1.2
exposures)

Eye irritation 0.5 0.01-1.9
Throat irritation threshold 0.6 0.1-3.1
Biting sensation in nose, eye 3.1 2.5-3.7
Tolerable for 30 min (lachrymation) 5.6 5-6.2
Strong lachrymation lasting for 1 h 17.8 12-25
Danger to life, oedema, inflammation, pneumonia  37.5 37-60
Death 125 80-125

From WHO, 1987.

irritation at 0.5 mg/m? irritation and discomfort sharply increase between 1
and 20 mg/m?, with danger to life at concentrations of 30 mg/m® and higher.

Numerous reports show that exposure to formaldehyde vapour causes
direct, nonimmunological irritation of the skin (Report Consensus Workshop
on Formaldehyde, 1984). A single application of 1% formalin in water on
human skin will produce an irritant response in about 5% of the population
(Maibach, 1983). Allergic contact dermatitis develops in man, but the thresh-
old for induction is uncertain (Report Consensus Workshop on Formaldehyde,
1984).

A number of reports also show that formaldehyde gas exposure causes
direct irritation of the respirable tract (reviewed in the Report Consensus
Workshop on Formaldehyde, 1984). Because of absorption in the upper respi-
ratory tract, higher concentrations of formaldehyde are required to stimulate
bronchial receptors than those needed to cause sensory irritation. If formalde-
hyde is absorbed by particles, peripheral lung tissue receptors might be
stimulated by the hydrolytic release of formaldehyde (Alarie, 1981). No precise
thresholds exist for the irritant effects of inhaled formaldehyde; most people
experience irritation of the throat within the range 0.12-3.7 mg/m® (Report
Consensus Workshop on Formaldehyde, 1984).

Between 12 and 25 mg/m® symptoms become severe and it becomes difficult
to breathe normally (Fassett, 1963). Effects in the pulmonary tissue and the
lower airways are likely at concentrations of 6-40 mg/m®, while pulmonary
oedema, pneumonitis and pneumonia occur at concentrations of 60-120 mg/m®
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(Schachter et al., 1984). Some investigators report little or no adverse effect of
formaldehyde on airway resistance in the range 1-3 mg/m® (Schachter et al.,
1984), but above this range, if the subjects do moderate to heavy exercise, some
decrease in lung function can occur.

A number of studies point to formaldehyde as a potential factor predispos-
ing certain groups, particularly children, to respiratory tract infections (Hel-
wig, 1977).

Sensitization arising from the release of formaldehyde into the circulation
of chronic haemodialysis patients shows evidence of formaldehyde-dependent
immunization (Report Consensus Workshop on Formaldehyde, 1984).

No sufficiently well controlled scientific studies have been carried out which
definitely establish whether formaldehyde gas is able per se to cause respira-
tory tract allergy. Clinical reports describe tests for respiratory sensitivity to
formaldehyde gas in which allergic reactions were elicited, but their interpre-
tation is uncertain. There may be susceptible groups or genetic differences in
the population. Occupational studies indicate that 1-2% of the population
exposed to high concentrations may develop asthma (Frazier, 1980).

Neurochemical and morphological studies indicated changes in the nervous
system of experimental animals. In short-term exposures of humans to con-
centrations of 0.3-2.5 mg/m® for 5 hours no changes in the performance of
mathematical tests were observed (Andersen and Mglhave, 1983). Two studies
of long-term formaldehyde exposure were carried out in adult populations.
Olsen and Dossing (1982) observed no effects on the memory or concentration
of subjects who underwent long-term exposure to 0.008-0.43 mg/m?®; similar
results were obtained by Schenker et al. (1982).

Epidemiological studies in which neuropsychological symptoms due to
occupational or environmental exposure to formaldehyde were evaluated have
failed to overcome the problems commonly associated with such studies (Re-
port Consensus Workshop on Formaldehyde, 1984).

Two occupational studies have been made on the irritant potential of
formaldehyde in chronic disease. In a study at wood-processing plants, work-
ers exposed to formaldehyde had a higher incidence of chronic upper respira-
tory disease (Efremov, 1970). Particle-borne formaldehyde was not measured
in this study and the air concentrations of formaldehyde gas in all locations
were below 0.4 mg/m®. Workers in an acrylic-wool filter department where the
working environment had phenol levels of 7-10 mg/m® and formaldehyde
levels of 0.5—1.0 mg/m® had lower lung function values, but they may also have
been exposed to particles and fibres that were not monitored (Schoenberg and
Mitchell, 1975).

A number of studies are even more difficult to interpret. It is unlikely that
chronic obstructive lung disease would occur in people exposed to less than 1.8
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mg/m® and it is possible that some chronic disease might occur in those exposed
to concentrations above 10 mg/m?.

Several studies have addressed the possible links between formaldehyde
and miscarriage, frequency of menstrual disorders, pregnancy complications
and low-birth-weight babies, and reported increased effects. However, owing
to the scarcity and limitation of the available data, it is not possible to draw
definite conclusions (Report Consensus Workshop on Formaldehyde, 1984).

Mutagenic and carcinogenic effects

In the 1980s a number of occupational studies were carried out to assess
the potential carcinogenicity of formaldehyde in humans: five historical cohort
studies (Harrington and Shannon, 1975; Wong, 1983; Acheson et al., 1984;
Levine et al., 1984; Harrington and Oakes, 1984), three proportional mortality
studies (Marsh, 1982; Walrath and Fraumeni, 1983; Liebling et al., 1984) and
six case control studies (Anderson et al., 1982; Fayerweather et al., 1983;
Hernberg et al., 1983; Olsen et al., 1984; Brinton et al., 1984; Hayes et al.,
1984). The subjects investigated were workers who used formaldehyde in the
preservation of biological tissues (embalmers, anatomists and pathologists)
and industrial workers involved in the production and use of formaldehyde.
All these studies have their limitations: confounding factors such as smoking
or exposures to other chemicals could not be taken into account in the design
or analysis of most of the investigations. In addition, quantitative information
about exposure is usually not available. None of the studies provides conclu-
sive evidence about the carcinogenicity of formaldehyde in humans. However,
owing to the low statistical power of the best studies conducted, the possibility
cannot be excluded that formaldehyde is a human carcinogen. One study
indicates a possible slight excess risk of nasal cancer (Brinton et al., 1984), and
several studies found a slight excess in cancer of other organs such as brain or
skin, however, it is not possible to clearly attribute the risk to formaldehyde.

No detectable differences in the frequency of chromosome aberrations and
sister chromatid exchange were found in six pathology workers compared with
unexposed controls (Thomas et al,, 1984). A study of haemodialysis patients
showed marked chromosome abnormalities. Such patients are at risk with regard
to direct uptake of formaldehyde via equipment, but the study did not investigate
control subjects and is therefore difficult to interpret (Goh and Cestero, 1979).

Sensory effects

Formaldehyde has a pungent odour. The odour detection threshold may be
as low as 0.06 mg/m® (Berglund et al., 1985); the odour recognition threshold
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is not known. It is not possible, on the basis of the scientific literature, to state
a specific limit concentration of formaldehyde at which odour nuisance starts
to appear. Indoor air usually contains other organic compounds which, in
combination with formaldehyde or by themselves, may have odorous and
irritating properties causing discomfort (Ahlstrom et al., 1984). It has been
reported that some sensitive individuals can sense formaldehyde concentra-
tions of 0.01 mg/m” and perhaps even lower concentrations by a “warm” feeling
on the face (Ahlstrém et al., 1984).

2.4 PESTICIDES
2.4.1 Physico-chemical nature

Pesticides (including, among others, fungicides, insecticides, rodenticides,
termiticides, and germicides) are used both by pest control agents in agricul-
ture and by occupants of indoor spaces to eliminate a wide variety of organ-
isms, ranging from rodents to insects, fungi, bacteria, and viruses. By
definition, they are poisons but their range of toxicity varies with their target.
They include several chemical classes, such as for example chlorinated hydrocar-
bons, carbamates, organophosphates, and dicoumarins. Their use, storage,
and disposal in agriculture and public health are regulated, but cautionary
information to home-owners in particular must be clarified and emphasized.

Many insecticides are lipophilic, i.e., they are soluble in fat. Insecticides
sometimes are dissolved in petroleum distillates which are mixtures of low
molecular weight aliphatic and aromatic hydrocarbons. Toluene or xylene are
added to some formulations to stabilize the insecticide or to make it more
emulsifiable. Alcohols, glycols, ethers, or chlorinated solvents are used as
carriers (also called vehicles) for insecticides which are not strongly lipophilic.
These carriers also make the insecticide more likely to be absorbed through
the skin.

Due to the great variety of existing pesticides it is not possible here to give
detailed information on the physico-chemical data of individual compounds.
Exhaustive information on all existing pesticides can be found in specific books
(Hayes and Laws, 1991) or in manuals (The Pesticide Manual, 1991). Some
general characteristics are described for three important families.

Chlorinated hydrocarbon insecticides

DDT is the best known of the chlorinated hydrocarbon insecticides. All of
them are aryl, carbocyclic, or heterocyclic compounds of molecular weights
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ranging from 291 to 545. It is conventional to divide the chlorinated hydrocar-
bon into four groups: DDT (dichlorodiphenyl-trichloroethane) and its analogs,
BHC (isomeric mixtures of benzene hexachloride), cyclodiene and related com-
pounds, and toxaphene (chlorinated terpene mixtures).

Carbamate pesticides

Carbamates are N-substituted esters of carbamic acid. In general, simple
esters or N-substituted derivatives of carbamic acid are unstable compounds,
especially under alkaline conditions. When decomposition takes place, the
parent alcohol, phenol, ammonia, amine, and carbon dioxide are formed. The
salts and esters of substituted carbamic acid are more stable than carbamic
acid. This enhanced stability is the basis for the synthesis of many derivatives
that are biologically active pesticides.

Carbamate ester derivatives are crystalline solids of low vapour pressure
with variable, but usually low, water solubility. In general, they are poorly
soluble in non-polar organic solvents such as petroleum hydrocarbons but
highly soluble in polar organic solvents such as methanol, ethanol, acetone,
and dimethylformamide.

Organic phosphorus pesticides

The compounds are normally esters, amides, or thiol derivatives of phos-
phoric or phosphonic acid. Active ingredients of commercial products can be
classified into three main groups: phosphates (without a sulphur atom), phos-
phothioates (with one sulphur atom), phosphodithioates (with two sulphur
atoms). Since the —P=S moiety is intrinsically more stable, many insecticides
are manufactured in this form which can then be converted into the biologi-
cally active —P=0 group in tissues. Oxidation of phosphodithiocates to phos-
phates is potentially dangerous, since the phosphates are more volatile and
are directly toxic agents. This can occur by oxidation of stored products at
elevated temperatures.

In order to be useful, these compounds must be reasonably stable at a
neutral pH. Many are formulated as concentrates in oil, in water-miscible
solvents such as ethylene glycol monomethyl ether, or are absorbed onto inert
granules for application directly or after dispersion in water. However, nearly
all are rapidly hydrolysed by alkali and many are also unstable at pH levels
below 2.

The values for vapour pressure given in Table 2.13 refer to some active
ingredients in household pesticides.
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TABLE 2.13

Vapor pressures of some important ingredients used in household pesticides

Pesticide common name Molecular weight  Vapour pressure Temperature
{mm Hg) °C)

Chlorinated hydrocarbons

DDT (dicofol, methoxychlor) 355 1.5:107 20
Chlordane 410 1107 25
Lindane 291 3.3.107 20
Carbamates

Carbaryl 201 <5107 26
Propoxur 209 6.510°° 20
Organophosphates

Diazinon 304 4.1.107* 20
Dichlorvos 221 1.2.1072 20
Malathion 330 41075 30
Parathion 291 3.8.107° 20
Naled 381 21073 20

Modified from Hayes, 1982.

2.4.2 Occurrence and sources

It is estimated that 94% of pesticide usage is for agricultural purposes. In
the home, pesticides are used to kill pests on lawns, trees, shrubs, flowers, and
vegetables. In some regions, pesticides are almost universally used to control
termite infestations either before or after construction. Pesticides are applied
to living species to rid them of unwanted pests. People also use these products
on themselves or on their pets to prevent the bites from mosquitos, chiggers,
flies, ticks, fleas, and other pests. Pesticides, herbicides, and fumigants used
in agriculture may become airborne and attached to airborne particulate
matter, or, through soil runoff, contaminate rivers, lakes, and streams which
may be a source of water supplies. A study on the role of house dust in, for
example, DDT pollution (Davies, 1972) indicates that house dust can be a
principal source of insecticides. The concentrations of DDT were higher than
those found in soils in the area. Table 2.14 shows that there are many sources
leading to indoor exposures of insecticides (Lewis et al., 1986). As indicated in
Table 2.14, many pesticides are used directly in the indoor environment or in
its close proximity (e.g., foundation treatment of termites). Chlordane has been
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TABLE 2.14

PART1

Sources of pesticide exposure in or near houses

Compound Type of Household uses leading to potential human
pesticide exposure
Chlorpyrifos Insecticide Control of mosquitoes, cockroaches and other
household insect; turf and ornamental insects;
fire ants, termites, and lice
Pentachlorophenol Fungicide, Exterior wood preservative
Insecticide
Chlordane Insecticide Subterranean termite control
Ortho-Phenylphenol  Disinfectant Household disinfectant; post-harvest application
fungicide to fruits and vegetables
Propoxur Insecticide Control of cockroaches, flies, mosquitoes; lawn
and turf insect
Resmethrin Insecticide Control of flying and crawling insects; fabric
protection; pet sprays and shampoos; application
on horses and in horse stables; greenhouse use
Dicofol Insecticide Control of mites on fruit, vegetable, and
ornamental crops
Captan Fungicide Seed protectant; fungal control on fruits,
vegetables, and berries
Carbaryl Insecticide Control of insects on lawns, ornamentals, shade
trees, vegetables, and pets
Lindane Insecticide Seed treatment; insect control in soil, on
vegetables, ornamentals and fruit and nut trees
Dichlorvos Insecticide Household and public health insect control; flea
collars and no-pest strips
2,4-D esters Herbicide Post-emergent weed control
Malathion Insecticide Insect control on fruits, vegetables, ornamentals,
and inside homes
Permethrin (cis and  Insecticide Control on flies, mosquitoes, ants, cockroaches,
trans) garden insects
Heptachlor Insecticide Subterranean termite control
Aldrin Insecticide Subterranean termite control
Dieldrin Insecticide Subterranean termite control
Ronnel Insecticide Fly and cockroach control
Diazinon Insecticide, Control of soil and household insects, grubs and
nematicide nematodes in turf; seed treatment and fly control
Methoxychlor Insecticide Control of insects in garden, fruit, and shade trees
Atrazine Herbicide Weed control
a-Hexachloro- Insecticide Manufacture and use discontinued in U.S.;

cyclohexane

ubiquitous in air, residue from lindane

(continued)
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TABLE 2.14 (continuation)

Compound Type of Household uses leading to potential human
pesticide exposure

Bendiocarb Insecticide Household, ornamental, and turf insect control

Folpet Fungicide Fungus control on flowers, ornamentals, seeds,
plant beds; paints and plastics

Chlorothalonil Fungicide Broad spectrum fungicide; wood preservative;
paint additive

Dacthal Herbicide Selective pre-emergent weed control on turf,
ornamentals, and vegetable crops

Oxychlordane — Oxidation product of chlordane

Heptachlor epoxide  — Oxidation product of heptachlor

trans-Nonachlor — Component of chlordane

Source: Lewis et al. (1986).

detected in the air of some termiticide-treated homes as long as 14 years after
application (Repace, 1982). It is also well recognized that many insecticides and
herbicides find their way to man through the food chain.

A widely used product of concern is the pest strip. Generally, these strips
contain DDVP (dichlorvos or Vapona) as the main ingredient. DDVP is of
concern because it is classified as a possible human carcinogen, and it also
causes liver and nerve damage in animals. Pesticides from these strips vapor-
ize into the surrounding air, and prolonged exposure in an enclosed space is
likely to increase health risks.

The application of pesticides to control subterranean termites may cause
exposure to the occupants of the house. Prior to 1987, it was thought that when
cyclodiene termiticides such as chlordane were applied correctly for subterra-
nean termite control, the occupants of treated homes would not be exposed to
the pesticide. However, studies in 1987 demonstrated that pesticides used for
subterranean termite control can be found at low concentrations in the air of
properly treated homes. As a result, EPA has taken a series of actions which
have led to the withdrawal of cyclodiene termiticides from the market (U.S.
EPA, 1991).

2.4.3 Typical concentrations and exposures

Information on concentrations of and exposures to pesticides in the indoor
environment has mostly been made available in the USA.
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In 1985, EPA extended its earlier work by developing a methodology for
determining pesticide exposures in the general population (U.S. EPA, 1990).
The methodology used in this study, which is known as the Non-Occupational
Pesticides Exposures Study (NOPES), was designed as a means of developing
estimates of exposure to some of the most commonly used household insecti-
cides via air, drinking water, food, and dermal contact. In the two cities which
were studied (Jacksonville, Florida, and Springfield/Chicopee, Massachusetts),
the average number of pesticides in the home was 4.2 and 5.3 respectively.

Table 2.15 summarizes some of the indoor concentrations from the study.
For the majority of the 34 target compounds which were studied, indoor air
concentrations were substantially higher than outdoor air concentrations, and
personal air concentrations were usually similar to indoor air concentrations.
Another finding of this study was that seasonal variations existed for many of
the compounds. This effect appears to be compound-specific and complex, and
it probably reflects the interaction of many variables including temperature,
patterns of pesticide usage, use of heating and cooling systems, and occupant
activities.

The study also attempted to assess the relative contributions of air, food,
water, and dermal exposure in the two cities tested. Based on limited data, it
appears that exposure from water ingestion was negligible. Food appeared to
be a dominant contributor for some compounds, while air dominated for others.
Limited data were collected for dermal exposure, but the importance of this
pathway needs further study.

2.4.4 Health effects

Most pesticides are inherently toxic and the potential hazards posed by
these chemicals are magnified by improper use and storage. In the USA during
the 1976 and 1977 nationwide survey, the EPA found that less than 50% of the
people who participated in the survey read pesticide labels for application
procedures. About 85% of the people used pesticide products without reserva-
tion and only 9% used these products with caution (U.S. EPA, 1987).

Table 2.16 summarizes some general statements of the health effects,
products, and uses of 24 active ingredients in insecticides used in and around
residences. The actual risks of any of these pesticides will depend on a variety
of factors including the application method, protective measures and ventilation.

Pesticides currently in use include a wide variety of chemicals with great
differences in their mode of action, uptake by the body, biotransformation and
elimination from the body. Therefore, the resulting toxicity to humans varies
greatly for different compounds and depends on the chemical structure of the
molecules.
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TABLE 2.15

Selected weighted summary statistics for indoor air concentrations of pesticides in Jackson-
ville and Springfield/Chicopee (ng/m*)?

Pesticide Jacksonville Springfield/Chicopee
Summer Spring  Winter Summer Spring Winter
Gamma-BHC  mean 20.2 134 6.0 * 0.5 9.5
max 245.0 1530.0 75.0 5.0 118.0
Chlorothalonil mean 5.3 2.2 6.7 * 0.1 0.1
max 264.0 51.0 523.0 35.0 9.2
Heptachlor mean 163.4 153.9 72.2 * 31.3 3.6
max 1600.0 2370.0 684.0 253.0 152.0
Dichlorvos mean 134.5 86.2 24.5 * 4.3 1.5
max 2280.0 2910.0 1090.0 324.0 1580
Chlorpyrifos mean 366.0 205.4 120.3 * 9.8 5.1
max 2170.0 4350.0 1043.3 252.0 291.0
Aldrin mean 31.3 6.8 6.9 * 0.0 0.3
max 1840.0 320.0 106.0 0.0 3.9
Dieldrin mean 14.7 8.3 7.2 * 1.0 4.2
max 177.0 61.0 57.0 8.8  40.0
Dicofol mean 0.0 11.0 0.0 * 0.0 0.0
max 0.0 581.0 0.0 0.0 0.0
Chlordane mean 324.0 245.6 220.3 * 199.4 348
max 3020.0 4380.0 2050.0 1700.0 735.0
Ortho-phenyl mean 96.0 70.4 59.0 * 445 22.8
phenol
max 1040.0 1240.0 1440.0 560.0 286.0
Propoxur mean 528.5 222.3 162.5 * 26.7 17.0
max 7920.0 2030.0 1370.0 505.0 669.0
Bendiocarb mean 85.7 5.5 3.4 * 0.2 0.4
max 1500.0 89.0 68.0 10.0  38.0
Diazinon mean 420.7 109.2 85.7 * 48.4 2.5
max 13700 2370.0 1080.0 1810.0  27.0
Carbaryl mean 68.1 0.4 0.0 * 0.3 0.0
max 3190.0 97.0 0.0 16.0 0.0
Malathion mean 20.8 15.0 20.4 * 5.0 0.0
max 1890.0 240.0 1660.0 275.0 0.0

a Table adapted from “Introduction to Indoor Air Quality”, EPA/400/3-91/003 (July 1991)
only pesticides with at least one “mean” value 5 ng/m3 have been included.
* These pesticides were not sampled during the summer in Springfield/Chicopee.
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TABLE 2.16

PARTI

Summary of health effects, products, and uses of 24 active ingredients in household insecti-
cides (adapted from EPA, 1991)

Pesticide common
name

Uses

Comments

Organophosphates
Acephate

Chlorpyrifos

Diazinon

Dichlorvos (DDVP)

Disulfoton

Malathion

Naled

Pyrethroids
Allethrin

Permethrin

Phenothrin

Lawns, turf, ornamentals

Lawns, ornamentals,

termines, ants and roaches,

ticks and chiggers control

Lawns; turf; ornamentals;
indoor in no-pest strips,
flea collars

Indoors and garden

Fruits and vegetables,
potted house plants,
ornamentals

Ornamental trees and
shrubs, orchards, pet
products, household
insecticides

Pet flea collars, mosquito
control, orchards and
vegetables

House and garden
insecticides, pet
products

Same as above

Same as above

Cholinesterase inhibitor; possible
human carcinogen

Cholinesterase inibitor; substitute for
chlordane; applied in granular form
outdoors, as aerosols and emulsifiable
concentrates indoors, dietary exposure
exceeds guidelines

Cholinesterase inibitor; one of the
most widely used chemicals in
consumer pesticides; applied as
aerosols and in granular form

Cholinesterase inhibitor; possible
human carcinogen; protective clothing
must be worn during use; primarily
used in “no-pest strips” by consumers
to kill flying insects

Cholinesterase inhibitor: 2%
formulations require certified
applicator

Low toxicity cholinesterase inhibitor;
cancer studies are not adequate and
will be redone; widely used in home
products; one of GAO’s top 10 home
chemicals; banned by Florida in 1986
for community mosquito control

Metabolizes to dichlorvos

Synthetic pyrethrin of low toxicity;
widely used by consumers and
professionals to control household
pests; also used by professionals as a
termiticide

Synthetic pyrethrin; possible human
carcinogen

Synthetic pyrethrin

(continued)
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TABLE 2.16 (continuation)
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Pesticide common Uses Comments

name

Resmethrin Same as above Synthetic pyrethrin

Tetramethrin Same as above Synthetic pyrethrin; possible human

carcinogen

Rotenone Fruit and vegetable Human exposure has not been
gardens, pet products, measured; widely used; viewed as
human lice and chigger comparatively safe but not fully
dusts, fish poison tested; natural botanical derivative

Pyrethrins House and garden Viewed as comparatively safe but not

Carbamates

Bendiocarb

Carbaryl

Propoxur

products, pet products,
anti-lice shampoos

Ant, roach, and flea
control indoors;
ornamentals;
insecticide; shelfpaper;
turf

Fruit and vegetable

gardens; turf; pet products;

flea collars and dust;
ornamentals; indoor use

Indoor use; ant and roach
killers;pet products;
mosquito foggers

Chlorinated Hydrocarbons

Chlordane

Termite control

fully tested; natural botanical
derivative

Cholinesterase inhibitor; widely used
by professionals for control of indoor
pests; applied as a dust or wettable
powder; consumer exposure occurs
almost entirely from home uses; EPA
recommends application of ready-to-
use products by professionals only

Low toxicity cholinesterase inhibitor;
commonly used insecticide for control
of pests indoors and outdoors; applied
to leaf surfaces as wettable powder
and dust; should not be used on
pregnant dogs because it may cause
birth defects in dogs

Probable human carcinogen;
cholinesterase inhibitor; toxic residue
for weeks after application; infants
crawling on treated surfaces may be
exposed dermally; widely used

Probable human carcinogen, cancelled
in 1988; product may still be stored
because shelf supplies were allowed to
be depleted; most widely used
termiticide before withdrawal; applied
as a liquid poured or injected into soil
around the building foundation

(continued)
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TABLE 2.16 (continuation)

Pesticide common Uses Comments
name
Dicofol Vegetable gardens, indoor Possible human carcinogen; home use
insect and mite control is not large; DDT and related
compounds may be present as
contaminants
Lindane (HCH,BHC) House and garden use; Possible/probable human carcinogen;
shelf paper; anti-lice use against termites (house) is
shampoos; pet products; restricted to unoccupied buildings;
termite control exposure from Kwell shampoo can be
high if used too often or left on skin
too long
Methoprene Cockroach, mosquito, and  Considered to be quite safe; chronic
flea control; control of data gaps

mealy bugs and spider
mites on house plants

Synergists
MGK 264 House use; pet products Inhalation and contact exposure could
be significant; widely used

Piperonyl butoxide = House and garden use; pet Widely used; direct inhalation is an
products important exposure route

Several pesticides possess high or moderate acute toxicity to mammalian
species, man included. Acute intoxication may result from accidental or inad-
vertent exposure when proper handling procedures are not followed, or from
attempted suicides.

Besides acute effects from high-dose exposures, a large body of animal data
supports the possibility of long-term health effects following prolonged expo-
sure to low doses of pesticides. However, the relevance of animal data to man
is limited and epidemiological confirmation on humans is available for only
some of the effects (Maroni and Fait, 1993). Most of the published epi-
demiological studies on long-term health effects in man relates to the occur-
rence of cancer, while non-cancer health effects have been less frequently
investigated. The major reported health effects in humans from prolonged
exposure to selected pesticides are given in Table 2.17. Moreover, allergic
sensitization dermatoses have been related to a number of pesticides and
chronic health effects have been reported for other compounds, but further
confirmation is needed.
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A large number of epidemiological studies have investigated the possible
association between exposure to pesticides and specific cancers. The types of
cancer studied and the class of pesticides in possible connection with them are
included in Table 2.17.

Poisonings

During 1987, poison control centres in the USA reported 57 430 cases of
pesticide exposure and 98% of these were due to accidental exposures. Insec-
ticides accounted for about 66% of the total cases, followed by rodenticides
(17%), moth repellents (7.7%), herbicides (7.2%), and fungicides (2.3). About
60% of the cases involved children under 6 years of age (Blondell, 1989).

During the period 1980-1985, at least 46.5% of the accidental pesticide
related deaths in the USA occurred in the home (40.9% of the locations were
not specified). Organophosphate insecticides were responsible for about 32%
of the deaths. Seventeen percent of the victims were under the age of 5; 29.6%
were between 25 and 44 years of age; 23.9% were between 45 and 64 years of
age; and 22% were over the age of 65 (Blondell, 1989).

About 400 cases of acute poisonings are annually reported to the Italian
poison control centre (CAV) in Milan, 16% are accounted to occupational
origin, 18% to attempted suicides and 65% to accidental poisonings. Within the
occupational cases, insecticides accounted for about 50% of the total cases,
followed by herbicides (31.8%) and fungicides (18.2%).

Inert ingredients may be more toxic than some active ingredients. How-
ever, inert ingredients are considered to be proprietary, and generally are not
required to be identified by the product label. An exception are inerts which
EPA classifies as being of “immediate toxicological concern” (a list of chemicals
including carbon tetrachloride, formaldehyde, methylene chloride, and oth-
ers). Pesticides with these chemicals must either be reformulated or have a
label which states: “This product contains the toxic inert ingredient...”.

2.5 POLYNUCLEAR AROMATIC HYDROCARBONS
2.5.1 Physico-chemical nature

Polynuclear (or polycyclic) aromatic hydrocarbons (PAHs) are a large group
of organic compounds with two or more benzene rings. They have a relatively
low solubility in water but are highly lipophilic.

PAHs in indoor air are partially in the vapour phase and partially adsorbed
on particles, mostly on the respirable fraction (Van Vaeck and Van Cauwen-
berghe, 1985; Miguel and Friedlander, 1978). Following the WHO classification
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TABLE 2.17

Health effects in humans from prolonged exposure to selected pesticides (Maroni and Fait,

1993)

Pesticide/classes Evidence is well Evidence requires further
established confirmation

Phenoxyherbicides

2,4,5-T, 2,4-D, MCPA and Chloracne (TCDD) Cancer: soft-tissue sarcoma;

related compounds (TCP,
TCDD)

Other herbicides
Triazines

Arsenicals

Halogenated hydrocarbons
Dichloropropene

PCP

DBCP
Methylbromide
EDB

Carbamates
Carbaryl

Organochlorine insecticides

Chlordane/heptachlor

Hexachlorobenzene
DDT

Synthetic pyrethroids

Organophosphorus esters

Copper sulfate

lymphatic and haematopoietic
system; stomach; colon; prostate

Teratogenesis

Lung cancer Ovarian cancer

Liver disease

Myelolymphoproliferate disorders
Aplastic anaemia
Spermatogenesis
suppresion Mild neurotoxic effects

Sperm abnormalities

Chromosome aberrations
Sperm abnormalities

Myelolymphoproliferate disorders
Brain cancer

Porphyria Liver cancer

Chloracne Chromosome aberrations

High cholesterol and triglyceride
levels

Tremors, muscular weakness
Neurotoxic effects

Reversible paresthesia
(“skin sensations”)

Delayed neuropathy®  Chromosome aberrations
Central nervous system alterations

Non-Hodgkin’s lymphoma

Liver disease

*Some compounds only, after subacute or acute exposure only.
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(cf. Table 2.1), naphthalene belongs to the VOC category whereas anthracene,
phenanthrene, fluoranthene, and pyrene belong to the SVOC category. They
are together with naphthalene the most abundant PAHs in air. Because of
their distribution between the vapour and particle phase, PAHs are usually
sampled from air using a combination of a particle filter and a sorbent such as
polyurethane foam (PUF) or XAD-2.

There are several hundred PAHs; benzo(a)anthracene, quinoline, chrysene,
benzofluoranthene isomers, benzo(a)pyrene, indeno(1,2,3-c,d)pyrene, 1-nitropy-
rene, and 2-nitrofluoranthene are of particular importance because of their
carcinogenicity or mutagenicity. Benzo(a)pyrene has often been used as an
indicator of the carcinogenic potential of an environmental mixture of PAHs.

2.5.2 Occurrence and sources

PAHs and their analogues and derivatives (nitro-PAHs, oxygenated PAHs)
are ubiquitous in the atmosphere. They are generally produced by combustion
of fossil fuels and by industrial processes. In homes and non-industrial build-
ings, the major sources are expected to be infiltration of outdoor air and indoor
combustion sources such as cigarettes, unvented space-heaters, gas stoves,
wood stoves, and fireplaces. Major sources of PAHs in outdoor air include
combustion of gasoline and diesel fuels for transportation and combustion of
oil, wood and coal for space heating and power production. Agricultural
burning and forest fires can also be significant sources of PAHs for limited
periods of time in certain areas. The industrial processes which are sources of
PAHs in outdoor air include coke production, petroleum refining, and steel
production.

PAH compounds are also present in foods (smoked, broiled, refined) and
water; in fact the oral intake of PAH compounds may be much higher than the
amount inhaled in the general population (WHO, 1987).

Some PAHs are characterized for specific source emissions such as cy-
clopenta(c,d)pyrene, benzo(g,h,i)perylene, and coronene for vehicle exhaust or
quinoline and isoquinoline for tobacco smoke.

2.5.3 Typical concenirations and exposures

About 500 PAHs have been detected in the air (Herlan, 1977), but most
measurements have been made on benzo(a)pyrene (BaP). The relation be-
tween the amount of BaP and some other PAHs is termed the “PAH profile”.
Although the PAH profiles of emissions can differ greatly, they are relatively
similar in the ambient air of several towns or cities. The different PAH profiles
of emissions appear mixed, producing a relatively uniform PAH profile in the
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air, and what is most important is that these relations seem to be independent
of the PAH concentration in the air.

The natural background level of BaP (excluding forest fires) may be almost
zero. There is evidence that outdoor concentrations of BaP in large cities of the
United Kingdom such as London have fallen to only a few percent of former
values over the past 30 years, as a result of controls on smoke emissions and
the virtual disappearance of the open coal fire for domestic heating purposes
(Waller, 1982). This development is probably mainly due to modifications in
heating systems and in the kind of heating fuel used. Coal burning in small
domestic open fires or stoves produces amounts of BaP that are several orders
of magnitude higher than those emitted by oil-fired central heating systems
(Ahland et al., 1985).

Indoor concentrations of selected PAHs have been determined in 33 homes
in California and Ohio (Wilson et al., 1991). The ranges and typical values are
shown in Table 2.18. Each column in the table gives the average of the
individual PAH concentrations in all rooms (kitchen, living room, and bed-

TABLE 2.18

Typical concentrations in homes (ng/nlg)a

Compound Smoking Non-smoking

Gas stove Electric stove Gas stove
Quinoline 240 3.1 2.8
Phenanthrene 87 19 31
Fluoranthene 8.6 2.99 3.7
Pyrene 5.2 2.13 2.8
Cyclopenta(c,d)pyrene 1.1 0.17 0.21
Benz(a)anthracene 1.4 0.20 0.46
Chrysene 2.6 0.37 0.67
Benzofluoranthenes 2.5 0.47 0.93
Benzo(a)pyrene 1.2 0.28 0.63
Indeno(1,2,3-c,d)pyrene 0.97 0.32 0.82
Benzo(g,h,i)perylene 1.4 0.53 0.88
Coronene 0.60 0.52 1.3
1-Nitropyrene 0.044 0.020 0.021
2-Nitrofluoranthene 0.052 0.012 0.022

a Concentrations in selected individual homes j iving approximately median concentrations
for 33 homes investigated; concentrations are averaged over three locations in the homes:
living room, bedroom, and kitchen.

Taken from Wilson et al., 1991 (Munksgaar: International Publishers Ltd., Copenhagen,
Denmark).
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room). Indoor concentrations were, with rare exceptions, higher than those
outdoors and were associated with indoor combustion sources. In homes where
smoking took place, its effects dominated the results with typical increases in
PAH concentrations over non-smokers’ homes by a factor of three or more. The
other identified indoor residential sources were wood smoke, natural gas
appliances and vehicle exhaust.

Under special conditions PAHs can increase to very high concentrations
indoors. Benzo(a)pyrene levels of 6 pg/m® were found in houses without
chimneys in southern China (National Centre for Preventive Medicine, 1984).
In India the BaP exposure averaged about 4 ug/m® while cooking with biomass
fuels (Smith et al., 1983).

2.5.4 Health effects

On the basis of experimental results, toxic effects other than earcinogenic-
ity are not to be expected. In the past, chimney sweeps and