
&EPA . 

( 

United States 
Environmental Protection 
Agency 

Office of Air and 
Radiation 
(ANR-445) 

( ·,. / ., · .. ,.__, . ..: - · . ..:..~ 

August 1989 

Report to Congress on 
Indoor Air Quality 

Volume II: 

E P A/400/1 -89/00 J C 

Assessment and Control 
of Indoor Air Pollution 

Issued under Section 403(e), Title IV of the Superfund 
Amendments and Reauthorization Act of 1986 (SARA) 

_J 



"' 
l 

j 

t 
r 
\ 

I 

../ 



TABLE OF CONTENTS 

Page 

Preface . . . . . . . . • • • • . . . . . . . . . . i 

PART I. ASSESSING THE HEALTH AND ECONOMIC IMPACTS OF 
INDOOR AIR POLLUTION (IAP) 

Chapter 1: Building Systems and Factors Affecting 
Indoor Air Quality. . . . . . . . . . . . 1-1 

1.1 Characteristics of the U.S. Building 

1. 2 
1. 3 

1. 4 

Chapter 2: 

2. 1 
2.2 
2.2 
2.4 
2.5 

2.6 

2.7 

Stock . . . . . . . . . . . . . . . . 
Factors Affecting Indoor Air Quality 
Influence of Building Design, 
Operation, and Maintenance on Indoor 
Air Quality . . . . . . . 
Summary . . . . . . . . . . . . . . . 

Measuring and Modeling Pollutants and 
Sources . . . . . . . . . . 

Pollutants and Sources 
Source Emission Testing . 
Modeling ........... . 
Field Measurements ... . 
Integration of Measuring and Modeling 
Techniques to Predict Exposure. 
Measured Indoor Air Pollutant 
Concentrations and Exposures .. 
summary . . . . . . . . . . . . 

Chapter 3: Non-Cancer Health and Discomfort Effects 

. 1-1 
1-8 

. 1-10 

. 1-13 

. 2-1 

. 2-1 

. 2-2 
2-5 
2-11 

. 2-22 

. 2-22 

. 2-33 

of Poor Indoor Air Quality ........ 3-1 

3. 1 

3.2 
3.3 
3.4 

summary of Pollutants, sources and 
Health Effects. . . . . . . . . . . . . . 
Potentially Sensitive Populations . . . . 
Non-cancer Health and Discomfort Effects. 
Summary and Implications. . . . . . . . . 

. 3-1 

. 3-4 
3-4 

. 3-15 



Chapter 4: 

4.1 
4.2 
4.3 

4.4 

4.5 

Carcinogenic Risk Assessments 4-1 

4-1 
4-8 

. 4-11 

. 4-16 

4.6 

Risk Assessment Methodology . . 
Variations Within Risk Assessments 
EPA Cancer Risk Assessments for 
Indoor Pollutants . . . . . . . . 
Additional Risk Assessments for 
Indoor Pollutants . . . . . 
Comparison of Estimated Indoor Air 
Risks to Other Environmental Risks 
summary and Implications . . . . . 

4-27 
. . . . . 4-2 9 

Chapter 5: Economic Impacts of Indoor Air Pollution; 5-1 

5.1 Types of Economic Costs .......... 5-1 
5.2 Methodologies for Calculating Economic 

5.3 

5.4 

Costs . . . . . . . . . . . . . . . 
Calculating the Economic Costs of 
Indoor Air Pollution. . . . . . . . 
summary and Conclusions . . . . . . 

PART II. CONTROLLING INDOOR AIR POLLUTION 

5-2 

. 5-4 

. 5-17 

Chapter 6: Methods and Strategies of Control .... 6-1 

6.1 Engineering and Operational Control 
Strategies. . . . . . . . . . . . . . . . . 6-1 

5.2 Apprcpri~te De~ign ~nd Maintenance for 
Buildings . . . . . . . . . . . . . . . . . 6-12 

6.3 Diagnostic Protocols for Indoor Air 
Quality Control . . . . . . . . . . . . . . 6-15 

6.4 Administrative Control Options ....... 6=17 
6. 5 summary . . . . . . . . . . . . . . . . . . 6-22 

Chapter 7: Existing Indoor Air Quality Standards .. 7-1 

7.1 
7.2 
7.3 

7.4 
7.5 

Characterization of Standards . . . . 
Compilation of Standards ........ . 
Evaluation: Significance of Existing 
Standards and Guidelines ..... . 
Ventilation standards . . . . . . . • . 
summary . . . . • • . • . . . 

. 7-2 

. 7-7 

7-7 
7-25 

• 7-30 



Chapter 8: 

a.1 
a.2 
a.3 
8.4 
8.5 
8.6 

8.7 
a.a 

Chapter 9: 

9.1 
9.2 

9.3 
9.4 
9.5 

Federal Authorities Applicable to 
Indoor Air Quality . . . . . . 

National Environmental Policy Act 
Environmental Protection Agency . 
Department of Energy ...... . 
Department of Health and Human Services 
Consumer Product Safety Commission. 
Department of Housing and Urban 
Development . . . . . . . . 
Department of Labor . . . . . 
summary and Implications .. 

Indoor Air Pollution Control Programs . 

Federal Programs ......... . 
State and Local Indoor Air Quality 
Programs . . . . . . . . . . . . . 
Private Sector Initiatives ..... 
International and Foreign Programs .. 
summary and Implications. . . . . . . .. 

8-1 

8-1 
8-1 
8-9 
8-10 
8-11 

8-12 
8-13 
8-14 

9-1 

9-1 

. 9-12 

. 9-19 
9-19 
9-26 

Chapter 10: Indoor Air Quality Policy Issues . .10-1 

10.1 Setting Standards ............. 10-2 
10.2 Providing Guidance On Measures to Identify, 

correct, And Prevent Indoor Air Quality 
Problems in New and Existing Buildings .. 10-6 

10.3 Establishing Public Information and 
Technical Assistance Programs ....... 10-8 

10.4 Summary .................. 10-10 





PREFACE 

INTRODUCTION 

Total human exposure to environmental contaminants is the 
composite of exposure to the air we breath, the water we drink, 
the food we eat, and the physical contact we have with our 
surroundings. The air we breath is a major component of this 
exposure and, since the majority of people in industrialized 
societies spend most of their time indoors, an examination of the 
indoor air environment and its attendant affects on human health 
is an important public undertaking. 

EXPOSURE AND BUILDING PERSPECTIVES 

Individuals are exposed to a variety of indoor air 
pollutants as they progress through a succession of 
microenvironments during the course of their daily activities. 
The environment at home, in transit, at school, a~ work, and in 
recreational facilities all contribute to an individual's total 
exposure. The contribution of each microenvironment is 
proportional to both the time spent and the pollutant 
concentration in that microenvironment. 

Time budget studies conducted in the United States and 
Europe reveal that persons in industrialized countries spend over 
90% of their time indoors. The most notable published time-use 
data are those by Chapin (1974), and Szalai (1972); these data 
are summarized in Exhibit 1. More recent work by Ott (1982 and 
1988) has analyzed the previously published data and incorporated 
results of EPA-sponsored field studies; these aggregated data 
corroborate the earlier findings with respect to typical time­
activity patterns. 

People spend approximately 93% of their time indoors, 2% 
outdoors, and 5% in transit (e.g. car, train, bus). Thus, from a 
time budget standpoint, indoor environments dominate the total 
exposure spectrum. In addition to the duration of exposure, the 
adverse health impact of indoor air pollution depends on a 
variety of factors, not the least of which is the number and 
strength of sources, and the potency of the pollutants which they 
emit. Thus, several chapters of this report are devoted to a 
discussion of sources, pollutants, exposure, and risk. 

Since most indoor environments are buildings (residences, 
offices, schools, etc.), the characteristics of buildings and the 
influence of building systems on indoor environments are of 
utmost importance in any effort to address indoor air quality. 
Buildings, in the broadest sense, are enclosed spaces that 
provide refuge and shelter from the exterior environment. ~1odern 
buildings perform this function extremely well. One important 
implication of this is that building systems create and control 
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interior environments, so that the health, comfort, and 
productivity of building occupants is greatly influenced by the 
design, operation, and maintenance of building systems. 
Accordingly, interspersed throughout the report are discussions 
which reflect the importance of building systems to indoor air 
quality, and the role of proper building design and management to 
the prevention and mitigation of indoor air pollution problems. 

EXHIBIT 1 
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ORGANIZATION 

This document is organized in two parts. Part I, entitled, 
Assessinq Health and Economic Impacts of Indoor Air Pollution, 
characterizes the nature and magnitude of indoor air pollution 
problems in terms of both the exposure and buildings contexts 
discussed in the preface. Part II, entitled Controllinq Indoor 
Air Pollution, addresses controls in terms of the engineering and 
operational methods, as well as the legislative and policy 
instruments, that are available or that may be developed for use 
in both the public and private sectors. 

Part I begins with a discussion of building systems and 
factors that affect concentrations of indoor air pollutants. It 
outlines the factors, including building system components, and 
discusses the importance of building design and management 
practices. The chapter also provides limited data on the U.S. 
building stock, and lays the foundation for the discussion of 
mitigation and control strategies which is presented in Chapter 6 

Chapters 2 through 5 characterize the health and economic 
impact of indoor air pollution. Chapter 2 identifies the major 
pollutants, and sources, and discusses measuring and modeling 
capabilities, practices, and limitations. Chapter 2 also 
discusses the results of some important indoor air and personal 
exposure monitoring studies. Chapter 3 provides an overview of 
non-carcinogenic health effects and provides information on 
populations with particular sensitivity to indoor pollutants. 
Chapter 4 presents a discussion of carcinogenic risk assessments 
for sever~! indoor air pollutants. 

Chapter 5 presents a brief assessment of the economic 
impacts of indoor air pollution, using, in part, i nformation 
provided in the health effects component of this report. The 
analysis examines the costs of damage to equipment and materials, 
as well as the costs of illness and lost productiv i ty. 

Part II of the report begins with Chapter 6 which covers 
engineering and operational methods of control. This chapter 
also contains a discussion of protocols for diagnosing indoor air 
quality problems, and of policy options for implementing the 
control methods. 

Chapter 7 presents available standards and guidelines in 
both the public and private sector, and assesses their 
applicability to non-industrial indoor environments. 

Chapter a assesses the applicability of available federal 
legislative authorities to the control of indoor air pollution. 

Chapters 9 and 10 conclude the report with assessments of 
indoor air programs and policy issues. 
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CHAPTER 1 - BUILDING SYSTEMS AND FACTORS AFFECTING INDOOR 
AIR QUALITY 

This chapter characterizes the building stock and describes 
the factors that affect indoor air quality and how these factors 
are influenced by the design, operation, and maintenance of 
building systems. By way of illustration, the chapter includes a 
discussion of indoor air quality problems that have resulted from 
building system inadequacies. 

1.1 CHARACTERISTICS OF THE U.S. BUILDING STOCK 

The following paragraphs discuss some of the characteristics 
of the building stock of the U.S. that are relevant to indoor air 
quality. These include general characteristics, heating and 
cooling systems used, and the characteristics of the building 
shell that affect air exchange rates. Except as otherwise noted, 
all data reflect 1984 levels for housing and 1983 levels for 
commercial buildings as reported by the U.S. Department of Energy 
(1986 and 1985). 

Residential 

General Characteristics 

Exhibit 1-1 presents information on the general charac­
teristics of the stock of housing units in the U.S. In 1984, the 
U.S. residential housing stock was comprised of 86 million 
occupied units (U.S. Department of Energy, 1986). These units 
had a total floor space of 144 billion square feet, an average of 
1672 square feet per housing unit. Most of the housing units in 
the U.S., with over three-quarters of all residential floor 
space, are detached single-family dwellings. About half as many 
units are in apartment and condominium buildings containing two 
or more housing units. Just under six percent of U.S. residences 
are mobile homes. Half of these mobile homes are in the South 
census region (Amols et al., 1988). 

Heating and Cooling Characteristics 

Exhibit 1-1 illustrates the distribution of heating and 
cooling system types in U.S. residences. The type of heating 
appliance(s) and fuel(s) used in the residence can exert 
significant effects on indoor air quality; products of combustion 
are commonly found at significant concentrations in residences 
equipped with unvented heating units. In addition, many 
multifamily residential buildings have central forced-air 
heating and cooling systems, wherein the quality of the indoor 
atmosphere is influenced by the introduction and circulation of 
outside air into the occupied spaces of the building. (These 
issues are discussed more completely in a subsequent chapter.) 
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EJd'libit 1-1 

l•id!ntial luildi.._ Stadt Olar.:teristics fl/ 

Nult>er of 
Housing units Percent of 

Percent of 
Total 

Floor Space 

TOTAL U.S. HClJSING UNITS 

TYPE OF STRUCTURE 
Single· Family 

Detached 
Attached 
Mobile Hane 

Mui ti family 
2 to 4 Units 
5 or More Units 

HEATING SYSTEMS 
Central Warm·Air Furnace 
Steam or Hot·Water Systl!tn 
Room Heater/Other 
Built-In Electric Unit 
Wood Stove 
Heat P~ 
Gas Floor, Wall, or 

Pipeless Furnace 

PRIMARY HEATING FUEL 
Natural Gas 
Electricity 
Fuel Oil 
Wood 
LPG 
Kerosene 
Other 
None 

COOLING SYSTEMS 
Room Air-Conditioner 
Central Air-Conditioner 

llEATHER ZONES 
HOD > 7000 
5500 < HOD < 7000 
4000 < HOO < 5499 
HOD < 4000 
COD > 2000 

llEATHERIZATION EFFORTS 
CSingle·Family Units Only) 
Weatherstripping or Caulking 
Roof or Ceiling Insulation 
Wall Insulation 
Floor Insulation 
Combination of Storm Windows 

and Doors and Roof/Ceiling 
Insulation 

No Weatherization 

(million) 

--s6.3 

53.5 
4. 1 
5. 1 

10.0 
13.6 

40.8 
15_0 
9.3 
5.4 
5.7 
3.1 

5.6 

47.8 
14.5 
10.7 
6.5 
3.9 
1.5 
0.9 
0.6 

26.8 
24.6 

9.0 
21.5 
22.5 
20.0 
13.3 

39.9 
45.2 
30.8 
5.5 

29.6 
5.8 

All Units 

100.0 

62.0 
4.7 
5.9 

11.6 
15.7 

47.3 
17.t. 
10.8 
6.3 
6.6 
3.6 

6.5 

55.4 
16.8 
12.4 
7.5 
4.5 
1.7 
1.0 
0.7 

31.0 
28.5 

10.4 
24.9 
26.1 
23. 1 
15.4 

69.3 
78.5 
53.4 
9.6 

51.3 
10.0 

100.0 

76.0 
5.3 
3.0 

8.0 
7.7 

53.3 
16.6 
8.2 
5.0 
7.1 
3.7 

4.5 

56.5 
14.6 
14.1 
8.4 
3.6 
1.2 
1.3 
0.4 

Comnents 

Heating degree days CHOO) and cooling 
11.6 degree days (COD) are measures of the 
28.6 heating and cooling effort, respectively, 
27.3 req.iired to maintain thermal comfort 
19.8 indoors. 
12.7 

Weatherization efforts affect indoor air 
CJJBlity by restricting the flow of heat 
ond air through the building shell. 

!I Frr.1111 U.S. DOE, 1986. RECS: Housing Characteristics, 1984, Energy lnfol"INltion Ac:Mlinistration, 
DOE/EIA-0314(84). 
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A large percentage of domestic housing units are heated by 
the combustion of natural gas, fuel oil, LPG, kerosene, or wood, 
all of which produce air pollutants that can potentially degrade 
the quality of the indoor atmosphere. Multi-family dwellings are 
more often heated with fuel oil and natural gas than the housing 
stock in general, which is dominated by single-family dwellings. 
Mobile homes, on the other hand, use electricity and liquified 
petroleum gas (LPG) more regularly than other housing types. 

Thermal Characteristics 

Exhibit 1-1 presents data on the thermal characteristics of 
U.S. residences. Most of the residential stock of the U.S. is in 
relatively mild climates with less than 2000 cooling degree days 
(COD) per year and less than 7000 heating degree days (HOD) per 
year. 1 Nevertheless, ninety percent of all single-family housing 
units have incorporated some type of weatherization material. 
Weatherization efforts (e.g., insulation, storm doors and 
windows, and weatherstripping) influence indoor air quality by 
altering the flow of heat and air through building shells: 
tightened buildings can lead to increased indoor air pollution 
levels, unless ventilation is increased. 

Ventilation Characteristics 

Air exchange rates due to infiltration were measured in two 
national surveys of houses (Diamond and Grimsrud, 1983). The 
first involved a sample of 312 new houses in the U.S. and Canada. 
Infiltration rate measurements were· taken over the heating season 
from November through March. The mean value of the seasonal 
averages for all houses was 0.63 air changes per hour: however, 
since the distribution was skewed, the median value of 0.50 air 
changes per hour may be more representative. 

Air exchange rates due to infiltration were also measured in 
a second survey involving a sample of 266 low income houses. 
Single measurements, rather than seasonal averages, were taken 
for each house. The mean air exchange rate from these 
measurements was 0.9 air changes per hour. The higher air 
exchange rate results because the houses are older and of poorer 
construction (Diamond and Grimsrud, 1983). 

1 Heating degree days and cooling degree days are measures 
of the heating and cooling effort, respectively, required to 
maintain thermal comfort indoors. High values of HOD indicate 
large heating requirements: high values of COD indicate large 
cooling requirements. For example, Detroit averages about 7000 
HOD per year, New York about 5500 HOD per year, Nashville about 
4000 HOD per year, and Memphis about 2000 COD per year. 
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commercial 

General Characteristics 

Exhibit 1-2 presents some general characteristics of 
commercial buildings in the U.S. In 1983 there were 3.9 million 
commercial buildings (defined as all non-industrial and non­
residential structures) in the U.S. (U.S. Department of Energy, 
1985). These units have a total floor space Df 52 billion square 
feet, an average of 13,300 square feet per building. Commercial 
buildings have a variety of uses; these uses determine the 
populations likely to enter their indoor microenvironments. over 
one-quarter of all commercial buildings in the U.S. are for 
mercantile or service uses. Other uses of commercial buildings, 
in decreasing order of number of buildings, include offices, 
assembly, warehouses, food sales and service, vacant, 
residential, educational, lodging, and health-care. Educational 
and health-care structures are on the average the largest types 
of buildings, and food sales and service and mercantile and 
service are the smallest. Most commercial buildings have only 
one fleer, and less than ona=fifth of all couunercial buildings 
have three or more floors. 

Most commercial buildings house a single establishment. 
Government-occupied buildings represent almost 9 percent of all 
U.S. commercial buildings; these buildings account, however, for 
nearly 20 percent of the country's commercial floor space. 

Heating and Cooling Characteristics 

Exhibit 1-2 presents data on the heating and cooling of 
commercial buildings in the U.S. over sixty percent of all 
commercial buildings are fully heated and almost half of the rest 
are partially heated. Two-thirds of all commercial buildings in 
the u.s. are at least partially cooled. Almost one-half of all 
commercial buildings are heated by forced-air central systems, 
and a similar percentage are centrally cooled. Air-distributing 
heat and coolina svstems are most nrevalent in office and ., .. - - - - .. - - - - - -

assembly buildings. Heating systems which do not actively 
distribute air are found in more than half of the country's 
commercial buildings (especially structures other than office 
buildings and places of assembly). 

Thermal and Energy Use ' characteristics 

Exhibit 1-2 presents data on the thermal and energy use 
characteristics of the U.S. commercial building stock. Roughly 
three-quarters of the commercial building stock is in moderate 
climates. Nevertheless, some energy conservation features, such 
as roof/ceiling insulation, wall insulation, and special glass 
are used in over two-thirds of all commercial buildings. 
However, just over 10 percent of these buildings incorporate all 
three of these features. Insulation and special glass use in 
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TOTAL 

PRINCIPLE ACTIVITY 
AssetltJly 
Educational 
Food Sales/Service 
Health Care 
Lodging 
Mercantile/Services 
Office 
Residential 
Warehouse 
Other 
Vacant 

BUILDING OCCUPANTS 
Single Establishment 
Multi-Establishment 
Goverrwient 0Cc14>110t 
Non-Governnent Occl.pllllt 

THERMAL COll>ITIONING 
Heated 

Entire Building 
Part of Building 

Cooled 
Entire Bui I ding 
Part of Building 

HEATING SYSTEM 
Central Forced-Air 
Other Central 
Self -Contained 

COOLING SYSTEM 
Central Forced-Air 
Self-Contained 
Heat P~ 

Niiit>er of 
Buildings 
(thousands> 

3948 

457 
1n 
380 

61 
106 

1071 
575 
236 
425 
179 
281 

3160 
645 
346 

3640 

3508 
2427 
1081 

2643 
1129 
1514 

1858 
998 
583 

1748 
1263 

169 

Percent of 
All Buildings 

100.0 

11.6 
4.5 
9.6 
1.5 
2.7 

27.1 
14 .6 
6.0 

10.8 
4.5 
7 .1 

80.0 
16.3 
8.8 

91.2 

88.9 
61.5 
27 .4 

66 .9 
28.6 
38.3 

47 . 1 
25.3 
14.8 

44.3 
32 .0 
4.3 

Eldlibit 1-2 

c-rcial 9uildine Stodt <2aeracteristics !I 

Percent of 
Total 

Floor Space 

100.0 

10.5 
11.5 
3.9 
4.4 
4.3 

19.9 
16.2 
4.7 

13 .0 
5.3 
6.4 

67.3 
29.8 
19.3 
80.7 

Average 
Floor Space 

(1000 sq. tt.) 

13 .3 

12 .0 
34.2 
5. 4 

37 .6 
21.1 
9. 7 

14.7 
10.4 
16.0 
15.4 
11.9 

11. 1 
24.2 
29.2 
11. 7 

Cmmeots 

Total Floor Space= 52.3 billion sq. ft. 

Building type influences the nature and 
duration of typical occupant 

exposures. The heating, cooling, and 
thermal characteristics presented below 
are related in part to building type. 
(See text for discussion.) 

Nurber and type of establishnlents in 
cannercial buildings influence the relative effort 
required to identify and llddress indoor air quality 
problems. 

!I Fran U.S. Depart111ent of Energy. 1985. Nonresidential Building Energy Survey: Characteristics of Cannercial Buildings, 1983. Energy Information 
Adninistration. DOE/EIA-0246(83). 
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llEATIM5 RIEL 
Electricity 
N1tur1l Gls 
fuel Oil 
Propww 
Steem 
Wood 
COil 
Other 

COOLING FUEL 
Electricity 
Natur1l Gls 
Other 

~ATHER ZOllES 
ll>D > 7000 
5500 < llOO < 7000 
4000 < HOO < 5499 
ll>D < 4000 
CDO > 2000 

lult>er of 
luildi,..1 
(thOUl.nds) 

1105 
2011 
566 
161 
55 

115 
48 
38 

2515 
141 
21 

421 
1153 
1016 
678 
679 

ENERGY CIJISERVATIOll FEAT~ES 
Roof/Ceili,. Insulation 
Only 571 

Special Glass Only ' 410 
wall Insulation Only 223 
Roof/Celli,. and Wall 

Insulation 444 
Roof Ceil i.,g and Special 
Glass 379 

wall Insulation and 
Special Glass 189 

All T•ree Features 510 

!/ frOlll D~. 1985. 

Exhibit 1-2 (cantir.ed:t 

c-niel luildii., Stadt Oaencteriatka !I 

Percent of 
Percent of Totel 
All Buildings Floor Space 

28.0 
50.9 
14.3 
4.1 
1.4 
2.9 
1.2 
1.0 

lil.7 
3.6 
0.5 

'10.7 10.9 
0!9.2 32.4 
i!S.7 26.4 
117.2 14.3 
H .2 16.0 

14.5 
10.4 
5.6 

11.2 

9.6 

4.8 
12.9 

Average 
floor Spece 

<1000 sq. ft.) Ccnnents 

Heat ire degree days 1(11>D) and cooling degree days ((llD) are 
111easures of the heating and cooling effort, respectively, 
r~ire:I to .. intain therml ca.fort indoors. 

Weatherization pract ices reduce the flow of air and heat 
thr~ the building shell. 
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MAINTENANCE ANO <XlllTROl 
OF HEATING All> COOLING 
SYSTEM 
COllJlllterized Control 
Occupant Control 

Heating 
Cooling 

Regular HVAC Maintenance 

Red.iced System Operation 
in Off Hours 

Heating 
Cooling 

!/ Fran DC£. 1985 . 

N~r of 
Buildings 
<thousands> 

105 

2541 
1170 
2914 

3010 
2302 

Percent of 
All Buildings 

3 .0 

72 .4 
44.3 
81.9 

85.8 
87.1 

E..dlibit 1-2 (aintir.Jed) 

c-rcial Buildi~ Stock Olaracteristics !/ 

Percent of 
Total 

Floor Space 

Average 
Floor Space 

(1000 sq. ft.) Ccmnents 

Occl4>11rlt control al lows personal cOfllfort adjustments. 

Maintenance i""roves indoor air quality by correcting 
ventilation deficiencies and re1110ving potential sources. 

Reduced system operation in off hours allows pollutant 
concentrations to build up and create potential 
hunan exposure problem5 l4JOO re·occi.pancy. 
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building ~onstruction are far more prevalent in new buildings 
than in old. 

Only a very small fraction of all mechanically heated and 
cooled commercial buildings in the U.S. have computerized control 
of heating and cooling. Most heated buildings under 10,000 
square feet allow occupant control of heating and cooling. 

Most heated and cooled buildings have regular HVAC system 
maintenance programs~ the proportion of buildings with such 
programs increases as building size increases. About 70 percent 
of buildings under 5000 square feet have regular maintenance 
while nearly all buildings above 200,000 square feet have such 
programs. HVAC maintenance can be a critical influence on indoor 
air quality. 

Ventilation Characteristics 

Whole building ventilation rates measured in 38 commercial 
buildings in the Pacific North West ranged from 0.3 to 4.2 a i r 
changes per hour, with an average of 1.5 air changes per hour 
(Turk et al., 1988). Ventilation rates from a comprehensive 
study of 14 commercial buildings, involving 3000 measurements 
over a period in the order of one year have also been reported 
(Persily, 1989). The mean values for each building ranged from 
0.29 to 1.73 air changes per hour . The mean of all buildings was 
0.94 and the median value was 0.89 air changes per hour. 

1.2 FACTORS AFFECTING INDOOR AIR QUALITY 

Concentrations of pollutants in the indoor air are 
determined by (1) the indoor source emission rates (including 
the rate of entry from soil gases), (2) the rate at which indoor 
.:::. i r i ~ ov,....n~.,.,,.,.o~ ,_,; ~""' _,,~rl'"""'- ~..: - 1.., \ .._'-_ ------"'---"'-.: --- - .c:: 
--- -- -··-••-··~-...., n.a..w•• '""'""4'-"'4""''-'.L. U..L.L.' \.J/ '-llC '-'V.ll\...o'O:ll'-.L.C.\.....LVJlii::t UL. 

pollutants in the outdoor air, and (4) rates at which pollutants 
are removed from or chemically transformed in the indoor 
environment. These factors will be discussed in turn. 

Source Emissions 

Concentrations of contaminants indoors depend most 
importantly on the strength of the emissions from contributing 
sources. Indoor sources include building materials, furnishings, 
combustion devices, a variety of consumer and commercial 
products, as well as human occupants and their pets. Emission 
rates of volatile organic compounds from building materials, 
furnishings, and some commercial and consumer products often 
increase under conditions of high temperature and humidity, but 
generally decrease with age. Emissions of particulate matter and 
combustion gases from combustion appliances such as stoves and 
space heaters depend on design, fuel, and use factors. 
Generally, vented appliances pollute less than unvented ones; gas 
appliances tend to burn more cleanly than liquid or solid fuel 
devices, and proper use and maintenance of the device is 
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essential to controlling emissions (Tucker, 1987). Bioeffluents 
from people and their pets, as well as microbial contamination 
of humidification systems and water damaged materials can 
normally be adequately controlled with proper hygiene and 
maintenance practices. 

Radon and other soil gases enter the indoor environment 
through crack~ and other openings in the building foundation when 
the air pressure in the structure is lower than it is in the 
soil. The rate of entry depends on the concentration in the 
soil, the permeability of the soil, and the pressure difference 
between the soil gas and the air in the structure, and the 
characteristics of the structure itself. 

Air Exchange Rate and outdoor Concentrations 

Outdoor air can be exchanged for indoor air through natural 
ventilation, mechanical ventilation, or through infiltration and 
exfiltration. Natural ventilation occurs when desired air flows 
occur through windows, doors, chimneys, and other building 
openings. Mechanical ventilation is the mechanically induced 
movement of air through the building. Mechanical systems usually 
condition and filter the air, and allow for the entry of outdoor 
air through outdoor air dampers. Infiltration and exfiltration 
are the unwanted movement of air through cracks and openings in 
the building shell. A "tight" building is one in which 
infiltration and exfiltration rates are very low. 

The air exchange rate of a building affects indoor air 
quality in two ways. First, it determines the extent to which 
outdoor air can dilute or replace indoor air and prevent indoor 
air pollutants from accumulating to high levels. The extent to 
which air exchange is effective in diluting indoor pollutants 
also depends on how well outdoor air is mixed with indoor air. 

Ventilation effectiveness is a measure of the portion of 
outdoor air brought into a building that reaches the breathing 
zone of the occupants. If, for example, outdoor air which is 
brought into the building is short-circuited directly out the 
exhaust, inadequate air quality can result regardless of the 
overall air exchange rate. Building layout, occupant 
activities, and the location of supply and return registers can 
all influence the effective circulation of ventilation air. 

However, bringing in outdoor air also brings in the 
pollutants it contains. Thus, the second effect of air exchange 
on indoor air quality is to contaminate the indoor air with 
outdoor pollutants. As a general rule, outdoor air concen­
trations, particularly in buildings with high air exchange rates, 
will act as the background level for the indoor environment. 
This is normally not a problem where ambient outdoor levels are 
acceptable and no major sources exist in the immediate vicinity 
of the building. Indoor sources will increase concentrations 
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above this level, while pollutant removal mechanisms will lower 
them. 

Removal Mechanisms 

Pollutant removal mechanisms will lower indoor concentra­
tions and improve indoor air quality. Pollutants can be removed 
from the outdoor air prior to entering the indoor space, or they 
may be removed directly from the indoor environment. Removal 
mechanisms may be physical or chemical. They may be part of the 
natural reaction of the chemical with its surroundings, or they 
may be deliberately incorporated into the building operating 
system. Air filtration devices are examples of a physical 
removal mechanism which is deliberately incorporated into most 
building ventilation systems. 

Physical and chemical reactions of pollutants with their 
surroundings may take several forms: sorption or chemical 
reactions with building materials and furnishings; chemical 
ra~r-rinnc::r wirh nt-ha,.. nnll11t-~nrcr• ~nn nhnt-nnicrcrnr.;~t-inn :'Inn -------·-- ··---- ------ I:'------··--• -··- r··-------------- .. - --·-
catalytic reactions (Maki and Woods, 1984). For some 
pollutants, these reactions may be quite important. Concen­
trations of nitrogen oxides and sulfur oxides, for example, are 
heavily influenced by the reactive properties of these compounds. 
In fact, chemical reactions and sorption can reduce concen­
trations of nitrogen oxides 48% more quickly than dilution (Maki 
and Woods, 1984). 

1.3 INFLUENCE OF BUILDING DESIGN, OPERATION. AND MAINTENANCE ON 
INDOOR AIR QUALITY 

Indoor air quality problems often result from the inappro­
priate control of the factors described above with respect to the 
design, uperation, ctnd maintenance of building systems. Common 
problems include inadequate ventilation, contamination from 
indoor sources, entrainment of outdoor contaminants into the 
building, and microbial contamination due to improper design, 
operation, and maintenance procedures (NIOSH, 1987). 

Inadequate Ventilation 

Inadequate ventilation is the cause of many indoor air­
related health complaints. Specific ventilation deficiencies 
that produce air quality problems include inadequate outdoor air 
supply, poor air distribution (and hence poor ventilation 
effectiveness), inadequate control of temperature and humidity, 
insufficient maintenance of the ventilation system, inadequate 
HVAC system capacity, and inadequate exhaust from occupied areas 
(NIOSH, 1987; Honeywell Incorporated, 1988). Inadequate outdoor 
air supply and distribution and insufficient control of thermal 
conditions can result from strategies to control energy 
consumption. 
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Numerous case studies illustrate problems caused by 
vantilation system design and operation deficiencies. Morey 
(1988) presents two cases in which air quality problems were 
traced to energy management programs that altered HVAC system 
operations. Morey and Woods (1987) present examples of 
insufficient air supply, poor maintenance, and restrictions on 
heating, ventilation, and air-conditioning (HVAC) operation from 
energy conservation strategies as originators of air quality 
problems in buildings. 

Contamination from Indoor Sources 

Investigations into indoor air quality-related health 
complaints often identify sources inside the building as the 
primary cause of the problem. Inside sources responsible for 
indoor air pollution problems include copy and other off ice 
machines, pesticides, cleaning agents, tobacco smoking, and 
combustion devices. Contamination of the indoor atmosphere can 
also result from emissions from building materials and products 
including insulation, pressed wood products, floor and wall 
coverings, carpeting and adhesives. 

The selection and proper installation of building materials 
and furnishings during design and construction of a building may 
have important impacts on the building's air quality. This is 
particularly true of potential pollutant sources such as ceiling 
tiles, floor and wall coverings, or partitions which have large 
surf ace areas capable of of fgassing chemical contaminants 
throughout the occupied space. Special provisions for exhausting 
contaminants from known source areas such as photocopy rooms, 
designated smoking areas, or special use facilities such as print 
shops, are most appropriately made during the design of the 
building, and properly maintained during its operation. 

Re-entrainment and Contamination from Outdoor Sources 

outdoor pollutants or re-entrainment of indoor pollutants 
sometimes create severe indoor air quality problems because of 
improperly located air intake vents. For example, these vents, 
which supply outdoor air into the building, may be located at 
ground level near a roadway or a parking lot where they allow 
motor vehicle exhausts to enter the building air supply. Most 
often, however, these vents are located on the roof; for 
aesthetic reasons, they are often positioned on the back of the 
building which may overlook the loading dock or trash storage 
area, or may be located close to and downwind from the rest room 
exhaust of the building or an adjacent building. 

In each-Case, unwanted air contaminants may be incorporated 
into the building air and result in health risk and comfort 
complaints from the occupants. Thus, while the sources of these 
indoor air pollution problems are outdoors, the cause of the 
problem can be traced to faulty design of the HVAC system, and 
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inadequate consideration of the entrainment of pollutants from 
outdoor sources. 

Microbial Contamination 

Hypersensitivity pneumonitis and other respiratory diseases 
often result from microbial contamination of building heating, 
ventilating, and air conditioning systems, or from contamination 
of building materials and furnishings. Microbial contamination 
commonly results from situations of high mois~ure or humidity. 
Flooded areas, water-damaged carpeting or furniture, dirty and 
moist air filters, pools of stagnant water in the drain pans of 
the HVAC system, or improperly cleaned and maintained humidi­
fication systems can result in microbial contamination and 
building related illnesses. Microbial contamination is most 
often avoidable through careful building system component design, 
and through proper maintenance and hygienic practices (Morey, et 
al. 1984). 

Implications 

Building systems are designed, constructed, and operated to 
provide safe, healthy, and comfortable environments for a variety 
of human activities. The indoor microenvironments created by 
building systems must provide for the biological, physical, 
social, and psychological needs of their occupants. Under­
standing building systems as mechanisms for the control of 
environmental conditions points to occupant well-being an 
important criterion by which building adequacy should be judged. 
successful building systems produce an environment free from 
stressors that threaten occupant health, comfort, and 
productivity. 

Building system design and operation can: ~nri regularly do: 
provide acceptable indoor environments. However, neglect or 
disregard of the sources of indoor air contaminants, or of the 
proper design, operation, and maintenance of building system 
components which influence indoor air quality can create an 
uncomfortable and unhealthy indoor atmosphere. 
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1.4 SPMMARY 

Some data are available on the U.S. building stock with 
respect to parameters that are important to indoor air quality. 
Factors which affect indoor air quality include source emissions 
from indoor sources, the air exchange rate, outdoor sources and 
concentrations, and various chemical and physical removal 
mechanisms. Building system inadequacies commonly identified in 
investigations of building indoor air quality complaints include 
inadequate ventilation, contamination from indoor sources, re­
entrainment of indoor pollutants, contamination from exterior 
sources, and microbial problems. Proper design, operation, and 
maintenance of building system components is important to the 
achievement and maintenance of good indoor air quality. 
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CHAPTER 2 - MEASURING AND MODELING POLLUTANTS AND SOURCES 

2.1 POLWTANTS AND SOURCES 

Some information on indoor pollutants, sources, and health 
effects is known, but extensive investigation is needed to 
adequately understand the nature and magnitude of the indoor air 
pollution problem. For example, most pollutant sources do not 
emit single pollutants, but generate a mixture, which in turn 
becomes part of the complex mixture that people breathe. The 
health effects of such a complex mixture cannot be categorically 
stated, and in most instances, neither the interaction of 
pollutants with each other, nor the effects on human systems of 
these pollutants in combination, have been established. 

Several hundred specific airborne pollutants have been 
detected in varying concentrations in indoor environments. These 
can be grouped into a smaller subset of pollutants and pollutant 
classes, as shown in Exhibit 2-1. 

Exhibit 2-1 
Major Indoor Air Pollutants of Concern 

Radon and radon daughters 
Environmental tobacco smoke (ETS) 
Biological contaminants 
Volatile organic compounds (VOCs) 
Formaldehyde 
Polycyclic Aromatic Hydrocarbons (PAHs) 
Pesticides 
Asbestos 
Combustion Gases 
Particulate Matter (Particles) 

Indoor pollutants can emanate from a broad array of sources 
that can originate both outside of structures as well as from 
within a building. Knowledge of sources is critical to the 
development of effective mitigation strategies (see Chapter 6). 
Internal sources include, but are not necessarily limited to: 
combustion appliances, consumer and commercial products, building 
materials and furnishings, pesticides, HVAC systems, water 
damaged materials, human occupants and pets, and personal 
activities such as smoking. External sources include soil, water 
supplies, and the ambient (outside) air. The relationship 
between pollutants and their sources may be complex. For 
example, the concentration of a single pollutant may result from 
the emissions of several different sources both inside and 
outside a building. 
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The magnitude of human exposure to indoor air pollutants is 
a function of the ability of the pollutants to come in contact 
with an individual. This depends on the time individuals spend in 
each indoor micro-environment containing pollutants, and the 
concentration of each pollutant. Concentrations, in turn, are 
determined by source emissions and transport processes, both 
within and between particular microenvironments. 

The ambient pollutant concentration in a given 
microenvironment, and the associated human exposure, can be 
measured directly or they can be estimated using mathematical 
models. Developing and/or calibrating these models may require 
many different types of data, e.g., pollutant sources and their 
respective emission rates, average and peak pollutant 
concentrations, air transport processes, and time-activity 
patterns and demographic characteristics. Assessing indoor air 
pollutant concentrations can involve as many as three components: 
source emission testing; ~ir pollution measurements, and 
modeling. 

Source emission testing measures the emission of pollutants 
from specific sources under laboratory conditions. source 
emission testing provides the researcher with detailed 
information on pollutant emission rates; which allow prediction 
of the ambient concentrations under specified environmental 
conditions. 

Typical indoor pollutant concentrations can 
measured directly using monitoring instruments. 
instruments vary in size from hand-held portable 
large, stationary analytical monitors. 

also be 
These 
monitors to 

Finally, pollutant concentrations can be predicted, rather 
than measured, using indoor air quality models. Directly 
monitoring the concentration of the pollutant of concern provides 
the most accurate information for any particular 
microenvironment, but technical and financial limitations 
usually necessitate the additional use of modeling. The models 
themselves are often calibrated using the results from source 
emission testing and/or from pollutant concentration 
measurements. 

In this chapter, we discuss the techniques and limitations 
of source emission testing, field monitoring, and modeling. In 
addition, we present data from selected studies that measured 
indoor air pollutant concentrations or exposures. 

2.2 SOURCE EMISSION TESTING 

The emission of pollutants from indoor sources can be 
measured directly under laboratory conditions. These tests can 
provide the researcher with detailed information upon which to 
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estimate or model indoor air pollutant concentrations. In the 
past, most source emission studies have involved single compound 
analyses and have focused on three categories of sources: 
combustion appliances, consumer products, and building materials 
and furnishings. 

The source emission test can be divided into three steps: 

(1) A sample of the substance containing the pollutant of 
concern is prepared in such a way that the sample 
will provide emission data that approximate, or allow 
extrapolation to, emissions under normal use~ 

(2) A test chamber is designed, incorporating 
environmental test conditions, such as temperature 
and relative humidity, that are consistent with 
normal use characteristics~ and 

(3) The pollutant emissions of concern are measured. 

Environmental test chambers vary in size, from small-scale 
chambers with volumes of less than 1.0 cubic meters (m3) to 
large-scale chambers with volumes exceeding 15 m3. Small 
chambers are less expensive to construct and operate, and allow 
greater experimental flexibility with respect to test conditions. 
Large-scale chambers may simulate actual field characteristics 
more accurately than small-scale chambers, but are limited by 
cost, logistical constraints, and problems with leakage. 

There are several major laboratories in the U.S. which use 
test chambers for source emission testing. Oak Ridge National 
Laboratory in Oak Ridge, Tennessee, has three chambers, with 
capacities of 0.3, 3.3, and 17 m3. Although Oak Ridge has the 
capability to test a broad spectrum of pollutants, the focus of 
recent work has been on emissions of radon and voes, particularly 
formaldehyde. The three chambers are constructed with different 
materials to minimize interactions with the tested pollutant: the 
voes are tested in a stainless steel chamber, radon is tested in 
a plexiglass chamber, and the formaldehyde tests are conducted in 
a teflon chamber. Broad-spectrum voe testing has been limited to 
a few building materials, although a variety of formaldehyde­
containing products are tested, including pressed wood and 
particle board. 

EPA's Air and Energy Engineering Research Laboratory 
(AEERL) at Research Triangle Park, North Carolina has two sizes 
of emission testing chambers, six with capacities of 0.05 m3 and 
two with capacities of 0.16 m3. Most of AEERL's efforts are 
concentrated on voe emissions. AEERL has measured voe emissions 
from particleboard, floor adhesives, caulking compounds, moth 
crystal cakes, wood stains, floor wax, and dry-cleaned clothing. 
This small chamber testing experience has lead to the development 
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of a draft ASTM guide on source testing. The laboratory has 
also cooperated with Oak Ridge National Laboratory in its work 
with petroleum-based solvents. In addition, AEERL sponsors a 
large kerosene heater testing facility at Yale University, and a 
three-bedroom test house in North Carolina to simulate normal 
environmental conditions. 

AEERL has also constructed an automated emissions testing 
facility, which is used to study voe emissions from common 
building materials. Air flow rates, temperature, relative 
humidity, and other environmental data are controlled and 
recorded by an IBM personal computer. 

Lawrence Berkeley Laboratory, in Berkeley, California, 
measures emissions of radon, products of tobacco combustion, and 
combustion gases in a 25 m3 chamber. Volatile and semi-volatile 
organic chemical emissions from gas appliances and wood stoves 
are tested in a 20 m3 cha~~er. A four liter charo~er is usad to 
test emissions from building materials. 

Georgia Tech Research Institute, in Atlanta, Georgia, has a 
test chamber facility with a 25 m3 test chamber and two smaller 
0.2 m3 chambers. The majority of the research involves voe 
source emission testing. Tobacco smoke emissions are measured 
with a specialized smoking machine that can be loaded into the 
test chamber. Georgia Tech is currently building a 25 m3 radon 
testing chamber. 

The Research Triangle Institute in North Carolina uses a 
small glass test chamber to measure formaldehyde and voe 
emissions from building materials and electronic equipment. 

Limitations of Source Emission Testing 

There are several important limitations to the use of 
source emission data: 

o Most source emission tests are performed with controlled 
humidity, temperature, ventilation, and air flow 
characteristics. In indoor environments, these factors 
vary dramatically over time and even within individual 
rooms. As a result, actual pollutant concentrations 
and/or emission rates may be very different from test 
results if the laboratory conditions do not approximate 
actual field conditions. 

o As textiles, building materials, and indoor combustion 
sources age, emission rates may vary. Usually source 
emission testing does not fully account for this 
phenomenon. Most tests "age" the sample to a specific 
level and test it over a short period of time. 
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o some indoor air pollutants, especially voes from building 
materials and textiles, may pe emitted at very low rates. 
To capture these emissions accurately may require long 
testing periods and extremely sensitive instruments, all 
at a considerable cost. 

The costs of source emission testing vary widely depending 
on the specificity of the tests, whether the experimenter has 
already identified the pollutant(s) of concern, and the size and 
complexity of the environmental chamber. For example, costs for 
commercial source emission testing of formaldehyde (or a narrow 
spectrum of voes) from a single, identified source can range from 
a few hundred dollars for a simple gas chromatography analysis of 
a sample focusing only on the localized emissions, to tens of 
thousands of dollars for conducting a broad spectrum voe 
analysis using a multi-compartment environmental chamber mock-up 
of the actual setting. Choosing the extent of the source 
emission testing will depend on the importance of accuracy and 
precision in the testing and on cost limitations. 

2 • 3 MODELING 

Modeling can be used to estimate pollutant exposure in 
situations where direct empirical analysis is technically or 
economically infeasible. In addition, models provide a 
conceptual framework for designing field experiments and for 
testing our understanding of exposure. Modeling is also an 
important policy development tool, for it can be used to 
estimate present and/or future pollutant exposure and the 
resulting health risk under various policy or mitigation 
scenarios. There are four general categories of indoor air 
pollutant models: source emission models, transport (or indoor 
air quality) models, statistical models, and population exposure 
models. In most cases, these models are developed using 
empirical data obtained from source emission testing and/or field 
monitoring. 

Source Emission Models 

Models that predict emissions from indoor pollutant sources 
are commonly grouped into four categories (Tucker, 1987): 

o Combustion -- from unvented and poorly vented appliances 
and from tobacco smoking; 

o Material -- through emanation or evaporation from building 
materials, furnishings, and consumer products; 

o Activity -- direct physical contact with sources (e.g. the 
use of consumer or commercial products) ; and 
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o External -- infiltration of pollutants from outdoor air, 
soil gas, or releases from indoor water use. 

Source emission models are generally developed from 
controlled emission and transport studies in environmental test 
chambers or test houses. Exhibit 2-2 lists several of the most 
recently developed source emission models. 

Combustion Sources 

A number of researchers have developed emission factors 
(i.e., pollµtant mass released per unit of fuel consumption) to 
predict emission rates from several indoor combustion sources. 
However, the age, condition, and use characteristics of indoor 
combustion appliances, knowledge of which is crucial to creating 
accurate emission models, are not well documented. The voe 
emission rates from indoor compustors are poorly understood and 
have not yet been modeled. In addition~ knowledge of the 
cause(s), extent, and implications of leakage from vented 
appliances, which is also important for modeling purposes, is 
limited (Tucker, 1987). Lastly, emission rates for sidestream 
smoke from tobacco smoking have been measured for only 100 of the 
more than 4700 compounds found in sidestream smoke (Sakuma et 
~' 1984a; Sakuma et al., 1984b) . 

Material Sources 

Most of the source emission modeling for material sources 
has in the past focused on formaldehyde. The Oak Ridge National 
Laboratory has developed a general organic compound emissions 
model, based on a formaldehyde emissions model that used input 
··--.:-'- 1 -- &-- ... ------"-··-- __ ,_.._,:.,._ i... ... -.:...3.:._,.,. -1="" ........ ~1rl~'h,P'40 
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transport characteristics, age and decay rate of the sample, and 
formaldehyde concentration of the room and the particleboard, to 
predict formaldehyde emissions per unit area of the sample 
(Hawthorne and Matthews, 1987). 

Activity Sources 

Activity sources are only qualitatively understood. The 
emission of pollutants that involve cooking, application of 
consumer products and pesticides, and the use of appliances and 
machines have not been analyzed extensively. In one study, 
however, Girman and Hodgson used a source/exposure model to 
predict methylene chloride emissions from the use of consumer 
products such as paint strippers (Girman and Hodgson, 1986). 
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Exhibit 2-2 
Source Emission Models1 

Source Type Pollutants Irdependent Variables 

Combustion 
Unvented appliances NO, No2, CO Appliance type, primary 

aeration level, fuel 
cons~tion rate 

Tobacco smoking ETS, CO, TSP Density of active smokers 

Material 

Reference 

Relewani !! !L. ( 1986> 
Leaderer C 1982) 
Girnmn !! !L. (1982> 
Borrazzo !! !L. (1987) 
Leaderer !! !L. C 1987) 

Repace ( 1986) 
Girman et !L. (1982) 
Sakuna et !!.· C 1984a, b) 

Parti clebolrd Fonnaldehyde T~rature, hi.inidity, Matthews!! !L. (1984) 

Activity/material 
Consuner products 

External 
Soil gas 

voes formaldehyde in room air, Hawthorne!! !L. (1987> 
type of material 

Solvents 

Chemically 
reactive 
pollutants 

Prod.Jct c~sition, type 
of application 

Soil gas concentration, 
indoor-outdoor pressure 
gradient 

Girman and Hodgson (1986) 

Nazaroff and Cass (1986) 
Nazaroff et !L. (1984) 

1Exhibit 2-2 is based in part from information in EPA 1987a. 
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External Sources 

Several models are available for estimating the effect of 
external sources on indoor concentrations. For example, Nazaroff 
and Cass have developed a preliminary version of a general 
mathematical model that will predict the concentrations of 
chemically reactive compounds in indoor air. The model accounts 
for gas-phase photolytic and thermal reactions, and computes the 
production rates associated with ventilation, filtration, 
chemical reaction, and direct emission, as well as the removal 
rates associated with ventilation, chemical reaction, 
filtration, and adsorption by walls (Nazaroff and Cass, 1986). 
Models for the prediction of exhaust ventilation on radon entry 
into homes have been developed by Mowris and Fisk (Mowris and 
Fisk, 1988; Mowris, 1986) 

Indoor Air Quality (Transport) Models 

Indoor air quality, or transport, models are used to 
characterize the movement of air pollutants through defined 
indoor spaces. These models provide an estimate of the ambient 
pollutant concentration in a given microenvironment under a 
variety of user-specified scenarios. Indoor air quality models 
are particularly important for complex indoor environments, such 
as office buildings, because the pollutant concentration may vary 
widely according to the pollutant transport patterns. Important 
transport models include the NBS model and the AEERL model, which 
are discussed in this section. 

Indoor air pollutant transport patterns are defined by the 
physical pathways that conduct air from one place to another and 
the pressure differences that provide the motive forces~ 1 

Modeling these pathways is a critical component of developing 
transport models. Important pathways for pollutant transport 
include penetrations through the building envelope, such as 
through the windows, doorways, intakes/exhausts, and cracks and 
seams, that define the leakage patterns of the building, as well 
as the interior pathways, such as doorways and 
ventilating/heating ducts. The effects of wind, thermal 
buoyancy, and pressure differentials caused by mechanical 
ventilation interact with the leakage configuration and the 
interior flowpaths to determine each building's transport 
characteristics. 

For single-chamber models, the principal transport process 
considered is the air exchange across the building envelope. 
Multi-chamber models require components that address the air 
exchange for individual airspaces as well as the interior 
transport among connecting airspaces. 

1This section is based on the discussion in EPA 1987a. 
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NBS Multi-Zone Indoor Air Quality Model 

The Indoor Air Quality Model Project, initiated by the 
Indoor Air Quality and Ventilation Group at the National Bureau 
of Standards (NBS) (now the National Institute for Science and 
Technology, or NIST) has developed an indoor air quality model. 
The model is a generalized simulation program that accounts for 
pollutant generation, dilution, reaction, and removal as well as 
infiltration and exfiltration. The model is currently being 
expanded to include pollutant emissions from and absorption by 
various materials (EPA, 1988). 

AEERL Model 

The Air and Energy Engineering Research Laboratory (AEERL) 
has developed a preliminary version of an indoor air pollutant 
transport model, which analyzes pollutant migration patterns 
under user-specified air flow conditions. The model uses a basic 
pollutant mass balance equation, and can be progra:mlned for a 
number of indoor pollutant sources, such as cigarettes, kerosene 
heaters, and unvented stoves, utilizing user-specified source 
emission rates. The output data provide estimates of the changes 
in pollutant concentration over time (Sparks, 1988). 

Statistical Models 

Statistical models allow the researcher to expand the 
results of field studies to a larger population in the same type 
of microenvironments as were originally studied. The models use 
empirical data regarding the distribution of pollutant 
concentrations, building volumes, air flow patterns, and other 
user-specified input data to derive estimates of the distribution 
of pollutant concentrations on a larger scale. All input 
parameters are assumed to fit a log-normal distribution. The 
additional use of Monte Carlo computer simulations allows the 
distributions to be normal, log-normal, empirical, or a variety 
of other functions (NERDA, and NMPC, 1985). 

Population Exposure Models 

Population exposure models estimate both indoor and outdoor 
exposure, and can be used to estimate exposure to a population in 
diverse settings. Exposure models incorporate three types of 
data: 

o Input data on the air pollutant concentration and route(s) 
of exposure experienced by the subject(s); 
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o The time-activity patterns of the subject(s) during the 
exposure period; and 

o Health or demographic characteristics of the subject(s) 
that would affect the dose received. 

Data on these characteristics are usually developed through 
a combination of field monitoring, surveying or administering 
questionnaires, and modeling. 

The basis for these exposure models is calculation of total 
human exposure by summing microenvironmental exposures, which are 
calculated by multiplying the time spent in a microenvironment 
times its concentration. Pooulation exoosure distributions can 
then be calculated from microenvironment concentration 
distributions as well as distributions of time activity patterns 
which vary among different population subgroups. 

Complex population models are dependent on the ability of 
the researcher to simulate accurately the range of human 
exposure, activities, and demographic characteristics. Exposure 
modeling necessitates collecting detailed data or using broad 
assumptions about these characteristics. The strength of these 
models is their ability to collapse an enormous amount of data 
necessary for calculating population exposure profiles. 

Population exposure models, like all models, are inherently 
limited by the tradeoffs between accuracy and cost. For small, 
relatively homogeneous populations in a limited number of 
settings, reasonable accuracy is quite feasible. For large, 
heterogeneous populations in diverse settings, however, accuracy 
becomes more difficult to attain. Exposure modeling becomes more 
cost-effective compared to field monitoring as the scale of the 
project increases and as the required complexity of the model 
decreases. 

There are only a few sophisticated models that can estimate 
indoor air pollutant exposure, though a number of outdoor air 
pollutant exposure models have a component for estimating indoor 
exposure to the outdoor pollutants. Population exposure models 
include SHAPE, PAQM, and NEM.2 

SHAPE (Simulation of Human Air Pollution Exposure) 

The SHAPE model estimates carbon monoxide exposure to 
specific individuals by using both background and 
microenvironmental carbon monoxide concentrations. Data on 
microenvironmental carbon monoxide concentrations were obtained 
from extensive field monitoring in the EPA TEAM studies 

2This discussion is based on Pandian (1987). 
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conducted in Denver, Colorado, and Washington, D.C. The model 
assumes that the background carbon monoxide concentrations of the 
indoor and outdoor environments are constant over specified time 
intervals and that the microenvironmental concentrations are 
additive. The total microenvironmental exposure is derived by 
summing the individual microenvironment exposures (the product of 
the pollutant concentrations to which an individual is exposed 
multiplied by the duration of exposure) experienced during daily 
activities. The model uses U.S. Census data to estimate 
demographic information for the involved individuals. The 
exposure and dosage estimations are based on a human activity 
model. 

SHAPE focuses mainly on characterizing the population, 
exposure, and dosage based on user-specified data on background 
and microenvironmental carbon monoxide concentrations -- SHAPE 
does not use dispersion models to estimate carbon monoxide 
concentrations. Values of demographic variables are determined 
from probability distributions, which are also user-specified. 
Moreover, SHAPE only estimates carbon monoxide exposure~ it does 
not assess health risks. 

PAQM (Personal Air Quality Model) 

PAQM uses an hourly sequence of outdoor pollutant 
concentrations to compute the indoor concentrations that would be 
induced within each of several specified building types. The 
model uses simple mass balance equations and compensates for 
leakage and mechanical ventilation. PAQM also estimates the 
exposure of user-specified individuals as they undergo their 
typical pattern of daily activities, moving between indoor and 
outdoor environments. 

NEM (National Ambient Air Quality Standards Exposure 
Model) 

NEM was developed by EPA to assess total human exposure to 
pollutants regulated under Section 109 of the Clean Air Act. NEM 
is a simulation model capable of estimating human exposure to 
ambient pollutants as people move through time and space as they 
undertake their usual activities. Indoor exposures are accounted 
for by adding microenvironment-specif ic concentrations to that 
portion of outdoor air that enters the indoor environment. A 
version of NEM is available (on a PC) that explicitly 
incorporates air exchange rates and other indoor 
microenvironmental characteristics. 

2.4 FIELD MEASUREMENTS 

Field measurement involves two components: (1) collecting a 
sample of the medium in which the pollutant is typically 
transported, e.g., air for most indoor pollutants, and (2) 
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analyzing the sample to identify the pollutant(s) and measure the 
concentration(s). In addition, field monitoring may measure the 
factors that affect pollutant dispersion, such as humidity, the 
air exchange rate, the concentration of the pollutant of concern 
in the surrounding outdoor air, and the pollutant infiltration 
rate. 

Types of Measurement Instruments 

Important technical considerations for selecting measurement 
instruments (monitors) are: sampling mobility, operating 
characteristics, output characteristics, space and power 
limitations, noise levels, and analytical requirements.3 There 
"'..-..:. +-'1-1.,...o.o ~1 "'cc..oc. nf' c"'111r1l i ""' ...,,..r.; 1; +-u• --- -··--- ------- -- --·-1:'--··.., ···-- ................ i. 

o Personal the monitor may be worn or hand-held; 

o Portable the monitor may be hand-carried: and 

o Stationary -- the monitor must be operated from a fixed 
location. 

Within each class of sampling mobility, monitors can be 
classified as either active or passive, depending on whether a 
power source is required for sample collection. Most active 
monitors use a pump or blower to collect the sample by absorbing 
the sample in a liquid medium or onto a solid surface. Active 
monitors can be used for either gaseous or particulate matter. 
Passive monitors either diffuse the sample directly into a 
collection medium or diffuse across a permeable membrane to a 
collecting medium. Passive monitors are used primarily for 
measuring gaseous pollutants. Passive monitors can also be used 
for particulate matter, but because they collect only the 
particles which fall out of suspension, passive monitors may not 
accurately estimate the total airborne particulate matter 
concentration. 

Lastly, within each mobility and operating class, the 
output characteristics fall into two categories: 

o Analyzer -- the monitor produces an instantaneous (or 
nearly instantaneous) signal that corresponds to the 
pollutant concentration or parameter that is being 
measured; and 

o Collector -- the sample is collected by the unit and 
subsequently analyzed in the laboratory. 

3This discussion is based on Nagda et al., 1987. 
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Other considerations in selecting the appropriate field 
monitoring instruments include cost, availability, convenience of 
use, and desired level of accuracy. Another important factor is 
whether the pollutant of concern poses the greatest risk from 
acute or chronic exposure. Toxic pollutants that cause adverse 
health effects only above a threshold dose should be monitored 
with an analyzer if the pollutant concentration varies 
significantly over time. 

Pollutant-Specific Measurement Instruments 

A wide variety of monitors are available for the major 
indoor air pollutants. These monitors range in size and 
complexity from small personal exposure monitors (PEMs) to large, 
stationary continuous analyzers. Some of these devices can be 
operated by an untrained individual; others require the services 
of a trained professional. 

For a number of the major pollutants, EPA and/or other 
organizations have developed protocols that standardize the 
monitoring procedures. EPA is drafting a Compendium of Methods 
for the Determination of Air Pollutants in Indoor Air, which when 
completed will provide regional, state, and local environmental 
agencies with available protocols for measuring selected indoor 
air pollutants (EPA, 1987b). For other pollutants, however, 
generally accepted protocols have not yet been established. In 
this section, we summarize the measurement instruments that are 
currently available for the major indoor pollutants, and briefly 
discuss the generally accepted measurement protocols that address 
their use in the field. 

The number and diversity of the commercially available 
indoor air pollution measurement instruments precludes a detailed 
discussion in this report. Nonetheless, in Exhibit 2-3, we have 
provided a brief summary of the available monitors for the major 
pollutants; a more detailed summary is included in Exhibit 2-4. 

Measurement Protocols 

Radon 

EPA has developed interim protocols for measuring radon and 
radon decay products (EPA, 1987c). EPA recommends a two-step 
strategy, beginning with a screening measurement made under 
closed-house conditions in an area where radon concentration is 
expected to be greatest (usually the basement or ground level). 
Depending on the results of the screening measurement, a second 
series of follow-up measurements may be required to assess more 
completely the average concentrations in the living areas of the 
house. 
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E.llhibit 2-3 
Typm of Availmble ...._._,t Jrat,,..,ts br Pollutmnt <N...m !1.fil., 1997) 

Personal Portable Stationar::t: 
Pollutant Type Active Passive Active Passive Active Passive 

Radon Col lee tor * 
Analyzer * * * * 

Biological Collector * 
aerosols Analyzer 

''"""- Cul lc;;tur ........ ., 
"' "' 

Analyzer 

Formaldehyde Collector * * * 
Analyzer * 

Pesticides/ Collector * * * 
sani•volatile Analyzer 
organics 

Asbestos Collector * * * 
Analyzer * 

Carbon monoxide Collector 
Analyzer .. * • * 

Nitrogen dioxide Collector * 
Analyzer * * * 

Particulate Collector * • • 
Matter Analyzer • • • 
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Radon 

Biological Contmninants 

Formaldehyde 

Asbestos 

Carbon HonoAide 

Eahibit 2-4 
C-rci•lly Avail.ble llllniton; (llagda. 1987) 

~ 

Stationary/Passive/Collector 

Personal/Active/Analyzer 

Stationary/Active/Analyzer 

Port•ble/Active/Analyzer 

Portable/Active/Analyzer 

Stationary/Active/Analyzer 

Stationary/Active/Analyzer 

Stationary/Passive/Collector 

Stationary/Active/Analyzer 

Stationary/Passive/Collector 

Stationary/Active/Collector 

Stationary/Active/Collector 

Personal/Passive/Collector 

Stationary/Active/Analyzer 

Personal/Passive/Collector 

Per~onal/Pass1ve/Collector 

Portable/Active/Analyzer 

Portable/Active/Analyzer 

Personal/Passive/Analyzer 

llNE 

PRM LR-S 

500 Series, Alpha PRISM System 

RGM-2, Radon Gas Monitor 

l«>rking Level Monitor 

RDA-200, Radon/Radon Daughter 
Detector 

RGA-400 Radon Gas Monitor 

IA.M-300 

PERM, ROT-310 

Radon Daughters Analyzer 

Track Etch, Radon Detector 

#10-800, Viable Sanple Kit 

#10-8SO, Two-Stasie Microbial S~ler 

PF-1, HCllO Passive Monitor 

TGM SSS, For11111ldehyde Analyzer 

PRO-TEK, HCHO Passive Dosimeter, 
Type C60 

Formaldehyde Monitor 3750 

FAH-1, Fibrous Aerosol Monitor 

2000 Series, CO Analyzer 

Model 210, Personal CO Monitor 

~ 

AeroVironnent, Inc. 

Alpha Nuclear 

Eberline lnstrunent Corporation 

Eberline lnstrunent Corporation 

EDA lnstrunents, Inc. 

EDA lnstrunents, Inc. 

EDA lnstrunents, Inc_ 

EDA lnstrunents, Inc_ 

Harshaw Chemical C~ny 

Terradell Corporation 

Andersen S&qllers, Inc . 

Andersen SBllf>lers, Inc. 

Air Quality Research, Inc . 

CEA lnstrunents, Inc. 

Du Pont Applied Technology 
lnstrunents 

3H Carpmy 

GCA Corporation 

Energetics Science, Inc. 

Energetics Science, Inc. 
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Exhibit 2-4 (conti..-..ed) 
c-n:ieHy A-il.t.te lllanitora ( ..... !!_!! •• 19117) 

.!!!! 

Personal/Active/Analyzer 

Portable/Active/Analyzer 

Personal/Passive/Analyzer 

Personal/Passive/Col lec to,-

Stationary/Active/Anal yze1· 

Portable/Act i v•e/Anal yzer 

PerSOOlll/Pass ive/Col lector 

Portable/Active/Analyzer 

Portable/Active/Analyzer 

Personal/Passive/Analyzer 

Personal/Passive/Collector 

Personal/Passive/Analyzer 

Portable/Act iv•~/Anal yzer 

Personal/Passive/Analyzer 

Stationary/Active/Collector 

Stationary/Active/Collector 

Personal/Act i ve,/Col lector 

Portable/Act i v«•/Anal yzer 
Stationary/Active/Analyzer 

~ 

co Detector 

Models 1140 and 4140 CO Analyz.ers 

Model 5140 co Analyzer ard ex-•; 
Data Interface 

Air Check, NOz H<lllC Test Kit 

TGM 55, N02 Analyzer 

Model 2200, Portable N011 Analy;:er 

PRO-TEK, NOz Passive Dosimeter Type 
C30 

2000 Series, NOz Analyzer 

Models 1150 and 4150, N02 Anali'Zers 

Model 5150, 110z Analyzer ard C)'.-5 
Data Interface 

NOz Sedge 

MINlllAM Aeros.ol Monitor 

RAM-1, Aerosol Monitor 

Hardleld Aerosol Monitor 

Oichot<ll90US S~ler, Series 241 

Mediua Flow Saaplers, Series 25~ 

Marple Persor~l Cascade l~ctor 

Piezo Belance, Model 3500/Model 5000 

!!!r!!! 

General Electric C~ny 

lnterscan Corporation 

lnterscan Corporation 

Air Quality Research, Inc. Int-

CEA lnstrunents, Inc . 

Colliit>ia Scientific lnciJstries 
Corporation 

Ou Pont Applied Technology 
lnstrunents 

Energetics Science, Inc . 

lnterscan Corporation 

lnterscan Corporation 

Micro Filtration Systems 

GCA Corporation 

GCA Corporation 

PPM, Inc. 

Sierra-Andersen, Inc. 

Sierra-Andersen, Inc. 

Sierra lnstrunents, Inc. 

TSI, Incorporated 



If the screening measurement result is less than about four 
pCi/l, or 0.02 WL, follow-up measurements are probably not 
required. If the result of the screening measurement is less 
than about 20 pCi/l, or 0.1 WL, but greater than about 4 pCi/l, 
or 0.02 WL, EPA recommends that the follow-up measurement consist 
of an integrated measurement or series of measurements over a 
12month period made in the general living areas of the house. 
These levels are not high enough, however, to warrant immediate 
action. If the screening measurement result is greater than 20 
pCi/l~ or 0.1 WL, EPA recommends a more intensive follow-up 
measurement, because concentrations could cause a significant 
increase in health risk (EPA, 1987d). 

EPA has established a Radon/Radon Progeny Measurement 
Proficiency Evaluation and Quality Assurance Program to evaluate 
the companies offering radon measurement services. Currently, 
EPA recognizes the use of a number of different types of radon 
monitors and accompanying measurement protocols. These monitors 
include alpha-track detectors, charcoal canisters, radon progeny 
integrating sampling units, continuous radon monitors, continuous 
working level monitors, and grab sampling devices (see EPA, 
1987c; EPA, 1987d) . 

Environmental Tobacco Smoke 

ETS is not typically measured directly. ETS is difficult 
to measure in indoor microenvironments because it is a complex 
mixture of constituents, many of which may also arise from other 
sources. Moreover, it is not practical, or even possible, to 
measure the full range of ETS constituents, even under 
laboratory conditions. As a result, most studies of ambient ETS 
concentrations have instead focused on single constituents of ETS 
as proxies for total ETS concentration. Proxy constituents have 
included nicotine, carbon monoxide, particulate matter, aromatic 
hydrocarbons, and various tobacco-specific chemicals. 
Monitoring these constituents is described in the relevant 
sections below. 

EPA has developed a protocol for determining the nicotine 
concentration in indoor air (EPA, 1987b). The method is based on 
the collection of nicotine by adsorption onto a sorbent resin or 
acidic surface. Gas chromatography separation with nitrogen­
phosphorous detection is employed for analysis . 

Biological contaminants 

A common method for sampling biological contaminants is 
gravity collection, either on culture plates or adhesive slides. 
As it monitors only the particles that fall out of suspension, 
this method is not volumetric, and produces a qualitatively 
biased picture of the air spora. 
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Volumetric sampling (in which a measured quantity of air is 
collected and analyzed) includes two general types: 1) viable or 
cultural methods in which microorganisms are collected and grown 
under given conditions, and 2) particle methods in which 
biological particles are visually counted and identified or 
biochemically or immunologically analyzed. 

Cultural methods are useful when information on viability 
is essential (e.g., for infectious agents), or if the biological 
organisms must be cultured to be identified (e.g., actinomycetes, 
bacteria, viruses, and many fungi). The choice of culture media 
for these samplers is, therefore, critical. 

Particle sampling is the method of choice when total 
biological particles are being assessed or when biological 
products (toxins, antigens) are being measured. Total fungal 
spore counts can be conducted using microscopic counting. Newer 
methods using fluorescent staining may enable counting of 
bacterial particles as well. Biochemical or immunological 
analysis of particulate samples is especially useful when known 
contaminants are to be analyzed. These methods have been used 
for airborne endotoxins, mycotoxins, and a variety of antigens 
(e.g., mites and thermophilic actinomycetes). Sampling for 
particles to be analyzed biochemically or immunologically 
requires, however, advance knowledge of the compounds of 
interest. These methods are not useful for surveys of general 
biological contamination. 

Volatile organic Compounds 

Most voes can be identified and quantified with gas 
chromatography and mass spectrornstry. In gas chromatography, the 
sample is vaporized and injected into a column containing a 
liquid or particulate solid. The column separates the sample 
into its component compounds according to their affinity for the 
contents of the column. Mass spectrometry, a more expensive 
procedure, separates the gaseous sample into its component 
compounds according to their differing mass and charge. 

A significant portion of early monitoring studies for voes 
have utilized Tenax-GC sorbent tubes to collect these compounds. 
This sorbent suffers from many problems associated with artifact 
formation, limited capacity for the more volatile compounds 
(e.g., vinyl chloride and methylene chloride) and for the polar 
voes (e.g., acrylonitrile and ethylene oxide), and variable 
background contamination. Particular problems occur with 
toluene, benzene, and, to a lesser extent, styrene, chloroform, 
and 1,1,1-trichloroethane, all of which are prevalent indoor air 
pollutants. 

Despite the limitations of Tenax, a monitoring system was 
successfully employed during 1979-85 in the EPA TEAM studies 
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involving 600 residents in four states. Battery operated pumps 
capable of 12-hour continuous operation were used to sample air 
through a cartridge containing Tenax. The pump and cartridge 
were carried in a specially-designed vest worn by the test 
subjects. 

Canister-based collection systems have recently been under 
development because of the i ncreasing concerns over the 
reliability of voe data obtained with Tenax-based monitors. 
canister systems use stainless steel canisters which have 
specially electropolished interiors. This process, known as 
SUMMA polishing, makes the interior walls of the canister less 
reactive, which substantially improves the storage capacities for 
voes (up to 30 days). 

EPA has designed a protocol for sampling and analysis of 
voes in indoor air (EPA, 1987b). The method collects voes in 
SUMMA canisters for subsequent analysis with gas chromatography. 

Portable gas chromatographs are also available for on site 
analysis. Gas chromatographs may be used to analyze many 
different pollutants singly or in combination. 

Asbestos 

Two methods can be used to measure asbestos in air: optical 
(or light) microscopy, and electron microscopy. Measurements of 
low-level air pollution from asbestos rely on the much higher 
resolution obtained from electron microscopy. Higher resolution 
is needed in this situation for two reasons. First, asbestos 
constitutes a small fraction (only 0.0001% to 1%) of the 
particulate matter in a given air sample. Second, the vast 
majority of fibers in ambient air are too thin to be seen with 
optical microscopy. 

Optical microscopy is the major technique used to determine 
levels of asbestos in occupational settings, where the size 
distribution of asbestos fibers is generally larger and the 
proportion of asbestos fibers to total fibers is higher. Using 
standard optical microscopy procedures, only fibers longer than 5 
um are measured; electron microscopy allows the enumeration and 
sizing of all asbestos fibers (EPA, 1986). 

Samples for electron microscopy are collected on 0.4 um 
(polycarbonate) or 0.8 um (cellulose ester) filters and counted 
either directly, after dissolving the filter media, or 
indirectly, following the ashing of the filter in a furnace. 
Many earlier analyses by the i ndirect method resulted in 
breakdown of the individual fibers, with the loss of information 
on the distribution of fiber size. For those analyses, air 
concentrations were reported in terms of mass (e.g., ng/m 3 ) 
rather than fiber counts (e.g., fibers/ml) (EPA, 1986). 
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Because carcinogenic risk estimates for asbestos are based 
on occupational exposures (in optical microscopy measures of 
fibers longer than 5 um), exposure data obtained by electron 
microscopy must be converted to the related optical fiber counts 
to assess risk. However, the range of conversion factors varies 
30-fold in relating optical fiber counts to electron microscopy 
mass measurements· In addition, direct measurements of electron 
microscopic fiber counts longer than 5 um cannot be directly 
converted to optical microscopy counts because a large number of 
fibers are undetected by optical microscopy (EPA, 1986). 

Combustion Gases 

The most common method for continuous carbon monoxide 
monitoring in indoor air is based on non-dispersive infrared 
(NDIR) spectroscopic detection. Although sensitive enough for 
typical indoor air concentrations, NDIR instruments are too bulky 
and complex for personal exposure monitoring. To address this 
need, carbon monoxide personal monitors have been developed, most 
of which are based on electrochemical detection: that is, they 
employ a liquid or solid electrolyte in which carbon monoxide is 
converted to co2 , thereby generating an electrical signal. The 
signal is proportional to the quantity of carbon monoxide present 
in the gas stream, and the continuous electrical signal is either 
recorded internally or displayed on a digital readout system. 

The most promising electrochemical personal exposure monitor 
was developed by the General Electric Company and was used in the 
EPA TEAM pilot studies in Denver, Colorado in 1982-83. While 
this active monitor functioned well, it required daily servicing. 
For a large survey, use of this or similar rtCtive monitors would 
incur prohibitive-costs. A sensitive and reliable passive carbon 
monoxide monitor has not yet been developed. 

Two main passive devices are available for measuring 
exposure to N02 : the Palmes tube and the Yanagisawa badge. These 
devices rely on No 2 diffusion to and reaction with 
triethanolamine, forming a stable complex for subsequent 
analysis by spectrophotometry. Considerable progress has been 
made in the development of portable real-time N02 monitors, based 
on the ~hemiluminescent (light-producing) reaction between N02 
and luminol. Recent research and development sponsored by EPA 
has led to the commercialization of a small, light-weight 
monitor. A prototype electrochemical sensor system was recently 
developed by a private company with EPA support. Two active N02 
monitors are currently being tested for indoor sampling 
application. 
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Particulate Matter 

Particle samplers for outdoo~ air monitoring are large, 
noisy, and cumbersome to use. Some continuous particle monitors 
are available (i.e., the piezo balance}, but are large and 
complex for indoor monitoring. Generally, particle samplers have 
poor sensitivities and/or unknown accuracy at the low particle 
concentrations found in non-occupational settings. The newly 
developed 4 and 10 lpm samplers have been documented to be 
reliable when compared with standard ambient monitoring 
equipment. 

Limitations of Measurement Methods 

Recent scientific advances have considerably increased the 
accuracy of sampling and analytical methods. Accurately 
measuring indoor air pollutant levels, however, remains limited 
by a number of factors: 

o The concentrations of some indoor air pollutants are often 
too low to generate accurate and reproducible results, 
given current monitoring technology. Although sampling 
techniques are being developed quickly in response to 
growing public concern over indoor air pollution, standard 
technical measurement methods are needed for several of the 
major pollutants to ensure consistency. 

o Although sampling and analytical methods for biological 
aerosols are available, insufficient knowledge of 
background levels makes interpreting the results difficult 
(Knoppel, 1987). 

o The concentration of many indoor pollutants varies 
significantly within and between rooms. This complicates 
the association between measured concentrations and actual 
human exposure. The use of personal exposure monitors 
circumvents this problem by directly measuring personal 
exposure. 

o Other chemical compounds may interfere with the 
measurement process. For example, nitrogen oxides 
interfere with the measurement of carbon monoxide, and ETS 
interferes with the measurement of nitrogen oxides (Wadden 
and Scheff, 1983). 

o The costs of large scale field monitoring studies may be 
prohibitive, particularly when they involve the 
development and administration of surveys, and 
sophisticated research measurements. 
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2.5 INTEGRATION OF MEASURING AND MODELING TECHNIQUES TO PREDICT 
EXPOSURE 

As noted above, in most cases, estimating or predicting 
exposure to indoor air pollutants is an integrated procedure. 
Most sophisticated indoor air pollutant models use the data from 
source emission testing and field monitoring to calibrate and 
verify the components of the model being developed. Although 
indoor air quality modeling is still an emerging field, it can 
provide useful estimates of indoor air pollutant concentrations 
in specific settings and under specified conditions, and is 
useful in predicting the effectiveness of various policy or 
mitigation alternatives. Field monitoring is needed to collect 
actual, site specific concentrations or concentration 
distributions. 
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Many studies in which indoor air pollutants were measured 
have been conducted. The results of these studies provide 
valuable insights into the extent of the potential health risks 
posed by exposure to indoor air pollutants. There are, however, 
many gaps in the current knowledge regarding the scope and 
magnitude of the average and peak exposures to indoor air 
pollutants. In this section, we summarize some of the efforts to 
characterize indoor air pollution concentrations and/or measure 
actual personal exposure to these pollutants. 

Summary of Reported Concentrations in Indoor Environments 

Many researchers have characterized indoor air quality for 
a wide variety of pollutants (Exhibit 2-5). Most of these 
efforts have been directed toward determining average or typical 
pollutant levels. However many studies have focused on measuring 
pollutant levels in "sick buildings" or other microenvironments 
with elevated concentrations of certain pollutants. Comparison 
and interpreiation of different studies is made difficult by the 
disparity of methodologies used, and the limited reporting of 
quality assurance procedures, particularly in some of the earlier 
studies. In addition, there is great variability in indoor air 
pollutant concentrations, both within and across 
microenvironments, depending on a multitude of factors, as 
described in previous chapters. 

The studies reported here are not meant to be representative 
of typical indoor concentrations, or the range of concentrations. 
Providing a representative data base for indoor air pollutant 
concentrations is beyond the scope of this report. The studies 
do demonstrate, however, that a wide spectrum of indoor air 
pollutants are present in most indoor environments. 
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Exhibit 2-5 

S.-ry of Rep>rted lrdoor Air Pollut1r1t COncentrations 

Measured Concentration 
Pollutant Mini nun Maxi nun Mean 

Radon 0.8 pCi/l 
0.5 pCi/l 2000 pCi/l 
0.14 pCi/l 4.11 pCi/l .. 
0.3 pCi/l 1 .68 pCi/l .. 

1. 7-2.4 pCl/l 

ETS (as RSP) 28 ug/~ <1> 
74 ug/~ <2> 

32 ug/~ <3> 
50 ug/~ <4> 

(as nicotine) 0.7-3.2 ppb 

Biological 
Ccnt•ilWltS 

564·5360 CFU/~ <5> 

'-'OCs (see also Exhibits 2-6, 2·7, and 2-8> 

Formaldehyde . - 131·319 ug/~ 78-144 ug/~ 
NO 192 ppb --
NO 103 ppb . -

25-39 ppb 

Benzene -- 120 ug/~ 20 ug/~ 
carbon tetra-

chloride -- 14 ug/~ 2.5 ug/~ 
Trichloro-

ethylene ·- 47 ug/J 3.6 ug/J 
Tetrachloro· 

ethylene -· 250 ug/J 10 ug/J 
Ch lorofonn -- 200 ug/J 8 ug/J 
Dichlorobenzenes -- 1200 ug/J 41 ug/J 

ND = not detected; CFU s colony fanning 1r1its 

173 residences without smokers 

22a residences with smokers 

3Nonsmok.ers not exposed to ETS 

4Nonsmokers exposed to ETS 

Type of 
Building 

Residences 
Residences 
New pt.ii. bldgs • 
Old pt.ii. bldgs • 
3 office bldgs 

Residences 
Residences 

Residences 
Residences 
3 office bldgs 

3 office bldgs 

Residences 
New pt.ii. bldgs. 
Old pt.ii. bldgs 
3 office bldgs 
Various 

Various 

Various 

Various 
Various 
Various 

5s1.11111ation of mesophilic bacteria, fungi, and thennophilic bacteria 
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Reference 

EPA ( 1987d) 
EPA (1987b) 
Sheldon et !!..:. (1988) 
Sheldon et !!..:. (1988) 
Bayer & Black (1988a) 

NRC C1986b) 
NRC (1986b) 

DHHS (1986) 
DHHS (1986) 
Bayer & Black ( 1988a) 

Bayer & Black. C1988a) 

Hawthorne tl !!..:. (1984) 
Sheldon tl !!..:. (1987) 
Sheldon tl !!..:. C 1987) 
Bayer & Black. ( 1988a) 
~al lace tl !!..:. (1983) 

~al lace et!!..:. (1983) 

~al lace et!!..:. (1983> 

~allace et!!..:. (1983) 
~al lace et !.L:, (1983) 
~al lace tl !!..:. (1983) 



Ellhibit 2-5 (cont.) 

s._,.., of Reported lndDor Air Pollut.,.t ConcentretiON 

Measured Concentration 
Pollutant Mini nun Maxi nun 

Ethyl benzene .. 320 ug;m3 
12 U9/m3 

Xylenes 
o·Xylene .. 49 ug;rri5 
m;p·Wyl~I! .. , ,n ,,,.,..) 

·-- -;111111• 

54-697 ug;rri5 
Toluene .. 58·655 ug/,,fl 

Pesticidm 
Ch lorpyri fos 0.014 ug/~ 15 ug;m3 
Diazinon ND 8.8 ug;rri5 
Chlordane NO 1. 7 ug;rri5 
Propoxur ND 0.66 u;;m3 
Heptachlor NO 0.31 1Jg/m3 

Asbestos 

Cantaatian ~ 
Carbon monoxide 0.89 ppn 3.1 ppn 

Mean 

13 ug;rri5 
4.4 ug;rri5 

7.8 ug;rri5 
21 u;/~ 
17·44 ug;,,fl 
27·62 ug/,,fl 

2.4 ug;riil 
1.4 ug;rri5 
0.51 ug;,J 
0.23 ug/,J 
0.89 ug;,J 

<2 ppb 

Type of 
Building 

Various 
Residences 

Various ,, __ .: ____ 
WClllt\IWD 

Residences 
Residences 

Residences 
Residences 
R•idences 
R"idences 
Residences 

Old pU:>. bldgs 
3 off ice bldgs 

Reference 

Wallace tl !L. C1983) 
Hawthorne tl !L. (1984) 

Wallace tl !L. (1983) 
~at tace et iL. ( iYo.3; 
Hawthorne et !L. (1984) 
Hawthorne tl !L. (1984) 

Lewis tl !L. (1986) 
Lewis tl !L. (1986) 
Lewis tl !L. (1986> 
L8"iS tl !L. (1986) 
Lewis tl !!..:. (1986) 

Sheldon tl !L. (1988) 
Bayer & Black C1988a) 

Nitrogen dioxide 10 ppb 

2 ppb 

49 ppb 
70 ppb 

Elderly hane Sheldon tl !L. (1988) 
Older pU:>. bldgs Sheldon tl §.!.... (1988) 

Particulate .. tter 
trace (IP) 53.3 ug;rri5 (IP)-· N• pU:>. bldgs 
trace CRP) 52.8 ug;rri5 CRP>- • New pU:>. bldgs 
4.1 ug/,,fl (IP) 26.7 ug;rri5 (IP)·· Old pU:>. bldg1 
3.5 ug/m3 (KP) 55.5 ug;,,f3 (RP)·· Old pU:>. bldgs 

O.Olt·.57 rrrstrrfl 3 offic1! bldgs 
ND 74 ug;rri5 CIP) ·· Various 
ND 100 ug;m3 (RP) •• Various 

24.4 ug;m3 <6>Residenc:es 
36.5 ug;,,fl <7>Residences 
70.4 ug/rri5 <8>Residences 

Sheldon et !L. (1988) 
Sheldon tl !L. (1988) 
Sheldon et !h (1988> 
Sheldon tl !L. (1988) 
Bayer & Black (19888> 
Sheldon tl !L. (1988) 
Sheldon et !L. (1988) 
Spengler & Ferris (1985) 
Spengler & Ferris (1985) 
Spengler & Ferris (1985) 

ND • not detected; IP • inh1l1bl1 (c011rse> particles; RP • respirable (fine) particles. 

6RP concentrations in 55 hOllleS, no SlllOkers 

7RP concentrations in SS homes, 1 smoker 

8RP concentrations in 55 homes, 2 smokers 
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Monitoring in and Around Public Access Buildings 

In a project for EPA's Environmental Monitoring and Support 
Laboratory in Research Triangle Park, NC, Sheldon et al. 
monitored the air in and around a variety of public buildings, 
and measured the emission rates of chemicals from building 
materials used in one of the same buildings (Sheldon et al., 
1987). The researchers compared the emission testing data with 
the field monitoring data and reported activities in the 
buildings in order to relate potential sources with measured 
pollutant levels. 

The pollutants in the study included VOCs, nitrosamines, 
pesticides/PCBs, particles, polynuclear aromatic hydrocarbons, 
metals, formaldehyde, radon, carbon monoxide, nitrogen dioxide, 
and asbestos. Six buildings were sampled: a new hospital, 
office, and nursing home, and an older office, office/school, and 
nursing home. The new buildings were monitored immediately (one 
to four weeks) after construction and again one or two times 
after occupancy. Each building was sampled at three indoor 
locations and one outdoor location. Twelve. hour air exchange 
rate measures were made in parallel with sampling for target 
chemicals. 

The sampling results are summarized in Exhibit 2-6. Radon 
levels at all buildings were genE~rally low (<2.0 pCi/l). Only 
one sample, collected at the new office, showed an elevated level 
of 4.11 pCi/l. 

The voe data show several interesting trends: 

o The new buildings showed very high levels of voes 
immediately after construction; these levels decreased 
dramatically during subsequent field monitoring trips. 

o The major indoor air pollutants in the new buildings 
monitored immediately after construction were the 
aliphatic hydrocarbons. Levels of the aliphatic 
hydrocarbons in the older buildings were quite low, while 
the mean outdoor concentrations were below the 
quantifiable limit in all cases. 

o Although the aromatic hydrocarbons were ubiquitous, they 
were also found in the highest concentrations in the new 
buildings immediately after construction. 

o Mean indoor concentrations for chlorinated hydrocarbons 
were highest for the existing office building, presumably 
from the use of solvent-based cleaning products. 
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Exhibit 2-6 
lndDor Air Cbllity Nanitori~ D•t• (ShelO:in !! JL., 1987> 

Building Pollutant Min 

~ew Public Buildings 
Radon 0.14 pCi/l 
ETS NT 
Biological NT 

Contaminants 
Total voes 

Artlll9tic hydrocarbons 
Aliphatic hydrocarbons 
Chlorinated hydrocarbons 
Oxygenated hydrocarbons 
Fol"lllllldehyde ND 

Pestic ides ND 

Asbestos ND 

Carbon monoxide NT 
Nitrogen dioxide NT 
Particles 

Older Plillic Buildings 
Radon 
ETS 
Biological 

Contaminants 
Total voes 

tr1ee (IP) 
trace (RP) 

0.3 pCi/l 

NT 
NT 

Arcinatic hydrocarbons 
Al ipnatic hydrocarbons 
Chlorinated hydrocarbons 
Oxygenated hydrocarbons 
Fon1111ldehyde ND 

Pesticides 
Asbestos 
Carbon monoxide 
Nitrogen dioxide 
Particles 

NO 

NO 

0.89 ppn 

2~ 
4. , IJ9/rrr3 

9.9 IJ9/rrr3 
(IP) 
(RP) 

Max 

4. ,, pCi/l 

192 ppb 

20 "91,;. 
ND 

Mun Std Dev 

21·1100 1J9/rrr3--
11·27'D ua/.,;J •• 
4.1:810 ~~~--
3.9·56 IJ9/rrr3 
ND·9.6 ug/rrr3 

53.3.IJ9/m3 (IP)·· 
52.8 1J9/rrr3 <RP)·· 

1.68 pCi/l 

103 ppb 

4l "9/~ 
ND 

3.1 ppn 

70 ~ 

26.7 IJ9/rrr3 
55.5 ug;-3 

18-130 ug/~ 
12·74 ug/~ 
1. 9· 18 Uf~/~ 
4.1-46 ug/~ 
N0·4.3 ug/~ 

(Ip) •• 

CRP)·· 

NT = not tested: ND • not det.cted; IP = inheleble (coarse) particles; RP a respirable <fine) particles. 
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Formaldehyde levels were highest in the new buildings. The 
researchers concluded that the formaldehyde (and the a-pinene) 
had outgassed from furniture that had been recently moved into 
the buildings. The pesticide concentrations were low (23 ng/mJ 
and below) , because most of the pesticides targeted for 
monitoring had not been applied in the buildings. 

In areas where there was no smoking, indoor particle 
concentrations were generally lower than outdoor concentrations 
for both inhalable (course) and respirable (fine) particulates. 
This is not surprising since all buildings had mechanical 
Carbon monoxide levels ranged from 0.89 to 3.1 ppm: nitrogen 
dioxide levels ranged from 2 to 63 ppb. There were no general 
trends in the combustion gas data. 

Air exchange rates were generally within the range of 0.3 to 
0.6 air changes per hour. Air exchange rates at night were 
generally less than during the day. 

Indoor Air Quality Evaluations of Three Office Buildings 

In a project supported by ASHRAE and EPA, Bayer and Black 
conducted monitoring analyses at three office buildings, focusing 
on three parameters: (1) ventilation effectiveness, (2) human 
health and comfort factors, and (3) air pollutant concentrations 
(Bayer and Black, 1988a). The first building was a 6000 square 
foot three story building approximately one year old. It had been 
designed to incorporate special construction and furnishing 
features in order to optimize indoor air quality and to minimize 
the levels of indoor air pollutants. The second building was 
used as the control building. It was a 12,000 square foot three 
story building of approximately the same age as building 1. 
However, it had been constructed without the special efforts used 
in building 1 to minimize the level of indoor air pollutants. 
The third building had been associated with adverse health 
symptoms. It was a 57,800 square foot three story building 
approximately six years old. 

Bayer and Black evaluated air quality by assessing personal 
health and comfort, ventilation effectiveness, environmental 
conditions, i.e., temperature and humidity, and concentrations of 
ten pollutants. The pollutants were formaldehyde and other 
voes, nicotine, particles, nitrogen dioxide, carbon monoxide, 
carbon dioxide, biological contaminants, trace metals, and radon. 
The results of the pollutant analyses are presented in 
Exhibit 2-7. 
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EJlhibit 2·7 
lrdDor Air a.l ity Nanitoring Oat• ca.yw rd Ila. 19'1811,b> 

Building Pollutant Min MIX Mean Std Dev 

--
Building 

Radon .. . . 2.4 pCi/l 1 pCi /l 
ETS (as nicotine) -. . . 0.07 ppC 1 Pi:i> 
Biological .. 5360 eFU (total) 

Contaminants 
237 ug/m3 182 ugtm3 Total voes . . .. 

Fonnaldehyc» . . .. 25 ppl 5 ppm 
1, 1, 1·Trichloro· 

31.0 ug/~ ethane .. .. 
Benzene .. . . 

14.9 ~'~ Ethyl benzene . . .. 1.16 ug/ 
o·Xylene .. . . 3.66 ug/ 
Toluene .. . . 7.84 ug/ 
3·Methylpentane . . .. 1 .42 ug/ 
Hexane -· .. 4. 70 ug/ 
1,2,3-Trimethyl· 

0.52 ugtm3 benzene . . .. 
Pesticides NT 
AsbHtos NT 
Carbon monoxide -· .. <2 PPM 
Nitrogen dioxic» . . .. 4 ppb 3 ppb 
Particles .. . . 0.04 mg/m3 0.02 mgJm3 

Bui !ding 2 
Radon . . .. 2.0 pCi/l 1 pCi/l 
ETS (as nicotine) .. .. 0.34 ppb 1 ppb 
Biological .. 1580 CFU (totll) 

Cont1111inants 
401 ug/rrr3 653 ug/m3 Total voes 

Fonnaldehyde .. .. 30 Pi:"' 9 ppm 
1, 1, 1 ·Tri ch l oro· 

ethane -· . . 14.8 ug/3 
Benzene -. .. 12.9 ug/ 
Ethyl benzene .. . - 4.60 ug/ 
o·Xylene .. -. 

10.6 ""3 Toluene .. -· 48.7 ug/ 
3-Methylpentane . - . - 19.2 ug/ 
Hexane -. .. 68.7 ug/ 
1, 2, 3- Tr imethyl · 

0.02 ug/m3 benzene .. . . 
Pesticides NT 
Asbestos NT 
Carbon monoxide .. . . <2 PPM 
Nitrogen dioxic» .. .. 12 ppb 4.8 ppC m3 
Particles .. .. 0.57 mg/m3 , .3 rrr:J/ 

NT z not tested; CFU •colony forming units 
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EJ!hibit 2·7 (cent.) 
lrdoor Air OWility Manitorirw D•t• (..,,_end ILKk. 19811e) 

Building 

Bui !ding 3 

Pollutant 

Radon 
ETS (as nicotine) 
Biological 

Contaminants 
Total voes 
Formaldehyde 
1, 1, l · Trichloro· 

ethane 
Benzene 
Ethyl benzene 
o·Xylene 
Toluene 
3·Hethylpent­
Hexane 
1,2,3· Trimethyl· 

benzene 

Min 

Pesticides NT 
Asbestos NT 
Carbon monoxide 
Nitrogen dioxide 
Particles 

NT =not tested: CFU =colony forming units 

Max Mein 

, .7 pCi/l 
3.2 ppb 

564 CFU (total) 
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1090 ug/~ 
39 PJJll 

214 ug/~ 
43.2 ug/~ 17.Z ug/ 
16.a uv1 
98.7 ug/ 
37.6 ug/ 
68.1 ug/ 

a.oz ug/~ 

<Z PPM 
8 ppb 
0. 12 mg/~ 

Std Dev 

0.4 pCi/l 
2 ppb 

728 ug/m3 

4 ppm 

3 ppb 
o. 16 g/~ 



Bayer and Black formulated a number of conclusions regarding 
the indoor air quality at the three buildings (Bayer and Black, 
1988b) : 

o The pollutant concentrations of nicotine, particles, 
formaldehyde, No 2 , and total voes were lowest in Building 
1, which had been constructed to optimize indoor air 
quality. The low nicotine and particle concentrations 
were attributed to the absence of smoking in the building. 
The use of electricity-generated heat, and natural 
materials for construction materials, furnishings, and 
upholstery in this building contributed to the low No 2 
levels (natural materials are more efficient sinks for 
N0 2). · The measures taken to reduce or eliminate the use 
of formaldehyde in the building did not significantly 
reduce formaldehyde levels relative to the other two 
buildings. The high total levels of biological 
contaminants were probably caused by a flood that had 
occurred on the first floor prior to the field monitoring 
period. 

o In Building 2, the control building, voe, trace metal, and 
particle concentrations were highest in the· graphic arts 
area. The elevated N02 levels were linked to the use of a 
gas-fired heating system. 

o Elevated voe levels were the most significant finding in 
Building 3, which had been the subject of occupant 
complaints. 

Total Exposure Assessment Methodology Studies (TEAM) 

Measuring indoor air pollutant concentrations proiides 
important data on the extent of contamination in major 
_!cr""e---lr""--e.,ts The -- ... e- ... ~a, ~mpa-• -;;: ....... ,,, .... a .... +-"',..,,.... "urna" ffi.l v OV.l vOffi u · • .!:JU'- 11'-~ ~ ~11 ""''- u~ t-J'-'.L.LU.'- .. ._.., vu u " •• 

health, however, also depends on the amount of time individuals 
spend in the presence of these pollutants. Accordingly, actual 
human exposure to these pollutants has become the focus of recent 
research efforts. A number of studies have estimated actual 
pollutant exposure through a combination of field monitoring and 
exposure assessment. The most extensive of these research 
efforts have been the EPA Total Exposure Assessment Methodology 
(TEAM) studies. 

In 1979, EPA began the Total Exposure Assessment Methodology 
(TEAM) studies to directly measure human exposure to pollutants, 
largely focusing on VOCs (Wallace, 1987). This program developed 
methods to measure individual total exposure and the resulting 
body burdens of toxic and carcinogenic chemicals. The main TEAM 
study involved 600 participants from New Jersey, North Carolina, 
North Dakota, and California. These participants were chosen to 
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represent a total population of 700,000 residents. Each 
participant carried a personal air sampler throughout a normal 
24-hour day, collecting a 12-hour daytime sample and a 12-hour 
overnight sample. Identical samplers set up near some 
participants' homes measured the outdoor ambient air. Each 
participant also collected two drinking water samples. At the 
end of the 24 hours,. each participant contributed a sample of 
exhaled breath. 

All air, water, and breath samples were analyzed for 20 
target voes. Eleven of the target chemicals were prevalent in 
the personal air samples, and measured personal air 
concentrations were generally significantly higher than outdoor 
concentrations. The results for the New Jersey and California 
studies are summarized in Exhibit 2-8. In New Jersey, average 
personal air voe concentrations for the 11 compounds ranged from 
338 ug/m3 during Fall 1981 to 200 ug/m3 in Summer 1982. In 
California, average personal air voe concentrations for 19 
compounds ranged from 240 ug/m3 during February 1984 (Los 
Angeles) to 72 ug/m3 in June 1984 {Contra Costa) . EPA concluded 
that likely residential sources of the voes were furniture, 
solvents, paints, drapes, and construction materials. The TEAM 
study had several important findings (Wallace, 1987): 

o Mean personal air exposures to essentially every one of 
the 11 prevalent target voes were greater than mean 
outdoor concentrations at seven of eight locations/ 
monitoring periods. 

o The breath levels correlated significantly with personal 
air exposures to nearly all chemicals, but did not 
correlate with outdoor air levels. 

o A number of specific sources were identified, including 
smoking (benzene, xylenes, ethylbenzene, and styrene in 
breath), passive smoking (benzene, xylenes, ethylbenzene, 
and styrene in indoor air), visiting dry cleaners 
(tetrachloroethylene in breath), and pumping gas or 
exposure to automobile exhaust (benzene in breath) . 

o Other sources were hypothesized, including use of hot 
water in the home (chloroform in indoor air) and room air 
fresheners, toilet bowl deodorizers, or moth crystals 
(p-dichlorobenzene in indoor air. 

o For all chemicals, except the trihalomethanes, inhalation 
provided greater than 99 percent of the exposure. 
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Exhibit 2-8 
Weighted Esti•tes of Air and Breath Concentratiorw of 11 Prevalent ~ for 130,000 El izabeth-Bayome 

Residents (fall 1981); 110,000 Residents (~ 1982); and 49,000 Residents (Winter 1983) 
(So&rce: Yallace 1987) 

Season 1 (Fall) Season 11 (Si.inner> Season 111 (Winter> 
Pers· Out· Pers· Out· Pers· Out· 
onal door onal door onal door 
Air Air Breath Air Air Breath Air Air Breath 

Ccmpound (N=340) (86) (300) (150) (60) (110) (49) (9) (49) 

1, 1, 1-Trichloroethane 94a 7.oa 15b 67 12 15 45 1. 7 4.0 
m,p·Dichlorobenzene 45 1.7 8.1 50 1.3 6.3 71 1 .2 6.2 
m,p·Xylene 52 11 9.0 37 10 10 36 9.4 4.7 
Tetrachloroethylene 45 6.0 13 11 6.2 10 28 4.2 11 
Benzene 28 9. 1 19 NCC: NC NC NC NC NC 
C'fokul ""'°",...,_• 19 4.0 4.6 9. ?. 3 . ~ 4.7 12 3.8 2.1 ....... , .. _ ,, __ .. _ 
o·Xylene 16 4.0 3.4 12 3.6 5.4 13 3.6 1.6 
Trichloroethylene 13 2.2 1.8 6.3 7.8 5.9 4.6 0.4 0.6 
Chloroform 8.0 1.4 3.1 4.3 13 6.3 4.0 0.3 0.3 
Styrene 8.9 0.9 1.2 2. 1 0.7 1 .6 2a4 0.7 0.7 
Carbon tetrachloride 9.3 1. 1 1.3 1.0 1 .0 0.4 ND ND ND 

Total (11 c~lllds) 338 38 80 200 59 66 216 25 31 

a. Average of arithmetic means of day and night 12-hour salll'les (ugtm3> 
b. Arithmetic mean 
c. Not calculated · high background contamination 
d. Not detected in most salll'les 

Weighted Esti•tes of Air and Breath Concentratiorw of llineteen Prewlent ~ for 360,000 Los Areela 
Residents (February 1984); 330,000 Los Angeles Residents (!Uy 1984); and 91,000 Ccntr• Coat• Residents (J...-. 1984) 

LA1 (Feb) LA2 (May) CC (June) 
Pers· Out· Pers· Out· Pers· Out· 
onal door onal door onal door 
Air Air Breath Air Air Breath Air Air Breath 

Ccmpound <N=110) (24) ( 110) (50) (23) (50) (76) (10) (76) 

1, 1, 1-Trichloroethane 968 34 39 44 5.9 23 16 2.8 16b 
m,p·Xylene 28 24 3.5 24 9.4 2.8 11 2.2 2.5 
m,p·Oichlorobenzene 18 2.2 5.0 12 0.8 2.9 5.5 0.3 3.7 
Ben:re~ 18 16 !LO 9.2 3.6 8.8 7.5 1.9 7.0. 
Tetrachloroethylene 16 10 12 15 2.0 9. 1 5.6 0.6 8.6° 
o·Xylene 13 11 1.0 7.2 2.7 0.7 4.4 0.7 0.6 
Ethyl benzene 11 9.7 1.5 7.4 3.0 1.1 3.7 0.9 1.2 
Trichloroethylene 7.8 0.8 1.6 6.4 o. 1 1.0 3.8 0.1 0.6 
n·Oc:tane 5.8 3.9 1.0 4.3 0.7 1.2 2.3 0.5 0.6 
n·Oec:ane 5.8 3.0 0.8 3.5 0.7 0.5 2.0 3.8 1.3 
n·Undec:ane 5.2 2.2 0.6 4.2 1.0 0.7 2.7 0.4 1.2 
n·Dodecane 2.5 0.7 0.2 2. 1 0.7 0.4 2. 1 0.2 0.4 
a·Pinene 4.1 0.8 1.5 6.5 0.5 1. 7 2.1 0.1 1.3 
Styrene 3.6 3.8 0.9 1.8 . . .. 1.0 0.4 0.7 
Chloroform 1.9 0.7 0.6 1. 1 0.3 0.8 0.6 0.3 0.4 
Carbon tetrachloride 1.0 0.6 0.2 0.8 0.7 0.2 1.3 0.4 0.2 
1,2-Dichloroethane o.s 0.2 0.1 0. 1 0.06 0.05 o. 1 0.05 0.04 
p·Oioxane 0.5 0.4 0.2 1.8 0.2 0.05 0.2 0.1 0.2 
o·Oichlorobenzene 0.4 0.2 0.1 0.3 0.1 0.04 0.6 0.07 0.08 

Total (19 c~l.llds) 240 120 80 150 33 56 72 16 44 

a. Average of arithmetic means of day and night 12 · hour salll'les (ug/m3) 
b. One very high value 
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2.7 SUMMARY 

Several hundred specific airborne pollutants have been 
detected in varying concentrations in indoor environments. These 
are grouped into a convenient subset of pollutants and pollutant 
classes. Indoor pollutants emanate from a broad array of sources 
that can originate both outside structures as well as from within 
a building. 

Ambient pollutant concentrations in a given 
microenvironment, and the associated human exposure, can be 
measured directly or they can be estimated using mathematical 
models. These techniques include source emission testing, 
modeling, and field measurements. Various source emission 
models, indoor air quality models, and human exposure models have 
been developed. Measurement protocols are needed to accurately 
determine indoor concentrations. such protocols are specific to 
individual pollutants or pollutant classes, and to measurement 
objectives. 

Estimation and prediction of human exposure to indoor 
contaminants involves the integration of measurement and modeling 
procedures. Most models u~e the data from source emission 
testing and field measurements to calibrate and verify components 
of the model. Models can provide estimates of exposure to 
specified conditions and are therefore useful in evaluating 
alternative policy or mitigation options. Field monitoring is 
necessary to collect site specific concentrations and 
concentration distributions. 
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CHAPTER 3 - NON-CANCER HEALTH AND DISCOMFORT EFFECTS OF POOR 
INDOOR AIR QUALITY 

This chapter summarizes the adverse health effects 
associated with exposure to poor indoor air quality, and provides 
detailed information on non-carcinogenic health impacts as well 
as acute discomfort effects. Carcinogenic risk assessments are 
the subject of Chapter 4. 

In June 1987, EPA submitted a detailed report to Congress 
describing its plans for implementing an indoor air quality 
program. A major component of that report was Appendix A: 
Preliminary Indoor Air Pollution Information Assessment, 
prepared by EPA's Office of Research and Development. The 
Information Assessment provides detailed information on the 
current state of knowledge concerning indoor air pollutants, 
sources, and health effects and forms the basis for much of the 
information presented in this chapter. Where additional 
information has been added from other sources, these other 
sources are referenced. 

3.1 SUMMARY OF POLLUTANTS, SOURCES AND HEALTH EFFECTS 

our knowledge of the major indoor air pollutants, pollutant 
sources, and potential health effects are summarized in Exhibit 
3-1. The reader is reminded again that while Exhibit 3-1 is 
organized by individual pollutants and pollutant classes, 
pollutants are not breathed in isolation, but constitute complex 
and changing mixtures. Exposures to these mixtures may be more 
important than exposures to individual pollutants. The health 
effects of complex mixtures is not well understood (see 
discussion of pollutant mixtures in Section 3.3). 

For many indoor pollutants, there is insufficient data to 
determine the exposure levels at which the listed effects would 
occur, and/or exposure information is insufficient for 
quantitative risk determinations. Controlled animal studies have 
been conducted for some pollutants the results of which can, 
under some circumstances, be extrapolated to humans. Animal and 
human health studies have, in some instances, allowed 
quantitation of the relationship between exposure to specific 
doses of an individual pollutant, and the severity or range of 
effect on health that can be expected from such exposure. Some 
human exposure data encountered in industrial work settings is 
also available for some pollutants. For most pollutants of 
concern, however, the dosages used for animal studies, as well 
as the exposures encountered by healthy workers in an industrial 
setting, are generally at higher levels than those that have been 
measured in non-industrial indoor environments. 

Some epidemiologic studies have linked specific pollutants 
to specific changes in health or changes in mortality patterns in 
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Pollutants 

Radon 

ETS 

Biological Contaminants 
\Yiruses, bti~terl n, "utds 
insects and arachnid excreta, 
pollen, animal and hllllllll dander) 

Volatile Organic COll'pOUnds CVOCs) 

Formaldehyde 

PAHs 

Pesticides 

Asbestos 

Exhibit 3-1 
Pollutants, Sour'ces, and Heal th Effects 

So&rces 

Soil, well water, sane building 
materials 

Tobacco s1roking 

Outdoors, hunans, ani111111ls, (moist 
building areas are arrplifiers 
for some) 

Paints, stains, actiesives, dyes, 
solvents, caulks, cleaners, pest­
icides, building materials, office 
machines 

ETS, UFFI, particle board, plywood, 
furnishings, upholstery 

ETS, kerosene heaters, wood stoves 

Pesticide application indoors 
and outdoors 

Asbestos cement, insulation, 
other building materials 

Health Effects 

Cancer 

Cancer 

Irritation to rrucous metrbranes 
Chronic & acute pul1ronary effects in 
children 

Cardiovascular effects* 

Infectious diseases 
Allergic reactions 
Toxic effects 

Irritation 
Neurotoxic effects 
Hepatoxic effects 
Cancer 

Irritation 
Allergy 
Cancer 

Cancer 
Irritation 
Cardiovascular effects 

4"i11!11l <:mta shoM decreased 
irmune f1.r1ction, atherosclerosis 
etiology 

Neurotoxicity 
Hepatotoxicity 
ReprociJctive effects 

Asbestosis 
Cancer 

*The 1986 NRC Report and the Surgeon General's Report found the available data to be insufficient to draw firm 
conclusions about cardiovascular effects. 
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Pollutants 

Caitlustion gases 
ro 

N02 

502 

Particles 
C°"*>ustion particles 

Dust sprays, cooking aerosols 

Exhibit 3-1 (cont.) 
Pollutants, Scarces, ard Health Effects 

Scarces 

Caitiustion appliances, ETS, 
infiltrated exhaust 

Caitlustion appliances, ETS 

Caitlustion of fuels containing 
sulfur 

Caitlustion appliances, ETS 

Personal activity 

Health Effects 

Increased fr~ency and severity 
of angina in patients 

Decreased work capacity in healthy 
adult males 

Headaches, decreased alertness, flu­
L ike syrrptans in healthy aci.llts 

Exacerbation of cardiopulmonary 
dysf\.l'lction in c~ranised patients 

Asphyxiation 

Decreased pulmonary fU'lction in 
asthmatics 

Increased susceptibility to 
infection in animals 

Effect on pulmonary fU'lction in 
children, perhaps adults 

Synergistic effects with other 
pollutants in animals 

Animal studies indicate decreased 
irmune capability, changes in anatany 
and function of Lung 

Decreased llllg function in asthmatics 
(in synergism with particles 
increased (doubled) airway 
resistance) 

Animal studies show decreased llllg 
function 

Cancer (soot, PAH adsorbed to 
particles) 

Irritation of respiratory tissues, 
eyes 

Decreased llllg function alone and 
in conjunction with 502 

Unknown; can range fran irritation to 
cancer 

Source: EPA Indoor Air Quality Implementation Plan, Appendix A: Preliminary Indoor Air Pollution Assessment 
(EPA 1987). 
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human populations. Such studies are useful in identifying the 
hazards that such pollutants present indoors, even when specific 
exposure information concerning that pollutant in the indoor 
environment is not known, or when the full extent of the effect 
of a mixture containing such a pollutant can only be surmised. 

3.2 POTENTIALLY SENSITIVE POPUIATIONS 

Certain individuals may be especially sensitive to indoor 
air pollutants because their age and/or health conditions may 
reduce their physiological defenses to the effects of indoor air 
pollutants. For example, some elderly have a reduced resistance 
to pulmonary irritants and infections, and have a higher 
incidence of preexistinq pulmonarv disorders: some new born and ' 
young children may also-be especially sensitive to air 
pollutants. An estimate of the sizes of these potentially 
sensitive subpopulations is summarized in Exhibit 3-2. It is 
important to note that these subpopulations are not additive, 
e.g., the elderly and heart patient subpopulations clearly 
overlap. 

3.3 NON-CANCER HEALTH AND DISCOMFORT EFFECTS 

The potential health and discomfort effects of the major 
indoor air pollutants range from mild sensory irritation to acute 
toxicity, chronic organ damage, and death. The extent to which 
such effects actually occur depends on many factors, including 
the degree of exposure and the susceptibility of the individuals 
exposed. This section presents available information on non­
cancer health impacts to the general population or to specific 
subpopulations. It must be emphasized that while it can be 
generally agreed that indoor air can and does cause many adverse 
health effects, quantitative relationships of the health impact 
from actual population exposures are not well established. 

Few quantitative estimates are available for non-cancer 
health and discomfort effects. This does not imply that cancer 
is the most critical health endpoint for indoor air pollutants. 
To the contrary, many scientists believe that non-cancer health 
and discomfort are the most important for indoor air. 

Available information on these effects tor individual 
pollutants is summarized below and, except where otherwise 
indicated, is based on Appendix A of EPA's 1987 Indoor Air 
Quality Implementation Plan, Preliminary Indoor Air Quality 
Information Assessment (EPA 1987). Information on pollutant 
mixtures, biological contaminants, and on building sicknesses not 
necessarily associated with individual pollutants is presented in 
separate subsections. 
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Exhibit 3-2 
Subpopulations with Potentially Increased Responsiveness 

to Indoor Air Pollutants 

Subpopulation 

Newbornsl 
Young children2 
Elderly3 
Heart patients4 
BronchitisS 
Asthma6 
Hay fever7 
Emphysemas 
Smokers9 

Subpopulation 
Size 

3,731,000 
18,128,000 
29,172,000 
18,458,000 
11,379,000 

9,690,000 
21,702,000 

1,998,000 
69,852,000 

Percent of 
Population 

1. 5 
7.5 

12.1 
7.7 
4.7 
4.0 
9.0 
a.a 

29.9 

lLive births in 1986; 1986 national population of 
241,078,000 (USBC, 1988). 

2children under the age of five in 1986 (USBC, 1988). 

3Persons over 65 or older in 1986 (USBC, 1988). 

4Persons with heart diseases in 1986 (NCHS, 1987). 

5Persons with bronchitis in 1986 (NCHS, 1987). 

6persons with asthma in 1986 (NCHS, 1987). 

7Persons with hay ifaver or allergic rhinitis without asthma 
in 1986 (NCHS, 1987). 

Bpersons with emphysema in 1986 (NCHS, 1987). 

9Persons 20 years of age and over who smoked in 1983; 1983 
national population of 233,981,000 (PHS, 1985; USBC, 1985). 
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Effects of Individual Pollutants 

Environmental Tobacco Smoke 

On the basis of controlled experiments and field studies, 
nonsmokers are exposed to significant amounts of tobacco 
combustion products, as measured by urinary cotinine (Sepkovic et 
al., 1982; Matsukura et al., 1984; Wald and Ritchie, 1984; Jarvis 
et al., 1984; Greenburg et al., 1984; surgeon General, 1986). 
These exposures amount to, in the most exposed individuals, 
levels 5-7% of those in smokers, and in the average case, about 
1% of the levels in active smokers. 

Non-cancer effects from environmental tobacco smoke include 
cardiovascular effects, increased susceptibility to infectiou~ 
diseases in children, chronic and acute pulmonary effects in 
children, mucous membrane irritation, and allergic response (EPA 
1987). While no definitive estimates of acute effects are 
available, respiratory symptoms such as wheezing, coughing, and 
sputum production are increased in children of parents who smoke. 
The increased risk is estimated to be between 20 and 80% 
depending on the symptoms being assessed and the number of 
smokers in the household (NRC 1986a). Since approximately 40% to 
60% of children reside in households with smokers (CDC, 1986, and 
Bonham and Wilson, 1981), a significant number of children may be 
at increased risk for these effects. 

Wells (1986, 1988) made preliminary estimates of the number 
of fatalities from heart disease and emphysema occurring in 
nonsmokers due to exposure to ETS. His preliminary assessment of 
the U.S. incidences of deaths from these diseases was based on 
estimates, obtained from epidemiological studies, of the relative 
risk resulting from exposure to ETS (i.e., the ratio of disease 
in those exposed to ETS versus those unexposed). The relative 
risks from the epidemiological studies were multiplied by 
nonsmoker death rates from an American Cancer Society study of 
mortality in 1,000,000 U.S. men and women (Hammond 1966). 
Estimated incidences of death from heart disease and emphysema 
were 32,000 and 170 cases, respectively. 

Volatile Organic Compounds 

More than 900 different volatile organic compounds have 
been identified in indoor air, and the health effects for some of 
these compounds are known, but the concentrations at which 
identified health effects occur are usually much greater than 
those measured in indoor air. Health effects reported for voes 
range from sensory irritation to behavioral, neurotoxic and 
hepatotoxic effects. 

Concentration-response effects for aggregate mixtures of 
volatile organic compounds commonly found in indoor air have been 
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studied in Denmark. Human subjects suffering from indoor 
climatic symptoms, but who were healthy and had no obvious 
medical reason for their complain.ts, were exposed to controlled 
concentrations of 5 and 25 mg/m3. significant effects of mucous 
membrane irritation and reduced ability to concentrate were 
experienced. Typical concentrations of total or~anic vapors and 
gases in new buildings range from 0.5 to 19 mg/m (Molhave 1984, 
Molhave, et al., 1986). This suggests that exposure to mixtures 
of voes commonly found in building materials may be an important 
source of sick building syndrome complaints, but research is 
just beginning (see discussion below on sick building syndrome). 

Formaldehyde and Pesticides 

Irritation of mucous membranes from formaldehyde has· been 
shown to occur in chamber studies at 0.1 to 0.2 ppm. Individuals 
sensitized to formaldehyde react allergically at concentrations 
of less than 0.1 ppm. Concentrations measured ih mobile homes 
range from 0.03 to 8 ppm, with approximately 9,000,000 mobile 
home residents potentially exposed to formaldehyde ·for 10 to 24 
hours per day. Concentrations in offices, public buildings, 
schools and homes can also range into irritatory levels, 
especially after remodeling or after installations of new 
furnishings and carpets. 

Pesticides are by definition poisonous substances, 
affecting the nervous system, the liver, or the reproductive 
systems. Allergic reactions have been documented, though the 
extent of this impact is not known. 

Combustion Gases 

Carbon Monoxide: The EPA ambient air quality standard for 
carbon monoxide is 35 ppm for 1 hr duration and 9 ppm for 8 
hours. However up to 60 ppm co have been measured inside cars 
stopped in traffic jams, while up to 18 ppm were measured in 
public garages. Even when properly vented, homes that are very 
weather-tight may have downdrafts through the chimney which can 
cause dangerous levels of co. Concentrations from faulty 
appliances have been measured in excess of 100 to 200 ppm. While 
no cause and effect relationship with the above concentrations is 
implied, it is useful to note that approximately 300 deaths due 
to carbon monoxide poisoning from consumer appliances are 
reported annually to the Consumer Product Safety Commission. 
These figures provide a general indicator of the hazard posed by 
exposure to carbon monoxide. 

Nitrogen Dioxide and Sulfur Dioxide: Nitrogen dioxide is a 
deep lung irritant capable of producing pulmonary edema if 
inhaled in sufficient quantities. It should be noted that while 
results from both epidemiological studies of children exposed to 
gas stove emissions and controlled laboratory studies on adults 
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are inconsistent, the Clean Air Scientific Advisory Committee of 
EPA, in review of these studies, concluded that preliminary 
evidence suggests that repeated exposure to 0.3 ppm N02 may cause 
increased bronchial reactivity in some asthmatics. Levels of N02 
during cooking with gas or during use of kerosene heaters can 
exceed 0.53 ppm. 

Sulfur dioxide exposure is associated with reduced lung 
function; however, there is an extremely large variation of 
sensitivity to sulfur dioxide. Asthmatics are at least one order 
of magnitude more sensitive than are otherwise normal 
individuals. Sulfur dioxide may act in concert with the 
particulate matter to double the airway resistance in inf ants 
and the elderly at concentrations of 0.75 ppm (l min). 
Concentrations of 0.1 to 2.0 ppm (12 hour average) have been 
measured with unvented kerosene heaters using low-sulfur fuel. 

Approximately 96 million persons may be exposed to emissions 
from gas stoves for an average of 4 hours per day, while 
approximately 7 million persons may be exposed to kerosene heater 
fumes for an average of 2 hours per day. Only a subset of these 
individuals are expected to be at risk and the extent of their 
risk is highly uncertain. 

Pollutant Mixtures 

As previously stated, pollutants are not breathed in 
isolation, but constitute complex and changing mixtures. The 
health effects may be additive, synergistic (combined effects are 
greater than the sum of effects from individual components) , or 
antagonistic (combined effects are less than the sum of effects 
from individual components) . In addition, the complexities 
involved with changes in composition of mixtures in time, in 
different spaces, and with changes in human activities, have not 
yet been studied. 

Pollutant mixtures may play an important role in causing 
acute symptoms associated with the "sick building syndrome" (see 
discussion below) (Molhave 1984). In a controlled experiment 
conducted at the Institute of Hygiene in Denmark, 62 human 
subjects were subjected to a mixture of 22 organic vapors and 
gases that are common in residential building materials, and 
which are known upper airway irritants. The subjects were all 
healthy, without asthma, allergy, or chronic bronchitis. They 
were selected from a group contacted via the press, all suffering 
from "indoor climate symptoms", primarily irritation of the eyes 
and upper airways (Bach, Molhave and Pedersen 1984). When 
exposed to a total concentration of 5 and 25 mg/m3 , subjects 
showed significant mucous membrane irritation and memory 
impairment compared to exposure to clean air. These 
concentrations correspond to the average and maximum found in new 
Danish houses (Molhave 1984; Bach, et al., 1984). The 
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concentrations of each of the individual experimental compounds 
were significantly below levels generally thought to cause 
effects. Exposure experiments between o and 5 mg/m3 were not 
conducted. Reactions to mixtures of organic gases and vapors may 
also depend on other environmental factors as well as individual 
disposition to such symptoms (Molhave 1984). 

Building Sickness 

Acute health impacts, including those associated with sick 
building syndrome, are receiving increased attention, but because 
of data limitations, and difficulties in quantitation, little 
quantitative information is available on the extent of these 
impacts at this time. However, while data are insufficient to 
provide quantitative estimates of these risks, the data which are 
available are provided as an indicator of the potential risks 
associated with indoor air. The only quantitative non-cancer 
risk estimates which are available pertain to heart and lung 
diseases associated with environmental tobacco smoke. 

In the 1970s, new energy-conserving building designs 
introduced tight building shells, inoperable windows, and 
centrally controlled ventilation systems which could operate with 
minimal introduction of outdoor air. These designs, combined 
with the emission of indoor air pollutants from synthetic 
building materials, cleaning and pest control products, office 
machines, smoking, and biological sources, have caused increases 
in indoor air pollution levels. Because these and other factors, 
complaints by building occupants have become increasingly more 
widespread. The physiological reactions to these pollutants, 
coupled with the psycho-social stresses of the modern office 
environment, and the wide range of human susceptibility to 
indoor air pollutants has led to some tentative classifications 
of acute building sickness: building related illness, sick 
building syndrome, and multiple chemical sensitivity. These 
emerging problems are the subject of continued inquiry in the 
scientific and medical community. 

Building-related Illness 

Building related illness is a term which refers to an 
illness brought on as a result of exposure to the building air, 
where symptoms of frank illness, including infection, fever, and 
clinical signs of pathology, are identified and an airborne 
pathway for the stressor is recognized (NRC 1987). Legionnaires' 
disease and hypersensitivity pneumonitis are examples of 
building-related illness. 

Sick Building Syndrome 

Sick building syndrome is a term which refers to a series 
of acute health and comfort effects which are experienced by a 
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substantial percentage of the building occupants, the onset and 
relief of which are associated with entering and leaving the 
building, and where no specifically defined illness or etiology 
can be identified. The list of symptoms includes irritation of 
the eyes, nose, throat, and skin; neurotoxic symptoms, such as 
mental fatigue or headache: unspecific hyperreactions, such as 
runny nose or asthma-like symptoms; and odor and taste 
complaints. Generally, sensory irritation dominates the 
syndrome; systemic symptoms are infrequent (WHO, 1983; Molhave, 
1987). 

Investigators of sick building syndrome are typically 
unable to identify any single exposure factor exceeding a 
generally acceptable threshold and are therefore not able to 
identify any single specific cause of the problem. The 
causality, therefore, is often assumed to be multifactorial, 
involving combined environmental and psycho-social stresses 
(Molhave 1984). Contributing factors may include the additive or 
synergistic effect of multiple contaminants, the effect of 
climatic factors such as temperature, relative humidity, noise 
and lighting, and psycho-social stresses experienced by 
individuals at work and in non-work situations. 

A full discussion of all the potential factors associated 
with sick building syndrome is beyond the scope of this report. 
Nevertheless, several studies of sick building syndrome in the 
United States and Europe offer some evidence of both building­
related and psycho-social factors that may be associated with 
this problem. A major British study found higher prevalence 
rates of sick building syndrome complaints in air conditioned 
buildings (Hedge, et al., 1987; Harrison, et al., 1987). Among 
the air conditioned buildings, those with humidification systems, 
particularly spray or evaporative types, had the highest 
prevalence rates (Hedge, et al., 1987). However, only limited 
monitoring of air contaminants was conducted. Monitoring of air 
contaminants in the Harrison study was limited to particulate 
matter, fungi and bacteria, which did not correlate with symptom 
prevalences. No monitoring data were reported by Hedge. 

A major multidisciplinary study in 14 Danish Town Halls 
(Skov and Valbjorn 1987: Valbjorn and Skov, 1987) found no 
association between sick building syndrome and ventilation 
characteristics, but found strong positive correlations with the 
age of the building, the total weight and potential allergenic 
portion of floor dust, the area of fleecy material, the open 
shelving per cubic meter of air, and the air temperature. The 
investigators also found higher health complaint rates to be 
associated with lower job status, being female, being involved in 
photoprinting activity, working with video display terminals, and 
handling carbonless paper. 
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Levin (1988) offers some preliminary interpretations to the 
results of various studies: 

o Elevated temperature can directly affect occupant comfort, 
and indirectly affect contaminant concentrations by 
increasing offgassing of voes, particularly from large 
surface areas, such as ceiling tiles, fibrous linings of 
air ducts, fabrics covering walls, and free standing 
partitions. Microorganisms may also proliferate in higher 
temperatures and in buildings with reduced outside air 
supply. 

o Many mechanical ventilation systems will reduce air flow 
and outside air supply when temperatures rise toward the 
upper end of the comfort range, thus reducing ventilation 
precisely when it is needed most to remove elevated 
contaminant levels and to provide evaporative cooling of 
occupants' exposed skin. 

o Newer buildings are often constructed from softer, less 
durable materials on floors, ceilings, and walls, 
resulting in higher pollutant concentrations. Newer 
buildings are also designed to accommodate open off ices 
with higher occupant densities, larger surface areas 
generating contaminants, and less physical, visual, and 
acoustical privacy. Open office areas also provide less 
personal control, and partitions may interrupt the flow of 
air necessary for health and comfort. 

o Lower status jobs tend to offer less environmental variety 
and may be associated with windowless interior spaces. In 
addition, many air handling systems deliver outside air and 
ventilation primarily to the perimeter or the building, in 
order to control thermal loads from the exterior 
environment, with interior spaces receiving less outside 
air. 

Multiple Chemical Sensitivity 

In addition to building related illness and sick building 
syndrome, a considerable body of anecdotai data suggests the 
possibility that a small subset of the population has become 
sensitized to chemicals in the environment. Such individuals 
appear to repeatedly suffer acute reactions upon exposure to 
levels commonly found in indoor environments, exposures to which 
most persons would suffer no discernable adverse effects. 
Although such individuals report significant disability, the 
attribution to cause is hindered by lack of clear diagnostic 
criteria, data, or tools to evaluate the extent of the 
impairment. The situation often leads to a suspicion that the 
condition is psychosomatic in origin. 
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The condition has come to be known as multiple chemical 
sensitivities (MCS), but it is not known to what extent MCS 
affects health or productivity, or what the size of the affected 
population is. 

MCS is a subject of considerable intraprofessional 
disagreement concerning the existence and etiology of this 
potential disorder (Cullen, 1987). While no widely accepted test 
of physiologic function has been shown to correlate with the 
symptoms, the sheer mass of anecdotal data is cause of concern. 

In an attempt to focus discussion and facilitate potential 
research, Dr. Mark Cullen from the Yale University School of 
Medicine suggests that a working definition of multiple chemical 
sensitivity include seven major diagnostic features (Cullen, 
1987): 

1. The disorder is acquired in relation to somQ documentable 
environmental exposure(s), insult(s), or illness(es). 

2. Symptoms include more than one organ system. 

3. Symptoms recur and abate in response to predictable 
stimuli. 

4. Symptoms are elicited by exposures to chemicals of diverse 
structural classes and toxicologic modes of action. 

5. Symptoms are elicited by exposures that are demonstrable 
(albeit at low levels). 

6. Exposures that elicit symptoms must be significantly below 
exposures known to cause adverse human response. 

7. No single widely available test of organ system function 
can explain symptoms. 

Building related illness, sick building syndrome, and 
multiple chemical sensitivities are increasingly being recognized 
as potentially serious, albeit untraditional, health and comfort 
consequences of modern indoor environments. But they are poorly 
understood and there is a lack of scientific consensus concerning 
the important environmental or physiological determinants of 
these problems. As a result, these problems create a dilemma for 
those charged with the clinical treatment of suffering 
individuals as well as for those responsible for the management 
and control of building environments. 
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Biological Contaminants 

Airborne biological contaminants are present in all indoor 
and outdoor environments and emanate from a variety of sources, 
including plants, animals, and humans. Bacteria and viruses are 
brought into the indoor environment largely through human 
exhalations. Indoor appliances, such as air conditioners, 
humidifiers, and flush toilets, are often major sources of 
biological contaminants, as are water-damaged carpets or other 
furnishings. These appliances, especially room humidifiers, may 
function as fertile breeding grounds for microorganisms, and have 
been implicated in a number of cases of building-related illness. 
Molds and fungi may be brought in from outdoors and may 
proliferate in warm damp indoor environments. 

Biogenic aerosols can produce direct toxicity, as with the 
mycotoxins produced by some molds and fungi, or they may be 
pathogenic (provoking infectious disease) or allergenic 
(provoking hypersensitive or allergic diseases). 

Mycotoxins 

Some molds are known to produce mycotoxins. such toxins 
produce direct toxic effects as well as immunosuppression. At low 
concentrations, some mycotoxins produce gastrointestinal lesions, 
hematopoietic suppression, and suppression of reproductive 
function. Toxicity to the central nervous system produces 
symptoms such as anorexia, lassitude, and nausea. Trichocene 
mycotoxins can produce non-specific symptoms such as those 
described in "sick building syndrome". (EPA 1987). 

Some fungi also produce mycotoxins which are known to be 
highly potent systemic poisons. The concentration of mycotoxins 
in the spores of toxigenic fungi are often very high. While the 
effects of these poisons are primarily known from their 
ingestion, it is reasonable to assume that these toxins have a 
systemic effect when inhaled, since inhalation more effectively 
allows systemic entry for dissolved substances. (EPA 1987). 

Pathogens 

Many pathogens, which are infectious agents, are 
communicated by airborne transmission. These agents induce 
serious diseases, including influenza, chicken pox, measles, 
pulmonary tuberculosis, and smallpox, which affect millions of 
people each year. An infected individual, however, is the source 
of the parti~ular biological agent, and as such, these health 
effects are typically not considered building-related (Kreis and 
Hodgson 1984). Nevertheless, airborne transmission of 
infectious agents is believed to be related to the ventilation of 
buildings; a recent study involving four Army training centers 
demonstrated that the rates of acute febrile respiratory disease 
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were 50 percent higher in modern barracks (that had been 
constructed with energy-efficient designs) than in older barracks 
(Brundage et al., 1988). 

Some infectious bacteria, which proliferate in humidifiers, 
air conditioners, and in other building components, have caused 
building-related epidemics, including outbreaks of Legionnaires' 
disease, and Pontiac fever. 

Legionnaires' disease is caused by Legionella pneumophila 
which, in addition to affecting the lungs, may also involve the 
gastrointestinal (GI) tract, the kidneys, and the central nervous 
system. This illness was first identified during an epidemic at 
a Legionnaires' convention in a Philadelphia hotel in 1976; which 
affected 182 persons and caused 29 deaths. Since 1976, numerous 
building epidemics have been associated with this bacterium. 
Approximately 1-7 percent of persons exposed to L. pneumophila 
become ill with Legionnaires' disease. Sources of the bacterium 
include aerosols from cooling towers, evaporative condensers, and 
humidifiers, and dusts from landscaping and construction 
activities. (Kreiss and Hodgson 1984). 

Pontiac fever, named after a 1968 building epidemic in 
Pontiac, Michigan, is caused by the same bacterium which causes 
Legionnaires' disease. Unlike Legionnaires' disease, however, 
Pontiac fever is a short term (two to five day) illness 
characterized by fever, chills, headache, and muscle ache, and 
sometimes coughing, sore throat, chest pain, nausea, and 
diarrhea. Pontiac fever is not fatal but nearly 100 percent of 
those exposed to the bacterium get the disease. No consensus 
exists as to why the same bacterial strain causes two distinct 
clinical syndromes. (Kreis and Hodgson 1984). 

Allergens 

Unlike infectious agents, which induce infections in normal 
individuals, allergenic agents do not affect most persons, but 
provoke an allergic (hypersensitive) reaction only in a small 
subset of the population (Solomon and Burge 1984). While some 
chemicals can provoke allergic responses, most allergens are 
biological and include both viable and nonviable agents. Viable 
organisms provoking such responses are molds, amoebae, algae, and 
bacteria. Nonviable agents such as house dust mite fecal 
pellets, cockroach feces, insect and arachnid dried hulks and 
body parts, animal danders, nonviable remains of molds and their 
spores, dried reentrained animal excretions such as saliva, 
sweat, urine and feces, pollens, and biogenic volatiles have also 
been identified as actors. Common allergic illnesses include 
allergic rhinitis, hronchial asthma, and hypersensitivity 
pneumonitis (EPA 1987). 
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Allergic rhinitis is characterized by nasal air passage 
obstruction, itching, sneezing and excessive secretion of mucus. 
Allergic rhinitis is commonly referred to as "hay fever" when it 
is seasonally related. Conjunctivitis, which involves irritation, 
itching, and reddening of the eyes, is often associated. 
Excessive mucus secretion and blocking of sinus and eustachian 
passages provide growth reservoirs where secondary bacterial 
infections may implant, thus predisposing individuals to 
bacterial infections in the upper airways (EPA 1987). 

Bronchial asthma involves a recurrent narrowing of 
bronchioles and hypersecretion of thick mucus that can block 
airways, is accompanied by varying degrees of wheezing, 
shortness of breath, and coughing. Secondary bacterial 
infections can result in bronchitis and more sensitive reactions 
to irritants and other allergens (EPA 1987). 

Hypersensitivity pneumonitis (extrinsic allergic 
alveolitis) is a serious acute immune reaction to sensitizing 
substances. It involves the production of large amounts of IgE 
antibody, cellular hypersensitivity, and the formation of 
interstitial granulomas. It causes filling and variable 
destruction of the alveoli by inflammatory cells (EPA 1987). 
With continued exposure irreversible pulmonary fibrosis and 
eventual pulmonary failure, ending in death, ensues (Reed 1981, 
and Solomon and Burge 1981, as cited in EPA 1987). 

3.4 SUMMARY AND IMPLICATIONS 

Health effects from indoor air pollution cover the range of 
acute and chronic effects, and include eye, nose, and throat 
irritation, respiratory effects, neurotoxicity, kidney and liver 
effects, heart functions, allergic and infectious diseases, 
developmental effects, rnutagenicity, and carcinogenicity. Non­
carcinogenic health effects may constitute the most significant 
indoor air quality problem. 

Building sicknesses, such as sick building syndrome, 
building related illness, and multiple chemical sensitivity are 
issues of potentially great significance but are poorly 
understood. Additive or synergistic effects from pollutant 
mixtures, where concentrations of each individual compound are 
below its known health effect threshold, may help to explain some 
sick building syndrome complaints. Biological contaminants are a 
principal cause of building related illness, and can be the 
principal problem in some buildings. Building related illness 
can result in death, as in Legionnaire's disease, or serious 
infectious or allergic diseases. A considerable body of 
anecdotal evidence suggests that a small subset of the population 
has become sensitized to chemicals in the environment. The 
phenomenon is referred to as multiple chemical sensitivity, but 
little definitive scientific evidence is available. 
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CHAPTER 4 - CARCINOGENIC RISK ASSESSMENTS 

Most of the risk assessments conducted to date have 
focused on carcinogenic effects. As stated in Chapter 3, this 
does not imply that non-cancer health effects are less important. 
To the contrary, risk assessments are normally conducted for 
carcinogenic effects largely because the methodology for 
assessing cancer risks has received the most attention. However, 
many scientists and policy makers believe that the non-cancer 
effects discussed in Chapter 3 are among the most important and 
pervasive for indoor air. 

The only estimate established by EPA of the US population 
cancer incidence (in cases per year) for exposures to pollutants 
in indoor air is that for radon. Some information is also 
available on lifetime individual risks for formaldehyde for 
specific subsets of the U.S. population, based on exposure to a 
specific concentration of formaldehyde in indoor air. The 
remaining EPA estimates are unit risk estimates, providing 
information on the cancer risk that is estimated to occur from 
continuous lifetime exposure to a specific unit air 
concentration. These numbers, therefore, can only be used to 
determine risks to specific individuals in the population or to 
determine cancer incidences if combined with appropriate exposure 
data. Other assessments of the expected risks resulting from 
indoor air pollutants appear in the literature, but the adequacy 
of data, the assumptions, and the methodology used in these 
assessments have not been reviewed and evaluated by EPA, and 
their presentation in this report should not be interpreted as an 
endorsement. Rather, these estimates are presented solely to 
indicate to the reader what information and analysis has been 
conducted in the scientific community on this subject. 

4.1 RISK ASSESSMENT METHODOLOGY 

EPA Cancer Risk Assessment Methodology 

The four elements of risk assessment are hazard 
identification, dose-response assessment, exposure assessment, 
and risk characterization. EPA (1986a) has established specific 
guidelines for performing risk assessments for carcinogens. A 
discussion of the four components of risk assessment, as they 
apply to carcinogenic risk assessment, is presented below. 

Hazard Identification 

Hazard identification consists of a review and analysis of 
all relevant chemical and biological information bearing on 
whether an agent may pose a carcinogenic hazard to humans. This 
review concludes with an evaluation of the overall weight of the 
evidence for carcinogenicity based on that analysis. Elements 
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evaluated in hazard identification, in increasing level of 
importance, include: 

(1) Physical and chemical properties, which affect a 
large number of factors in the risk assessment, such 
as absorption into the body, partitioning in various 
media, and decay rates; 

(2) Structure-activity relationships, a comparison of the 
structure and activity of the chemical and its 
possible metabolites to those of known carcinogens 
and noncarcinogens, to evaluate the likelihood of 
carcinogenic activity; 

(3) Pharmacokinetic interactions, a study of absorption, 
distribution, metabolism, and excretion of the 
chemical in animals and humans, used to determine 
important differences to consider in extrapolations 
between species; 

(4) Routes of exposure, which may alter the 
carcinogenicity of the compound due to factors such 
as pharmacokinetic differences and interactions with 
other compounds: 

(5) Short-term predictive tests, which detect chemical 
interactions with DNA and assess mutagenic activity, 
thus providing preliminary evidence of carcinogenic 
potential: 

(6) Long-term animal bioassays, in which lower mammalian 
species (usually rodents) are used as surrogates for 
humans, to determine the potential tumorigenicity 
and/or carcinogenicity of the chemical: and 

(7) Epidemiological studies, which are used to examine 
the association between human exposures to the agents 
and the incidence of cancer. 

Of these seven elements, well-designed and well-conducted 
epidemiological studies provide the most direct information 
regarding the human carcinogenicity of a chemical. Unfortunately, 
adequate epidemiological data are not available for most 
chemicals due to several limitations. One is that large numbers 
of human subjects are often needed for statistically-defensible 
studies, especially if the exposures are low or rare or if the 
carcinogenic effect is small. Other complications are the long 
periods of time necessary for many cancers to be observed 
(usually greater than ten years) in the human population, the 
high cost of epidemiological studies, and the lack of accurate 
exposure data. Finally, data are not always available in 
epidemiologic studies to adjust for all risk factors which may 
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have confounding influences, such as sensitive populations, 
socioeconomic conditions, and exposures to other chemicals (OSTP, 
1984). Because of these limitations, estimates of human cancer 
risk must usually be derived from animal bioassay data and must 
rely on the other elements of hazard identification described 
above for evidence of presumptive carcinogenicity in humans. 

Evaluating animal bioassay data for evidence of presumptive 
human carcinogenicity involves considering both the quality and 
adequacy of the data and the kinds and consistency of responses 
induced by a chemical. Criteria for the technical adequacy of 
animal bioassay studies have been published (e.g., OSTP, 1984; 
NTP, 1984}. The criteria address issues such as the selection of 
appropriate species, strains, doses, routes of exposure, and 
study duration; animal care and diet; the selection of control 
groups; data collection and reporting; and the statistical 
evaluation of the results. Criteria such as these are useful in 
determining the scientific validity of the data obtained in the 
individual studies and how well each study serves as a surrogate 
for human studies. In evaluating the kinds and consistency of 
response induced by the chemical, the strength of the evidence 
that an agent may act as a human carcinogen is increased with: 

(1) an increase in the number of animal species and 
strains showing a response, and whether one or both 
sexes respond; 

(2) an increase in the number of tissue sites affected by 
the agent; 

(3) the occurrence of a clear dose-response relationship; 

(4) a high level of statistical significance of the 
increased tumor incidence in treated as compared to 
control groups; 

(5) a dose-related decrease in the time to tumor 
formation or death with tumors; and 

(6) a dose-related increase in the proportion of 
malignant versus benign tumors. 

In characterizing the overall weight of the evidence for 
human carcinogenicity, the human and animal studies are evaluated 
both individually and in combination, followed by an analysis of 
all the supporting information to determine if the overall weight 
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of the evidence should be modified. This analysis results in a 
grouping by EPA into one of the following categories: 

(1) Group A (Known Human Carcinogen): Used only when 
there is sufficient evidence from epidemiological 
studies to support a finding that a causal 
relationship exists between exposure to the chemical 
and cancer; 

(2) Group B (Probable Human Carcinogen): Used when there 
is sufficient evidence of carcinogenicity based on 
animal studies and limited epidemiological evidence 
(Group Bl) or inadequate or no human data (Group B2); 

(3) Group c (Possible Human carcinogen): Used when there 
is limited evidence for carcinogenicity in animals 
and inadequate or no human data; 

(4) Group D (Not Classified): Used when there is 
inadequate animal evidence of carcinogenicity and 
inadequate or no human data; and 

(5) Group E (No Evidence of Carcinogenicity for Humans): 
Used when no evidence for carcinogenicity is found in 
at least two adequate animal tests in different 
species or in both adequate epidemiologic and animal 
studies. 

The EPA classifications undergo review and evaluation by the 
EPA Science Advisory Board (SAB), and may be revised by EPA if 
differences in classification occur. 

Although the above guidelines, based on the available animal 
and human data, are generally used in classifying chemicals, in 
some cases the known chemical or physical properties of a 
chemical and the results from short-term tests allow transfer of 
a chemical from groups B2 to Bl, C to B2, or D to c. 

Dose-Response Assessment 

There are three major components to dose-response 
assessment: selection of the appropriate data based on factors 
such as the data's quality and its relevance to human modes of 
exposure, the choice of a relevant mathematical model to 
extrapolate from high to low doses, and the choice of the 
appropriate factors to be used when extrapolating data from 
animal studies to humans. Dose-response assessments may provide 
carcinogenic unit risk estimates (i.e., estimates of the cancer 
risk that would occur from expo~ure to a specific unit 
concentration of the agent). Unit risk estimates should be 
presented in those circumstances in which there is a reasonable 
possibility that an agent is carcinogenic to humans based on a 
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weight of the evidence analysis (classification in group c or 
above); it is not necessary that the agent be causally 
associated with cancer in humans .. 

Selection of data for the assessment relies heavily on 
experience gained in the hazard identification. Whenever 
possible, estimates based on human epidemiological data are 
preferred. Use of these data forgoes the uncertainties of 
interspecies extrapolation. On the other hand, these studies may 
have several shortcomings, as discussed earlier. In the absence 
of well-designed and well-conducted epidemiological studies, data 
from well-conducted animal studies are used. 

Selection of the appropriate animal data is made based on 
their perceived relevance to human exposures and response 
(e.g., similarities in pharmacokinetic parameters, exposure 
route, length of exposure, and/or site of action). Within this 
context, the most sensitive animal species and sex is used for 
estimating human cancer risk. 

Exposures of the general population to carcinogens are 
generally much lower than those in animal or epidemiological 
studies. Animals are often exposed to levels 10,000 to 1,000,000 
times that in the ambient environment, while levels in human 
occupational environments, those generally used for 
epidemiological studies, are typically 100 to 10,000 times that 
of nonoccupational groups. Therefore, it is necessary to use 
mathematical extrapolation models to estimate the carcinogenic 
response expected at lower exposure levels. Selection of the 
appropriate model for low-dose extrapolation of animal studies is 
critical because large differences in the projected risk may 
occur at low doses. Of the numerous models which have been 
developed, no single model is recognized as the most appropriate. 
The models or procedures employed should be consistent with any 
relevant biological data on the mechanisms of action of the 
carcinogen. When such data do not exist, the EPA guidelines 
recommend use, as appropriate, of the multistage procedure. This 
procedure is based on a currently-held theory that carcinogenesis 
results from a series of heritable changes or stages required for 
a normal cell to become malignant. The EPA uses a minor 
variation of this procedure called the linearized multistage 
procedure, which forces a linear term into the low-dose risk 
extrapolation. Use of this procedure results in a plausible 
"upper limit" to the risk (i.e. the true risk is not likely to 
exceed the value, but may be lower and even zero) . 

In addition to extrapolation of the dose-response data from 
high to low doses, dose-response assessments must estimate a 
human exposure which will result in an equal carcinogenic 
response in humans to that obtained in the animal studies. A 
variety of factors differ between humans and animals, including 
life span, body size, genetic variability, pharmacokinetic and 
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pharmacodynamic parameters, and the exposure regimen. Because 
data to address these differences are generally limited, the 
usual approach to making interspecies comparisons is the use of 
standardized scaling factors for dose equivalence. For example, 
EPA uses mg/m2 body surface area/day since certain 
pharmacological effects scale according to surface area. FDA 
uses a scaling factor based on body weight that leads to dose 
response extrapolations that are generally an order of magnitude 
less than the EPA approach. 

The general outcome of the dose-response assessment is an 
estimate either of the cancer risk that would occur from 
exposure to a specific unit concentration of the agent (i.e., the 
incremental unit risk 1 often shortened to unit risk) or of the 
dose of the carcinogen that would result in a given level of 
increased risk. 

Exposure Assessment 

To obtain estimates of cancer risk for exposures to the 
population of interest, the results of the dose-response 
assessment must be combined with exposure estimates. At present, 
there is no single approach to exposure assessment. Each 
exposure assessment must be tailored to the needs of the problem 
at hand. However, EPA has prepared guidelines (EPA, 1986b) for 
exposure assessment which outline the following five major 
topics: 

(1) Sources: an assessment of the relevant sources of the 
chemical to the environment, including an analysis of 
production, distribution, use, disposal, and 
environmental release; 

(2) Exposure pathways and environmental fate: an analysis 
of how the chemical moves through the environment 
f rorn the source 
population; 

·- ~\...- -··----~ .:. -~.:. .. .:. ~··-, --1..U l..UC c.11.pu;::,cu. .1.UU..1. v .1.U.U.Q.1. UJ.. 

(3) Measured or estimated concentrations: an estimation 
of the environmental concentrations of the chemical 
available for exposure based on measured data, the 
use or mathematicul models, or both: 

(4) Exposed populations: an evaluation of populations and 
sensitive subpopulations (e.g., infants, the elderly, 
and the chronically ill) which may be exposed to the 
chemical by the various routes of interest; and 

(5) The integrated exposure analysis: a set of expo~ure 
profiles which address, for each source, the size of 
the exposed population, and the routes, duration, 
frequencies, and intensities of exposure. 
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The final exposure assessment should be designed to be 
readily integrated with the dose-response assessment data. 
Generally, lifetime average daily exposures (LADEs) are 
calculated assuming that a high dose of a carcinogen received 
over a short time period is equivalent to a corresponding low 
dose spread over a lifetime. EPA will continue to use this 
assumption until more data or newer procedures become available. 
These exposures are then combined with an estimate of the 
additional lifetime unit risk from exposure to the carcinogen to 
characterize risk. 

Risk Characterization 

Risk characterization combines the results from the hazard 
identification, the dose-response assessment, and the exposure 
assessment to estimate the adverse health effects from pollutant 
exposure. Risk characterization is comprised of two parts. The 
first part involves numerically estimating the risk to human 
health. The second part involves developing a framework in which 
the uncertainties associated with these risk estimates can be 
characterized. 

Presentation of numerical risk estimates vary with the needs 
of the program offices within EPA. In some cases, the unit risk 
or the dose associated with a particular level of risk will be 
presented. These values can then be compared with information in 
the exposure profiles to estimate the risk of particular 
exposures. 

Generally, risks are reported in terms of additional 
lifetime risk estimates for individuals exposed to maximum and 
average levels of the agent or in terms of risks for an entire 
exposed population. For example, to obtain the individual 
lifetime risk for a person exposed to a particular concentration 
of a carcinogen, the incremental unit risk may be multiplied by 
the lifetime average daily exposure of that person. Population 
(or aggregate) risk, on the other hand, applies across the 
population of interest, and is expressed as expected increased 
cancer in the population over some specified time period 
(generally, annually). 

Some risk estimates are prepared for exposure to multiple 
chemicals. In such cases, it is assumed that the population 
risks for each chemical may be added together, unless there is 
toxicological evidence to the contrary. 

The predicted risk should be presented with an accompanying 
estimate of the uncertainty of the data from the hazard 
assessment, the dose-response assessment, and the exposure 
assessment. This evaluation provides the decision-maker with a 
better understanding of the impact of these uncertainties on the 
risk estimate. 
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4.2 VARIATIONS WITHIN RISK ASSESSMENTS 

As discussed in the previous section, numerous variables are 
analyzed in performing a risk assessment, each variable having 
its own associated uncertainty. In addition, although the 
standard framework for performing a risk assessment does not vary 
(i.e., hazard identification, dose-response assessment, exposure 
assessment, and risk characterization), the methods used to 
perform each of these elements can vary widely based on factors 
such as the type of information available, its associated 
uncertainties, and its perceived scientific validity. Scientific 
assessments of the accuracy and relevance of information used for 
each of the variables in a risk assessment may diverge, 
resulting in vast differences in the final outcome of each risk 
assessment and its associated uncertainties. 

Scientific disagreement regarding risk assessments can occur 
~-~~ ~- ~~- ------ -1---~~~--•J-- -~ - ----~----- 1: ~ ~~~ AJU'-U .J..U '-UC J:J.LUJ:JC.L '-'.J..Cli:li:l.J...L.J..'-Cl'-.J..UU U.L a '-'Cl.Ll,,..J..UU':llCU \ ... •'""• r '-U'"" 

determination of the weight-of-the-evidence for carcinogenicity) 
and in the final determination of the quantitative risk estimate. 
An example of divergence of scientific opinion concerning 
classification is perchloroethylene. For perchloroethylene, the 
main issue concerning classification is centered around the 
evidence for carcinogenicity in the rat. The EPA Human Health 
Assessment Group (HHAG) has proposed to classify 
perchloroethylene as a Group B2 "probable human carcinogen" based 
on statistically significant increases in liver carcinomas in 
male and female mice, a marginally statistically significant 
increase of mononuclear cell leukemia and an increased incidence 
of normally rare kidney tumors in male rats, and supporting 
evidence showing that an epoxide metabolite of perchloroethylene 
is a mutagen. 

The Halogenated Organics Subcommittee of the EPA Science 
Advisory Board (SAB), upon reviewing the HHAG's risk assessment, 
has questioned the evidence for carcinogenicity in the rat, 
initially concluding that perchloroethylene should be classified 
as a group c "possible human carcinogen." With respect to the 
kidney tumors, the Subcommittee questioned the diagnosis of 
neoplasia, and objected to combining benign and malignant tumors. 
With respect to leukemia, the Subcommittee questioned the 
diagnosis and evaluation of the disease and objected to the 
inclusion of preleukemic stages in the statistical analysis of 
tumor incidence. Concerning the increase of mouse liver tumors, 
the Subcommittee agreed that perchloroethylene caused these 
tumors but questioned their relevance to humans. 

After a further review of the HHAG position regarding 
classification of perchloroethylene, the SAB Subcommittee has 
modified their classification, stating that perchloroethylene 
should be viewed as on the ''continuum" between Groups B2 and c. 
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The HHAG is currently reevaluating its classification of this 
chemical, in response to the SAB review. 

Variations in the estimation of the quantitative risk can 
come from differences of opinion regarding the hazard 
identification, the dose-response assessment, or the exposure 
assessment. Para-dichlorobenzene is another example of 
differing views regarding hazard identification. At this time, 
para-dichlorobenzene has been classified as a Group c carcinogen 
by EPA based on studies in laboratory animals using the oral 
route of exposure (52 FR 25690, July 8, 1987). However, in 
making this classification, EPA has stated that "the 
classification of para-dichlorobenzene as a Group B2 or Group c 
substance is a controversial one. EPA will reassess this 
classification as new information becomes available." 

A second issue of controversy is the uncertainty involved in 
using the oral bioassay data to estimate risks from inhalation 
exposure. A para-dichlorobenzene inhalation bioassay was 
performed which failed to detect an increase in tumor incidence 
in rats. However, because of the short duration of exposure in 
the inhalation study (18 versus 24 months) and the possibility 
that a higher dose of para-dichlorobenzene may have resulted in a 
different response, the adequacy of this study has been 
questioned. Nevertheless, in view of these results and 
additional questions regarding the relevance of the tumors 
observed in the laboratory animals to tumor formation in humans, 
quantitative estimates of carcinogenic risks from para­
dichlorobenzene, based on the oral exposure bioassays, are 
considered by EPA to be very uncertain. The EPA Office of 
Pesticide Programs (OPP) has required an industry-sponsored 
bioassay to further address the carcinogenicity of para­
dichlorobenzene by the inhalation route. 

There are also differences of opinion on both whether and 
how pharmacokinetic data should be factored into the analysis of 
carcinogenic risks, and whether pharmacokinetic models should be 
used only to extrapolate carcinogenic risks from high to low 
doses, or also to extrapolate between species. Recently, 
various models have been developed to relate an exposure (e.g., 
inhalation) to the corresponding dose at the qrgan level. This 
reflects the contention that carcinogenic activity is more 
directly the result of the delivered dose (i.e., the dose at the 
organ level) than the applied dose (i.e., the exposure level). 
Therefore, these models may more accurately equate an exposure to 
its corresponding carcinogenic risk. EPA has recently applied 
pharmacokinetic modeling to determine the risks from exposures to 
methylene chloride. The use of these models has had an impact on 
EPA's assessment of the risks from exposure to this compound, 
causing a 9-fold decrease in EPA's previous unit risk estimate. 
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One of the major sources of variations and uncertainties in 
cancer risk assessments is the choice of the data and methods 
used for low-dose extrapolations. Data from one study or from 
several different studies may be used in the analysis. Even when 
using data from one bioassay, results can vary widely due to 
factors such as the choice of a particular sex or tumor type, the 
grouping of data from several tumor types in the analysis, and 
the pooling of benign and malignant tumors. In addition, methods 
used for low-dose extrapolation of the same data set can result 
in differences of many orders of magnitude. Therefore, choice of 
an appropriate low-dose extrapolation model is important and 
should be based on an overall knowledge of the agent and its 
effects. 

Risk assessments can also vary widely based on whether the 
unit risk estimate chosen is the "maximum likelihood estimate" 
(MLE) or the "upper confidence limit" (UCL) . The MLE is a 
statistical estimate of the most likely value within the observed 
(i,e~ high dose) range of the dose-response. It should be noted 
that the MLE for the low dose range is calculated by an extension 
of the MLEs in the high dose range and may therefore not 
represent the optimal value. The UCL is larger than the MLE and 
represents the upper confidence level of the risk (i.e., for the 
95% UCL, 95% of the time, the true risk is not expected to exceed 
this value, and may be lower and even zero). Although the MLE 
and the UCL for many chemicals are within an order of magnitude, 
this is not always the case. An example of the wide variations 
which may occur due to this choice is formaldehyde, for which the 
EPA estimates of the MLE and UCL vary by six to seven orders of 
magnitude at very low doses. 

Another source of variation and uncertainty is the exposure 
data used. For the same agent, the estimated exposures can vary 
widely depending on factors such as the monitoring protocol used, 
the types of modeling used, the parameters chosen to represent 
the frequency and duration of exposure, and the populations and 
subpopulations of concern and their locale. Likewise, averaging 
exposure over a lifetime (e.g., use of an LADE) may not 
characterize risks from acute exposures, where detoxification 
metabolic pathways are saturated at low levels. 

In summary, different risk assessments for the same agent 
may diverge greatly due to the numerous variables analyzed and 
their associated uncertainties. An understanding of the number 
and types of elements that go into a risk assessment and their 
associated uncertainties are necessary to a complete 
understanding of the risk characterization presented. 
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4.3 EPA CANCER RISK ASSESSMENTS FOR INDOOR AIR POLLUTANTS 

In this section of the report, a number of the cancer risk 
assessments that have been conducted by EPA for indoor air 
pollutants are discussed. Exhibit 4-1 presents a summary of 
cancer risk estimates for selected indoor air contaminants. An 
estimate of the annual cancer incidence resulting from indoor air 
pollution has only been provided for one pollutant, radon. The 
remaining estimates are unit risk estimates, providing 
information on the cancer risk that is estimated to occur from 
continuous lifetime exposure to a specific unit air 
concentration. These numbers, therefore, can only be used to 
determine risks to specific individuals in the population or to 
determine cancer incidences if combined with appropriate exposure 
data. 

Estimates of annual cancer incidences for pollutants in 
indoor air, other than radon, have not presently been established 
by EPA. Estimates of lifetime individual risks for formaldehyde 
have been made only for subsets of the U.S. population, based on 
exposure to a specific concentration of formaldehyde in indoor 
air. Lifetime individual risk estimates for indoor air exposures 
to the other pollutants have not been established by EPA. 

Risk estimates presented for radon, asbestos, and benzene 
are "maximum likelihood estimates" (MLEs) based on human 
epidemiological data. The unit risk estimates presented for the 
organic chemicals, with the exception of benzene, are based on 
animal bioassay data and represent the "upper-bound" estimate of 
the risk. A further discussion of the EPA risk estimates by 
pollutant type follows. 

Radon 

Assessing the total cancer risk to the general population 
for radon exposure is complicated by two factors. First, the 
distribution of radon levels in the U.S. is not well documented. 
Indoor radon levels vary widely according to region, building 
construction, and indoor air flow characteristics. Second, radon 
risk assessments are based on epidemiological data on male 
uranium miners who tended to be smokers. Nonetheless, EPA has 
attempted to predict the lung cancer deaths caused by exposure to 
typical levels of radon, classified by EPA as a Group A 
carcinogen. 

The EPA Office of Radiation Programs (EPA, 1987a) has 
estimated the risk of death from lung cancer caused by exposure 
to indoor radon in four steps: (1) determining the radon decay 
product concentrations from the radon concentration; 
(2) estimating the cumulative radon decay product exposure; 
(3) converting the individual cumulative exposure to the lifetime 
risk; and (4) projecting the individual lifetime risks to the 
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Pollutant 

RADON 

voes 

Benzene 
• 

Methylene 
chloride 

Chloroform 

Carbon 
tetrachloride 

1,2-Dichloro­
ethane 

Trichloro­
ethylene 

Tetrachloro­
ethylene 

FORMALDEHYDE 

PAHs 

Benz(a)­
anthracene 

Benzo(a)­
pyrene (BaP) 

Exhibit 4-1 
EPA cancer Risk Assessments 

Estimated 
Unit Riskl Annual Excess 

(Classification) cancer Cases 

2.3 x 10-4 to 20,000 
9.2 x 10-4/WLM(A) 

8.3 x 10-6/ug/m3 (A) 

4.7 x 10-7;ug/m3(B2) 

2.3 x 10-5/ug/m3(B2) 

1.5 x 10-5/ug/m3 (B2) 

2.6 x 10-5/ug/m3(B2) 

1.7 x 10-6/ug/m3(B2) 

5.8 x 10-7/ug/m3 
( B2/C) 

1.3 x 10-5;ug/m3 (Bl) 

8.9 x 10-4;ug/m3(B2) 

1.7 x 10-3/ug/m3(B2) 

Reference 

EPA (1987a) 

EPA (1988) 

EPA ( 1988) 

EPA (1988) 

EPA (1988) 

EPA ( 1988) 

EPA ( 1988) 

EPA ( 1988) 

EPA (1987b) 

EPA (1988) 

EPA (1988) 

lunit risk of the pollutant is the lifetime risk of 
contracting cancer per unit exposure. 
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Pollutant 

PAiis (cont. ) 

Dibenzo(a,h)­
anthracene 

3-Methylchol­
anthrene 

PESTICIDES 

Aldrin 

Chlordane 

Dieldrin 

Heptachlor 

Lindane 

ASBESTOS 

2Lung cancer 

Exhibit 4-1 (cont.) 
EPA Cancer Risk Assessments 

Unit Risk 

Estimated 
Annual Excess 
Cancer Cases 

1.4 x 10-2;ug/m3(B2) 

2.7 x 10-3/ug/m3 (B2) 

4.9 x 10-3/ug/m3(B2) 

3.7 x 10-4/ug/m3(B2) 

4.6 x 10-3/ug/m3(B2) 

1.3 x 10-3/ug/m3(B2) 

3.8 x 10-4/ug/m3(c) 

1. 6 x 10-4 to 
2.3 x 10-3; 
0.01 fib/ml(2,3) (A) 

1. 8 x 10-3 to 
2.7 x 10-3; 
0.01 fib/ml(3,4) (A) 

Reference 

EPA (1988) 

EPA (1988) 

EPA (1988) 

EPA (1988) 

EPA (1988) 

EPA (1988) 

EPA (1988) 

EPA (1986d) 

EPA (1986d) 

3Fibers as measured by phase contrast microscopy 

4Mesothelioma 
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entire U.S. population. Using data from uranium miners, the 
model estimated the carcinogenic unit risk from radon exposure to 
be a 1 - 4% increase in baseline risk per working level month 
(WLM). For the US population, the lifetime unit risk projected 
by the model is 2.3 x io-4 to 9.2 x 10-4 per WLM. At an average 
U.S. lifetime radon exposure of 0.004 WL, this translates to 
between 5,000 and 20,000 excess lung cancer deaths per year. 
[Note: Based on revised estimates of risk and background exposure 
soon to be published by EPA, about 20,000 excess lung cancer 
deaths are projected annually.) 

voes 

As noted throughout this report, voes as a class of indoor 
air pollutants are poorly understood. Data are incomplete at 
best regarding the carcinogenicity and dose-response 
relationships for most of the voes that are detected indoors. 
Concentration levels to which people are exposed are highly 
variable. Periods of relatively intense exposure, which are not 
necessarily captured by a general monitoring survey, may make a 
significant contribution to lifetime exposure to a particular 
voe. Identifying and characterizing the sources of indoor air 
pollutants is in an early stage of development. The 
identification and characterization of the size and makeup of 
populations exposed to different sources and indoor air 
concentration levels of voes is likewise in an early stage of 
development. Because of these limitations, EPA has not 
established either individual risk estimates or estimates of the 
number of cancer cases resulting from exposures to voes in indoor 
air environments. 

EPA has established unit risk estimates for atmospheric 
exposures to many voes for other purposes (e.g., estimating risks 
from outdoor sources of these pollutants). Exhibit 4-1 presents 
EPA's unit risk estimates for benzene and several halogenated 
hydrocarbons. Although the unit risk estimates for these voes 
represent only a small fraction of those available for indoor air 
pollutants, they were selected because the compounds are 
frequently detected in indoor environments. 

Formaldehyde 

EPA (1987b) has classified formaldehyde as a probable (Bl) 
human carcinogen based on sufficient animal and limited human 
evidence, and other supporting data. The upper-bound (UB1 unit 
risk estimate for a lifetime ambient exposure to 1.0 ug/m is 
1.3 x 10-5. Using this unit risk estimate, EPA has calculated 
an upper-bound lifetime cancer risk estimate of 2 x 10-4 for 
residents of mobile homes who are exposed for ten years to an 
average level of 0.10 ppm, or twice the estimated background 
level of 0.05 ppm; and 1 x 10-4 (UB) for residents of some 

4-14 



conventional homes who are exposed for ten years to an average 
level of 0.07 ppm. 

The corresponding maximum likelihood estimates (MLEs) for 
these exposures are much lower; 2 x lo-10 and 6 x lo-11, 
respectively. 

PAHs 

EPA unit risk estimates for four PAHs found in indoor air 
are presented in Exhibit 4-1. These four PAHs are classified as 
"probable human carcinogens" (Group 82). 

Pesticides 

EPA has computed unit risk estimates, based on animal 
studies, for several of the major pesticides commonly detected 
indoors (Exhibit 4-1). With the exception of lindane, 
_, ___ ~.Q.:-~ .... +-\...--- ---.+-: .... :~-r~ .. - ..... ... 1 :s ...... ~ r;.,,-1 ::lirt:'I Q1 .-~"""',.,;.,.,r\l"'T01""\e 
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Asbestos 

EPA has listed asbestos as a Group A human carcinogen based 
on human epidemiological data. Data developed since the early 
1970 1 s, from large population studies with long follow-up, have 
strengthened the association of asbestos exposure with cancer in 
occupational settings. However, because of large uncertainties 
in extrapolating the occupational data to levels measured in the 
environment, estimates of risks from asbestos at low 
concentrations should be viewed with caution (EPA 1986d). 

EPA (1986d) has estimated the unit risks of lung cancer and 
mesothelioma from asbestos exposure (Exhibit 4-2). These two 
cancers are the most important causes of death among asbestos­
exposed individuals. 

Exhibit 4-2 
Risks (x 10-6 ) from Lifetime Asbestos Exposure to 0.01 Fibers/ml 

Population 

Female Smokers 
Female Nonsmokers 
Male Smokers 
Male Nonsmokers 

Source: EPA (1986d) 

Lung cancer 

1,500 (150-15,000) 
164 (16.4-1,640) 

2,380 (238-23,800) 
185 (18.5-1,850) 

4-15 

Mesothelioma 

2,520 (126-50,400) 
2,720 (136-54,400) 
1,810 (91-36,200) 
2,200 (110-44,000) 



4.4 ADDITIONAL RISK ASSESSMENTS FOR INDOOR AIR POLLUTANTS 

In this section of the report, the additional information 
available in the literature on the risks from exposure to 
pollutants in indoor environments is described. It should be 
noted that the studies presented in this section of the report 
have not generally undergone any form of critical review by EPA. 
More importantly, EPA has not provided a detailed written 
evaluation of these studies, examining their strengths and 
weaknesses in addressing a quantitative analysis of the level of 
risk from indoor air pollutants. From a cursory analysis, it is 
clear that some aspects of these analyses would not be acceptable 
to EPA [e.g., Tancrede et al.'s use of acute lethality data 
CLDSOs) to estimate carcinogenic unit risk estimates for 
chemicals without bioassay dataJ. Therefore, EPA does not 
necessarily agree with the study designs used or with the 
conclusions reached by the authors of these assessments. 
Nevertheless, risk assessments prepared outside the Agency are 
presented here because, in many cases, they represent the only 
quantitative estimates of the individual risks or annual cancer 
incidences presently available for certain indoor air pollutants. · 

As discussed above, estimates of quantitative risk are 
subject to large variations, due to uncertainties occurring at 
each step in the analysis. These variations are apparent in many 
of the studies presented here, emphasizing the large 
uncertainties associated with these assessments. 

Exhibit 4-3 summarizes the risk estimates for indoor 
pollutants obtained from sources outside the Agency. Estimates 
are provided for radon, ETS, voes, formaldehyde, and asbestos. 
Estimates for radon and asbestos are unit risk estimates based on 
human epidemiological data. Estimates for radon fall within a 
factor of two of the range of EPA unit risk estimates, presented 
earlier. EPA unit risk estimates for asbestos are within the 
range of estimates presented by others. However, it should be 
noted that the similarity of these estimates to EPA-generated 
estimates does not lend any particular credence to their 
validity. 

Several estimates of the annual cancer incidence from ETS 
exposure, based on human epidemiological studies, are also 
presented. The estimates range from 12 to 5,200 cases per year. 

The risk associated with exposure to voes has not been 
well-studied because of the number and diversity of these 
compounds, and a scarcity of exposure data for indoor air 
environments. Two investigators, however, have estimated the 
additive individual risk posed by exposure to typical levels of 
several voes in indoor air. Another investigator has estimated 
that the additive annual cancer incidence from exposure to six 
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Pollutant 

RAOOll 

ETS 

voes 

6 voes 

9 voes CNJl 

Unit Risk1 

3.5 X 10· 4/i.ILM 

1 .3 x 10· 4 /i.ILM 

5 x 10· 5/person­
year/mg tar/day 

Exhibit 4-3 
Non-EPA cancer Risk Assessments 

Excess Ind. 
Lifetime 
Risk (X 10- 6)2,3 

3,900-9,900 

19,000-30,000 
(mean) <6> 
46,000-48,000 
(98th perc. i< 6> 

Estimated 
Amual Excess 
Cancer Cases 

5,000 +/- 300<4> 

12(4) 

2,soo-5,200<4> 

3,ooo<4> 

11,ooo<S> 

1,000-5,000 

Reference 

NRe (1988) 

NeRP ( 1984 l 

Repace & Lowrey (1985a, 
1986, 1987) 

Arl6ldel ~ (1987) 

Robins (1986) 

i.lells (1988) 

i.lells <1988) 

i.lallace (1985) 

Tancrede et al. (1987) 

NOTE: The studies presented in this Exhibit have not been critically evaluated by EPA for their strengths 
and weaknesses in addressing a qJW1titatiw analysis of the level of risk fri:m indoor air pollutants. 
Therefore, EPA does not necessarily agree with the study desin used or with the conclusicns readied 
by the authors of these assesllll!nts. 

1 ~nit risk of the pollutant is the lifetime risk of contracting cancer per unit exposure. 

2excess individual lifetime risk is the risk of death (over and above normal risk) 111e to lifetime 
exposure to the pollutant. 

3Exposures on which these values are based are discussed in the text. 

4Lung cancer 

5Non-lung cancers 

6rancrede and coworkers calculated mean and 98th percentile values ass~ing that both exposure and 
risk were randan variables which can each take on a range of values, some more probable than others. This 
approach varies fran EPA's approach, where a specific "maxinun likelihood estimate" or "~r-bound" unit 
risk estimate is nultiplied by an indiviciJal exposure level. 
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Pollutant Unit Risk 

voes (cont.) 

19 voes CCA> 

15 voes 

F~lDEHYDE 1.1 x 10· 1; 
mg/kg-day 
(3.3 x 10·5 I 

ug/m3) 

ASBESTOS 

7.5 x 10· 5 to 
1.6 x 10·3; 

0.01 fib/ml< 4•7> 

2.3 x 10-4/ 
0.01 fib/ml (7,8) 

1 .6 x 10· 4 to 
1.6 x 10·31 
0.01 fib/ml c4,7> 

1.7 x 10·3 to 
2.7 x 10·3; 
0.01 fib/ml c7,8> 

4 x 10·6 to 

7.6 x 10· 41 
0.01 fib/ml <4,7> 

Exhibit 4-3 (cont.) 

Non-EPA Cancer Risk Assessments 

Excess Ind. 
Lifetime 
Risk ex 10·6,2,3 

2,000 (mean>C 6> 

11,000 
(98th perc. )(6) 

280-1,500 

34,000 (mean)(6) 

240,000 
C98th perc. )(6) 

4-9,500 

Estimated 
Amual Excess 

Cancer Cases Reference 

Tancrede il...fil.... (1987) 

McCam il...fil.... C 1986) 

Tancrede il...fil.... (1987) 

McCam et al. (1986) 

NAS (1984), as cited in 
EPA (1986d) 

NAS (1984), as cited in 
EPA ( 1986d) 

CPSC (1983), as cited in 
EPA C1986d) 

CPSC (1983), as cited in 
EPA (1986d) 

Ontario Royal Cornnission 
(1984), as cited in EPA 

(1986d) 

NOTE: The stl.dies presented in this Exhibit have not been critically evaluated by EPA for their strengths 

and weaknesses in ad:ressing a CUl!'!titative analysis of the leo.iel of risk frcm indoor air pollutants. 

Therefore, EPA does not necessarily ag,._ with the stl.dy designs used or with the conctusiMS reached 

by the authors of these assessllll!nts. 

7Fibers as measured by phase contrast microscopy 

8Mesothel ioma 
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Pollutant Unit Risk 

ASBESTOS (cont.) 

1.4 x 10 · 5 to 
1.9 x 10· 31 
0.01 fib/ml C7,8) 

8.6 x 10· 5 to 
2.9 x 10· 31 
0.01 fib/ml <4, 7> 

2.5 x 10·4, 
0.01 fib/ml (4, 7> 

5.6 x 10·51 
0.01 fib/ml C7,8> 

6.8 x 10· 5 to 
1.5 x 10·31 
0.002 fib/ml(4,7) 

7.8 x 10·4, 
0.002 fib/mlC7,8) 

Exhibit 4-3 (cont.) 

Non-EPA career Risk Assessments 

Excess Ind. 
Lifetime 
Risk (X 10-6)2, 3 

Estimated 
Amual Excess 

Cancer Cases Reference 

Ontario Royal Commission 
(1984), as cited in EPA 

(1986d) 

Advisory Corrmittee on 
Asbestos (1979), as 

cited in EPA (1986d) 

Doll and Peto (1985), as 
cited in EPA C1986d) 

Doll and Peto (1985), as 
cited in EPA (1986d) 

Breslow et al. (1986) 

Breslow tl....tl... <1986) 

NOTE: The studies presented in this Exhibit have not been critically evaluated by EPA for their strengths 

an:I weaknesses in ad'.tressing a CJ,JDntitative analysis of the level of risk frm indoor air pollutants. 

Therefore, EPA does not necessarily agree with the stu;jy desin used or with the conclusions readied 

by the authors ot these assesSllll!Flts. 
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specific voes in indoor air ranges between 1,000 and 5,000 cases 
per year. 

Unit risk estimates and individual risk estimates for 
formaldehyde vary widely, apparently due to the non-linearity of 
the dose-response curve for this chemical. EPA risk estimates 
(both the MLE and the upper-bound estimates) are generally lower 
than the estimates provided by other sources. 

Finally, the carcinogenic risks from exposure to 
particulate matter, biological contaminants, and the combustion 
gases have not been addressed. A further effort is clearly 
needed in these areas in assessing the overall risks from indoor 
air pollution. The studies summarized in Exhibit 4-3 are 
discussed in greater detail below. 

Radon 

Two groups, in addition to EPA, have provided unit risk 
estimates for radon exposure based on epidemiological data for 
male uranium miners. The National Research Council (NRC, 1988), 
in the BEIR IV Report, estimated a unit risk for radon exposure 
of 3.5 x 10-4 per WLM, based on data from four studies of uranium 
miners. The National Council on Radiation Protection and 
Measurement (NCRP, 1984), estimated the unit lung cancer risk 
from lifetime exposure to radon of 1.3 x 10-4 per WLM. These 
estimates are within a factor of two of the range of unit risks 
established by EPA. 

Environmental Tobacco Smoke 

In 1986, the U.S. Public Health Service (Surgeon General, 
1986) and the National Research Council (NRC, 1986) concluded 
that environmental tobacco smoke (ETS) is a cause of lung cancer 
and other disease in nonsmokers. Tobacco smoke intentionally 
inhaled is known to cause the premature deaths of 1000 smokers 
per day, from lung cancer and other cancers, cardiovascular 
diseases, and respiratory diseases (Surgeon General, 1979). 
Independent scientific committees organized by the Surgeon 
General and National Research council (Surgeon General, 1986; 
NRC, 1986), in reviewing thirteen epidemiologic studies that have 
implicated ETS as a cause of lung cancer in nonsmokers, have 
judged these studies to prove causality between ETS exposure and 
lung cancer. Several investigators have estimated the annual 
incidences of lung cancer and other cancers resulting from 
exposure to ETS. A discussion of some of these studies is 

• provided below. 

Robins (1986) estimated U.S. lung cancer death rates from 
ETS by combining data on urinary cotinine dosimetry and estimates 
of the relative risk of passive smoking, as well as by fitting 
the multistage procedure to the data on the lung cancer 
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experience of active smokers. Based on extrapolations from 
urinary cotinine, Robins estimated.a range of exposure for 
nonsmokers to ETS of from 0.1 to 2.8 cigarettes per day (cpd). 
Estimates for nonsmokers with smoking spouses ranged from 0.4 to 
2.8 cpd, and estimates for those with nonsmoking spouses ranged 
from 0.1 to 0.9 cpd. 

Based on urinary cotinine and epidemiological studies 
showing a relative risk of 1.3 for passive smoking, Robins (1986) 
estimated 1770 deaths per year in women and 720 deaths per year 
in men, for a total of about 2,500 U.S. lung cancer deaths per 
year from ETS. Based upon the multistage procedure and the risks 
of lung cancer from active smoking, Robins estimated about 5,200 
US deaths per year; 3;320 in fernales 1 and lf940 in males. 
[However, it should be noted that extrapolations of the data on 
cancer risks from smokers to nonsmokers are uncertain. One 
problem with this approach is that smokers are a very high 
exposure group in whom the normal pulmonary defense mechanisms 
are overwhelmed (e.g., paralysis of respiratory cilia). Non­
smokers may not be exposed to high enough levels for such effect~ 
to occur and they may be at risk from different components of the 
smoke than are smokers and as such there may be considerable 
uncertainty in using tumor data in smokers to extrapolate to 
nonsmokers]. The range of Robin's estimates is from 2,500 to 
5,200 lung cancer deaths per year. 

Robins also estimated that the lifetime lung cancer death 
risk to lifelong nonsmokers from ETS ranges from 4 x 10-3 to 
1 x 10-2, and that the estimated lifetime lung cancer death risk 
to ex-smokers (who smoked for about 25 years and quit at age 45) 
from ETS is from 5 x 10-3 to 2 x 10-2. Robins estimates are 
adjusted for "true relative risk", which accounts for the fact 
that nonsmokers in most epidemiological studies of passive 
smoking and lung cancer who are termed "unexposed" by virtue of 
having a nonsmoking spouse indeed have finite urinary cotinine, 
generated by exposures outside the home (e.g., the workplace). 

Repace and Lowrey (1985a) assessed nonsmokers' risk of lung 
cancer due to respirable particulate (RSP) exposure from ETS. 
RSP exposures were estimated from a model and from empirical 
data. Lung cancer response was estimated from epidemiologically 
assessed, age-standardized differences in lung cancer mortality 
rates between two demographically comparable cohorts of lifelong 
nonsmokers. One of these cohorts, Seventh Day Adventists (SDAs), 
has a lifestyle with a high percentage of restrictions on smoking 
at home and at work relative to the other cohort, demographically 
comparable nonSDAs. 

Repace and Lowrey (1985a) estimated that 4,700 lung cancer 
deaths occurred annually in lifelong nonsmokers and ex-smokers 
due to ETS exposure in the home and the workplace among the 62.4 
million nonsmokers aged ~ 35 years. The initial calculation did 
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not differentiate between male and female nonsmokers, and age­
standardized the calculation to the entire US population, which 
included smokers. A later refinement for these factors estimated 
1,441 male nonsmoker and 3,450 female nonsmoker deaths, for a 
revised total of about 4,900 lung cancer deaths per year (Repace 
and Lowrey, 1986: 1987). Repace and Lowrey (1985a, 1986, 1987) 
estimated the uncertainty in their risk estimate at ± 300. 

The unit risk estimate for Repace and Lowrey's studies was 
5 x 10-5 lung cancer deaths per person-year at risk, per mg of 
exposure to tobacco tar per day, with the average exposure 
estimated at 1.4 mg of tar daily. A lifetime risk of about 
2 x 10-2 to the most-exposed population was estimated. The loss 
of life expectancy for lung cancer mortality, averaged over the 
population, was estimated to range from 15 to 148 days, and the 
loss of life expectancy per fatality was estimated at 17 ± 9 
years. 

Arundel et al. (1987) estimated particulate tobacco smoke 
exposure from empirical data, and response from the· lung cancer 
risks in smokers. By factoring in the ratio of estimated 
relative deposition of tar in the lungs of smokers and 
nonsmokers, and linearly extrapolating to the estimated exposure 
levels of nonsmokers from the exposure levels in smokers, Arundel 
et al. estimated 12 lung cancer deaths per year from passive 
smoking. However, it should be noted that while tar deposition 
in nonsmokers may be far less than in smokers, other putative 
carcinogens may be more concentrated in the smoke to which 
nonsmokers are exposed. Arundel et al. suggested that the 
differences between their estimates and those based upon 
epidemiologic methods in nonsmokers may be due to bias in the 
epidemiology (unspecified) , a supralinear relationship between 
exposure and risk, or a greater carcinogenicity for sidestream 
relative to mainstream smoke. 

Wells (1986, 1988) calculated the risks for nonsmokers of 
lung cancer ·and other cancers based on epidemiological data on 
adult mortality from passive smoking. A preliminary risk 
assessment of U.S. passive smoking deaths from cancer was made by 
applying the risk ratios from the epidemiology studies to 
estimates of the exposed population and to non-smoker death rates 
from an American Cancer Society study of mortality in one million 
U.S. men and women (Hammond, 1966). Wells (1988) estimated 3000 
lung cancer deaths per year in lifelong nonsmokers aged ~ 45 yrs 
and 11,000 deaths from other cancers. 

Kuller et al. (1986) constituted a workshop panel assembled 
to review the data from the epidemiologic studies of passive 
smoking. The Workshop on the Contribution of Airborne 
Pollutants to Respiratory Cancer was sponsored by the Interagency 
Task Force on Environmental Cancer and Heart and Lung Disease, 
established by the Clean Air Act Amendments of 1977, and chaired 
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by EPA. The panel concluded that data indicate that "the greater 
number" of an estimated 6,000 to 8,000 lung cancers in lifelong 
nonsmoking women is probably related to environmental tobacco 
smoke. 

In summary, estimates of annual lung cancer cases in 
nonsmokers resulting· from passive smoking range from 12 to 5,200. 
Most of the estimates fall between 2,500 and 5,200 lung cancer 
deaths per year (see Exhibit 4-3). 

Volatile Organic Chemicals 

As discussed above for EPA voe risk assessments, limited 
ua~a are available for assessing risks from indoor air exposures 
to these chemicals. As a consequence, there have been few risk 
assessments conducted for voes in indoor environments, either 
individually or as a group. Those that have been done have 
combined available personal exposure or indoor air monitoring 
data for specific voes with unit risk estimates for these 
compounds. Each of these studies has determined the additive 
risk posed by the chemicals evaluated, although it is not clear 
if these risks are additive, or whether synergistic or 
antagonistic effects occur in indoor air mixtures. It should be 
noted that the studies have addressed only a small subset of the 
voes present in indoor air; a much more comprehensive study is 
needed to fully evaluate these risks. A summary of the available 
studies is provided below. 

Wallace (1985) used 24-hr personal exposure monitoring data 
from the EPA TEAM study to construct a risk assessment for 
benzene, chloroform, carbon tetrachloride, trichloroethylene, 
tetrachlcroethylene, and para-dichlorobenzene in indoor a i r. 
This personal exposure monitoring data was chosen to apply to 
700,000 residents of four states (New Jersey, California, North 
Carolina, and North Dakota), but was employed in this risk 
assessment as representative of the total U.S. population. In 
addition, data from the former two states were assumed to 
represent exposures to individuals in metropolitan areas, while 
data from the latter two states were assumed to represent those 
in non-metropolitan areas. 

Lifetime average exposures were e~timated based on the 
limited monitoring data available (one to three 24-hr air 
monitoring samples for each of 600 individuals monitored in the 
study), but Wallace stated, based on the variation across five 
sampling areas, that the error in the mean value may not be more 
than a factor of two. [It should be noted that the use of 
personal monitoring data, rather than indoor air monitoring data, 
may over- or underestimate risks from indoor air, since exposures 
during the periods spent in other settings (e.g., outdoor or 
industrial) would be included in the total personal exposure. 
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However, data indicate that individuals spend the majority of 
their time indoors.] 

Of these six chemicals, only benzene is a known human 
carcinogen (EPA Group A). The rest are animal carcinogens. 
Chloroform, carbon tetrachloride, and trichloroethylene have been 
classified by EPA as Group B2 human carcinogens. As discussed 
earlier, the classification of tetrachloroethylene into either 
Group B2 or Group c is controversial. Para-dichlorobenzene has 
been classified in Croup c. 

Two separate sets of unit risk estimates were used by 
Wallace. The first set relied on EPA unit risk estimates which 
were available for five of the six chemicals (i.e., all but para­
dichlorobenzene). Wallace's estimate for benzene is based on a 
"maximum likelihood estimate" (MLE) from human epidemiology 
data: all other estimates are "upper-bound" (UB) estimates based 
on animal studies. In these latter estimates, it should be noted 
that the lower bound is always zero, allowing for the possibility 
that the chemical is not in fact a human carcinogen. Based on 
the EPA unit risk estimates, estimates of individual risk for 
the voes studied ranged from 5 x lo-6 to 1.6 x lo-4. 

The second set of risk estimates was based on unit risk 
values (MLEs and upper-bound) developed by Tancrede and coworkers 
at Harvard. The EPA and Harvard unit risk estimates varied 
widely (up to 30-fold). For para-dichlorobenzene, two unit risk 
estimates (high and low) were calculated based on NTP bioassay 
data for the mouse. 

To determine the combined risk from these six voes in indoor 
air, Wallace summed estimates of risk for each specific chemical. 
He concluded that the annual cancer incidence ranged from about 
1,000 cases using CAG estimates to about 5,000 to 7,500 cases 
using the Harvard upper-bound estimates. The Harvard MLEs ranged 
from 1,600 to 2,400 cases per year. overall, Wallace estimated 
that about 1,000 to 5,000 excess cancer cases per year could be 
attributable to the six voes studied. 

A large portion of the Harvard estimates, however, are due 
to estimates for para-dichlorobenzene. As discussed earlier, 
estimates of the quantitative risks from inhalation of para­
dichlorobenzene are considered by EPA to be very uncertain since 
adequate inhalation bioassay data are not available. EPA is 
currently requiring industry to perform an inhalation bioassay 
on the chemical in order that risks by the inhalation route may 
be more adequately addressed. Excluding estimates for para­
dichlorobenzene, the Harvard additive risks would approximate 
1,000 cases using the MLE estimates and 3,500 cases using the 
upper-bound estimates. 
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Tancrede et al. (1987) presented individual risk estimates 
for 9 and 19 voes that had been detected in EPA TEAM studies of 
residences in New Jersey and California, respectively. The 
investigators reported that they deliberately made overestimates 
of cancer risks to individuals by assuming: 1) that every 
chemical poses such a risk, and 2) that the relationship between 
exposure and risk is linear. In presenting this conservative 
assessment of risk, Tancrede et al. estimated risks for some 
chemicals for which EPA has not established an Agency position on 
carcinogenicity (e.g., n-octane, n-decane, n-undecane, 
n-dodecane, ortho- and rneta-dichlorobenzene, 1,1,1-trichloro­
ethane, xylenes, ethylbenzene, and alpha-pinene). 

Unit risk estimates were computed by several different 
means, including: 1) human epidemiological data (benzene), 2) a 
procedure based on the TD50, the dose leading to 50% lifetime 
tumor incidence in NTP/NCI bioassays (carbon tetrachloride, 
trichloroethylene, tetrachloroethylene, chloroform, 
1,2-dichloroethane, styrene, 1,4-dioxane); 3) use of a maximum 
likelihood technique procedure for NTP/NCI data 
(ortho-dichlorobenzene, 1,1,1-trichloroethane) or other bioassays 
(ortho- and meta/para-xylene, ethylbenzene), when the TD50 had 
not been calculated; and 4) by analogy with other chemicals, 
using theoretical methods based on LD50s (m-dichlorobenzene, 
alpha-pinene) or other toxicological parameters (n-octane, 
n-decane, n-undecane, n-dodecane). The investigators acknowledge 
that the latter estimates may be "very uncertain, but can 
occasionally be bounded above by results of more direct 
experiments with negative outcomes." (The use of theoretical 
methods based on noncarcinogenic effects to estimate carcinogenic 
unit risks would not be acceptable to EPA.) 

Exposure data used in the risk assessments were overnight 
personal exposure samples, which were assumed to represent 
continuous lifetime exposures. These data are probably more 
representative of indoor exposures than the 24-hr samples used by 
Wallace (1985). However, the data are limited (49 samples from 
New Jersey, representing an estimated 94,000 individuals; and 112 
samples from California, representing an estimated 359,000 
individuals). In addition, to be conservative, the investigators 
deliberately chose samples collected in winter when 
concentrations may have been higher than in other seasons. 

Tancrede et al. treated both potency and dose as random 
variables which can take on a range of values, some more probable 
than others. They stated that this emphasis on random 
variability is an important difference from the EPA approach. 
The additive mean individual risk (i.e., the sum of the mean 
individual risks for each of the voes) ranged from 1.9 - 3.0 x 
10-2 for residents of New Jersey, and was 2.0 x 10-3 for 
residents of California. The additive 98th percentile individual 
risks were 4.6 - 4.8 x 10-2 and 1.1 x 10-2, respectively. The 
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authors also presented additive mean individual risks for those 
13 chemicals, discussed earlier, for which there is either animal 
bioassay data or human epidemiology data (3 x 10-3 in New Jersey 
and 1 x 10-3 in California) . 

Mccann et al. (1986) presented several estimates of 
individual risks, based on mean or median levels monitored in 
indoor air, for each of 16 voes (including formaldehyde and the 
pesticide, lindane). Of these 16 chemicals, two 
(1,1-dichloroethane and ethanol) are not established as 
carcinogens by EPA. The unit risk estimates used in the 
assessment were obtained by: 1) use of the multistage procedure 
[for both MLEs and upper-bound (95%) risk estimates]; 2) use of 
the TD50 , as discussed previously, assuming linearity, and, where 
risks were reported to be non-linear, a less than or greater than 
sign, as appropriate; and 3) use of EPA (upper-bound) unit risk 
estimates. (Note: Some of the EPA unit risk estimates used by 
Mccann are not current. For example, the estimate used for 
methylene chloride is an order of magnitude above current 
estimates.) 

Exposures were estimated based on monitoring data from homes 
and public buildings, which were assembled as a base for a 
preliminary analysis only. The collection of data focused on 
measurements that reflected everyday exposure in normal (non­
complaint) homes and offices. Because the data obtained were 
limited, the investigators stated that the averages cited could 
only be used with great uncertainty. 

The additive mean individual risks (i.e., the sums of the 
individual risks for each of the 16 voes) ranged from 2.8 x io-4 
(multistage MLEs) to 9.8 x lo-3 (TD50 ) · The wide range is caused 
primarily by large variation in different estimates of the cancer 
risk posed by formaldehyde, which will be discussed further in 
the next section of this report. If formaldehyde risks are 
subtracted from the assessment, the additive mean individual 
risks for the remaining 15 voes ranges from 2.8 x lo-4 
(multistage MLEs) to 1.5 x 10-3 (EPA unit risks). 

Formaldehyde 

Tancrede et al. (1987) estimated the individual risk from 
formaldehyde exposures in U.S. houses using rat bioassay data. 
The study design used was as described above for the voe 
analysis. The author noted that the dose-response curve for 
nasal cancers in rats exhibits a strong upward curvature so that 
the risks at low doses may be overestimated. A unit risk 
estimate of 0.11 mg/kg-day (3.3 x 10-5/ug/m3) was calculated, 
similar to EPA's upper-bound unit risk estimate. A log-normal 
distribution with a median indoor concentration of 0.05 ppm 
(60 ug/m3) from several studies in US homes were used to estimate 
exposures. Mean and 98th percentile lifetime risks of 3.4 x 10-2 
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and 2.4 x 10-l were estimated based on these data. The mean 
estimate is many orders of magnitude above the MLE and two orders 
of magnitude higher than the upper-bound estimate calculated by 
EPA based on exposures at the median, rather than mean, 
concentration. 

Mccann et al. (1986) also provided estimates of formaldehyde 
cancer risks from indoor air exposures. Four different methods 
were used to calculate risks, as discussed above for the voes. A 
2600-fold variation in estimates of lifetime individual risk, 
from 3.7 x 10-6 (multistage MLE) to 9.5 x 10-3 (TD50 ), were 
calculated by these investigators. They state that the variation 
observed is most likely due to the nonlinearity of the dose­
response curve, which is reflected in the large difference in the 
multistage MLE and its upper-bound estimate (6.7 x 10=4). (An 
even greater variation of 6 to 7 orders of magnitude between the 
MLE and upper-bound estimate is observed in the EPA analysis, 
presented earlier.) 

Asbestos 

Unit risk estimates for asbestos from sources other than EPA 
were summarized in EPA (1986d) and are presented in Exhibit 4-4. 
These estimates varied widely. Unit risk estimates for lung 
cancer from lifetime exposure to 0.01 fibers/ml ranged from 
4 x io-6 to 3 x io-3. Unit risk estimates for mesothelioma based 
on the same exposure ranged from 1.4 x io-5 to 3 x io-3. In 
comparison, EPA unit risk estimates fall into the upper end of 
these ranges. 

Following publication of the EPA (1986d) document, Breslow 
et al. (1986) revised the risk estimates of the National Academy 
of Sciences. These estimates, based on concentrations of 0.0004 
and 0.002 fibers/ml and provided in Exhibit 4-5, are several-fold 
higher than the previous NAS estimates and two- to three-fold 
higher than the EPA estimates~ 

4.5 COMPARISON OF ESTIMATED INDOOR AIR RISKS TO OTHER 
ENVIRONMENTAl RISKS 

EPA recently conducted a comparative study of environmental 
problsm~ in the United States (EPA 1987d). Their report, although 
subjective and based on imperfect data, represented a credible 
first step toward a promising method of analyzing, developing, 
and implementing environmental policy. Based on this analysis, 
EPA concluded that indoor air pollution represents one of the 
most important environmental problems based on population risks. 
Four major types of effects were considered: cancer risks, non­
cancer risks, ecological effects, and welfare effects. Thirty­
one environmental problems in four broad categories were 
evaluated: indoor and outdoor air pollutants, water 
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Exhibit 4-4 
Risks (x io-6) from Lifetime Asbestos Exposure to 0.01 Fibers/ml 

Population 

Female Smokers 
Female Nonsmokers 
Male Smokers 
Male Nonsmokers 

Female Smokers 
Female Nonsmokers 
Male Smokers 
Male Nonsmokers 

Lung Cancer 

NAS (1984) 

575 (0-2,750) 
75 (0-325) 

1,600 (0-7,250) 
150 (0-550) 

CPSC (1983) 

952 (301-3, 012) 
157 (50-4,960) 

1,550 (490-4,901) 
175 (554-5,540) 

Mesothelioma 

225 (0-8,750) 
225 (0-8,750) 
225 (0-8,750) 
225 (0-8,750) 

2,460 (780-7,799) 
2,666 (843-8,429) 
1,742 (551-5,510) 
2,153 (681-6,808) 

Ontario Royal Commission (1984) (1) 

Hypothetical workforce of 
385 male smokers, 
385 male nonsmokers, 
115 female smokers, 
115 female nonsmokers 

4 - 760 14 - 1,875 

Advisory Committee on Asbestos (1979) (2) 

Males and females 86 - 2,860 

Doll and Peto (1985) (3) 

Males 252 

Source: EPA (1986d) 

lExposure of 25 years from age 22 • 

250 years exposure. 

3Exposure of 35 years from age 20. 
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Exhibit 4-5 
NAS Revised Estimates of Risks from Lifetime Asbestos Exposures 

Estimated Lifetime Risk (x 10-6) 
Disease Exposure Group 

0.0004 fibers/ml 0.002 fiber/ml 

Lung cancer Male smoker 292 1459 
Female smoker 105 524 
Male nonsmoker 27 132 
Female nonsmoker 14 68 

Mesothelioma All groups 156 780 

Source: Breslow et al. (1986) 

contamination, toxic and hazardous waste, and exposure to 
pesticides and chemicals. 

Risks from human exposures to environmental contaminants 
are generally less than many occupational health and safety risks 
in the mining and industrial environments. In addition, 
ecological and welfare losses for some environmental problems may 
dominate their public importance. Nevertheless, the population 
health risks posed by exposure to indoor air pollutants appear to 
be significantly greater than the health risks posed by some of 
the environmental problems that receive the most public concern 
and governmental funding, including hazardous and non-hazardous 
waste sites, and contaminated sludge. These risk rankings are 
very rough and are greatly limited by incomplete data, but the 
rankings demonstrate that, in relative terms, indoor air 
pollution is an important public health problem which merits more 
serious attention and study. 

4.6 SUMMARY AND IMPLICATIONS 

Except for radon, population risk estimates specific for 
indoor air pollutants have not been conducted by EPA. 
Nevertheless, the information available suggests that exposure to 
indoor air pollutants in nonindustrial anvironments poses a 
significant health threat to the domestic population. It appears 
that, in addition to radon, pollutants that pose significant 
cancer risk include ETS and voes. Radon and ETS are present in a 
very large number of residences, and ETS is present in office 
buildings. voes are ubiquitous in indoor environments. 
Additional cancer risks, not quantified here on a population 
basis, come from asbestos, formaldehyde, PAHs and pesticides in 
indoor air. 
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If diseases, such as heart disease and emphysema, were also 
considered, the mortality risks could increase significantly. In 
addition, the significant health burden associated with the known 
acute and non-fatal health effects de$cribed in Chapter 3 has not 
been quantified • 
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CHAPTER 5 - ECONOMIC IMPACTS OF INDOOR AIR POLLUTION 

This chapter discusses the economic costs imposed by indoor 
air pollution. The costs of both health effects and damages to 
equipment and materials are considered. The limited available 
evidence on indoor air pollution effects is used to develop 
estimates for selected types of costs. These cost estimates are 
incomplete and are subject to great uncertainty. However, the 
available evidence suggests that the costs imposed by indoor air 
pollution are very high. The costs of controlling indoor air 
pollution are not covered in this chapter. 

The first section of this chapter discusses the nature of 
+-'h ......... ,., ......... ,., ... ;,., o-F-F.o,..+-""- n-F ;,.,rin,....,.. ,,.;.,.. 'nnll11+-inT'\ 'T'ho c:ornnn c:or+inn 
'-"""v 'i;'o""""'-'•'""'"'1...1."""" "--•-"-"""""'""""- -- --··---- --- t""-------··· ....... _ ----··- .._ _ __, ____ .. 
describes methodologies for valuing economic effects, and the 
third section presents available estimates of economic costs and 
implications for business managers. 

5.1 TYPES OF ECONOMIC COSTS 

Three major types of economic costs are addressed in this 
chapter: (1) materials and equipment damages, (2) direct medical 
costs, and (3) lost productivity. These are defined as follows: 

Materials and Equipment Damages 

Indoor air pollution can soil indoor surfaces and can damage 
equipment and materials of various types.l The costs associated 
with equipment and materials damage include costs incurred to 
mitigate the effects of contamination (e.g. the costs of 
cleaning) and the costs of repair or premature replacement of 
equipment and materials. 

Direct Medical Costs 

People whose health is affected by poor indoor air quality 
may incur costs for medical services to alleviate the health 
effects. These medical costs include the costs of visits to the 
doctor or emergency room, hospital care, surgery, medication and 
the like. 

Lost Productivity 

Adverse health effects or general discomfort resulting from 
indoor air pollution may result in lost economic productivity. 
Lost productivity may occur on a continuum and include (1) lost 
productive years due to major illness, (2) lost time due to 
increased number of sick days taken from one's job, and (3) lost 

lsoiling refers to an effect that is reversible via 
cleaning, whereas materials damage is an irreversible effect. 
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productive efficiency while on the job. All reduce the nation's 
capacity to product goods and services of value. Estimates of 
productivity should include the effects on both income earning 
and non-income earning activities of value. Activities such as 
child care in the home, homemaking, and learning activities in a 
school or university setting should be included, although often 
they are not because they are difficult to quantify. 

Costs not Considered 

These three categories of costs -- materials and equipment 
damage, direct medical costs, and lost productivity -- represent 
only a part of the total economic losses due to indoor air 
pollution. Some economic costs not included in the above 
categories are: 

o other welfare loss associated with pain and suffering due 
to health effects that are not fully alleviated by medical 
treatment; 

o the value of unpaid time spent by persons taking care of 
those whose health is affected in the home; and 

o losses due to reduced enjoyment of recreational and other 
non-productive activities affected by indoor air 
pollution. 

No attempt was made to estimate costs in these categories. 

In addition, this report does not consider the effects of 
exposures to commercial or occupational sources of pollutants 
other than those occurring in white collar work environments. 
The categories of economic costs considered in this report 
therefore represent only a portion of the true losses to society 
resulting from poor indoor air quality. 

5.2 METHODOLOGIES FOR CALCULATING ECONOMIC COSTS 

A variety of approaches may be used to estimate the costs 
associated with indoor air pollution. These approaches have been 
described in a number of sources 2 , and are only briefly 
summarized here. 

Market-Based Measures 

Economists generally prefer to use measures of costs based 
on people's actual behavior in response to pollution, as the best 
measure of the true economic costs. To the extent that observed 

2see, for example, Bentkover et al (1986); Freeman (1979) 
and Hartunian (1981). 
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market behavior can be used to assess costs, all effects of the 
pollution -- including such hard-to-measure effects as "pain and 
suffering" or reduction in the quallty of life -- are included. 

Estimating costs due to indoor air pollution lends itself to 
use of market-based estimates in theory. The pollution is 
associated with specific buildings, and buildings are traded in 
real estate markets. Therefore, some of the costs of indoor air 
pollution can potentially be observed in reduced property values 
for buildings with air pollution problems. 

EPA is not aware of any previous property value studies 
focusing on the effects of indoor air pollution. Such studies 
could eventuallv be useful. However. it is doubtful that thev 

- - -- - - - - -- " ,£ , -

would provide reliable estimates of the true social costs of 
indoor air pollution at this time. People must be aware of 
problems with a building and must know that the problems are 
attributable to the building itself, before market behavior could 
accurately reflect the costs of indoor air pollution. currently, 
there appears to be widespread ignorance about the sources and 
effects of indoor air pollution. Therefore, it is unlikely that 
current market values for buildings reflect the costs of indoor 
air pollution. 

Contingent Valuation Measures 

-rh the absence of market-based data on the effects of 
pollution, survey techniques are sometimes used to develop the 
equivalent of market valuations. These surveys seek respondents' 
views on their "willingness-to-pay" to reduce pollution -- in 
this case, to reduce their exposure to indoor air pollution. 

There are difficult methodological problems with such surveys, 
but they have the virtue -- like market-based valuations -- of 
including all sources and types of welfare loss due to the 
pollution. EPA is not aware of any previous contingent valuation 
surveys designed to measure the costs of indoor air pollution. 

Damage Function Measures 

An alternative to using market-based data or contingent 
valuation measure~ is to develop estimates of the cost~ of 
individual end-effects of pollution, based on predictions of 
physical effects and use of various methods to value the effects. 
As described above, the drawback with the measurement of costs on 
an effect-by-effect basis is that it is limited to the effects 
that have been quantified. Quantifiable effects, plus welfare 
losses that are difficult to quantify inevitably are excluded. 
Therefore, summing the costs estimated for individual effects of 
pollution tends to understate the true social costs of 
pollution. However, this is the only approach available at this 
time to estimate the costs of indoor air pollution. 
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Two steps are involved in developing an effect-by-effect 
estimate of indoor air pollution costs. First, it is necessary 
to estimate "incidence" of each physical effect attributable to 
indoor air pollution -- e.g. numbers of cancer cases, levels of 
soiling, days of lost work, etc. Second, it is necessary to 
assign an economic value to those physical effects. 

5.3 CALCULATING THE ECONOMIC COSTS OF INDOOR AIR POLLUTION 

Available Data and Approach 

In the absence of market-based or contingent valuation 
estimates of the costs of indoor air pollution, this report 
relies on damage function procedures to develop cost estimates. 

Because of data limitations, it was not possible to develop 
quantitative estimates of the economic costs associated with 
equipment and materials damages caused by indoor air pollution, 
though these costs are discussed in the text. 

For major illnesses, the pollutant-by-pollutant estimates of 
specific health effects along with estimates of the costs of 
those effects were used to estimate the economic costs of major 
illnesses resulting from indoor air pollution. Quantitative 
estimates of cases attributable to indoor air pollution for a 
limited number of pollutants and health effects were presented 
in Chapters 3 and 4. For those health effects quantified (cancer 
and coronary heart disease due to exposures to radon, volatile 
organic chemicals (VOCs) and environmental tobacco smoke (ETS)), 
predicted numbers of cases annually were multiplied by estimates 
of costs per case to provide national annual cost estimates. Two 
types of costs are calculated: (1) direct medical care costs for 
each type of case (doctor visits, hospitalization, medication, 
surgery, etc.), and (2) the present value of lost lifetime 
earnings per new case, including imputed earnings for homemaking 
activities. In addition, information from a study of emergency 
room visits for asthmatic children was used to estimate the costs 
of exposure to ETS for asthmatic children. 

Because of data limitations, it was not feasible to develop 
reliable estimates of the economic cost of the increased number 
of sick days or of lost productivity while on the job, due to 
indoor air pollution. However, available surveys were used to 
provide information on these issues. While potential costs based 
on this data were calculated, these estimates are excluded from 
the final tabulations of economic costs because of uncertainties 
surrounding the data. 
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Economic Costs of Equipment and Materials Damage 

Previous chapters of this report have focused primarily on 
the human health effects of indoor air pollution. High 
concentrations of contaminants in indoor air can also have 
adverse effects on materials and equipment. The effects of 
indoor air pollutants on indoor materials are influenced by a 
number of factors, including the type of pollutant, its 
concentration and exposure pattern, the type of material exposed, 
and other environmental factors. These effects are discussed in 
some detail in another report (EPA, 1987) . Exhibit 5-1 taken 
from that report, summarizes the major materials damages 
according to the materials potentially at risk, the air 
pollutant(s) associated with the effect; and other environmental 
factors that can also contribute to materials damage. Microbial 
contamination, while potentially significant, is not included in 
this table. 

The pollutants most often associated with these material 
damages include sulfur oxides (SOx), nitrogen oxides (NOx), 
ozone, particulates, and several acid gases (EPA, 1987). In 
addition, particulates in the form of water-soluble salts have 
been associated with damage to electronic equipment. Damages 
may include corrosion of electronic components and electrical 
current leakage, which may eventually result in equipment 
malfunction (EPA, 1987; Walker and Weschler, 1980). Finally, 
microbial contamination can result in significant damage to some 
materials. 

The costs of materials and equipment damage by indoor air 
pollutants include the maintenance, repair, and/or replacement 
costs resulting from (1) soiling or deterioration of a material's 
appearance, or (2) reduced service life for corroded or degraded 
appliances, furnishings, and equipment. For example, if house 
tex~iles such as draperies fade or change color as a result of 
exposure to nitrogen oxide pollutants, then costs would consist 
of the cost of either repair or premature replacement of the 
draperies. In certain circumstances, such as in art museums or 
galleries, costs associated with installation of environmental 
controls such as air filtering systems may also be incurred. 

Few damage functions have been developed for the effects ot 
indoor air pollution on materials and equipment. studies 
performed for EPA to support national ambient air quality 
standards (Manuel, 1981; 1983) provide household economic damage 
functions for soiling due to so2 and particulates. These 
studies rely on the results of several previous studies to 
estimate economic benefits due to reduced soiling, and might be 
applied to estimate the costs of indoor air particulate and S02 
levels. However, the studies generally include categories of 
benefits (e.g. reduced washing of outside as well as inside 
window surfaces, cleaning of screens and storm windows, and 
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Materials 

Metals 

Paint and organic 
coatings 

Textiles 

Textile dyes 

Paper 

Magnetic storage 
media 

Photographic 
materials 

Rubber 

Leather 

Ceramics 

Source: EPA, 1987. 

Exhibit 5-1 
Air Pollution Effects on Materials 

Type of Damage 

Corrosion, 
tarnishing 

Surface erosion, 
discoloration, 
soiling 

Reduced tensile 
strength, soiling 

Fading, color 
change 

Errbr i tt l ement , 
soiling 

Loss of signal 

Microblemishes, 
"sulfiding" 

Cracking 

IJeakeni ng, pow-

dered surface 

Changes surface 
appearance 

Principal Air 
Pollutants 

Sulfur oxides and 
other acid gases 

Sulfur oxides, 
hydrogen sulfide, 
particulate matter 

Sulfur oxides, 
nitrogen oxides, 
particulate matter 

Nitrogen oxides, 
ozone 

Sulfur oxides, 
particulate matter 

Particulate matter 

Sulfur oxides, 
hydrogen sulfide 

Ozone 

Sulfur oxides 

Acid gases, HF 

5-6 

Other 
Envi ronnenta l 

Factors 

Moisture, air, salt, 
microorganisms, par­
ticulate matter 

Moisture, sunlight, 
ozone, microorganisms 

Moisture, sunlight, 
ozone, physical wear 

Sunlight 

Moisture, physical 
wear 

Moisture, heat, wear 

Moisture, sunlight, 
heat, other acid 
gases, particulate 
matter, ozone and 
other oxidants 

Sunlight, physical 
wear 

Physical wear 

Moisture, micro­
organi sms 



cleaning of gutters) that are not relevant for estimating indoor 
air pollution costs. The studies also estimate benefits at 
concentrations well above those reported for indoors, and are 
based on 1972-1973 consumer expenditure data that are likely to 
be substantially out-of-date. For these reasons, the available 
soiling damage functions were not considered adequate to estimate 
soiling damages attributable to indoor air pollution. 

Similarly, no quantitative estimates are available of the 
effects of indoor air pollution on equipment. Information from 
Dr. Charles Weschler of Bell Communications Research, however, 
provide examples of such damages that indicate that the costs may 
be high (Weschler, 1988). Telephone switching and computing 
equipment is susceptible to corrosion caused by air particles and 
gases. Weschler reported that the seven regional telephone 
companies have spent large sums to replace, clean or repair 
switches and other electronic equipment malfunctioning as a 
result of indoor air contaminants. Failures are known to have 
occurred throughout the system, and to range in cost from as 
little as $10,000 to as high as $380,000 per event. Bell 
Communications Research has developed guidelines for preventing 
such damages, including use of high ef!iciency filtration, 
constant use of fans, minimum air changes per hour, and keeping 
buildings pressurized to prevent infiltration of outdoor 
contaminants. 

Various studies have also reported that home and off ice 
computing equipment and other electronic devices are subject to 
failure due to indoor air contamination (see, for example, 
Comizzoli et al., 1986). However, no estimates are available of 
the extent or costs of such damages. 

In addition, it is known that microbial contamination can 
cause significant damage to buildings and equipment, and there is 
anecdotal evidence that damage ' can be so severe as to make a 
building unfit for human occupation, However; no quantitative 
data as to the extent of such damage is available. 

Direct Medical Care Costs 

Specific Major Illnesses 

Available estimates of the annual number of health 
impairments result~ng from indoor air pollution were presented in 
Chapters 3 and 4. Estimates of annual health impairments could 
be developed only for some of these health effects. To estimate 
the costs of medical expenditures associated with this subset of 
health effects, estimates of the present value of direct medical 
care costs per case were taken from Hartunian et al. (1981). 
These costs were developed for different types of illnesses from 
actual case experiences, and costs occurring in future years 
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Exhibit 5-2 
Direct Medical Care Costs for Major Illness 

Health Effect 

Present Value of 
Medical Cost per 

New Case 
($1986) 

Lung Cancer 21,285 

All Cancers 24,938 

Coronary Heart Disease 9,684 

Source: Hartunian et al. (1981) -- Hartunian values in 1975$ 
updated to 1986 dollars using an inflation factor for 
medical costs of 2.57 (1986 index of 433.5 divided by 
1975. index of 168.6; index of medical care prices 
from U.S. Bureau of Labor statistics. CPI Detailed 
Report.) 

were discounted to develop present values. Present value costs 
calculated at a six percent discount rate were used in this 
report. 

Exhibit 5-2 presents these costs per case taken from the 
Hartunian study. The average costs per case for all cancers and 
for coronary heart disease (CHD) were developed in the Hartunian 
study by weighting costs per case for different types of cancer 
or CHD by the relative prevalence of each type in 1975. The 
Hartunian estimates were inflated to 1986 dollars for use in 
this study. 

Exhibit 5-3 presents estimates of the annual national costs 
of medical care resulting from the major indoor air pollution 
health effects identified in Chapters 3 and 4. As shown, 
estimated costs are over $1 billion annually. The range of cost 
estimates reflects estimates of numbers of cases annually from 
different sources reported in Chapters 3 and 4. Cancer cases due 
to exposure to voes, radon, and ETS account for the largest 
portion of estimated costs. 

These estimates do not include the costs of many potential 
major illnesses and indoor air pollutants presented in Chapters 3 
and 4, due to the limited quantitation of health impacts for 
these pollutants. For example, quantified national health 

5-8 



Source 

Radon 

ETS 

six voes 

Exhibit 5-3 
Annual Direct Medical Costs of Major Illness 

($1986) 

New Cases/ 
Year Cost/Case 

Total cost 
($Millions) 

-------------------- CANCER --------------------

20,000 $21,285 $426 
(Lung) 

12-5,000 $21,285 $0.26-111 
(Lung) 

11,000 $24,938 $274 
(Other) 

1,000-5,000 $24,938 $25-125 
(Other) 

Total Cancer Costs $725-936 

------------------- NON-CANCER -------------------

ETS 32,000 
(Heart Disease) 

Total Medical Costs 

$9,684 $290 

$1,015-1,226 

SouTce: Section 3.3, and Exhibits 4-1, 4-3, and 5-2. 

Note: Except for radon, risk estimates have not been critically 
evaluated for their strengths and weaknesses in addressing a 
quantitative analysis of the level of risk from indoor air 
pollutants. Therefore, EPA does not necessarily agree with the 
study designs used or with the conclusions reached by the authors 
of these assessments. See footnote to Exhibit 4-3. 
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Exhibit 5-4 
Costs of Additional Emergency Room Visits for 
Asthmatic Children in Households with smokers 

Increased number of emergency room visits per year, 
asthmatic children in smoking vs. non-smoking households: l.26a 

Estimated cost of additional visits per year: 

Estimated percent of children in smoking households: 

Estimated percent of population that are asthmatic: 

$92a 

43-62%b 

o total population 4.0%c 

o ratio of prevalence in children to prevalence 
in the total population l.25d 

o estimated percent of children that are asthmatic 5.0% 
(1.25 x 5) 

Number of children in the United States under 18 (1985): 63 Me 

National annual cost of additional emergency room 
visits for asthmatic children in smoking households: $157-226 Mf 

a. Evans et al. (1987). 
b. 43% from CDC (1986). 62% from Bonham and Wilson {1981) as 

cited in Repace and Lowrey (1985). 
c. Chapter 3, Exhibit 3-/.. 
d. National Center for Health Statistics, private 

communication, 1988. 
e . U. s. Census Bureau, Current Population Reports 
f . 1.26 * 92 * (0.43-0.62) * 0.05 * 63 

impacts are not available for indoor exposures to pesticides, 
asbestos, formaldehyde or many types of voes, nor are estimates 
available for number of cases of emphysema, or other illnesses 
due to ETS exposure. 

Effect of ETS of Asthmatic Children 

A recent study of 237 children from low-income families in 
New York City (Evans et al., 1987) found that asthmatic 
childrenfrom smoking households visited emergency rooms more 
often on average than did asthmatic children from non-smoking 
households. Children from smoking households averaged 3.09 
emergency room visits per year compared with 1.83 times per year 
for children from non-smoking households. Exhibit 5-4 presents a 
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calculation of aggregate national costs due to increased 
emergency room visits for asthmatic children due to ETS in the 
home, based on this study. The co~ts are estimated to total 
between $157 and $226 million per year. 

Employee Sick Days 

Little data exists on the number of employee sick days or on 
the productivity lost because of poor indoor air quality. 
However, some survey studies have been conducted. The problems 
with these studies are twofold. First, it is difficult for an 
employee to causally link a health effect to poor indoor air 
quality. Second, it is not known if the buildings from some of 
these studies represent the general building population. 

One survey of off ice workers conducted by Honeywell 
(Honeywell, 1985) found that 19 percent of respopdents (115 of 
600) often or sometimes had difficulty doing their work because 
of office air quality. Of the 155, 64 (or 11 percent of all 
respondents) reported that a "tired/sleepy feeling" was a "very 
serious" or "somewhat serious" problem because of off ice air 
quality. Similarly, 52 (nine percent ct all respondents) cited a 
"congested nose," 47 (eight percent) cited "eye irritation," and 
46 (eight percent) cited "difficulty breathing" as being "very 
serious" or 11 somewhat serious" problems. 

However, while the Honeywell survey was scientifically 
administered, it does not provide sufficient information for 
quantifying economic costs. 

In addition to the Honeywell survey, a recent survey of 94 
state government office buildings was conducted by a coalition 
of employee unions in the New England states of Maine and New 
Hampshire during the summer of 1987. The survey sought 
information on the extent and effects of poor indoor air quality, 
including the losses in productivity, the increased number of 
sick days, and the frequency of doctors visits, attributed by 
respondents to poor indoor air quality. 

The New England survey results report large numbers of 
complaints about health symptoms that respondents attribute to 
poor air quality: JO percent of all respondents reported having 
headaches, 44 percent reported fatigue or drowsiness, 37 percent 
reported eye strain, and 69 percent reported some loss in 
productivity on a daily or weekly basis due to poor indoor air 
quality. 

The kind of information provided in the New England survey 
is useful for estimating three elements of economic cost -­
direct medical cost of increased doctors visits, the economic 
cost of lost productivity from increased sick days, and the 
economic cost of lower productivity while on the job. However, 
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the New England survey was not scientifically administered and 
may have significant biases. 

While the Honeywell survey and the New England survey are 
not directly comparable, the prevalence rates in the New England 
survey appear to be three to four times higher than those 
reported in the Honeywell survey. However, other data suggest 
that prevalence rates of the New England survey may not be far 
from the norm. For example, in a major British study (Wilson and 
Hedge, 1987), prevalence rates of work related symptoms were: 
lethargy (57%), headache (43%), stuffy nose (47%), and itchy eyes 
(27%). In addition, 24% of the respondents thought that their 
work environment decreased their productivity by 20% or more, 59% 
thought it had little or no effect, and 16% thought it increased 
their productivity. Likewise, in a major study of Danish Town 
Halls (Skov and Valbjorn, 1987) and other buildings, approximate 
prevalence rates of work related symptoms were fatigue (28%), 
headaches (20%), eye irritation (13%), and nasal irritation 
( 18 % ) • 

In order to obtain at least a qualitative estimate of the 
economic costs from medical visits, sick days lost, and 
productivity losses, some adjustments were made to the New 
England survey data, and conservative assumptions concerning 
those not responding were incorporated into the analysis.3 The 
adjusted survey results show that an average of 0.24 doctor 
visits per worker per year were attributable to poor indoor air 
quality. If this figure were applied to the nation's 64 million 
white collar work force (BLS, 1988), and an average cost of $30 
is assumed for a medical visit to a doctor or medical 
practitioner, national medical care costs for doctors visits 
(other than for major medical illness) of white collar workers 
due to indoor air pollution would be on the order of half a 
billion dollars per year. 

Economic Cost of Productivity Losses 

Loss of Earnings Due to Major Illnesses 

Exhibit 5-5 shows estimates of the present value of lost 
lifetime work output for three types of major health effects. 
These estimates are taken from Hartunian, 1981 and include an 
imputed value for homemaking activities. The Hartunian values 
have been updated to 1986 dollars and inflated by 37 percent to 

3Excluded from the data were responses indicating more than 
6 doctor visits per year, more than 12 days of sick leave, or 
more than 30 percent productivity loss due to indoor air 
pollution. In addition, it was assumed that no effects of indoor 
air pollution were experienced by those not receiving the 
survey, and those who received the survey but did not respond. 
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reflect the value of fringe bene!its for all private industry 
employers (Nathan, 1987). These costs per case are the present 
value of present and future lost worktime due to a new case of 
cancer or CHO, with future years' values discounted at six 
percent. 

Exhibit 5-5 
Productivity Costs of Major Illness 

(Cost per Case) 

Health Effect 

Present Value of 
Lost Earnings 

Per Case 
($1986) 

T.11nn f"':inrPr C)CL "i1? ----J ------- --,---

All cancers 92,645 

Coronary Heart Disease 44,896 

·source: Hartunian, et al. (1981) -- Hartunian values in 1975 
dollars updated to 1986 dollars using the ratio of 
the 1986 to the 1975 GNP price deflators (114.1/59.3 
= 1.92; U.S. Department of Commerce, Statistical 
Abstract of the United states, 1988, p. 252), and 
inflated by 37 percent to reflect the added value of 
fringe benefits (Nathan, 1987). 

Exhibit 5-6 shows the calculation of the national annual 
cost of productivity losses associated with major illnesses 
caused by indoor air pollution. This calculation uses the same 
approach as the calculation of direct medical costs in Exhibit 
5-3. The estimated cost ranges from $4.7 billion to $5.4 billion 
for new cases caused by indoor pollution annually. 

Productivity Loss While on the Job and from Increased Sick 
Days 

Productivity losses on the job due to indoor air pollution 
may take several forms. For example, workers may be less 
effective with their work because they feel fatigued, or suffer 
from headaches, eye irritation or other effects. These are 
typical symptoms of sick building syndrome. Workers may 
therefore accomplish less per hour worked or may spend more time 
away from their work location -- e.g. taking breaks or walks 
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outdoors to avoid poor air quality where they work. These 
effects will result in lower output per hour at work. In 
addition, workers may be out sick more often. 

The value of both reduced output while at work and increased 
sick leave time lost from work can be measured by multiplying 
average hours of productive work lost by an average hourly 

Source 

Radon 

ETS 

voes 

ETS 

Exhibit 5-6 
Annual Productivity Costs of Major Illnesses 

($1986) 

New cases/ 
Year Cost/Case 

Total Cost 
($Millions) 

--------------------- CANCER --------------------

20,000 $99,532 $1,991 
(Lung) 

12-5000 $99,532 $1. 2-518 
(Lung) 

11,000 $92,645 $1,019 
(Other) 

1,000-5,000 $92,645 $93-463 
(Other) 

Total cancer $3,011-3,991 

------------------- NON-CANCER-------------------

32,000 
(Heart Disease) 

$44,896 $1,437 

Total Cancer and Non-cancer $4,448-5,428 

Source: Section 3.3 and Exhibits 4-1, 4-3 and 5-5. 

Note: Except for radon, risk estimates have not been critically 
evaluated for their strengths and weaknesses in addressing a 
quantitative analysis of the level of risk from indoor air 
pollutants. Therefore, EPA does not necessarily agree with the 
study designs used or with the conclusions reached by the authors 
of these assessments. See footnote to Exhibit 4-3. 
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compensation rate. The average total compensation rate per hour 
worked for white collar workers is $15.56. This rate includes 
benefits such as paid leave, premium pay for overtime, insurance 
and retirement benefits, and legally required benefits such as 
Social Security (Nathan, 1987). 

Data from the New England survey, which was adjusted as 
previously indicated, would attribute an average productivity 
loss of 3% to poor indoor air quality. This is equivalent to 
approximately 14 minutes per day in lost work time. Respondents 
would also attribute an average of 0.6 added sick days per year 
to poor indoor air quality. If these results were applied to 
the nation's white collar labor force, the economic cost to the 
nation would be in the order of $60 billion annually. While this 
can not be regarded as a reliable estimate, it suggests quite 
strongly that productivity losses may be in the order of tens of 
billions of dollars per year. 

Implications for Business Managers 

Many efforts to improve indoor air quality in office 
environments can be administered at little or no cost. These 
include, for example, proper storage of toxic cleaning and 
maintenance products, and basic maintenance of the ventilation 
system. Nevertheless, some buildings may require actions which 
increase energy or other operation or maintenance costs, and for 
this reason they are often resisted. But, we have seen that 
poor indoor air quality increases labor costs through losses in 
productivity, increased employee sick days, and medical costs. 
This suggests that measures to cut building construction and 
operating costs may increase the total cost to business because 
of a higher wage bill, and that money spent to improve indoor air 
quality may be profitable from a purely business profit and loss 
standpoint. 

It is useful to ask whether costs incurred to improve indoor 
air quality would pay for themselves in increased productivity. 
Labor costs in a typical off ice setting will depend on salary 
levels and occupant densities. Typical labor costs are on the 
order of $100 to $300 per square foot per year.4 (Dorgan, 1988: 
Woods et al., 1987). In comparison, energy costs are on the 
order of only $1 or $2 per square foot per year,· while total 
environmental control costs (energy, operation and maintenance) 
are on the order of $2 to $10 per square foot per year. (Dorgan, 
1988; Woods et al., 1987, Eto and Meyer, 1988). It is clear, 

4For example, ASHRAE standard 62-1981 assumes an occupant 
density amounting to about 150 square feet per person in office 
environments. With a labor cost rate of $15.56 per hour and a 
yearly work rate of 2000 hours per year, labor cost for office 
environments would be $207 per square foot per year. 
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therefore, that from a profit and loss standpoint, productivity, 
not energy consumption, is the dominant consideration for office 
environments. 

While cost increases to improve indoor air quality could be 
substantial in absolute dollar terms, Exhibit 5-7 demonstrates 
that such costs would be more than off set by very modest 
productivity increases. For example, a 5.0 percent increase in 
energy costs (or a 1.67 percent increase in total environmental 

Exhibit 5-7 
Productivity Gains Necessary to Offset Operating Cost Increases 

Cost Increases 
Energy or Total Env. 

5 % 
15 % 
25 % 
50 % 

1. 67 % 
5.00 % 
8.33 % 
16.67 % 

Base cost assumptions: 

Offsetting Productivity Gain 

0.05 % 
0.15 % 
0.25 % 
0.50 % 

Energy costs = $2 per sq. ft. per yr. 
Labor costs = $200 per sq. ft. per yr. 
Total Environmental costs = $6 per sq. ft. per yr. 

control costs), would require only a 0.025 to 0.05 percent 
increase in productivity to make this a worthwhile expense. A 50 
percent increase in energy costs (or a 16.67 percent increase in 
total environmental control cost) would require only a 0.25 to 
0.50 percent increase in productivity. This result suggests that 
expenditures for improved indoor air quality could generate 
exceedingly high returns to the business community, where labor 
is an important cost category, and where the building community 
is unaware or has neglected to implement this potential 
productivity gain. 

Increasing ventilation capacity from 5 to 20 cfm per 
occupant is estimated to increase total construction costs less 
than $0.50 per sq. ft. under typical circumstances (Eto and 
Meyer, 1988). However, for existing buildings, significant 
retrofit costs may be required to increase ventilation, improve 
air distribution, or to otherwise improve indoor air quality. It 
is useful to ask, therefore, whether productivity gains could be 
expected to offset capital expenditures either for new 
construction or for retrofit applications. Productivity gains 
needed to offset alternative capital expenditure requirements, 
with and without a modest (15 percent) increase in energy 
operating costs, are display~d in Exhibit 5-8. For example, a 
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capital expenditure of $15 per square foot would require about 1 
percent increase in productivity to offset the expenditure. If, 
in addition, energy operating costs were increased 
15 percent, productivity would have to increase by 1.14 percent. 
Given the dominance of labor costs, even a modest increase in 
productivity could justify substantial capital expenditures to 
improve indoor air quality. 

Exhibit 5-8 
Productivity Gains Necessary to Offset Capital Expenditures 

Capital Cost 
($/sq.ft) 

1 
5 

10 
15 
25 
50 

Annualized Cost 
($/sq. ft) 

0.13 
0.66 
1. 31 
1. 97 
3.29 
6.57 

Base cost assumptions: 

Offsetting Productivity Gains 
No Change in Operating Cost 

On~ratina Cost Increase bv 15% - .L- - - -- - - - - ..I - • 

0.07 % 0.22 % 
0.33 % 0.48 % 
0.66 % 0.81 % 
0.99 % 1.14 % 
1. 64 % 1. 80 % 
3.29 % 3.44 % 

Energy costs = $2 per sq. ft. per yr. 
Annualized costs are capital costs amortized at 10% over a 15-
year life. 

5.4 SUMMARY AND CONCLUSIONS 

Exhibit 5-9 summarizes the estimates developed in this 
chapter of the economic costs attributable to indoor air 
pollution. As shown in the exhibit, cost estimates are 
available only for a limited set of potential indoor air 
pollution effects. The reported costs were developed by 
extrapolating from limited evidence. Substantial additional 
basic research and analysis will be required to improve on these 
estimates of economic costs. 

Despite the limitations in the available evidence, the 
calculations presented in this chapter suggest that the costs of 
indoor air pollution are very high. Many costs of indoor air 
pollution have not been calculated. Nevertheless, because of the 
large numbers of people and buildings potentially affected, as 
well as the wide range of effects for which there is an economic 
cost component, it is reasonable to conclude the aggregate costs 
of indoor air pollution amount to tens of billions of dollars per 
year. 
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Of the costs shown in Exhibit 5-9, ETS accounts for a large 
portion of the costs attributed to specific sources (cancer, 
heart disease, and effects on asthmatic children). Not 
displayed in Exhibit 5-9 because of data limitations are specific 
estimates of the economic costs associated with losses in 
productivity and increases in employee sick days from unspecified 
sources typified by the sick building syndrome. As indicated in 

E.dlibit 5-9 
~ry of Arn.Jal Econainic Costs of Indoor Air Pollution 

(S •illicn1> 

Direct Medical Expenditures Lost Materials and Total 
Pollutant Cancer Non-Cancer Productivity Equip. Damage Calculated Costs1 

Radon and radon $426 NC $1. 991 $2,417 
daughters 

ETS $274-385 $447-516 $2,457-2,974 NC $3, 178-3,875 

Biological NC NC NC NC 
contaminants 

voes 

6 voes S25-125 NC $93-463 $118-588 

Other voes NC NC NC NC 

Asbestos NC NC NC NC 

Conilustion gases NC NC NC NC NC 

Particulate matter NC NC NC NC NC 

Unspec i f i ed NC (see text) (see text> (see text) 
(sick building syndrome> 

NC • Costs not calculated 

1. Includes only costs associated with those types of cancer and other health effects for which estimates of 
l"'l..fl'bers of annual health irrpairments were calculated in Chapters 3 and 4. The estimated costs shown here 
are therefore lllderstated. 

Source: Exhibits 5-3, 5-4, and 5-6. 
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the text, these costs may be on the order of tens of billions of 
dollars per year. 

Subsequent chapters will discuss methods that can be used to 
improve indoor air quality. In some cases, the costs of changes 
needed to correct poor indoor air quality will be high. This 
chapter suggests, however, that the costs imposed by continuing 
to live with poor indoor air conditions are also very high, and 
for business establishments where labor is an important cost 
factor, remedial actions are likely to be cost effective, even if 
they require expensive retrofit. Over time, development and 
dissemination of information on the costs of poor indoor air may 
encourage building owners to upgrade the quality of indoor air to 
prevent decreases in the value of their buildings as tenants and 
clients become more knowledgeable about the effects of indoor air 
contamination. 
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CHAPTER 6 - METHODS AND STRATEGIES OF CONTROL 

This chapter discusses strategies for controlling indoor air 
quality. In the first section we present engineering and 
operational control strategies to mitigate or prevent indoor air 
probl ems. The second section addresses the importance of 
appropriate building design and maintenance in controlling indoor 
air pollution. In the third section we introduce protocols to 
diagnose air quality problems as a critical first step in 
effective indoor air problem mitigation and prevention. Finally, 
in the fourth section we present options for the administrative 
control of indoor air quality. 

6.1 E_~GT~F.F.RTNG AND OPERATIONAL CONTROL STRATEGIES 

Engineering control of indoor air pollution relies on three 
general processes: (1) source control, (2) ventilation control, 
and (3) air cleaning. Source control improves indoor air 
quality by directly reducing the contribution of source~ to 
indoor air pollutant levels. Ventilation control, in contrast, 
dilutes indoor air with outdoor air to reduce concentrations of 
indoor pollutants. Finally, air cleaning controls indoor air 
pollution by actively removing pollutants from the indoor air 
through chemical and physical methods. This section introduces 
the principles involved in each of these control strategies and 
the range of indoor air concerns to which they can be 
successfully applied. 

Source Control 

Combustion appliances, tobacco smoking, building materials, 
soil gas, commercial and consumer products, and microbial growth 
potentially generate indoor air pollutants, and emissions from 
these sources can be controlled to reduce indoor air quality 
concerns. Source control strategies fall into four categories: 
(1) source substitution and/or removal; (2) source encapsulation 
and/or confinement; (3) proper source operation and maintenance; 
and (4) source modification. 

Removing indoor pollutant sources from the indoor 
environment and replacing them with non-polluting substitutes can 
directly and substantially improve indoor air quality. 
Successful use of this strategy requires sacrificing the function 
of source materials or finding suitable substitutes. Therefore, 
decisions to remove and substitute for pollutant sources require 
a careful balancing of economic, functional, and health concerns. 

Some sources of indoor air pollution that cannot be easily 
removed or replaced can be controlled by encapsulation or 
confinement. These processes do not eliminate potential 
pollution sources, but rather restrict the movement of the 
pollutants of concern in the indoor atmosphere. 
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Properly operating and maintaining appliances and products 
can also reduce their emissions of indoor air pollutants. This 
control strategy can include tuning or cleaning sources to reduce 
pollutant generation or curtailing source use or shifting source 
use in time and space in order to separate emissions from human 
activity and thereby reduce human exposure. 

Many product-related sources of indoor air pollutants can be 
modified to reduce their contaminant emissions. Some of these 
modifications can be carried out by the manufacturer while others 
may take place at the location of source use. 

Source control for combustion appliances, tobacco smoking, 
building materials, consumer and commercial products, biological 
sources and radon are discussed below. 

Combustion Appliances 

Pollutant emissions from combustion appliances can be 
controlled through exhaust ventilation, confinement, proper 
operation and maintenance, and burner modification. 

Combustion pollutants can be controlled by venting flue 
gases. Confining combustion appliances to specially partitioned 
rooms or compartments prevents them from polluting the larger, 
general-use habitable space. In addition, combustion appliances 
burn more cleanly (i.e., emit reduced quantities of pollutants) 
if kept properly adjusted and cleaned through appropriate 
maintenance. 

A number of manufacturer modifications to combustion 
appliances have resulted in cleaner emissions. Advances in gas 
burner technology may improve appliance performance by reducing 
the rate of pollutant formation. For example, tests have shown 
that inserts for burners in gas ranges, ovens, and other 
appliances reduce emissions of combustion gases and particulates 
(DeWerth and Kurzynske, 1986). Also, replacing pilot lights with 
electronic ignition for gas burners eliminates the continuous 
low-level emission of combustion products from the gas pilot 
(Fisk et al., 1985). Inserts in fireplaces and air-tight stoves 
have improved the combustion performance of, and reduced the 
leakage of, combustion products from these appliances into the 
indoor air (Fisk et al., 1985). 

Tobacco Smoking 

ETS can be controlled by removing its source, tobacco 
smoking, from indoor environments or confining tobacco smoking to 
designated spaces apart from general habitable areas. Effective 
control of ETS by source confinement requires that designated 
smoking areas be depressurized and vented directly to the 
outside. Smoking restrictions have been most widely applied to 
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public buildings and public areas of buildings, but are becoming 
increasingly used in private spaces. 

Building Materials 

Control of pollutant emissions from building materials can 
be accomplished through replacement or substitution, confinement, 
or modification of problem materials. 

Many building materials emit indoor air pollutants. 
Examples of those which can be replaced in building construction 
or renovation include pressed wood products and foam insulation 
(formaldehyde), bricks and concrete (radon), and asbestos and 
glass fiber products. Urea=formaldehyde foam insulation and 
pressed wood products may have superior durability, economic, 
and structural qualities compared to their available substitutes. 
Consequently, it may be desirable to reduce emission rates from 
these materials through product modifications (Fisk et al., 
1985). However, high-radium building products can be replaced 
with similar products with less potential to emit radon, and 
substitutes for most uses of asbestos in building materials have 
been found. Asbestos-containing building materials are no longer 
used in new construction. [Removing asbestos from existing 
buildings can produce high concentrations of airborne asbestos 
and requires efforts to limit exposures to airborne fibers during 
and after removal activities (D'Angelo et al., 1987). Asbestos 
should only be removed by experts using EPA approved methods. 

Encapsulation of building materials is said to reduce 
pollutant release from the source material to the indoor air. 
However, only rudimentary information is available on the effects 
of encapsulation. Formaldehyde emissions were reported to have 
been significantly reduced by covering pressed wood products with 
linoleum (Matthews, et al. 1986) or with sealants and varnishes 
(Godish and Rouch, 1987). Encapsulation is also reported to have 
been effective in reducing pentachlorophenol emissions from wood 
products treated with this pesticide (Levin and Hahn, 1984). 

Manufacturers may also modify their product to reduce 
emissions, as, for example, in changing the resin content of 
pressed wood products, or curing their products prior to sale. 

Consumer and Commercial Products 

Products such as furnishings, carpets, paints, wall 
coverings, pesticides, cleaners, and personal care products 
contain a variety of potential air pollutants. Controlling 
indoor air pollution from these products can be accomplished by 
substituting non-polluting products, properly using and 
maintaining potential problem products, or modifying product 
composition to mitigate potential indoor air concerns. 
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Discontinuing or curtailing the use of products that emit 
air pollutants would reduce associated pollutant concentrations 
in the indoor environment, but would, in many cases, require the 
provision of acceptable substitutes or, at least, the adoption of 
alternative practices (e.g., better general hygiene and less 
dependence on aerosol room air fresheners) . 

Altering the timing and location of product use can reduce 
human exposure to pollutants without necessarily reducing 
concentrations. Some products (e.g. household pesticides, 
furniture strippers) will necessarily produce air pollution, but 
altering use patterns can help separate pollutants from human 
activity. 

The replacement of lead-based paints and the decreased use 
of aerosol-propelled personal comfort products illustrate the use 
of source substitution to control consumer product-related 
pollution problems. As an indication of the potential for 
continued progress in this area, Levin (1987a) reported that a 
manufacturer modified a shelving product by enclosing its 
particleboard core in response to indoor air quality concerns. 

Biological Sources 

General hygiene can control the proliferation of biological 
agents such as dust mites and bacterial and fungal growth, 
particularly in areas which can act as growth media for such 
sources. Regularly changing filters in ventilation systems, 
cleaning humidifiers and air conditioners, and disposing of water 
damaged rugs and furnishings will help control biological 
agents. 

Morey, et al. (1984b) provides the following recommendations 
to prevent contamination: (1) prevent moisture incursion into 
occupied spaces and HVAC system components, (2) remove stagnant 
water and slimes from building mechanical ventilation systems, 
(3) use steam as a moisture source in humidifiers, (4) eliminate 
water sprays as components of office building HVAC systems, 
(5) maintain relative humidity below 70%, (6) use filters with 
50-70% rated efficiency, (7) remove water-damaged material and 
furnishings, and (8) provide a fastidious maintenance program for 
HVAC air handling and fan coil units. 

Radon Infiltration 

Outside sources of radon can be controlled by a number of 
source control methods. Sealing cracks and seams in slabs, 
basement walls, and floors can restrict or eliminate radon 
infiltration into the indoor air (EPA, 1987), though it is not 
always effective. The technique may work better in some buildings 
than others, and is often combined with subslab ventilation. 
Radon infiltration has also been controlled by ventilating and 
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pressurizing basements and by applying suction to drain tiles or 
the area beneath building slabs in order to redirect radon laden 
soil gas away from the indoor environment (Henschel and Scott, 
1987; Ericson et al., 1984). 

Ventilation Control 

A common method of controlling the quality of indoor air 
uses outside air to dilute indoor concentrations of air 
pollutants. This approach to indoor air quality control relies 
on a relatively clean outside atmosphere and mechanisms to 
exchange air between the inside and outside of a building system 
and to distribute outdoor air throughout the building. The 
following paragraphs discuss indoor air quality control by 
general and specific ventilation strategies. 

General Ventilation 

Incorporating outdoor air into the indoor environment has 
been a component of building design and operation for thousands 
of years. Indoor environments, except for the extreme cases of 
spacecraft and submarines, are not isolated from their 
surroundings and use outside air to revitalize indoor air. Since 
ventilation replaces indoor air with outdoor air, this control 
strategy effectively dilutes and removes indoor airborne 
contaminants at a rate dependent on the effective rate of 
ventilation and outdoor pollutant concentrations. 

Ventilation requirements, such as those incorporated in 
ASHRAE Standard 62-1981, "Ventilation for Acceptable Indoor Air 
Quality," are intended to control the products of human 
metabolism and other contaminants under most circumstances. 
However, source control, air cleaning, and increased ventilation 
may also be required in the presence of strong sources. The 
ASHP.AE requirements, as discussed in a subsequent chapter, 
prescribe minimum outdoor air ventilation rates to be provided by 
properly designed systems. The specified rates are based on the 
assumption of complete mixing of outdoor air throughout the 
indoor atmosphere (ASHRAE, 1981). The ventilation rates are 
specific to building type and usage. A recent proposed revision 
to the ventilation standard (ASHRAE 62-1981R) specifies a minimum 
ventilation rate of twenty cubic feet per minute (cfm) per person 
for office environments (ASHRAE, 1986). 

It has become common in recent years, with rising energy 
costs, to decrease ventilation rates to conserve energy. The use 
of variable air volume ventilation systems can reduce energy 
costs arising from conditioning outside air, but such systems may 
not maintain exchange rates protective of indoor air quality 
(ASHRAE, 1986; Guttman, 1987). Indoor air quality problems in a 
number of off ice buildings have been related to inadequate 
ventilation and were remedied by retrofitting HVAC systems. It 
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is important to reiterate, however, that adequate ventilation in 
accordance with ASHRAE 62-1981R does not guarantee acceptable 
indoor air quality; many indoor air quality problems require some 
form of source control in addition to better ventilation, and, 
for problems such as radon, some forms of ventilation may 
actually exacerbate the problem. 

Local or Exhaust Ventilation 

A specific method of using ventilation to control indoor air 
quality is local ventilation in the vicinity of pollutant 
sources. Local ventilation, also called exhaust ventilation, 
typically involves providing a separate exhaust system for a 
plume of contaminants from a pollutant source. This strategy 
decreases source strength and removes indoor air contaminants 
before they are dispersed throughout the indoor air (Bearg and 
Turner, 1987). In this regard local ventilation can be thought 
of as a source control strategy. 

Local ventilation is often combined with the use of pressure 
differentials to contain contaminants within specific negative 
pressure areas. This technique is used routinely in sensitive 
health-care microenvironments and has been applied to the 
asbestos removal process to contain the pollutant within the 
working area (D'Angelo et al., 1987), and is regularly used for 
exhausting toilet facilities and preventing contaminants from 
entering other parts of the building. 

Demand-Induced Ventilation 

A sensor may be used to trigger increased outdoor 
ventilation rates when levels of some specified contaminant reach 
or exceed a specified level. This technique attempts to balance 
the need for adequate indoor air quality, thermal comfort, and 
energy conservation by integrating indoor contaminant and 
temperature levels within the same control mechanism. 

A carbon dioxide (C02 ) sensor has been suggested for use in 
general office environments (Vaculik, 1987; Pecker et al., 
1987). However, other pollutants may also be used, singly or in 
combination, depending on the circumstances. In a demonstration 
of air quality control using this strategy, for example, an 
off ice building air quality problem caused by a parking structure 
was corrected, in part, by a carbon monoxide sensor used to 
increase ventilation rates when co levels from the garage reached 
a preset threshold (Boelter and Monaco, 1987). 

Ventilation Effectiveness (Efficiency) 

The extent to which ventilation air reaches the breathing 
zone of building occupants is termed ventilation effectiveness or 
ventilation efficiency. ASHRAE ventilation standards assume that 

6-6 



ventilated air is perfectly mixed into the occupied zone. In the 
event that complete mixing does not occur, ventilation control of 
contaminants is compromised, and readjustment of the HVAC system 
or implementation of some other operational control strategy 
becomes necessary to maintain the air quality expected from 
compliance wit_h ASHRAE' s standards. 

Air Cleaning 

Air cleaning involves the physical or chemical removal of 
pollutants from the indoor air. Three basic technologies have 
been developed: particulate filtration, electrostatic 
precipitation, and gas or vapor sorption. 

Air Cleaning Technologies 

Particulate Matter Filtration: Filtration removes airborne 
particles by inertial impinqement, interception, straining, 
and/or diffusion (NRC, 1981). Inertial impingement collects 
airborne particles on filter material as the direction of air 
flow changes abruptly. Based on the principle of momentum, this 
method most effectively removes larger particles. Interception 
is a special case of impingement in which particles in the air 
stream collide with and collect on filter material. 
Interception does not rely on high rates of flow as does inertial 
impingement. Straining of particulates from the airstream 
results from the capture of particles between closely spaced 
filter fibers. Diffusion removes pollutants from the air through 
the random molecular movement of small particles onto filter 
material. Each of these mechanisms preferentially removes 
particles of a different size class. By properly designing air 
flow and filter materials, a combination of these mechanisms may 
provide suitable particulate removal (NRC, 1981). 

Three kinds of filters corresponding to different levels of 
efficiency are commonly applied for distinct purposes. Different 
measures of performance are applied to each type. Low­
efficiency filters are used as upstream prefilters (which remove 
coarse particulate matter from an air stream before it is 
filtered by more efficient filters) or to protect fans and other 
air handling equipment. These filters remove large, heavy 
particles. The weight arrestance test in ASHRAE Standard 52-76 
is generally used to evaluate performance of these filters. 
Medium-efficiency filters are more expensive than their low­
efficiency counterparts and remove smaller particles for material 
and general health protection. The dust spot efficiency test in 
ASHRAE standard 52-76 normally used to measure performance of 
these filters. High-efficiency particulate air (HEPA) filters, 
more expensive still, can be used for health protection in 
especially sensitive situations such as clean-room and surgical 
suite applications. Military Standard 282 which measures the 
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percent removal of 0.3 um particles of dioctylphthalate (DOP) is 
used to measure performance of these filters. 

Electrostatic Precipitation: An alternative method of 
removing particles from air, electrostatic precipitation, induces 
a charge on the particles and then collects the charged particles 
on oppositely ·charged surfaces. Electrostatic precipitation 
requires three steps: (1) air ionization, (2) particle charging, 
and (3) particle migration (Fisk et al., 1985). Air ionization 
occurs in the vicinity of a high voltage electrode in direct 
contact with air. The high voltage creates an electric field 
which ionizes gas molecules. Ionized gas molecules, or the 
electrons they release, disperse into the air and attach to 
particles. The charged particles created thereby are drawn 
toward oppositely charged surfaces at rates dependent on their 
electrical charge and size. 

The efficiency of electrostatic precipitation is measured 
similarly to that of filters, and its performance compares to 
medium-efficiency and HEPA filters. This technology presents 
potential problems in the form of high voltages at the ionizing 
location, as well as the production of ozone. 

Gas Sorption: Gases are removed from air by chemical and 
physical sorption. Sorption processes include absorption of air 
pollutants into sorbent material, fixation of pollutants onto 
external surfaces, and physical or chemical adsorption on 
internal surfaces (NRC, 1981). 

Adsorption is a dynamic process, and its effectiveness in 
removing pollutants depends on the concentration of the pollutant 
in the atmosphere, the surface area of the sorbent, the volume of 
pores small enough to facilitate condensation of adsorbed gases, 
the presence of competing gases, and the physical and chemical 
nature of adsorbate and sorbent (NRC, 1981). Common sorbents 
include neutral substances, such as activated carbon, and more 
selective, oxygenated substances, such as activated alumina and 
silica. 

Sorbents can be impregnated with substances that enhance the 
sorption process. Potassium permanganate is an example of a 
compound that enhances sorbent efficiency by oxidizing air 
contaminants to facilitate their interaction with the sorbent. 

Air Cleaning Devices 

Because different technologies perform different types of 
air cleaning functions, these varied air cleaning technologies 
may be incorporated into integrated air cleaning systems. Multi­
stage devices are needed if air cleaning is to remove both 
particulate and gaseous air pollutants. These devices can be 
incorporated into central air systems to treat ventilation air or 
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can stand alone and treat ambient air drawn through a cleaning 
system independent of ventilation. 

The effectiveness of air cleaning devices depend on the air 
flow rate, as well as removal efficiency. The effectiveness of 
portable units may also depend on their location in the room. 
This is particularly true of ion generators which are most 
effective when centrally located. 

HVAC Air Cleaning systems: 

Typical air cleaning components in HVAC systems are 
comprised of low-efficiency filters that remove only the largest 
of airborne particles. Filters to remove the smaller viable 
microbes and respirable particles are not generally used except 
in special applications such as nuclear industry facilities and 
sensitive areas of health care facilities. These highly 
efficient (HEPA) f i lters are rarely used because they are 
expensive to install and operate (Fisk, 1986). 

Electrostatic precipitation is used in HVAC systems to 
remove particulate air pollutants. These devices, however, emit 
ozone which may be a problem if the unit is oversized. 

Gas serpents include activated carbon, silica, and alumina, 
the choice of which depends on the pollutants of concern. A 
promising HVAC-related air cleaner currently under development 
would use desiccant materials in a vapor compression air 
conditioner to remove gases such as NOx (Relwani et al., 1987; 
Novosel et al., 1987). 

stand-Alone Units: stand-alone air cleaning devices have 
been developed as indoor air quality concerns have become more 
prevalent. The performance of these devices, which utilize ion 
generators and filters, varies considerably. 

Consumer Reports (1985) tests of twenty-three portable air­
cleaning units found that only eight appliances could effectively 
clean ETS and pollen-size particles from indoor air. These eight 
units appear to be capable of removing only particulate matter. 
An example of a stand-alone device that may provide some gas 
removal capability is a one square foot filter which was shown to 
reduce co concentrations by 34 percent in test studies (Collins, 
1986) . 

Despite the effectiveness of some models, Consumer Reports 
concluded that "small, inexpensive air cleaners are almost 
useless" in providing indoor air quality control (Consumer 
Reports, 19~5). Fisk (1986) confirms these results in claiming 
that tabletop air cleaners are almost totally ineffective in 
removing pollutants. The ineffectiveness of many portable 
devices relates not to their ability to remove pollutants from 

6-9 



,Ji 

the air they process, but in their limited ability to circulate a 
significant portion of the indoor atmosphere, and the potential 
emission of pollutants from their air cleaning surfaces when 
improperly maintained. 

Difficulties in Cleaning ETS 

ETS has proven to be a difficult pollutant ~ to control by air 
cleaning (Bearg and Turner, 1987). This difficulty arises 
largely because of the complexity of the ETS mixture. Olander 
and coworkers (1987) attempted to clean ETS from air with over 
thirty devices and concluded that no air cleaning device could 
replace dilution control for removal of this pollutant. 
Peltier (1986), in a theoretical study, determined that ETS 
cleaning required the processing of seventeen times more air for 
particulate removal than for gas removal. Repace and Lowery 
(1985) calculated that it would require about 250 times as much 
ventilation air as standards require for off ices to control the 
lung cancer risk from the particulate phase of ETS to an 
"acceptable" level of risk. This leads to the conclusion that 
ETS is best controlled by smoking bans, or by restricting smoking 
to rooms that are depressurized relative to the nonsmoking part 
of the building and directly exhausted to the outside. 

Summary of Control Strategies 

The control strategies discussed in this chapter span a 
variety of control mechanisms and vary in their accessibility to 
parties interested in the control of indoor air quality. Exhibit 
6-1 illustrates the agents who can implement these control 
opportunities and presents brief comments on the range of 
problems that each category of strategies can address. 

Source strategies are limited to the extent to which sources 
can be identified and are accessible to the responsible agent. 
Some form of source control is generally available to consumers 
and building managers. However, source substitution and 
modification of building materials must, for the most part, be 
done before buildings are occupied, so occupant and building 
manager options in this regard are limited. Source maintenance 
and operation control are entirely in the hands of the user of 
the source, and cannot be practically influenced by builders, 
designers, or product manufacturers. Manufacturers can in many 
cases modify the composition and/or characteristics of their 
products in ways that would improve indoor air quality. 

Ventilation approaches to indoor air quality control can 
effectively remove all airborne contaminants, but are limited by 
ventilation system design and the presence of sources that emit 
pollutants too rapidly to be well dispersed by dilution. Because 
ventilation capacities are determined in the building design 
stage, most existing systems may not be flexible enough to allow 

6-10 



°' I .... .... 

coma. 
STIAJBOY 

SOlrce CGntrol 

Substitution/Removal 

Encapsulation/Confinement 

~ration and Maintenance 

Modification 

Ventilatian Control 

General 

Local 

Pollution-Jnd.Jced 

Air Clemiirv 

Stand Alone 

HVAC·Based 

EJdlibit 6-1 
Ca\trol Stntemr a_., 

MiEIIS lllD CM l!!'l.BEllT CDITlll1. STIATEGY 

car.mers. 
~ta. 
'luildi,. ----

x 

)I 

)I 

)I 

x 

x 

x 

x 

)( 

... ilders' 
Desi~ 

x 

x 

)( 

x 

)( 

x 

llui lding & 
CanMm!t' 
Pro4Jct 
.....,llChren 

)( 

CXREITS 

Controls indoc•r concentrations 1)f pollutants "'ich have attrib.ltable sources. 

Perfonned during construction 0 1r renovation. Voluntary or req..iired in l:Llildi~ 
code. Smoke-free buildings di~igneted by cicci.pants, buildi~ 1*\89er1, or by 
regulation. 

Performed during desi~, construction, or renovation. Voluntary or required in 
building code. Smoke-free ar•~llS desi~tecl by buildir-G IW\llgers or regulators. 

Performed during tuilding occ1..panc:y by partie:s operating the tuilding. Voluntary or 
regulated in health or fire coo:Jes for sa.e tiuilding types. 

Performed by ciccupants, bui ldin!l managers, builders, or manufacturers. Vol111tery or 
regulated in building codes or prodJct stanclards. 

Controls indoor concentrations 1;-,f ALL airborne cont•inants. 

Operated by occi.pants or b.lildine 111BN19er. S;ysteai design influences perfonaance. 
Mini- ratt!S lllllY be .,-dated in bui ldi~ codes. 

Operated as required by occi.pan·cs or tuildins1 111111l89er. Performance influenced 
by design. Building codes -~f req..iire loa1l exhaust frm certain sources and 
activities . 

Experimental. 

Controls indoc1r concentrations 1)f particulate:s and reactive gases. 

Installed and operated by building occupants or managers. Maintenance by occl.plllltS 
or Nnagera necessary for proi)er operation. unit capacity oust be matched to room 

volune. Many units are il"l4~ffective. 

~rated by tluildlng Mnagers. Installed dlring building construction or as 
a renovation. 



their use to control all air quality concerns. Ventilation 
design and operation for indoor air quality control are 
frequently sacrificed for energy efficiency; air quality control 
can be greatly impaired if indoor air concerns are subjugated to 
concerns for energy consumption. Because of limitations 
inventilation capacity or practice, building occupants and 
managers often cannot take full advantage of pollution control by 
ventilation. 

Air cleaning may be added to ventilation control of 
particulate and reactive gas pollution problems when 
incorporating sufficient outside air is not feasible. When the 
outside air requires extensive conditioning for thermal comfort, 
ventilation can be a costly control method, and some 
recirculation with added cleaning of indoor air becomes 
economically attractive. HVAC-based air cleaners are preferred. 
Many available stand-alone air-cleaning units provide almost no 
assistance in removing contaminants. All air cleaners must be 
properly operated and maintained to be effective. 

6.2 APPROPRIATE DESIGN AND MAINTENANCE FOR BUILDINGS 

Because of the important role building systems play in 
determining indoor air quality, building design and maintenance 
provide excellent opportunities to control potential indoor air 
problems. Appropriate design of interior space, mechanical 
systems, and the building envelope can optimize the air quality 
potential of a building, and proper maintenance can ensure that 
building operation maximizes indoor air quality to the extent 
allowed by design. 

Design Requirements for Indoor Air Quality Control 

Appropriate building design for indoor air quality 
encompasses such considerations as HVAC system design, building 
envelope and structure design, and spatial layout of interior 
activity areas and their relationship to potential indoor and 
outdoor pollutant sources. Design of these components to 
optimize indoor air quality must work within the constraints of 
other building system performance requirements such as structural 
integrity, economic viability, and comfort and safety issues 
related to lighting, noise, and temperature. 

HVAC engineers and architects typically provide the 
professional support needed to assure that the full array of 
performance requirements are met by a building's design. The 
traditional separation of design roles between HVAC engineers and 
architects may prohibit either discipline from adequately 
addressing all design requirements independent of the other. The 
following discussions of important building design components 
point to the necessary cooperation between these professions in 
properly designing building systems. 
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HVAC Design Criteria 

HVAC design criteria serve to ensure that the indoor 
atmosphere can be conditioned to provide thermally comfortable 
air throughout the occupied zone of a building. In addition to 
thermal comfort, indoor air quality design goals should also be 
incorporated. They may be prescribed in building codes or 
standards. Design' goals are achieved by (1) supplying adequate 
outdoor ventilation air, (2) properly distributing the outdoor 
air throughout the occupied zone, and (3) taking further steps as 
necessary to ensure that the resulting air of the occupied zone 
does not contain deleterious concentrations of airborne 
contaminants. 

HVAC system design must balance ventilation with indoor 
source emissions and outdoor pollutant levels to create an 
acceptable indoor atmosphere. Consideration of indoor sources 
requires consulting with the building's architects and owner to 
learn of planned uses of the space and materials employed in 
constructing, decorating, and furnishing the building. The 
potential introduction of contaminants from sources outdoors, 
including those on the exterior of the building (e.g. exhaust 
vents), necessitates attention to the location and design of air 
intakes to prevent contaminated air from entering the building, 
restricting entry of contaminants by creating positive interior 
pressures, and, if necessary, pre-treating ventilation air. 

Building Envelope and Structure Design Requirements 

Appropriate design of building systems recognizes the 
importance of the building structure to the indoor atmosphere. 
Materials must meet criteria for durability, structural 
integrity, functional utility, and ease of maintenance. They 
should also meet low pollutant emission criteria. 
Characterizing potential pollution sources in a building 
structure during the design stage can allow their effects to be 
mitigated through substitution or other appropriate source or 
ventilation controls before they create indoor air problems. 

Building envelopes may be designed to minimize infiltration 
and exfiltration for energy conservation reasons. Adequate 
outdoor air ventilation must be designed into the building 
structure, and can be provided by natural or mechanical means. 
Buildings designed to minimize infiltration and exfiltration must 
provide adequate outdoor air ventilation through mechanical 
means. Roof designs must minimize water accumulation and leakage , 
to minimize biological contamination and structural damage. 

Sub-slab ventilation can be designed into new building 
construction to indoor radon problems. Several of the nation's 
largest home-building firms are currently "roughing-in" 
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provisions for sub-slab ventilation in all new residential 
construction (Spears, 1988). 

Interior Space Design Requirements 

Interior space design must provide adequate floor space for 
occupant activities, and meet aesthetic, acoustic, light, and 
privacy requirements. It should also maintain occupant exposures 
to indoor pollutants below detrimental levels. Future occupant 
exposures to indoor air pollutants can be controlled through 
source confinements, locating problem sources away from occupied 
areas, and using air flow patterns to draw source emissions away 
from occupants. Care must be taken in the selection and location 
of movable partitions which can be pollutant sources and may also 
interrupt the flow of ventilation air to building occupants. 

Maintenance Requirements for Indoor Air Quality Control 

Proper maintenance allows building performance to meet or 
exceed design goals for indoor air quality. The performance 
requirement of indoor air quality protecting the health, comfort, 
and productivity of occupants can be advanced through proper 
maintenance of occupied spaces and the HVAC system (Levin, 
1987b). Cleaning and maintenance can themselves create indoor 
air pollution by suspending accumulated pollutants and should 
therefore be conducted so as to minimize exposures to elevated 
contaminant concentrations (Green, 1984). 

occupied areas need to be maintained as free as practical 
accumulations of dust, microorganisms, and pests. General 
hygiene usually suffices to control dust accumulation and 
microorganism growth, as well as pest populations. 

The humidity of the building system affects microorganism 
viability, and should be limited to prevent fungal and bacterial 
amplification and subsequent accumulation. Water damaged 
materials should be discarded if feasible to prevent microbial 
contamination. Contaminated building surfaces should be vacuumed 
using a vacuum cleaner incorporating a HEPA filter and 
subsequently disinfected (Rask and Morey, 1987). Microbial 
damage is difficult and costly to clean and should be 
scrupulously avoided. Cleaning may not be possible where severe 
contamination occurs. 

Maintenance of HVAC systems includes keeping them clean of 
dust, microorganisms, and water accumulations; maintaining 
mechanical parts; and operating under conditions to achieve 
design requirements for air flow and distribution, temperature, 
and humidity (Rask and Morey, 1987). 
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6.3 DIAGNOSTIC PROTOCOLS FOR INDOOR AIR QUALITY CONTROL 

Building diagnostic protocols provide standardized methods 
to assess the current and future performance of building systems. 
Indoor air quality diagnostics focus on assessments of those 
components of building system performance which affect indoor air 
quality. Through diagnostic protocols, expert observers and 
analysts can identify indoor air problems and recommend remedial 
actions to address building design and operation difficulties. 

Building diagnostics provide expert assessment of the degree 
to which individual building performance requirements are met, 
the degree to which the overall building purpose is being served, 
implications of deficiencies in building performance, and causes 
of- performance deficiencies which suggest remedial actions. The 
relevant individual building performance requirement in indoor 
air quality diagnostics is the ability of the indoor atmosphere 
to sustain the health, comfort, and productivity of building 
occupants. 

Building diagnostic protocols call for a series of steps to 
fully characterize building pertormance and to relate that 
performance to goals and design expectations. Woods et al. 
(1987) describe phases in the diagnosis of buildings experiencing 
indoor air quality problems as (1) consultation, (2) qualitative 
diagnostics, and (3) quantitative diagnostics. These phases are 
defined and explained in Exhibit 6-2 by the procedures they 
entail and the information that they are designed to provide. By 
performing diagnoses in this staged manner, it is possible to 
prevent and resolve many problems without resorting to time and 
resource-consuming data acquisition unless absolutely necessary 
(Woods et al., 1987). 

Specific actions performed as diagnostic aids include 
measuring physical criteria, and interviewing building managers, 
facilities staff, and occupants. Physical criteria which might 
point to air quality problems include indoor temperature, 
humidity, and pollutant concentrations; characterization of 
possible pollutant sources in the building system; operating 
conditions of HVAC systems; and outdoor conditions which might 
influence the indoor environment. Occupant interviews can 
provide information on perceived detrimental ·effects potentially 
associated with poor building performance, and the temporal and 
spatial extent and patterns of such effects. These data can then 
be analyzed as part of the assessment of building performance. 

Since indoor air quality problems can result from such a 
variety of factors, manifest themselves in such diverse ways, and 
can hinder the proper functioning of building systems, building 
diagnostic procedures (and explicit, structured protocols to 
conduct them) are essential to the control of indoor air quality. 
Performing diagnostic evaluations on a regular basis can prevent 
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Assess and COllllU'licate infonnation gained during the diagnoses. Report 
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air quality problems from occurring or minimize their duration 
and magnitude. 

6.4 ADMINISTRATIVE CONTROL OPTIONS 

The previous sections of this chapter covered the physical 
control methods that could be used to prevent and mitigate indoor 
air pollution in both new construction and in existing buildings. 
The agents capable of employing these methods include individual 
occupants, building owners and managers, architects, builders, 
and manufacturers. 

Public and private sector organizations, including trade and 
r\,,..l"\of'OC!C!;l""\1""\::til ::t.C!C!I"\~; ::t.i-i r\'nC! ,-.l"\1""\C!111T10,... ::t.1"'\~ h.o::til +-n l""\,...l""f'::tiP\; '7~+-;l"\""'lf""'9 ~"",.1 
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governments, also have significant roles to play in terms of 
informing, encouraging, or requiring these agents to take action 
to protect building occupants. Exhibit 6-3 provides examples of 
individual and organizational roles. 

In this section, we discuss regulatory and non-regulatory 
policy options available to organizations and qovernments in 
fulfilling these roles. Subsequent chapters wiil discuss the 
actual policies and programs which are currently in place. 

Government Regulations 

Regulations impose requirements on individuals or 
organizations in the conduct of activities which pose a threat to 
the public health and welfare, and are commonly regarded as the 
main policy instrument for environmental protection. Because 
environmental regulations carry the force of law, and generally 
contain provisions for either civil or criminal penalties for 
non-compliance, their use is normally limited only to situations 
of significant risk, and follow directly from legislation 
sp~cifically authorizing such regulations. 

Legislative authorities specifically authorizing regulations 
which affect indoor air, and examples of government regulations 
employed under those authorities are discussed in subsequent 
chapters. The most common types of regulations are those which 
are specific to a given pollutant or source. Such regulations 
may take several forms: 

o a ban or restriction on the use of specific chemicals or 
products; 

o requirements that products meet certain standards; 

o requirements that products be tested and certified prior to 
manufacture; or 
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o requirements that products be labelled with important 
information concerning con~ent, effects, and proper 
instructions for use. 

Some regulatory requirements may be in the form of standards 
or guidelines which are discussed below. 

Standards and Guidelines 

Standards and guidelines are frequently issued by private 
sector organizations as well as governments. The standards and 
guidelines may be mandatory (regulatory) or voluntary (non­
regulatory), but the distinction is not always clear. For 
example, while the majority of private sector standards are 
voluntary, they may be as effective as a government regulation 
because they become the basis for professional practice and, as 
such, are often used for licensure. Compliance with such 
~~~nrl~rrl~ m~v ~l~n hP nPCP~~~rv fnr nrn~~c~inn ~n~in~~ li~hili~v. ------------ -----~ ----- --- ---------"' --- ~----------- __ ;,,} ______ --------,-
Thus, a violation of a private sector standard may carry with it 
sanctions which are similar to or more stringent than government 
regulations. 

In addition, standards set or adopted by organizations such 
as the ·American Society for Testing and Materials (ASTM) , the 
American National Standards Institute (ANSI}, the American 
Conference of Governmental Industrial Hygienists (ACGIH}, and the 
American Society of Heating, Refrigerating, and Air Conditioning 
Engineers (ASHRAE} are often incorporated into government 
regulations either directly or by reference, and in that way 
become mandatory. 

Standards or guidelines most relevant to indoor air include 
air quality standards: source emission standards: ventilation 
standards: building codes: and diagnostic protocols. 

Air quality standards specify maximum concentration 
levels of a contaminant beyond which health risks from 
exposure are deemed to be unacceptable. Standards will 
vary according to the level of protection, the 
population protected, and the extent to which technical 
and economic feasibility are taken into account. A 
discussion of available indoor air quality standards is 
given in Chapter 7. 

Source emission standards specify maximum rates at 
which a contaminant can be emitted from a source. The 
rates are designed to protect the user and/or third 
parties that might be exposed. such standards are 
normally imposed on the manufacturer. 
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Ventilation standards specify minimum rates for the 
introduction of outdoor air into indoor spaces. 
Standards are designed to service occupant needs for 
temperature, humidity, and air quality control. Rates 
will vary with occupant density and activity. Available 
ventilation standards are discussed in Chapter 7. 

Building codes provide design and construction 
specifications for buildings. Portions of building 
codes which are important to indoor air quality include 
ventilation specifications which affect the dilution 
and exhaust capacity of the ventilation system, 
material specifications which affect emission rates of 
building materials, and design specifications which 
affect the overall relationship between sources, 
pollutant transport, and human activity. Most 
building codes are administered by State and local 
governments. 

Diagnostic protocols establish methodologies for 
measuring and assessing indoor air quality problems. A 
comprehensive system of protocols for indoor air would 
include criteria and measurement methods for assessing 
occupant health, building system performance, and 
building air quality. No such comprehensive set of 
protocols for indoor air has yet been developed, though 
specific elements are being addressed by a number of 
individuals and organizations. 

Non-regulatory Options 

Non-regulatory policy instruments include research, 
coordination, training and technical assistance, and public 
information. These activities are both complements, and in some 
cases, alternatives to regulations. 

Research on indoor air pollution is essential to determine 
the nature and magnitude of the problem including its causes, 
consequences, and methods of control. Information from research 
activities forms the foundation for policy development and 
control in both the public and private sectors. Research is 
normally coupled with technology transfer activities to ensure 
that information from research is "transferred" to potential 
users in order to facilitate the implementation of control 
programs. 

coordination is a policy function designed to ensure 
efficient implementation of policy objectives among several 
players. Coordination may be used to eliminate duplication, to 
share information, or to integrate actions into a common program 
guided by common objectives. True integration is seldom achieved 
among federal agencies because of the disparity between agency 
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legislative mandates. The interagency Committee on Indoor Air 
Quality (CIAQ) is a formal arrangement for coordinating federal 
activities in indoor air. 

Training and technical assistance programs are policy 
instruments by which individuals receive technical information or 
develop expertise for implementing policy objectives. Training 
and technical assistance programs for indoor air may be used to 
build capacity among state and local governments or the private 
sector for solving problems, or for establishing indoor air 
quality programs. 

Public information dissemination is particularly relevant to 
indoor air because of the sometimes wide degree of control that 
individuals have in limiting their own exposure to indoor 
pollutants. Individuals' behaviors . which affect exposure and 
health include choices in the products they purchase, the storage 
and use of those products, and actions they take to properly 
ventilate occupied spaces. Examples of public information 
activities include fact sheets, booklets, handbooks, press 
releases, and workshops. 

Choices Among Administrative Options 

Administrative options may be as mild as public education, 
or as stringent as an absolute ban on the use of certain 
chemicals. Programs may be centrally focused in the federal 
government, may be decentralized and delegated to state and local 
governments, or may be primarily left to the private sector with 
coordinated governmental involvement. 

Choices will depend on a full understanding of the 
multiplicity of issues and control options. Problems can occur 
in large commercial office buildings, in private homes, and in 
restaurants and other public spaces. Sources include building 
materials (e.g. treated wood products), combustion products (e.g. 
kerosene heaters), office equipment (e.g. copying machines), and 
consumer products (e.g. pesticides). causes may be natural (e.g. 
radon gas) or human behavior (e.g. smoking). 

Mitigation alternatives are likewise numerous and complex, 
ranging from modifying or substituting sources, to treating the 
air or changing behaviors. Moreover, the agents which can effect 
change include a wide variety of individual, professional, 
institutional, and governmental actors. 

A comprehensive program will include a mix of adminisJrative 
options. Each may be targeted to a different need. In making 
choices, several issues will have to be considered: 

o the extent of health risks, and whether they are voluntary 
or involuntary; 
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o the energy and economic impacts involved; 

o whether a particular issue involves acute health effects 
requiring immediate response, or chronic health problems 
requiring long-term strategies; 

o whether the problem being addressed is best characterized 
in terms of a few high-risk pollutants and sources, or as a 
multifactorial problem involving mixtures of diverse 
pollutants, sources, building system parameters, and varied 
human sensitivities; and 

o whether protection should be directed at the general 
public, or specific sub-populations including the elderly, 
the young, and the hypersensitive, who may have special 
needs. 

6.5 SUMMARY 

Engineering options available to control indoor air quality 
include source control, ventilation, and air cleaning strategies. 
Source control is preferred where sources are known and control 
at the source is feasible. Ventilation is a necessary component 
to any control strategy but ventilation alone does not guarantee 
good indoor air quality. Air cleaning is a useful adjunct to 
other control strategies, and is more generally available for 
controlling particles than for controlling gases and vapors. 

Good building design, maintenance and operational practices 
which incorporate indoor air quality control principles are 
mechanisms by which indoor air quality may be achieved and 
maintained in buildings. Diagnostic protocols are needed to 
insure that where problems occur, they can be adequately 
diagnosed and mitigated. Finally, administrative controls may be 
regulatory or non-regulatory. Administrative controls may be 
used by governments and others to encourage or require that the 
engineering controls, the design, maintenance and operational 
practices, and the diagnostic protocols described above are 
appropriately followed. 
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CHAPTER 7 - EXISTING INDOOR AIR QUALITY STANDARDS AND GUIDELINES 

The purpose of this chapter is to characterize the public 
health standards most commonly used to address indoor air quality 
problems. Standards covered include: 

o National Ambient Air Quality Standards established 
by the U.S. Environmental Protection Agency (EPA), 

o Air Quality Guidelines for Europe established by the 
United Nations' World Health Organization (WHO), 

o Ventilation Standards for Acceptable Indoor Air Quality 
established by the American Society of Heating, 
Refrigerating, and Air-Conditioning Engineers (ASHRAE), 
and 

o Exposure Guidelines for Residential Indoor Air Quality 
established by the Canadian Ministry of National Health 
and Welfare. 

The chapter briefly describes how each organization 
establishes its standards or guidelines, noting in particular the 
primary public health objectives each standard or guideline 
addresses. 

For comparative purposes, the chapter also reviews several 
occupational standards and guidelines. Occasionally, 
occupational standards are used to address indoor air quality 
problems in non-industrial environments when appropriate public 
health standards are unavailable. The occupational standards 
covered include: Permissible Exposure Limits established by the 
U.S. Occupational Safety and Health Administration (OSHA), 
Recommended Exposure Limits established by the U.S. Department of 
Health and Human Services' National Institute for Occupational 
Safety and Health (NIOSH), and Threshold Limit Values established 
by the American Conference of Governmental Industrial Hygienists 
(ACGIH) . 

The remainder of this chapter is organized as follows: 

o Characterization of Standards: a brief discussion ot the 
primary public health objectives the standards and 
guidelines address. 

o Compilation of Standards: matrix of observed indoor air 
pollutants and existing exposure standards and guidelines 
for each substance. 
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o Evaluation: discussion of broad differences among public 
health and occupational standards, and identification of 
important gaps among existing health standards that 
pertain to indoor air quality. 

o Ventilation Standards: discussion of ventilation 
requirements for the control of indoor air quality. 

o summary: existing public health standards and guidelines 
and their applicability to indoor air quality problems. 

7.1 CHARACTERIZATION OF STANDARDS 

Air quality standards control by law the amount of specific 
pollutants that are permissible in the air. There are, however, 
many substances for which there are no standards. In these 
cases, guidelines can provide useful rules-of-thumb for deciding 
whether a given situation may be a problem. At times, guidelines 
are also used as substitutes for standards known to be out of 
date. Practically all current standards and guidelines focus on 
exposure to one pollutant at a time. 

This section reviews public health standards and guidelines 
used to address indoor air quality problems. For comparative 
purposes, several occupational standards and guidelines are also 
discussed. The discussion is intended to provide a general over­
view of the concepts, terminology, and guiding principles used to 
establish each of the standards and guidelines. 

Standards and Guidelines for Protecting the General Public 

EPA National Ambient Air Quality Standards 

EPA establishes National Ambient Air Quality Standards 
(NAAQS) under authority of the Clean Air Act. Enforcement is 
limited to outdoor ambient levels. Primary standards are 
designed to protect the public health, and secondary standards to 
protect the public welfare (crops, structures, animals, and human 
comfort). section 109(b) of the Act prescribes that primary 
standards allow an adequate margin of safety to protect the 
public health. Levels are set to protect even sensitive portions 
of the population (e.g., asthmatics). To establish which 
standard provides an adequate margin of safety, the EPA considers 
the extent to which uncertainty exists in the scientific data; 
however, there is no established system that dictates the manner 
in which this uncertainty is considered, and this can vary from 
pollutant to pollutant. The standards protect against short-term 
(e.g., one hour) and long-term health effects. Technological and 
cost considerations are not a factor in establishing the 
standards, but do play a role in implementing the controls 
necessary to achieve the standards. 

7-2 



The standards specify concentrations of pollutants that 
cannot be exceeded (or exceeded more than once, or have a 
probability of being exceeded more than once, depending on the 
pollutant). They have been promulgated for carbon monoxide, 
nitrogen dioxide, sulfur dioxide, ozone, suspended particulates 
smaller than 10 microns in diameter (PM-10), and lead. When 
determining exposure limits and setting its standard, the Agency 
considers to some extent the possibility of alternate exposure 
pathways, and the activity level of the exposed populace (see for 
example the final EPA regulations for lead (43 FR 46246, Oct. 5, 
1978) and for carbon monoxide (50 FR 37484, Sept. 13, 1985)). 

The states are responsible for enforcing the standards and 
must develop state Implementation Plans (SIPs) to provide for 
attainment and maintenance of primary NAAQS by specific dates, 
and secondary NAAQS within a reasonable time. 

[Note: under the Clean Air Act, section 112, the EPA also 
establishes National Emission standards for Hazardous Air 
Pollutants (NESHAPS). NESHAPS are emission standards set to 
provide an ample margin of safety from exposure to hazardous 
pollutants. However, since these are emissions limits rather 
than limits on air concentrations, they are not included in this 
report.] 

WHO Air Quality Guidelines for Europe 

The Regional Office for Europe of the World Health 
Organization (WHO), an agency of the United Nations, recently 
published air quality guidelines for 28 organic and inorganic 
substances. The guidelines were created to help governments make 
risk management decisions controlling exposure to indoor and 
outdoor air pollutants. Health effects were the major con­
sideration in establishing the guidelines, though ecological 
guideline values are recommended for some substances. The 
guidelines are established to help protect the public health; 
occupational exposure limits are not addressed. The guidelines 
either (1) indicate levels combined with exposure times at which 
no adverse noncarcinogenic effect is expected, or (2) provide an 
estimate of lifetime cancer risk arising from exposure to 
substances that are proven human carcinogens or ?Ubstances for 
which there is at least limited evidence of human 
carcinogenicity. Guidelines are set to protect all people in the 
European region, including sensitive population subgroups such as 
asthmatics. Both short- and long-term exposures are addressed 
(WHO, 1987). 

7-3 



ASHRAE Standard 62-1981: Ventilation for Acceptable Indoor 
Air Quality 

ASHRAE Standard 62-1981 defines acceptable indoor air 
quality as "air in which there are no known contaminants at 
harmful concentrations and with which a substantial majority 
(usually 80 percent) of the people exposed do not express 
dissatisfaction." The objective of the standard is to establish 
ventilation rates which, under most circumstances, would achieve 
acceptable indoor air quality while maintaining efficient energy 
utilization. To do this, the standard contains a ventilation 
rate procedure and an indoor air quality procedure. The latter 
procedure references the EPA NAAQS standards and other standards 
selected from current practices in various states, provinces, and 
other countries. These standards are designed to cover con­
taminants from both outdoor and indoor sources. The ASHRAE stan­
dards cover 35 substances. For contaminants not contained in the 
standard, ASHRAE recommends that levels should not exceed 1/10 
the occupational standards used in industry. In the case of 
odors, and some mucous membrane irritants, ASHRAE specifies that 
the air can be considered to be free of annoying contaminants if 
at least 20 untrained observers, after exposure for no more than 
15 seconds, deem the air to be not objectionable under 
representative conditions of use and occupancy (ASHRAE, 1981). 

Canadian Exposure Guidelines for Residential Indoor Air 
Quality (Excluding Radon) 

In 1981, the Federal-Provincial Working Group on Indoor Air 
Quality was formed to develop guidelines for concentrations of 
selected contaminants in residential indoor air. The guidelines 
were published in 1987 under the authority of the Minister of 
National Health and Welfare. The guidelines contain specific 
quantitative limits for nine pollutants or pollutant categories, 
plus recommendations to eliminate or control exposure for other 
pollutants for which specification of exposure limits was not 
practical. Their application is designed for residential 
environments, and is based on assumptions of 24-hour (i.e., 
continuous) exposure. The guidelines take into account such 
factors as ''sensitivity of groups at special risk and sources and 
mechanisms of action of contaminants." The principle guiding the 
development of the standards was to ensure that there is 
"negligible" risk to the health and safety of occupants. The 
working group acknowledges that the levels "may not provide 
complete protection to the hypersensitive portion of the 
population which requires extraordinary measures to achieve such 
protection." Effects from both short-term and long-term (i.e., 
lifetime) exposures are covered (Environmental Health 
Directorate, 1986). 
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Occupational Standards and Guidelines 

OSHA standards 

The Occupational Safety and Health Administration (OSHA), 
which is part of the U.S. Department of Labor, is responsible for 
protecting workers from unsafe or unhealthful working 
environments. Pursuant to the Occupational Health and Safety Act 
of 1970, OSHA sets standards called Permissible Exposure Limits 
(PELs). In January 1989, the Agency successfully updated the 
PELs for about 600 hazardous substances found in the workplace 
during January 1989. The standards are based on the criteria of 
ensuring that "no worker will suffer material impairment of 
health or functional capacity even if such employee has regular 
exposure to the hazard dealt with by such standard for the period 
of his working life." 

PELs are concentration limits usually set for 8-hour expo­
sures. If a chemical can produce a toxic effect after only a few 
minutes of exposure, a 5- to 15-minute limit and/or a ceiling 
will also be set. The ceiling limits must never be exceeded. 
The 8-hour limit is a time-weighted average {TWA) that may be 
exceeded as long as the average concentration over the whole 
period does not exceed the PEL. The PELs are set at levels that 
will protect the average American worker to the extent feasible. 
This reflects an explicit acceptance that some sensitive workers 
may experience adverse health effects at or below the PEL, and an 
implicit acceptance of the principle of using economic or 
technological feasibility as a criterion for setting standards. 

NIOSH Recommended Exposure Limits 

NIOSH is a part of the U.S. Department of Health and Human 
services• Centers for Disease control. Acting under the 
authority of the Occupational Safety and Health Act, and ths Mine 
Safety and Health Act, NIOSH develops and periodically revises 
Recommended Exposure Limits (RELs) to potentially hazardous 
substances or conditions in the workplace. These RELs are 
submitted to the Department of Labor for their consideration in 
developing PELs. The submissions to the Department of Labor 
include sampling and analysis guidelines, suggestions tor medical 
surveillance and record-keeping, work practices, and processes 
for informing employees of hazards in addition to the con­
centration levels (RELs). 

In formulating these recommendations, NIOSH evaluates all 
known and av~ilable scientific information relevant to the 
potential hazard (NIOSH, 1988). NIOSH recommendations are 
published in a variety of documents. Criteria documents specify 
NIOSH RELs and appropriate preventive measures designed to reduce 
or eliminate the adverse health effects. 
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The American Conference of Governmental Industrial 
Hygienists (ACGIH) 

The ACGIH is an association of professional personnel in 
governmental agencies or educational institutions engaged in 
occupational safety and health programs. The ACGIH develops 
Threshold Limit Values (TLVs) for airborne concentrations of some 
600 substances to assist in the control of health~hazards. 

TLVs represent concentration levels at which it is believed 
nearly all workers could be repeatedly exposed day after day 
without adverse effect. However, it is recognized that "a small 
percentage of workers may experience discomfort" under conditions 
at or below the TLV and that "a smaller percentage may be 
affected more seriously by aggravation of pre-existing 
conditions or by development of an occupational illness." 

The ACGIH specifically cautions that the limits are not 
intended for other uses such as "evaluation of continuous 
uninterrupted exposure" or for evaluation of "community air 
pollution nuisances." The health criteria for some contaminants 
may be "protection against impairment of health," whereas 
"freedom from irritation, narcosis, nuisance or other forms of 
stress" may form the basis for other contaminant limits. 
However, the ACGIH Chemical Substance TLV Committee states that 
"··· limits based on physical irritation should be considered no 
less binding than those based on physical impairment. There is 
increasing evidence that physical irritation may initiate, 
promote, or accelerate physical impairment through interaction 
with other chemical or biological agents." 

There are three categories of TLVs. The first is a time­
weighted average (TWA) and represents a concentration to which a 
worker could be continuously exposed during an 8-hour work day, 
40 hours a week, over a normal working lifetime, without being 
adversely affected. The second is a short-term exposure limit 
(STEL)--a 15 minute time-weighted average concentration. The 
STEL is intended to supplement the TWA for cases in which a 
chemical has both acute and chronic toxic effects. STELs cannot 
be exceeded, and should not be sustained for longer than 15 
minutes at a time and for no more than four times a day. In 
addition, there must be at least an hour between successive 
exposures to the STEL limit. The third category is a ceiling 
(TLV-C), which is a concentration that should never be exceeded 
when workers are present (ACGIH, 1988). 
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Summary Exhibits 

The previous information is summarized in Exhibits 7-1, 7-2, 
and 7-3 (a and b) . Exhibit 7-1 outlines the health protection 
goals of each standard and guideline; it also notes the typical 
setting to which each applies. Exhibit 7-2 describes each 
standard's target population group, the time periods for which 
the standards are set, and the number of substances covered. 
Exhibits 7-3 (a and b) compare the factors considered in 
establishing each standard and guideline. 

7.2 COMPILATION OF STANDARDS 

This section outlines existing standards fer various 
substances observed in indoor air environments. The substances 
included are those covered by the existing public health 
standards and guidelines commonly applied to indoor air quality 
problems: included are six from EPA's NAAQS, 28 from the WHO Air 
Quality Guidelines for Europe, 35 from ASHRAE ventilation 
standards, and nine covered under the Canadian exposure guide­
lines (there is some overlap among those covered; hence, the 
total substances included number approximately 50) . Where 
available, occupational standards, including OSHA PELs, NIOSH 
RELs, and ACGIH TLVs are included for comparison. The substances 
and relevant standards and guidelines are described in 
Exhibit 7-4, Sample Air Quality standards and Guidelines. 

As discussed in a later section, there is a shortfall 
between the number of known indoor air pollutants and the 
availability of public health exposure standards and guidelines 
that can be applied to each of these substances. Therefore, 
although there are hundreds of substances known to occur in 
indoor air environments, Exhibit 7-4 does not comprehensively 
address all known indoor air pollutants. 

7.3 EVALUATION: SIGNIFICANCE OF EXISTING STANDARDS AND 
GUIDELINES 

Several points emerge from the information outlining 
existing air quality health standards and guidelines. These 
include (1) differences between public health and occupational 
standards; and (2) major omissions among existing standards with 
regard to indoor air quality problems. 

Differences Between Public Health and Occupational Standards 

The most significant differences between various standards 
and guidelines are related to the differences between standards 
set to protect the general public versus those set to protect an 
occupational workforce. Public health standards (e.g., EPA 
NAAQS, WHO guidelines, Canadian exposure guidelines) are 
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Ellhibit 7-1 
lieneral llealth Protection Gaels of Existirv Air a.lity Stardlrd!I wd Q.lidelines. 

Type of Standard 
or Guideline Agency Standard/Guide! ine Setting 

f'lbl ic Heal tit EPA NMQS Any outdoor envi rorment 

Oca.ptiorwl 

WHO Air quality 
guidelines for 
Europe 

ASHRAE Guideline 

Indoor and outdoor 
envirorments 

indoor envirorments 

Canada Indoor air q..ial i ty Residences 
guidelines 

OSHA 

NIOSH 

ACGIH 

PEls 

REls 

TL Vs 

Workplaces in the 
lklited States 

Workplaces in the 
lklited States 

Workplaces in the 
lklited States 

Health Protection Criteria/Goals 

Protect pli>lic health with an adeq.Jate margin 
of safety. Set so that even sensitive 
portions of the population should not be 
adversely affected. 

"By 1995, all people of the [European) Region 
should be effectively protected against 
recognized health risks from air pollution." 

Established so a substantial majority (usually 
80X) of people exposed do not express dissatis­
faction. 

Protect all exposed individuals, except those that 
might be uhypersensitive.u 

Insure that no worker shall suffer material illp8ir­
ment of health or flr!Ctional capacity, to the extent 
feasible Cassunes average American worker). 
Exposure asslalptions are 8 hrs per day or 40 hrs per week 
over a normal working lifetime. 

Sooie as OSHA. 

Protect "nearly all workers" Call healthy workers 
of working age and not particularly sensitive to 
pollutants). EKpoSure asslalptions ere 8 hours a 
day and/or 40 hours a week over a normal working 
life. 



Exhibit 7-2 

~ison of Target Population, Tim! Periods. and llultJer of Slbstances Covered by Existira Air CUil iity Stmdlrck and Q.iidel ines. 

Type of Standard Standard/ 
or Guideline Agency Guideline 

P\bl ic Health EPA NMQS 

WHO Air CJJBl i ty 
guidelines 
for Europe 

ASHRAE Concentra-
tion of 
concern 

Canada Exposure 
guideline 

...J 
I Oca.pti-l OSHA PE Ls 

\0 

NIOSH 

ACGIH 

RE Ls 

TLV 
TLV-C 
TLV-STEL 

People to httan 
Sltandard Applies 

American pi.bl ic 
(including sensi­
tive portions of 
the populace) 

Gc~nera l European 
public 

Pc~ople in indoor 
envirorments 

General Canadian 
public 

Arnerican workers 

American workers 

Alnerican workers 

Time Periods 
Considered 

1, 3, 8, 24 hrs, 
quarterly, 
amually 

Various 

24 hrs 
30 min 

Various 

8 hrs 
sane ceilings 

8 hrs 
sane ceilings 

Approx. Nud>er 
of Substances Notes 

6 

28 

35 

9 

6(]0 

150 

Stc1ndards are designed to protect 
primarily against an'bient (outdoor) 
exposures. 

Guidelines are set assl.llling both 
indoor (nonindustrial settings) 
and outdoor exposures. 

Usus various sources of pre­
existing standards and guidelines. 

Guidelines are set for residential 
eiq:>OSure only and exclude radon. 

Process for regulating chemicals 
considers technological and economic 
fe11sibil i ty. 

Exposure limits are recoomendations 
to OSHA and do not generally consider 
technological feasibility. 

8 hrs, 40 hrs/wk; 600 390 of current 400 OSHA regulations are 
frcxn 1968 ACGIH TLV list. Developed for 
workers in American settings but are used 
in other countries as well; updated 
amually. 

ceiling (never to be 
exceeded); 15 min 
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Exhibit 7-la 
Colplrisan of the factors Considered in Establistii111 Plblic Health St.-dards Ind Guidelines 

Factors tonsidered "8'I Adcpti~ E.aistil"9 
St..tards or Guidelines 

Health Effects to be prevented 

Population groups of concern 

Population grot..p targeted for protection 

Nud>er of sl.bstances covered 

Exposure ass1.11ptions for which standards apply 

Condition of cost or feasibility 

Potential synergistic or additive effects 

EPA/NAAQS 

Long/short term 

General public 

All inclu::ling 
high risk gr0l4>5 

6 

Continuous/lifetime 

No 

No 

MR> Guidelines 

Long/short term 

General public 

All including 
high risk grot..ps 

28 

Continuous/lifetime 

No 

No1 

~WHO guidelines have been set for exposure to mixtures of sulfur dioxide and particulates. 
Additive effects for aldehydes are conputed by formula. 

Exhibit 7-lb 

ASffRAE Guidelines 

Long/short term 

General JXblic 

Slbstantial majority 
CBO X> 

35 

ContinJOUs/lifetime 

Yes 

No 

CGlllJarison of the Factors Considered in Estlblilhi111 Oca.pti-l st..-... Ind Guidelines 

Factors tonsidered "8'I Adapti111 E.aisti1'41 
Standards or GUidel ines 

Health Effects to be prevented 

Population groups of concern 

OSHA PEls 

Workers 

lllOSH RELs ACGll TLVs 

Long/short term Long/short term 

Workers Workers 

Canada Guidel ines 

Long/short term 

General public 

All inclu::ling 
high risk gr0\4)5 

9 

Continuous/lifetime 

Yes 

No2 

Long/short term 

Population group targeted for protection All workers All healthy workers Nearly all healthy workers 

Nud>er of sl.bstances covered 

Exposure ass1.11ptions for Illich standards apply 

Condition of cost or feasibility 

Potential synergistic or additive effects 

600 

Indoor/work 

Yes 

Yes 1 

1 Limited to presuned additive effects addressed by formula (see text) 

100 

Indoor/work 

Yes 

No 

600 

Indoor/work 

Yes 

Yes 1 
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Uhibit 7-4 

Sample Air CUil ity Stardarm ..t Guidelines 

Standard or Guideline Cm= rrg/m3; u = ug/m3) 

Averaging Public Health Ocq!!!!t i ona l 
Substance Ti Ille EPA WHO ASH RAE Canada OSHA NIOSH ACGIH Ccmnents 

Acetone 24 hr 7m 
8 hr 1800m 1780m 
30 min 24m 
15 min 2400m 2375m 

Acrolein 8 hr 250u 250u 
15 min 800u 800u 
Ceiling 25u 

Acrylonitri le 8 hr * 461u 
Ceiling 4610u 

Aldehyde (total) 1 hr R<l R = Sum (c-/C·) 
1 1 • 

-...J c; = measured concentration 
I Ci = 120u formaldehyde .... .... 50u acrolein 

9000u acetaldehyde 

Anmonia Amual O.Sm NIOSH ceiling is set for 5 
8 hr 35m 18m minute exposure. 
15 min Z711 27m 
Ceiling 7m 34.&n 

cont i rued 



Exhibit 7-4 c:ontinEd 
Sanple Air Quality Standards and Guidelines 

Standard or Guideline Cm= rretm3; u = ug/~) 

Averaging Public Health 0CC!:£2tional 
Sl.ilstance Time E.PA \MO ASHRAE Canada OSHA NIOSH ACGIH Carments 

Arsenic 8 hr 500u 200u 
Ceiling * 2u NIOSH ceiling is set for 15 

Minute exposure. 

Asbestos Ann..lal * ACGIH levels (TWA) are 
a hr various 10~000 anosite 0.5f /CC 

f/ chrysotile 2.0f/cc 
crocidolite 0.2f/cc 
other 2.0f/CC 

f/cc = fibers per clbic cm 
NIOSH level for fibers over 
5 un in length 

Benzene 8 hr • 3.2m 0.32m NIOSH ceiling is set for 15 
Ceiling 16111 3.2111 minute exposure. 

-.J 
I .... Beryl l iun 30 days .01u N 

8 hr 2u 211.1 
30 min 5u 
Ceiling 25u 0.5u 

caaniun tune Annual .01-.02u WHO guidelines are arnJal: 
24 hr 2u 1-5 nml09r8116 (rural areas) 
8 hr 100u 51ilu 10-20 nanograms (urban areas) 
ceiling 300u OSHA standard is 100u(TWA) for 

cadniun tune, and 200u(TWA) for 
cacbhn dust. 
ACGIH proposed TWA is 10u 
NIOSH recoomends red.icing 
exposure to lowest feasible 
level. 

Calciun oxide (lime) continuous .020-.030m 
8 hr 5m 
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Exhibit 7-4 contirued 
Sanple Air Quality Standards and Guidelines 

Standard or Guideline (m = rrg/m3; u = ug;m3) 

Averaging Public Heal th Occ!:!!ational 
Substance Time EPA IJHO ASHRAE Canada OSHA NIOSH ACGIH Comments 

Carbon disulfide 24 hr .10m . 15m 
10 hr 3m 
8 hr 12m 30m 
30 min . 02m . 45m IJHO guideline of .02m is based 
15 min 36m 30m sensory effects. 

Carbon dioxide Continuous 1800m 
Long term 6300m 
10 hr 18,000m 
8 hr 18000m 9000m 
15 min 54000m 54000m 
10 min 54,000m 

Carbon monoxide 8 hr 10m 10m 10m 9.9m 40m 40m 55m IJHO CO guidelines are designed to 
1 hr 40m 30m 29m protect nonsmokers. 

-.J 30 min 60m I 
I-' 15 min 100m 440m 
w Maxim.n 229m 229m 

Chlordane 8 hr 0.5m O.Sm 
Continuous .005m 
30 min 2m 

Chlorine 24 hr . lm ACGIH proposed guideline is 
8 hr 1.5m 3m 1.5m (8 hr) 
30 min . 3m 3.0m (15 min) 
15 min 9m NIOSH 15 minute limit is a 
Ceiling 3m 1.45m ceiling limit. 

continued 



Exhibit 7-4 anti rued 
Saaple Air Quality Standards and Guidelines 

Standard or Guideline Cm= n9/m3; u = ug/m3) 

Averaging Plblic Health Occ~tional 
Slbltance Ti• EPA WHO ASHRAE Canada OSHA NIOSH ACGIH Cannents 

ChrClllliUI AnnJlll • 
24 hr • 001511 
10 hr 0.00111 NIOSH 10 hour limit is for 
a hr .511 .5m carcinogenic chromiun; other 
15 •in chraaiUIB have a 0.025 • 

0.0511 10 hour limit 

Cresot 24 hr . 111 
10 hr 10m 
a hr 22m 22m 

1,2·dichloroethene 
(ethylene dichloride) 24 hr 0. 7m 2m 

I hr 411 418 

...J 
30 ain 6111 

I 15 •in 101Clm 
~ 
.e. Ethyl acetate 24 hr 1411 

a hr 1400ni 140Clm 
30 ain 42m 

Form ldehyde 8 hr (see \IKO level set to avoid com· 
24 hr aldehydes) plaints from sensitive 
a hr 1. 2m(\i:pn) 1.511 people exposed in non-
1 hr industrial indoor settings. 
30 min • 111 
15 •in 6m(5~) 0. 12m 3m NIOSH level reflects lowest 
Ceiling . lm reliably q..iantifiable 

concentration. 

continued 
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Exhibit 7-4 CGltirued 
Sanple Air Quality Standards and Guidelines 

Standard or Guideline (m = ~Jm3 ; u = ug/nfJ) 

Averaging Pool ic Heal th Occ!:§2!!t i ona l 
Substance Ti• EPA WHO ASH RAE Canada OSHA NIOSH ACGIH Cairnents 

Hydrochloric acid 24 hr .4m 
<hydrogen chloride) 30 •in 3m 

Ceiling 7m 7m 

Hydrogen sulfide 24 hr .15m .04-.05m 
8 hr 14m 14m 
1 hr .042m 
30 min .007m WHO guideline of .007m is based 
15 min 21m 21m on sensory effects. 
Ceiling 15m NIOSH ceiling set for 10 mirute 

exposure • 

Lead Ano.Jal • 5·1u 
3 ll>l'lth 1.5u 
Z4 hr 1.5u 

.....i 10 hr <100u NIOSH li•it set so workers• 
l 8 hr sou 150u blood lead remains < 60ug/100g .... 

U1 blood. 

Manganese Ann.Jal .001m WHO: short-te1111 guideline 
8 hr 1111 1m desirable; but lack of data to 
15 ain set short-ten1 limits. 

3m OSHA standard is for 111111nganese tunes. 

Mercaptans 1 hr .02• 

contirued 



EJlhibit 7-4 cantirued 
S1111ple Air Quality Standards and Guidelines 

Standard or Guideline Cm= rratm3; u = ug/m3) 

Averaging Plblic Health Ocq~t i ona l 
S"*>stance Time EPA WHO ASH RAE Canada OSHA NIOSH ACGIH Cannents 

Mercury ArnJal 1u 
24 hr 2u ACGIH and OSHA standard of SOu is for 
8 hr sou sou SOu non-alkyl vapor, but is 10u (TWA) and 

30u CSTEL) for alkyl cOCll>OUnds. 
WHO guideline is for indoor air. 

Methyl alcohol 24 hr 14m 
10 hr 262rn 
8 hr 260m 260m 
30 inin 42rn 
15 •in 3Hm 1048m 310m 

IJethylene chloride Am.Jal 2CKn NIOSH recannends reducing 
CDichloromethane) 24 hr :!m Sib exposure to lowest feasible 

8 hr 1740ni 300in limit. 
....i 1S 11in 1740.. 
I Ceiling 3480m .... 

O'I 
Microbial/biological No formal guidelines/ 
contaminants standards; ACGIH draft report 

states that concent~tions 
exceeding SOO FaJs/ require 
remedial action (see tex). 

Nickel Am.Jal * 
24 hr .002m 
10 hr 0.015m 
8 hr .1m .1m OSHA and ACGIH standard is for soluble 

coop:>ini>. 
Nitrogen dioxide Long ter11 100u 

Am.Jal 100u 100u 
24 hr 1SOu 
8 hr 6000u 
1 hr 400u 480u 
1S inin 1800u 1800u 10000u 

continued 
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I .... 

....J 

Substance 

Nitrogen monoxide 

Nitrogen oxides 

Ozone 

Particulates CPM-10) 

Averaging 
Ti me 

24 hr 
10 hr 
30 min 

24 hr 
1 hr 

Continuous 
8 hr 
1 hr 
15 min 

Ann.Jal 
24 hr 

Particulates CPM-2.5) Long term 
8 hr 
1 hr 

EPA 

235u 

sou 
150u 

Exhibit 7-4 CCJntirued 
Sanple Air Quality Standards and Guidelines 

Standard or Guideline (m = mg/m3; u = ug/m3) 

Public Health Occ~tional 

UHO ASH RAE Canada OSHA NIOSH ACGIH Cooments 

SOOu 
30,000u 

1000u 

150u 
400u 

100u 
100-120u 200u 200u ASHRAE standard is for indoor 
150-200u 240u sources only. 

600u 600u 

40u 
500u 

100u 

continued 



E.llhibi t 7-4 aint i rued 
Sanple Air Quality Standards and Guidelines 

Standard or Guideline Cm= ~/ml; u = ug/m3) 

Averaging Pub I i c Hea I th occ~tional 
Slhstance Ti• EPA WHO ASHRAE Canada OSHA NIOSH ACGIH Conments 

Phenol 24 hr . 1m 
10 hr 20m 
8 hr 19m 19m 
15 111in 60m 

Polynuclear aromatic ,. ACGIH standard for coal tar 
hydrocarbons <car- pitch volatiles (benzene 
cinogenic fraction) soll.bles) is 0.2m CTWA). 

Radon Ann.Jal .02WL .OBWL .027\JL WL = working level; one Wl 
is approxi111ately equivalent to 
200 picocuries per liter CPCi/l). 
EPA reconmends that mitigation be 
uidertaken in homes with levels 
above 4PCi/l (.02Wl) • 

..J 
I WHO: reconmended level for ._. 

remedial ~tion in buildings is 0) 

> 100 Bq/ • 

Styrene 24 hr .818 WHO 30 mirute guideline is based 
10 hr 2Bm on odor detection. 
8 hr 215m 215m 
30 11in .07m 
15 111in 425m 425m 
Ceiling 426m 

Sul fates Arn.lat 4u 
24 hr 12u 

continued 



f.llhibit 7-4 c:ontirued 
Sanple Air Quality Standards and Guidelines 

Standard or Guideline Cm= mg;rrf'; u = ug/m3) 

Averaging Public Heal th Occ!:,42i!t ional 
Substance Tille EPA l.IHO ASH RAE Canada OSHA NIOSH ACGIH Cannents 

Sul fur dioxide Long term sou 
Arn.lat 80u Ou 
24 hr 365u 65u 
10 hr 1300u 
8 hr 5000u 5000u 
1 hr 350u 
15 min 10000u lOOOOu 
10 •in 500u 
5 min lOOOu 

Sulfuric acid Anrual .05m l.IHO: more data needed; however, 
10 hr lm repeat~exposure at or above 
8 hr 1m lm .01 FW!J/ is cause for concern. 

Tetrachloroethylene 24 hr 5m NIOSH recoomends minimizing 
7 (perchloroethylene) 8 hr 17()n 335m workplace exposure and limi ting 

~ 30 11in 8m nurt>er of exposed workers 
\0 15 Rlin 134()n l.IHO guideline of 8m is based 

on sensory effects. 

Toluene 24 hr 8m l.IHO guideline of 1 is based on 
8 hr 375m 375m 37Sm sensory effects. 
30 min 1m 
15 min 56()n 560m 
10 min 7S()n 

continued 



St.t>stance 

Trichloroethylene 

Vanadium 

~ 

to!, Vinyl chloride 
0 

Yater vapor 
(relative humidity) 

Zinc 

Averaging 
Ti• 

ArnJ&l 
24 hr 
10 hr 
8 hr 
30 111in 
15 min 

Arn.ial 
24 hr 
10 hr 
8 hr 
15 iain 

ArnJ&l 
8 hr 
1 hr 
15 min 

AlvUll 
24 hr 
10 hr 
8 hr 
15 min 

EPA 

Exhibit 7-4 contirued 
SarrJlle Air Quality Standards and Guidelines 

Stardard or Guideline (m = 8';l/m3; u = ugtm3> 

Public Heal th Occi.pational 
\IHO ASH RAE Canada OSHA NIOSH ACGIH 

2m 
lm 5m 

4.6m 
27Qa 270m 

16m 
1080m 1080ll 

1u 2u 
1000u 

50u 
50u 

* 
2.6111 10m 

12.Bm 

20·60X 30-7QX SUllller 
30-55X winter 

50u 
100u 

5000u 
10,000u 

15,000u 

Conments 

OSHA standard is for vanadium 
respirable c&Jst or tunes. 
NIOSH 10 hour limit set for 
metallic vanadium and vanadium 
carbide. 

NIOSH recamends limiting 
exposure to lowest reliably 
detectable level. 

NIOSH limits are for zinc 
oxide. 

OSHA limit is for zinc oxide total 
dust. Limit for respirable fraction 
is 5,000u. 

continued 
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Exhibit 7-4 concluded 
Sanple Air Quality Standards and Guidelines 

~ 

Reported values were converted "1ere necessary so that all values for the same chemical are in the same units to facilitate c~risons. 
Canadian standards distinguish between short term or long term exposures. Short term exposures are listed as 1 hr exposures in this table. 
Abbreviations 

ACGIH 
ASH RAE 
EPA 
NIOSH 
OSHA 
MHO 

Sources 

American Conference of Goverfl!lef)tal Industrial Hygienists 
American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc. 
Environnental Protection Agency 
National Institute for Occ1.4>Btional Safety and Health 
Occupational Safety and Health Actninistration 
Morld Health Organization 

ACGIH, Threshold Limit Values and Biological Exposure Indices for 1987·88. 
ASHRAE Standard 62-1981, Ventilation for Acceptable Indoor Air Quality. 
Enviror111ental Health Directorate, Canada, Exposure Guidelines for Residential Indoor Air Qual ity, July 1986. 
NIOSH, 1986. NIOSH recommendations for occ1.4>Btional safety and health standards. Morbidity and Mortality Weekly Report, 35C1S). 
OSHA Standards for Air Contaminants, 29 CFR Part 1910.1000. 
MHO, 1987. Air Quality Guidelines for Europe. World Health Organization Regional Office for Europe, Copenhagen. \.1110 Regional Publications, 

European Series No. 23. 1987. 

~ • WHO does not establish guidelines for these 
I-' hunan health risks per unit of exposure. 

substances; instead, the agency publishes risk factors for each substance to indicate potential 



generally one to two orders ot magnitude lower (more protective) 
than occupational standards (e.g., those set by OSHA, NIOSH, and 
ACGIH) . These differences occur for both short- and long-term 
exposure limits. Several reasons account for these differences; 
the most important are: 

o Public health standards include protection for the 
old, young, pregnant women, those with preexisting 
respiratory ailments, and other sensitive population 
subgroups; occupational standards typically presume a 
healthy adult workforce, and may explicitly accept 
that a very small percentage of the workforce will 
experience adverse health effects at the occupational 
exposure limit; 

o Public health standards generally assume continuous 
exposures (24 hours per day, over a 70-year lifetime); 
occupational standards are realistically based on an 8-
hnnr r>Ynn~nrr> n~rinn~ fnr nn mnr"" rh:in an hn11r!=: n""r ----- - --~----- ..1.------- - - - --- ------ ------ -- ------ ~--

week. 

o Public health standards are usually established with 
health concerns as the sole criteria; occupational 
limits may be established in consideration of the 
technical and economic feasibility of their 
implementation (e.g., OSHA permissible exposure 
limits); 

o Implicit in occupational standards is the assumption 
that ~xposure is voluntary (inherent in the chosen 
occupation), whereas public health standards generally 
assume exposures to b~ involuntary. 

Notwithstanding these differences, some organizations apply 
occupational standards to public health problems because of the 
limited number of available public health standards or 
guidelines. Fewer than 60 of the hundreds of known chemical 
contaminants found indoors are covered by public health 
standards or guidelines. By comparison, occupational guidelines 
have been established for hundreds of substances (e.g., the ACGIH 
and OSHA have established standards for approximately 600 sub­
stances). Some orqanizations apply these occupational guidelines 
to public health problems by lowering the occupational limits 
with a "safety" or "protection" factor (e.g., dividing the ACGIH 
threshold limit values by a factor of 10 or 100). 

Major Omissions Among Existing Standards with Regard to 
Indoor Air Quality Problems 

Two areas of particular concern to indoor air quality 
problems have yet to be adequately addressed by existing 
standards and guidelines. These include exposure to pollutant 
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mixtures and to biological contaminants (e.g., molds, fungi, 
mites, bacteria, and viruses). 

Pollutant Mixtures 

The effects of exposure to more than one contaminant, i.e., 
to mixtures, in indoor air is an important issue since the 
typical indoor environment contains multiple contaminants. 
Effects from mixtures may be synergistic, antagonistic, or 
additive. A synergistic reaction results in a total effect that 
is more than the sum of the individual effects; an antagonistic 
effect results when the combined effect is less than the sum of 
the individual effects. 

one example of the threats from multipollutant exposure is a 
potential adverse reaction from an excessive "total contaminant 
body burden." The total body burden concept implies that 
exposure even to low pollutant concentrations can "add up" to a 
toxicity level that can trigger an adverse reaction known as 
"environmental maladaptations syndrome," with adverse effects on 
muscle tissue, mucous membranes, and respiratory, vascular, and 
other biological systems (Repace, 1982). 

Given the complexity of possible synergistic reactions, and 
the fact that knowledge about them is rudimentary, guidelines for 
mixtures based on synergistic effects are rare, and an adequate 
way to address pollutant mixtures has yet to be developed. One 
approach is simply to treat pollutant mixtures on an additive 
basis. For example, ACGIH and OSHA recommend an additive 
approach for exposures to mixtures when the components have 
similar toxicological effects. The equivalent exposure for the 
mixture is calculated as: 

Em = Ci/Ti + C2/T2 + . . Cn/Tn 

where Em is the equivalent exposure to the mixture, Ci is the 
concentration and Ti is the standard (e.g., TLV) for the "ith" 
pollutant. Exposure to the mixture violates the standard if Em 
exceeds 1. The allowed exposure to any individual contaminant is 
reduced as exposures to concentrations of others in the mixture 
are accounted for. 

Other preliminary approaches under development would 
establish exposure guidelines for combinations of volatile 
organic compounds (VOCs) . These approaches are based on studies 
indicating when acute human health effects (such as those 
associated with sick building syndrome) are likely to occur. 
Research has so far indicated that total voe concentrations below 
0.16 mg/m3 will not cause acute effects, while total voe 
concentrations above 5.0 mg/m3 ~ found to generate acute 
effects (Molhave, 1984). Partly on the basis of these findings, 
some investigators recommend an action level of 1.0 ppm total 
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voe as an indicator of indoor air quality problems (Gammage and 
Kerbel, 1987). (1.0 ppm voe is approximately 5 mg/m3 total voe 
assuming an average molecular weight of 100). 

Biological Contaminants 

Existing standards and guidelines do not address biological 
(or "microbial") contaminants, yet biological contaminants pose 
significant indoor air quality problems. 

Several reports have documented numerous indoor microbial 
contaminants (e.g., Sexton, 1986; Morey et al., 1986; Blumenthal 
et al., 1987). Measured health effects from research and case 
studies will help to establish indoor air quality standards for 
biological contaminants. For example, one study noted that 28 
percent of workers develop coughing and shortness of breath when 
exposed to 27,000 spores/m3 of Aspergillus fumigatus (Solomon and 
Burge, 1984). Another report notes that "most mite allergic 
patients will record symptoms either of rhinitis or asthmaii at 10 
ug of allergen per gram of dust. 

Recently, efforts have been made to develop biological 
contaminant guidelines. For example, a report of the ACGIH 
Committee on Bioaerosols suggests that indoor levels of 
saprophytic bioaerosols should be less than one-third of outdoor 
levels where outdoor air is the only source and should be 
qualitatively similar (Burge et al., 1987). The report, 
however, provides guidance on measurement methods, interpretation 
of data, and remedial actions but does not recommend specific 
guidelines for acceptable exposure. 

In reporting on a recent study of fungi in 50 Canadian 
houses, Miller et al. propose the following criteria of 
acceptability for fungal pollution in indoor air (Miller et al. 
1988, as reported in Walkinshaw, 1988): 

o The presence of certain pathogens (such as A. fumigatus) 
and certain toxigenic fungi (such as s. atra) should be 
considered as unacceptable. 

o More than 50 CFU/m3 should be reason for concern if there 
is only one species present. 

o Less than 150 CFU/m3 should be considered acceptable if 
there is a mixture of species. 

o Less than 300 CFU/m3 should be considered as acceptable if 
the species present are primarily Cladosporium or other 
common phylloplane fungi. 
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Other standard-Setting Activities 

In addition to the guidelines and standards previously 
discussed, other agencies develop air quality health standards 
which sometimes apply to more specific situations. For example, 
the Consumer Product Safety commission uses levels of carbon 
monoxide and nitrogen dioxide as the basis for decision-making 
for combustion appliances which differ from EPA ambient air 
quality standards. The levels for carbon monoxide are 15 ppm 
(17.2 mg/m3) (8 hr time-weighted average) for long term exposure 
and 25 ppm (28.6 mg/m3) as a peak limit for no more than 1 hour. 
The level of concern which is used for nitrogen dioxide is 0.3 
ppm (0.56 mg/m3). 

In addition, the National Academy of Sciences has developed 
exposure limits for military and space applications, the United 
Nations' International Labour organization (ILO) has developed 
occupational exposure guidelines, and several U.S. states have 
established exposure limits for specific indoor pollutants 
(particularly formaldehyde). Moreover, individual countries set 
a variety of public health, ambient air quality standards. 
Exhibit 7-5 provides examples of ambient air quality standards 
for over 140 substances set by various countries around the 
world. These are general air quality standards; they have not 
necessarily been created for, or applied to, indoor air quality 
problems. 

7.4 VENTIIATION STANDARDS 

Minimum ventilation rates provide additional control of 
indoor air quality. ASHRAE Standard 62-1981 contains a 
ventilation rate procedure for indoor air quality. This 
procedure specifies minimum ventilation rates for more than fifty 
types of indoor spaces. Mandatory ventilation standards of 
model building codes, typically based on ASHRAE's ventilation 
requirements, are part of many local building codes, and the U.S. 
Department of Housing and Urban Development (HUD) minimum 
property standards and manufactured housing construction 
specifications also contain ventilation requirements for 
residences subject to HUD regulations. 

ASHRAE Standard 62-1981 

ASHRAE 62-1981R, the public review draft of an ongoing 
revision to Standard 62-1981, specifies a ventilation rate of 
twenty cubic feet per minute (cfm) per person for office 
environments (ASHRAE, 1986). Exhibit 7-6 presents the 
ventilation requirements for a portion of the commercial, 
institutional, and residential indoor spaces specified in the 
standard. In order for ventilation at these rates to provide 
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Slbstance 

Benzene 

Formaldehyde 

E.Jihibit 7-5 

• ~le Air Quality Starmrds from other COlntries. 

Standard Cfor averaging time noted) 
30 •i.-...tes 24 hours 12 1110nths 

0.2 
10 
0.3 
08 
1.5 
2.4 

0.012 
0.03 
0.035 
0.05 
0.07 

0.1 
03 
01 

0.8 
0.8 

0.01 
0.012 
0.035 
0.03 

0.025 
0043 

Co1r1try 

Poland 
Poland 
DRG 
Hungary 
Hungary, USSR 
Romania 

Hungary 
Romania 
Hungary, DRG 
Czechoslovakia 
Hungary 

Conmen ts 

protected zones 
specially protected zones 
Democratic Rf!P'.blic of Germany 
specially protected zones 
protected zones 

specially protected zones 

protected zones 

(other than prot ected or 
specially protected zones) 

-.J Sulfur dioxide 
I 

0.07 
0.11 
0.14 
0.5 
0.5 
0.72 
0.75 

0.05 Austria 99th percentile for slmller 11onths 
Yugoslavia 
FRG Federal Republic of Germany 

"' ~ 

Trichloroethylene 1.0 
4.0 
50 

Vinyl chloride 0.4 

Zinc oxide 

1concentrations in rrg/~ 

0.005 
0.05 
0.3 

0.4 
0.25 
0.08 
0.15 

1.0 
30 

0.2 

0.05 

0.15 

USSR 
Bulgaria 
Finland 
Dermarlc 
Spain 
Netherlands 98th percentile of values/year 
Italy 
Turkey, New Zealand 

Hungary 
Hungary, DRG 
Hungary 

DRG 

USSR 

specially protected zones 
protected zones 
Cother than protected or 
specially protected zones) 

SClJRCE: Bouscaren £!.....!!!.., 1986 (note that Bouscaren et al. list standards for more than 140 substances; this list 
exeRf>lifies the wide variety of standards set by various nations). 



Exhibit 7-6 

ASllRAE Standard 62-19811 ~door Air Requir--.ts for Ventilation ~/ 

Camiercial Facilities 

Office Space 
Reception Areas 
Conference Rooms 
Hotel Bedrooms (cfm/roan) 
Dry Cleaners 
Supermarkets 
Theater Auditoriuns 

Ed.Jcational Facilities 

Classrooms 
Laboratories 
Libraries 

Institutional Facilities 

Hospital Patient Rooms 
Hospital Medical Proce<aJre Rooms 
Hospital Operating ROOllB 
Correctional Facility Cells 
Correctional Facility Dining Halls 

Residential Facilities 

Living Areas 
Kitchens 
Garages 

~I Source: ASHRAE 1986. 

21 Units are per room. 

cfm/person 

20 
15 
20 
30 Q/ 
30 
15 
15 

15 
20 
15 

25 
15 
30 
20 
15 

15 
100 C/ 
100 ~/ 

£/ Units are per room with intermittent mechanical exhaust. 

g/ Units are per car. 
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l/s/person 

10 
8 

10 
15 Q/ 
15 
8 
8 

8 
10 
8 

13 
8 

15 
10 
8 

7.5 
50 c/ 
so ~/ 



adequate indoor air quality, the procedure sets requirements for 
supply air of acceptable quality and assumes that ventilation 
system design and operation remove contaminants from the 
occupied zone at least as effectively as would be accomplished by 
complete mixing in the occupied zone (ASHRAE, 1986). 

Ventilation Requirements in Model Codes 

Building Officials and Code Administrators International 
(BOCA), the Southern Building Code Congress International 
(SBCCI), the Council of American Building Officials (CABO), and 
other code writing organizations often incorporate ventilation 
requirements into their model codes (NIBS, 1986). For example, 
the BOCA Basic/National Mechanical Code specifies ventilation 
rates dependent on occupancy similar to ASHRAE 62-1981, but at 
generally lower rates. Similarly, the CABO one and Two-Family 
Dwelling Code requires air exchange rates of o.s per hour for 
genera~ living ~rea~ and 5.0 per hour for bathrooms with 
mechanical ventilation. 

HUD Ventilation Requirements 

HUD incorporates ventilation requirements into its minimum 
property standards for residences constructed in its mortgage 
insurance and low-rent public housing program and in construction 
requirements for manufactured housing (U.S. HUD, 1986a; U.S. HUD, 
1986b). The ventilation requirements for manufactured housing 
construction specify that an area equivalent to not less than 
four percent of the floor area must be provided for natural 
ventilation, or, alternatively, that a mechanical system capable 
of changing room air every thirty minutes be present. Bathroom 
and toilet compartments require either one and one-half square 
feet of openable glazed area or a mechanical system capable of 
producing five air changes per hour. Manufactured housing 
construction requirements also specify venting of combustion 
appliances and require that purchasers are presented with options 
to improve overall ventilation. 

Limitations on the Effectiveness of Ventilation Standards to 
Achieving Acceptable Indoor Air Quality 

Prescribing ventilation standards in the design of new 
buildings is an extremely important element in an overall 
strategy to control and mitigate indoor air quality problems. 
Ventilation standards do not guarantee adequate indoor air 
quality and several limitations to such standards are addressed 
below. These include the indirect nature of ventilation control, 
ventilation efficiency problems, operational compromises to 
design standards, and procedural limitations of the ASHRAE 
Standard 62-1981. 
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Ventilation as an Indirect control Method 

Ventilation improves indoor air quality by diluting indoor 
air with outdoor air. It is a strategy which is not targeted to 
any individual pollutant or source, and there is therefore a 
limit on the extent to which ventilation can be relied on to 
adequately mitigate all pollutants, particularly in the presence 
of strong sources. For example, an outdoor air ventilation rate 
of 250 cfm per occupant would be necessary to adequately protect 
occupants from cancer risk due to environmental tobacco smoke 
(Repace and Lowrey, 1985). Nevertheless, ventilation can be very 
effective in mitigating problems associated with low or moderate 
levels of large numbers of environmental contaminants emanating 
from multiple sources throughout a building. Thus, ventilation 
has a critical role in the overall strategy to control indoor air 
pollution which may also include source control and air cleaning 
mitigation methods. 

Ventilation Efficiency 

Even if the outdoor air ventilation rates are delivered into 
the building, they may not be sufficiently distributed to 
individual work areas, or to the breathing zone of occupants in 
those areas. Thus, an overall assessment of the distribution of 
ventilation air to occupant work areas is an appropriate adjunct 
to determining whether ventilation rates are adequate or whether 
they comply with indoor air quality ventilation standards. 

Design verses Operational Application of Standards 

ASHRAE ventilation standards, and standards which are 
contained in some building codes, are most · often applied to the 
design of new and renovated buildings. Standards appropriate to 
building use should also be applied during the normal operation 
of existing buildings, but this is often not the case. In fact, 
most building codes do not require that ventilation systems even 
be turned on. 

Investigations of indoor air quality complaints in problem 
buildings reveal that the ventilation system in many of these 
problem buildings do not perform according to design standards. 
This may be due to inadequate maintenance, changes in building 
occupancy which can increase requirements above original design 
loads, reduced operation for energy conservation purposes, or 
lack of appreciation or understanding of operators with the 
design logic of the system. Thus, while design standards may be 
adequate, subsequent operation and maintenance of the system will 
often compromise those standards and reduce their potential to 
control indoor air quality. 
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Procedural and Other Issues with ASHRAE 62-1981 

ASHRAE Standard 62-1981 and its most recent revised draft, 
ASHRAE 62-1981R, contain a ventilation procedure and an indoor 
air quality procedure. The indoor air quality procedure may be 
used as an alternative to the ventilation procedure and would 
allow the user to reduce outdoor ventilation rates to any level 
determined to provide acceptable indoor air quality, based on 
guidance given in the standard. 

While this concept makes sense theoretically, EPA believes 
that in practice, the lack of adequate criteria to predict the 
acceptability of the building's indoor air has the potential to 
render the standard ineffective when minimum ventilation rates 
prescribed in the standard are not met in the design of the 
ventilation system. 

7.5 SUMMARY 

Approximately 50 public health standards and guidelines are 
currently npplie.d to indoor air quality situations. These 
standards cover a small fraction of the hundreds of individual 
pollutants known to occur in indoor environments, and they fail 
to comprehensively address problems involving pollutant mixtures 
or biological contaminants. Notwithstanding these difficulties, 
important steps are under way to improve the application of air 
quality standards to indoor settings. Among these are the recent 
publication of World Health Organization guidelines that 
explicitly consider indoor exposures, and research involving 
pollutant mixtures and biological contaminants. However, 
important information gaps still persist. Information is sparse 
concerning (1) mixtures and biological pollutants, and (2) the 
effects of using safety factors in the application of 
occupational standards to public health problem settings. 

Minimum ventilation rates provide an important element in an 
overall strategy to control indoor air quality. ASHRAE Standard 
62-1981R provides a comprehensive list of outdoor air ventilation 
rates for a variety of indoor spaces. In addition, ventilation 
requirements are contained in some building codes, and in 
requirements for the construction of housing under programs 
administered by the Department of Housing and Urban Development. 
Use of ventilation standards as a method of controlling indoor 
air pollution is important, but it's potential in controlling 
indoor air quality is constrained by both technical and 
institutional limitations. 
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CHAPTER 8 - FEDERAL AUTHORITIES APPLICABLE TO INDOOR AIR 

This chapter covers the Federal laws which address various 
aspects of indoor air quality. Except for the National 
Environmental Policy Act, whose requirements affect all federal 
agencies, the laws are grouped according to the Agency with the 
primary role in implementing their provisions. Aspects of the 
laws which relate to indoor air quality are summarized in 
Exhibit 8-1. 

8.1 NATIONAL ENVIRONMENTAL POLICY ACT 

The National Environmental Policy Act (42 USC 4331 et seq.) 
established a national goal to "assure for all Americans, safe, 
healthful, productive, and aesthetically and culturally pleasing 
surroundings" and, required that all agencies of the Federal 
government (1) develop procedures to insure that "presently 
unquantified environmental amenities and values may be given 
appropriate consideration in decision-making ... " and (2) develop 
an environmental impact statement for any major Federal action 
"significantly affecting the quality of the human environment". 
The policies and goals set forth in this Act are to be 
"supplementary to those set forth in existing authorizations.'' 
While not specific to indoor air, this broad overarching 
legislation provides a context for the consideration of indoor 
air quality and other environmental concerns in all major Federal 
actions taken pursuant to other authorities. 

8.2 ENVIRONMENTAL PROTECTION AGENCY (EPA) 

The Environmental Protection Agency was established in 1970 
under Reorganization Plan No. 3 (42 USC 4321) in which the 
environmental pollution control functions of several federal 
agencies were consolidated. The general roles and functions 
given to EPA under Reorganization Plan No. 3 were to 
(1) establish and enforce environmental protection standards, 
(2) research the effects and controls of environmental pollut~on, 
and (3) provide grants and technical assistance to others as a 
means of arresting environmental pollution. Legislation with 
specific authorities related to indoor air includes the Clean Air 
Act; the Toxic Substances Control Act; the Federal Insecticide, 
Fungicide, and Rodenticide Control Act; the Safe Drinking Water 
Act; and Title IV of the superfund Amendments and Reauthorization 
Act. 

Clean Air Act CCAA) 

The Clean Air Act (42 use 7401 et seq.) is the legal basis 
for air pollution control efforts in the United States. Its 
stated objective is "to protect and enhance the quality of the 
nation's air resources so as to protect the public health and the 
productive capacity of the population". Progress toward this 
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goal is accomplished through a complex program involving a close 
partnership between EPA and the states. 

The Clean Air Act provides EPA with regulatory authority to 
establish standards for two categories of air pollutants: 

Criteria pollutants are pollutants which can reasonably 
be expected to 11 endanger public health or welfare" and 
the presence of which result from "numerous and diverse 
mobile or stationary sources." In response to the 
potential threat posed - by these agents, EPA 
establishes National Ambient Air Quality Standards 
(NAAQS). States are required to develop state 
Implementation Plans (SIPs) designed to meet those 
standards. There currently are NAAQS for six criteria 
pollutants: inhalable particulate matter (~10 micron 
diameter), sulfur oxides, nitrogen dioxide, ozone, 
carbon monoxide; and lead. 

Hazardous pollutants are those which "may reasonably be 
anticipated to result in an increase in mortality or an 
increase in serious irreversible, or incapacitating 
reversible, illness." EPA formally "lists" pollutants 
as hazardous and then promulgates national emission 
standards for significant source categories of the 
designated substances: these emissions limits are 
called National Emissions Standards for Hazardous Air 
Pollutants (NESHAPS) . Eight pollutants have been 
listed as hazardous: mercury, beryllium, asbestos, 
vinyl chloride, benzene, radionuclides, inorganic 
arsenic compounds, and coke oven emissions. 

The CAA gives EPA authority to regulate air pollutants. 
However, the overall structure and terminology of the Act -- in 
particular the scale on which it defines air pollution problems 
and prescribes solutions-- indicate that Congress conceived of 
air pollution as an outdoor phenomenon and contemplated 
regulation only of the outdoor air. 

The heart of the statutory scheme is a nationwide system of 
ambient air quality standards and area-wide approaches to 
implementation through intra- and inter-state planning and 
controls. The Act thus creates a regulatory structure that 
treats air pollution as a large-scale problem that begins, for 
example, with the "emission" or "discharge" of pollutants from 
"any building, structure, facility or installation" into the 
"atmosphere" or "ambient air." 

The Act'considers that air pollution may have impacts 
across state and international boundaries. In addition, the Act 
directs EPA to monitor air quality "in major urban areas and 
other appropriate areas throughout the United States" and thus 
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appears to be directed to outdoor rather than indoor pollution. 
This focus on outdoor pollution appears also in the legislative 
history where Congress voiced concern about "the air over most 
cities and towns". Consistent with this view, EPA regulations 
adopted in 1971 defined "ambient air" for certain purposes to 
mean air "external" to buildings and other structures (40 CFR 
50.l(e)). 

In summary, the Clean Air Act confers general responsibility 
to EPA to protect the public health and welfare from air 
pollution, but its structure and provisions direct EPA to control 
air pollution outdoors. 

Toxic Substances Control Act CTSCAl 

Congressional intent as stated in TSCA is the development by 
the manufacturers and processors of "adequate data ... with respect 
to the effect of chemical substances and mixtures on health and 
the environment ... " and "adequate authority ... to regulate 
chemical substances and mixtures which present an unreasonable 
risk of injury to health and the environment ... " (15 USC 2601). 
The statute grants to the Administrator the authority to require 
testing of suspect chemicals, and to establish rules and 
schedules for performing those tests. An advisory committee can 
recommend priority chemicals to the Administrator for which rules 
should be developed. In addition, manufacturers and processors 
can petition the Agency to develop test standards for a chemical 
of interest. 

The most important data gathering authorities of TSCA are as 
follows: 

o Section 4 of TSCA was included to develop data that would 
be useful in assessing the potential risks from existing 
chemicals. In order to require testing, EPA must determine 
that there are insufficient data about the effects of the 
chemical, and that testing is needed to devc\op these data. 
The testing that can be required for a chemical depends on 
the findings made and the data already available. Health 
tests may include: acute, subchronic, reproductive and 
developmental toxicity, neurotoxicity, skin sensitization, 
mutagenicity, pharmacokinetics, and carcinogenicity. 
Testing to determine exposures to a chemical or the fate of 
the chemical may also be obtained. 

Several off ices in EPA have or are using Section 4 to 
gather data to support their programs. This could also be 
a useful tool in supplementing data.on indoor air. 
Chemicals may be referred by the Interagency Testing 
Committee, which consists of representatives from other 
governmental agencies, such as, the OSHA. These agencies 
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also provide testing recommendations of relevance to their 
Agency needs. 

o Section 8 (Reporting and Retention of Information) 

Section S(a) gives EPA the authority to promulgate 
rules to collect existing use, production and exposure 
data on specific chemicals. EPA has promulgated rules 
under the authority of Section S(a) which provide a 
mechanism for collecting basic information on the 
manufacture, processing, and use of chemicals. 

Section S(b) requires EPA to keep a current inventory of 
chemicals manufactured and processed in the U.S. 
originally published in 1977, the inventory currently 
contains approximately 15,000 chemicals. 

Section S(d) allows EPA to collect unpublished health 
and safety studies and related information on selected 
chemicals. 

Section S(e) requires industry to report information to 
EPA that indicates a chemical may present a substantial 
risk. Information is continually being received under 
this provision. 

TSCA also authorizes EPA to consult with the Secretary of 
Health and Human Services in conducting research, development, 
and necessary monitoring. 

In addition to data gathering, TSCA has provisions that 
enable EPA to control exposure to chemicals that present or may 
present an "unreasonable risk or injury to human health or the 
environment". The Act provides EPA with authority to impose a 
variety of regulatory sanctions. However, before issuing a 
regulation, EPA must weigh the reduction in risk attributable to 
the regulation against the regulatory burdens to society, 
including costs. Further, EPA must use the "least burdensome" 
sanction, taking into account whether the health threat could be 
eliminated or reduced to a sufficient extent under other Federal 
statutes. Potential sanctions which could be applied include the 
following (15 USC 2605): 

o prohibit or limit the manufacture, processing, or 
distribution of the chemical; 

o require the chemical to be marked with warnings and 
instructions; 

o require the manufacturers and processors to monitor or 
conduct tests of the manufacturing and processing 
procedures; 
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o prohibit or regulate commercial use or disposal; 

o require public notice of the health risk, and require 
replacement or refunds; and 

o require revision of manufacturing quality control 
standards. 

Regulations adopted by EPA pursuant to its authority under 
TSCA are found in Subchapter R of Title 40 of the Code of Federal 
Regulations. 

In summary, with some restrictions, TSCA provides EPA with 
tha ability to rastrict the manufacture, distribution, and use of 
toxic chemical agents, including any that may be significant 
indoor air pollutants. 

Federal Insecticide. FUngicide. and Rodenticide Act fFIFRA,\ 

One of the primary purposes of FIFRA is to ensure that the 
use of pesticides, when applied in accordance with EPA-~pproved 
label directions, will not cause ''unreasonable adverse effects" 
(as defined in the Act) to humans or the environment. In some 
respects, FIFRA is similar to TSCA, in that it provides EPA with 
authority to require the submission of chemical-specific data, 
and to restrict the distribution and use of the chemicals which 
lie within its statutory domain. Although pesticides are 
commonly thought of in the context of agriculture, they are 
widely used throughout our society for a variety of purposes, 
both indoors and out. Regardless of the locus of its use, any 
pesticide (as defined in FIFRA section 2(u)) is subject to 
regulation under FIFRA. · 

o Section J(a) prohibits any person from selling, 
distributing, or holding any pesticide which is not 
registered by the Agency. FIFRA section J(c) (5) requires 
EPA to register a pesticide upon a determination that 
(among other things) its use in accordance with labeled 
directions will not cause "unreasonable adverse effects." 
FIFRA section 2(bb) defines this latter term as: " ... any 
unreasonable risk to man or the environment, taking into 
account the economic, social, and environmental costs and 
benefits of the use of any pesticide." Upon a 
determination that a pesticide cannot otherwise meet the 
"3(c) (5)" criteria for registration, EPA may classify that 
product as a "restricted-use" pesticide, thereby limiting 
its use to certified applicators, or persons under the 
certified applicator's direct supervision ... the rationale 
being that trained applicators are more conscientious about 
following label directions and precautions. 
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o Section 3(c) (2) (B) authorizes EPA to require additional 
data, whenever deemed necessary by the Agency, in support 
of an existing pesticide registration. This same provision 
of the Act further authorizes the Agency to suspend the 
registration of any pesticide for which the registrant does 
not comply in a timely manner with any such requirement. 

o Section 6 authorizes EPA to suspend, cancel, or change the 
conditions of an existing registration if information 
arises which indicates that the pesticide in question does 
not meet the "no unreasonable adverse effects'' standard. 

o Section 13 authorizes EPA to issue a "stop sale, use, or 
removal" order for any pesticide found to be in violation 
of the conditions of its registration. 

o Section 20 provides monitoring authority. Under this 
section, EPA has developed a National Pesticide 
Monitoring Plan which stresses cooperation and 
information sharing with other agencies. Information 
collected under this provision could provide information 
on the use of pesticides indoors. 

In conclusion, FIFRA is similar to TSCA in terms of its 
regulatory scope and the methodological approach (source control) 
for protecting indoor air quality. Under its provisions, EPA 
regulates certain indoor air pollutants (indoor pesticides) by 
banning or limiting their distribution or use, or by establishing 
guidelines for their safe application. In addition, information 
collected by the developing National Pesticides Monitoring Plan 
can be used to better define the magnitude of human health risks 
posed by pesticides in indoor air. 

Asbestos Hazard Emergency Response Act CAHERA) and the 
Asbestos School Hazard Detection and Control Act 

The Asbestos Hazard Emergency Response Act (15 USC 2641) was 
adopted to remedy the problem of asbestos in schools. The Act 
requires EPA to promulgate regulations that prescribe methods of 
assessing and addressing the school asbestos problem which 
include: (1) procedures for determining the presence of asbestos: 
(2) appropriate response actions for defined conditions: 
(3) operations, maintenance, and repair programs; 
(4) surveillance programs; (5) methods of transporting and 
disposing of asbestos wastes: (6) warning labels for asbestos 
risk areas; and (6) contractor and laboratory certification 
procedures. 

The Asbestos School Hazard Detection and Control Act of 1980 
(20 USC 3601) established an Asbestos Hazards School Safety Task 
Force, which includes representatives from EPA and several other 
Federal agencies. The Task Force is directed to compile 
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information regarding the health and safety hazards of asbestos; 
determine means of identifying, sampling, and testing asbestos 
containing materials; distribute information; review the EPA 
guidelines; and assist the Secretary of Education in formulating 
standards. 

Safe Drinking Water Act CSDWAl 

The Safe Drinking Water Act (42 USC JOOf et ~ authorizes 
EPA to conduct research on the identity and effects of 
contaminants in drinking water. Contaminants found in the water 
supply for certain parts of the country may affect the indoor air 
quality of the households and businesses being served. Radon, 
for example, mav contaminate the aroundwater servinq a house or 
community, or the water may contain volatile organic compounds. 
These pollutants may then be introduced into the building by 
aerosol action from showers, or other uses of the water. 

The authority of the Adminis~rator under the SDWA includes 
the establishment of primary and secondary regulations to protect 
the safety of public water systems. The regulation of 
constituents that may degrade indoor air quality are peripheral 
to the intent of the SOWA. However, regulations are to apply to 
contaminants which ''may have any adverse effect on the health of 
persons " (42 use JOOf(l) (B)). The Act therefore provides clear 
authority to set standards for indoor air pollutants that 
originate in the public water supply. 

SARA Title IV (Radon Gas and Indoor Air Quality Research 
Act) 

SARA Title IV requires EPA to establish a research program 
for the study of radon gas and indoor air quality. The purpose 
of such a program is to (1) gather information on all aspects of 
indoor air, (2) coordinate government and private sector 
research, and (3) assess appropriate federal actions to mitigate 
~ndoor air associated risks. Program requirements are specified 
in the Act and include the investigation of: 

o sources and levels of indoor contaminants, including 
instrumentation, monitoring, and the study of high risk 
building types; 

o the effects of indoor contaminants on human health; 

o control technology and other mitigation measures, for 
both new and existing buildings, including both 
individual and generic mitigation techniques; and 

o the dissemination of information. 
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The Act requires EPA to establish advisory committees, to 
submit an implementation plan within 90 days and a comprehensive 
report with recommendations within 2 years after enactment. The 
implementation plan was submitted to Congress in June 1987. 

In summary, this legislation provides EPA authority to 
conduct research, coordinate activities in the public and private 
sectors, and disseminate information on indoor air. However, it 
provides no control authority or standard setting authority. 

In addition to SARA Title IV, section 118(k) of SARA 
provides authority for the Administrator to conduct a national 
assessment of the locations and risks from radon gas, 
demonstrations of control techniques, and the dissemination of 
public information. 

8.3 DEPARTMENT OF ENERGY (DOE) 

The Department of Energy is responsible for the management 
of federal energy-related programs. These responsibilities 
include coordinating the Federal energy policy; maximizing energy 
conservation nationwide; and conducting a comprehensive energy 
research and development program. Given the close link between 
energy sources and air pollution, and between energy 
conservation in buildings and indoor air quality, the activities 
conducted under authorities administered by DOE can have 
important implications for a national indoor air quality program. 

Department of Enerqy Organization Act of 1977 

The Department of Energy Organization Act of 1977 (42 use 
7112) authorized DOE to provide for the functions of the Energy 
Research and Development Administration (ERDA--DOE's predecessor 
organization). One of the stated purposes of the· Act was to 
"assure incorporation of national environmental protection goals 
in the formulation and implementation of energy programs, and to 
advance the goals of restoring, protecting, and enhancing 
environmental quality, assuring public health and safety." 
Anothe~ section of the Act directed DOE to conduct " a 
comprehensive program of research and development on the 
environmental effects of energy technologies and programs." 

Energy Reorganization Act of 1974 

The Energy Reorganization Act of 1974 specifically provided 
that the responsibilities of ERDA shall include"··· engaging in 
and supporting environmental, biomedical, physical, and safety 
research related to the development of energy sources and 
utilization of technologies .... " 
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Atomic Energy Act 

The Atomic Energy Act authorizes research important to 
characterizations of the problems of radon and non-ionizing 
radiation. The Act provided the initial charter for a 
comprehensive program of applied and basic radiobiological 
research and authorized DOE to conduct research and development 
related to the utilization of fissionable and radioactive 
materials for medical, biological and health purposes. It also 
provided for the protection of health during the same research 
and development activities. The Act also authorizes the Atomic 
Energy Commission "to conduct research on the biologic effects of 
ionizing radiation ... " for 11 

••• the protection of health and the 
promotion of safety during research and production activities===" 
and for"· .. the preservation and enhancement of a viable 
environment .... " 

Energy Conservation and Production Act 

The goal of the Energy Conservation and Production Act is 
the reduction of energy demand of the nation through the 
development of Federal and State conservation programs. The Act 
authorizes QOE to develop voluntary performance standards for 
energy efficient residential and commercial buildings, to provide 
technical assistance in implementing those standards, and to 
encourage state and local governments to incorporate those 
standards in building codes (42 USC 6831 et seq.). The Act also 
requires DOE to undertake a residential weatherization assistance 
program r42 USC 6863). 

The Act also directs DOE to take into account the impact of 
energy conservation standards on "habitability" as well as the 
"impact on affected groups" (42 USC 6839), and to "achieve a 
balance of a healthful dwelling environment and maximum 
practicable energy conservation" in its weatherization program 
(42 USC 6863(b)(2)(A). 

8.4 DEPARTMENT OF HEALTH AND HUMAN SERVICES CHHS) 

HHS has been delegated the majority of the health-related 
functions of what was once the Department of Health, Education, 
and Welfare (HEW) . It is through the role of HHS to protect the 
public health and to prevent disease that most programs of the 
Department encompass potential indoor air pollution issues. The 
major statutory authority defining this role is the Public Health 
Service Act. 

Public Health Service Act CPHSA) 

The Public Health Service Act provides the general mandate 
for the HHS to conduct research and other activities related to 
the causes, diagnosis, treatment, control, and prevention of 

8-10 



disease. This statute authorizes grants, studies, dissemination 
of information, and an annual report on carcinogens. A 
comprehensive program addressing the effects of low-level 
ionizing radiation is specifically authorized. Regulations 
pursuant to this authority can be found at 21 CFR 1020, and 1030. 

The PHSA directs the Secretary to identify pollution and 
other environmental conditions "responsible for human disease and 
adverse effects on humans" (42 USC 242b). The Secretary is 
further directed to conduct, in cooperation with EPA, the 
National Academy of Sciences, Department of Labor, Consumer 
Product Safety Commission, and Council on Environmental Quality, 
an ongoing study of the health costs of pollution and other 
environmental activities resulting from human activities 
"including human activity in any place in the indoor or outdoor 
environment, including places of employment and residences" (42 
USC 242(d)(l)). 

The PHSA which specifically provides for the study of the 
health consequences of indoor pollution, also establishes a 
number of health related research entities whose mandate would 
include specific health aspects of indoor air pollution. These 
mandates apply to all of the entities within the Department of 
Health and Human Services. 

Other Legislation 

The National Institute for Occupational Safety and Health 
obtains its primary authority for conducting indoor air quality 
investigations from Section 20 of the Occupational Safety and 
Health Act, and the Agency for Toxic Substances and Disease 
Registries obtains its authority for related investigations from 
the Comprehensive Environmental Response Compensation and 
Liability Act of 1980, and the superfund Amendments and 
Reauthorization Act of 1986. 

8.5 CONSUMER PRODUCT SAFETY COMMISSION (CPSC) 

The CPSC is an independent regulatory agency that was 
established by the consumer Product Safety Act (15 USC 2051) to 
fulfill the national goal of protecting consumers from 
unreasonable risks of i~jury. CPSC is responsible for enforcing 
other statutes, including the Federal Hazardous Substances Act. 

Consumer Product Safety Act 

The Consumer Product Safety Act (CPSA) provides CPSC with 
authority to control certain aspects of indoor air quality by 
regulating "consumer products." The CPSC can promulgate 
consumer product safety standards when the standard is 
"reasonably necessary to prevent or reduce an unreasonable risk 
of injury associated with such product" (15 USC 2056). Such risk 
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or injury may include health effects associated with contaminant 
emissions that affect indoor air quality. In addition to setting 
standards, CPSC can ban a consumer product from the market. 

For "substantial product hazards" CPSC has authority to (1) 
give public notice, (2) mail notice to manufacturers, 
distributors and retailers, or (3) mail notice to every person 
known to have been sold such a product. CPSC can also order the 
manufacturer to repair or replace the hazardous product, or 
refund the purchase price (15 USC 2064). Finally, if an 
"imminent hazard" exists, CPSC may sue manufacturers, 
distributors, or retailers (15 USC 2061). 

The CPSA contains provisions applicable to the control of 
indoor air pollution through its provisions relating to control 
of consumer product sources. It vests no authority to establish 
indoor air quality or ventilation standards. Consumer products 
are defined as those for use by consumers "in and around" 
residences. It does not include the building itself, and the 
extent to which it includes building materials is unclear. In 
addition, product standards only apply to currently produced 
products, and the substantial hazard and imminent hazard 
provisions may be useful only if CPSC can identify the 
manufacturer. The CPSC is also restricted to corrective actions 
that cannot be taken under the terms of OSHA, the Atomic Energy 
Act, or the Clean Air Act. 

Federal Hazardous Substances Act 

The Federal Hazards Substances Act (FHSA) supplements CPSC 
authority under the Consumer Product Safety Act. The FHSA 
specifies labeling requirements for household products which are 
"hazardous substances", as that term is defined in the FHSA. The 
FHSA defines "hazardous substances" as including certain 
household substances or mixtures of substances which are toxic, 
corrosive, flammable, combustible, irritants, strong sensitizers, 
or substances which generate pressure through decomposition, 
heat, or other means. The FHSA requires labeling for hazardous 
substances and also bans the sale of any toy or children's 
article that contains or consists of a hazardous substance. 
Additionally, the FHSA au~horizes the commission to establish 
specific labeling requirements for household products containing 
hazardous substances if no labeling which could be required under 
the FHSA would adequately protect the public health and safety. 

8.6 DEPARTMENT OF HOUSING AND URBAN DEVELOPMENT CHUO) 

The Department of Housing and Urban Development administers 
the nations housing and urban development policies which are 
implemented primarily through a variety of financial and 
technical assistance programs to state and local governments. 
The preeminent theme through all of its enabling statutes and 
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... 

which forms the basis of HUD's responsibilities in indoor air is 
its mandate to provide 11 a decent home and suitable living 
environment to every American family" (12 use 1701t and 42 use 
1441). In addition, HUD is to assure that its programs provide 
"decent, safe, and sanitary housing'' (12 USC 170lz and 42 use 
1401) or to "ensure safe and healthful working and living 
conditions" (12 use 170lz-2). 

In addition to this broad mandate which pervades all of 
HUD's authorized activities, HUD's most specific authority 
related to indoor air is its authority to develop construction 
and safety standards for manufactured housing. 

National Manufactured Housing Construction and Safety 
Standards Act of 1974 

HUD is directed by the terms of this statute (42 USC 5401) 
to establish standards for the construction and safety of 
manufactured housing. While safety aspects to be considered are 
primarily concerned with accident-related personal injuries, they 
include health and safety features related to indoor air. For 
example, HUD has included formaldehyde emission controls for 
certain wood products, and outdoor air ventilation requirements 
for manufactured housing using forced heat, within its 
regulations for manufactured housing (24 CFR 3280 and 3282). 

8. 7 DEPARTMENT OF LABOR ( DOL) 

The Department of Labor has been delegated authority to 
regulate health and safety conditions in places of employment. 
While this authority has traditionally been interpreted as 
applying primarily to the industrial work environment, the 
enabling legislation for this activity is quite broad, and covers 
all private sector and most public sector work environments. The 
primary statute of concern with respect to indoor air quality in 
the workplace is the Occupational Safety and Health Act. 

Occupational Safety and Health Act COSHAct) 

The Occupational Safety and Health Administration (OSHA) was 
created in 1970 under OSHAct (16 USC 651 et seq.), wherein 
Congress declared it a national policy "to assure as far as 
possible every working man and woman in the Nation safe and 
healthful working conditions and to preserve our human resources 
... "by, among other things, directing the Secretary of Labor to 
develop and enforce occupational safety and health standards. 

The OSHact requires the Secretary of Labor, in the case of 
standards dealing with toxic substances, to set "the standard 
which most adequately assures to the extent feasible, on the 
basis of the best available evidence, that no employee will 
suffer material impairment of health or functional capacity even 
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if such employee has regular exposure to the hazard dealt with by 
such standard for the period of his working life." 

In addition to safety and health, the standards must take 
into account issues of feasibility. OSHA occupational indoor air 
standards are enforced by inspecting workplaces and where 
warranted by prescribing abatement, and proposing civil monetary 
penalties. 

The National Institute for Occupational Safety and Health 
(NIOSH), which resides in the Department of Health and Human 
Services, was created by Congress in the OSHAct to develop and 
establish recommended occupational safety and health standards 
and to perform other functions (29 USC 671). 

8.8 SUMMARY AND IMPLICATIONS 

The preceding discussion illustrates a number of significant 
points that are pertinent to assessing the adequacy of existing 
laws to protect indoor air quality. 

First, many Federal agencies have the explicit legal 
authority to regulate certain products and/or activities that 
~ffect ~n~oo~ air qual~ty, or to reg~la~e the qua~ity of the air 
in specific indoor environments. Existing authority ranges from 
the ability to ban or restrict the use of pesticides and 
consumer products, to setting and enforcing indoor air quality 
standards in occupational settings. However, these authorities 
are fragmented, are limited to specific products or environments, 
and some address indoor air concerns secondarily or only 
implicitly. 

Second, most legal authority related specifically to 
building systems affecting indoor air quality is limited in 
scope, allowing only research activities and provision of public 
information and technical guidance. Most of this authority rests 
with the Department of Energy and is directed to energy 
conservation, with indoor air quality as a secondary concern. 

Finally, there is currently no Federal law that explicitly 
establishes a goal of establishing acceptable indoor air quality 
in non-occupational environments which protect the public health 
and welfare. In addition, while SARA Title IV vests in EPA the 
responsibility to conduct research, coordinate, and disseminate 
information, it does so in the context of research, and does not 
delegate authority for controlling indoor air pollution. Thus, 
there is currently no Federal agency with comprehensive authority 
to develop a coherent, national indoor air pollution control 
program for residential, most educational, and other non­
occupational indoor air environments. 
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CHAPTER 9 - INDOOR AIR POLLUTION CONTROL PROGRAMS 

Government and private entities at the local, state, 
national, and international levels have developed programs to 
execute indoor air quality control policies and strategies. This 
chapter summarizes indoor air quality efforts of federal, state, 
and local agencies; private sector organizations; foreign 
governments; and international organizations. 

9.1 FEDERAL PROGRAMS 

The Federal government participates in the study and control 
of indoor air quality through the activities of a number of its 
agencies and departments. The agencies that comprise the 
Interagency Committee on Indoor Air Quality (CIAQ) have 
implemented indoor air quality control programs based on the 
legislative authority discussed in Chapter 8. This chapter 
summarizes the indoor air quality assessment and control 
activities of Federal agencies, especially the CIAQ co-chairs and 
the Bonneville Power Administration. Volume I of this report 
contains a more complete description of current and planned 
indoor air quality control activities at the Federal level. 

Environmental Protection Agency 

The Environmental Protection Agency's (EPA's) indoor air 
quality control efforts attempt to (1) characterize indoor air 
problems; (2) identify, assess, and implement strategies to 
mitigate indoor air hazards; and (3) disseminate information 
about indoor air quality control. In accordance with these aims, 
EPA uses mandatory standards and procedures, voluntary 
guidelines, research activities, and dissemination of public 
information and technical assistance to implement its indoor air 
program. 

EPA efforts to understand and control indoor air hazards are 
presented in Exhibit 9-1. EPA has developed a limited number of 
regulatory controls on indoor air hazards. Most of EPA's current 
mandatory standards and procedures arise from the pesticide and 
asbestos programs of the Off ice of Pesticides and Toxic 
Substances. EPA actively studies many facets of indoor air 
concerns, ranging from characterizing typical concentrations and 
exposures to evaluating control strategies. EPA also actively 
disseminates information on indoor air quality concerns through 
booklets, fact sheets, telephone hotlines, product labelling, and 
manuals and workshops for professionals. 

Consumer Product Safety Commission 

The Consumer Product Safety Commission (CPSC) addresses 
indoor air quality concerns by developing voluntary guidelines 
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Activity 

Mandatory Stardards and ProcedJres 

MCLs for Radon and voes . . . . . 

Asbestos Ban and Phase Down Rule. 

Asbestos Worker Protection Rule . 

Asbestos Materials in Schools Rule. 

Ban on Sales of Chlordane and 
Heptachlor ..... . 

Restrictions on Lindane Use 

Restrictions on Pentachlorophenol 
and Creosote . . . . • . • . 

Proposed Suspension of Indoor Use 

Exhibit 9-1 
EPA Indoor Air ~lity Central Activities 

Description 

Drinking water standards incorporating indoor air exposures 

Restriction on the use of asbestos-containing materials in t::uildings 

Proceci.lres and standards for asbestos removal work 

S~rt for identification and removal of problem asbestos in schools 

Sales ban pending demonstration of safe application methods 

Ban on use of indoor fli!ligating devices 

Ban on treating wood used indoors with these chemicals 

of Certain Anti·Microbials ...• Proposed ban on use of certain anti·microbials in indoor environnents 

Yoluitary Guidelines 

Model Building Code . ....•. .•. Appropriate design features to control radon infiltration 

Research 

Measurement and Estimation of 
Exposures and Concentrations 

Health Effects .• .•..• 

Risk and Hazard Assessment. 

Diagnosis, Assessment, and 
Mitigation Protocols . 

More than 30 projects investigating sources, monitoring, and exposures 

Nine projects involving ETS, radon, voe mixtures, and cari:IJstion gases 

Five projects involving ETS, para·dichlorobenzene, and solvents 

Five projects investigating sick building syndrane, air exchange, and 
radon control measures 

Controls Assessment ..... . • .••. Three projects Including radon/chlordane control, air cleaner 
evaluation, and testing radon control methods 

I nfOMllBt i an Di SStmi ,..ti an 

Publications for Public Education 

Telephone Hotl ines •.... 

Product Label Requirements. 

Technical S~rt Manuals and 
Services .. 

Fact Sheets, indoor air booklet, and radon "citizen's guide" and 
mitigation pall1:lhlets 

Toll-free nureers for questions about asbestos and pesticides 

Inert ingredients in pesticides, support of voluit1ry consuner 
aW1reness progr ... by pesticide manuf1c:turers 

Course for ?Jblic health specialists, information on radon provided to 
AHA and Conference of State Legislators 
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Activity 

.._..tory Standards ard Pr-ocedM"es 
Carbon Tetrachloride Use Ban. 

Asbestos Use Ban. . . . . • . 

Vinyl Chloride Ban • 

Yol"'tary Guidelines 
Caitlustion Device Performance 

Guidelines . . . • . • • 

Formaldellyde Emission 

Eldlibit 9-2 
a>sc Indoor Air- ._.lity Contr-ol Activities 

Descr-iptian 

Ban on use of carbon tetrachlor-ide in consuner products 

Ban on use of asbestos in consuner products such as patching corrpounds 

Ban on use of vinyl chloride in aerosol products 

Recornnended limits for emissions fran kerosene heaters and 1.r1vented gas 
space heaters 

Guidelines for IJood Products ••. Recaimended limits on emissions from maBJfactured wood products 

1...-cft 
Measurement and Estimation of 

Exposures and Concentrations Seven projects studying pollutant emissions, biological monitoring, and 
modeling 

Health Effects •..••.••••••• Three projects involving N02; ker-osene heaters; and biologicals in 
hunidifiers, air conditioners, and vaporizers 

Risk and Hazard Assessment. 

Controls Assessment .•• 

lnfe>n111tion OiSseitination 
Ptblications for Public Ec:tJcation 

ProO.Jct Label Requirements •.•. 

Two projects involving para-dichlorobenzene and solvents 

Three projects investigating wood stoves and air filter evaluations 

Indoor air guidance including "Asbestos in Homes" 

Including warnings for asbestos and methylene chloride 
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for consumer product composition or performance, promulgating 
mandatory standards, conducting research, and disseminating 
information to consumers. Exhibit 9-2 summarizes the activities 
undertaken by the CPSC to study and control indoor air quality 
concerns. CPSC activities focus on controlling the detrimental 
effects of consumer products, such as combustion appliances and 
products containing volatile organic chemicals, on indoor air 
quality. The Commission implements these controls primarily 
through voluntary guidelines and research. 

Department of Energy 

In support of its policies to eliminate potential hazards to 
the public from radioactivity at past and current atomic energy 
program facilities, and to develop and provide information needed 
to maintain healthful indoor environments with the continuing use 
of energy conservation measures in buildings, the Department of 
Energy (DOE) undertakes indoor air quality problem 
characterization and mitigation research and disseminates public 
information and technical assistance. 

Specific DOE research and information dissemination 
activities directed at improving knowledge of indoor air quality 
concerns are described in Exhibit 9-3. DOE primarily directs its 
research efforts to investigating the hazards of indoor radon and 
the effects of building weatherization. 

Bonneville Power Administration 

Within DOE, the Bonneville Power Administration (BPA) has 
undertaken a variety of activities to control indoor air quality 
in response to the potential indoor air health hazards created by 
its energy conservation program. Exhibit 9-4 summarizes BPA's 
standards, guidelines, research activities, and information 
dissemination efforts related to indoor air quality. As a 
consequence of its development in the Administration's energy 
conservation program, BPA's indoor air effort focuses on 
residential air quality as it is affected by weatherization 
efforts. 

Department of Health and Human Services 

The Department of Health and Human Services (HHS) 
participates in indoor air quality control through research and 
information dissemination activities. Exhibit 9-5 presents a 
summary of these HHS activities. The Department's research 
activities center primarily on indoor pollutant health effects. 
Through the National Institute for Occupational Safety and 
Health, HHS investigates buildings for indoor air quality 
problems. HHS also disseminates information and technical 
assistance on indoor air concerns to state and local governments 
and the public. 
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.,. 

Activity 

Research 
Measurement and Est imation of 

Exposures and Concentrations 

Health Effects .. ... . . 

Risk and Hazard Assessment. 

Diagnosis, Assessment, and 
Mitigation Protocols 

Controls Assessment .. .. 

I nfOl"llllt ion Di ssmi nation 

Exhibit 9-3 
DCE Indoor Air" Ouality Control Activities 

Description 

Nineteen projects focusing on radon, modeling, and energy conservation 

Four projects concerning radon 

Two projects concerning radon 

Five projects investigating infiltration and ventilation 

Review and developnent of current technology 

Pl.blications for Public Ecilcation . . . Hand>oolcs on coobustion sources, indoor radon, and building systems 

Technical Sl.4JPC)rt Manuals ard 
Services .. Database of irdoor pollutant concentrations, handboolcs on indoor air 

issues 

9-5 



Activity 

Mlniatorv Stiniards and Proced.res 
Emission Limit for Formaldehyde 

EJdl;b;t 9-4 
BPA Indoor Air Gi.9Uty Control Acfrwities 

Description 

in Wood Products ...••• . .. Required use of low-formaldehyde materials in residential buildings 

VolU'ltary Gu;delines 
Action Limit for Radon. 

Research 
Measurement and Estimation of 

Exposures and Concentrations 

Controls Assessment • . . • • . • 

lnfOl"WBtian DiSSl9irwticn 

Mitigation 1ssistenc:e for weatherized hanes with radon 
concentrations greater than 5 pCi/L 

Seven projects investigating monitoring and weatherization effects 

Six projects investigating radon control methods, local exhaust, heat 
exchangers 

Plblications 'for Public Education •.. P~lets on ventilation and air quality, issue "backgrounders" 

Technical Sl..q)Ort Manuals and 
Services • . Manuals on radon monitoring, installing mitigation devices, auditing 

and operating HVAC systerrs; distributing radon detectors 
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ActivHy 

Resear-ch 

Measurement and Estimation of 
Exposures and Concentrations 

S~rt for Indoor Air Quality 
Investigation .. 

Exhibit 9-5 

HHS lrdoor Air- Glality Contr-ol Activities 

Descr-ipticn 

Six projects including surveys of attitudes and practices, radon 
screening, post-remedy tests, and studies of ETS and fibrous 
par-ticulates 

.Ongoing research studying the ventilation, cl inical, and psychosocial 
parmneters of indoor air quality investigations 

Health Effects •... .••...... More than 30 projects studying Legionella, allergens, and chronic 
l1r1g disease 

lnf~ticn Dissemireticn 

Publications for Public Education . .. Report on passive exposure to tobacco smoke 

Technical S~rt Manuals and 
Services •. Services for state health departments, epidemiological infonnation on 

radon, campaign to encourage smoking restri ction legislation, and 
a manual of analytical methods for air sampling and analysis 

Assessment Services ..... ... . . NIOSH !/ Health Hazard Evaluations 

!I N!OSH is the National Institute for Occupational Safety and Health, part of HHS. 
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other Federdl. hJen;:ies 

A number of other Federal agencies play smaller, but active, roles in 
controlling i.n:ioor air quality. 'lhe i.n:ioor air-related activities of the 
Departments of Defense (COD), Housing arxi Urban Development (HUD), State 
(JX)S) , arxi Transportation (COI'); the Federal Trade Commission (FTC) ; the 
General Services Administration (GSA) ; the National Aeronautics an:l Space 
Administration (NASA) ; the National Institute of Standards arxi Technology 
(NIST); the National Institute of Building Sciences (NIBS); the National 
Science Foun:iation (NSF) ; the Occupational safety an:l Health Administration 
(CSHA) ; the Tennessee Valley Authority (TVA) ; arrl the Veterans' 
Administration (VA) are presented in Exhibit 9-6. 'lhese agencies pranrulgate 
marrlatory starrlards arrl procedures, corduct research, arrl disseminate 
infonnation to the public arrl concerned professionals. 

SUnmaey of Federal pqercy I.OOoor Air Qlal.ity U:i ab:ol Pruµ ans 

In this section, we have described the i.n:ioor air quality control 
programs of federal agencies in terms of rnarrlatory staniards arrl procedures, 
voluntary guidelines, research activities, arrl p.lblic infonnation arrl 
technical assistance. Exhibit 9-7 SUim1a.rizes these federal activities 
aa::ording to the directness of their application to inioor air quality 
control. 

llrloor Air Quality U:iab:ol Activities 

Federal efforts to control inioor air quality can be classified as (1) 
air quality starrlards; (2) restrictions on potential inioor emissions of 
pollutants through restricting the manufacture, sale, arrl/or use of 
potential sources of i.n:ioor air pollution; arrl (3) assessment arrl mitigation 
procedures. 

o Only CSHA has implemented comprehensive air quality st:armrds for the 
indoor environment. 

o EPA, CPSC, BPA, COD, HUD, ror, GSA, arrl VA have developed. efforts to 
control i.n:ioor air quality by restricti.Nj pollutaI1t emissions fran 
specific products. 

o EPA, COD, GSA, arrl NASA have implemented assessment arrl mitigation 
procedures to identify arrl correct irrloor air problems. 'Ihese 
a.ssessrrent arrl mitigation program:; apply to small subsets of the 
building pcpll.ation of the U.S.; for exa:irple, EPA's asbestos rerroval 
program applies only to schools arrl GSA's prq:x:ised assessment 
procedure only to rui.ldings urder GSA control. 
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E.dlibit 9-6 
Other Federal Agencies• lrdoor Air ~lity taitrol Activities 

Activity ard Agency 

Mandatory Standerds ard Procedires 

Research 

DOD. 

DOT. 

HUD. 
GSA. 
NASA 

OSHA 
VA • 

Description 

Restrictions on smoking in Air Force structures, assessment and 
mitigation plans for Air Force structures, chlordane assessments 

Restrictions on smoking on conmercial airline flights, standards for 
pollutants and ventilation in airline cabins 

Formaldehyde emission limits for materials in manufactured housing 
Smoking restrictions in GSA buildings, building assessment procedures 
Adoption of OSHA values for NASA facilities, Legionella control, and 

HVAC ll'lilintenance 
Concentration an:::I exposure limits for the industrial workplace 
Prohibition on purchase or use of asbestos 

Exposure and Concentration Estimation and Measuremerit 
DOT. • • • • • • • . Evaluate effects of smoking on airliner cabin air quality 
NASA • • • • Test material offgassing 
NIST . JAQ concentration model 
NSF. • Awards scholarships, fellowships, grants, loans, and contracts for 

basic research 
TVA. • . • • • • • • Radon, N02 dynamics, energy conservation 

Heal th Effects 
TVA. No2 effects on school children 

Risk and Hazard Assessment 
DOS •.. . ...•.. • Indoor air hazards in DOS buildings 

Diagnosis. Assessment, and Mitigation Protocols 
HUD. 
GSA. 
NIST 

Controls Assessment 
NASA 
NIST 
TVA. 

fnfor1111tion Dissemination 

Housing site assessment 
Diagnostic techni~e validation 
Air movement test method 

Pollutant gas removal by houseplants 
Test method tor removal ~ipment in HVAC 
Assessments of radon mitigation methods, heat exchangers 

Publications for the Ge!"teral PLblic 
Guide to new home investigations HUD. 

TVA •. • .. IAQ materials, speakers tor p.blic meetings 

Telephone Hotlines 
TVA ••. ••.. Citizen Action Line tor citizen inquiries 

Product Label Reg.iirements 
FTC. 
It.JO ••• • • • • 

Guidelines for advertising of prod.Jets with indoor air impacts 
Certi ti cation ot wood prociJcts used in mar1.Jfactured housing 

Technical Support Mar1.Jals and Services 
NASA 
NIST 
NIBS 

Uorkshops and Training Courses 
NI ST .... 

Chapter on indoor air concerns in "Space Biology and Medicine" 
Radon measurement standard and calibration 
Building performance criteria and technical standards for 

incorporation into building codes or other regulations 

. . Modeling workshops 
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Point of lllllJl8Ct 

Direct Control of lrdoor 
Concentrations and/or 
Exposures 

Control of Emissions 
by Restricting 
Activities or 
Product c~sition 

Control Through 

Assessment and 
Mitigation Procedures 

Efforts to Increase 
Knowledge of Indoor 
Air Quality Problems 
and Controls 

Exhibit 9-7 
si-ry of Federal lrdoor Air Quality Ccntrol Activities 

Agency/Activity 

•OSHA Air Standards. 
BPA Radon Action Level. 

• NASA Air Standards. 

• EPA Drinking Water 
MCLs for Radon and voes 

• EPA Pesticide Restrictions. 

~ts 

.Limited to industrial environnents 

.Limited to res idences in BPA's weatherization 
program 

.Adopted OSHA standards 

. Indoor air exposures considered in 
determining drinking water levels 

.Restr;cts use and sales of pesticides wwlich 
may cause indoor air pollution 

• CPSC Consuner Prod.Jct Bans ••.. Bans on use of sane potential indoor 
pollutants in consuner prod.Jets 

• Smoking Restrictions 
I ~sed by DOO, DOT, and 

GSA ...... . ... . 

• VA Restrictions on 
Asbestos Use. 

• EPA Asbestos Rules. 

• GSA Building Assesslll!nts. 

• NIOSH Building Asse.ssments. 
• DCD/USAF Chlordane 

Assessments . . . 

• NASA HVAC System Maintenance. 

.Restricts smoking in specified indoor 

envirorments 

. ~estricts use of asbestos in VA buildings 

.Provides for the assessment and mitigation 

of asbestos hazards in schools 
.Investigates GSA-controlled buildings for 

indoor air problems 
.Responds to air·quality health c~laints 

. Investigates USAF facilities for chlordane 

problems 
.Assesses and corrects HVAC operation to 

optimize indoor air quality 

• Research efforts by EPA, CPSC, 
DOE, HHS, BPA, DOT, NASA, NIST, 
NSF, TVA, DOS, HUD, and GSA 

• Information Dissemination by EPA, 

CPSC, Doe, HHS, BPA, HUO, TVA, 
FTC, NASA, NIST, and NIBS 
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Agencies have implemented these indoor air quality 
activities through mandatory standards and voluntary guidelines. 

0 EPA, CPSC, BPA, DOD, DOT, HUD, GSA, NASA, OSHA, and 
VA control indoor air concerns with mandatory 
standards and procedures. 

o CPSC, EPA, and BPA have used voluntary guidelines to 
control indoor air concerns. 

CPSC has assisted in the development of voluntary 
standards for emissions from wood products and some 
combustion devices to control the quality of the 
indoor atmosphere. 

EPA is developing a voluntary guideline approach to 
radon mitigation through its work on a model building 
code and its use of a radon action level for 
recommending mitigation. 

The BPA weatherization program's radon monitoring and 
mitigation activities are available to homeowners on a 
voluntary basis. 

Federal Efforts to Increase Knowledge of Indoor Air Concerns 

Federal research of indoor air quality issues is directed 
toward improving our ability to {l) estimate and measure 
concentrations and exposures; (2) relate indoor air quality to 
health effects; (3) assess risk and hazard; (4) develop 
diagnosis, assessment, and mitigation protocols; and (5) assess 
control techniques. Federal agencies have distributed their 
efforts among these areas of research according to functional 
boundaries; 

o EPA has a lead role in most areas of research, 

o DOE leads efforts to characterize and identify the 
hazards of radon, 

o HHS efforts lead investigations of the health effects of 
indoor air pollution. 

Federal agencies provide public information and technical 
assistance to lower levels of government and the public through 
(1) publications for the general public, (2) telephone hotlines, 
(3) labeling requirements, (4) technical manuals or procedures, 
and (5) workshops and training courses. 

o Publications for public and specialized technical 
consumption are the most commonly used communication 
techniques. 
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o Product labeling requirements have been implemented by 
agencies with the appropriate statutory authority. 

9.2 STATE AND LOCAL INDOOR AIR QUALITY PROGRAMS 

Much of the governmental effort to ensure clean indoor air 
occurs at the State and local level. Many State and local 
governments address indoor air concerns through restrictions on 
smoking in public spaces, ventilation requirements in building 
codes, asbestos inspection and removal programs, pollutant 
concentration and emission standards, problem building 
evaluations, and research and public information dissemination 
activities. California has implemented the most comprehensive 
indoor air quality program (Wesolowski, et al., 1984). This 
section describes some notable state and local efforts to control 
the quality of the indoor atmosphere through these types of 
initiatives. 

Smoking Restrictions 

Forty-two states and at least 194 localities regulate 
smoking in public places to some extent (TFYA, 1988). The extent 
of restrictions imposed by these regulations varies considerably, 
but all aim ~o protect the right of occupants of public spaces to 
a smoke-free indoor atmosphere. Exhibit 9-8 illustrates the 
range of public areas affected by some State and local smoking 
restrictions. 

o Most State smoking restrictions limit smoking in buses, 
health care facilities, schools, elevators, government 
buildings, gymnasia/arenas, restaurants, retail and 
grocery stores, and at public meetings (TFYA, 1987). 

o Half of the State regulations control smoking in the 
public sector workplace (TFYA, 1988). 

o Less than half of the State smoking limitations apply to 
hotels, libraries, museums, public places, restrooms, 
and theaters (TFYA, 1987). 

Building Operation Requirements 

A number of State and local governments incorporate indoor 
air quality considerations into building codes. Exhibit 9-9 
presents examples of this type of regulation. These examples do 
not attempt to provide a complete list of such regulations, but 
merely illustrate the variety of the regulatory mechanisms to 
address indoor air concerns that may be found in contemporary 
building codes. Refer to Standards, Regulations, and Other 
Technical Criteria Related to Indoor Air Quality (NIBS, 1986) for 
more detailed information on these requirements. 
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State or Locality 

Minnesota 

Utah 

Corv.cticut 

Los Angeles 

San Diego 

Denver 

Exhibit 9-8 
State and Local 5-l:*i~ Restrictianm 

Restricticre 

Affected areas include public buildings, public meetings, health care and day 
care facilities 

Affected areas include public buildings, places of business, offices, eating 
places 
Specifies size and posting reqJirements for segregated smoking areas 

• Affected areas include elevators, health care institutions, pc.blic schools, 
retail food stores, and part of any restaurant with 25 or more seats, and 
during goverrYnent meetings 

• Prohibits smoking in elevators, nurse rooms, restroans, theaters, and pc.bl i·c 
business places 

• E~loyers are required to provide nonsmoking areas for ~loyees 

•Prohibits smoking in retail stores, retail service establishments, food 
markets, theaters, auditoriuns, places of pc.blic assenbly, meeting roans, 
restrooms, elevators, and 11USeuns 

•Regulates smoking only in retail food establishments 

Sources: NIBS, 1986; Oatman, 1988. 
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State or Locality 

California 

New York (State) 

South Dakota 

Mew Jersey 

Massachusetts 

Los Angeles 

Exhibit 9-9 
State ard Local BUilding ~ration Req.iir~ts 

Regulations Rele¥ant to Indoor Air ~lity Control 

The tightest of new residences 111JSt achieve at least 0.7 air changes per hour 
• ASHRAE Standard 62 ventilation requirements adopted 
• ~orkplaces 111Jst be fll)nitored to ensure tha~ ASHRAE S~andard 62-1981 ventilation 

rates are met in building operation 

• Energy Conservation Construction Code adopts ASHRAE Stardards 62-73 ard 90-75 

•Medical Facilities Building Code specifies ventilation system design and 
operation requirenwnts to S'-"PiY acceptable indoor ai r ~allty 

Pl,j)lic E~loyee Occ~tional Safety and Health Act re~ires ASHRAE Standard 
62- 1981 ventilation rates in State occupied buildings 

Ban on the use of urea-formaldehyde foam insulat~on in building construction 

Adopted 1982 Edition of thP. Unifnnn Rui lding Code, '. ncorporating minilll.lll 
ventilation l imits for places of asseirbly, garages, and residences 

Sources: NIBS, 1986; COSHSB, 1986; Oomarcki, 1984; NJOH, no date; MSCIAP, 1987. 
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A number of States have developed procedures for evaluating 
buildings in response to health complaints related to indoor air 
quality. Assessment procedures used in West Virginia and New 
Jersey provide examples of State developed problem building 
evaluation procedures. West Virginia has developed a set of 
general principles ~o guide the resolution of indoor air 
complaints: complaint screening, interview/investigation, 
testing, and data interpretation (NIBS, 1986). West Virginia 
meas~res carbon monoxide and carbon dioxide concentrations as 
indicators of building air quality. New Jersey emphasizes 
implenenting contra~ options rather than monitoring air quality 
in its standardized response to indoor air quality-related health 
complaints by State employees (Freund, 1987). 

Asbestos Inspection and Removal 

Exhibit 9-10 summarizes state asbestos programs. Under the 
Asbestos Hazard Emergency Response Act states have implemented 
programs for building inspections, building management plans, 
accreditation programs for asbestos professionals, abatement 
standards, and enforcement standards. Refer to the survey 
results by Neilander and Sacarto (1988) for more detailed 
information. 

New Jersey asbestos abatement standards provide an example 
of requirements which go beyond federal standards: New Jersey's 
Uniform Cons~ruction Subcode on Asbestos Hazard Abatement 
requires that only personnel with approved training may undertake 
removal actions and specifies that major actions require 
"substantial protection and precaution" and must not exceed 
airborne asbestos limits during removal activities (NIBS, 1986). 

Radon P~ograms 

States have undertaken a variety of activities to study and 
mitigate radon problems in buildings. State efforts may be 
classified into four categories: (1) information programs, 
(2) formative programs, (3) developing programs, and (4) 
operational programs (EPA, 1987). Exhibit 9-11 presents a 
summary of the status of state radon programs. Refer to EPA's 
summary of State Radon Programs (EPA, 1987) for a more detailed 
discussion of State radon programs. 

Pollutant Concentration and Emission Standards 

Few states have addressed indoor air pollution concerns by 
promulgating :imits on indoor concentrations or emissions of 
various contaminants. Some states have adopted standards for 
formaldehyde and at least two states have incorporated OSHA 
standards for non-industry workplaces. Exhibit 9-12 presents 
examples of these standards. Refer to Standards, Regulations, 
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Exhibit 9-10 

~ry of State Ast.atos Control Progr-

Building I n&J*:t i era 

Schools Eleven states require inspections by statute 
•Three states conduct inspections as a matter of policy 

State·OWned Buildings • Eleven states require inspections by statute 
• Nine states conciJct inspections as a 111ttter of policy 

Other Buildings • Four states require inspections of other types (e.g., llkllicipal) of buildings 

lui lding Mii ag It Pl-

Schools Eight states r~ire management plans by statute or regulation 

State·OWned Buildings • Nine states require management plans bv statute or regulation 
• Eight states develop Ind i~lement 1111nagement plarw as 11 111ttter of policy 

Other Buildings • Four states require management plans in other buildings 

Accreditation 

39 States have some type of accreditation progr1111 

Ten states have statutes and are currently pronulgating regulations 

Four states license contractors with demonstrated c~letion of an EPA· 
approved asbestos training course 

Aa.tment St.rdardl 

38 States have adopted NESHAP·type regulations and have enforcement authority frOlll EPA 

23 States have adopted OSHA·type standards relating to asbestos 

EnforcmB'lt St..,. 

Host states can conciJct on-site inspections and levy civil fines for violations 

Source: Neilander and Sacarto, 1988. 

9-16 



Progr- TYJJ9 

lnfonatian 

FormtiY9 

Dewiel opi r-. 

Operatianml 

Source: EPA, 1987. 

Ellhibi t 9-11 
~ry of State Raden Progr-

Definition 

No active program, 
disseminates 
i nforma ti on 

Preliminary surveys 

Extensive surveys 

Stat• 

Arkansas, Hawaii, Louisiana, Mississippi, Nevada, South Dakota, 
Texas 

Alaska, Arizona, California, Delaware, Georgia, Idaho, Iowa, 
Mass.chusetts, Minnesota, Missouri, Montana, Ne0rask1, New 
H~ire, New Mexico, North Carolina, North Dakota, Ohio, 
OklahOllll, Oregan, South Carolina, Utah, Vermont, Washington, West 

Virginia 

Alabama, Colorado, Connecticut, Illinois, Indiana, Kansas, 
Kentucky, Maryland, Michigan, Rhode Island, Tel'l'lessee, Virginia, 
W i scans in, Wyomi ng 

Con,.:irehensive surveys Florida, Maine, New Jersey, New York, Pel'l'lsylvania 
demonstrating problems 
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State 

Minnesota 

Wisconsin 

EJ1Mbit 9-12 

State Pollutant Ccncentration and Emission Standards 

Standard 

• Formaldehyde emission limits for all building materials in all types of 
construction 
MaxillkJll anbient concentrations of carilustion products in arenas where 
carilustion devices are used 

• For-~ldehyde em ission limits for mobi l~ lic.r.es 

Wyoming •OSHA threshold concentrations incorporated into standards applicable to 
workplaces, warehouses, ca1111ercial buildings, offices, and hospitals 

New York • OSHA standards and regulations adopted for places of State ~loyment 

Sources: NIBS, 1986; Oatman, 1988; wtlHSS, no date. 
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and Other Technical Criteria Related to Indoor Air Quality 
(NIBS, 1986) for more detailed information about these standards. 

Information Dissemination and Research Programs 

State and local public information programs communicate 
indoor air quality concerns and control options to the public and 
other governments within their jurisdiction by way of 
informational brochures, telephone response to inquiries, and 
training programs. States are also active in indoor air research 
to a limited extent. Examples of these types of State and local 
activity are presented in Exhibit 9-13. 

9.3 PRIVATE SECTOR INITIATIVES 

A diverse group of private organizations actively 
participates in efforts to understand and control indoor air 
pollution. Standard setting organizations, trade associations, 
public interest groups, and private companies offering services 
or products related to indoor air quality control all contribute 
their expertise to control the quality of the indoor 
atmosphere. The following discussion is not a complete 
accounting of all private groups active in indoor air quality 
control, but illustrates the efforts of groups most actively 
involved in indoor air quality issues and the range of 
contributions available from the private sector. Exhibit 9-14 
presents summary information about the indoor air quality control 
activities of standard setting organizations, Exhibit 9-15 
illustrates indoor air-related activities of some professional 
trade associations, and Exhibit 9-16 presents indoor air-related 
activities of public interest organizations. EPA is currently 
investigating the capabilities of the private sector to provide 
diagnostic and mitigation services. 

9.4 INTERNATIONAL AND FOREIGN PROGRAMS 

Foreign and international efforts to study and address 
indoor air concerns parallel activities undertaken in this 
country. The governments of Canada and several Western European 
countries, and the World Health Organization European Regional 
Off ice are the leading contributors to understanding and 
controlling indoor air quality concerns outside ~he United 
States. In this section we briefly present some o their 
important indoor air quality control efforts. 

World Health organization. Regional Office for Europe 

The World Health Organization (WHO) has, during the past ten 
years, taken the lead in indoor air quality issues in Europe. 
WHO has implemented research and communication programs related 
to indoor air quality and developed guidelines for pollutant 
concentrations in the indoor and outdoor atmosphere. 
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State or Locality 

California 

llest Virginia 

New York 

Pennsylvania 

Maryland 

Massachusetts 

St. Louis 

EJlhibi t 9-13 
St•te s1d Local lnform9tian Di-in1tian s1d Research Progr-

Progr .. Description 

• 
11 Cons1.111er Cle~ Kit" to help red.Ice residential exposures 

• Training program for local goverrrnents 
•Permanent research U"lit to integrate indoor air quality and hunan monitoring 

studies - - actively investigates a variety of indoor air ~ality concerns 

• Formaldehyde hazards ~let 

• Formaldehyde hazards ~let 

• "How- to" publication of general techniques for red.Icing radon concentrations 

• Booklet explaining indoor air pollution and mitigation for use by local school 
districts 

Special carmission to study indoor air issues and control options 

• P~let on hazards of ciJsts and funes from lead-based paints 

Sources: NIBS, 1986; MSOE, 1987; llesolowski et al., 1984; MSCIA, 1987. 
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O..,..,i ut i an 

American Conference of 
Governnental lnd.lstrial 
Hygienists (ACGIH) 

Am9rican Society of Heating, 
Refrigeration, and Air· 
Conditioning Engineers 
(ASHRAE) 

Am9rican Society of 
Testing and Materials 
CASTM) 

Building Officials and 
Code Aaninistrators, Inc. 
(~~) 

Counc:i l of American 
Building Officials 
(CA~) 

National Environnental 
Balancing Bureau 
(NEBB) 

Southern Building Code 
Congress International, 
Inc. CSBCCI) 

Underwriters• Laboratory 
CUL) 

Eldtibit 9-14 

Stlndlird Settil'll Orgmiization lrdoor Air Activities 

Activitia 

• Develops indoor air quality guidelines for inci.lstrial exposures 
• Convenes a comnittee on bioaerosols 
• PIJ)lishes a manual on air sairpling instrunentation 

•Develops "Ventilation for Acceptable Indoor Air Quality," Standard 62·1981 
• Develops a thermal comfort standard 
• Develops an energy conservation standard 
• PIJ)lishes technical information 
•Provides continuing ec1Jc:ation for its membership 
• S~rts research 

•Convenes a technical conmittee on sairpling and analysis of atmqspheres 
• Develops test methods for atmospheric analysis 
• PIJ)li shes technical books 
• Sponsored 1987 conference, "Design and Protocol for Monitoring IAQ" 

•Develops National Building and Mechanical Code -- specifies ventilation 
design and operation r~irements which affect indoor air quality 

•Develops One and Two Family Dwelling Code ·· specifies ventilation 
r~irements which affect indoor air quality 

• Develops procedural standards for testing, adjusting, and balancing 
envirormental systems 

• Produces a directory of firms certified to perform envirorrnental testing, 
adjusting, and balancing 

•Develops building, fire, and mechanical codes •· specifying proced.lres 
which affect indoor air quality 

• CondJcts product and equipnent testing for public safety·· including 
ranges, ovens, ESP, manufactured fireplaces, HEPA filter units 

Sources: NIBS, 1986: Morey !!...!.l.., 1986: ASHRAE, no date: ASTM, 1988: NEBB, no date; Przybylski, 1988. 
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Exhibit 9-15 
Profll!l&Simal and lrade Association Indoor Air Activities 

Orgsii zat i an 

A i r C or.di t i ori i ng 
Contractors of America 
CACCA l 

Air-Conditioning and 
Refrigeration Institute 
(ARll 

Air Pollution Control 
Association (APCAJ 

American Gas Association 
(AGAl 

Amer ican lno.Jstrial 
Hygienists Association 
(AIHA) 

American Insurance Assc. 

American Plywood Association 
CAPAl 

Architects Institute of 
America CAIAJ 

Electric Power Research 
Institute CEPRI) 

Gas Research Institute 
CGRI) 

Hardwood Plywood 
Manufacturers Association 
( HPMA) 

Hane ventilation Institute 
( HVI) 

National Association of 
Hane Builders (NAHB) 

National Plywood Association 
CNPA) 

Pl.blic Health Foundation 
CPHF) 

Service E~loye .. 
International Union 

Sheet Metal and Air 
Conditioning National 
Association (SMACNA) 

Tobacco Institute 

Activities 

• Pi.blishes technical manuals on air conditioning design, installation, and 
maintenance 

Rates performance of air· to-air heat exchangers, filter eq..iipment assemblies 
and refrigeration systems 

•Convenes a standing ccmnittee on indoor air quality 

• Convenes indoor air sessions at APCA ann..ial meetings 
• Convenes specialty conferences on indoor air-related issues 

• Develops standards addressing gas leaks and corri:lustion product emissions 

convenes an Indoor Environnental Quality c011TI1ittee 
• Pl.blishes industrial hygiene guidance docunents 

Developing guidance on indoor air quality 

Monitors environnental issues for liability i~lications to meniler insurers 

Reccmnends practices for handling preservative, treateo wood products, 
using chlorpyrifos, and a~lying subfloor vapor barriers 

• Sponsored and P\,blished proceedings of a national sYT1'4Xlsium on incinor 
air pollution and the architect's response 

• Sponsors research of indoor ~ir quality as it relates to energy consU!lltion 
and HVAC systems 

• Sponsors research of indoor air quality concerns of the natural gas industry 
• Licenses man..ifacturers of burner inserts for nitrogen oxide emission reduction 

• Developed a voluntary standard for fonnaldehyde emissions from wood prod.Jets 

• Active in ASHRAE Project C011TI1ittee on Standard 62-1981 
•Develops standards for heat recovery ventilators 

• S~rts research of b.Jilding c~nents and operating parameters which 
affect indoor air quality 

• Cond.lcts an annual survey of construction materials 
•Provides technical assistance to home builders 

• Developed a volLritary standard for formaldehyde emissions from particleboard 

Developing a directory of state indoor air contacts and surveying state indoor 
air quality programs 

• Surveys und investigates indoor air problems of f~.bl ic ~ervice workers, 
educates ment>ers, and promotes legislative and regulatory solutions 

• Provides ment>ership with education through man..ials and a home study course 

• Cond.lcts progr811B to preserve the rights of smokers and meniler cocrpanies 
against unwarranted governnent restraint 

Source: NIBS, 1986; ACCA, 1987; APCA, 1988; GE~ET, 1987; Tinkleman, 1988; GR!, 1986 and 1985; HPMA, 1987; 
Barron, 1985; Bevirt, 1988; persOl'\lll com11.11ications. 
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Orpnizaticn 

American Lung Association 
CALA) 

Americans for Nonsmokers• 
Rights CANR) 

American Public Health 
Association (APHA) 

Cons1.111er Federation of 
America CCFA) 

Cons1.111ers Uni on (CU) 

National Co1.11~il for 
Clean Indoor Air 
CNCCIA) 

National Institute for 
Building Sciences (NIBS> 

Tobacco-Free Yo1.11g 
America Project CTFYA) 

Exhibit 9-16 
P\blic Interest Qrgmlizaticn lrdoor Air Activities 

Activities 

Issued a position paper on indoor air pollution 
• Distributes infonnation sheets on indoor air pollution hazards 

• Develops ard distributes model clean indoor air legislation 

• Conducting study on validity and prevalence of rmJltiple chemical 
sensitivity 

• Testifies before Congress about indoor air concerns 
•Publishes q.Jarterly newsletter, Indoor Air N~s11 

• Convened EPA-cosponsored IAQ conferences, 1986-1988 

•Publishes product testing results in ConsYter Reports. Recently tested air 
cleaners, lllVented kerosene heaters, air-to-air heat exchangers, and radon 
detectors 

•Convened EPA-cosponsored policy forun on indoor air q.Jality issues 
• Testifies before Congress about indoor air concerns 

• !~roves building regulatory environnent and facilitates the 
introduction of building technology 

•Prepared report on building standards related to indoor air 
•Provides guidance/infonnation, condJcts workshops/conferences on building 

IAQ issues 

• Acq.Jires and disseminates information on state and local smoking 
regulations 

Sources: NIBS, 1986; ALA, 1982; ANR, no date; Weiss, 1988; GEOMET, 1987; Helm, 1988; TFYA, 1987. 
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In 1978, WHO formed a working group, with members from ten 
European countries, on assessing and monitoring exposure to 
indoor air po11utnnts. This group ha~ co-sponsored ~cveral 
international conferences on indoor air quality and climate. 
These conferences address such topics as identifying indoor 
sources, monitoring concentrations of pollutants in indoor 
microenvironments, and assessing indoor air pollution health 
effects and control strategies. 

WHO has issued air quality guidelines for 12 organic and 
16 inorganic air pollutants (WHO, 1987). WHO carefully 
considered the relative importance of indoor air quality in 
developing these guidelines, which do not differentiate between 
indoor and outdoor exposure. (These guidelines are discussed 
more completely in Chapter 7.) WHO presents these guidelines as 
tools for use by decision makers in determining appropriate 
courses of action for the control of air pollutants: the 
guidelines should not be considered standards, although in the 
proper context they can assist in the development of standards or 
other control strategies. A number of European countries are 
currently considering the WHO guidelines as they develop indoor 
air quality control programs (Stolwijk, 1988). 

An important ongoing WHO research program is the Human 
Exposure Assessment Location (HEAL) project. Similar to EPA's 
TEAM studies, HEAL involves field investigations to measure 
comparative pollutant exposures and body burdens in different 
countries. 

Canada 

Under the auspices of the Ministry of Health and Welfare, 
Canada formed a Federal-Provincial working group on indoor air 
quality in 1981 that is modeled after the WHO working group. The 
Canadian group has issued guidelines on maximum acceptable indoor 
air concentrations for nine substances and recommendations for 
controlling exposure to nine other substances. The scope of the 
guidelines is restricted to "domestic premises" and they are 
designed to prot~ct the general public, assuming exposure for 24 
hours per day. The use of these guidelines as regulatory limits 
is left to the provinces, some of which are attempting to 
implement them as mandatory standards at the present time 
(Walkinshaw, 1988). 

In other indoor air quality control efforts, Canada controls 
formaldehyde exposures from urea-formaldehyde foam insulation 
(UFFI) through a product ban and specifies ventilation 
requirements in a national building code. Canada banned the use 
of UFFI in 1980 and implemented an assistance program for its 
removal from residences (Shurb, 1986). Canada's national 
building code (1985 edition) requires a ventilation rate of at 
least 0.5 air changes per hour with either manual or automatic 
controls (Kerwin, 1986). 
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United Kingdom 

The United Kingdom (U.K.) has addressed a number of indoor 
air quality concerns through direct regulation and voluntary 
standards. Programs are in place to control indoor exposures to 
asbestos, - formaldehyde, and combustion products (Llewellyn and 
Warren, 1986). 

The U.K. asbestos control program consists of two major 
initiatives. The first part of the program involves 
disseminating information on the hazards of asbestos through two 
publications and a monitoring and removal program to control 
asbestos emissions at the source. The second major initiative 
bans asbestos spraying and all uses of some types of asbestos. 

Formaldehyde control with respect to UFFI in the U.K. relies 
on self-enforcement by industry of foam insulation formulation 
and installation codes. The codes specify proper formulation and 
installation procedures; manufacturers sell supplies only to 
members of trade associations that have adopted these standards. 

Combustion products, especially co, have received attention 
in the building code of the U.K. The national building 
regulations attempt to control combustion pollutants through 
ventilation requirements to ensure adequate supply air. 

Scandinavian Countries 

Scandinavian countries conduct extensive research on 
building-related indoor air quality problems and several 
countries have specific ventilation requirements to control 
indoor air quality. A Nordic Committee on Building Codes has 
adopted a minimum whole-house ventilation rate of 0.5 air changes 
per hour. Similar requirements have been adopted in the national 
building codes of Denmark, Finland, Norway, and Sweden. Norway 
and Finland have adopted the o.5 air changes per hour minimum. 
Norway supplements this requirement with prescribed duct sizes 
for natural ventilation or air flow rates required for the 
mechanical ventilation of specific indoor environments. 
Finland's national building code specifies ventilation rates for 
various indoor locations and defines goal concentrations of C02 
and other pollutants in the indoor atmosphere. Sweden's 
mandatory whole house ventilation rate is 0.35 liters per second 
per square meter of dwelling area. Danish building regulations 
require ventilation of at least 0.4 air changes per hour for 
general living areas and 0.7 air changes per hour for kitchens 
and bathrooms. Other chapters of this code specify rates for 
mechanical ventilation and restrictions on humidifying and 
cooling inlet air. 

Formaldehyde contamination is also a concern in Scandinavian 
countries (Stolwijk, 1988); accordingly, Danish building 
regulations limit the use of formaldehyde-containing products in 
building construction. 
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9.5 SUMMARY AND IMPLICATIONS 

Some programG related to the control of indoor air quality 
are available in the United States and in other countries. 
Significant potential exists for cooperative coordinated indoor 
air control programs of Federal, state, and local governments, 
and in the private sector. currently, coordination is achieved 
through professional associations, voluntary standards 
organizations, and the Federal Interagency Committee on Indoor 
Air Quality. current programs at all levels of government and 
the private sector are generally fragmented and underfunded. 

Programs of various agencies of the U.S. government relate 
to individual agency mandates which were discussed in Chapter 8. 
Some state and local governments conduct programs, most of which 
involve restrictions on smoking, or specific provisions in 
building codes. Some states have taken specific actions on 
individual contaminants. Many foreign governments conduct indoor 
air quality activities. International coordination is fostered 
through such entities as the World Health Organization. 
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CHAPTER 10 - INDOOR AIR QUALITY POLICY ISSUES 

In the EPA Indoor Air Quality· Implementation Plan, submitted 
to Congress in 1987, the Environmental Protection Agency set 
two objectives for its indoor air program. These general 
statements could serve well as the goals for all Federal 
activities related to indoor air quality: 

o to adequately characterize and understand the risks to 
human health which pollutants pose in indoor environments; 
and 

o to reduce those risks by reducing exposure to indoor 
pollutants through efficient utilization of available 
resources. 

This chapter discusses the major policy choices available to 
those who must determine what the appropriate Federal activities 
are to implementing these objectives. 

Because indoor air pollution is the product of many diverse 
sources and is found in many types of buildings,including 
private residences, it presents policy makers with some 
particularly thorny policy issues. As described elsewhere in 
this report, the sources are as diverse as naturally occurring 
radon; human activities such as smoking and cleaning, pest 
control, and hobby activities; building materials such as pressed 
wood products and asbestos-containing materials; and combustion 
devices such as unvented space heaters and stoves, furnaces, and 
fireplaces. In addition to chemical pollutants, there are also 
biological pollutants. Indoor air quality problems can arise in 
homes, office and other public buildings, and schools. 

There are many abatement techniques that may prove 
effective, depending on the particular indoor air pollutants and 
building types. In some cases, improved ventilation may be 
effective while in other cases, reduction of pollutants may best 
be achieved by the banning or redesign of products brought into 
buildings and materials used in constructing buildings. In yet 
other cases, changes in the behavior of building occupants may 
bring about the most effective reduction in pollutant 
concentrations. 

There are a variety of control and prevention actions that 
the Federal government could take to address the risks from 
indoor air pollution. Many of them can be pursued in either a 
regulatory or a nonregulatory manner. As policies are 
formulated, decision-makers can choose any of the options singly 
or in combination. This fact is particularly important in light 
of the fact that some options are "pollutant-by-pollutant" 
strategies and others are "multi-pollutant" strategies. 

10-1 



To select and implement any of the options effectively will 
require a Federal indoor air research program. Volume III of 
this Report to Congress is devoted to a discussion of the indoor 
air research needs that have been identified by EPA and other 
Federal agencies. 

The options discussed below are: 

o setting standards for 

individual indoor air pollutants or mixtures of 
pollutants: 

design, operation, and maintenance of ventilation 
systems: and 

products brought into buildings: 

o providing guidance on identifying, correcting, and 
preventing indoor air quality problems in new and existing 
buildings: and 

o establishing public information and technical assistance 
programs. 

10.1 SETTING STANDARDS 

Establishing Pollutant Standards 

Establishing limits on levels of individual pollutants that 
will protect public health or welfare is often a basic . component 
of environmental programs. Whether or not to establish such 
limits for the large number of pollutants found in indoor air is 
a basic policy decision. Indoor air quality standards could be 
established as either enforceable limits, as part of a regulatory 
program, or as recommended limits, as part of a nonregulatory 
program. 

There are a number of reasons why it is advisable to 
examine what role, if any, indoor air quality standards should 
play in a federal indoor air quality program. The considerations 
listed below may argue for not setting such standards at all or 
for setting recommended limits (or "guidance") instead of 
enforceable standards. 

Number of pollutants of concern: There are hundreds of 
indoor air pollutants. However, little information is available 
about how many are potentially harmful, or about the levels found 
indoors and their associated health effects. Putting an emphasis 
on indoor air standards will necessarily require the expenditure 
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of significant resources and would foster a pollutant-by­
pollutant approach to improving indoor air quality. 

Availability of multi-pollutant strategies: Since indoor 
air quality problems by definition emerge in enclosed spaces, it 
will be possible to effectively address some problems by changing 
the ventilation rate or by air cleaning. Ventilation and air­
cleaning, which are discussed in more detail in one of the 
following policy options, are multi-pollutant strategies. 

Applicability of standards to residences: Traditionally 
there have been sharp distinctions between setting standards or 
guidance for private homes as opposed to public spaces such as 
offices and public buildings. The EPA radon program established 
guidance -- in the form of an action level -- not an enforceable 
standard for reducing the risks of radon, when radon 
concentrations in homes were found to be a significant health 
risk. 

Health or combination of health and technological basis: 
The principal argument for setting a purely health based standard 
is that it gives the public a clear message about the level that 
are thought, given current scientific evidence, to protect 
health. The principal argument for setting a standard that is 
based on some combination of health and technical feasibility is 
that such a standard will motivate more action because it is 
demonstrated to be an attainable goal. Attaining standards that 
are strictly health based, on the other hand, may require 
measures that are technically infeasible or economically 
prohibitive. For example, if a health-based standard for a 
carcinogen were to be completely protective of all risk, it would 
have to be zero because carcinogens at any level are expected to 
pose some risk to public health. 

Availability of monitoring equipment and mitigation 
techniques: Standards for individual pollutants are useful only 
if effective monitoring equipment and feasible mitigation 
techniques have beeh identified. If policy makers determine that 
setting pollutant standards or guidance is an appropriate role 
for the Federal government, they will need to build a 
supplementary program devoted to developing reasonably-priced, 
easy-to-use, dependable monitoring equipment (or evaluating 
available monitoring equipment) and to assessing the 
effectiveness of prevention and control measures. 

Health Advisories 

Issuing health advisories on specific pollutants or 
mixtures of pollutants can be a supplement or alternative to 
setting standards. They would describe a range of potential 
effects at a range of concentrations. If standards have been 
set, the advisories would include them. To be most useful, the 
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contents of such advisories should include information on 
mitigation measures as well as potential health effects and 
should be written in language appropriate to the targeted 
audience. 

Setting Standards for the Design, Operation, and Maintenance of 
Ventilation Systems 

Ventilation standards have historically been developed with 
an eye to maximizing thermal comfort and, since the energy 
crisis of the 1970's, to conserving energy. Altering ventilation 
standards offers a promising "multi-pollutant" option to 
preventing the simultaneous build-up of many pollutants. Air 
cleaning, if found to be an effective mitigation technique, may 
be used in combination with ventilation strategies to reduce 
pollutant levels. Work done to date suggests that increasing 
ventilation rates need not come at the expense of undoing efforts 
to conserve energy, but it is likely that policy-makers will want 
to do further analysis of the impact of increasing ventilation 
rates on energy consumption. 

The American Society for Heating, Refrigerating, and Air­
Conditioning Engineers, a private standard-setting organization, 
has taken the lead in establishing ventilation standards on a 
"consensus" basis. Private sector groups affected by the 
decision have worked with others including research 
professionals and government officials in writing these 
standards. Model building code organizations and State and local 
government code agencies rely heavily on the ASHRAE standards as 
they set model codes and enforceable state and local codes, 
respectively. 

Individuals from the Federal government with expertise in 
ventilation and indoor air quality have served as members of the 
committees developing these standards. A possible direction for 
the Federal government is to play a more active role in the 
development of future ventilation standards. Two types of 
ventilation standards are possible: Those for the design of 
ventilation systems, and those for system maintenance and 
operation. 

Standards for the Design of Ventilation Systems 

Drawing on the expertise of people in the public and 
private sector, the Federal government could set a national 
indoor air quality standard or guidance policy that prescribed 
particular ventilation design features, or it could work more 
actively with ASHRAE, the model code organizations, and others as 
the ventilation standard is revised in the future. Any effort to 
write such a standard would have to include, at a minimum, all 
the groups that participate in the development of the ASHRAE 
standards. 
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Standards for the Operation and Maintenance of Ventilation 
Systems 

Virtually all ventilation standards govern only the design 
of new systems as they are installed in new buildings. 
Substantial indoor air quality problems arise from the improper 
maintenance or operation of these systems once the building is 
occupied and in use. One state, California, has recently 
developed a set of enforceable requirements for the operation and 
management of ventilation systems in workplaces under the State's 
jurisdiction~ it is too soon, however, to judge the potential 
effectiveness of these requirements. In addition to, or as an 
alternative to, setting standards for the design of ventilation 
systems, the Federal government could set a national standard or 
guidance policy for the operation and maintenance of ventilation 
systems or it could work actively with ASHRAE, the model code 
organizations, and others for the development of such standards. 

Public participation and public debate would be an 
important element in the development of any policy guidance even 
if the process did not fall under the Administrative Procedures 
Act requirements for public notice and comment. 

Actions taken by ventilation operators and building 
managers often have important ramifications for indoor air 
quality, yet individuals within these groups are given little 
opportunity for increasing their knowledge about the 
interconnections between ventilation and indoor air pollution. 
The Federal government could develop training materials and 
technical assistance projects for people managing buildings and 
operating ventilation systems in conjunction with trade and union 
organizations. (This is one example of the type of activities 
that could be part of a public information and technical 
assistance program described in Section 10.3 below.) 

Setting Product standards 

Controlling indoor air pollution by setting standards that 
affect the sale, manufacture, or use of products that are sources 
of indoor air pollution is another potentially important 
mitigation option. Existing statutes such as the Consumer 
Product Safety Act, the Toxic Substances Control Act, and the 
Federal Insecticide, Fungicide, and Rodenticide Act authorize 
Federal agencies to set standards. See Chapter 8 for a 
discussion of these laws. 

Federal agencies have already set some product standards for 
the purpose of enhancing indoor air quality. For example, EPA 
has banned the use of asbestos in certain building materials and 
is developing additional rules concerning asbestos-containing 
products and CPSC has banned the use of asbestos in spackling 
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compounds and artificial fireplace logs, and requires hazard and 
use labelling of asbestos containing products. CPSC has also 
banned the use of vinyl chloride in consumer aerosol products. 
EPA has also prohibited indoor uses of several pesticides: 
manufacturers are prohibited from using lindane in indoor 
fumigating devices; homebuilders are prohibited from using logs 
treated with pentachlorophenol in log home construction; and all 
other indoor applications of pentachlorophenol and creosote are 
also forbidden. 

Given the thousands of products that are used inside 
buildings, however, it is clear that only a small proportion have 
been regulated under existing laws. One choice open to policy­
makers is, therefore, to place additional emphasis on setting 
either mandatory or voluntary standards on such products. 

Product Advisories 

On some occasions, Federal agencies have issued product 
advisories or alerts to the public. For example, EPA has entered 
into an agreement with manufacturers of wood preservatives for 
the development of a consumer awareness program. CPSC has 
recently issued a consumer alert on the use and maintenance of 
room humidifiers. CPSC also recently issued regulations requiring 
manufacturers of many consumer products containing methylene 
chloride to put hazard warnings on the product containers. There 
have been few efforts to evaluate the effectiveness of such 
consumer alerts, but CPSC is going to assess the impact of the 
methylene chloride alert over the next three years. Increasing 
the emphasis on such consumer alerts is an option for a Federal 
indoor air program that seeks to address indoor air quality 
problems through attention t.o specific products. 

10.2 PROVIDING GUIDANCE ON MEASURES TO IDENTIFY, CORRECT, AND 
PREVENT INDOOR AIR QUALITY PROBLEMS IN NEW AND EXISTING 
BUILDINGS 

Providing Guidance for Existing Buildings 

Buildings are identified as potentially having an indoor air 
quality problem when a large number of occupants complain of 
health problems or when occupants contract a identifiable disease 
that is transmitted via the indoor air. Since the number of such 
buildings is on the increase, the problem of indoor air quality 
complaints in public buildings (sometimes referred to as the 
"sick building" phenomenon) is growing in importance. Why these 
complaints arise in some buildings and not in others is still not 
well understood; however, the demand for public and private 
sector services to help people correct these types of problems is 
large and growing. 

Addressing indoor air quality problems in buildings with 
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large numbers of occupant health complaints is not necessarily a 
problem of setting and attaining some uniform standards for 
specific pollutants, although such standards may be appropriate 
where the cause of the problem can be traced to a specific source 
or pollutant. It is likely there will never be enough standards 
to prevent these problems because there are hundreds of 
pollutants at very low concentrations. Indoor air quality 
problems may arise from the additive or synergistic effects of 
these pollutants, as well as from single pollutants. Instead, 
the immediate need appears to be to decide on appropriate 
federal actions that will give indoor air quality investigators 
and building managers the tools to identify and correct these 
problems. 

Most of the understanding about how to conduct indoor air 
quality building investigations currently resides in the private 
sector. Within the Federal government, the National Institute 
for Occupational Safety and Health has the most experience in 
this field, and other Federal agencies, including EPA and DOE 
have some experience. Various standard-setting agencies, 
including the American Society of Testing and Materials and the 
American Council of Governmental and Industrial Hygienists are 
considering how they might contribute to the growing body of 
resource materials for building investigations. There is, 
however, an opportunity for the Federal government, in 
conjunction with other public and private sector groups, to 
develop some commonly-accepted building investigations procedures 
targeted at both professional investigators and at building 
managers. 

Training and Competency Testing 

The next step for Federal, State or local governments 
could be the development of training programs for building 
investigators and building managers. Officials in State and 
local governments might also find such training courses useful. 
A possible long-range outgrowth of these courses is some type of 
competency testing for professionals offering building 
investigation services. Such training and testing programs could 
decrease the potential for fraud when people employ companies to 
conduct indoor air quality investigations in buildings. 

Providing Guidance for New Buildings 

Another frequently-voiced concern is how to prevent indoor 
air quality problems from occurring in the first place. 

• Considering the need for professional expertise that resides in 
the private sector about building practices, such a program could 
be carried out effectively only through close collaboration with 
professional architecture, design, and construction associations. 
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Providing guidance on how to prevent indoor air quality 
problems in new buildings could entail many activities from the 
publication of materials that describe recommended construction 
techniques to the preparation of training courses. A logical 
extension of providing such guidance would be to work with 
private sector model code associations to incorporate these 
design features as part of local and State building codes. 
EPA's work in assisting the model code organizations as they 
write model codes for radon prevention in one and two-family 
dwellings is an example of how the federal government can work 
directly with model code organizations. 

10.3 ESTABLISHING PUBLIC INFORMATION AND TECHNICAL ASSISTANCE 
PROGF~-~S 

While limited to single pollutants and focusing on one type 
of building, at least initially, the asbestos and radon programs 
within EPA have given the Agency experience in developing indoor 
air quality information and technical assistance programs. From 
these programs, EPA has learned much about developing cooperative 
partnerships with State agencies, targeting information at 
specific audiences (e.g., school districts, homebuilders, 
building contractors), and developing joint projects with private 
sector organizations. Other agencies also have valuable 
experience in the conduct of information and technical assistance 
programs. A public information program could involve one or more 
of the following elements: 

Developing and Disseminating Information to the Public 

There are not many materials on indoor air quality issues 
for the general public at present. Increased emphasis on 
transferring information to the general public could be one 
component of a larger Federal role in indoor air. 

A few private sector organizations, such as the American 
Lung Association and the Consumer Federation of America, have 
been actively involved in developing and disseminating indoor air 
information to the public. Some Federal agencies, including the 
consumer Product Safety Commission and EPA, have written 
brochures on asbestos and radon. The Department of Energy has 
also developed some indoor air quality information. 

This past year the EPA Indoor Air Division published two 
pieces for the non-technical public: A Directory of State Indoor 
Air Contacts and The Inside Story: A Guide to Indoor Air Quality. 
Other indoor air publications for more technical audiences are in 
preparation. 
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Establishing an Information Clearinghouse 

An information clearinghouse differs from a program that 
simply develops and disseminates informational materials because 
it provides a central place where people can get answers to 
specific questions. There are a number of clearinghouses or 
hotlines run by EPA and other Federal agencies that could be 
used as possible models for an indoor air quality clearinghouse. 
It is most important that both the purpose and the targeted 
audience be clearly specified (e.g. State and local governments, 
industry, public interest organizations, the general public) and 
that the clearinghouse be formed with adequate participation 
from the targeted groups. 

Developing Technical Assistance Programs With Targeted 
Groups 

There are many groups with power to effect indoor air 
quality -- to name a few, homebuilders, building owners and 
managers, architects and engineers, many agencies within State 
and local governments, industries offering investigative and 
remedial services, and the general public. To improve indoor air 
quality will require informed actions by many of these groups. 
Technical assistance, delivered through such vehicles as regional 
training centers, joint government/industry ventures, and readily 
accessible training courses are potential means of accomplishing 
the goal of information dissemination. EPA has learned much 
about how to develop and disseminate technical guidance on 
indoor air problems from its radon and asbestos programs. 

Building the Capacity of State and Local Governments 

The prime contact point for the public on indoor air 
quality issues is appropriately the agencies in State and local 
governments. A Federal indoor air quality program could 
therefore include actions to develop requisite knowledge at the 
State and local government level, including those that allow 
States to learn from one another. Key elements to achieving such 
a goal are likely to be activities to promote information 
exchange among States and to encourage the development of model 
State programs. All the steps that the Federal government takes 
to develop standards, guidance, and informational materials are 
likely to enhance state efforts to address similar problems. 
Financial assistance, in the form of pilot programs, 
demonstration projects, and grant programs, is also viewed by 
most States as a critically-needed component of a Federal 
response to indoor air quality problems. 
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10.4 SUMMARY 

There are many potential actions that the Federal government 
could take to address the problem of indoor air pollution, as 
this chapter demonstrates. The first set of options described 
above would set different types of standards or guidance, 
pertaining to indoor air pollutant concentration levels, 
ventilation system design and operation practices, or product 
composition, function, and use. The second set of options would 
provide guidance to the public, including targeted technical 
audiences, about methods to identify, correct, and prevent indoor 
air problems. The third option listed components of a public 
information and technical assistance program. Within each 
option, there are many possibilities for Federal participation 
because a successful response to these problems must ultimately 
include active interaction between all levels of government and 
many groups within the private sector. 
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