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Indoor Air Quality ~leasurements 
in Energy Efficient Buildings 

Craig D. Hollowell, James V. Berk, 
and Gregory W. Traynor 

Energy Efficient Buildings Program 
Energy and Environment Division 
Lawrence Berkeley Laboratory 

Berkeley, CA 94720 

ABSTRACT 

The Energy Effi ci ent Bu il dings Program of the Lawrence Berkeley Laboratory 
(LBL) has designed and fabricated a mobile laboratory for research and 
development studies of ventilation requirements and energy utilization 
in residential and commercial buildings. The Energy ~fficient Buildings 
(EEB) Mobile Laboratory is used in studies of indoor air quality in 
buildings before and after energy conservation retrofits and in new 
buildinqs incorporating energy efficient designs. Indoor air quality 
measurements have been conducted in residential buildings and work in 
progress includes indoor air quality monitoring in schools, hospitals, 
and energy efficient residential buildings. The monitoring program 
includes measurement of CO, CO2, S02' NO, NO , 03' infiltration rate 
(tracer gas technique), and aerosol size dis~ribution on a continuous 
basis. Total and respirable-fraction particulate samples are collected 
on membrane filter media for analysis by x-ray fluorescence (XRFA), 
photoelectron spectroscopy (ESCA), proton activation analysis (PAA), 
combustion, and wet-chemistry techniques for the determination of 
particulate elemental composition (S, N, C, etc.) and ionic species such 
as S04=' N01-, and ~H4+' Results of the initial phases of this program 
indicate that the concentrations of some gaseous and respirable 
particulate air pollutants in specific indoor environments exceed those 
levels commonly found in the outdoor urban air environment. 





"I. 

78-60.6 

INTRODUCTION 

Indoor Air Quality Measurements 
in Energy Efficient Buildings 

Craig D. Hollowell, James V. Berk, 
and Gregory W. Traynor 

Air pollution research has focused almost exclusively on pollution in 'the 
outdoor environment aodhas virtually neglected the indoor environment, 
even though the major proportion of the population spends far more time 
indoors than outdoors. Recent evidence suggests that the concentrations 
of some pollutants in residential buildings can frequently exceed those 
levels commonly occurring in the outdoor environment. 1 . 

1 

Chemical and biological contaminants released into indoor enviro~ments· 
are undesirable but unavoidable byproducts of human activity. Typical 
indoor contaminants include gaseous and particulate p~llutants from indoor 
combustion processes .(e.g., cooking, heating, cigarette smoking), toxic 
chemicals and odors from cooking and cleaning activities, odors and viable 
microorganisms from humans, odor-masking chemical~ used in several· 
activities, and a wide assortment of chemicals released from indoor 
construction materials and furnishings (e.g., asbestos, formaldehyde, 
vinyl chloride). Table 1 lists some of the major indoor air. pollutants 
and their sources. 

When these contaminants are generated in indoor environments in excessive 
concentrations, they may impair the health, safety, or comfort of the 
occupants. The introduction of outdoor air by infiltration, by opening 
doors and windows, or by ventilation with fan and duct systems of varying 
complexity is the usual way in which building qccupants are protected from 
the accumulation of undesirable indoor air contaminants. The primary 
engineering control for the maintenance of indoor air quality is the use 
of ventilation, i.e., the use of controlled flows of air to mitigate the 
levels of air contaminants by J) dilution with fresh outside air; 2) the 
use of recirculation systems incorporatinq chemical and physical contaminant 
cleaning devices; or 3) both dilution and the use of recirculation systems. 

Ventilation with outside air or recirculated air serves a variety of 
purposes. Amonq these are: 

1) Establishment of a satisfactory balance between the metabolic 
gases (oxygen and carbon dioxide) in the occupied environment. 

2) Dilution of contaminating toxic chemical and biological species 
from indoor sources. 

3) Dilution of human and nonhuman odors to a level below an acceptable 
olfactory threshold. 

t) Removal of heat and moisture fro~ internal sources. 

In recent years, there have been several reasons for closer examination of 
the use of ventilation in buildings. The study of outdoor air pollution, 
\'Ihich indicates that under certain circur.1stances "fresh" air may be more 
contaminated than indoor air has motivated an examination of the use of 
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Table 1. 

INDOOR AIR POl.LUTION IN RESIDENTIAL BUILDINGS 

SOURCES 

OUTDOOR 

Ambient Air 

Motor Vehicles 

INDOOR 

Building Cpnstruc;:tion Materials 

Concrete, stone 

Wallboard 

Paint 

Insulation 

Building Contents 

Heating and cooking combustion 
combustion appliances 

Furnishings 

Natural gas; water service 

Human Occupants 

Metabolic activity 

Human Activities 

Cigarette smoke 

Aerosol spraY devices 

Cleaning and cooking products 

Hobbies and crafts 

POLLUTANT TYPES 

S02' NO, N02,03' Hydro
carbons, CO, Particulates 

CO, Pb 

Radon 

Formaldehyde 

Mercury 

Formaldehyde, Sulfates 

CO, S02' NO, N02, Particulates 

Organics, Odors 

Radon 

CO, N02, HCN, Organics, Odors 

Fluorocarbons, Vinyl Chloride 

Hydrocarbons, Odors, NH3 

Organics 
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outside air for building ventilation. Outside air may be unpleasant 
or even dangerous; and for this reason, exclusion, reduction, or treatment 
of outside air must sometimes be considered. Another factor which has 
directed our attention to ventilation is energy conservation. When 
indoor air is heated or cooled, exhausting this air for ventilation 
purpo~es represents a major energy loss, and suggests minimal ventilation 
as a good means of energy conservation. 

Developments during the past several years concerning the limited 
availability of energy have necessitated an examination of energy 
consumption and ways of reducing it. It is clear that the United States 
has entered a period in which increasing attention will be devoted to 
discovering ways to conserve energy. Approximately 30% of the total 
energy consumed in the United States is used to provide heating, cooling, 
lighting and hot water to buildings. 

As energy becomes less available and more expensive, measures are being 
taken to make buildings more energy efficient. These include "tightening 
Up" the building envelopes to reduce leakage and inf"ltration rates, 
improving insulation, and- reducing ventilation rates. As these measures 
are implemented and less fresh air is introduced into the buildings, the 
quality of the indoor air decreases. Ultimately, a balance is sought 

3 

which will reduce energy consumption as much as possible without compro
mising the health and comfort of the occupants. At the present time, there 
are major gaps in the understanding of what positive steps may be needed 
to assure good air quality in buildings, in light of reduced ventilation. 

In particular,' the complex mix of indoor air pollutants has only very 
recently been recognized. Most studies of indoor air pollution have 
assumed that indoor pollution arises from and is directly related to 
outdoor sources. These studies have been concerned mainly with S02' CO, 
03 , or total suspended particulate matter. They have found in general 
tnat the concentrations of these species in indoor air are lower than in 
outdoor air. Surprisingly little work has been concerned with other 
potentially important indoor air pollutant species, such as NO, N02, 
nitrates, sulfates, metals, organics, and the respirable fraction of the 
particulate matter. Even more surprisingly, indoor-generated air pollution 
has been neglected in most indoor air pollution studies until quite 
recently although a number of air pollution sources exist inside buildings, 
notably sources associated with combustion (cooking, heating, and 
smoking) . 

The recently recognized importance of indoor air pollution is now expected 
to have a large impact on 1) the overall assessment of the effect of air 
pollution on human health, 2) the design of epidemiological studies that 
must consider indoor as well as outdoor air pollution, 3) energy conserva
tion strategies for buildinqs that might restrict indoor-outdoor air 
exchange, and 4) the characterization of exposures of the occupants 
to the important air pollutants. 
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DISCUSSION 

The Lawrence Berkeley Laboratory (LBL) of the University of California 
initiated an indoor air pollution research project in 1975 to study the 
chemical and physical behavior of indoor-generated air pollution in 
residential and commercial buildings. A recent expansion of this project 
has led to the formation of a research, development, and demonstration 
proqram on ventilation in energy efficient buildings in which the overall 
goal is to provide recommendations for the establishment of energy 
efficient ventilation standards and ventilation designs for residential 
and commercial buildings,consistent with the health, safety, and comfort 
requirements of building occupants. 

The level of fresh air required for the health, safety, and comfort of 
building occupants is not widely agreed upon. Ventilation standards 
currently employed in the United States may vary by as much as a factor 
of six. Ventilation standards for various classes of buildings have 
been in existence for over half a century. They are generally conserva
tive and, since they have been established by a variety of groups, they 
frequently vary for·the same application. A comprehensive effort is 
being made to establish the basis for all such existing standards, 
to measure the actual levels of indoor air contaminants in several classes 
of buildings, and to provide recommendations for the establishment of 
energy efficient ventilation standards in residential and commercial 
buildings. The goal is to minimize the energy needed to provide 
ventilation while at the same time not compromising human health and 
comfort. 

Initial phases of this project have focused on combustion-generated indoor 
air pollution, namely indoor air pollution from gas stoves and heating 
systems in residential buildings. High concentrations of gaseous indoor 
air pol~utant~ ~e.g., CO, NO ) from gas stoves have recently been re-
ported. ,3,4" The same s~udies have shown no elevated levels of these 
gaseous pollutants from electric stoves. Although emissions of 
CO, NO, and N02 from gas stoves have been extensively investigated, the 
indoor emissions from other combustion sources, such as heating systems, 
have not been thoroughly studied. Many nitrogen compounds, particulate 
as well as gaseous, have not been considered in gas stove studies despite 
the fact that formation of HCN and NH , as well as NO and N02, is 
observed in combustion processes. 7 I~ has also been shown recently that 
gaseous nitrogen compounds can rapidly undergo catalytic oxidation or 
reduction to other important air pollution species such as nitrates, 
nitric acid, ammonium, and organic nitrogen compounds of the amino and 
pyridino type. 8 

Field studies, previously reported,3,4 have shown that levels of CO and 
N02 approach or exceed existin9 U.S. ambient air quality standards in 
some residential buildings with gas appliances. Nitrogen dioxide levels 
in kitchens of houses with gas stoves were observed to be as high as 
1000 ~g/m3 with one top burner operating for less than 30 minutes and as 
high as 1700 wq/m3 with the oven operating for 20 minutes. Concentrations 
of ~02 were observed to be as high as 1200 Wg/m3 for 8 hours in the bed
room of a house with a forced-air gas-fired heating system operating 
under normal conditions. These N02 concentrations can be compared with 
the short-term recommended U.S. ana promulgated foreign N02 air quality 
standards (-ADO wg/m3for 1 hour) shovm in Table 2. Particulate air 

4 



Table 2. 

Recommended and promulgated short-term N02 air quality standards. 9-13 

Country 

Canada 
(Ontario) 

Japan 

U.S.A. 

West Germany 

WHO/UNEP 

Short-term N02 
air quality standard 

(0.1 ppm ~ 190 ,ug/m3) 

0.2 ppm/1 hr 
0.1 ppm/24 hr 

0.02 ppm/24 hr 

0.1-0.35 ppm/hr 

0.15 ppm/short-term 
exposure 

0.10-0.17 ppm/hr 

Status 

promulgated 
promulgated 

promulgated 

recommended 

promulgated 

recommended 

5 
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samples collected in residential buildings showed an increase in indoor 
particulate sulfur during periods of gas stove use. The indoor 
particulate levels for other species (Pb, Zn, Fe, and Cal \'Jere comparable 
to or lower than the o~tdoor levels during all periods. 

Studies using an experimental room with a volume of 27m3 have 
characterized the emissions from a ne\'J gas stove operating in the room 
with air exchange rates from 1/4 to 10 air changes per hour (ACPH). 
Well-constructed new single-family houses have air exchange (ventilation 
and infiltration) rates on the order of 0.5-1.0 ACPH. Older houses 
and most other new houses have air exchange rates of 0.8-1.5 ACPH or 
higher. Energy conservation measures which would limit the air exchange 
rate in new houses to 0.2 to 0.5 ACPH are now being considered by state 
and Federal agencies. 

The laboratory studies have shown that gas stoves generate extremely 
high emissions of such species as CO, NO, NO , respirable aerosols 
(size <1.0 wm), and particulate sulfur and that the concentrations of 
these species become significant when the air exchange rate is controlled 
to less than 1 ACPH.4 Figures 1 and 2 illustrate the levels of CO and 
N02 observed in the experimental room at various ventilation rates 
rangi ng from 0.24 to 7.0 ACPH. These experiments \'Jere conducted with 
the oven of the gas stove operated at 3500F (~1800C) for one hour. 
One can see that the CO concentration exceeded the 1 hour air quality 
standard only under "tight" conditions; but, the N02 concentration 
exceeded the recommended 1 hour standards even with an air exchanqe rate 
as high as 2.5 ACPH. 

MOBILE RESEARCH LABORATORY 

The Energy Efficient Buildings Program of LBL has designed and fabricated 
a mobile research laboratory for research and·development studies of 
ventilation requirements and energy utilization in residential and 
commercial buildings. The Energy Efficient Buildings (EEB) Mobile 
Laboratory will initially be used in studies of indoor air quality 
for the establishment of ventilation requirements in several types of 
buildings. These include buildings before and after energy conservation 
retrofits and new buildings incorporating energy efficient designs. 
In the future, the EEB Mobile Laboratory will have the added capacity 
to collect data for detailed analyses of building energy utilization. 

The mobile laboratory utilizes state-of-the-art instrumentation to 
develop an index of air quality in residential and commercial buildings 
such as schools, hospitals and office buildings. The basic information 
needed in these studies is a characterization and measurement of a) 
temperature and humidity levels; b) odor chemical signature and intensity, 
and odor physiological sensory response; c) airborne toxic chemicals; 
and d) biological contaminants. The EEB Mobile Laboratory is located 
outside of a building to be studied and air from various locations 
within the structure is drawn through teflon sampling lines into the 

6 
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laboratory for analysis. By extending sampling lines into the laboratory 
from several different sites (typically one of which will be used to 
monitor ambient air) and sequentially sampling these lines, the air 
quality can be monitored,in several rooms simultaneously. The duration 
of monitoring at a particular building \"i11 typically last from several 
\'ieeks to a few months, after whi ch the 1 aboratory wi 11 be transported 
to another structure to be studied. 

,- The trailer (Figures 3'and 4) is approximately 27' long, 8' wide, and 
13' 3" high and is supported on an air suspension system. It has dual 
3-ton air conditioning units with heaters and is insulated with 3" of 
foam on the walls, floor and ceiling. In addition to a hydraulic lift 
gate and large rear doors tor loading equipment, it has 4 windows and 2 
personnel doors with accompanying stairs. A large 8' x 9' x 2 1/2' 
storage compartment is located underneath. The interior (see Figures 
3 and 4) has easily removable wood paneling on the walls, a carpeted 
floor, and a false ceiling with fluorescent lights and acoustical tile. 
It has 4 electronic racks, a laboratory bench, refrigerator, desk, and 
is equipped with a halon gas fire protection system .. 

The mobile laboratory contains sampling, calibration, and monitoring 
systems to measure the concentration of several pollutant gases. 

7 

Figure 5 illustrates the overall system and schematically shows the 
sampling, calibration, monitoring, and data acquisition sub-systems, 
respectively. Table 3 lists the air quality instrumentation in the EEB 
Mobile Laboratory. The gas parameters, as well as indoor comfort 
parameters such as temperature, relative humidity, and air movement 
at the sampling sites, and outdoor meteorological parameters (temperature, 
relative humidity, wind speed, wind direction and solar radiation) are 
monitored continuously. Infiltration rates are also monitored 
continuously using a tracer gas system developed at LBL in which either 
N20 or C~H6 is injected into a room mixed with the room air, and 
monitorea. All of these continuously monitored parameters are recorded 
on a microprocessor-controlled floppy disk. This information can be 
transmitted from the field back to LBL via telephone or by physically 
sending the floppy disk to LBL where it may be read into the LBL 
computer system. 

The sampling system allows air to be sampled from four sampling sites 
in a sequential manner. Sample and calibration air contacts only teflon 
and glass, in order to prevent the air coming in contact with reactive 
surfaces in the sampling and monitoring systems. Each sampling line 
(up to 150' in length) is 3/8" 0.0., 1/16" viall TFE teflon tube with a 
teflon filter holder and a 5 micron fibrous teflon filter on the inlet 
side to prevent particulate matter from entering the system. These filters 
are changed daily to prevent surface deposits from reacting vtith the sample. 
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Table 3. 

INSTRUMENTATION FOR LAWRENCE BERKELEY LABORATORY 
ENERGY EFFICIENT BUILDINGS MOBILE LABORATORY 

PARAMETER PRINCIPLE OF OPERATION 

Field 

Continuous Monitoring Instruments: 

Infiltration 
Ethane (Tracer Gas) 

Indoor Temperature and Moisture 
Dry-Bulb Temperature 
Relative Humidity 

Air Velocity 

Outdoor Meteorology 
Dry-Bulb Temperature 
Relative Humidity 
Wind Speed 
Wind Direction 
Solar Radiation 

Gases 

S02 
NO, NOx 

g8 
CO2 
Radon 

Particulate Matter 
Size Distribution 
Radon Progeny 

Sample Collectors: 

Gases 
Aldehydes, NH3 

. \ 

IR 

Thermistor 
Lithium Chloride Hygrometer 
Anemometer 

Thermisto; 
Lithium Chloride Hygrometer 
Generator 
Potentiometer 
Spectral Pyranometer 

UV Fluorescence 
Chemiluminescence 
UV Absorption 
NDIR 
NDIR 
Alpha Spectroscopy 

_Optical Scattering 
AI pha/Beta Spectroscopy 

Chemical Reaction! Absorption 
(Gas Bubblers) 

8 

Selected Organic Compounds 

Particulate Matter 

Absorption (Tenax GC Adsorption Tubes) 

Aerosols (Respirable/Non-respirable) 
Bacterial Content 

Laboratory 

Gases 
Aldehydes, NH3 
Selected Organic Compounds 

Particulate Matter 
Mass Concentration 

(Respirable/Non-respirable) 
Chemical, Composition 

Inorganics 

Organ ics 

Bacterial Content 

Virtual Impaction/Filtration 
I nertial Impaction 

UV-Visible Spectroscopy 
Gas Chromatography (GC-FI D.'EC 'MS) 

Beta Ray Attenuation 

X-I'ay Fluorescence (XRF), 
Photoelectron Spectroscopy (ESCA) 
Gas Chromatography-Mass 

Spectroscopy (GC-MS) 
Liquid Chromatography 
Colony Counting 

i 
! 
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Sar.lple air from anyone of the four sites is pumped by a teflon pump 
into a glass manifold for ~easurement, while the other three sampling 
lines are drawing air continuously. The glass manifold is vented 
through a rotameter to atmospheric pressure. This design allows the 
gas analyzers to sample air from a manifold which is at atmospheric 
pressure; this is desirable since some of the monitors are pressure 
sensitive. By controlling the 3-way teflon solenoid valves in the 
sampling system, the four sites can be monitored sequentially for 

Co intervals of approximately five minutes each, after which the process 
is repeated. 

9 

Zero, span, and multipoint calibrations of the gas monitors are routinely 
performed by using cylinder calibration gases, mass flow controllers, 
and a zero gas generator to inject known concentrations into the mani
fold. An ozone generator and mixing chamber are used to convert NO 
into N02 in testing the N02 ~ NO converter in the NO instrument. 
Zero ana span calibrations are done daily while mult¥point calibrations 
are done approximately once every two weeks. Calibrations are routinely 
performed by the microprocessor but also can be done·manually. 

In addition to the parameters discussed above, there are several others 
for which continuous monitoring is not feasible. Some samples must be 
collected at the sampling sites using gas bubblers and other sampling 
techniques. These include radon, ammonia, aldehydes, and other selected 
organic compounds. Laboratory techniques such as UV/visible 
spectrophotometry, gas chromatography, liquid chromatography, mass 
spectrometry, etc. are required for the analyses of these species. 

The size distribution of the particulate matter in the air is measured 
using both an optical scattering instrument and automatic dichotomous 
air samplers. The latter are also used to collect particulate matter 
for chemical analysis. The dichotomous air samplers, developed at LBL, 
separate the aerosols into respirable and non-respirable fractions 
(below and above 2.5 micron size) using a flow-controlled virtual 
impaction system for deposition of the particulate matter on teflon 
filters.14 The particulate matter collected on the filters is analyzed 
at LBL using a beta ray attenuation technique to measure mass concen
tration, and x-ray fluorescence to determine chemical composition for 
27 elements. 

The bacterial content of the air is measured with inertial impaction 
devices that deposit particles from specific size intervals on petri 
dishes. These microbial samplers provide the capability of semi
automatically obtaining measured samples of air in rooms or corridors, 
and removing the airborne particles onto 6 size-selecting plates of 
growth medium. Living microbes on or in such particles will, within 
two days, grow to the extent that a visible spot (colony) appears on 
the surface of the medium, and the colonies can be counted. These 
numbers provide an index of the quali~y of the air being breathed by 
inhabitants. A comparison will be nade between optical size distribution 
of particulates and bacterial count as a function of size. 
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Buildings which will be included in the field monitoring program in 1978 
and 1979 include energy efficient residential buildings, educational facil
ities, and hospitals. In support of the field monitoring projects, laboratory 
and small sca~e f~eld studies are being carried out to achieve a methodology 
for characterlzatlon and measurement of indoor air pollution. This work is 
focused on the following areas. 

• temperature, relative humidity, and air velocity 

• odors 

• toxic chemicals 

• biological species 

The methodologies developed during each of these four studies will be used to 
establish an air quality index which will be a measure of indoor air quality. 

The culmination of the project activity will be a set of recommendations for 
ventilation requirements needed in retrofit applications and in new construc
tion. It is expected that these requirements will subsequently be included in 
the standard building codes of practice issued by local, state, and Federal 
agencies. 

CONCLUSIONS 

Laboratory and field monitoring studies have characterized the emissions from 
gas stoves. These studies have shown that gas stoves generate extremely high 
emissions of such species as CO, NO, NO , and respirable aerosols (size <2.5 ~m) 
and particulate sulfur, nitrogen, and c&rbon compounds and that the concentra
tions of these species become significant when the air exchange rate is con
trolled to less than one air change per hour (ACPH). Air exchange rates in 
current conventional residential buildings are typically .8 to 1.5 ACPH. Energy 
conservation measures which would limit air exchange rates in new houses to 
below 0.5 ACPH are now being considered by state and Federal agencies. 

The field and laboratory measurements carried out thus far certainly indicate 
a potential impact of combustion-generated indoor air pollution on human health; 
and if borne out by further work, they may ultimately have a large impact on 
the future design of epidemiological studies, on energy conservation strategies 
for buildings, and on the need for more stringent control of air pollution from 
indoor sources. 

The relationship between ventilation rates and indoor air quality is being in
vestigated with a mobile laboratory recently designed and fabricated at the 
Lawrence Berkeley Laboratory. It is expected that these studies will provide 
the necessary data base for the establishment of energy efficient ventilation 
standards. 
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Figure 4 - View of Exterior and Interior of Energy Efficient 
Buildings Mobile Laboratory 
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