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Chapter 5 

Environmental Tobacco Smoke 

Technical Options and Solutions 

Dr Matthias K. Schorp* 

INTRODUCTION 
In the European Union with an estimated 97 million smokers, the need of providing 
technical options and solutions for indoor spaces where smoking occurs continues to be 
an important issue. To select the appropriate technologies, an understanding of the 
characteristics of environmental tobacco smoke (ETS), its contribution to levels of indoor 
air constituents, and of smokers/non-smokers acceptability of ETS levels is required. 
This paper provides fundamental infonnation on environmental tobacco smoke and 
suggests technical options and solutions to maintain acceptability in spaces where smoking 
is permitted. 

CHARACTERISTICS OF ETS 
,Environmental tobacco smoke, or ETS, is the "aged" and diluted mixture of both side­
stream smoke and exhaled mainstream smoke from combustion of tobacco products 
such as cigarettes and cigars (Rodgman 1992). Mainstream smoke is the smoke emitted 
from the mouth-end of a cigarette and inhaled by smokers; side-stream smoke is the 
smoke emitted from the lit-end of a cigarette dw"ing and between puffs. 

•Matthias K. Scborp is Senior Scientist with Philip Morris Europe, Worldwide ScientiCicAUairs, 
CH-2003 Neuchatel, Switzerland 
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ETS consists of materials in both the gas and particulate phase. Approximately 100-200 
compounds .bave been quantified in ETS (Guerin 1 992) . Due to the chemical complexity, 
dynamics, and extreme dilution of ETS in indoor air, as well as the complexity of the 
indoor air background, it is impossible to ascertain the concentration level ofETS per se. 
However, ETS concentrations can be put into perspective by measuring selected ETS 
components which then can be used as markers or tracers for ETS as a whole. 

Some of the criteria for an ideal marker are that it should be specific to tobacco smoke, 
should be in sufficient concentrations in indoor air to be readily quantified, and should 
remain in constant proportion to the other components ofETS over a variety of conditions 
(NRC 1986). No component ofETS appears to fully meet these criteria. 

The particulate fraction of the ETS aerosol is generally thought to consist of small semi­
liquid droplets, which are of respirable size with a mass median diameter of approximately 
0.2 mm (Owen 1992). ETS "particles" belong, therefore, to the respirable fraction (ISO 
7708-1995). However, respirable suspended particles (RSP) emanate from numerous 
sources (Owen 1992). Gravimetric determination, or other total estimates of respirable 
suspended particles (RSP) are inappropriate indicators of ETS-respirable suspended 
particle {ETS-RSP) levels in any environment, since they do not give an estimate of the 
particle fraction attributable to ETS. Apportionment of particles to ETS includes the use 
of particulate phase markers. 

Quantification of particulate phase markers, which provide an upper estimate for the 
contribution of ETS to RSP concentrations in the indoor environment are referred to as 
the UVPM (ultraviolet particulate matter) and FPM (fluorescent particulate matter) 
Methods (Conner 1990, Ogden 1990, ASTM 1996a). T hese techniques have i.adicated 
that, in most cases, the combustion derived fraction of indoor RSP ranges from 10-50% 
(Guerin 1992). In addition to the UVPM/FPM method, the determination of solanesol 
bas been suggested as a method to determine ETS-RSP (SolPM - solanesol particulate 
matter - Method) (Ogden 1989, Tang 1990). Ai.rbome solanesol is unique in that it is 
specific to tobacco smoke and is found only in the particulate phase of ETS. The 
concentration of RSP attributable to ETS, referred to as SolPM, is calculated from the 
airborne concentration of solanesol and the experimentally determined weight ratio of 
solanesol to RSP in ETS (Phillips 1994, Heavner 1996, Phillips 1996, 1997a, 1997b). 
All three methods (UVPM, FPM, SolPM) are currently used and relied upon, but SolPM 
is considered to give the closest representation of the particulate phase ofETS (Guerin 
1992), although recent results indicate that SolPM can overestimate ETS particle concentrations at high co11centrations and may underestimate at low concentrations 
(Phillips 1997a, 1997b). 

Gas and vapour-phase contributions to ETS of selected analytes have been determined 
for the 50 top-selling USA cigarette brand styles (Martin 1997). Nicotine in ETS is 
predominantly found in the vapour-phase, as opposed to mainstream smoke, where 
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nicotine is predominantly found in the particulate phase. Many of the gas-phase 

compounds associated with ETS have other sources in the environment. For example, of 
the most prevalent 60 individual volatile organic chemicals (VOCs) identified in the 

European Indoor Air Quality Audit Project in 56 Office Buildings, not a single compound 

had tobacco smoke as thll only source (Bluyssen 1995). T his has some important 

ramifications as to the det(:rmination of the contribution of ETS to gaseous indoor air 

contaminants, which may be best characterized by the quantification of unique or highly 

selective ETS gas-phase components, such as nicotine and 3-ethenylpyridine (3-EP) 

(Nelson 1992, ASTM l 996b ). 3-EP has been found to better track the concentrations of 

other gas-phase ETS components tban nicotine (Nelson 1992). 

Results from ETS source apportionment studies based on 3-EP in homes and offices 
have been reported by Heavner et al. (1992, 1996), and in smoking lounges by Hodgson 
et al. (1996). Table 5.1 presents data from some of the analytes quantified. 

Table 5.1 Percent of selected VOC derived from ETS in smoking lounges, smoking 
homes, and smoking workplaces (adopted from Hodgson 1996, Heavner 1996). 

Hodgson 1996 Heavner 1996 Heavner 1996 

Smoking lounges Smoking Homes Smoking Workplaces 

(N=4) (N=29) (N=29) 

o/oVOCETS o/oVOCETS %VOCETs 
median median median 

Formaldehyde 62.6 n.m. - n.m. 

Acetone 25.1 3.98 1.11 

2-Butanone 53.3 n.m. n.m. 

Benzene 54.0 11.38 11.49 

Toluene 31.8 4.11 1.75 

Ethylbenzene 25.2 3.36 2.68 

m-,p-Xylene 22.2 5.40 3.81 

o-Xylene 15.4 3.40 2.93 

Styrene 50.0 13.39 6.21 

Lirnonene 12.0 5.07 1.14 

n.m. = not measured -
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DILUTION VOLUMES FOR ACCEPTABILITY OF ETS 
The concept of acceptability of indoor air has been used in the past by ASHRAE as a 
determinant of indoor air quality and is incorporated in the 62-1989 Standard (ASHRAE 
1989). Due to inter-individual differences and other factors, a criterion of 80% acceptance 
is generally thought to be sufficient. 

The acceptability of environmental tobacco smoke for smokers and non-smokers has 
been investigated in controlled laboratory environments (Cain 19 83, 1987; Leaderer 
1984; Clausen 1987; Gunnarsen 1991; Straub 1993; Walker 1997). Subjects have been 
exposed to a range of ETS concentrations, which were monitored through the 
determination of ETS-RSP and carbon monoxide. Walker (1997), Winneke (1996), 
Gwmarsen ( 1987), and Clausen ( 1985) reported relatively stable acceptability ratings of 
ETS over the course of their experiments. At a given ETS level, smokers tend to give 
higher acceptability ratings than non-smokers. Among non-smokers, 80% acceptability 
of air quality is generally achieved at ETS levels resulting in ETS-RSP concentrations of 
about 60-100 mg/m3 (Walker 1997). 

The results from controlled laboratory environments may be used to estimate the impact 
ofETS levels in "real-world" settings. However, individuals may be differently responsive 
to actual real-world environments than in laboratory exposures. For example, the results 
from Winneke (1984) suggest that at a given ETS concentration, acceptability ofETS in 
the "real-world" would be higher than in the laboratory. Sensharma et al. stress the 
predominance of"exogenous factors" (i.e., factors other than the physical environment 
being assessed) on human responses to the indoor environment and suggest to examine 
hwnan responses in relation to a set of exposure and exogenous factors (Senshanna 

Table 5.2 Dilution volumes for accept ability of ETS at about 80% 

Range of Dilution 
Applicability Reference 

Volumes 

116 m3/cigarette Non-smokers Walker et al. 1997 

110 m3/cigarette Non-smokers & smokers Gunnarsen et al. 1991 

120 m3/cigarette Non-smokers & smokers Clausen et al. 1987 

78-120 m3/cigarette Non-smokers & smokers Cain et al. 1983 

25-40 m3/cigarette Smokers Straub et al. 1992 

23 m3/cigarette Smokers Cain et al. 1987 

20-40 m3/cigarette Smokers Leaderer et al. 1984 
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1996). Acceptability of indoor air quality as predicted from experimental settings did 
not correlate with occupants' acceptance of indoor air quality in the 56 offices of the 
European IAQ Audit (Bluyssen 1995). 

From the laboratory environments, the volwne of air that is required to dilute the ETS 
from one cigarette to approximately 80% acceptance can be derived. The results are 
swnmarized in Table 5.2. 

These dilution volumes give the ventilation system designer guidance for determining 
ventilation rates for any type of space where smoking occurs, similar to the 
recommendations of the British Standard BS 5925 "Ventilation principles and designing 
for natural ventilation" (BSI 1991 ), suggesting a range of dilution volwnes of 30 to 120 
m3/cigarette. Ventilation rates specified in Table 2 of ANSI/ ASHRAE Standard 62-1989 
are based on a dilution volwne of 80 m3/cigarette to address "moderate amount of 
smoking" (Jans sen, 1991 ). These rates have been found to effectively reduce and remove 
ETS constituents (Sterling 1996, Oldaker 1995, Turner 1992) and provide indoor air that 
is acceptable to individuals (Bohanon 1993, Bohanon 1996, Moschandreas 1997). 

SEPARATION OF SMOKING AND NON-SMOKING SPACES 

As indicated above, discretionary smoking may be allowed throughout a facility and can 
be accommodated by ventilation rates as described in British Standard BS 5925 (BSI 

l 991 ), or other applicable national standards throughout the European Union. If, however, 

physical grouping of smokers and non-smokers js desirable, buildings may have designated 

smoking and non-smoking areas. In such buildiQgs, commonly used designs have been 
widely reported in the Literature, with options ranging from systems designed to 

accommodate simple spatial separation of smokers and non-smokers to systems designed 

for dedicated smoking lounges. The effectiveness of properly functioning ventilation 

options under varied smoking conditions and venues has been reported by Sterling 1989; 

Vaughan 1990; Straub 1993; Lambert 1993; Light 1993; Alevantis 1994; Curl 1995· 

Willman 1995; Hodgson 1996; Sterling 1997. 

Ventilation systems can, when supply airflow rates are lower than the total extract (return 
and exhaust) airflow 1n a space, intentionally depressurize a space relative to the 

surrounding areas. It is not the depressurization of the space that is the desired result, but 

the resulting directional airflow into that space. One example of applications where 

separation is maintained using directional airflow and relative pressure relationships is 

in the United States Centers for Disease Control (CDC) Guidelines for isolation ofTB 

patients. The room supply and exhaust airflows are balanced to achieve an exhaust flow 

of either 10% or 50 cubic feet per minute (cfm) greater than the supply (wb.ichever is 

greater) (CDC 1994). 
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Physical grouping can take place within the same space or in separate spaces. The section 
below addresses the need for achieving directional airflow to prevent the spread of smoke 
from smoking to non-smoking areas. 

D Spaces where there are no physical barriers - no walls or dividers - to separate 

smoking from non-smoking areas. These spaces rely on airflow to prevent the 
spread of smoke across the open area 

By arranging supply, return, and exhaust air terminal devices properly with 

respect to occupants and equipment in the space, ETS levels in the occupied 
space can be reduced (Sterling 1989; Lambert 1993; Light 1993; Curl 1995). 
By optimizing the arrangement of the air terminals, ventilation systems can 
induce localized directional airflow within a room or space (ASHRAE 1997). 
This directional airflow can help control ETS, odour, and emissions in occupied 
spaces such as those from office equipment. Keeping maximum velocities in 

occupied areas below 0.15 mis in winter and 0.25 mis in summer will help 
avoid thermal discomfort (ISO 7730-1984; ASHRAE 1993; ASHRAE 1995). 
Ventilation is most effective if this directional airflow in the general occupied 
space occurs at low to moderate velocities. At higher velocities, turbulence 

and excessive eddying may lead to undesired spread of ETS, odours, or 
emissions (ASHRAE 1995). 

In open spaces with physical grouping of smokers and non-smokers in discrete 
areas, airflow should be directed from non-smoking areas towards smoking 
areas (Hayward 1993;Alevantis 1994;ASHRAE 1995; Hodgson 1996; Sterling 
1997). This can be achieved, for example, by locating supply diffusers or grilles 
predominantly in the non-smoking area, and selecting delivery patterns such 

as three-way diffusers that encourage horizontal plug flow in the space. In 
many spaces, the placement of supply air terminals can be much more important 

in terms of the resultant airflow patterns than the location of the extract 

terminals. This is particularly true when air supply rates are below 7.5 l/s m2, 
as in typical office interior zones, and when adequate induction occurs at the 
supply air terminals (ASH RAE 1997). Placement of return or exhaust grilles 

can also influence airflow; location of these devices primarily over smoking 

areas can encourage desirable directional airflow. 

D Spaces with a wall or other physical barrier to separate the area. In these 
cases, keeping smoke from spreading out of the door or opening between the 
spaces is the primary concern. This arrangement includes what are typically 
thought of as smoking lounges. 
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The effectiveness of directional airflow to prevent or minimize the spread of 

smoke from smoking towards non-smoking areas was reported by Light 1993, 

Hayward 1993, Alevautis 1994, and Sterling 1997. A door introduces a new 

dynamic to the pressure relationships maintained by the ventilation systems. 

Airflow across a dooiway s.hould be of sufficient velocity to help control 

disturbance of the flow patters by motion of doors and occupants (ASHRAE 

1995). Sustaining the directional airflow even when the door is in use improves 

ventilation system performance witb respect to ETS (Hayward 1993, Alevantis 

1994, Hodgson 1996). The simplest, but frequently applied tool to verify that 

the airflow is going in the "right direction," is the smoke pencil test. 

Maintaining the system balance to provide this directional airflow may be 

complicated by the closing of doors. Methods to avoid problems include louvred 

doors, substantial Wldercuts, and transfer "jumper" ducts to provide an alternate 

pathway for airflow when doors are closed. When using transfer air ducts, 

increased overall transfer airflow or a barometric damper in the transfer duct 

may help to sustain airflow when the door is open. 

TECHNOLOGIES FOR ENHANCED EFFECTIVENESS 

Four technology groups are presented here as examples of potential opportunities for 

improving indoor air quality while reducing operating costs. These four include: 

D Energy recovery ventilation 

D Displacement ventilation 

D Demand control ventilation 

D Source management 

Energy recovery veotiJation 
Energy recovery ventilation (ERV ) systems in typical HVAC applications use exhaust 

air to heat and humiclify, or cool and dehumidify outdoor air intake, allowing increased 

outdoor air intake while minimizing energy impacts and often reducing overall capital 

costs for system components. 

Rotary beat exchangers work by transferring energy from one air stream, sometimes 

·' called the regeneration air, to another, sometimes called the process air. In typical HVAC 

application, the regeneration air would be exhaust air, and the process air would be 

outdoor air. Applied effectiveness in terms of sensible (beat) and latent (moisture) transfer 

often ranges between 60% to 80%. Independent test results based onASHRAE Standard 

84-1991 allow comparison of ERV perfomlance claims. 
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Displacement ventilation 

in proper displacement ventilation applications, ventilation effectiveness is improved 
(EV> 1.2), and less outdoor air intake and cooling capacity is required. Air is supplied 
at or near ilie floor level, at lower than design room air temperatures (usually around 19 
• C) and at low velocities, while warm air is extracted at the ceiling level. The driving 
force in displacement ventilation is the internal heat sources, resulting in a vertical 
temperature gradient in a space that encourages wann, buoyant air to rise. The vertical 
temperature gradient divides the room into two zones, separated by the so-called 
"stratification level": a lower zone with unidirectional airflow of "clean" air and an 
upper recirculation zone. Sufficient ceiling heigh.t is required to minimize mixing between 
the two zones. 

The resulting thennal convection helps lift indoor air constituents up and away from the 
occupied space, where tbey are exhausted. One argument for displacement ventilation is 
potentialJy better air quality in the occupied zone. A number of studies have reported 
that occupants will experience a better air quality in the breathing zone than that of the 
surrouncling air, even if lbe interface is below the occupants' bead (Styme 1991, 
Goodfellow 1992, Sateri 1992, Breum 1992, Kriihne 1994, Hatton 1998). Consistent 
results with these studies were reported for displacement ventilation systems in rooms 
where smoking occurred (Nickel 1990, 8j0m 1996). Examination of different ventilation 
strategies to minimize migration of tobacco smoke from smoking into non-smoking 
areas found displacement ventilation to give superior results when compared to mixing 
systems (Kolokotroni 199 5) 

If thennal loads in a space are very high, the required temperature or velocity of supply 
air can exceed the range within which displacement ventilation is effective. The comfort 
criterion of a maximum vertical temperature gradient equal to 3K/m limits the maximum 

possible cooling load at about 25 W /m2 floor area (Sandberg 1989). In some cases with 
high thermal loads, cbmed beam or radiant cooling panels have been used in conjunction 
with displacement ventilation. Care must be taken to avoid disrupting the desired upward 
lamina airflow by creating convective airflow from chilled beam or radiant cooling panels. 
For similar reasons, use of local air cleaners, ceiling fans, or other devices that will 
result in downward airflow must be avoided in displacement ventilation system designs. 

Demand control ventilation 
The outside air flow rate for a ventilation system is normally designed for maximum 
occupancy. For a more rational use of energy, the outside air flow rate may be reduced in 
rooms which are not fully occupied. For example, carbou-clioxide-based Demand 
Controlled Ventilation (DCV) controls energy costs while maintaining target per person 
ventilation rates. 

Carbon dioxide-based DCV systems use C02 as an occupancy ·indicator to reduce 
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ventilation below the maximwn total outdoor air intake rate. Carbon dioxide is used as 
an indictor of occupancy, and not evaluated as a contaminant or used as a surrogate for 
body odour as a pass/fail benchrpadc for indoor air quality. In some applications, such as 
restaurants, mixed-gas sensors have been used to indic.ate loading of volatile organic 
compounds and to control ventilation on that parameter (Meier 1995). 

Carbon dioxide-based DCV systems often control outdoor air intake using proportional 
control or other control strategies (VDMA 1998). Proportional control starts to open a 

damper or otherwise increase outdoor air flow rate when C02 levels are a certain arnoWlt 
above outdoor levels, often I 00 to 150 ppm above actual outdoor levels. Outdo.or airflow 
rate is increased further as indoor C01 levels continue to rise. Once C02 levels reach the 
upper set point, the damper position provides the design ventilation rate for full occupancy. 
The upper set point is often set close to a steady-state concentration of C01 corresponding 
to the design ventilation rate per person, for example, for about 10 l/s per person, about 
850 ppm with outdoor C02 levels of 350 ppm. 

Sensor location should be selected to accurately reflect C02 levels in the space. The 

co.ntrol strategy should address any appreciable build up of contaminants that might 

occur during unoccupied hours. During occupied hours, maintaining a base ventilation 

rate will help control levels of general odours or contaminants not dlrectly related to 

occupants. 

Source Management 
Mechanical or natural ventilation may not always be present or sufficient as designed or 

as actually provided. For example, due to smoking policy implementations, so-called 

coffee comers in office buildings may have a higher smoker density today than in the 

past, but the ventilation system has not been adapted to the new situation. For such 

conditions. practical and inexpensive technical options are needed. 

Portable and ceiling-moWlted "air cleaners" have found a niche in this market To evaluate 

the effectiveness of such devices, a trade association of home appliances has issued a 

standard based upon the equivalent volume of clean air produced by the air cleaner, the 

"clean air delivery rate" CADR (AHAM 1986). Using this concept a nwnber of air 

cleaners and filters have been tested . (Offermann 1985, Nelson 1993a, 1993b, 

, Sbl!ughnessy 1994, Niu 1997). The use of air cleaners to effectively remove ETS in a 

conference room has been reported by Pierce et al. ( 1996). 

"Air cleaners" are not designed to capture the emissions directly from a source, but 
rather to treat the air of the entire space. On the other hand, U1e concept of "Source 

Management" would include the additional feature of capturing emissions at or close to 
a source, thereby reducing the distribution of emissions to the space. Devices with this 
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aim are commercially available, ranging from "active ashtrays" to tables with integrated 

air treatment systems. High-end systems incorporate technology using vortex air 
distribution around the table smoking areas, with the effect to essentially prevent tobacco 
smoke leaving that area. Test reports on "active ashtrays" have been published by Wampler 
et al. (1994). 

SUMMARY 

Estimation of the contribution ofETS to particle and gas-phase indoor air constituents is 
a prerequisite to successfully design for spaces where smoking occurs. The majority of 

the compounds identified in ETS have other indoor or outdoor sources. To apportion the 
contribution of smoking to these compounds, the measurement of vapour-phase markers 
(e.g., 3-ethenylpyridine, nicotine) and/or particulate phase markers (e.g., UVPM, FPM, 

SolPM) is required. 

Data from laboratory experiments indicate that smokers can be accommodated by 
providing dilution ventilation of about 25-40 m3 per cigarette, and non-smokers of about 
78-120 m3 per cigarette, giving guidance to the ventilation system designer for determining 
ventilation rates for any type of space where smoking occurs. 

Directional airflow arrangements from the non-smoking to the smoking zone are options 
directed at additionally minimizing ETS exposures to non-smokers. "Technologies for 
Enhanced Effectiveness" have demonstrated their capabilities in research and should 

provide reasonable solutions in practice. 
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