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SUMMARY  

 

The purpose of this study was to investigate how the effectiveness of portable air cleaners 

(ACs) against tobacco smoke is influenced by the clean air delivery rate (CADR), the location 

of the AC in relation to the pollution source and the apartment structure. The study was based 

on field experiments and simulations with the CONTAM software. The AC effectiveness was 

about 80% for one AC, and 93% for two ACs in the studied apartment (volume=110m
3
). 

Ultrafine particles (UFP) exposure in a room without tobacco smoking (clean room) could be 

much less than in the source room if these rooms were not directly connected with each other 

(but indirectly connected via doors open to other rooms). Operating the AC in one of the 

rooms without cigarette smoking could develop a partly isolated clean environment. 

However, this led to a rather low cleaning effectiveness for the concentration of ultrafine 

particles in the apartment as a whole. If operating the AC in the room where cigarettes are 

being smoked, the UFP exposure in the whole apartment can be further reduced. 

 

INTRODUCTION 

 

Environmental tobacco smoke (ETS) exposure relates to an increased risk of many adverse 

health effects, including lung cancer, asthma onset and exacerbation and acute respiratory 

illness [1]. In Denmark, about 20% of deaths among adults aged >35 years are due to tobacco 

smoking [2]. Although tobacco smoking is banned in public places, it appears that children 

are still at risk of high exposure to secondhand tobacco smoke (SHS) in their home [3, 4]. 

Therefore, controlling ETS exposure in residential buildings is important to protect smokers’ 

families, especially their children. However, the ventilation rates in residential buildings are 

generally too small to efficiently remove the tobacco smoking particles (the average air 

change rate for all studied apartments was 0.48h
-1

). For residential buildings, especially those 

with natural ventilation, implementation of room air cleaners may be convenient and effective 

to control indoor air pollutants. However, the clean air delivery rate of the air cleaners, the 

relative location of the air cleaner to the pollution source and the apartment structure, as well 

as the indoor air change rate, all affect the AC effectiveness.  

 

The purpose of this study was to investigate the AC effectiveness against multi-zone tobacco 

smoke under different CADRs and different locations of the AC. Special attention was paid to 

the apartment structure and the influence of room dividing doors being open or closed. 

 

METHODS  

 

The field experiments were carried out in an apartment (see Figure 1) with natural ventilation. 



 

The natural ventilation system had air inlets in the living room and bedroom, and air outlet 

chimneys in the kitchen and WC. The apartment entrance door and all windows were closed 

during experiments. Indoor and outdoor UFPs concentrations were measured by two 

condensation particle counters, and temperature and relative humidity were also monitored. A 

passive tracer gas method was used to measure the air change rate, infiltration from outdoors 

and air transfer between apartments. Two electrical ACs (each with CADR=240m
3
/h 

according to the manufacturer) were used as air cleaning devices. The door between the 

bedroom and the living room (BL door) and the door to the kitchen (K door) were open or 

closed during different experiments. The other doors were open during all experiments. The 

cases of cigarette smoking and AC in the same room and in different rooms, keeping the BL 

door and K door either opened or closed, or using none, one or two ACs were studied. The 

AC was started at the same time as smoking started.  
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Configuration of the test apartment. The door between the bedroom and the living 

room is denoted BL door, and the door to the kitchen is denoted K door. 
 

In an apartment, even small temperature differences between rooms can induce large inter-

zonal air flows [5], which, furthermore, results in the smoking pollutants being well mixed 

between the zones. The multi-zone temperature differences were smaller than 2°C in all 

measured cases. Thus, in the CONTAM simulations the temperature differences (∆t) 0.1°C, 

1°C and 2°C were applied according to the following relationship, tbedroom=tliving 

room+∆t=tcorridor+2∆t. The agreement between measurement data and the simulation under the 

same environmental conditions was tested, and an example, shown in Figure 2, indicated a 

high degree of agreement between the CONTAM simulation and the measurements.  

 

 
 

Figure 2. Comparison between CONTAM simulation results and measurement results. 
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RESULTS 

 

1. Influence of apartment structure on the mixing of indoor particles 

 

Indoor air distribution directly influenced the distribution of tobacco smoking pollutants and 

the AC effectiveness. Apartment structure, temperature differences between rooms and 

ventilation can all affect air distribution. Therefore, with the ventilation rate of the apartment 

kept constant, UFP distribution and AC effectiveness were studied for the following cases: 

open BL door (directly connecting the “clean” bedroom and the polluted living room - the 

source room) and closed BL door (the clean bedroom and the living room still being 

indirectly connected via the corridor), open K door and closed K door (isolating smoke 

pollutants in the source room – when smoking in the kitchen). CONTAM simulations of the 

above cases were carried out with multi-zone temperature differences of 0.1°C, 1°C and 2°C, 

according to the relationship given in the previous section.  

 

1.1 Indoor air well mixed 

 

Figure 3 shows the measured UFP concentrations for the case of keeping the BL door open, 

smoking 2 cigarettes in the living room and without any AC. The curves of UFP 

concentration in clean room (bedroom) and source room (living room) almost overlap each 

other, which mean that keeping the BL door open resulted in well mixed indoor air.  

 

 
Figure 3. Indoor UFP concentrations for the indoor air well mixed case (BL door open). 

 

1.2 Indoor air not well mixed 

 

The measured UFP concentrations for the case of closed BL door, smoking 2 cigarettes in the 

living room and without AC in any room are shown in Figure 4. The different peak 

concentrations and a time delay are obvious between bedroom (clean room) and living room 

(source room), which means that keeping the BL door closed limited the spread of indoor 

tobacco smoking pollutants from the source room. 

 

The above results are also shown in Figure 7. UFP exposures were about the same in the 

living room and in the bedroom if the BL door was open. Otherwise, the UFP exposure was 

lower in the bedroom than in the living room, when the BL door was closed, as expected. 



 

 
Figure 4.  Indoor UFP concentrations for a not well mixed case (BL door closed). 

 

Comparing Figure 3 and Figure 4, it can be seen that keeping the BL door opened or closed 

clearly influenced the UFP transport from the source room to the clean room. In other words, 

keeping the BL door closed, to some degree isolated UFPs from the source room to the clean 

room. The UFP exposure difference (S) between clean room and source room could be 

defined according to Equation 1, where Ecleanroom is the UFP exposure in the clean room and 

Esourceroom is the UFP exposure in the source room. 

 

 sourceroom

cleanroom

E

E
S −=1

                                                       (1)

 

 

The parameter S represents UFPs exposure isolation between the clean room and the source 

room. Larger S means that more pollutants are isolated from the clean room. The influence on 

S by the temperature difference between the rooms was simulated by CONTAM, and the 

results are shown, together with measurement, data in Figure 5. When the BL-door was 

closed, but the clean room and the source room indirectly connected, via open doors to the 

corridor, the UFP exposure could be somewhat less in the clean room than in the source room. 

The CONTAM simulations showed that, depending on the temperature difference, the 

exposure difference varied from 38% to 10% for the case without AC and 14% to -1% for the 

case with two ACs in the source room. The former figures mean that, without AC, when the 

multi-zone temperature difference was smaller than 0.1°C, the UFP exposure in the clean 

room was less than 62% of the exposure in the source room. But when the multi-zone 

temperature difference was increased to 1°C and 2 °C, the UFP exposure in the clean room 

was close to 90% of that in the source room. The negative value of S means that the UFP 

exposure in the source room was lower than that in the clean room, which occurred when two 

ACs were running in the source room.  

 

In conclusion, indirect connection between the source room and the clean room partly isolates 

tobacco smoke UFP from the clean room. Furthermore, a smaller multi-zone temperature 

difference results in more UFPs being isolated. Additionally, although the apartment structure 

can to some degree isolate pollutants, the CADR should be chosen according to the whole 

apartment’s volume to avoid low S values induced by large multi-zone temperature 

differences.  

 

 



 
 

Figure 5. UFP exposure difference (S) between source room (living room) and clean room 

(bedroom). The ACs were located in the source room. 
 

1.3 Indoor air isolated 

 

In one case the pollutants were close to completely isolated, i.e. when smoking in the kitchen 

and keeping the K door closed. The results show that less than 3% of the UFPs infiltrated 

from the polluted kitchen to the bedroom (see Figure 6) regardless of whether an AC was in 

operation in the kitchen, or not. Thus, in this case the previously described S-value was higher 

than 97%. Therefore, an easy solution to SHS exposure appears to be smoking in kitchen 

while keeping the K door closed. With the K door open there was practically no difference 

between the exposure in the kitchen and in the bedroom, i.e. the S value is about 0%. This 

was most probably due to large temperature differences between the rooms. 
 

 
Figure 6. UFP exposure in kitchen and bedroom with open and closed kitchen (K) door. The 

AC was located in the kitchen. The source was located in the kitchen. 

 

2. Air cleaner effectiveness H 

 

The exposure in the kitchen was reduced by 76% by using one AC when keeping the K door 

closed; see the data in Figure 6. Similarly, the exposure in the living room was reduced by 

64% by using one AC when keeping the BL door open; see the data in Figure 7. The kitchen 



was smaller than the living room and also isolated by the K door being closed, which explains 

the larger exposure reduction in the kitchen. Using one AC, the UFP personal exposure was 

reduced from 6.9·10
6 

pc/cc·min to 2.5·10
6 

pc/cc·min during a 3h period, when the BL door 

was open.  Additional experiments showed that when two ACs were used, the exposure 

dropped to 2.1·10
6 

pc/cc·min. The AC reduced the indoor UFP exposure close to the outdoor 

exposure level, see Figure 7. In the experiments, ambient UFP concentration was about 

10
4
pc/cc.  

 
Figure 7. Indoor UFP exposure during 3 hours for the above cases. Source room = living 

room, clean room = bedroom. The AC was located in the living room. 

 

 

For to these well-mixed cases, the AC effectiveness H in the whole apartment was calculated 

by Equation 2, which is defined by Miller-Leiden et al. [6]. Here, Cac is the indoor 

concentration with AC; Cno ac is the indoor concentration without AC. The effectiveness H for 

one AC and two ACs are shown in Figure 8.

  

noac

ac

C

C
H −=1

                                                               (2)

 

 
The AC effectiveness under stable conditions was 80% for one AC, and 93% for two ACs; 

see Figure 8. Note that it took more than 1.5 h before steady-state conditions were reached. 

During this period the AC effectiveness, H, was substantially lower than the maximum value.

 

 
 

Figure 8. The air cleaner effectiveness H for one AC and two ACs 

 



 

3. Influence of AC location relative to the pollution source 

 

The relative location of AC to pollution source is another factor influencing UFP exposure. 

The UFP exposure reduction percentage (R) is defined by Equation 3, which evaluates UFP 

exposure reduction in one room by comparing UFP exposure with AC (Ewith AC) and UFP 

exposure without AC (Ewithout AC). 

 

           withoutAC

withAC

E

E
R −=1

                                                       (3) 

 

Figure 9 shows values of R, calculated for the clean room (bedroom) and the source room 

(living room). Data are shown both for the case with two ACs located in the living room and 

for the case with two air cleaners located in the bedroom. The BL door was closed in all of the 

cases. Similar to the analysis of the parameter S, the influence of room temperature 

differences was also analyzed by CONTAM simulations. When tobacco smoking occurred in 

the living room, and two ACs were located in the bedroom, a relatively isolated clean 

environment was developed in the bedroom (R about 85% in the bedroom and 45% in the 

living room. This situation can be expected to result in a rather low cleaning effectiveness in 

the whole apartment regarding UFPs. While operating the AC in the source room (living 

room), the exposure-value in both the living room and in the bedroom was about 70%. It can 

be assumed that also all other rooms would show similar R-values, i.e. a rather large exposure 

reduction in the whole apartment.  

 
 

Figure 9. UFP-exposure reduction percentage (R) for different locations of the ACs 
 

 

CONCLUSION 

 

For this apartment (V=110m
3
), one AC (CADR=240m

3
/h) was, in most of the studied cases, 

enough to reduce the indoor UFP exposure by about 65%-75% in individual rooms. The 

highest exposure reduction, R=85%, was observed when two ACs were used in the bedroom 

when keeping the door between the bedroom and the living room closed.  

The lowest exposure reduction, R=12%, was observed when using one AC in the kitchen and 

keeping the kitchen door open while smoking took place in the kitchen. Isolation of the 



kitchen by keeping the door closed increased the exposure reduction obtained by the AC to 

76%. In this case, when the kitchen door was closed, the exposure to smoke particles in non-

smoking rooms was only a few percent of the exposure in the kitchen. When the kitchen door 

instead was left open, a massive spread of particles within the apartment was observed. The 

particle spread is due to large inter-zonal air flows induced by large temperature differences 

between rooms. 

Although the apartment structure could, to some degree, isolate pollutants, the CADR should 

preferably be chosen according to the whole apartment’s volume. Furthermore, the ACs 

should be placed in the same room as the strongest particle source. For example, operation of 

two ACs in the living room, where cigarettes were smoked, reduced the UFP exposure by 

about 70%, both in the source room and in the adjacent non-smoking bedroom. The total 

capacity of the two ACs corresponds to 4.4 air changes per hour, expressed as an average 

value for the entire apartment. This is about ten times the ventilation air change rate. 
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SUMMARY  
 
This paper presents some of the results of a second-hand tobacco smoke intervention study 
carried out in 19 flats in four different buildings. Two of the investigated buildings were non-
renovated and two others were renovated. The aim of the study was to quantify infiltration of 
ultrafine particles from a smoker's flat into a non-smoker's flat. In addition, several tests were 
carried out to describe some solutions for reduction of particle concentrations in the smoker's 
flat and the non-smoker's flat. The air change rates and the indoor particle concentrations 
were measured continuously during the measuring periods. The particle sources (particle 
generating activities) were cigarette-burning in the un-occupied buildings and candle-burning 
in the occupied buildings. Reductions of the concentration of ultrafine particles using air 
cleaning devices were studied. Results showed that the transfer of ultrafine particles was 
about 9% when the source flat was located below the receiving flat, whereas the transfer was 
1-2% when the source flat was on the same floor as, or above, the receiving flat. 
 
 
INTRODUCTION 
 
Second-hand tobacco smoke (SHS) in flats is an emerging public issue in the Nordic 
countries, in particular in Denmark, where people spend approx. 16 h/day indoors [1]. Smoke 
can infiltrate a flat in various ways. The infiltration rate depends on the tightness of the 
building envelope and its design. A Danish study shows that window slits only replace 14% 
of the exhausted air; the rest comes from elsewhere in the building [2]. Some of the common 
openings where smoke seeps from a smoker's flat into a non-smoker's flat include electrical 
outlets, cable or phone jacks, pipes (plumbing), cracks in walls and floors, etc. 
 
Numerous studies have documented the contribution of tobacco smoke to elevate the 
concentration of ultrafine and fine particles indoors [3]. During recent years investigations 
have indicated a possible association between exposure to ultrafine particles and human 
health [4]. 
 
Several studies show that the concentration of particles indoors may be reduced to a certain 
extent by means of ventilation or by filtration using portable or in-duct air cleaners [5]. 
However, the ventilation rate in residential buildings is generally not designed to remove 
particles and gases originating from smoking. 
  
Most previous studies have focused on the quantification of particles from direct exposure to 
SHS. However, very few studies have examined quantification of particles from indirect 



exposure to SHS. Therefore the aim of the present study is quantification of ultrafine particles 
(UFP) from SHS infiltration in flats. 
 
METHOD  
 
The study was carried out in four different residential buildings. Two of the buildings 
(Buildings A and B) are of exactly the same type and design, they are approx. 70 years old 
and not renovated. The third building (Building C) is 100 years old and recently partially 
renovated, whereas the fourth building (Building D) is 140 years old and recently completely 
renovated. Four flats were included in the study in Building A and two flats in Buildings B, C 
and D, respectively. In each building the studied flat (Flat 2) was placed immediately above 
another flat (Flat 1). 
 
Figure 1 illustrates a complete unit of flats for the present study. In Building A a complete 
unit was used. In Buildings B, C and D Flat 1 and Flat 2 were used. 
 

 
 
Figure 1. Sketch of a complete unit of flats. 
 
Particles were generated in one flat and the infiltration of UFPs was measured in the flat 
above. The particle sources (particle generating activities) used in the source flats (Flat 1) was 
cigarette-burning in the un-occupied buildings (Buildings A) and candle-burning in the 
occupied buildings (Building C and D). Building B was an un-occupied building, which was 
used in both cases, i.e. cigarette-burning and candle-burning. Two cigarettes were burned for 
approx. 10 minutes each in the un-occupied flats and three pure wax candles were burned in 
the occupied flats. 
 
The UFP concentrations were monitored by means of three condensation particle counters. 
One of the particle counters was placed in the source flat (Flat 1, where particles were 
generated), the second one in the exposure flat (Flat 2, which was infiltrated by particles from 
Flat 1) and the last one was used for sampling the outdoor concentration. Two of the particle 
counters were TSI model P-Trak 8025. The third one was a TSI model CPC 3007, which was 
used for measurements in the outdoor air. 
 
The P-Trak 8525 instrument enabled real-time measurement of particle number concentration 
and data collection. The particle detection range of the instrument was between 0.02 and 
about 1.0 µm. The CPC 3007 was similar to the P-Trak 8525 with data recording in the 
diameter range from 0.01 to about 1 µm [6]. 
 



The PFT technique (Per Fluorocarbon Tracer) was used to measure air change rates, air 
infiltration and air exfiltration in the apartments. The technique is a multiple tracer-gas 
method based on passive sampling. CO2, temperature and relative humidity were recorded 
during the experiments. Possible solutions, such as placement of one or two electrostatic air 
cleaners (AC; CADR=240m3/h), were investigated for reduction of exposure concentration in 
Flat 1 and Flat 2.  
 
RESULTS 
 
Figure 2 illustrates an example of the measured concentration course for tobacco smoke in 
Flat 1 (source flat) and in Flat 2 (exposure flat). Two cigarettes were burned in Flat 1, one in 
the living room and one in the bedroom. Background concentration in Flat 2 was approx. 
4.0E+09 p/m3 during the night of the measurement. 
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Figure 2. Measured concentration of UFP in Flats 1 and 2 and outdoors at Building A. 
 
Figure 3 illustrates measured and calculated concentration of UFP in the exposure flat ( Flat 
2) in Building A. A mass balance model, previously applied to analysis of gaseous 
contaminant concentrations was used [7]. The basic assumptions that govern the model are 
that particles are perfectly mixed within Flat 2, i.e. the concentrations of particles are uniform 
throughout the whole volume. 
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Where = air flow rate (m


V 3/h), = supply air concentration of UFP (p/msc 3), = air 

concentration of UFP in flat (p/m

rc

3), V = flat volume (m3), r =particle removal rate (1/h). 


M = 



particle transfer from Flat 1 to Flat 2 ((p/m3)*(m3/h). 


M  was estimated by multiplying the 
UFP concentration in Flat 1 (the source flat) by the air leakage from Flat 1 to Flat 2. 
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Figure 3. Results of measured and calculated of concentration of UFP in Flats 1 and 2 in 
Building A. 
 
Tables 1 to 2 show the measured and calculated parameters of tobacco smoke in the exposure 
flat (Flat 2) in the Buildings A. Table 3 shows measured and calculated parameters for 
experiments with burning candles in Building B, C and D. It should be noted that Building B 
was a non-renovated building of exactly the same kind as Building A. Building C was 
recently partially renovated and Building D was recently completely renovated. 
 
The second column in Tables 1 and 3 show the relative exposure in Flat 2, which means the 
percentage of UFP generated in Flat 1 that infiltrates Flat 2. The exposures in Flat 2 in Table 
2 comprise infiltration inclusive reduction because of operation of the air cleaning devices.  
 
The relative exposures in Flat 2 were obtained by expressing the total number of tobacco-
related particles or candle related particles in Flat 2 as a percentage of the total number of 
particles measured in Flat 1 including background concentration. The total number of 
tobacco-related particles (or candle related particles) in Flat 2 was assessed as the area 
between two concentration curves calculated using equation 1. The first curve was calculated 
with consideration of particle transport by air leakage from Flat 1 to Flat 2. The second curve 
was calculated with the air leakage set to zero. Thus, the difference between these curves is an 
estimate of the particle transport from Flat 1 to Flat 2. 
 



The third column shows removal rates of UFP in Flat 2. The removal rates are the sum of the 
deposition of particles on the inner surfaces of the rooms, removal by ventilation, and other 
sink mechanisms. The fourth column shows the air change rate in the Flat 2. The fifth column 
shows the air transfer due to leakage from Flat 1 to Flat 2. The air change rates and air 
transfer were set at weak mean values.  
 
The rows 2 to 4 in Table 1 show data for successive experiments in Building A, where 
sources were placed in Flats 1, 4 and 3 respectively. 
 
Table 1. Measured and calculated parameters of tobacco smoke in Flat 2 in Building A. 
 Relative 

exposure(infiltration) 
in Flat 2 
              (%) 

Removal of 
UFP in Flat 2  

(1/h) 

Air change rate in 
Flat 2  
(1/h) 

Leakage  
 

(m3/h) 

From Flat 1 to Flat 2 
From Flat 4 to Flat 2 
From Flat 3 to Flat 2 

8.6 
1.8 
1.1 

0.9 
1.5 
1.4 

0.41 
0.41 
0.41 

14 
5 
5 

 
Another aim of the study was to describe to what extent air cleaner devices and the different 
states of renovation of buildings would affect the transfer of UFP between two flats. 
 
Table 2 shows measured and calculated parameters of tobacco smoke in Flat 2 in Building A. 
The experiments were carried out in Flat 1 and Flat 2 in Building A. Colum 1 in Table 2 
shows the location and number of air cleaners (AC) operated in Flat 1 and Flat 2.  
 
Table 2. Measured and calculated parameters tobacco smoke in Flat 2 in Building A. With air 
cleaner (AC). 
 Relative exposure 

(infiltration incl. 
reduction by AC 
operation)* 
              (%) 

Removal of 
UFP in Flat 2  

(1/h) 

Air change rate in 
Flat 2  
(1/h) 

Leakage  
 

(m3/h) 

From Flat 1 to Flat 2 
1 AC in Flat 1 
From Flat 1 to Flat 2 
1 AC in Flat 2 
From Flat 1 to Flat 2 
2 ACs in Flat 2 

 
5.0 

 
4.2 

 
2.6 

 
1.0 

 
1.9 

 
3.9 

 
0.41 

 
0.41 

 
0.41 

 
15 

 
15 

 
16 

 
Table 3 shows that the test with burning candles gave a relative exposure of 2.6% in Building 
B. This is about 1/3 of the value obtained with tobacco smoke in Building B, which gave a 
relative exposure of 7.1%. However, the tests with tobacco smoke in Building A and Building 
B showed similar results, see Table 1.  
 
Table 3. Measured and calculated parameters of burned candles in Flat 2 in Building B, C and 
D. 
 Relative 

exposure(infiltration) 
in Flat 2 
              (%) 

Removal of 
UFP in Flat 2  

(1/h) 

Air change rate in 
Flat 2  
(1/h) 

Leakage  
 

(m3/h) 

From Flat 1 to Flat 2 
Building B 

 
2.6 

 
2.7 

 
0.74 

 
10 



From Flat 4 to Flat 2 
Building C 
From Flat 3 to Flat 2 
Building D 

 
0.3 

 
0.7 

 
4.4 

 
1.5 

 
0.92 

 
0.36 

 
2.3 

 
5 

 
DISCUSSION 
 
There are various ways that smoke infiltrates from one flat to another. The air infiltration rate 
between two flats depends on the age, construction and tightness of the flat after renovation. 
A leaky flat exposes its occupants to pollution from surrounding flats, especially adjacent 
ones, and especially from smokers living in a flat below.  
 
The results from the experiments in the two non-renovated buildings, A and B, indicated that 
7-9% of the amount of UFP, generated by tobacco smoke in the source flat (Flat 1), infiltrated 
the flat located above (Flat 2), see Table 1.  
 
The measurements with candle-burning in Building B, under the same test conditions as the 
tobacco smoke experiments, indicated an infiltration of 2-3% of UFP from Flat 1 to Flat 2, see 
Table 3. The difference in the infiltration rate of UFP has not been clarified but might depend 
on different characteristics of the particles generated by tobacco smoking compared with 
candle-burning.  
 
It should be noted that the background concentration of UFP was 4.0E+09 p/m3 during night 
time while it increased to approx. the double during day time.  
 
The results from the example case (see Figures 1 and 2) showed that two cigarettes generated 
a mean value concentration of 2.2E+10 p/m3 with a maximum concentration of 9.6E+10 p/m3 
in the source flat (Flat 1). The maximum concentration in the exposure flat (Flat 2) was 
somewhat less than 1/10 of that in Flat 1. The concentration declined to the background 
concentration after approx. 3 hours. Thus, occupants were exposed to a higher particle 
concentration compared with the background concentration during several hours. 
 
Table 3 showed that the infiltration from the source flat (Flat 1) to the exposure flat (Flat 2) 
was lower in the renovated buildings, i.e. Buildings C and D compared with Buildings A and 
B which were non-renovated.  
 
Technical solutions 
The concentration of UFP in the exposure flat can be reduced by three different control 
methods; source control, ventilation control and use of portable air cleaning devices. 
 
Source control: A smoke-free residential building is one of the remedial solutions suggested 
to private building owners, and it is known in several countries, including Sweden, Canada, 
USA and Norway.  
 
In order to implement smoke-free residential buildings in public residential buildings, it is 
required to change the law or grant exemptions by the authorities. According to the law in 
Denmark, it is allowed to smoke tobacco in private homes.  
 
Another method for reducing exposure to neighbour smoke is efficient sealing of the leaks in 
electrical outlets, cable or phone jacks, pipes (plumbing), cracks in walls and floors, etc. On 



the other hand different types of building construction and different types of leaks and cracks 
require different sealing methods. The results in the present paper shows that renovation of 
the buildings reduced the infiltration of UFP from the source flat to the exposure flat, see 
Table 3. However, the project also aims to study more in detail the sealing-effect on the 
transfer of tobacco smoke between two flats. This part will be carried out during the winter of 
2010.  
 
Ventilation control: Ventilation reduces the concentration of pollutants by means of dilution 
in order to ensure an adequate indoor air quality. Generally, the air in a flat should be supplied 
to the bedrooms and living rooms and exhaust should take place from the bathrooms and 
kitchen. In a non-renovated building, like Building A, the ventilation system was natural i.e. 
there was no fan to exhaust the particles from the flats. The amount of air that enters a 
building with natural ventilation depends on the wind and the thermal effects occurring within 
the building. The air change rate in Building A was 0.41 h-1 and in Building B 0.74 h-1. This 
project also aims to find the ventilation effect on the transfer of the tobacco smoke between 
two flats. This part will be carried out during the winter of 2010. 
 
Portable air cleaning devices: Portable room air cleaners can be used to clean the air in a 
polluted room when continuous and localised air cleaning is needed. For air cleaning devices 
to be effective, the capacity of the air cleaner must match the ventilation rate of the room. 
This cleaning technology is useful when there is no opportunity to clean the supply air by 
filtration, i.e. buildings with a natural ventilation system or with an exhaust ventilation 
system. Consumers should also consider possible side effects such as noise and ozone 
generation, when considering using air cleaning devices. 
  
Measurement and calculation in Building A showed that, when one air cleaner was placed in 
the source flat, the relative exposure in the exposure flat (receiving flat) was reduced from 
8.6% (without air cleaner) to 5% (with air cleaner). However, operating an air cleaner in the 
source flat will reduce the exposure in the source flat, and the exposure in the receiving flat 
can be expected to decrease accordingly. Thus, it was expected that the relative exposure (the 
ratio of the exposure increase in the receiving flat to the exposure in the source flat) should 
remain unchanged. The reason for the deviation has not been clarified. However, when using 
an air cleaner in the source flat the concentration varied rapidly. The peak concentration was 
reached after 9 minutes and decreased to 10% of the peak concentration within 1.4 h. Without 
an air cleaner in the source flat the concentration changed more slowly; the concentration 
decay to 10% of the peak value lasted about 5 h. It is not likely that the particles will have had 
the time to spread well between the rooms in the source flat so probably, when using an air 
cleaner in the source flat the source is mainly limited to one room. The measurement may 
therefore have lead to an overestimation of the exposure in the source flat, since the 
concentration was measured in the same room as where the tobacco smoke was generated. An 
overestimation of the exposure in the source flat will lead to an underestimation of the relative 
exposure in the receiving flat. In the case without air cleaner the measured particle 
concentration probably reflected the average concentration in the source flat more accurately, 
due to the much slower concentration changes.  
 
When two air cleaners were placed in the exposure flat, a double removal of the UFP was 
recorded. However, theoretically, the marginal effect of the second air cleaner should be less 
than observed, a factor of around 1.5 rather than 2. The deviation between theory and 
measurements may partly depend on a change of the ventilation rate between the 
measurement series. 



 
CONCLUSIONS 
 
The results indicated that: 

 In the non-renovated buildings between 1% and 9% of the UFPs generated by tobacco 
smoking infiltrated to a neighbouring flat. 

 The transfer (infiltration) was highest (about 9%) when the source flat was located 
below the receiving flat. 

 The transfer was less (1-2%) when the source flat was on the same floor as, or above, 
the receiving flat. 

 The UFP-transfer was lower in the renovated buildings than in the non-renovated 
buildings. 

 When one air cleaner was used in the receiving flat in one of the non-renovated 
buildings, the exposure to the neighbour’s tobacco smoke decreased from 9% to 4%. 
When using two air cleaners the exposure decreased further down to less than 3%. 

 
ACKNOWLEDGEMENT 
 
This study was supported financially by the Danish Ministry of the Interior and Social 
Affairs, the Danish Landowners' Investment Association (GI) and the National Housing 
Found (LBF), Denmark. The investigated buildings were found by the Housing Associations, 
Denmark. The project was also supported by the Swedish Research Council for Environment, 
Agricultural Sciences and Spatial Planning (FORMAS) Grant (242-2007-1583). 
 
REFERENCES  
 
1. Clemmensen, I.H., Bentzen, J., Vilhelm, B. et al, 2005. Passiv rygning, Hvidbog (in Danish), 

ISBN 87-766-289-1, Copenhagen. 
2. Schneider, T., Jensen, K.A., Clausen, P.A. et al. 2004. Prediction of indoor concentration of 0.5-

4 µm particles of outdoor origin in an uninhabited apartment, Journal of Atmospheric 
Environment, pp 6349-6359. 

3. Özkaynak, H., Xue, J., Spengler, J.D., Wallace, L.A., Pellizzari, E.D. et al. 1996. Personal 
exposure to airborne particles and metals: results from the particle team study in riverside, CA. 
Journal of Exposure Analysis and Environmental Epidemiology 6, pp. 57–78.  

4. Dockery D.W., Pope, CAIII, Xu. X., Spengler J.D., et al (1993). An association between air 
pollution and mortality in six U.S. cities. N. Engl. J. Med. 329:1753-1759.  

5. Ekberg, L.E., Shi, B., 2009. Removal of ultrafine particles by ventilation air filters, Proceeding 
of Health Buildings 2009, Paper 97, Syracuse, US.  

6. Matson, U., Ekberg, L.E., Afshari, A. 2004. Measurement of ultrafine particles: A Comparison 
of two handheld condensation particle counters. Journal of Arosol Science and Technology, 
38:487-495. 

7. Ekberg, L.E. 2003: Indoor Climate Modelling. In: Per Erik Nilsson (ed.), Achieving the desired 
indoor climate: Energy efficiency aspects of system design. pp 91-112. Studentlitteratur, Lund, 
Sweden. 



 
Technical solutions for reducing indoor residential exposures to ultrafine 
particles from second-hand cigarette smoke infiltration  
 
Alireza Afshari1*, Siamak Rahimi Ardkapan1, Niels C. Bergsøe1, Matthew S. Johnson2 
 
1Danish Building Research Institute, Department of Energy and Environment 
2Copenhagen University, Copenhagen Center for Atmospheric Research 
 
*Corresponding email: ala@sbi.dk     
 
 
SUMMARY  
An emerging public issue in Denmark is passive smoking in residential environments where 
non-smokers are exposed to harmful smoke from their neighbours. There are various ways 
that smoke infiltrates one flat from another. The air infiltration rate between two flats in a 
multi-storey building depends on the construction, tightness and age of the building. Earlier 
results from this project showed that, in the most critical cases, the transfer of ultrafine 
particles was about 9% when the source flat was located below the receiving flat. The purpose 
of the present study was to identify the ways in which smoke infiltrates from one flat to 
another and also to examine technical solutions for preventing or reducing infiltration of 
ultrafine particles from the source flat to the receiving flat. One of the technical solutions 
examined was sealing of the floor in the receiving flat. The study was carried out in the field 
in a multi-storey building and cardboard and plastic foil of polyethylene were used for sealing 
the entire wooden floor in the receiving flat. Another technical solution examined was a novel 
air circulating ductwork. The efficiency of the novel air circulating ductwork was examined 
by investigating the removal of ultrafine particles from a lit cigarette in a laboratory 
environment. The results showed that in the case where the receiving flat was sealed, the 
concentration of particles in the receiving flat was non-correlated with (or independent of) the 
emission of particles in the source flat. The test of the air circulating ductwork showed that 
the removal efficiency ranged from approx. 30% to 60% after 10 minutes, i.e. when the 
cigarette had burned out. 
 
IMPLICATIONS 
A number of non-smokers in residential buildings in Denmark are concerned that they may be 
exposed to gases and particles transferred from a neighbouring smoker. There is an urgent 
need for technical solutions that can reduce indoor exposures to ultrafine particles from 
second-hand tobacco smoke infiltration. This study proposed two technical solutions for 
reducing indoor ultrafine particle concentrations. 
 
KEYWORDS  
Second-hand smoke, cigarette, ultrafine particles, in-duct air cleaner, sealing 
 
INTRODUCTION 
Occupants living in multi-unit dwellings are worried when unwanted gases and particles 
infiltrate their flats from smoking neighbours. Second-hand cigarette smoke (SHS) and 
particle exposure in flats in multi-unit dwellings are considered harmful among non-smokers 
(Brink, and Clemmensen, 2007). During recent years investigations have indicated a possible 
relation between exposure to ultrafine particles (UFP) and human health (Bräuner, et al. 
2007).  



   There are various ways in which smoke is transferred from one flat to another. Some of the 
common openings where smoke infiltrates from a smoker's flat to a non-smoker's flat include 
electrical outlets, cable or phone jacks, pipes (plumbing), cracks in walls, floors etc. The 
earlier results of this project showed that, in the most serious cases, the transfer of UFP was 
about 9% when the source flat was located below the receiving flat (Afshari et al. 2010). The 
transfer of UFP was 1-2% when the source flat was on the same floor as, or above, the 
receiving flat. In addition, the results also showed that when a single air cleaner was used in 
the receiving flat, the exposure to the neighbour’s cigarette smoke decreased from 9% to 4%. 
When using two air cleaners, the exposure further decreased to below than 3%. 
   The aim of this study was to explain how smoke is transferred from one flat to another and 
also to examine two technical solutions for preventing or reducing infiltration of UFP from 
the source flat to the receiving flat. 
 
METHODS  
Identification of the ways of infiltration and sealing solutions 
This part of the study was carried out in a residential building, which was 85 years old. The 
receiving flat (Flat 2) was placed immediately above the source flat (Flat 1). Flat 1 was 
occupied and Flat 2 was unoccupied. The study was conducted in the winter of 2010 while no 
other indoor activities took place in either of the flats during the measurements.  
   Identification of ways of air and smoke transfer were carried out using a fan pressurisation 
method (Blower door technique) in which a fan was used to create a steady-state pressure 
difference of 50 Pa across the envelope of Flat 2. The measurements were carried out before 
and after sealing of the floor of Flat 2. In order to measure the resultant airflow and pressure, 
Flat 2 was pressurised and subsequently depressurised. In addition, thermography was used 
when Flat 2 was depressurised. The entire wooden floor of the living room and two bedrooms 
of Flat 2 were sealed using cardboard (500 g/m2) and plastic foil of polyethylene (0.2 mm). 
The plastic foil was pulled up above the skirting boards and attached to the wall by crepe tape. 
The floor of the hall and kitchen was already covered with Poly Vinyl Chloride (PVC), and 
therefore not with cardboard and plastic foil. The doors of the flats were closed and the letter 
box opening in the front door was sealed using crepe tape. All water traps in the kitchen, 
bathroom and toilet were filled with water. 
   In addition to the above-mentioned measurements, the transfer of UFP from Flat 1 to Flat 2 
was quantified before and after sealing Flat 2. The air change rates and the indoor particle 
concentrations were measured continuously during the measuring periods. The particle 
sources (particle generating activities) were cigarette-burning in Flat 1. Two cigarettes were 
burned for approx. 10 minutes each in Flat 1. The UFP concentrations were monitored by 
means of three condensation particle counters (Afshari et al., 2010).  
 
Air circulating ductwork 
An air circulating ductwork was investigated in a laboratory environment as a possible 
solution for reducing exposure to UFP from cigarette smoke. The system consists of an ozone 
generator, 8 units emitting ultraviolet light (UV-light), an electrostatic precipitator and an 
ozone filter. In order to understand the effect of the different parts of the device for removing 
UFP, TVOC and ozone, 6 scenarios of measurements were carried out.   
Scenario 1:The air cleaning device was used as it was designed to operate in the ductwork. 
Scenario 2:The air cleaning device was used like in Scenario 1 during the first 10 minutes 
when the cigarette was burned. Then the ozone generator was turned off until the UFP 
concentration reached its initial level (background level) and then it was turned on again. 
Scenario 3:The air cleaning device was used like in Scenario 1 during the first 10 minutes 
when the cigarette was burned. Then the ultraviolet lights were turned off until the UFP 



concentration reached its initial level (background level) and it was turned on again. Scenario 
4:The air cleaning device was used like in Scenario 1 during the first 10 minutes when a 
cigarette was burned, i.e. after approx. 10 minutes the electrostatic precipitator was turned off. 
Scenario 5: The air cleaning device was used like in Scenario 1, however in this scenario the 
electrostatic precipitator was turned off from the beginning to the end of the measurement. 
Scenario 6:The air cleaning device was used like in Scenario 1 with the exception that the 
UV-light and the ozone generator were turned off from the beginning of the measurement. 
When the cigarette was burned and the concentrations of particles reached its initial level, the 
UV-light and ozone generator were turned on. 
    The UFP concentration and TVOC were measured both in the supply air and the exhaust 
air of the air cleaning device. A burned cigarette was used as a source of particles and TVOC. 
The UFP concentrations were monitored by means of two condensation particle counters, i.e. 
TSI model P-Trak 8025. and TSI model CPC 3007. The concentrations of TVOC were 
monitored by means of two gas-analyser i.e. INNOVA type 1312 and Brüel & Kjær, type 
1302.  
 
RESULTS  
Identification of the ways of infiltration and sealing solution 
Table 1 shows the results of pressurising and depressurising Flat 2 with and without sealing. 
 
Table 1. Airflow with fan pressurisation of Flat 2 with and without sealing. 
 
 Airflow 

infiltration from 
Flat 1 to Flat 2  
(with sealing) 

Airflow 
infiltration from 
Flat 1 to Flat 2  
(with sealing) 

Airflow 
infiltration from 
Flat 1 to Flat 2  
(without sealing) 

Airflow 
infiltration from 
Flat 1 to Flat 2  
(without sealing) 

Units l/s at 50 Pa l/s, m2 at 50 Pa l/s at 50 Pa l/s, m2 at 50 Pa 
Pressurising of 
Flat 2 

342 (± 0.5%) 5.34 405 (± 0.5%) 6.32 

Depressurising of 
Flat 2 

319 (± 0.5%) 4.99 361 (± 0.9%) 5.65 

Calculated 
average values  

330.5 5.17 383 5.98 
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Figure 1. Measured UFP concentration in Flats 1 and 2 and outdoors after sealing the floor of 
Flat 2. 



The results of the thermographic photos showed that there were many leakages in Flat 2. The 
leakages were paths to Flat 1 as well as to the outdoors. Most of the leakages were at the 
junction between walls and floors. There were also leakages through the floor of Flat 2. 
    The infiltration was calculated according to a mass balance model, previously applied to 
analysis of gaseous contaminant concentrations [3]. The basic assumptions governing the 
model are that particles are perfectly mixed within Flat 2, i.e. the concentrations of particles 
are uniform throughout the whole volume. The results of the measurements of particle 
concentrations showed that the UFP transfer was about 1% when Flat 2 was not sealed. In the 
case when Flat 2 was sealed, no increase of the concentration of particles in Flat 2 was 
detected.  
 
Air circulating ductwork 
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Figure 2. Measured UFP concentrations generated by cigarette in the inlet air and in the 
exhaust air of the air cleaning device. 
 
Figure 2 illustrates the course of measured UFP concentrations of cigarette smoke in the inlet 
air and exhaust air of the air cleaning device tested in the laboratory environment. C1 means 
calibration of all instruments in the inlet air of the air cleaning device including two 
condensation particle counters and two TVOC instruments. C2 means calibration of all 
instruments in the exhaust air of the air cleaning device. The calibrations were used for 
calculating the concentration of UFP and TVOC. S1 to S7 stands for Scenario 1 to Scenario 7, 
described in detail above in section Methods. The results of TVOC concentrations showed a 
pattern similar to that of the UFP concentrations. The outdoor concentration was not 
measured, since it had the same influence on inlet and exhaust concentrations. 
 
DISCUSSION 
Air circulating ductwork 
Ventilation reduces the concentration of pollutants by means of dilution. Generally, in a flat 
air should be supplied to bedrooms and living rooms and extract should be from bathrooms 
and kitchen. This can be effectively achieved if the building is equipped with a mechanical 
ventilation system. In Denmark the energy consumption for climatisation of buildings make 
up almost 40 % of the total energy consumption. One possibility of reducing energy 
consumption could be to enhance control of air-conditioning and ventilation rates in relation 



to the actual needs, i.e control-on-demand air handling system in residential buildings. A 
practical application is to investigate the possibility of using air recirculation together with air 
cleaners as a technical solution to improve IAQ while reducing the outdoor air supply and 
hence energy consumption for ventilation. In the present study a novel air cleaning 
technology was tested in a ductwork.  
 
Table 2. Calculation of UFP removal efficiency from cigarette smoke. 
 
Calculated UFP removal after burning a cigarette 
(%) 

Scenarios explained 

39.98 S1; All parts work continuously 

44.99 
S2; Turned off ozone generator after burning of a 
cigarette  

58.67 
S3; Turned off UV lights after burning of a 
cigarette  

46.81 
S4; Turned off electrostatic precipitator  after 
burning of a cigarette  

29.75 
S5; Turned off electrostatic precipitator from the 
beginning of the measurement 

60.04 
S6; Turned off UV light and ozone generator 
from the beginning of the measurement 

 
The air cleaning system consisted of four main parts, 8 ultraviolet lights, an ozone generator, 
an electrostatic precipitator and an ozone filter. In order to understand the effects of the 
different parts of the device for removing ultrafine particles (UFP), TVOC and ozone, 6 
scenarios of measurements were carried out. Table 2 shows the calculation of UFP removal 
efficiencies of the cleaning system in 6 different scenarios. In all scenarios, a cigarette was 
placed at the inlet of the system and was left burning for 10 minutes. The second column in 
Table 2 shows the UFP removal efficiency after burning a cigarette, i.e. 10 minutes after the 
start of the measurement in each scenario.  
   The percentage of UFP removal efficiencies in Table 2 was calculated by subtracting the 
calculated area under the curve (Figure 1) for inlet concentration and the calculated area under 
the curve (Figure 1) for exhaust concentration, divided by the calculated area under the curve 
(Figure 1) for inlet concentration multiplied by 100. The results from Scenario 1 to Scenario 
4, which had similar operation conditions during the first 10 minutes of the measurements, 
showed that the UFP removal efficiency ranged from approx. 30% to 60% after 10 minutes, 
i.e. when the cigarette had burned out. In Scenario 5 where the electrostatic precipitator was 
turned off from the beginning of the measurement, the UFP removal efficiency was approx. 
30%. In Scenario 6, where both the UV-light and the ozone generator were turned off from 
the beginning of the measurement, the UFP removal efficiency was approx. 60%. 
   In addition, the results from Scenario 2 and Scenario 3 showed that when the ozone 
generator and the UV lights were turned on again the concentration of UFP increased. The 
same phenomenon was observed when the UV light was turned on again in Scenario 6. The 
reason was that cigarette smoke generated not only particles but also chemical substances in 
the system. During the first 10 minutes a lot of chemical substances might be adsorbed on the 
surfaces of the system, since the airflow and the supplied ozone were not able to remove all 
chemical substances. The ozone supplied to the system reacted with the chemical substances 
and generated new UFPs. The same phenomenon was seen in the case where UV light was 
turned on again, since the ozone photolysis by UV light leads to production of the hydroxyl 
radical OH and consequently leads to the removal of hydrocarbons from the air and also 



generation of UFPs. To clarify the phenomenon further investigations are needed in this 
research area. 
 
Identification of the ways of infiltration and sealing solutions 
In an old and non-renovated building, like the building in the present study, the ventilation 
system is based on natural ventilation i.e. there is no fan to extract the particles from the flats. 
There are various ways that smoke is transferred from one flat to another. The air transfer rate 
between two flats depends among other things on the age, construction and tightness of the 
flat. The results of the fan pressurisation method (Blower door) of Flat 2 with and without 
sealing showed that the sealing of the floor of Flat 2 reduced the infiltration by air by 16%. 
The results of the measurement of particle concentration showed that the transfer of UFP was 
about 1% when the source was located in Flat 1 and Flat 2 was not sealed. Figure 2 shows the 
UFP concentration in Flat 1, Flat 2 and the outdoor concentration. In the case where Flat 2 
was sealed, the concentration of particles in Flat 2 did not increase. There could be three 
reasons why the UFP concentrations in Flat 2 did not increase. One possibility was that the 
infiltration of particles before sealing was only 1%. The second reason could be that the 
sealing materials on its own reduced the amount of particles that infiltrated Flat 1 from Flat 2. 
The third reason could be that the infiltrated particles to Flat 2 deposit on the plastic surface in 
the Flat 2. 
 
CONCLUSIONS 
The thermographic photos showed that there were many leakages in Flat 2. The leakages were 
paths to Flat 1 and to the outdoors. Most of the leakages occurred at the junction between 
walls and floors. There were also leakages through the floor of Flat 2. The fan pressurisation 
method (Blower door) of Flat 2 with and without sealing showed that the sealing of the floor 
of Flat 2 reduced the infiltration by the air by 16%. The test of air circulating ductwork 
showed that the UFP removal efficiency ranged from approx. 30% to 60% after 10 minutes, 
i.e. when the cigarette was burned. In addition the results showed that ozone generated by an 
ozone generator and UV light reacted with chemical substances adsorbed on the surfaces of 
the system and consequently generated ultrafine particles.  
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