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Synopsis

In urban areas, people stand the most of their time in indoor environment. In this context, indoor air quality is
more and more a subject of concern. Outdoor air quality can have a large impact on indoor air quality. An
experimental study has been conducted into a dwelling, in collaboration between the LHVP and the CSTB, in
order to study the indoor concentration of pollutants depending on the outdoor pollution and the air renewal due
to ventilation system.

Different experiments have been conducted in an empty dwelling situated in a polluted areain Paris during winter
and summer periods. The measured pollutants were indoor and outdoor CO, SO,, NO, NO,, G;, VOC, PM,5
particles and black smoke index. Additional measurements have been performed as meteorological conditions
(wind speed and direction, external and internal temperature and humidity). The pollutants sampling time steps
were comprised between two minutes and one hour depending on pollutant.

The transfer of the pollutants has been tested as regards different ventilation strategies. Air renewal of the
dwelling was thus controlled : the dwelling has been air tight and the residual air leakage has been characterised
using blower door and tracer gas technique. A mechanical ventilation system has been installed in the dwelling in
order to have two controlled extract flows. During the summer experiments, measurements have also been carried
out with opened windows.

This paper presents the impact of ventilation parameters on outdoor pollutants transfer.

The results of the study are the part of the outdoor pollution entering in the dwelling, versus the ventilation air
renewal. On the basis of these experiments, we have also developed a methodology to assess the air renewal. We
adjust the air change rate by comparison between the indoor concentration measurements of carbon monoxide
and calculations based on outdoor concentration measurements of carbon monoxide using computer code
Siren2000.

1. Introduction

In urban areas, people stand the most of their time in indoor environment. In this context, indoor air quality is
more and more a subject of concern. Outdoor air quality can have a large impact on indoor air quality. An
experimental study has been conducted into a dwelling, in collaboration between the LHVP and the CSTB, in
order to study the indoor concentration of pollutants depending on the outdoor pollution and the air renewal due
to ventilation system.

Different experiments have been conducted in an empty dwelling situated in a polluted areain Paris during winter
and summer periods. The measured pollutants were indoor and outdoor CO, SO, (only in winter), NO, NO,, O;
(only in summer), VOC, PM , 5 particles and black smoke index. Additional measurements have been performed as
meteorological conditions : wind speed and direction, indoor and outdoor temperature and humidity. The
sampling time steps were comprised between two minutes and one hour depending on pollutant.

The main objectives of this study were to analyse the impact of ventilation strategies, seasons, climate, the
presence of absorptive surfaces and physical and chemical reactions, on the indoor concentration of pollutants
depending on the outdoor pollution.

In this paper, we present the impact of ventilation parameters on outdoor pollutants transfer.

2. Preparation of the dwelling

The dwelling chosen for the experimentation is situated in Paris close to a busy street and not far from the ring
road. The objectives were not to obtain very high levels of pollution but to have significant ones in order to be
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able to measure the pollutant transfer phenomenon. Situated at the third floor of a 10 floors building built in 1955,
the dwelling is about 55 square meters.

2.1 Initial state

At theinitial state, the dwelling was naturally ventilated. During experiments, it was non occupied and empty in
order to prevent any indoor pollutants sources and to be sure that indoor pollutant levels came from outdoor
environment.

2.2 preparation of the dwelling

One objective of the study isto have the best control of air renewal in order to test different ventilation strategies.
That is why, the dwelling has been air tight as well as possible and a mechanical ventilation has been installed as
described below. Initially, The dvelling has two facade with windows. To simplify the experimentation, the
western living room window has been blocked up. For the same reason the kitchen and toilets were airtight in
order not to be considered as making part of the dwelling. The figure 1 shows the configuration of the dwelling
considered for the experimentation.
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Figure 1 : configuration of the dwelling at initial state

For the experimentation, indoor measurements has been conducted in the living and in the bedroom and outdoor
ones on the balcony. A meteorological station has also been installed on the roof of the 10 floors building.

2.3 Air leakage measurements

The dwelling has been characterised before and after its air leakage control. We used the technique of blowing
door to make the dwelling in depression. We adapted this technique to the window of the bathroom. The final
state of the dwelling corresponds to an air tightness of the main fortuitous leakage : windows, entrance door,
traps, ... Thefigure 2 showsthe air tightness characterisation of the dwelling.
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Figure 2 : Air tightness of the dwelling
Initial state: Q=29.5DP"%*
Fina state: Q=4.3DP""
The permeability level obtained once the dwelling as been airtight is considered very closed to the best
recognised value asked for new buildings.

2.4 Installation of mechanical ventilation

Further to the air tightness of the dwelling, an extraction mechanical ventilation has been installed. Natural inlets
have been introduced on bedroom and living room windows and a mechanical extraction group with the exhausts
have been put into the bathroom. The figure 3 gives the principle scheme of the dwelling with its mechanical
ventilation.

Naturalinlets

L i
A4 e

—

Exhausts Exhaust fan

Figure 3 : dwelling prepared for the experimentation
2.5 Assessment of air renewal

An assessment of air renewal has been conducted in the bedroom and in the living room using SF6 tracer gas
technique. The value of air renewal obtained for these rooms is a bit less than the value of extract flow measured
at the exhausts. This is explained by the fact that part of the residual air leakage of the dwelling is situated in the
corridor and in the bathroom. To confirm this assumption and because the air leakage characterisation of the
whole dwelling has been done, we have made numerical calculations with the ventilation code Siren2000, for the
same configuration and with a repartition of permeability as followed : a quarter for the bedroom, a quarter for the
living room and an half for the corridor and the bathroom. A good agreement was obtained between air renewal
measured with tracer gas and cal culated one. The figure 4 shows these results for an examplein the living room.
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Figure 4 : comparison between measured and cal culated SF6 concentration decrease

These preliminary studies, enabled usto assessthe air renewal of experimented roomsfor agiven extract air flow.

3. Experimental protocol

Two measurement campaigns were conducted in the dwelling, one in winter between the 21 of January and 23 of
March 2000, and one in summer between the 19 of June and the 11 of August 2000. Preliminary measurements
showed that no horizontal and vertical gradients were observed in the dwelling for the main target compounds
(NO, NO,, V.O.C., PM,5).

For each campaign, different scenarios were tested including (1) ventilation rate at about 0.9 vol/hour (2)
ventilation rate at about 0.6 vol/hour (3) introduction of sorbing component (acoustic slabs) in the bedroom and
in the living room at two different loading rates. During the summer campaign, measurements were also realised
with two scenario of opened windows : two slightly opened windows and one largely opened window. The
measurements of parameters were done continuously in the dwelling and in the closely outdoor environment. The
parameters of concern are : carbon monoxide (CO), nitrogen monoxide (NO), nitrogen dioxide (NO2), ozone (O; —
only in summer), sulphur dioxide (SO, - only in winter), PM, 5 particles, black smoke index, temperature, humidity,
wind velocity and direction. Some external and internal measurements of Volatile Organic Compounds (V.O.C.)
have also been realised on few days periods. The sampling time steps were comprised between two minutes and
one hour depending on measured parameter.

4. Effect of ventilation on outdoor pollutant transfer

The present paper focuses on the effect of ventilation on outdoor/indoor pollutant transfer. The analysis of other
results concerning physical and chemical reactions, sorption mechanisms and season effect will be presented in
further publications.

The objectives of ventilating buildings are to bring “clean” air from outside, to preserve the indoor environment
from humidity accumulation and to dilute internal pollutant production. When outdoor air is polluted, the indoor
concentration of this pollution depends on outdoor level, air flow rate and physical and chemical reactions of
pollutants during time transfer.

In this chapter, the impact of ventilation on pollutant transfer is analysed for the pollutants where an effect of
ventilation strategiesis observed. The figures presented below correspond to an averaged day profile of outdoor
and indoor measured concentrations for each ventilation strategy considered. Calculated indoor concentration
are also presented using Siren2000 code and based on outdoor concentration measurements and on the
assumption of non reactive pollutants. The analysis of the ratio between indoor measurements and the cal culated
indoor concentration with the assumption of non reacting pollutant could enable to highlight the effect of
ventilation level on the eventual reacting part of considered pollutant.

4.1 Carbon monoxide results

Figure 5 shows the results obtained for the carbon monoxide (CO) during the summer campaign. This pollutant is
an inert gas. Indoor concentration depends thus only on both outdoor concentration and air renewal. A good
agreement is found with our calculations. In spite of the low levels measured, the results observed correspond to
the well known one that the more important is the air renewal, the less the smooth and the delay of indoor
concentration compared to the outdoor one exists. For the slightly opened windows case (figure 5-c), the delay is
less than half an hour and for the largely opened window case (figure 5-d), outdoor and indoor concentrations are
quite smilar.

4.2 Sulphur dioxide results
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This pollutant has only been measured in winter. Figure 6 shows the results obtained. For the 0.6 vol/hour air
renewal case, the measured indoor concentration is around 0.6 time the calculated indoor concentration without
reactions. For the 0.9 vol/hour air renewal case, the same ratio is around 0.7. This could be explained by the fact
that the more the air renewal is, the lessis the residence time of air from the outside. So pollutant has less time to
react.

4.3 Ozone results

Figure 7 shows the results obtained for the ozone (Os) during the summer campaign. Ozone gas is produced by
photochemical reaction between VOC and nitrogen dioxide. With a controlled air renewal (cases 7-aand 7-b), the
ratio between the measured indoor concentration and the cal culated one without reactions is independent of the
air renewal value and around 0.2. For the slightly opened window case and for the largely opened window case,
the ratio is higher and around 0.4 and 0.6 respectively. The reason of this discrepancy is equivalent to the
analysis done for sulphur dioxide : the morethe air renewal is, the lessis the residence time of air from the outside.
So pollutant has lesstime to react.

4.4 Nitrogen monoxide, nitrogen dioxide, PM, 5 particles and black smoke results

For these pollutants, the ratio previously mentioned is not very dependent of air renewal case. So, different
experimental results are not shown in this paper.

However, it could be interesting to say that for nitrogen monoxide, when the outdoor ozone level islow, theratio
between the measured indoor NO concentration and the calculated one without reaction is around 0.85. During
outdoor ozone picks, theratio fallsuntil 0.2.

For nitrogen dioxide, the ratio is always around 1. In winter, it could be around 1.15 at the beginning of the
afternoon and in summer, it could reach 1.35 during outdoor ozone picks.

For PM 5 particles, the ratio is always around 0.8. For black smoke, the frequency acquisition of this pollutant is
about an hour. So, thereis an information loss towards effect of ventilation which could have a higher frequency.
However, theratio is always below one and seems to be closer to one when the ventilation rate grows up.
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Figure 5 : Carbon monoxide (CO) transfer results, Summer campaign
(a) : averaged day profile, around 0.6 vol/hour air renewal
(b) : averaged day profile, around 0.9 vol/hour air renewal
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(c) : averaged day profile, slightly opened windows
(d) : averaged day profile, largely opened window

mg/m *
40 40

----external
measurements

« internal
measurements

——internal
calculation

(a (b)
Figure 6 : Sulphur dioxide (SO,) transfer results, Winter campaign
(a) : averaged day profile, around 0.6 vol/hour air renewal
(b) : averaged day profile, around 0.9 vol/hour air renewal
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Figure 7 : Ozone (Os) transfer results, Summer campaign
(a) : averaged day profile, around 0.6 vol/hour air renewal
(b) : averaged day profile, around 0.9 vol/hour air renewal
(c) : averaged day profile, slightly opened windows
(d) : averaged day profile, largely opened window

4. Evaluating the air renewal using carbon monoxide measurements

For the experiments, the dwelling has been prepared in order to control as well as possible the air renewal. It has
been air tight and a mechanical extraction ventilation has been installed. Extracted flow has been punctually
measured during experiments. Due to the non reactive behaviour of carbon monoxide gas, its indoor
concentration depends only of the outdoor concentration and of the air renewal of the experimented roomof the
dwelling. So, on the basis of carbon monoxide results, a methodology has been developed to evaluate more
precisely the air renewal of the experimented room. Air renewal was adjusted in order to minimise the measured

CO indoor concentration with a calculated one following the equation :

Ci(?lodOOr(t) = CC():SdOOr(t) + [ Ci(?]OdOOr (t - 1) - CCO

outdoor

(1)].e""
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Cco
where Coutdoor

enables us to assess an averaged air renewal during a given period. The table 1 shows the results obtained and
compared to the extract flow measured during the experimentation and the corrected air renewal of the
experimented room based on extract flow measurements and the assessment of air leakage repartition previously
determined.

corresponds to the measured outdoor concentration and AR isthe air renewal. This methodology

Generally, the calculated averaged air renewal of the room is in good accordance with results based on extract
flow measurements. However, for some cases and especially for high controlled ventilation rate in winter, some
discrepancies are observed. They could be explained by different reasons. The level of CO measured
concentrations is relatively low (below 1 mg.m?® so the precision level of such measurements is poor. The
precision level of the extract flow measurementsis on the order of 3%. The corrected air renewal value of the room
is based on an hypothesis of air leakage repartition which could be wrong. Finally, the influence of meteorol ogical
condition variations of on the air renewal along time could be significant even if the dwelling isairtight and with a
mechanical ventilation system.

These results show the difficulty to control air renewal of a dwelling. However, the method devel oped with the
use of carbon monoxide measurements to assess an averaged air renewal seems to be efficient, when air renewal
is not too different during the analysed period. It permits also to assess an averaged air renewal when windows
are opened. However, these last results can’t have been compared with others measurements.

Averaged Air Renewal of Air Renewal of the Extract flow
the room room measurements in the
assessed with CO based on extract flow dwelling
measurements measurements corrected
with air leakage repartition
Vol/h m°/h Vol/h m’h Vol/h m’/h
High controlled 0.91 86 0.91 86 0.89 102
ventilation rate
Low controlled 0.64 60 0.55 52 0.52 60
ventilation rate
Low controlled 0.6 57
E ventilation rate
£ | Absorptive surfaces
= Low controlled 0.66 62
ventilation rate
Absorptive surfaces x
2
Low controlled 0.59 56
ventilation rate
High controlled 0.84 79 0.95 89 0.92 106
ventilation rate
Low controlled 0.64 60 0.58 55 0.55 63
ventilation rate
Low controlled 0.63 59
ventilation rate
. Absorptive surfaces x
) 2
E Low controlled 0.61 58
z ventilation rate
Absorptive surfaces
Low controlled 0.70 66
ventilation rate
Slightly opened 2 190
windows
Largely opened 3.9 370
window
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Table 1 : Assessment of the air renewal
5. Ventilation strategies against outdoor pollution

To better illustrate the discussion, figure 8 shows cal culations performed with different ventilation strategiesfor a
non reactive pollutant. For each case, an outdoor pollutant pick of two hoursis considered.

For the first case, the air renewal is considered as constant and the figure 8-a show the result of the transfer for
different air renewals. We observe, as for carbon monoxide in our experiment, that the more the air renewal is
important, the less the smooth and the delay of indoor concentration compared to the outdoor one exists. The
averaged indoor concentration isindependent of air renewal and equal to outdoor one.

In figure 8b, window is considered opened during outdoor pollution pick (with a 10 vol/hour air renewal), and
different air renewal are imposed after pollution pick. In these strategies, indoor concentration is equal to outdoor
concentration at the end of the pick and in the second time, the more important the air renewal is, the faster the
indoor concentration decrease. On the contrary, figure 8c shows the opposite case where there are different
controlled air renewals during outdoor pollution pick and an opened window after the pick. The less the air
renewal is during the pick, the less the indoor concentrationis.

These easy doing calculations enables us to say that the best way to protect indoor environment to outdoor air
pick exposure is to have the lower air renewal during the pick and the higher after the pick. However, this kind of
strategy must take into account the need of fresh air for the occupant during the pick and can not be applied if the
time of polluted outdoor air is too long. An other restriction is the fact that in urban environment as studied in
this paper, different pollutant picks occur at different moments of the day, as for example carbon monoxide in the
morning and ozone in the afternoon. Such a fact could make more complex this kind of ventilation strategy. An
other point is that air leakage of a building contributes to air renewal of building for a part comprise between 0.1
and 0.8 vol/hour, depending on meteorological conditions and on building air tightness level. This part of air
renewal can not be controlled.

Nevertheless, it is recommended to situate the air inlet on the less exposed to outdoor pollutant facade. The best
way to ensure a good protection against a continuous polluted outdoor environment is to treat the incoming air
by gaseous filtration and to have airtight building.

%age of outdoor %age of outdoor
100 | cONCentratiog concentrati

—outdoor concentration 100 — outdoor concentration

+ 5volh +  5volh
X 2volh

1 vol/h
a 0,5volh

o 0,2 vol/h

80 £ x 2 vol/h
- 1 vol/h
a 0,5 volh
8 0,2 volh 60

%age of outdoor

concentration

——outdoor concentration
+ 5 vol/h

x 2 vol/h

- 1 vol/h

4 0,5 volih

8 0.2 vol/h

Figure 8 : different ventilation strategies
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(@) : constant air renewals
(b) : opened window during outdoor pollution pick
(c) : opened window after outdoor pollution pick

6. Conclusion

Outdoor and indoor pollutants monitoring outdoor (CO, SO,, NO, NO,, O;, VOC, PM, 5 particles and black smoke)
had been conducted in an empty dwelling to analyse the transfer of outdoor pollution into the dwelling. For these
experiments, ventilation parameters had been controlled as much as possible. The dwelling had been airtight and
mechanical ventilation system had been installed. The residual air leakage had been characterised using blowing
door and air renewal of experimented room had been assessed using SF6 tracer gas technique and confronted
with Siren2000 cal culations code.

This paper presented the effect of ventilation on outdoor pollutant transfer. For a non reactive gas as carbon
monoxide, the more important is the air renewal, the less is the smooth and the delay of indoor concentration
compared to the outdoor one. For the slightly opened windows case, the delay is less than half an hour and for
the largely opened window case, outdoor and indoor concentrations are quite similar. For reactive gas as sul phur
dioxide and ozone, the more is the air renewal, the less is the residence time of air from the outside. So pollutant
has less timeto react indoor and its part indoor compared to outdoor level is more important.

On the basis of carbon monoxide results, a methodology has been developed and enables us to assess an
averaged air renewal during a given period.

This study shows the difficulty to have ventilation strategy that prevents the transfer of outdoor urban pollution
into such building. As a matter of fact, different pollutant picks occur at different moments of the day and a low
ventilation strategy during these picks would imply an under ventilated indoor environment. Nevertheless, it is
recommended to situate the air inlet on the less exposed to outdoor pollutant facade. The best way to ensure a
good protection against a continuous polluted outdoor environment is to treat the incoming air by gaseous
filtration and to have airtight building.
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