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ABSTRACT 

impact of ventilation system operation and building products 
on perceived indoor air quality 

Wda Sakr 

Systematic studies conducted over the last few yean suggest that many of the building 

materiais and connimer products are the main source of indoor pollution and 

consequently they affect the perceived indoor air quality. Because of the diversity of the 

sources and types of contaminants, many have suggested that the best technique to ensure 

acceptable indoor air quality is to ventilate the building. However, no systematic shidy 

has shown to what extent this solution can be usefbi and when this solution is not 

practicd. 

Currently, the ventilation rate in non-industrial buildings is detennined per human 

occupant regardless of the pollutant emissions fiom building materials, ventilation 

systems and other sources. With the intention of saving energy, the ventilation systems in 

many office buildings are tumed off during the night. This process may reduce the quality 

of indoor air during day time, because of accumulation of contaminants in the air as well 

as the process of sorption when the air poiiutants absorbed by cieaner surfaces at night 

are reemitted during the &y. 

This thesis reports the results of a series of experimental studies on the impact of 

operation of ventilation system and the mixture of building materials on the perceived air 

quality. Experiments were perfomed in test chambers as well as in office buildings. 

Untrained panels of approximately 35 subjects assessed the air quality in ternis of 

acceptability and odor intensity. Experiments were performed using test chambers to 



determine the exposwe-response relationship for tested building materiais. 

The results of ventilation strategy experiments indicated that intermittent ventilation 

reduces the daytime air quality, and in order to maintain the same level of acceptability of 

the air as for continuous ventilation the ventilation rates during the day must be increased, 

The exponue-response relationship was then used to quanti@ the required increase in 

ventilation rate in order to maintain certain level of acceptability of the indoor air. 

The additive effect experiment reveaied an equivocal improvement in perceived air 

quality when two matenais were combined. However, to achieve the same level of 

acceptability, more ventilation is needed for a mixture of two materials due to a more flat 

nature of exposure-reqmnse relationship of combined materiai than for a single materiai. 
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CHAPTF,R 1 

INTRODUCTION 

1.1 Ovemm of indoor air quality problems 

Exposure to poiiutants commonly found in non-industrial indoor air have, in the past 

decade, become a main cause for international heaith concem. Of major signincance, is a 

class of pollutants c d e d  volatile organic compounds (VOCs). Some known sources of 

these contaminants are building materials, furnishings, cleanïng and personal care 

products. Human exposure to VOCs, beiieved to be perceived by the oIfactory system, 

cm elicit a variety of symptoms (Hudneii et al., 1990). These chernical compounds may 

ofien be present in concentrations several orders of magnitude lower than meaurable 

Iimits, and the only sign of their presence may occur via the sense of meIl (Iwuhita et 

al., 1990). 

nie notion that odor level perceived by visitors to an occupied space could offer a 

quantitative cntenon for ventilation requirements in buildings goes back to 1930. 

Yaglou et al (1936) appiied psychophysical scaling to study the level of occupancy odor 

depended on ventilation rate in nonsmoking environment. Both Amencan and European 

standards have relied explicitly on Yaglou's results. The recommended ventilation flow 

rate did not however prevent senous cornplaints concerning air quality in many buildings. 

It was also found that the human bioeffluents comprise very little of the pollution sources, 

whereas materials in spaces and ventilation systems, ignored for a century as pollution 

sources in standards, were the major cause of the poor air q d t y  observed in many 

buildings. This hd ing  allowed the introduction of a new philosophy of ventilation that 



acknowIedged al1 pdution sources (construction materiais, firrniture . ..-) in addition to 

smoking and bioeffluents caused by humans (Fanger, 1989). 

In some buildings, the reason for poor air quality may be obvious: actual air supply may 

be less than the designed or required supply. Even where cornpliance with ventilation 

standards are observed, and measwed concentrations of contaminants are several orders 

of magnitudes below existing limits, it was reported that 60% of the occupants stil i  found 

the air unacceptable (Fanger, 1989). 

In both sensory and chemical te=, the emissions from building materials depend on the 

following parameters: temperature, humidity (Fang et al., 1996) (Wolkoff, 1998) time 

d e r  manufacture, air velocity, ventilation rate (Gunnarsen, 1993) surface treatments and 

pollution from other activïties adsorbed on the materials (Wolkoff et al., 1991). Human 

perception of the arnbient air quaiity depends on the chemical and physical properties of 

the air. Berglund and Cain (1989) have shown that the physical properties of the air wiii 

exert a strong influence on how air quaIity is judged. They have shown that the air 

temperature will strongly affect the perception of acceptable air quality with humidity 

having less effect. 

At the design stage it is possible to predict the perceived air quality of a space based on 

a .  estimation of the total sensory pollution load in the space which could be found by 

adding the loads fiom the present individual materials. One way of providing data on 

individual materials is full-scale experiments in environmental chambers. This approach 

is expensive and tirne consuming. A simple and inexpensive test method for measuring 

chemical emission is the use of smd-scale test chambers, and a similar procedure may be 

used for quantimg the sensory emission fkom materials (Knudsen et al., 1993). 



1.2 The perception of indoor air 

Neither chemical nor physical measurements were able to identie reasons for 

increased cornplaints about indoor air quaiity- Interestingly, it was observed that human 

senses were superior to chemical analysis for assessing the quality of perceived indoor air 

in most occasions. 

1.2.1 Sensory mechanisms 

The sensory systems, which link us with the outside world, are functionaily 

identical. They transmit signals in the f o m  of coded messages fiom the receptor to the 

central nervous system for evaluation and e v e n W y  relayed back to the receptor. For the 

various sensory systems, the interface between extemal and intemal environments may 

be either mucous or the skin. Responses to chemical stimuli are the result of interaction 

between extemal molecules and sensory receptors, made up of proteins. It will therefore 

be expected that responses to chemical stimuli will be equally dependent on the nature of 

the stimulus and receptor properties as well as on personai factors. Somethesia (the 

common chemical sense) and olfaction have been shown to be the directiy associated 

with indoor air quality. While somethesia is associated with mucosal irritation, olfaction 

is Iinked with odor (ECA-IAQ, 1999). The two senses are influenced differently by 

adaptation (Engen, 1986). The olfactory sense is sensitive to odors and likely to adapt 

while the common chemical sense is sensitive to irritants and not likely to adapt 

(Gunnarsen, 1990). 

The nose is a sensitive instrument, it perceives the presence of pure chernicals and 

chemical mixtures at levels much lower than the detection lirnit of most conventional 

analytical instruments. The sense of olfaction is viewed as chernical sense because 

molecules interacting with receptor molecules are the stimulus prerequisites for eiiciting 



the sensations. Odorous properties of volatile molecules are Iùiked to the formation of 

reversible, low energy bindîngs with protein recepton. The specifkity of these receptor 

bindings depends on the actual topography of the receptor site, which is still unknown. 

The binding energy is accounted for by van der Waals forces, including hydrogen 

bonding and hydrophobic bonding . (ECA-IAQ, 1 999) 

The science of smelling is an interdisciplinary science that encompasses biology, 

physiology, chemiçtry, psychology, statistics and environmental sciences. Indoor air 

sciences employ olfactory sciences as a tool to investigate sources of indoor air poliution. 

1.2.2 Odors in indoor environment 

HistoricaUy, the presence of odor in indoor environment has been associated with 

dangerous places having unsanitary conditions. Moreover, odor in indoor environment is 

undesirable because it may indicate: an annoyance factor for the exposed occupants, low 

air exchange between indoor and fresh outdoor air, or the emission of VOCs 

(Moschandreas, 1992). 

Meanirement of odor quaiities is affectcd by several factors such as temperature, relative 

humidity (Berglund and Cain, 1989; Bluyssen et al., 1996), the frequency and length of 

exposure to the odorant (Gunnanen, 1990; Gunnarsen and Fanger, 1992) and by the 

educatiod culture of the evaluator- 

1.2.3 Sensory evaluation of indoor air quality 

Sensory analyses are based on the use of human subjects as m e a s h g  

instruments. Individuals do differ in sensory sensitivity, response behavior and value 

judgements. Some of these ciifferences are environmentally induced, some are linked to 



person and pemnaliîy characteristics. Fiirthennore, a number of biological variables 

influence oIfactory sensitivity. The most important is the decrease in sensitivity with age 

(Schifçnan, 1996). Sensory methods are still prefemd to physico-chemical methods as 

an evaluation tool since the later are often insensitive to low odor level or pollutants 

which are irritating to the olfactory system. Nonetheiess, the olfactory system is not only 

insensitive to some h a r d  air poiiutants (e-g. carbon monoxide and radon), but could 

also fail to quantitatively link the sensory effects and toxicity for other poilutants. 

Therefore the sensory method camot be regarded as a universai tool for assessing health 

impact of indoor air. 

Sensory evaluation of perceived indoor air quality may be used to study the impact of 

physical factors on perceived air quality, for investigation of exponire and response 

relationships, for evaluation of indoor air quality in new or refixbished buildings, for 

identification and quantification of poliution sources in buildings and for developrnent of 

a testing system for building materiais (ECA-IAQ 1999). 

1.3 Main Objectives of this wotk 

The main objective of this thesis is to investigate the impact of ventilation 

operation on the quaiity of indoor air as perceived by a panel of subjects. The quality of 

indoor air is measured in terms of acceptability and odor intensity. The more specific 

objectives are: 

c To assess the influence of nochunal ventiIation reduction on the perceived air quaiity, 

in terms of acceptability and odor intensity, in comparison with the case of 

CO~MUOUS ventilation. 



r To quantif;, the required incrase in ventdation rates in order to maintain the 

acceptability of the air when interminent ventilation is used. 

r To investigate the additive impact of  building materials on the perceived air quaiity. 

It is expected that the resuits of this work will help to establish ventilation requirements 

based on odor cnteria, to help building designers and architects to select materiais based 

on odor perception, and finally to predict the perceived air quality of a space based on the 

total sensory pollution load which codd be found by knowing the existing materials in 

that space. 



2.1 Perceived indoor air quality and odor : 

Odor has lately been a topic of interest because odor and stuff iess are a notable 

source of annoyance in the indoor dimate. WHO I 198T) in Air Quality Guidelines for 

Europe, discuss odor annoyance levels in terms of what may be acceptable as ' s e  

concentration at which not more than a srnail proportion of the population ( Iess than 5%) 

experience annoyance for a small part of the tirne". In another report (WHO 1989) they 

recommend that unwanted odors should not be present such that 50% of people c a .  

detect them and that 90% should be fiee of sensory irritation (EURO Reports 1 1 1, WHO 

1989). 

ASHRAE Standards (1989) state that an acceptable air quality is "air in which there are 

no known contaminants at h a d  concentrations and with which a nibstantial majority 

(80% or more) of the people exposed do not express dissatisfactions". (Standards 62, 

ASHRAE 1989). 

European Guidelines (European Concerted Action 1992) state that indoor air quality has 

two requirements; fïrst the health nsk should be negligible and then, the air should be 

pleasant rather than stale, stuffy and irritating. (Report 1 1, 1992) 

Parine et ai. (1994) analyzed the responses of 300 occupants to different questions 

regarding air quality in two buildings and they suggest that the perception of indoor air 

quality is complex where odor is of less importance than perceptions of" fieshness". 

They concluded that the odor production by building materials may be as important as 



the occupants odor production in deteminhg the perception of air quality and there is no 

single measurable definition of acceptable indoor air quality and M e r  research is 

needed to h d  the influence of 'physical' parameters on occupant judgement before odor 

is accepted as a surmgate for poor air quality. 

Knudsen et al. (1993) conducted experïxnents using small-scale chambers with different 

volume and a fûil-scale environmental chamber, they quantified the sensory emissions 

fiom four materiais placed in the different chambers by a trained sensory panel (15 

judges). They concluded that the sensory emission rate for individual materials in a real 

space can be predicted by experiments in small-scale test chambers because the air 

quality assessed in a dinuser was not different fiom the sarne air assessed immediately 

upon entering the space. However, they recommend keeping the ratio between ventilation 

rate and area of material siniilar to the conditions in the real space. 

Ber~lund et al. published a report in (1990) about the sensory critena for healthy 

buildings. The aim of the report was to defme criteria for healthy building fiom a sensory 

effect point of view and to discuss requirements on methods of tesing sensory effects. 

They said that sensory perceptions are reai and possible to explicate, manipuiate and 

rneasure. Common features of the sensory systems are multisensory perceptions, 

percephial interactions and recognition of chernical and sensory pattern of the indoor air. 

They concluded that unwanted odorous compounds shouid not be present indoors in 

concentrations exceeding the 50% for detection among the occupants and sensory irritant 

should never exceed 10% for detection, and healthy building priority should be given to 

protect the sensitive occupant population. 

Wokoff (1 994) developed a system to label the emission of VOCs kom new building 



products according to their impact on cornfort, the pinpose of this research was to explore 

the possibilities of ranking and evaluating the emission of VOCs fiom building products 

based on emission testing of potentiai VOCs selected on the basis of health assessrnent, it 

was decided to focus on odor and mucous irritation. The pilot study evaiuated 9 building 

products: 3 carpet, 3 sealant, and 3 waterbome paints, and the goal was to detennine the 

time during wbïch a new building product may cause air quaiïty problems, based on odor 

and mucous irritation tbresholds. It was found that odor threshoIds are magnitudes lower 

than mucous irritation thresholds and the time value c m  be used as a label and for 

ranking purposes. 

Knudsen et ai. (1997) studied the exposure-response relationship between the 

concentration of air pouutants and perceived air quality, they tested 8 materials often 

found indoors. Samples of the materiais were placed in a ventilated test chamber and the 

exhaust air fiom this chamber was diluted with dif5erent rates of unpolluted air to obtain 

different concentrations. A sensory panel assessed the perceived quality of the polluted 

air. They found that the exposure-response relationship between the pollutant 

concentration and perceived air qudity d.ered between the eight investigated materiais 

and that the sensory pollution load for a material change with the pollution 

concentrations. They proposed a simple measurement method based on a dilution system 

connected to a ventilated smail-scaie test chamber to characterize the ernissions fiom 

matends in sensory and chernical t e m .  

Balez (1 998) studied the olfactory effect in the built environment. Her research was based 

on user's statements. She introduced the "olfactory effectYy as a new tool for architectural 

design. This new method consists in analyzing anecdotes about olfactory phenornena, and 



it requires a very interdisciplinary approach, which relates physico-chernicals elements of 

odor to its perception. 

It is doubtful that a single approach or value c m  be adopted to universally characteriz 

good air quality, which is both healthy and cornfortable. The issue is far more complex 

and requires an interdisciplinary approach. However, the guidelines developed can 

provide background information, which may be usefbl for both general and specifïc 

purposes. 

2.2 The new units of perceived air quality 

Faneer (1988) introduced t w ~  new units, the olf and the decipol to qua@ air 

pollution sources and air poliution perceived by humans indoors and outdoors. The olf is 

introduced to quant* air pollution sources. One olf is the emission rate of air pollutants 

(bioeftluents) fkom a standard person and any other pollution source may be quantified by 

the number of standard persons (olf) required to cause the same dissatisfaction as the 

actual pollution source. The decipol is introduced to quantify air pollution perceived by 

humans, one decipol is the poliution caused by one olf ventilated by 10 Vs of unpolluted 

air. 

In 1989. Famer - introduced the new cornfort equation for indoor au  quality (using decipol 

and olf units), the equation incorporates al l  pollution sources in a space to denve a 

ventilation level that appeals to human perceptions. The cornfort equation acknowledged 

for the first time al1 pollution sources, not just human bioeffluents and smoking, and it 

quantified the quality of indoor and outdoor air as perceived by human being. 

It established a rational basis for firture ventilation standards. 



Osland et al. (1994) discussed the new UILits of perceived air quality and the validity of 

using these uni6 to determine ventilation rates. They concluded that still queries about 

the derivation of the olf l decipol approach and M e r  research needed to examine the 

methodology used to determine the olf and decipol, as well as investigahg the value of 

the new in assessing air quality. 

Peitersen et al. (19901 introduced a new simplified method to quanti@ the total pollution 

load in buildings caused by materials, occupants and tobacco smoking. The objective was 

to determine the total olf load fiom measurernents of perceived indoor air quality in 

decipol and outdoor air supply. The contribution fiom human bioeffluents and tobacco 

smoking were calculated fiom CO2 and CO measurements. The olf load of the building 

itself was found as the total load (calculated fiom the comfort equation*) minus 

bioeffluent and smoking. Nine office buildings were studied using this method and a 

trained panel assessed the perceived air quality. From the results of this study they found 

that 62% of the pollution sources came fiom materials in the spaces and in the ventilation 

system while the occupants contribution did not exceed 24%. ïhey concluded that the 

building itself is a senous pollution source and the first step to reduce unnecessary 

pollution sources is to identfi the pollution Ioad. 

In a research conducted by Bluvssen et al. (1993) the two available methods to evaluate 

air quaiity (the decipol method and the threshold method) were compared. It was 

concluded that for perceived air qualities above 15 decipol the two methods showed a 

correlation, and at perceived air qualities below 15 decipol no relation between the wo 

* The comfort equation: Q = 10G/ (Ci-Co) where Q is the ventilation rate (Vs), G is the total pollution 
sources (olf), Ci is the perceived indoor air quaiity (decipol) and Co is the perceived outdoor air 
quality(decipo1) (Fanger 1989) 



methods was found. When evaliilrting indoor air quality in buildings, the perceived air 

quality will be below 15 decipol, therefore the decipol method is the method to be used. 

The olf and decipol method do provide a rational basis for identifying the source of 

pollution, calculate ventiIation requirements, and to predict and measure indoor air 

quality. However, it d e r s  h m  both theoretical (assumed Linearity between perceived 

air quality and poliution source) and practical Limitations (trained panel costly to 

maintain). 

2 3  Odor htensity and olfoctory sensation 

A series of five experiments were perfonned by Cain 11969) dealuig mainly with 

normal aiiphatic aicohols. It was found that there are reliable ciifferences among the 

exponents of the psychophysical power fimctions for odorants*. There was a perfect 

rank-order correlation between the size of the exponent and the water-solubility of the 

odorants. Although the exponents were higher when the stimuli were delivered with an 

air-dilution olfactometer than when was sniffed fiom cotton swabs. They concluded that 

the rate of growth of suprathreshold odor intensity is partially dependent on the solubility 

characteristics of odorants. 

Berelund et al. 11971) obtained individual scales of odor intensity for 28 different 

chernical compounds ushg the method of magnitude estimation. A panel of 1 1 members 

participated in an experiment with 196 olfactory stimuli which differed in both quality 

* A mathematical relationship between the magnitude of the physical stimulus dimension and the 
magnitude of sensation cailed the power Iaw (Stevens, 1957). According to the gower law, sensory 
magnitude is proportioned to physicai intensity of the stimulus raised to a power: S=H 
S: sensation, k: constant (takes into account the choice of units used in a given sensory dimension), 1: 
stimulus intensily or concentration, b: is the exponent which reflects the relation between sensory 
magnitude and stimulus magnitude and it differs between odorants- The relationship between sensation (or 
psychological magnitude) and stimulus magnitude can be plotted as a curve called a power fünction. 
(Schiffman, Sensation and Perception, 1996) 



and intensity. It was found that power fiuictions described the relationship between 

partial vapor pressure of the odorants and their subjective odor intensity for al1 the panel 

members and al1 exponents were less than one and varied greatiy between the participated 

members- As a result, the variation in the exponents is characteristic of the odorants 

rather than of response bias. 

E n ~ n  (1982) studied the relationship between odor stimuli and odor sensation and he 

found that for individual chernical compounds the relation between perceived intensity 

and concentration Vary between odorants. 

The study done by G- Iwashita et al (1990) was to investigate indoor air quality by 

making subjective assessrnent of perceived air poilution caused by human bioeffluents. 

They used 107 subjects as judges to report the odor intensities and acceptability of 

bioeffluents fiom 54 other subjects as occupants. The experiments were conducted in a 

full-scale test chamber. The percentage of dissatisfied judges expressed as a fûnction of 

Yaglou's odor intensity. They concluded that the mean odor intensity has strong 

correlation with the percentage of dissatisfied, and a ventilation rate approximately 

7 Wperson was required to satisQ 80% of judges entering the chamber. 

Hudnell et al. 1990 published a report, which described evidence indicating that 

perceived odor intensity diminishes during prolonged exposure while perceived intensiv 

of irritation showed no evidence of decay. They concluded that both odor and irritation 

contributed to the perception of air quality. 

Karpe et al. (19951 presented a method aimed to meastue the odor intensity in indoor air. 

This method is based on the cornparison of the unknown odor intensity with the reference 

of 8 butanol solutions. A sensory panel of 21 persons has been trained in order to 



meamre the odor intensity of different polluted sources (building materials) using the 

olfactory matchhg methoci, based on the cornparison of an unknown odor intensity with 

the reference of 8 butanol solutions. The pane1 was asked to estimate the odor in terms of 

intensity and not in terms of quality. Three wallpapers and two floor covering were 

conditioned in a 1 m3 stainless steel test chamber. They concluded that the oifactory 

matching method is reliable and the floor coverings tested are less odorous than the wall 

coverings but no correlation exists berneen TVOC emission rates and the odor intensities 

for the studied materials. 

The majority of the indoor volatile air contaminants are odorous. For odorous as well as 

other sensory stimuli, perceived odor intensity increases as a power b c t i o n  of 

concentration. At present, only sensory methods using human subjects are available for 

rneasurements of perceived air quality. The study of the relationship between odor stimuli 

and odor sensation show that for individual chernical compounds the relationship 

between perceived intensity and concentration varies between odorants. As a 

consequence the change in perceived odor intensity due to the same relative change of the 

concentration varies between odorants. 

2.4 Trained and antrained panels 

Two different panel procedures may be used to measure the initially perceived air quality: 

1. Trained or calibrated panel: when a panel has to be aained to evaluate perceived air 

quality in decipol, a reference that is easy to measure and to produce is required. The gas 

2-propanone (acetone) was selected through a lite-e survey and laboratory tests, it 

was found to be the best candidate since it is cheap, common and readily available. The 



production is based on passive evaporation and is introduced to the human nose by a 

constant airflow coming out of the so cailed decipolmeter. Before 2-propanone can be 

used as a reference, a relation between the perceived air quality in decipol and the 2- 

propanone concentration in air is required. This relation cm be used to train people in 

evaluating air quaiity directly in decipol. 

2. Representative panel (untrained panel): this panel needs no training. It assesses the air 

quality by voting on acceptability and intensity scales shown in Figure (2.1). 

Representativeness of this kind of panel is important. The panel size depends on the 

required precision of mean votes. The panel members rate odor intensity and assess 

acceptability immediately after sniffing the air. One disadvantage of using an untrained 

panel is that the performance of the panel cannot be evaluated. 

The reason for using a trained panel instead of an untraïned panel is  that a trained panel 

requires less people than an untrained panel. It was found that in order to establish tbe 

same standard error on a mean vote with an untrained panel as a &ed panel, at least 8 

tirnes as many people are needed (Bluyssen 1991). Both ASHRAE (1989) and European 

concerted Action (1992) suggest the use of untrahed 'visitors' as judges due to the 

occupant's diminishing response to odors over t h e .  

Gunnarsen & Bluvssen (1994) conducted a study to compare the performance of 

representative panels (vote either on a binary acceptability scale or  on the continuous 

acceptability scde (figure 2.1)) and traïned panels (vote in decipol scale) for initial 

assessment of air quality. They concluded that if an untrained panel is applied to evaluate 

perceived air quality in buildings, it shodd consist of 50 members minimum, when 

votuig perceived air qualities in the typical range of 0-10 decipol, to be as precise as a 



Figure 2.1 Voting scale and questions muaMy used with the representative pane1 

Vote for odor intensity Vote for accept 

How strong is the odor in this room ? 

Please mark on the scde : 

Imagine that you frequentiy during 

daiIy work were exposed to the 

odor in this room . Would you 

No odor judge the odor as acceptable 

Slight odor O Acceptable 

Strong odor 0 Not acceptable 

Very strong odor How acceptable do you find 

Overpowe~g odor the odor ? please mark on the 

scale. 

1 T Clearly acceptable 

1 Just acceptable 

-1 1 Clearly not acceptable 

trained panel of 12 members. T&e choice of panel depends on the required accuracy at 

expected pollution levels and the available equipment. 

Reinikainen (1 993) conducted a study on the effect of humidification on perceived indoor 

air quaiity assessed by untrained odor panel with 18-20 membea. Before entering the 

building the panelists received a questionnaire inquiring the quaiity of outdoor and indoor 

air. They were asked to evaluate the perceived odor (using the same voting scale shown 

in figure 2.1) plus a scale to evaluate snifnness (l=very fresh, 2= fiesh, 3=neutral, 



4=slightly sniffy, j=stu£@)). î h e  results showed that an untrained panel of about 20 

members can reliably differentiate a slight maiodor and stuffiness in indoor air. 

Oseland et al. (1 994) developed a procedure for testing buildings by using a trained panel 

of people to rate air quality directIy in decipol. 50 people were exposed to 8 unknown 

concentrations of acetone. The 17 people who gave the closest answers to the correct 

concentrations were selected to be trained as panel members. The panel members who 

were selected becarne capabIe of detecting and rating very low concentrations of acetone. 

The airns of the training were two folds: to ensure each panel member was competent in 

assessing samples of acetone, and to ensure consistency across the panel when assessing 

samples other than acetone. As the only dinerence between these samples was their 

concentration, the panel learnt to use intensity rather than annoyance to make their 

assessrnent When the panel were presented with samples other than acetone, the 

assessments needed to be made considering annoyance, not intensity and the rating 

become much more varied. It was concluded that there were practical limitations with 

the procedure drawn up to test air quality in buildings using trained panels of people. 

Because of the cost of this technique and the practical difnculties associated with it, it is 

hard to see the technique being widely used in the funw. 

Berelund et al (1990) in their report about the sensory cntena for healthy building aimed 

to fumish judgrnental cntena for defining a healthy building fiom a sensory effect point 

of view and to discuss requirements on methods of testing the sensory effects. They 

mentioned that the typical tool for scaling sensory effects in occupied buildings is the 

questionnaire surveys fiom which dose-response relatiomhips may be constructed. 

Pei tersen et al. ( 1 993 1 studied the performance of a aained sensory panel, 1 5 subj ects 



were selected and trained for 14 houn in how to assess perceived air quality in the 

sensory unit decipol. The 2-propanone gas was used as a reference gas. In addition to the 

training with the reference gas the panel was exposed to air polluted with materials fiom 

buildings and ventilation systems. They concluded that it is important to make a carefid 

selection of the subjects by a proper entrance test in order to obtain accurate and 

reproducible results from a trained sensory panel. They found for a panel of 15 subjects 

the standard error of the mean assessrnent of au samples poliuted by various building 

materials increased nom 0.4 decipol at a mean vote of 2 decipol to 1.3 decipol at a mean 

vote of 10 decipol. 

A strategy was given by Bluvssen et al. (1995) on how to produce different 

concentrations of the reference gas to be used to train panels in evaluating perceived air 

qualiq directly in decipol. The equipment required to train a panel comprised 12 

decipolrneters equipment for production of 2-propanone, a zero-decipol room and several 

forms to be fïIled by the panel memben. It was found that the relation between the 2- 

propanone concentration and the perceived air quality could be used to train people to 

evaluate air quality directly in decipol. A critical point in the use of the decipolmeter is 

the establishment of the low values i.e. values below one decipol. Recommendations to 

establish an accurate and stable concentration usbg decipolmeter were given. 

2.5 Adaptation 

The sense of smell, more than other modaiities, is affected by adaptation as a result 

of fatigue fiom continued exposure to a stimulus. Exposure to an odor may cause 

adaptation and thus reduce both its perceived intensity and its quality but without its 



disappearing altogether (Engen, 1982). There are severai aspects of adaptation: 

0 Self adaptation means that the same substance was used as the adapting stimulus and 

as the test stimulus. 

Cross adaptation: when adapting stimulus having a different quality than the test 

stimulus. 

Gunnarsen (1 990) studied the adaptation to air plluiion onginated from typicai building 

materials and its infiuence on the ventilation rate- A panel of 11 trained subjects was 

exposed to the pollution in clirnate chambers; the exposure lasted 16 minutes. The results 

showed a slight improvement in the acceptabiüty of poiluted air during the first minutes 

of exponire. He concluded that adaptation improves acceptability considerably when 

humans pollute the air, and some improvement occurs when moderate tobacco smoking is 

the pollution sources, while only a smaii improvement is observed when building 

materials are the main source of pollution, It was found that the most important factor to 

be considered when designing ventiiation for acceptable air quality is pollution from 

building materids. Another research was conducted by Gunnarsen &Fanger (1 9922 

about the adaptation to indoor air pollution, the purpose of this research was to midy 

discodort caused by typical indoor pollution before, during, and after a transient period 

of adaptation. 32 subjects served as air quality judges during 42 exposures. They were 

exposed to different concentrations of huma. bioefients, tobacco smoke, and emissions 

from building materiais. The panel subjects voted every two minutes on scales for odor 

intensity and acceptability of the air qualiv while they were exposed to constant levels of 

air pollution. The results showed the positive and aegative effects of cross adaptation. It 

was found that the air is perceived least acceptable immediately after people entering a 



space with air pollution, and d e r  some minutes people may adapt and the air is felt more 

acceptable, although the acceptability improvement due to adaptation depend on the 

source of air pollution (bioefnuent, tobacco smoking, building materials) which correlate 

with the results obtauied in the previous study (Gunnarsen 1990). They concluded that 

ventilation for comfort may be reduced considerably if a few minutes of discornfort are 

acceptable or if the occupants are exposed to a gradually increased pollution level during 

the first IO nui, or more of their stay in a space. 

Cain (1985) presented a mode1 for the time course of olfactory adaptation to single 

components. He found that perceived intensity reaches a stable level of approximately 

40% of the initial magnitude d e r  3 min of adaptation. 

Adaptation, arising fkom continuou exposure, can &ect olfaction, producing a reduced 

response which can r e d t  in lower perceived odor intensity. Studies conducted to date 

show that adaptation varies with the type of pollutant; of special interest are pollutants 

due to construction materials. 

2.6 The effect of indoor-climate-reIated parameters on the emission from building 

matenals: 

Physical and Psychophysical measurements of odor were performed by Cain et al (1 983) 

to examine ventilation requirements during smoking and nonsmoking occupancy in an 

environmental chamber. They compared the impressions of visitors with impressions of 

occupants. For nonsmoking occupancy, 47 combinations of temperature, humidity, 

ventilation rate and occupancy density were examined. The main conclusion was that for 

both smoking and nonsmoking conditions, a combination of high temperature (25.5 OC) 



and relative humidity (> 70%) exacerbateci the odor problem. 

Gunnarsen et ai. (1993) studied the a u e n c e  of specific ventilation rate on the emissions 

nom construction products. The experiments were perfonned using mail-scale climate 

chambes incIuding CLIMPAQ, 4 construction products were tested. A trained sensory 

panel voted on decipol scale and chemical analysis quantified the major pollutants. The 

results showed that for low ventilation rates the emission rates may be proportional to the 

specifk ventilation rate and for higher ventilation rates the emission rates become 

independent of ventilation. 

Reinikainen (1993) evaluated the effect of humidification on odor perception, 

acceptability, and mifnness of indoor air. The quality of indoor air was assessed by 

untrained odor panel. It was concluded that both perception of unpleasant odor and 

stufnness increased when the air was humidified, and humidified air was less acceptable 

than nonhumidified. 

Iwashita et al. (1994) examined the effects of the d a c e  air velocity on surface emission 

of perceived air pollutants using 4 small chambers. Four different levels of surface air 

velocities were assigned to the four chambers. Four different materials were tested. The 

surface emission rate was calcdated fiom the mean perceived air quality in decipol voted 

by trained panel. The r e d t s  showed that the higher the surface air velocity the greater 

the surface emission rate of perceived pollutants, and it was recommended to keep the 

surface air velocities in a range found indoors in evaluating emission rate fiom building 

materials. 

Bluvssen et al. (1996) described experiments on the effect of temperature on the chernical 

and sensory emission of indoor materials. Four materials were investigated and each 



material was tested under two different temperatures It was concluded that temperame 

has a significant influence on the chemically meanired emission rate, but temperature did 

not influence the sensory emission significantly during two weeks. Also the chernical 

decay of TVOC emission proceeds faster than the sensory decrement, 

L. Fane et al. (1996) studied the sensory response to air polluted by five building 

materials under different combinations of temperature and humidity. They concluded that 

the temperature and humidity have a strong impact on the perception of air poiluted by 

five common materiais while the impact on emission was less significant, and the impact 

of temperature and humidity on perception decreases with increasing level of air 

pollution. 

In a research conducted by Wolkoff (1998) the emission of two volatile organic 

compounds of concem fiom five building products were measured in field and laboratory 

emission cell (FLEC). Ten different climate conditions were tested- The VOCs selected 

to be below human odor thresholds. The resdts showed that primary source emissions 

were not affected by the air velocity after a few days to any great extent. Both the 

temperature and relative humidity aEected the emission rates, but depend strongly on the 

type of VOC and the type of building product. 

In order to characterize a building product properly, it is important to know how various 

climate parameters may affect the perceived air quality and the emission rates of VOCs. 

Several parameters should be considered, including the air velocity over the building 

product, the age of the building product, temperature, and humidity. 



2.7 Senso y VS non sensoxy techniques to evaluate indoor air qudity 

Non-sensory methods have so far proved unsuccessful in determining odor and 

mucosal irritation. Recent studies have mostly shown that, for different VOC mixtures, 

there is no consistent relationship between concentration and odor intensity. While, for a 

given odorant or irritant, the perceived intensity will increase with increase in chemicai 

concentration, different substances with the same concentration will elicit different 

perceived intensities. It would thus be useful, in addition to sensory methods, to employ 

VOC measurements in assessing air quality since VOCs are major polIutants, potentidy 

odorous, and perceptible by the human nose (ECA-[AQ 1997). The overall odor strength 

of an indoor air sample was shown to be predicted simply fiom the number of 

components most fiequently reported to have a strong odor (Berglund et al 1982). 

The aim of the research conducted by K. Villbere et al, 1998 was to compare the results 

obtained fkom the test of 29 construction materials using chemical and sensory methods. 

They found that TVOC did not correlate with sensory evaluations, the value of TVOC 

might be at a high level and the r e d t  of sensory evaluation is good. Mead the nature of 

the chemical groups (e-g. carbonyl compounds) are more relevant in characterization of 

odos, when the content of carbonyl compounds is high even though the TVOC is low, 

the odor is probably unpleasant. 

2.8 Conclusion 

Despite the extensive research presented above (a summary of these efforts is 

shown in table 24, many questions concerning perception and emission of indoor air 

pollutants remain unanswered. The following challenges are presently facing researchers 



in the area: 

The development of standardized measuring methods and models for emissions fiom 

indoor air pollution sources in chernicd and sensory terms depending on age, air 

pollution concentration, air velocity, temperature and humidity. 

The development of models to predict perceived air quality in actuai buildings fiom 

data obtained in the laboratory. Comparing such predictions with established 

standards would provide the criterion for Iabeiing or classification of the materiai. 

The need for improvhg the level of measurement (scales) in sensory evaiuations, 

while scales determine the type of statistical analysis that is adequate for the obtained 

measurements. 

The validation of innovative techniques, such as the use of trained panels to assess 

indoor air quaIity in decipol. 

The need for more fundamental knowiedge about the behavior of indoor pollution 

sources to be able to reduce ventilation requirements and health hazards due to bad 

air quality. 

This mdy will provide valuable information about the effects of varying ventilation on 

perceived air quaiity. The resdts could f o m  the bais for cornputer modeling which help 

to predict indoor air quality in buildings and the most appropriate ventilation rates, taking 

into account the different sources of contamination and the need for an efficient use of 

energy . 



Table 2.1: Suiiiirnry of soiiie cheiiiical and sensory tests conducted to date 

I4.N. Kiiudseii ci 4 

( 1 997) 

L, Guiinarseii et a 
(1 992) 

Sciisory 
test 

10- 14 iraiiied 
paiiel 
iiieii aiid 
WOIIICII  

iiieaii agc 25 
years 

----- 
I G  feiiinlc aiid 
I G  iiialc 
uiitrained 
panel, ages 
18-30 years, 
~liey voied on 
odor iiiteiisity 
oii a itiodified 
Yaglou - scale 

I O  trrriiied 
pniiel and 8 
iiiitraiiicd 
panel 

pollutioii 
soiirces 

Building 
iiiaterials: 
Iitioleutn, 
PVC, floor 
varnisli on 
beechwood, 
carpct iiig, 
wall paint, 
sealant 
I.~UIIIRII 
bioefnueiit 
tobacco 
snioke 
and 
biiildiiig 
iiiaterial 

Building 
tiiaterials 
(carpet, 
cliipwood, 
liiioleuiii, 
liardboard) 
iicwspaper 
niid 2- 
propaiioiic 

Test fncilities & 
coiiditioiis 

1030 L glass vciitilated 
test cliaiiiber placcd iii a 
28.5 itil environineiital 
cliainber o f  stainless steel 
outdoor-air excbange rate 
4011 " the flow rate to the 
test cliaiiiber 1.8 L/s 

-- -. -- .+-. ----- 
' N o  siaiiiless steel 
cliaiiibers 
the volunie=28,5 m1 
Air exchange rate 50 h'l 
Flow rate 1000 LIS 

Decipoliiietcrs located in 
a clitiiate cliaiiiber, 
Tefloii bag (50L) to 
collect air saiiiples froiii 
the ouilet of ilic 
decipoliiieicr, 

Procediire 

The study \vos pcrfarnied over a period of  1 I 
weeks: IWO weeks wiili aii enipty clianibcr, one 
week for each of  tlie eigbt iiiaterials, and one 
week for tlic mixture of tliree iiiaterials, The 
sensory panel came once every week, and 
before the assessrnent tlie panel was retrained 
for one Iiour, 

-- -- 
Adaptation to bioofllueiit, adaptation to 
pollutants from building iiiaterials, adaptatioii 
to tobacco smoke & cross adaptation between 
the pollutants were siudied. Each experiment 
lastiiig 4 h perfomacd oii four different days. 
Every I5 min a group of subjects eritered a 
cliaiiiber and scatcd for 15 iiiiii. they voted on 
air quality just nRer entering and every 2 iiiin, 

Oiie week before tlie study, tlie selected 
inaterials were placed in decipolnieters. One 
Iiour before eacli test the sniall ventilators of 
tlie decipolnietcrs were activated, The 
perceived air quality produced by the 
decipolnieters was cvaluated twice by traiiied 
paiiel witli a gap of I 5Oiiiiii. 
Air sainples collecled iii Tefloii bng werc iised 
for the executioti o f  tl ie iliresliold iiietlioi) iisirig 
a paiiel of 8 pcrsons 

Objective1 
Purpose o f  
Experiiiiciit 

To study 
ex posure- 
responso 
relat ionship 
between tlia 
concentration of  
air poltutrnts aiid 
perceived air 
qualily - 
To study 
discani fort 
caused by typical 
indoor pollution 
before, duriiig 
and aftcr a period 
of  adaptatioti. 

'i'o coiiipare tlie 
tlireshold iiietliod 
witli the decipol 
inethod 



Table 2.1 : ( cont9d) Suinmary of soiiie clicmical and sensory tests conducted to date 

Sciisory 
Tcs l  

3ioefflueiits 
Troiii 54 
x c u  paiits: 
Il7 woiiicii 
27irieii 

--- 

Syiitliet ic 
carpct, 
liilolcuni, 
pniiit niid 
sealaiit 

................................. 

Six set o f  
buildiiig 
iiiaierials 

Test faci li t ies & 
coi id i t  ions 

16.9 iii3 tcst cliaiiibcr 
ineaii air tciiipcraturc 
25°C , relative liuniidiiy 
43% 

----- 
5 1 L and 1030 L siiiall 
scnle tcst cliaiiibcrs iiiadc 
o f  glass and Iwo  28.5 iii3 

full-scale staiiiless steel 
ciiviroiiiiiciital cliatnbers 
oiic o f  tliciii coiitniiicd tlic 
siiinll clininbcrs, 
ACH 2 h "teiiiperature= 
22*C, air f low rate 0.911s 
for siiiall cliaiiibers 

l'wo idciitical clinin& 
cliaiiibcrs 

. . 

Proccdurc 

'i'he panel occupicd a wcl l  vcntilated waiting 
rooiii, Tl ie panel iiihaled air froni cliaiiibcr 
tlirougli a sniffing opciiiiig, Iiiiiiicdiatcly aner 
siii f l i i ig the air tlicy ratcd odor iiitciisit y oi i  
Yaglou's scale and assessed acceptability, 
Tl ic nir oxcliaiigo riite aiid tlrc i i i i ic  of 
uccupatioii wcrc varicd, tlircc d i  flcrciit 
situatioiis were tcstcd niid for cnclr oiie the 
panel was asked to  evaluatc clic nir quality, 

l ' l ie cxpcriincrits took fivc days: one for 
eiiipty chanibers and one for eacli o f  the four 
iiiaterials, The sensary panel assessed the 
pcrceived air quality in tlie full-scale cliaiiibcr 
aiid i n  the diffuser furtlicriiiorc the qunliiy o f  
air leaving the s ind l  cliaiiibcrs tlirougli 
diffuscrs were assesscd. 

...a. <...<..."..........,...*........,..............,,,.,**,.... .....,...,., 3.. ......,... 1 .... ii...iiri.i...iir ...... .,... ..,. .. 

Six set o f  building materials were testcd i n  
tliree days. Eacli experiniciit day las1 one lir: 
13 iiiiii exposure to one iiiaterial, 30 iiiin 
pausing tlieii 16 iiiin exposure to aiiotlier 
iiiaterial. 

Obj cct  ivcl 
Purpose of 
Exper i i i ie i i  t 

To invest igate 
Iiidoor air quality 
by niaking 
subjcctivc 
assessniciit o f  
pcrceivcd nir 
poll i i l ioi i  cniiscd 
b y  Iiuiiiaii 
bioeilli ictit 

To evaluatc 
wlietlier i t  i s  
possible to predict 
tlic perceived air 
quality i n  a spacc 
bnsed on 
experiiueiits iii 
sniall-scale test 
clianibcrs, 

ï'o study the 
adaptatioii to air 
pollutcd by 
building iiiaterinls 



Researcliers 

G. Iwasliiia et al. 
( 1994) 

Tablc 2.1 : ( cont9d) Suiiiniary of soine clieinical and sensory tests conducted to date 

Seiisory 
Test 

66 trained 
paiiel ( iiisle 
tioiisiiioker) 
nieari age 25 
years 

Traiiied panel 
of 12 judges 
(8 feiuale and 
O iiiales), 

300 officc 
workers 

Jlieiii ical 
test 

pollutioii 
sources 

Mixture of  
.wenty two 
VOCs 

Building 
iiaterials: 
:Iiipboard, 
:arpet, 
-ubber, and 
itraw-iiiat 

Bioefflueiit 
& 

Buildiiig 
iiiaterials 

Test facilities & 
coiid i t ions 

Coiitrolled eiivironnieiiial 
cliaiiiber 

Four box-sizc sitiall 
chaiiibers, niade of  
aluniiriuin panel 
40.5 1 eacli 
four level of  air velocity: 
O.O5,OS,I ,O and 2.0 iih 

ACH 4 1 .21i"ieiiiI)erature= 
22OC, R,H,= 40-60% --- 

I'wo nir- co~iditio~icd 
buildings 
iiieaii teiiipernture; 
22, I0C -23. I0C 
R,H, 35-47% 
Fresli air veiitilaiioii : 
10.8- 59,O I/s,pers, 

Procedure 

Subjects practiced cach of the tests under 
cleati air condiiions in a training session, 
Experimeiital session were 4 - Iirs in duratioii: 
75 niin clean air, during the iiext 30 niin VûC 
conc. was btought to target level, 2.25hrs was 
tlie time of exposura. 
Subjects iiidicated ille inieiisity of  irritation 
usiiig potentioineter, 

As soon as tlic panel arrived at ilie box 
chaiiibers they wera requested to evaluate 
perceived air guality in decipol twice a day, 
Only one maierial was tesied in eacli 
experiniental day, Escli niaterial placed in tlic 
cliamber and ventilated for 18 hrs, 

Four quesiioiis regardirig air yualiiy aiid odor 
were distributed IO tlie workers in the 
buildings. 

Objective/ 
Purpose of 
Experitneiit 

To study the odor 
and irritation 
effects o f  a 
mixture of  VOCs 

1'0 investigatc the 
effect of  the 
surface air velocity 
on surface 
emission rate of  
perceived air 
pollutants. 

To find out- 
wlieilier the odor 
ptoduciioii by a 
buildiiig's 
iiiaterials is as 
i l l l ~ ~ f l ~ l l t  BS the 
occupants odor 
production in 
deterinining the 
pcrccptioii of  air 
qiinlity 



l'iiblc 2.1 : ( cuiit'd) S~liiiiiiiiy uf suiiic clicinicril niid sciisoiy tests coiiductcd to dntc 

Researclicrs 

L.M. Rciiiikaincii 
: 1993) 

I. Pcjterscii et al. 
[ 1 993) 

P. Dluyssen et al. 
( 1 996) 

Seiisoiy 
R s t  

18-23 
iiciiibcrs 
iiitraiiicd 
inricl 
iiorc or linlf 
YCI% i l le i l  
!O-49 yrs old 

--- 
I 5 siibjccts 
rniiicd pniicl 
6 woiiicii & 
) men) 
iieaii agc 30 
t'rs, 
-- 

~raiiicd paiicl 

Cheiiiicnl 
tcst 

--- 

- 

Air saniples 
were 
col lccted 
witli 
cliarcoal 
tubes and 
tcsted usirig 
GC and FIC 
Idciiiificatic 
n was b~sed 
on relent ioii 
tiiiie 

Diocffiiiciii, 
building 
niaterid niid 
vciiiilat iuii 
syslciii 

ïiuildiiig 
iiintcrinls & 
vent i fatioii 
systeni 

Four 
inatcrials : 
carpet, oil- 
based paint, 
plywood 
board aiid 
a water- 
based paiiit 

Test facilitics & 
coiiditioris 

l'l ic sludy wns carried 
out in an office ceiitcr 
(il lins G syiiiiiictrical 
wings). 
RI4 iii iioii liuiiiidi ficd 
arca 20-30% 
RH iii Iiuiiiidificd area 
30935% 

Cliiiiatc cliniiibcr wiili 
tcnipcraturc = 22OC, 
air cxclinngc ratea 81i" 

15 iii3 cliaiiiber 
covered wiih Teflon. 
Decipoliiieter 
teniperature 2 3 O C  
airflow 15 iiiJ/ii 

air excliange ratel .OK' 
RE1 45% air velocity 
nt surface in center 
O, 1 nits, 
For clieiiiical 
Il~ec7SlIrelilcnt: 
air flow rate= 1 Iliiiiii 

l' l ie cffcci of air Iiuiiiidificatioii was 
studied iii six period. Diiriiig tlicse pcriod 
ilie air Iiuiiiidificaiiari vnried beiweeii the 
wiiigs. Tlic paiicfisis did not kiiow wliicli 
OC the wiiigs was Iiuniidified, Each group 
ciitcriiig the tlirco wings iii a raiidoiii 
sequeiicc, bcfore tlrat tliey received 
qiiestioiiiiairo to ev~lunte the quality of 
oiitdoor aiid indoor air, 

Ucfure tlic pancl asscsscd i l io air quality 
iii R spnce tliey spciit 2 iiiiii, iii oiitdoor air 
io rcfresli the olfactory seiiscs, l'lie pancl 
was instructed to assess the air quality 
iiiimediately upon entering the spacc 

For the scnsory cvaluatiotis air was 
exhausted tlirough one of  the cliamber 
wall to a decipolrneter. 
For eacli material two coiiditioiis were 
tested 23°C & 30% so eiglit series of  
expeririieiits were carricd out, 

Objcctivcl Pwrpose of 
Expcriiiicri t 

- - -- 

l'o evaluatc the cffcct of 
liiiiiiidification on odor 
yercept ioii, accepiability 
and siufï~iicss of  indoor 
air, and to test the 
abiliiy of unîruiiicd 
pniiel to assess îlie 
chnracteristics of iiidoor 
ni r. 

To ovaluatc the 
perfoniiaiice of a trained 
seiisory paiiel 

To evaluate the 
influence of teniperature 
on eniissions froni 
itidoor niaterials botli 
wi th clieniical aiid 
sensory niet hods, 



Table 2.1 : ( cuiit'd) Suiiiiiirry of sotne clie~iiical and sensury tests conductcd to date 

Rcsearcliers 

L, Gunnarsen et 
il .(1993) 

- -. . - ..- - -.---.- 
l'.O.l'riiiger et al. 
( 1 988) 

Seiisory 
' k t  

15 trained 
persoiis 

.-------- 
165 persoiis 

-. 

54 persoiis : 
27 iiicii and 
27 woiiicii 
age 18-30 yr, 

Clieiiiical 
test 

3amples 
Nere takeii 
l n  Tenu, 
lesorbed by 
3C aiid 
yant ified 
>yl;lD 

4 GCIMS 
iiialysis of 
the 
tieadspace 
d'al1 tested 
niaterials 

pollution 
soiirces 

Liiioleum, 
rcrylic paiiit 
i y  loir 
:arpet aiid 
iealant 

Zarpet , 
?aint and 
icalaiit 

-.- 
Siiiokiiig 
and 
iionsnioking 
Dccupants 

---- 
Bioeffliieiit 
buildiiig 
iiiaterials 
and vent, 
systciii 

Test facilities & 
coiidit ions 

5 CLfMPAQ , 3  FLECs, 
and two jar like 3 L 
glnss clianibers 
teinperalure 22°C 
air flow for sensory 
assessnieiit 0 3  Ils 

FLEC ( Field and 
laboratory Einissioii 
Cell) 

-- ------- --- *- 
Bnv iroiiineiital cliaiiiber 
al1 surfaces were 
aluniiiiutii 
Floor surface 1 I nia 
Flow rate 1000 LIS 

---- ---- 
Tweiity spaces were 
selectcd for the study 
tlicy Iiad a niiriiiiiuiii 
floor arca of 60 ni2, 
iiiecliaiiically vent ilated 
and iioiic Iiad ii 
rccirciilaliaii of the air 

Procedure 

Each material was placed in tlie different 
chamber sirnultaneausly and after 6 days 
clieinical samples were takeii and the seiisory 
panel assessed the air quality eacli meniber 
assessed each test twice 

The eniission of VOCs froni niiie building 
products was measured in FLEC over a 
period o f  several months, 

--- ---- 
ï'liree levels of occupancy, four ventilai ion 
rates aiid four environiiiental conditions, forty 
seveii corn binatioi~s of tliese factors received 
attention. Sonie o f  the participants entered the 
eiivironniental chanrber(occupants) and oiber 
judge the odor at sniffitig station 

Wlien the subjects entcred a space hey 
judged the air quality by filling a 
questioiiiiaire about odor iiitcnsity aiid 
fresliness iii the saine tiine nieasurements of 
pliysical and clieinical factors were niade 

Objective1 Purpose 
of Experiiiieiit 

To invcstigate tlic 
influence of air 
concentration of 
pollution expressed as 
ventilation rate per 
surface area on 
eiiiission rates froni 
construction products, 

7'0 test the long -terni 
eiiiission of VOCs 
froiir bui tding 
products, 

To rectify tlie lack of 
definite information 
regarding how botli 
odor and notable 
contaminants from 
cigarettes will alter 
indoor air quality - 
l'o quaniify possible 
air pollutioii sources 
iii the spaces aild 
vent ilafion systeni 
based oii o l f  unit 



Tablc 2.1 : ( cont'd) Suiiiiiiury of sonic c l i c~~~ica l  and scnsury tests conductcd to date 

-----y- 

1-1 N .Kiiudscii & 
P.A. Nielsen (1997) 

L. Guiiiiarseii et 
a1,(1994) 

. . . .. . . . . . . . 

- . - -. -.-- 
36 uiiirniitcd 
pniiel 
assessed Oie 
iiiiiiicdiatc 
acceptability 
of air oii tlic 
acccptability 
scale 

- 

15 selected 
and traiiied 
paiiel eacli 
iiieni ber 
assessed eacli 
test condiiioii 
twice 

. . 

VOCs werc sniiipled 
~ii Tciinx and 
lcteniiiiicd by 
tlicriiial desorpt ioii 
iiid GCIFID 
:~uaiitificatioii was 
znrricd out by 
individual 
ralibratioii of eacli 
VOC 

Based ori adsorpt ioii 
on Tenax aiid 
ilieriiial desorptioii 
followed by 
cliroinatographic use 
of a flaiiie ionizaiioii 
dctcctor, 

. . . . . . . 

Nylon 
carpcl, PVC 
flooriiig, 
floor 
varnisli, 
sealniit and 
watcr boriic 
wall paiiit 

----- --.---- 
8 iiiatcrials : 
G floor 
coveri tig 
2 types of 
liiioleuiii 
2 types of 
sealaiit 

- 
Carpet, 
linoleuni, 
wall paiiit 
aiid sealaiit 

' k s i  fncilitics & 
coiidit ioiis 

FLEC 
CLlMPAQ 

four diffcrciit air velocities, 
tliree difîcrciit tcinperature 
two difirent RH, pure NI 
supply iiisiead of O2 
rcpreseiit the diffcrcnt 
cliiiiatç coiidit ioiis 

CLIM PAQS 
Teiiiperature 23OC 
RH 45% and air velocity 
0. I mls 
Staiiiless stecl dilutioii 
systeiti wiis coniiected to 
The test cliaiiiber 
Q= 0.9 Lls (to test cliamber 
& tlirough diffuser) 

3 CLIMPAQ 
cliaiiibers(50.9L) 
twin clianiber (283 ni3) 
1 rn3 glass cliaiiiber 
FLEC aiid 3L glas 
cliaiiiber 
Al1 tesi were perfoniied ai 
22°C 

Teti different cliinate 
conditions were tcsted, 
The building products were 
prcconditioiicd at 23OC iii 
CLlMPAQs for 24 Ii before 
tlic FLEC start, The test 
spcciiiiciis were tcsicd iii 
FLEC. Meosureinents wcrc 
taken 24 h after FLEC 
restart for eacli test 

The subjecis assessed the 
perceived air quality for 
eiglit materials at differeiit 
conccntratioiis 3,10 and 29 
days tifter tlie niaterials 
were placed iii tlie 
cliarn bers 

The ssiiie products were 
tested in different cliariibers 
Aftcr six days in the 
clianibers cheniical sainples 
were taken and the traiiied 
sensory panel rated the air 
quality in decipol 

Objcctivc/ Purposc o f  
Expcr iiiicii t 

- . - -. . . 

To obtnin iirfoniiatioii 
nbout the iiiipact of 
iiiiportant climate 
paraiiicters on tlic 
criiissioii rate of 
building prducts, in 
nddiiioii to identification 
of  tlic eiiiission 
mechanisms involved, 

'Fo develop a iiielliod for 
determination of the 
exposure response 
relat ionships for 
einissions froni building 
and furnidiing 
iiiaterials, 

To develop a simple test 
cliaiiiber capable of 
test ing coiistruction 
products in a climate 
wliere the iniportant 
cliinatic parameters can 
be set indepcndently at 
values found in typical 
biiildi~igs 



CHAPTER III 

EXPERIMENTAL SET-UP AND METHODOLOGY 

3.1 Chamber Description 

The three srnaIl-sale test chambers built for this work were of the type CLIMPAQ 

(Chamber for Laboratory Investigations of Matenals, Pollution and Air Quaiity) 

(Gumarsen et al., 1994)- They were made mainly of steel except their üds, which were 

made of glass. The volume of each chamber was 54.6 L, see Figure 3.1. 

The interior surfaces were electropolished to insute agaïnst adsorption/ desorption effects. 

Each chamber was equipped with one intemal fan recircuiaîing air over the test 

specimens and driving the supply of fiesh air. The exhaust air fÎom each test chamber 

was led to a diffuser specially designed for sensory assessrnent (Bluyssen, 1990) 

~arnper' 
Figure 3.1. The CLIMPAQ 

The three chambers were placed in a laboratory with high supply of conditioned outdoor 

air. The air inlets of the test chamber were comected to an air supply system taking air 

from the laboratory. The air supply for aii the test chamben was filtered by a speciai 

filtration system (HEPA SHIELD filtration system). This system contauis three different 



filten: an antimicrobial throw-away polyester prefilter designed to remove larger 

particles, an activateci carbon mter that removes rnost common odors and gases, and a 

HEPA filter which removes 99.97% of ail particles 0.3 microns and larger. The 

experimental set-up is s h o w  in Figure 3.2. 

carbon particIe fiiter Test cham bers 

Figure 3.2. The experimental set-up 

- 

The flow rate of supply air to the test chambers and in the diffusers was kept at 0.9 Vs 

which is the recommended airfiow for sensory study (Bluyssen, 1990; Clausen et ai., 

1995; Knudsen, 1994). The temperature and relative humidity in the test chambers were 

2211°C and 4&S%RH. During the experiments, the chambers were covered with 

aluminum foi1 to hide the tested materials fiom the view of the panel. 

For the dilution experiments, an air dilution system was added to each chamber 

(Knudsen, 1998) and this dilution system consisted of stainless steel tubes with an inner 

diameter of 22mm (see Figure 3.3). DifTerent degrees of dilution for the poliutcd exhaust 

air were achieved by rnixing the test chamber air with different amounts of supply a i .  

Supply air was the air in the lab afier it bas been passed through a filter. In these 

experiments the exhaust air fkom each test chamber was led through the dilution system 

before part of it reached the diffuser for sensory assessments. 
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Figure3.3. Diiution system 

The flow rates were adjusted by varying the diameter of the opening in two orifice plates 

made of Teflon. Five sets of orifice plates were prepared (see figure 3.4). One set 

provided undiluted exhaust a .  to the diffuser. By placing the other four sets, the 

concentration in the diffuser was diluted to 1/2, 1/6, 1/9, and 1/16 of the concentration in 

the test chamber. A separate steel tube aiiowed the excess polluted exhaust air to escape 

to the outside when ody  a fiaction of it was led to the diffiiser. 

Figure 3.4. Sets of orifice plates used for the dilution 



Before each experiment tbe chambers were calibrated to ensure that the chambers had the 

same air exchange rate and the same airflow (0.9 Vs). For calibration procedure and 

resulted curves see Appendix 1. 

3.2 Building products 

The five building products used in this study were selected to represent major 

groups of building products ofken used indoors- The tested building products were three 

floor coverings: two types of zarpets, and one type of vinyl. Moreover, two types of 

water-borne wall paint appiied onto 13- mm gypsum board were studied. See Table 3.1 

for a description of the building products used in these experiments. 

Table 3.1. Tested construction products 

Carpet 2 

1 -5 mm one -1ayer PVC 

8 mm nylon carpet with latex foam backing 

8 mm nylon carpet with rubber backing 

White waterborne acrylic wall paint ( semi gloss, 10m2/L ) 

White waterbome latex w d  paint ( 10 m2L ) 

Both of them were applied by a paint roiier on both sides of 13-mm 

gypsum board with roli twice using O. 1 L/m2. 

The size of the specimens placed in the test chamber was detennined so that the area- 

specific ventilation rate, which is the ratio of the flow rate to the area of the building 

product, corresponded to the typical application of the building products in a standard 

mode1 room 3.2 x 2.2 x 2.4 m ( length, width and height respectively) (17 m3 volume). 



This also takes into account the size of the test chamber (Clausen et al, 1995). Table 3.2 

shows the sample areas of tested materiais, the area specinc airflow rate in the mode1 

room and the corresponding airfiow rate and sample areas in the test charnbers for the 

five experiments. The airtlow rate was approximateIy 0.9 Vs for dl the experiments. 

Table 3.2 Test conditions in the test chambers based on a model room with an air 
exchange rate of 2 h" 

1 Experim- 
ent 

' Tested 
Materials 

Paint 1 

Mode1 room 

*8 pieces of gypsum board were painted on both sides 
Experiment 1 : intermittent ventilation, emerhent  2: continuous ventilation, exmeriment 3: dilution. For the 
three experiments 100% of the model room wails asnimed painted and 100% of the floor surface assumed 
covered by carpet or PVC. 
Ex~eriment 4: diIution, each CLJMPAQ conrained one single material. Ex~eriment 5: dilution, each 
CLIMPAQ had a mixture of two materials. For experiments 4&5: 49% of the model room wdls assumed 
painted and 50% of the floor area assumed covered by carpet or PVC. 

' Sdace 
area 
(m2) 

Test chamber (CLIMPAQ) 

Carpet 1 

PVC 

Paint 2 

Carpet 2 

PVC 

.U the building products were new. Immediately upon purchase the materials samples 

Area specific 
airflow rate 
( m3/hlmz) 

AirfIow 
rate 
(Vs) 

Sample 1 Test specimen 

7 

7 

12 

3.5 

3 -5 

area 
(m2) 

Number 
&Dimensions 

(mm) 

4.85 

4.85 

1 -42 

4.85 

4.85 

0.66 

0.66 

1.12 

0.33 

0.33 

4 pieces: 0 .68~  0.2 
2 pieces: 0 .28~  0.2 

4 pieces: 0 . 6 8 ~  0.2 
2 pieces: 0 . 2 8 ~  0.2 

4 pieces : 0 . 7 ~  0.2 

2 pieces: 0.6 x 0.2 
2 pieces: 0 .24~  0.2 

2 pieces: 0.6 x 0.2 
2 pieces: 0-24x 0.2 

0.91 

0.89 

0.92 

0.92 

0.93 



were prepared The flooriag materiais were cut to the required size and wrapped in 

aiuminum foil till the time of the experiment The gypsum board pieces were painted on 

both sides with a painting roller twice using 0.1 L/m2 per tirne, and allowed to dry for 24 

hrs before they were wrapped in aluminum foil. Few days before each experiment, 

samples of each of the flooring materials were stapled together, back-to-back to eliminate 

emissions fkom their backsides. They were placed verticdy, in parailel with the length of 

the test chamber, while samples of wail paint on gypsum board were placed horizontally 

with one-cm interval between the sarnples. See Figure 3.5. 

Figure 3.5. PVC& carpet samples inside the test chambers 

3.3 Sensory Panels 

Untrained sensory panels comprising an average of 35 subjects performed the 

sensory assessrnent for al1 the experhents. The subjects were mainiy universisr students 

whose age ranged nom 21 to 43 years wîth a mean of 32 years. Approximately 72% of 

the participants were males and 21% were smokers. For more information about the 



parcicipating subjects, see Table 3.3. The panel assessed the immediate acceptability of 

the air fiom the m e r s  and in real offices by marking on the acceptability scaie shown 

in Figure 3.6. The subjects were also requested to evaluate the odor intensity by giving a 

number considering 10 is the odor intensity of the air in the laboratory where the test 

chambers were situated. The paneiist exposure to chamber a i .  was kept limited and they 

were asked to keep three minutes between assessments to minimile adaptation to 

chamber air. Before the assessrnent the panel was carefully instructed on how to use the 

scale, pointing out that focus should be on the initial perception, that no communication 

what so ever on air quality is allowed during voting procedures, and that the scaie should 

be considered continuous without categories. They were also instructed in how to use the 

exposure equipment The assessments were done in random order. The panel instruction 

sheet used in these experiments is shown in Appendix IV. 

3.4 Procedure 

Seven sensory tests were carried out. Continuous and intermittent ventilation 

strategies were tested as well as the impact of diluthg the ernissions fÏom different 

building products on the perceived air quality. For each experiment, new samples of three 

building materials were placed in the chambers six days before the sensory assessments. 

Fans in the chambers and supply system were ninning either continuously or for tweIve 

hours operation followed by twelve hours of no operation. Assessments were made four 

to eight hours after the omet of fans at 6 AM in the intermittent case. For al1 the 

experiments an untrained panel assessed the acceptability and odor intensity of the 

chamber air. Prior to each experimenf the three test chambers were cleaned with hot 



water and a neutrai detergent, and then they were rinsed with hot water and hally rinsed 

with distilled water. Moreover, the air qualïty in three unoccupied offices was 

investigated to study the impact of ventilation strategies on the indoor air quaiity. Each 

strategy was applied for six days before the sensory assessrnent For intermittent 

ventilation scenario, the ventilation system was operated for twelve hours followed by 

twelve hours of no operation. Assessments were done on the last day, four to eight hours 

after the ventilation system started to work. For continuous ventilation strategy, the 

ventilation system was nuining continuously for five days before the panel assess the 

quality of the air on the day six. 

3.5 Data handling and statistics 

Descriptive statistic (mean, standard deviation) was used to characterize the data 

The mean acceptability and odor intensiv votes were caicuiated using simple a r ïhe t i c  

means and the standard deviations were calculated to interpret the uncertaintties. The 95% 

confidence Iimits were calcdated to spec* an interval within which the values of the 

mean will fdl inside the calculated interval in 95% of occasions, but on 5% of occasions 

it will fa11 outside the interval. The hmits are: the sample mean k 1.96 (standard error) 

and the interval between them is called the 95% confidence intervaI. CaicuIations were 

performed with the Excel program. Statistical analyses were carried out in the form of 

ANOVA tests (-4nalysis of Variance). It allows testing the significance of the difference 

among two or more means. In prïnciple, the difference between means is large and the 

variability within the groups is srnail, the r e d t  is likely to be significant 



Table 3.6. Acceptabiiity and odor intensity voting sheet 

Name: ..................................... 

............. .................. .-.............. Building ..................... mm- me... T* 

acceptable isb air qpaUy ? 

2. Ratma of odor iritglcih. 





CHAPTER IV 

RESULTS 

4.1 Ventilation strategies 

To study the effect of intermittent and continuous ventilation strategies on the 

perceived air qudity two sets of experirnents were performed: continuous ventilation and 

intermittent ventilation- 

4.1.1 Continuous ventilation experiment 

Three materials were tested (Paint, Carpet, and PVC); they were placed in three 

CLIMPAQs and ventilated continuously for 6 days. On the last day a panel of 50 subjects 

assessed the immediate acceptability of the air. The panel members reported the 

acceptability and odor intensity of each chamber air and supply air on a voting sheet 

provided to the participating subjects at the beginning of the experiment In the data 

analyses, numbers were assigned to the markings. ((Clearly not acceptable » was assigned 

-1 0, and « Clearly acceptable » uas assigned 10, with O being the midpoint and numbers 

in between were considered to lie on a linear scde. Moreover the panel assessed the odor 

intensity of the air from the diffuser using a ratio scale considering the air in the 

laboratory a s  a reference with odor intensity equal to 10. More intense odors should be 

given higher numben and less intense odors given smailer numbers *. A nimmary of the 

obtained results is presented in Table 4.1, and in Figures 4.1 & 4.2. The mean 

acceptability votes for the air quality assessed by a sensory panel of 50 persons, where a 

* For example, if the odor was nvice as mong as the laboratory air, it should set the nurnber 20- An odor of 
1/1 the snength should be given a 2.5 etc. 



Table 4.1. Results of continuous ventilation expriment 

CLIMPAQ Material Acceptability Odor intensity 
Mean 95% Conf. Mean 95% Conf. 

1 Carpet -0.61 0.67 -1 -89 22.32 26-14 18.5 
2 Paint 1.61 2.99 0.23 17.20 19.6 14.8 
3 PVC 4.69 -3-45 4-07 32.60 37.36 27.84 
4 SUPP~Y 4.97 6.47 3.47 12-79 15.13 10.45 

Figure 4.1, Mean acceptability vote for continuous ventilation 

Figure 4.2. Mean odor intensity vote for continuous ventilation 

45 

IMean  
40 -95% Conf. 

œ 

35 

Carpet Paint PVC SUPP~Y 



continuous ventilation strategy was applied, is show in Figure 4.1 together with the 95% 

confidence limits. The most acceptable among the tested materials was the paint with a 

mean acceptability vote equal to 1.6 and the least acceptable was the PVC with 4.7 

mean acceptability vote. The carpet was in between with a mean acceptability vote of 

- 0.6. The highest acceptability mean was for the supply air and it was approximately +S. 

Mea. acceptabiiity votes were calculated using simple arithmetic means. Figure 4 2  

shows the mean votes for odor intensity of the assessed air for the three tested materials 

and for the supply air. Again the highest odor intensity was 33 for the PVC then the 

carpet with odor inte* 22, and the odor Uitensity for the paint was 17. The odor 

intensity for the supply was approximately 13 which is still more than 10 (the reference) 

and this may be due to the slight odor emitted fiom the filter materials. The meam and 

95% confidence limits for odor intensity votes are shown in Table 4.1 and Figure 4.2. 

The air quality assessment resuits for each participating individual are shown in 

Appendix 2. 

4.1.2. Intermittent ventilation experiment 

In this experiment the air supply system and the fans in the chambers were 

operating for 12 hours followed by 12 hours of no operating. New samples of paint, 

carpet and PVC were placed in the test chambers six days before the sensory assessment. 

The acceptability and the odor intensity of chamber air were assessed by a panel of 42 

subjects. The means and the 95% interval limits for the votes on acceptability and odor 

intensiv are shown in Table 4.2. The mean acceptability votes for the assessed air quality 

for each test chamber and for the supply are shown in Figure 4.3. The most acceptable 

was the paint with a mean acceptability vote of 4 .27  and the least acceptable was the 



PVC with a mean acceptability of -5.7. The carpet had an acceptability of -2.6. 

The mean acceptability vote for the supply air was 4.6 and aimost equal to the supply air 

acceptability when continuous ventilation was applied. The mean odor intensity votes for 

the three construction materiais and for the supply air are presented in Figure 4.4. The 

highest odor intensity was for PVC and it was equai to 36, the lowest was the paint odor 

intensity and it was equal to 23. The odor intensity of the carpet was 24, and 13 was the 

odor intensity of the supply air. 

Resdts for each individual vote are shown in Appendix 2. 

The obtained results fkom the two mentioned experiments were gathered in Figure 4.5 for 

acceptability and Figure 4.6 for odor intensity. The two figures show the positive impact 

of continuous ventilation on the perceived air quality in cornparison with intermittent 

ventilation. The improvement dinered from one materid to another but always the air 

quality was perceived betier when continuous ventilation was applied. 

To test the ciifferences among the means an N O V A  test was used. The resuits of 

acceptability assessment were the following: F (1,D) = 6.96 1 ; P=O.O 131 for the effect of 

çtrategy, (3,87) = 68.848; Pc 0.00011 for the effect of materiai and F (3,87) = 0.357; 

P=0.7845] for the interaction between strategies and materials. T'us both strategies and 

materiais produced significant variation. The odor intensity assessment results show the 

following: F (1,29) = 6.474; P = 0.0 1651 for the effect of strategies, F (3,87) = 33 -243; 

P<O.OOOl] for the effect of materials and [F (3,87) = 0.956; P = 0.4171 for the interaction 

of materials and strategies. Thus the effect of strategies and materials was significant. 

P is the probability that the difference is due to chance and not to manipulation and is 

based on F and dfwhere F is the ratio of the mean square between groups to the mean 



Table 4.2. Results of intermittent ventilation expriment 

CLlMPAQ Matortal Acceptability Odor intensity 
Mean 95% Cod. lllkrn 95% Conf. 

1 Carpet -2.55 -1 -43 -3.98 24.12 29 19.24 
Paint 4.27 
Vinyl -5.65 

SUDD~V 4.64 

Figure 4.3. Mean acceptability vote for intermittent ventilation 

Figure 4.4. Mean odor intensity vote for intermittent ventilation 

Carpet Paint Vinyl 



Figure 4.5.Mean acceptability votes with continuous and intermittent ventilation 
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W Intermittent ventilationi 

~ o n t ~ i w u s  ventilation j 
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Figure 4.6.Mean odor intensity votes with continuous and interrnittent ventilation 

45 

rn Intermittent ventilation[ 1 
40 t Continuous ventilationl I 

Carpet Paint PVC 



square within groups and df is degree of k d o m .  Both experimental redts show that 

there is no interaction between the materials assessments for intermittent and continuous 

ventilation. For ail the materials the perceived air was better when continuous ventilation 

strategy was applied See figures 1&2 in Appendix 3 

To know what diffmnces between means are signikicant Tukey's HSD post hoc test was 

used. The results show that the dinerences among the means were statistically significant 

at P~0.05 for carpet and paint and at P~0.01 for PVC and that for each strategy. 

Differences between the two strategies were signincant at PQ).05 for paint and 

differences were not signincant for supply air. 

4.1.3 Dilution experiment 

To study the impact of diluthg the contaminant concentration on the perceived air 

quality, the dilution experiment was performed. Three new samples fiom the same 

materials @ai* carpet and PVC) were placed in the test chambers and the exhaut air 

fiom each chamber was led îhrough a dilution system designed to provide different 

concentrarions of polluted air for sensory assessments. The samples were placed in the 

chambers three days before a panel of 29 subjects assessed the air quaiity in tems of 

acceptability and odor intensity for 5 dinerent concentrations. A Nmmary of the results 

is presented in Table 4.3. The mean acceptability vote as a fiinction of the dilution factor 

is shown in Figure 4.7 for the three building products and for the supply air. The dilution 

factor is the ratio between the fiow rate in the diaiser and the flow rate of polluted 

exhaust air fiom the test chamber. It is 1 at the highest concentration, Le. undiluted. The 

concentration of chamber air was diluted approximately 2, 6, 9 and 16 times. The rnean 

acceptability vote at the highest concentration varied from one material to another. 



Table 4.3 Summary of the dilution experiment results 

Acceptabilitv assessments 

Dilution k Y 
PVC I SUPP~Y 

Acceptabill 

Mean Confidence limits Mean Confidence limits 
-4.63 -3.33 - -593 5,81 7-19 - 4.43 

Paint 
Confidence limits 

1 5 0 -  -1.42 
2,22 - -0.82 
3.56 - 0.44 
3.67 - 0,59 
3,83 - 1,03 

Odor lntensitv assessments 

Dilution 

1 
2 
6 
9 

16 

Carpet 
Mean 
-1.53 
0.13 
2.10 
2.34 
3.12 

Odor intensitv 

Confidence limits 
-O,2gœ -2,77 
1.59 - -1,33 
3.80 - 0,40 
3.86 - 0.82 
4.78 - 1,46 

Confidence limits Mean Confidence limits Mean Confidence lirnitu 
31,59 - 18,99 32.04 39.44 -24.64 11.81 13,69 - 9.93 
22.35 - 15.43 29.66 36.64 -22.68 11.52 13.38 - 9.66 
16.65- 12.01 21.13 27,23 -15.03 7 1.85 13.39 - 10,31 
17.44 - 12.36 18.49 22.23 -14.75 13.18 15.42- 10.94 
15.85- 11,41 15.16 18,18 -12.14 13.13 15,45 - 10,81 

Mean 
25.29 
18.89 
14,33 
14,90 
13,63 

Paint 
Mean 
21.82 

19 
16.13 
15.91 
14,45 

Confidence limits 
25.42 - 18.22 
22.46 - 15.54 
19.03- 13.23 
18,47 - 13.35 
16.81 - 12.09 



Figure 4-7 
Acceptability as a function of dilution factor 

Dilution factor 

- ---- - . . + Paint 
-0- Carpet 
+ PVC 

* WP~Y . .- - - -- . - . - - -. - . . -. 



The most unacceptable was the PVC (mean acceptability vote was approximately -5) and 

the best was the paint (mean acceptability vote was near 0); the carpet was in between 

with -1.5 as the mean acceptability vote. The acceptability and odor intensity values at 

dilution factor = 1 should be repetitions of the assessrnents for continuous ventilation 

(Table 4.1). The samples in this experiment however, were conditioned in the test 

chambers for a shorter period (3 days instead of 6 days) which reduces the acceptability 

and increases the odor intensity for the assessed air. For di the tested materials the 

perceived air quality improved when the dilution of the chamber air increased. The 

improvement was most pronounced for PVC. When the polluted air was diluted 16 times 

the acceptability increased fkom -4.63 to +2.56, while for the paint the 16-fold dilution 

increased the acceptability fiom H.04 to t2.43. The big improvement occurred when the 

polluted air was diluted between 1 and 6 times while there was just a small improvement 

between 6 and 16-fold dilution. For the carpet, the 16-fold dilution increased the 

acceptability fiom -1 -53 to t3.12, and moa of the improvement was berneen 1 and 6 

fold dilution. The supply air acceptabiiity varied between +4.5 and t5.9. A 16-fold 

dilution led to acceptability around +3 for ail the tested materials. This was an 

improvement fiom the no dilution case. The panel, however, was able to distinguish 

between assessments of the chambers with material samples and the supply air despite the 

16-fold dilution. The emission fiom the ducts and the chambers itself affect the perceived 

air quality and could explain the difference between the perceived air fiom the chambers 

and the one of the supply. 

Figure 4.8 shows the relationship between the dilution and odor intensity and how the 

perceived odor intensity decreased when the dilution increased. The big improvement 





was with a dilution between land 6 for ail the tested materials and it continued to be 

moderate for PVC and relatively srnall for paint and carpet when the dilution increased 

fkom 6 to 16 b e s .  When the charnber air fiom the three test chambers was diluted 16 

times the assessments of odor intensity deviate only slightiy nom the assessments of the 

nipply air. A nimmary of the results is s h o w  in Table 4.3 and the detailed rentlts of 

acceptability and odor intensity tests for each individual are included in Appendix 2. 

Figure 4.9 shows the relationship between dilution factor and mean acceptability vote for 

paint, carpet* PVC, and air supply in a semi-log plot The figure shows a hear 

relationship between acceptability and the dilution factor- The relationship can be 

described by the fonnula: 

ACC = Ki+& log ('IL) 

Where ACC= mean acceptability vote as assessed by the sensory panel, Ki= connant 

characterizing the position of the iine, i.e. the acceptability vote at the highest 

concentration, K2 = constant characterizhg the slope of the line, log @IL)= logarithm of 

the dilution factor. 

Statistical analysis, ANOVA was also performed to study the difEerences between the 

means. The results for acceptability and odor intensity assessments were significant. For 

acceptability: CF (3,84) = 48-61 9; P<0.000 11 for the effect of materials, [F (4,112) = 

1 8.688; P<0.000 11 for the effect of dilution and [F (12,336) = 14.766; P<0.0001] for the 

interaction of materials and dilution. For odor intensity: [F (3,8 1) = 18.436; P<0.0001) 

for the effect of materid, IF (4,108) = 20-628; P(0.0001) for the effect of dilution and [F 

(12,324)=8.334; P<0.0001] for the interaction of materials and dilution. The effect of 

dilution was signincant for ail  the tested materials at P<0.0001. 



Figure 4-9 
Exposure-response relationship 

Supply : y = -0.4509Ln(x) + 5.9542 

6 
Paint : y = 0.9037Ln(x) + 0,108 

R* = 0.9727 

Carpet: y = 1.6612Ln(x) - 1.243 
R~ = 0.9773 

PVC : y = 2,5499Ln(x) - 4,8901 
R~ = 0.9839 

Dilution factor 



The ANOVA results for this experiment are presented in Appendix 3. 

4.2 Field measurements: 

The air quality in three dinerent offices located in dinerent buildings was assessed 

for both continuous and intermittent ventilation strategies. For the intermittent scenario 

the ventilation was stopped for approxhately 12 houn during the night and operated 

during daytime. For both experiments, a panel of 35 subjects assessed the air quality 6 

days d e r  the ventilation strategy was changed. The participating subjects were asked to 

evaluate the acceptability and odor intensity of the air immediately afker entering the 

office. The resdts are presented in Table 4.4 and Figures 4.10 and 4.1 1. Figure 4.10 

shows the mean acceptability vote for each office for continuous and intermittent 

strategies. Figure 4.1 1 shows the mean odor intensity for each office and each strategy. 

Both figures show the irnprovement of perceived air quality (better acceptability and less 

odor intensity) when a continuous ventilation strategy was applied in cornparison with the 

intermittent ventilation strategy. These results are in accordance with the ones obtained in 

the laboratory although the dinerence between assessments at intermittent and continuous 

ventilation is less pronounced in this test. 

ANOVA results show that the effect of ventdation strategies is less significant in this 

case than the one of materials in test chambers, since the strategies effect have given the 

following result: (1.27) =3.558; P =0.07]. For the interaction between offices and 

strategies we find [F (2,54) =1.008; W.W18]. This result means that for al1 the offices 

the air was perceived better when continuous ventilation was appiied See figure 3 in 

Appendix 3. The effect of ventilation strategy was signiscant at P =0.01 for office 1 and 



Table 4.4. Results of the sensory testing carried out in real offices 
Continuous ventilation 

Office Aeceptability Odor inteniity 
Mean 95% Conf. Mean 95% Conf. 

1 1.42 2.70 0.14 20.64 25.30 15.98 
2 3.33 4.73 1-93 14.62 16.66 12.58 
3 2.23 3.67 0.79 16.55 19.27 13.83 

Intermittent ventilation 
Otfice Acceptability Odor intensity 

Mean 95% Conf. Mean 95% Conf. 

Figure 4.10. Mean acceptabiiity votes at continuous and intemittent ventitation 

-2 - 1 2 3 

4 - lnvestigated offices 

I O  * 

Figure 4.1 1. Mean odor intensity votes at continuous and intemittent ventilation 

8 - 
6 - .  

~ ~ ~ o n t i n u o u s  ventilation / 
I. intermittent ventiiation 7 

40 - ! lContinuous ventiiation * 
i .lntermiüent ventilation . 4 



less significant for the offices 2 and 3 (PeO.5). 

4.3 The additive effect of building products on the perceived air quality 

The effect of combining two materiais on the perceived air quality was tested and 

compared with the case where ody one material was present in each test chamber. For 

this purpose two dilution experiments were performed, in the first experiment single 

samples of painf carpet and PVC were tested individually. They were placed in the test 

chambers 6 days before a panel of 39 subjects assessed the acceptability and the odor 

intensity of the air h m  the chambers through the diffusers in five rounds of sensory 

testing. In each round the concentration of the polluted air was changed using dilution 

system. The results of this test are presented in Table 4.5. Figure 4.12 shows the mean 

acceptability vote and the 95% confidence interval corresponding to each dilution factor 

for paint, PVC, carpet and air nipply. The acceptability as a function of the dilution factor 

is shown in Figure 4.13 for the same materiais all together. This figure allows the 

cornparison between the behavior of the tested materials when different dilution factors 

were applied. At the highest concentration the acceptability vote differed fkom one 

material to another. The best was the paint (acceptability = -1) and the worst was the 

carpet (acceptability = -3). PVC had an acceptability of -1.4. The ciifference between 

these resuIts and the ones obtained fkom the ventilation strategies experiment could be 

related to the tested materials. The materials used in this experiment were different fkom 

the ones used in the previous experiments (different kind of paint and different kind of 

carpet). The PVC was the same, but due to the aging effect the acceptability in diis 

experiment was better than the one obtained in the ventilation mategies experiment. 



Table 4-5 Sensory assessrnent results for dilution experiment when each test chamber contained samples of one 
building product 

Acceptability assessments 

Acceptability 
PVC I SUPP~Y 

i 1 Confidence limib 

Odor intensitv assessments 

Dil. 
1 
2 
6 
9 
16 

Patnt Carpet 
Confidence limits 

-2.06 - -3.94 
-0.17 - -2.83 
1,90- -0,70 
2.47 - -0,67 
3.79 - 0,61 

Mean 
2,39 
2.36 
0.88 
-0.82 
-1 ,O7 

- 
Round Paint 

Dil. Mean Confidence limits 
1 16 15.1 17.21 - 12.99 
2 9 153 17,32 - 13.28 
3 6 19.9 24.29 - 15.51 
4 2 24.6 30,17 - 19,03 
5 1 25.9 31,73 - 20.07 

Dil. 
9 
1 
16 
2 
6 

Confidence limits 
3,62- 1.16 
3.80 - 0.92 
2,26 - -0.50 
0.57 - -2.21 
0.50 - -2,64J 

a 

Confidence limits 
3,60- 0.80 
0.01 - -2.81 
4.02- 0.78 
0.76- -2,16 
2,72- -0.72 

Odor lntensity 
Carpet 

7 

PVC S ~ P P ~ Y  
Mean Confidence limits Dil, Mean Confidence llmib Dit. Mean Confidence limita 
32,2 42.54 - 21.86 9 16.1 20.53 - 11.67 174 20.26 - 14,54 - 

~ ;::; 27.26 - 19.34 1 23.8 26,41 -21,19 17.4 21.17 - 13.71 
26.43 - 15.17 16 16.1 19.91 - 12.29 18,l 21.19 - 15.07 - 
23.78 - 16,42 2 22,5 27,37 - 17.63 17.8 21,02 - 14,6(1 - 
20.77 - 13.03 6 18,f 21,38 - i6,02 18 21.96 - 14,06 

Dil. - 
- 
- 
- 



Figure 4.12. Mean acceptability and 95% confidence intewal when chamber 
exhausts were diluteci 
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Figure 4-1 3 
Acceptability as a function of dilution factor 

Case of single materials 

Dilution factor 



In addition, the size of the samples in the test chambers was aùnoa haif of the one used in 

the first experiment due to the chamber space limitation. 

The improvement was pronounced for the three building products. For paint and PVC 

with 9-fold dilution it was not possible to distinguish between assessments of the 

charnber with material samples and air supply. The carpet at 1 6-fold dilution gave almost 

the same acceptability as the air supply. Figure 4.14 shows the odor intensity as  a 

function of dilution factor for the three buiiding products. These resuits are in accordance 

with the ones obtained fkom the acceptability assesment, which means that the odor was 

the main cause affecthg the acceptability of the perceived air. 

The exposure-response relationship between the dilution factor and the mean 

acceptability vote is show in Figure 4.1 5 in a semi-log plot. The points for the various 

materials provide a linear relationship between acceptability and the dilution factor with a 

good regression. This relationsbip is descnbed by the formulas appearing on the same 

figure. This figure was used to determine the dilution required to achieve certain 

acceptability. 

In the second experiment samples of two building products (Wiyl & carpet, paint 

&carpet or paint & vinyl) were placed in the test chambers six days before a panel of 34 

subjects assessed the acceptability and odor intensity of the air. Five rounds of sensory 

testing were caxried out and the dilution factor varied fiom one round to another and fiom 

one test chamber to another randomly. The results are summarized in Table 4.6. Fi-me 

4.16 shows the mean acceptability vote and the 95% confidence interval corresponding to 

each dilution factor for vinyl & carpet, paint & carpet, for paint &vinyl and for air supply. 



Figure 4-14 
Odor intensity as a function of dilution factor 

Case of single materials 

O 2 4 6 8 10 12 14 16 18 

Dilution factor 





Table 4-6 Sensory assessment results for dilution experiment when each test chamber contained samples of two different 
building products 

Acceptabilitv assessments 

Round 

1 
2 
3 
4 
5 

Dil. 1 Mean Confidence timits 1011. 

Odor intensitv assessments 

Accel 
=sin tikVinyl 

Confidence limits 
0,54 - -2,22 
1.57 - -1,47 
2,6 - -1,48 

2.95 - -0.17 
3.55 - 0,39 

ltabtlit - 
- 
Dil. - 

1 
9 

16 
6 
2 

t&Carpet 
Confidence limita 

-0.30 - -3.02 

I Odor lntensitv I 

Confidence limits Dil. 
34,94 - 21.06 1 
18.78 - 13.40 2 
24.12 - 15.08 6 

, 26.91 - 17.95 9 
i 23.41 - 17,57 16 

a 

'aint&Vinvl 1 Paii 
Confidence limlts Dil. , rn 

29,20 - 18.56 1 
26.14 - 16.18 9 
2547 - 16,53 16 
21,25 - 15.23 6 
21.00 - 14.70 2 

Confidence limits 
30.24 - 19.94 

Ml. Mean Confidence limits 
- 18.7 22,56 -14.92 



Figure 4.16 . Mean acceptabiiiï and 95% confidence interval when charnber 
exhausts were diluted ( case of combined materials) 
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The acceptabiiity as a fiinction of dilution factor for the three combinations of tested 

materials is shown in figure 4.17. At the highest concentration the mean acceptability 

vote was -2.3 for carpet BMnyl, -1.66 for paint & carpet and 4 . 8 4  for paint & vinyl. 

The improvement in acceptability is most pronounced for the combination of carpet & 

vinyl where with 6-fold dilution of the polluted air the acceptability w u  almoa Iike the 

one of the supply air. By diluting the chamber air 16 times it was not possible to 

distinguish the presence of the materials in the test chamber for ail the tested 

combinations Figure 4.18 shows the relationship between the odor intensïty and the 

dilution factor for the wmbined sarnples. Again, the odor ïntensity decreases when the 

dilution increases, and this change in odor intensïty varies fiom one combination to 

another. Figure 4.19 shows the exposure-response relationship in a semi-log plot between 

the dilution factor and mean acceptability for carpet & paint, paint & vinyl and for paint 

& carpet The obtained results for the various combinations of investigated matenais 

provide a linear relationship with a good regression and this figure was used to fhd the 

required dilution to achieve certain acceptability. 

The ANOVA resuits for these two experiments show that there is no difference between 

the single materials and their combinations since: [F (1,33)= 0.0000 1 ; P= 0.9891 for the 

effect of the groups (the only Merence between the two groups was the assessed 

materials: individual or combined materials). The high value of P means that the 

difference between the groups is not signincant. [F (2,66) = 0.98; P=0.379] for the effect 

of matends used in each experiment, and (2,66) = 4.158; P<0.0 191 for the interaction 

of groups and materials. The materials factor and its interaction are useless because the 

order of the materiais and the combinations is arbitrary, and a different order might or 





Figure 4-18 
Odor intensity as a function of dilution factor 

Case of combined materials 

8 10 

Dilution factor 





might not p d u c e  a signincant interactiot~ For the effect of the dilution: CF (4, 132) = 

29.36; P<0.00001] which mums that the dilution as a factor is signincant for aii the 

materials and their combinations For the group- dilution interaction: [F (4, 132) = 0.69; 

P= 0.597 this interaction is not signifiant and means that the dilution had the same 

effect on single or combined materials. ANOVA results for these two experiments are 

presented in Appendix 3, and it show that having combinations of materiais or single 

materials does not make a statistically s iwcan t  difference. 

n ie  relationship between acceptability and odor intensity for paint, carpet, PVC, paht & 

carpet, paint & PVC and carpet 6 PVC is shown in figure 4.20 and thus for fhe 

experiments. For all tested materiais (singie or xnixture) the acceptability improved when 

the odor intensity decreased- This linear relationship shows that the odor of the tested 

materiais is the main factor af5ects the quaiity of the perceived air. 

Figure 4.21 shows the standard deviation of the acceptability vote as a fiinction of the 

mean vote for ail the performed experiments. The average standard deviation of the 

acceptability vote was 4.5. This is similar to the standard deviation of sensory assessrnent 

experiments done earlier (Knudsen et al. 1998). 
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CHAPTER V 

DISCUSSION 

5.1 Effect of ventilation strategies on perceived air quality 

The intermittent ventilation strategy is widely used in office buildings where the 

ventilation systems are tumed off during the night in order to Save energy. The impact of 

an intermittent ventilation strategy was investigated dong with the impact of continuous 

ventilation, in both, test chambers and real offices. The obtained results show the 

negative impact of intermittent ventilation on the perceived air quality (See Figs. 

4.5,4.6,4.10 & 4.1 1). This deterioration couid be related to the desorption of pollutants 

adsorbed on surface materids when the pollutant concentrations in the air are high during 

the night (ventilation systems are tumed off). The desorption occurs when concentrations 

of pollutants in the a i .  are reduced after the ventilation systems have been himed on. The 

difference in partial pressure between material and air drives the mass transfer to the air 

(Knudsen, 1998). The obtained results are in agreement with a previous study on the 

interaction between sources, sinks and ventilation strategies (Jmgensen et al, 1993) and 

with another study that dealt with the interaction between different ventilation strategies 

and the adsorption/desorption of VOCs on material surfaces (Jmgensen et al, 1999). 

These studies show that the sorption behaviour has to be included when estimating the 

variation in concentration in a room based on source characteristics and ventilation rates. 

Figure 4.9 is an exposure response curve for the materials used in the present dilution 

experiment, and it was used to convert the acceptabilïq obtained £Îom the assessments at 

the intermittent and continuous ventilation to the required dilution of emissions to 



achieve these particular values of acceptabiiity. 

The results are shown in table 5.1. More ventilation will be required at intermittent 

ventilation to maintain acceptability at the level of continuous ventilation. The ratios 

between these dilutions have an average of 4.2. This means that when intermittent 

ventilation is applied the materiais require on average a 4.2 times higher ventiiation rate 

than for continuous ventilation to compensate for the interruption period of the 

ventilation systems 

TabIe 5.1 acceptability assessments at intermittent and continuous ventilation with 
the required dilations according to Figure 4.9. 

I PVC I 
I r I I I 

-5.65 -4.69 0.74 1 1 .O8 1.5 1 

The main objective of the laboratory tests is to be able to predict the perceived air quaiïty 

Materials 

Carpet 

in a real room. For this reason, a mode1 room, with specified dimensions, was used to 

Acceptability 
intennittent 
ventilation 

-2.55 

Acceptability 
continuous 
ventilation 

-0.6 1 

determine the area specific ventilation rate required in the test chamber. This was done to 

reflect reaiistic pollution concentrations. However, for the two ventilation strategies 

Required dil. to 
match 

intermittent 
ventilation 

0.45 

investigated, it was observed that the acceptabiiity for single products in the test chamber 

was consistently and significantly lower than that obtained fkom the sensory assessments 

Required dil. to 
match 

contuluous 
ventilation 

1 -46 

in the three offices. The reason is that the offices were old and the contribution of odor 

Ratio 
between 
dilutions 

3 -3 

fiom construction materials was limîted. Newer materials are in the steep part of aging 

cuve, which mean the effect of t h e  on reducing the pollution emission nom the 



materials is more pronounced when they are new. Another reason is the high air 

exchange rate in the investigated offices when the ventilation system were stopped 

(ACH=I) while it was almost zero in the test chambers during the no ventilation period. 

The observed differences between laboratory and real office data cannot be explained by 

the above factors alone. Other factors that could have an impact on these differences 

include: status of adaptation of the sensory panel members, the context in *ch the 

assessments are perforrned, psychological factors related to the panel members, 

familiarity and expenence with the odours, and the impact o f  combining materials with 

respect to perception and secondary processes like sorption and ondation (Knudsen, 

1998) 

5.2 The additive enect of building products on perceived air quality 

The dilution experiment allowed the detexmination of exposure-response 

relationships for each tested building product and for different combinations of two 

building products. Such relationships make it possible to quanw the impact of emissions 

fiom building products on the perceived air quality at different concentrations and to 

assess the impact of dilution of polluted air. The concentration of polluted air for the 

different building products was produced by having a realistic range of the area specific 

ventilation rate in the test chambers (assuming 50% of the model room walls are painted 

and just half of its floor is covered by carpet odand PVC). The reason for this was to test 

each material at the highest concentration that would occur in the assumed model room 

with that material alone and then with a combination of two materials. The lower 

concentrations were achieved by similar dilution factors for the different building 



products and their combinations The effect of dilution of the polluted a i .  on the 

perceived air quality varied between the building products as shown in Figure 4.13, and 

between each combination of two matenals as shown in Figure 4.17. The exposure- 

response relationships for each building product are shown in Figure 4.1 5. A différence in 

slope is seen between carpet and the other two tested matenals, paint and vinyl, while 

almost no difference in slope exists between paint and Wiyl. The slope of the exposure- 

response relationship detemiines the effect of changing the ventilation rate in a space 

containing the actual material: a shdlow dope means more dilution is needed to achieve 

certain acceptability. The resuits are in agreement with previous studies of sensory 

characterization and the exposure-response relationships for emissions fiorn building 

products (Knudsen et al., 1997 and ffiudsen et al., 1998). Figure 4.19 shows the 

exposure-response relationships for combinations of different building products, and a 

difference in the slopes for the different building products is seen. Table 5.2 shows the 

slope of the exposure-response cuves dong with the required dilution of emissions fkom 

individual materials and their combinations to achieve acceptability equd to the one for 

an empty chamber assuming that this acceptability equals 2. 

Table 5.2.Acceptability assessments for individual and combined materials with the 
required dilution needed to mach the acceptabüity of an empty chamber. 

Materials 

I 1 1 

Paint & 
Carpet 
-1 -66 

1 29 

21 -7 

PVC 

-1 -4 

Slope of 1 1.42 1 1.84 1 1.48 1 1.54 
exposure-response 

c m e  
Required dil. to 
match suppiy air 

acceptability 

Paint 

0.98 

PVC& 
Carpet 
-2.27 

Carpet 

10.7 

Paint& 
PVC 
-0.84 -3 Acceptability 

without dilution 
-1 .O7 

14.4 10.6 12.4 16.7 



The results show that, in general, the perceiveci air quaiity improved when two materials 

were combined together, and the degree of ïmprovement varied Erom one combination to 

another. However, to achieve the same acceptability, more ventilation will be required for 

a combination of two materials than for one material. E.g. an office with a new carpet, 

similar to the one used in this test, wiiI need approximately 14 t h e s  more ventilation to 

achieve an acceptability like the one of the nipply air in the Iaboratory (air without strong 

odor). If the same office were painted too, the ventiIation rate should be increased 22 

times to reach the same acceptabiiity of the supply air. This increase in ventilation rate is 

not possible in most of the actuai ventilation systems. In order to design an effective 

ventilation system, the ventilation rates should be based on emissions fiom the materiais 

in the buildings. 



CHAPTER VI 

CONCLUSIONS 

6.1 Effect of ventiIation strategies on perceived air quality 

Stopping the ventilation at night lowers the air quality in the daytime when the 

ventilation is turned on again. This deterioration could be explained by sorption 

phenornena where pollutants adsorbed at night are reemitted during the day and by the 

slower removd of pollutants at reduced average ventilation rates when an intermittent 

ventilation strategy is applied. Compared to continuous ventilation, intermittent 

ventilation increases the emission rates fiom building products both in test chambers and 

in real offices. The results show a larger negative impact of intermittent ventilation on the 

perceived air quality in srnaIl test chamben than in real offices. Based on the 

acceptability of the air quality, the effect of stopping the ventilation half the time may 

increase the daytime ventilation requirement 4 times or more to reach the same level of 

air quality. 

6.2 The additive effect of buiiding products on perceived air quality 

Labotatory experiments, exposing humans to vary ing concentrations of pollutants 

(obtained by dilution), were conducted to establish an exposure-response relationship. 

This relationship was used to assess the impact of emissions fkom v q i n g  concentrations 

of building products (paint, carpet, PVC and their combinations) on the perceived air 

quality. The redting information aiiowed for the determination of the most appropriate 

ventilation based on the criteria of acceptable air quality. The effect of dilution of the 



polluted air on the perceiveci air quality varied between the buiIding products. The 

experimental results show that, for combined materials, the assessed air quality is better 

than for a single material. However, combined materiais require higher ventilation than 

single materials to achieve specifïed acceptable levels, and this veda t ion  varies fiom 

one combination to another. 

63 Acceptability vs. odor intensity 

For di the conducted experiments, a hear relationship between acceptability and 

odor intensity was found. It shows that the odors emitted nom the building products 

affect the accepbbiiity and are the cause of poor air quaiity. This relationship allows the 

determination of the odor level associated with an acceptable air quality. 

6.4. Future Work 

The results of this work showed thai the slopes of the exposure-response curves, 

which determine the eEect of changing the ventilation rate, decrease when the materials 

are combined: the slopes of exposure-respome curves for single matenals are steeper 

than the slope for combined materials. That means the ventilation rate needed to reach 

certain acceptability level will be higher for a combined material than the ventilation rate 

needed for the individual matenals. Now the questions are: 

1. 1s the dope of the exponire-response a fiuiction of temperature or humidity? 

2. Does the ventilation rate depend on whether the materid is wet or dry? 

3. Does this rate depend on whether it is a single or a combination of three or more 

materiais? 



4. How can one obtaïn the upper limit of ventilation as solution to improve the indoor 

air quality? 
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APPENDIX 1 



CaIibration of the chambers: 

The three test chambers have been calibrated before each experiment in order to 

assure the same ACH and aidow rate in ali the chambers, for sensory testhg an airfiow 

rate of 0.9 Lls is recommended (Bluyssen, 1990; Clausen et al., 1995; Knudsen, 1994). 

For calibration CO2 gas was used as a tracer gas. Before the injection of a specific 

quantity of CO2 in each chamber, the background concentration of this gas in that 

chamber should be rneasured, and afier the injection a reading of the CO2 concentration 

inside the chamber was taken with CO2 anaiyzer (Progeco techSL-CO2) every 30 sec 

interval till the concentration in the chamber equal the background concentration. The 

ACH could be found from the plot of logarithm the concentration vernis the time and is 

equal to the slope of the resulted line. 

The decay curve is presented with the foliowing equation: C = Ca e 

Where C: C a  concentration ui the chamber, Co: initial concentration or background 

concentration of COz, N : Air exchange rate (min -') , T : time (min) 

The ACH inside the chamber was adjusted by control of the airflow through the 

recirculation channel of the test chamber by a damper. 

For the dilution experiment, and in order to adjut the performance of the dilution system 

a CO2 gas was dozed at a constant rate into the test chamber. The relative dilution of the 

exhaust air fkom the test chamber was determined by measuring the concentration of CO2 

in the diffuser and in the chamber using (Honba P R  2000 ), see figure 1. The size of the 

holes in the orifice plates were determined using trial and error and they were approved 

only when the change of them did not affect neither the CO2 concentration in the exhaust 

air fiom the test chamber nor the air flow rate out of the diffuser. The airflow rate through 



the diffuser was kept constant at 0.9L/s, and to assure that, the air velocity at the end of 

the diffuser was meanired continuously with a hot wire anemometer (TSI air velocity 

transducer model 8470-20M-V) during al l  the dilution steps and it was kept around 

0.25ds which corresponds to 0.9Us air flow rate. 

Figure 1. Technique used to adjust the performance of the dilution system 

(1) CLIMPAQ (3) Flowmeter (4) P ~ P  

(2) CO2 cylinder (5) CO2 measurement device 
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1. Statistica! analysis for intermient and continuous vcnrüation experiments: 
1.1 Acceptability test 

ANOUR Summary Table for HU:sniff:sniff.expt l .acc.anoua 

Source of df Sum of . M e a n  F 
Variation =es Square 

Table 1 : simple effeds : 

Effect !Sn Eh DFe MSe 
s u t n l  1532.817 1 29 345.161 
s a t n 2  680.067 1 29 507.791 
s a t m 3  201.667 1 29 315.391 
s a t m 4  345.600 1 29 296.069 
m a t  s 1 18594.456 3 87 404.185 
m a t s 2  18690.542 3 87 507,254 

P msilon 
C o r r e c t  ion 

Fimire 1. Acceptabilny for the three tested miterials and supply when two Merent 
ventilation mtegies were appiied 

S 1 : Intanktent ventilation 
S2 : Continuous venh'lntian 
ml : carpet, m2 : paint, m3 : vhyl, ml : nipply 



1.2 Odor intensity test 

ANOUA Summay Table for HO:snïftsniff.expt l .int.anoua 

Source of 
variation 

Table 2 : simple effect 

E Î ~  ect I S E  D?n m e  Mse 
s a t m l  248,067 1 29 147.201 
s a t x c 2  505,350 1 29 47.384 
s a t n 3  194,400 1 29 93 -228 
s a t r n 4  36 - 038 1 29 30 -520 
m a t  S I  3508 -231  3 87 133 -409 
m a t s 2  3215,391 3 87 126-724 

P asi lan 
Correction 

Fi-mire 2. Odor intensity for the three tested materllls and arpply when two different 
ventdation &tedes were applied 

S 1 : Intermittent ventilation, S2 : Conthuous ventilation 
ml : carpet, m2 : paint, m3 : vinyl, m4 : supply 



Tukey's HSD pst  hoc test ( shows wbich differenccs ktween muns are dpificant) : 

Upper Triangle: .0S leuel ; Lourer Triangle: .a1 1 euel 

2. Field investigations 

RNOUA Summary Table for H0:snifCflccept. oMces.Rnoua 

Source of df Siaa of 
Variation %W=es 

Subjects 27 37386.780 
s 1 1116.005 

-or 27 8468.494 
O 2 4065.372 

Error 54 17635.631 
so 2 346.798 

=or 54 9292.202 

Table 3. Simple effects 

EE fect 
s a t o l  
s a t o 2  
s a t o 3  
o a t s l  
c a t s 2  

P Epsilon 
Correction 

Figure 3. Acceptability of the air perceived in three mvestigated offices 

S 1 : Cominuous ventilation, S2 : Jntermittent ventilation 



3. Dilution txpenment 

3.1 Acceptability 

RNOUA Summary Table for HD:sniff.dilution.acc.anoua 

source of 
Variation 

Table 4. Simple effects 

P f9s4 --on ' 
Correction 

Upper Triangle: .85 leuel ; Louier Triangle: .0 1 1 euel 

Ml : paint, M.2 :carpet, M3 : vinyl, M4 : supply 
D 1 ,Dt,DSJX and D5 : dilution correspond to dilution nictors equd to : 1,2:6,9 and 1 6 



ANOUfl Summay Table for HD:Sniff.dilution.int.anoua 

Source of df Sum of Mean F 9 Epsilon 
Varietion Squares m e  Correctian 

Table 5. Simple effects 

Zff ect 
M a t 3 1  
M a t 3 2  
M a t D 3  
X a t D 4  
M a t 9 5  
D a t t i l  
D a t X 2  
D a r X 3  
D a t Y 4  

Upper Triangle: A5 leuel ; Lower Triangle: .BI  1 euel 

A B C D E F G X I J K L M N O P Q R S T  
x - - - - - - - - - - -  S S S S S S S S  

- x - - - - - - - - - -  S S S S S S S S  
- - X - - - - - - - - -  S S S S S S S S  - - -  x - - - - - - - - - - -  S S S S S  
- - - - x - - - - - - - - - -  S S S S S  

- - - - -  X - - - - - - - - - S S S S S  
- - - - - - X - - - - - - - -  S S S S S  

- - - - - - - X - - - - - - -  S S S S S  - - - - - - - -  x - - - - - - - S S S S  

- - - - - - - - - x - - - - - - -  S S S  - - - - - - - - - -  x - - - - - -  s s s  
- - - - - - - - - - - x - - - - -  s s S 
ç - - - - - - - - - - - x - - - -  S S S  

s ç s - - - - - - - - - - X - - -  S S S  
s s s - - - - - - - - - - -  X - - s s s  
s s s s s s - - - - - - - - - X - -  S S 
S S S S S S S S - - - - - - - -  X - s s  
S S S S S S S S S S S S - - - - -  X - s  
S S S S S S S S S S S S S S S S S - X -  
S S S S S S Ç S S S S S S S S S S - - X  

Ml : paint, MZ :carpet, M3 : vinyi, M4 : supply 
DI ,DZ,DS,D4 and D5 : diliaion correspond to diluticni factors equal to : l,2,6,9 and 16 



4. Additive effet of building prodocts 

ANOUA Summay Table for H0:sniff:additiue impacts 

Source of 
Variation 

SUbjects 
G 

-or 
M 

Error 
GM 

Error  
D 

Error 
GD 

Error 
"a, 

-or 
GM#!l 

E n o r  

Epsilon 
Correction 

1-00 

-98 

- 74 
- 59 

- 87 

-67 

-59 

Tukev's HSD post hoc test 

Upper Triangle: .8S leuel ; Lower Triangle: .0 1 1 euel 

G1 : panel participating in the test for single materials 
Ml :pa.int, M t :  carpeGM3 :PVC 

G2 : panel participating in the test for combmed materiaIs 
Ml : PVC & carpet, M2 : paint & PVC, M3: paht & carpet 



ANOUfl Summary Table for HD:sniffxarpet,uinyl and C+U 

Suace of 
Variation 

Subjects 
m 

Error 
d 

Error 
Ira 

Error 

Sum of 
Squares 

r' P @silm 
Correction 

Table 6. simple effects 

Upper Triangle: .0S leuel ; Louier Triangle: .01 1 euel 

ml: Carpet, rn2 : Vinyl, m3: carpet & vinyi 



ANOUR Summary Table for HO:sniff:Paint,Carpetand P+C 

Source of d f  Sum of Mean F P msilon 
Variation sw=es V e  Correction 

Subjects 33 3573 -379 108-284 
m 2 77. '794 38 - 897 1-814 - 1710 

Error 66 1414.991 21,439 - 95 
d 4 1250.557 312-639 24-  828 . O000 

Esror 132 1662.183 12.592 -71 
md 8 96.257 12,032 1,037 -4082 

Error 264 3062.163 11.599 - 66 

Upper Triangle: .85 leuel ; Lower Triangle: .0 1 1 eue! 

Table 7. Simple effects 

2f fect 
m a t d l  
m a t s 2  
m a t 2 3  
m a t d 4  
m a t d S  
d a t m l  
d a t m 2  
d a t m 3  

m l  : paint, m2 : carpet, m3: paint & carpet 



APPENDM IV 



Iastnictions for subiects 

Please read carefùily: Ranember, you are a member of a panel. and yow 
responses are important, 

The panel members should corne with a good personai hygiene and without 
m e *  

The acœptaldity d e s  that you w d l  kusing shouid be mnnderd 
continuous and withouî categ0nes. b k k  anywhere cm the vertical line to 
indicafe your best estimate. 

The evaluaîion of indoor air should be made nom the initial perception, 
and acceptabiiity ratings shodd be marked wirhin the fint 30 seconds after 
entering a room 

No communicati~tl what so ever on air quality is ailowed drrring ratuig 
procedures~nor durhg your walks. 
Please wait imtil you have flnished all buiidings. 

When assessing aie odor mtensity you should apply a ratio scale with outside 
air as a reference. Odor mtensity of outside air b d d  be given the value of 
More intense odors should be givenhigher numbers and less intense odors 
&er nrrmbers. nie number shouid be proportional to odor inteasity. 
Erampk: If you U d  the odor to be five times as intense as outsi& air you 
should assign the value 50, and if you find it 5 times less intense you shouid use 
the number 2- 





Test chambers during clliration process ushg CO2 as a tracer gas 



Samples of carpet and painted gypsum board in the test chambers 








