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Abstract. New technologies and materials have introduced a large quantity of new pollutants emitted to the indoor air.
Energy conservation for economical reasons, resulting in low outdoor air supply rates, can become the reason of a poor
indoor air quality. The cost of the deteriorated indoor climate, resulting in reduced comfort and losses in productivity,
for the society is higher than the costs for the heating energy or ventilation systems in the same building.

An experiment was conducted to determine how poor indoor air quality could cause involuntary changes in performance
and occurring sick building syndrome symptoms. Twenty-four female subjects were exposed to three environmental
conditions, while performing normal office tasks in a low-polluting room. Sick building syndrome symptoms, the per-
ceived air quality and performance data were obtained. The acceptability of air quality was significantly better and the
odour intensity was much lower under the conditions of high ventilation. The performance of the people, who took part

in the experiment, in a two-digit addition task was significantly better under a high ventilation.

Keywords: indoor air quality, sick building syndrome symptoms, people performance, ventilation.

1. Introduction
1.1. Pollutants’ emission from building materials

There has been a rapid development in building tech-
nologies, building materials, building services and en-
ergy technology over the past few decades. New tech-
nologies and materials have gained a rapid foothold since
they confer evident production advantages. A similar de-
velopment has taken place for fittings and furnishing
materials, as well as furniture. A large quantity of new
pollutants is therefore emitted to the indoor air. Finishes
(floors, walls and ceilings) are considered to have an
important role for the quality of the indoor air. Apart
from the fact that the materials themselves can emit pol-
lutants, they may also act as storage areas for pollutants
such as particles and gases from other sources. This de-
pot effect, which may be both positive and negative, is
governed by the surface of the material. A fleecy sur-
face (eg textile surfaces) has a large depot effect than a
hard and smooth surface.

The level of the primary emission (ie the emission
of different pollutants by the materials themselves)
reaches the highest degree immediately after manufac-
ture and, according to a rough estimate, this emission
may be expected to diminish by 60-70 % during the

first six months and to disappear substantially after the
first year of use. The pollutants that are emitted are sol-
vent residues, remnants of raw materials, reaction and
decomposition products from the production process as
well as additives. The temperature and relative humidity
of the indoor air, as well as ventilation are also signifi-
cant with regard to the primary emission.

The secondary emission of pollutants is mainly
caused by actions on the material. Factors that affect a
material may be moisture and alkali in the building struc-
ture, high surface temperatures or different types of treat-
ment with chemicals, such as floor cleaners, waxing, etc.
The secondary emission may continuously increase and
last for a very long period [1].

Owing to the fact that the primary emission has been
the subject of great interest, a development towards ‘low
emission’ materials has been noticed. This has reduced
the emission of volatile organic compounds (VOCs). Over
900 VOCs have been identified in the indoor air with
over 250 recorded ones at concentrations higher than 1
ppb. Some of the most commonly encountered VOCs
and their sources are listed in Fig 1.

Nowadays the secondary emission is regarded as
being of a greater significance. Research is needed in
order to find out what are the limits of individual mate-
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Fig 1. Commonly encountered VOCs and their sources

rials in relation to relative humidity, alkalinity, tempera-
ture etc, and what external factors are significant.

Damage can occur owing to the ignorance of con-
ditions in the building and the lack of thought in its in-
stallation. In all cases, damage can be prevented and
eliminated using the correct strategy and good quality
assurance during the development of new techniques and
materials, the production of building materials, design,
construction and management.

Different building rating systems are proposed for
evaluation of environmental performance over all
building’s life cycle [2].

1.2. Ventilation of buildings

During the last three decades ventilation philoso-
phy experienced major changes. In the first decade of
this period, considerable efforts were made towards un-
derstanding the mechanisms of air infiltration in build-
ings in order to control and often reduce the fortuitous
ventilation and conserve energy. In some cases, the re-
duction in air filtration created problems associated with
the air quality in buildings and the generic term ‘sick
building syndrome’ came into being. The second decade
of the same period experienced concerted efforts to un-
derstand the causes of ‘sick building’, which resulted in

Deodorisers
Cleaning agents
Polishes
Fabrics

Carpet
Paint

the introduction of new ventilation concepts, such as the
age of air, new air quality units and a consensus for in-
creased outdoor air flow rates. In the third decade, the
emphasis on reducing energy consumption and environ-
mental consciousness has focused the minds of research-
ers and designers alike on the potential of natural venti-
lation and user’s control of the local environment. As
the results of these changes, new ventilation standards
and guidelines have been written to reflect the impor-
tance of ventilation on the indoor environment [3] qual-
ity.

The purpose of a ventilation system is to provide
an acceptable microclimate in the space being ventilated.
The microclimate refers to the thermal environment as
well as the air quality. These two factors must be con-
sidered while designing a ventilation system for a room
or building, as they are fundamental to the comfort and
well-being of human occupants.

Human occupants produce carbon dioxide, water
vapour and contaminants including biological aerosols
and volatile organic compounds. By ASHRAE, comfort
(odour) criteria with respect to human bioeffluents are
likely to be satisfied if the ventilation results in indoor
CO, concentrations less than 700 ppm above the out-
door air concentration [4]. ASHRAE requires 10 litres
per second per person (L/s/p) of the outdoor air for of-
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fices. European CR 1752 technical report (CEN, 1998)
gives ventilation requirements according to the category
of the office building: A — 10 L/s/p, B—7 L/s/p, C — 4
L/s/p [5].

The view to ventilate not only for a body odour but
also for any other air pollutants that potentially may cause
a degradation of the perceived air quality (PAQ) was
introduced by Fanger [6]. The new ventilation standards
(ASHRAE, 1989) and guidelines (CEN, 1998; ECA,
1992), besides the health aspects, adopted the philoso-
phy to ventilate for the ‘acceptable indoor air quality’,
allowing an additional increase of the ventilation require-
ments due to the emission from indoor materials [4, 5,
7]. The minimum ventilation rates provided reflect the
given air quality level expressed in percentage dissatis-
fied, typically established between 10 % and 30 %. These
are 20 % according to the US regulations (ASHRAE,
2001 [8]), while the European guideline (ECA, 1992)
provides three categories of air quality corresponding to
10 %, 20 % and 30 %. The first category was later up-
dated to 15 % in the CR 1752 technical report (CEN,
1998), leaving the other two categories unchanged.

1.3. Indoor environment, health and people’s perfor-
mance

As the concentration of many pollutants is often
higher indoors than outdoors and people spend most of
their time (up to 95 %) at home and their workplaces in
various buildings, there is a great possibility that a poor
indoor air quality may cause a higher risk to human health
and comfort than the outdoors. Indoor air quality (IAQ)
in non-industrial buildings has received a special atten-
tion over the past two decades. Indoor air pollution may
cause the appearance of such diseases as cancer, asthma,
lung diseases, allergies and a lot of comfort-related com-
plains.

Non-industrial indoor spaces, such as offices, schools
and residences, for a long time were considered as hav-
ing no harmful substances that could negatively affect
human health. From the seventies, the attitude that some
non-industrial buildings were related with increasing com-
plains became popular. Health problems related to a poor
indoor environment could be classified into two catego-
ries: Building Related Illnesses (BRI) and Sick Building
Syndrome (SBS). BRI are caused by the exposure to
biological, physical or chemical agents in the indoor
environment and can be clinically diagnosed, while the
appearance of SBS sometimes has no clear explanation
and is related to the exposure to a particular building
environment. SBS symptoms include eye, nose and throat
irritation, dry, itching and red skin, headaches and men-
tal fatigue, the sensation of dry mucous membranes, high
frequency of airway infections and cough, nausea, dizzi-
ness and unspecific hypersensitivity.

The problems related to the IAQ have increased in
the last two decades primarily due to the following
causes:

— increase in building air tightness;

— reduction in ventilation rates to reduce energy con-
sumption;

— increase in the use of computers, printers, photo-
copiers and other equipment in offices;

— increased use of textile floor covering and furnish-
ing with high emission rate of pollutants;

— increase in the use of air-conditioning;

— lack of maintenance.

The field experiments in offices [9-11] and school
[12] as well as laboratory experiments [13, 14] are show-
ing that the increased ventilation rates can be effective
in improving the perceived air quality and reducing SBS
symptoms.

Two independent studies by Myhrvold and others
in Norway [15] and by Kajtar and others in Hungary
[16] found out that there were significant differences in
the performance of pupils in the environments with dif-
ferent CO, concentrations. In the study made by Kajtar,
the CO, concentration in the room air was manipulated
using bottled gas in order to examine the influence of
CO, on the well-being and the performance of mental
work. The results of this study showed that well-being
and ability to sustain attention both decreased when the
CO, concentration in the air was raised to 3000 ppm by
adding bottled CO,.

The benefits of the indoor air improvement include
reduced medical care cost, working days gained due to
the reduced sick leave and a better performance at work.

The aim of the experiment carried out in the ICIEE
was to determine whether an introduced pollution source,
an old carpet, and the changed ventilation rate in the
experimental office were able to affect people’s perfor-
mance and SBS symptoms.

2. Methods
2.1. Facilities and experimental conditions

The experiment was carried out at the International
Centre for Indoor Environment and Energy, DTU, Den-
mark. A test room simulating a normal office (floor area:
3 x 4 = 12 m?) was used for the experiment. This office
could be described as ‘low polluting’ because the sur-
face materials were selected in such a way that they
would have very low emission rates. The temperature of
24 °C and relative humidity of 50 % were set on control
system to remain the same in all experimental conditions.

Three different environmental conditions were cre-
ated for this experiment: 3 L/s/p of the outdoor air (with
consequently raised bioeffluent level); 3 L/s/p with a
pollution source present (a used carpet); and 20 L/s/p
with no pollution source present.

The air was supplied by an axial fan mounted in
the window and a second fan mounted in the window
was used to remove exhaust air. By changing the damp-
ers attached to each fan two different ventilation rates
were obtained: 3 and 20 L/s/p (Fig 2).
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Fig 2. Experimental office: 1 — axial fans with dampers and silencers; 2 — ultrasonic humidifier;
3 — pollution source; 4 — mixing fans, 5 — partition

Symptoms present (0) No symptom (100)

Fig 3. Visual analogue scales used to measure SBS symp-
toms

A partition was installed in the office so that the
subjects were blind to the experimental conditions. The
used carpet of 17 m? was used as the pollution source. It
was placed behind the partition on a stainless-steel rack
and was not visible for the subjects.

Four students from the Centre occupied the experi-
mental office for one hour before the session in order to
raise the bioeffluent level each morning. It is common in
all indoor environments and especially in offices that
bioeffluents from other people are present. An increased
concentration of bioeffluents, including CO, was present
in the two low outdoor air supply rate conditions.

2.2. Subjects

Twenty-four female Danish students aged 19-29 par-
ticipated in the experiment. They were exposed in pairs
to each of the three experimental conditions. Fifteen sub-
jects had participated in similar experiments before, while
nine of them were not familiar with such experiments.

2.3. Physical measurements

Temperature, RH, CO, concentration, airflow and
ventilation effectiveness measurements were made con-
tinuously throughout the experiment.

2.4. Remote performance measurement (RPM)

RPM software was developed at ICIEE to assess
human productivity in terms of the performance of stan-
dard tests. The RPM version that was used in this ex-
periment included subjective rating scales as well as per-
formance tests. The subjects were asked to mark the
scales to indicate comfort, irritation, SBS symptom in-
tensity, their perception of a number of environmental
factors and self evaluation of a performed task.

Visual analogue scales were used to asses SBS
symptoms (Fig 3). The scale is 100 mm long on a hori-
zontal line without gradation, with two vertical lines
marking the extreme points of the scale. The subjects
put a mark on the scale, depending to what extent they
agreed with the given statement.

To test different aspects of normal office work, two-
digit addition, proof reading and text typing tests were
used. The performance of each task was assessed in terms
of the percentage of errors made and as work rate, ie the
number of units attempted per hour.

On two occasions the subjects were asked to com-
plete additional questionnaires, marking visual-analogue
scales to indicate their assessment of air quality, odour
intensity and irritations (Fig 4).

Just after they had entered the experimental office
and adjusted their chair as well as at the end of the ex-
periment, after re-entering the office after spending 5—
10 min outside to refresh their olfactory sense.

For performing the data analysis for subjective rat-
ings, the linear scales were coded as following:

Acceptability scale: ‘clearly acceptable’ = +1;
‘clearly unacceptable’ = -1; ‘just acceptable / just unac-
ceptable’ = +0,01/-0,01.

Odour intensity scale: ‘no odour’ = 0; ‘slight odour’
= 1; ‘moderate odour’ = 2; ‘strong odour’ = 3; ‘very
strong odour’ = 4; ‘overpowering odour’ = 5.
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Imagine you during your daily work would be exposed to this air

How do you assess the T Clearly
air quality? acceptable

Please mark on the
|
scalel | Just acceptable

[ Just unacceptable
Pay attention to the
distinction between
acceptable and

Clearly
unacceptable!

L unacceptable

Fig 4. Questionnaires to indicate assessment of air quality, odour intensity and irritations

Irritation scales: ‘no irritation’ = 0; ‘slight irrita-
tion’ = 1; ‘moderate irritation’ = 2; ‘strong irritation’
= 3; ‘very strong irritation’ = 4; ‘overpowering irritation’
= 5.

The percentage dissatisfied with the perceived air
quality was calculated as a measure of the perceived air
quality in the office. The mean ratings of acceptability
were transformed to percentage dissatisfied using equa-
tion (1) based on the data by Gunnarsen and Fanger:

e—0,18—5, 28 ACC
1+ e—0,18—5,28 ACC

PD 100, (1)
where:
PD — percentage of dissatisfied with the air quality, %;
ACC — mean vote of air acceptability.

The subjects were informed that they should have
adjusted their clothing to maintain thermal neutrality

throughout the experiment.

2.5. Statistical analyses

The data were analysed with SPSS 11 for Windows
using the non-parametric Friedman test. If an overall ten-
dency approaching significance (P<0,1) was found, the
Wilcoxon Matched-Pairs Signed Ranks test was used to
test the significance of differences between the pairs of
conditions (P<0,05). These are both within-subjects tests
that assume no more than an ordinal level of measure-
ment and neither requires that the data be normally dis-
tributed.

3. Results

Although the control system was intended to main-
tain a constant temperature of 24 °C and a relative hu-
midity of 50 %, some temperature and RH variations
occurred during the experiment, which are presented in
Table 1.

Assess odour

Assess irritation in

intensity

y Eyes Nose Throat
T No odour T T T Noirritation
T Slight odour T T T Slightirritation

T Moderate odour

Moderate irritation

T Strong odour T T T Strong irritation
T Very strong odour T T T _Ve_ry strong
4 iritation
Overpowering odour™ = = Overpowering
irritation

in the experimental office

Table 1. Average temperature, RH and CO, concentration
values

Experimental t, °C RH, % CO, outdoor,
conditions ppm

3L/slp+ 23,7240,17 | 48,98 +3.43 421+ 4,91

Pollution

3 Lisip 23.6840,19 | 48,85+3,57 430+ 5,21

20 L/s/p 23,4440,23 | 42,44 +3.45 | 448421

CO, concentration in the experimental condition
when the ventilation rate was 3 L/s/p of the outdoor air
was almost treble compared with 20 L/s/p (Fig 5).

CO2 , ppm

:/ﬂ

20 3

3 + Pollution

Ventilation rate (Lis/p)

Fig 5. Average CO, concentrations in the experimental
office

The acceptability of the air quality was significantly
better in the condition with a high ventilation than with
a low ventilation (P<0,0001) or a low ventilation and
the pollution source present (P<0,0001). The presence
of the carpet did not significantly affect the acceptability
ratings in the two conditions of a low ventilation
(P>0,3805).

The percentage dissatisfied with the perceived air
quality, calculated from the acceptability ratings, is shown
in (Fig 6).
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Odour intensity (Fig 7) as well as nasal irritation
were significantly higher both in the condition with a
low ventilation (P<0,0001) and with a low ventilation
and the pollution source present (P<0,0001) compared
with the high ventilation condition. At the end of the
exposure, throat irritation was indicated as significantly
higher (P<0,011) in the condition with 3 L/s/p + Pollu-
tion than 20 L/s/p.

)
(=]
o

o
(=1

(o3}
o

B
(=]

Dissatisfied, %

3 + Pollution

3
Ventilation rate (Lis per person)
[ 1st assesment [l 2nd assesment

Fig 6. Percentage of dissatisfied with the perceived air
quality after entering the office (1 assessment) and after
re-entering the office at the end of exposure (2™ assess-
ment)
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Difficulty in thinking (P<0,0442) and smarting eyes
(P<0,0209) (Fig 8) were significantly worse in the con-
dition with a low ventilation and the pollution source
present than in the condition with a high ventilation.

The subjects made a significantly higher percentage
of errors (P<0,0353) when performing the second two-
digit addition task in the condition of 3 L/s/p (with raised
bioeffluent level) than 20 L/s/p (Fig 9).

100

QOdour intensity

3 + Pollution
Ventilation rate (L's per person)
[ 1st assesment @ 2nd assesmeant

Fig 7. Odour intensity under three experimental condi-
tions (0 = ‘no odour’, 100 =’evaporating odour’)

No 100
symptom
80

Difficulty to think
P <0,05

60

40 -

20 4

Symptom 0 4

present

20 Li/s/per person 3 L/s/per person+Pollution

Fig 8. SBS symptoms indicated under different experimental conditions

Two-digit addition

Percentage of errors, %

Ne 24 2 24
C kot 3+ Pollutant ¥ 20®

Ventilation rate (L/s per person)

2* — second two digit addition task

Text typing, trained subjects

200
=
5
c
‘E 200
: §
é 100
m
5
0 . ; v
N= 15 15 15

3® 3 +Polutant @ 20"

Ventilation rate (L/s per person)

The box in the box-and-whiskers plot is representing interquartile range; the line in the box is showing the median

of the data; whiskers — outliers.

Fig 9. Performance of the second two-digit addition task

Fig 10. Performance of text typing (made by ‘trained’ subjects)
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The results obtained for the ‘trained’ subjects who
participated in the previous experiment show that a sig-
nificantly (P<0,0416) higher percentage of errors occurred
in the second two-digit addition task in the 3 L/s/p con-
dition (with raised bioeffluent level) than in the 20 L/s/p
condition.

Text typing speed was significantly (P<0,0285)
lower in the 3 L/s/p (with raised bioeffluent level) than
in the 20 L/s/p condition (Fig 10).

New subjects made significantly more errors per-
forming the proof reading task in the 3 L/s/p condition
when the carpet was not present, contrary to expecta-
tions. However, as this sub-group is very small (N=9)
this is likely to be a chance result. Thus no significant
differences between the conditions were observed in work
rate in the two-digit addition or proof reading tasks.

4. Discussion

The secondary emission of pollutants from the car-
pet, which was used as a pollution source, affected the
appearance of SBS symptoms. The subjects indicated
such symptoms as smarting eyes and difficulty in think-
ing as significantly more present in the condition with
low ventilation and the pollution source present while
compared with the condition with a high ventilation.

The subjects who took part in the experiment rep-
resenting able-bodied individuals were performing nor-
mal office work worse in the condition with poor IAQ
(evaluated by percentage of errors and work rate).

IAQ can be improved with a reduced pollution
source or an increased ventilation rate. Although eco-
nomical factors arising with the increased energy use are
important, priority should be given to better IAQ, as it
will give reduce in medical care cost, increase of work-
ing days because of better health and would not decrease
the performance of office work.

5. Conclusions

1. The perceived air quality improved and the
odour intensity decreased when the ventilation rate was
increased and the pollution source was removed. The
percentage dissatisfied with the perceived air quality
decreased by 65 % when ventilation rate was increased.

2. Low ventilation is insufficient to reduce CO,
concentration and other pollutants. With low level of the
outdoor air in the experimental office CO, concentration
was 1829 ppm, which was 2,71 times higher compared
with 20 L/s/p.

3. The deteriorated indoor climate in the experi-
mental office is related to SBS symptoms. Difficulty in
thinking and smarting eyes were identified as significantly
more intensive in the condition with low ventilation and
the pollution source present than in the condition with
high ventilation.

4. Decreased ventilation rate from 20 to 3 L/s/p
increased the average percentage of errors made by ex-
perimental subjects by 17,4 % while performing two digit
addition task, and reduced typed symbols by 5,5 %. The
performance of several tasks improved with a better air
quality.

5. The right choice of the outdoor air supply rate
when pollution sources from building materials, office
equipment and the occupants working in the office are
evaluated, will result in good IAQ and better perfor-
mance.
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STATYBINIU MEDZIAGU TERSALU EMISIJA IR JU POVEIKIS BIURO PATALPU ORO KOKYBEI IR
ZMONIU DARBINGUMUI

L. Seduikyté, R. BlindZius
Santrauka

Nagrin¢jami didziausia itaka patalpy mikroklimatui turintys veiksniai — pirminé ir antrin¢ terSaly emisija i§ statybiniy,
apdailiniy medziagy ir patalpy védinimo lygis. Netinkamos mikroklimato salygos daro poveiki Zmoniy savijautai ir
darbingumui. Sumazéjes zmoniy darbingumas, atsiradusios sveikatos problemos gali turéti ir ekonominiy padariniy.
Atliekant laboratorinj eksperimenta tirtas pasirinkto terSaly Saltinio keiciant védinimo lygi poveikis patalpy oro kokybei,
zmoniy savijautai ir darbingumui. Atlikta eksperimento rezultaty statistiné analizé. Pateikiami tyrimo metodai patalpy
oro kokybés, zmoniy darbingumo ir ,,sergancio” pastato sindromo simptomams jvertinti.

RaktaZodzZiai: patalpy oro kokybeé, terSaly emisija i§ statybiniy medziagy, ,sergancio” pastato sindromas, zmoniy
darbingumas.
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