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Abstract 

Good indoor air quality (IAQ) enhances occupant health, comfort and workplace productivity. This issue has become more 
critical in a country like Singapore that has no other natural resources except manpower. In addition, Singapore is located in 
the tropical region with a hot and humid climate and a large number of the buildings are served by air-conditioning and 
mechanical ventilation (ACMV) systems to maintain a thermally comfortable indoor environment. The provision of a thermally 
comfortable indoor environment for the occupants is only one aspect in achieving better indoor air quality. Chemical pollutants, 
dust particles and microbials are other factors that have impact on the quality of indoor air. Pollutant emissions from people, 
building materials, air handling units, etc. in the form of both living and dead material take place continuously' in any type of 
buildings, i.e., residential, commercial, industrial, institutional, etc. An IAQ audit methodology developed is adopted to establish 
the IAQ profile of the building. In this paper, a case-study is used to demonstrate the application of the IAQ audit and evaluate 
its comprehensiveness and usefulness to the building owners or facility managers. This audit was conducted in the 
administration offices of a hospital building. The audit consists of examination of the air exchange rate, ventilation effectiveness 
and age of air. Thermal domfort parameters, microbial counts, dust particles and the concentrations of carbon dioxide (C02), 
carbon monoxide (CO), formaldehyde (HCHO) and total volatile organic compounds (TVOC) were also monitored. In addition, 
a questionnaire was completed by the staff in order to provide a subjective assessment of indoor air quality. © 2000 Elsevier 
Science Ltd. All rights reserved. 

1. Introduction 

An Arab oil embargo in 1973 triggered off an energy 
crisis worldwide, with the building industry implement
ing two types of measures to conserve energy. The first 
was to increase the efficiency of the equipment used in 
buildings. Thus, a modern refrigerator would consume 
considerably less power than before. In the effort to 
minimise heat loss and maximise the efficiency of air
conditioning, the building's interior is closed off to the 
outside as much as possible (i.e., more- airtight), as an 
alternative to energy savings. The former leads to a 
better design of equipment, but the latter, saved a 
great amount of energ):'. but at a cost. The air becomes 
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stale as a result of the accumulation of pollutants such 
as excess dust, bacteria and chemicals. When the pollu
tants' concentration of the air in the building increases, 
the occupants' health will be jeopardised, and when a 
high frequency of complaints from the occupants 
occurs such building would be labelled as a "sick 
building". 

In Singapore, there has been growing concern in the 
past decade over health complaints attributed to the 
so-called "sick building". The reasons could be related 
to an increase in public awareness of health impli
cations, and people spending more time in air-con
ditioned environments. Indoor air quality has begun to 
surface as an important issue that affects the comfort, 
health and the productivity of office workers. 
Although the outdoor air quality is quite well estab
lished, this has little impact on the indoor air quality 
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because the characte1;stics and ources of pollutants 
are quite different. Factors contributing to indoor air 
pollution include building location and air intake· 
building design, building material and furnishings; 
and indoor activities. Some of the common causes of 
indoor air problems giving rise lo poor air quality are 
the presence of indoor sources of pollution; poorly 
designed maintained or operated air-conditioning and 

. mechanical ventilation (ACMV) system ; and uses of 
the building that were unplanned for what the building 
was designed or renovated. 

A ventilation system performs a vital role in the 
removal of pollutants originating in the air-space. In 
addition, the performance of the mechanical venti
lation system influences thermal comfort; for example 
cold draughts can produce an unpleasant living or 
working environment for the occupants. Studies have 
shown that ventilation systems in buildings are largely 
responsible for Sick Building Syndrome (1 2). These 
ventilation systems are either designed incorrectly or 
they are poorly maintained. Complaints of sickness 
among people in "tight buildings", especially those 
housing equipment and machines, have become a sig
nificant problem over recent years [3,4]. 

An IAQ audit methodology has been developed and 
this is applied to the offices in a hospital building. The 
development of this audit methodology was done in 
the last five year and bas undergone refinements to 
establish a comprehensive and accurate IAQ profile of 
buildings. To date, this audit has been applied to more 
than 15 buildings locally. The IAQ Audit commences 

Identification of Suitable Study 
Areas 

Walkthrough Inspection 

Data Collection 

Results 

Recommendations 

Objective 

Subjective 

Comparison 

Criteria 

Causes 

Design 
SpecificatiOn 

Fig. I. IAQ audit methodology. 

Temperature 

Relative Humidity 

Air Velocity 

Porlkulnte Counts 

Biological 
Sampling 

Pollutant 
Monitoririg 

Ventilation Study 

Questionnaire 
Survey 

Interview with 
Building Staff 

with a preliminary walkthrough of the premises fol
lowed by objective measurements and subjective assess
ment. Objective measurements involve the 
measurement of building ventilation rates, ventilation 
effectiveness of the ventilation system, and concen
trations of selected indoor air pollutants. In the case 
of subjective assessment, a questionnaire was com
pleted by the office staff to provide a subjective feeling 
on the environment. The results collated from this 
audit can be u ed to as ess the air quality in the offices 
and recommendation can be made to the building 
owner or facility manager who has an overview of the 
organisation, sets policy and assigns staff responsibil
ities. 

2. Indoor air quality (IAQ) audit 

The IAQ audit follows a systematic approach as 
shown in Fig. l. This audit is carried out in a hospital 
building. It was built in August 1994 and was first 
occupied in September 1996. It is a nine-storey build
ing with a basement and roof level. 

The basement level and fir t storey of the building 
are mainly the cai;park areas while the second storey is 
where the Day Surgery Clinic Operating Theatres and 
Recovery Area are located. The third and fourth stor
eys are the clinics and the fifth storey is designated for 
administration offices. The sixth to ninth storeys are 
for Al wards and the roof level is used to house the 
majority of the plant rooms. The other major plant 
rooms are located at the second, fourth and fifth stor
eys. 

The air-conditioning system for the whole building 
is a centralised chilled water system. The water-cooled 
chillers are located at roof level, the same level as the 
cooling towers. The chilled water is distributed to all 
the air handling units and fan coil units, located 
throughout the whole building. 

The main area of interest for this indoor air quality 
audit is the administration offices on the fifth storey. 
The administration offices are erved by a dedicated 
air-handling unit. This is mainly an open-concept office 
with low partitions with some rooms U1at have floor to 
ceiling brickwall partitions. There is a total of 51 
administrative staff doing work such as managerial, 
secretarial and clerical in nature. The ratio of the male 
staff to female staff is about 1: l .  

2.1. Walkthrough inspection 

An initial visit to the hospital was done as soon as 
the building owner had given the approval for the 
study to be carried out. The objective of the visit is to 
identify the potential study areas and its monitoring 
locations within the area of interest. Once the area of 
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interest was identified (i.e., the fifth storey Adminis
tration Office), available information and documen
tation such as floor plans and ACMV systems 
drawings are collected. Subsequently, a walkthrough 
inspection to the administration office was done. 
Identification of possible pollutant sources, potential 
problems, condition of the ACMV system and 
sampling points for the objective measurements are the 
main purposes of this walkthrough. Some of the main 
items to observe in terms of pollutant sources are 
odours, staining of the ceiling boards, excessive dust, 
fungal and mould growth, etc. Thermal comfort of the 
study areas is another important factor that needed 
more attention. In addition, complaints from the occu
pants can be very useful information in the assessment 
of the indoor air quality. 

2.2. Objective measurements 

Fig. 2 shows the locations of the sampling points for 
the fifth storey Administration Offices. 

2.2.1. Chemical measurements (C02, CO, HCHO and 
TVOCs) 

Continuous real-time chemical monitoring of C02, 
CO, HCHO and TVOCs were carried out at three 

Brickwall 
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indoor points and one ambient point. These points are 
coupled to the B&K multi-point sampler, Type 1312 
and Brue! & Kjaer (B&K) multi-gas monitor, Type 
1309 through polytetrafluoroethylene tubing as shown 
in Fig. 2. Air samples will be collected and analysed in 
the B&K analyser. 

2.2.2. Measurements of air exchange rates 
The air exchange rate in the office was measured 

using the tracer-gas decay technique. This technique 
involved an initial injection of sulphur hexafluoride 
(SF 6) tracer gas into the air space through the fan sec
tion of the air handling unit to provide a better tracer 
and air mixing in the office. The tracer gas was 
allowed to mix for 15 min to establish a uniform con
centration in the air space. The B&K multi-gas analy
ser and sampler are used to collect and analyse the 
concentration of tracer gas over time. The concen
tration-decay of the tracer-gas profile was analysed to 
determine the air-exchange rate for the office (see 
Fig. 3). 

2.2.3. Age of air and air change effectiveness 
Evaluation of the air change effectiveness in a build

ing is crucial as it provides information about the abil
ity of the air distribution system to deliver ventilation 
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Fig. 2. Floor plan of the administration offices. 
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air to a building, zone or space [5]. Information on the 
ventilation rate of the building is adequate if the air 
distribution in the building is uniform. However, non
uniformities in air distribution can lead to localised 
indoor air quality problems due to air stagnation m 
certain areas in the occupied space. 

Local air change effectiveness, £L, was evaluated in 
the office premises. This evaluation included measure
ments of local age of air at the three selected locations 
at the occupant level in the office and average age of 
air at the system exhaust. The age of air was measured 
using the tracer-gas decay technique. This technique 
involved an initial injection of SF6 tracer gas into the 
office through the air-handling unit. The tracer gas 
was allowed to mix for 15 min to establish a uniform 
concentration in the air space. The decay of the tracer 
gas was monitored in the office space and at the 
exhaust duct using the B&K multi-gas analyser and 
sampler. The tracer-gas concentration data in the office 
and at the exhaust were analysed to determine the age 
of air, i-, (min). The local air change effectiveness was 
determined by dividing the nominal age of air (taking 
concentration measurements at the exhaust), 'CE, by the 
age of air at a particular location in the office, rL [5]. 

2.2.4. Thermal comfort measurements 
The thermal comfort level of the indoor environ-
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ment is measured using an Indoor Climate Analyser, 
Type 1213. It is a portable analyser that senses en
vironmental conditions, via five separate transducers, 
simultaneously. The measurements taken through 
these transducers include room ambient temperature 
(dry bulb), relative humidity and air velocity. 

2.2.5. Particulate measurements 
The concentration of the suspended particulate 

(PMIO) was measured using an environmental laser 
aerosol spectrometer, Grimm Portable Dust Monitor 
Series I. I 05. It is capable of measur ing particles from 
0.1 to 10 µm in diameter, with an accuracy of ±5%. It 
allows for a real-time continuous measurement of dust 
to be stored as mass concentration, µg m-3. 

2.2.6. Biological samplings 
A single-stage Andersen N6 sampler was used to 

carry out the biological sampling. The medium that is 
used for the collection of bacteria is Tryptic Soy Agar 
(TSA) while the collection of fungi is Potato Dextrose 
Agar (PDA). The sampler is connected to a pump via 
a poly vinyl chloride (pvc) tube to draw air samples at 
a rate of 28.3 1 min-1 and impact onto the TSA or 
PDA petri-dish. Air samples for culture of bacteria 
and fungi are collected at the designated locations at 
1.2 m above ground and at the air diffusers. This is to 
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Fig. 3. Concentration-decay profile of tracer-gas at the administration offices. 
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determine the source of the bacteria and fungi. Each 
of these measurements was taken over a period of 
4 min. 

After collection, they will have to be incubated at 
different condition. TSA petri-dishes were incubated 
for 48 h at 37°C while the PDA petri-dishes were incu
bated at 25°C. After incubation is completed, they will 
be counted and the unit of measurement is in colony
forming units per cubic metre (CFU m-3). 

2.3. Subjective assessments - office survey 

In addition to the objective measurements conducted 
in the office, the effects of the air quality on the health 
of the office staff were assessed subjectively. The ques
tionnaire is divided into sections, namely, occupants' 
work; occupants' health; environmental conditions; in
dividual control of office environment; and other 
aspects of the office environment such as cleanliness 
and odour. The questionnaires were distributed to the 
office's staff two weeks before the objective measure
ments were being taken. 

3. Results and discussion 

3.1. Evaluation of concen,trations of indoor air pollutants 

3.1.1. Carbon dioxide 
The concentration of carbon dioxide in the office 

varied between locations. Measurements were taken 
over a period of four days. The measured co·ncen
tration of carbon dioxide ranged between 450 and 700 
ppm. These values are well below the ASHRAE stan
dards [5] and Singapore Indoor Air Quality guideline 
[6] recommended value of 1000 ppm for an 8-h period 
exposure. An average concentration of about 580 ppm 
is recorded. During working hours, the concentration 
level went up to an average of 650 ppm and after office 
hours the level decreased to an average of 480 ppm. 
The increase in concentration level of C02 during 
working hours is attributed to the staff in the office. 
There is a relatively good distribution of fresh air over 
the conditioned air-space and the ventilation rate is 
sufficient. 

3.1.2. Carbon monoxide 
The recommended values of exposure for carbon 

monoxide should not exceed 9 ppm for an 8-h perfod 
as indicated by Singapore guideline [6] and Raatschen 
[7]. Measurements of carbon monoxide level concen
tration ranged from 0.05 to 0.7 ppm and this is well 
within the recommended thresholds. An office environ
ment in Singapore should not have any sources of car
bon monoxide since smoking is prohibited in air
conditioned offices. 

3.1.3. Total volatile organic compounds 
There is no general agreement on the threshold 

values for Total Volatile Organic Compounds 
(TVOC), but a recommended limit for acceptable 
indoor air quality is 3 ppm [6]. It is observed that the 
concentrations of TVOC at various locations were gen
erally below 0.6 ppm and these are within the 
threshold limit. The continuous monitoring of TVOC 
shows that the level increases after working hours and 
decreases at the start of each working day. This may 
be attributed to the fact that the air-handling unit is 
shut down after working hours and dilution of the air 
within the premises is prevented. In addition, there 
may have been some internal sources such as solvents, 
cleaning agents, paints from the walls and varnishes 
from the new furniture but this is insignificant since 
the concentration is rather low. 

3.1.4. Formaldehyde 
The concentration of formaldehyde in the office var

ied with locations. The concentration at the study area 
ranged between 0.1 and 0.3 ppm, therefore exceeding 
the recommended limit of 0.1 ppm for an 8-h exposure 
[6, 7]. These relatively high concentrations are attribu
ted to the outgassing from the new building materials 
such as ceiling particle board and carpets. The new ad
ministration office had operated for only eight months 
when these measurements were taken. 

3.2. Evaluation of air exchange rates 

Measurements were carried out on a calm day with 
a north-westerly wind at a speed of 0.3 m s-1. Air 
infiltration could be neglected as the external wind 
pressure was low. The concentration-decay of the tra
cer-gas is used to determine the air exchange rate in 
the offices. The air exchange rate and fresh air quan
tities are computed and tabulated in Table 1. 

It is seen from Table I that the air change rate is 
1.65 and the amount of fresh air provided to the var
ious locations varies between 11 and 11.3 ls-1 (lps) per 
person on the basis of design occupant density (10 m2/ 
person). These figures are likely to be different when 
the fresh air provision is computed on the basis of 
actual occupant density. The Singapore Code of Prac
tice [8] require 3.6 lps/person and the ASHRAE [5] 
requirement is 10 lps/person. This indicates that the 
provision of outside �ir for ventilation is adequat� 

3.3. Evaluation of the age of air and local air change 
effectiveness 

The various age of air ('r) and local air change effec
tiveness (EL) are presented in Table 2. The measure
ments showed that the average age of air at the three 
locations was between 1950 and 1990 s or about 
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Table l 
Measurements of air change per hour (ACH) and outside air quantities 

Location 

1 

2 

3 

" Localised spot. 

Vol. (m3) 

A 

960 
960 

685 

Area (m2) ACHd 

B=A/H' c 

356 1.65 

356 l.65 

254 1.65 

Fresh air (lps)b Design occupancy 

Occ lps/Occ 
D = 0.9ACf3.6 E=B/10 F=D/E 

396 36 II 
396 36 11 

283 25 11.3 

b Based on an effective space volume of 90% (total volume less furnitures in the office). 
c Height of office= 2. 7 m. 

33 min (i.e., the length of the time for fresh air to 
remain in the office is about 33 min). 

When there is a uniform distribution of ai.r over the 
office air-space, cL = I. However when there is a non
uniform distribution of air over the office air-space 
values of cL are significantly less than I. A value of CL 
> I suggests that a degree of plug or displacement 

flow is present. The local air change effectiveness at lo
cations I 2 and 3 were found to be l .07 1.08 and 
1.09 respectively, and this implies that there is no 
short-circuiting of ventilation ail' on a global scale. 
The local air change effectiveness indicated a reason
ably perfect mixed air in those locations. 

' 
3.4. Evaluation of thermal comfort 

The thermal comfort parameters are presented in 
Table 3. 

The air dry-bulb temperature recorded in this office 
is ranged between 22. l and 22.4°C. Th.is is slightly 
below the recommended range for acceptable indoor 
air quality of 22.5-25.5°C from the local indoor air 
quality guideline [6]; 49% of the respondents com
plaint of cold sensation and this is shown in Fig. 4. 

3 .5. Evaluation of particulate pollution 

The recommended threshold level for suspended par
ticulate matter (for particulate � 10  µm) in the guide
line [6] is 150 µg m-3• Table 4 shows the average 
concentration of particulate indoor ranged between 29 
and 86 �Lg m-3. There is no cause for concern in terms 

Table 2 
Measurements of age of air and ventilation effectiveness 

Location 

1 

2 

3 

E/(haust rE (s) 

A 

2130 

2130 

2130 

Local rL (s) 

B 

1990 
1980 

1950 

Local lL 

A/B 

1.07 

1.08 

1.09 

of indoor particulate poJiution. The average concen
tration value for outdoor environment was measured 
at 194 µg m-3 and this is above the recommended out
door air quality standards of 150 µg m-3 (9]. Thi 
suggested that the outdoor air being introduced into 
the office premises wa one of the contributors to the 
suspended particulate matter. This could ·be from the 
construction activities near the fresh air intake of the 
air-handling unit. Fortunately, the filters in the air
handling unit are efficient in removing particulate in 
the air. 

3.6. Evaluation of microbial pollutants 

The recommended threshold level for total bacteria 
and fungi growth is 500 CFU m-3 [6). It is observed 
from Table 5 that the value obtained for total bac
teria count and yeast and mould count are all below 
the 500 CFU m-3 threshold, with the highest bacteria 
count of 334 CFU m-3 at the occupant level of lo
cation 2. 

3.7. Assessment of questionnaires 

For this assessment a total of 51 questionnaire 
were distributed to the staff and they were all com
pleted and returned. A total of 66. 7% of the respon
dents claimed that they experienced one or more 
physiological symptoms during working hours. 

Fig. 4 shows the results of the survey for the physi
cal parameters. 33% of the respondents claimed that 

Table 3 
Measurements of thermal comfort parameters 

Location Air temp. Relative humidity Mean air velocity 
(dry bulb) (%) (m s-1) 
(°C) 

22.l 62 0.12 

2 22.l 64 0.14 

3 22.4 60 0.16 

Outside air 29.5 83 
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Fig. 4. Complaints from staff on physical parameters. 

the environment was dry, consistent with the fact that 
the dry symptoms were prevalent amongst the respon
dents; 41 % expressed that the air was still; and only 
14% commented that the air was stuffy. This could be 
due to the low mean air velocity (0.12 m s-1) but the 
outside (fresh) air provision to the premises is sufficient 
as determined from the ventilation analysis. Of the 
respondents 51 % found that the thermal comfort level 
was acceptable and the remaining 49% expressed that 
it was uncomfortable. They claimed that the air was 
too cold and 56% of' those respondents who felt 
uncomfortable (or 14 respondents) expressed that the 
environment was just slightly below the comfort level. 
Seven respondents perceived that the environment�was 
slightly warm. 

Fig. 5 shows the percentage of respondents' com
plaints on the physiological parameters at the offices. 
Dry symptoms were most prevalent among the respon
dents: 38% suffered from dry skin; 31 % from dry 
eyes; and 8% suffered from dry or irritated throat. In 
addition, lethargy and headache were common symp
toms - 46 and 15%, respectively. 

In the indoor air quality survey, 82.4% of the 
respondents expressed that the air quality was accepta
ble, of which 30.9% of them (13 respondents) found 
that the quality of air was clearly acceptable. 

There was very little complaint on the audio and 

Table 4 

Measurements of particulate 

Location 

l 
2 

3 

Outside air 

Particle concentration (µg m -3) 

86 

73 
29 

194 

visual environment, and 90% of the respondents were 
satisfied with their working environment. 

4. Recommendations 

The results for chemical monitoring show that most 
of the pollutants are within the threshold limit except 
for formaldehyde. The high level of formaldehyde 
could be due to the outgassing from the new building 
materials such as carpets, ceiling particle board and 
new partitions for the office cubicles. It is not practical 
to remove or isolate the sources and the only viable 
solution is to dilute the air in the premises. Dilution 
can be carried out by regular purging of the indoor air 
with fresh air from outside the building. Purging may 
be carried out during periods of reduced or zero occu
pancy when fresh outside air may be used for flushing 
the indoor air pollutants. The provision of higher fresh 
air intake or increasing ventilation rate during occu
pancy period may be another option. However, this is 
a potentially energy intensive method. 

The fresh air provision and air change effectiveness 
of the system is sufficient in diluting and removing pol
lutants in the office premises respectively. The only 
cause for concern is the cold air as expressed by 49% 
of the respondents. In addition, the staff experienced 
dry symptoms though the measured relative humidity 
in the offices was between 60 and 64%. The people in 
this region may not be accustomed to such a level 
since the outdoor air is usually very hot (Air Tempera
ture 30°C) and humid (Relative Humidity 90%) 
throughout the year. The ACMV system may have 
been over-designed based on the current low heat-load 
from the occupants or the system may not have been 
balanced. The particulate and microbials measure-
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Fig. 5. Complaints from staff on physiological parameters. 
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Table 5 

Measurements of microbial 

Location Total bacteria (CFU m-3) Yeast and mould (CFU m-3) 

Supply air level Occupant level Supply air level Occupant level 

I 
2 

3 
Outside air 

62 

70 

158 
70 

88 

334 

79 

70 

ments for all locations in the office premises are within 
the threshold limit. 

The overall results obtained from the objective 
measurements and subjective assessment in this indoor 
air quality audit for these office premises show that the 
ACMV system is performing effectively in removing 
indoor pollutants and achieving good indoor air qual

ity. 

5. Conclusion 

This indoor air quality audit methodology is very 
comprehensive in nature. Having performed the walk
through, objective measurements and subjective assess
ment, results can be collated and recommendations 
can be made. These recommendations are very useful ' 
to the building owner or facility m.anager as they can 
plan their maintenance program for remedial measures 
to be carried out either immediately or at a later date 
depending on the seriousness of the problems. The 
results from this audit will provide a better"picture on 
the indoor air quality in their premises. In addition, 
they will be able to know how healthy their building is 
as compared to the local guidelines released by the 
Ministry of Environment, Singapore. This audit meth-

79 132 

88 132 

62 70 

> 528 > 528 

odology has been successfully applied to determine the 
IAQ profile of the building in Singapore. 
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