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Summary 

 

Title: Assessment of the indoor air quality (IAQ) at the corporate offices of a South 

African mining company. 

Abstract: The aim of the study was to evaluate the indoor air quality (IAQ) of a semi-

airtight (the building only utilises  mechanical means to ventilate the occupied spaces 

however an airtight seal is not established as a result of infiltration due to building 

design)  office building that is situated in central Johannesburg that exclusively uses 

a heating, ventilation and air-conditioning (HVAC) system for ventilation. This implies 

a system that only utilises mechanical ventilation to heat, cool, humidify and clean 

the air for comfort, safety and health of employees. This includes the control of odour 

levels, and also the maintenance of carbon dioxide (CO2) below stipulated levels. 

Methods: The building is divided into two sections; west and east. Each section has 

its own ventilation supply. A randomisation process was used to ascertain which 

offices needed to be sampled, in which section as well as on which floor. For this 

study, five offices per section were measured. Thus, ten offices per floor were 

measured and measurements were taken on every second floor.  All measurements 

were done in accordance with the specific requirements of the manufacturer of any 

specific instrument used and measurements were taken over an eight hour period 

(full work shift). Results were compared to the available standard, as well as 

compared to the ambient concentrations. 

Results: None of the monitored contaminants’ concentration were above the 

provided standards (ASHRAE or ACGIH). Where standards were unavailable, the 

HVAC system maintained an indoor contaminant concentration that is substantially 

lower when compared to the outdoor air concentrations. 

Conclusion: The buildings’ HVAC system maintains indoor air quality at a healthy 

level it is unlikely that any one of these contaminants may lead to SBS amongst the 

employees. 

Key words: Indoor air quality; heating, ventilation and air-conditioning system; sick 

building syndrome. 
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Opsomming 

 

Titel: Evaluering van die binnenshuise lug kwaliteit in die korporatiewe kantore van 

'n Suid-Afrikaanse mynmaatskappy. 

Doelstelling: Die algemene doelstelling van die studie was om die binnenshuise lug 

kwaliteit van 'n semi-lugdigte kantoor gebou (in sentraal Johannesburg) wat uitsluitlik 

'n HVAC stelsel gebruik vir ventilasie, te evalueer. Hierdie verwys na 'n stelsel wat 

slegs deur middel van meganiese ventilasie die lug verhit, verkoel, humidifiseer en 

die lug suiwer maak vir gemak doeleindes, veiligheid en gesondheid van die 

werknemers. Dit sluit in die beheer van onaangename reuke, en ook die 

instandhouding van CO2 vlakke. 

Metodes : Die gebou is verdeel in twee afdelings; oos en wes. Elke afdeling word 

voorsien deur sy eie ventilasie sisteem. 'n Lukraak proses is gebruik om te bepaal 

watter kantore gemeet sal word, asook in watter afdeling en op watter vloer. Vir 

hierdie studie is vyf kantore per afdeling gemeet. Dus is tien kantore per vloer 

gemeet en metings is geneem op elke tweede verdieping. Alle metings is gedoen in 

ooreenstemming met die spesifieke vereistes van die vervaardigers van 'n spesifieke 

instrument wat gebruik is en die metings is geneem oor 'n agt uur-tydperk (volle 

werkskof). Alle resultate is vergelyk met die beskikbare standaard asook buitelug 

konsentrasies. 

Resultate: Nie een van die gemoniteerde kontaminante se konsentrasie is bo die 

standaarde (ASHRAE of ACGIH) nie. Waar standaarde nie beskikbaar was nie, 

handhaaf die HVAC stesel die binnenshuise kontaminant konsentrasie op ‘n vlak 

aansienlik laer as die buite lug konsentrasie. 

Gevolgtrekking: Die gebou se HVAC stelsel handhaaf 'n gesonde binnenshuise lug 

kwaliteit en dit is onwaarskynlik dat enige een van hierdie kontaminante siek gebou 

sindroom onder die werknemers mag veroorsaak. 

Sleutel woorde: Binnenshuise lug kwaliteit; verhitting, ventilasie en lugversorging 

stelsel; siek gebou sindroom.  
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1.1 Introduction 

This chapter will briefly describe in which manner the physical indoor environment of 

the high-rise building is maintained with reference to a HVAC (Heating, ventilation, 

and air-conditioning) unit. The building will be described as a semi-airtight building. 

In this study the term “semi-airtight” refers to the fact that the buildings’ windows are 

sealed and cannot open. Thus, the only means of ventilation is mechanically forcing 

outdoor air into the building via a fan. The ventilation mechanism of the parking 

basement will be explained and how contaminated air is removed as well as how the 

research problem originated.  

 

1.2 Problem statement and substantiation 

The World Health Organization (WHO) has defined the concept of sick building 

syndrome (SBS) as being characterised by irritation affecting the eyes, nose, throat 

and lower airways, skin reactions, non-specific hypersensitivity, mental fatigue, 

headache, nausea, and dizziness among people working in a particular “sick” 

building (WHO, 2010). The symptoms can be work-related, reason being that it 

worsen during the workday in the building and disappear or diminish when an 

occupant exits the building (NSC, 2009; WHO, 2010). Because this syndrome is 

linked to the subjective opinion of people and their symptoms, SBS and what causes 

SBS are difficult to ascertain. This study will rather determine the possibility of a sick 

building (SB) by researching the ability of the heating, ventilation and air-conditioning 

(HVAC) system to maintain indoor air quality (IAQ) at a healthy level. 

The corporate head office of a South African Mining Company is situated in 

Johannesburg, South Africa. The building is a nineteen storey high-rise building with 

approximately two thousand employees. The company wishes to expand its number 

of employees by creating open plan offices which will optimise office space.  The 

open plan offices will be occupied by four to fifty employees, each with their own 

work station/cubicle. The management and maintenance of the heating, ventilation 

and air-conditioning (HVAC) system is crucial to ensure the well-being of this 

relatively high number of employees.  
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The building has a centralised HVAC system. The air intake consist of two axial fan 

motors (one supplies the west section of the building and the other supplies the 

east), both produce thirty kilowatt at fifty eight ampere and four hundred volts. These 

fans are situated on the nineteenth floor where it mechanically forces/pulls air into 

the building. Each fan has a double layer particle filter (a primary and secondary 

concertina filter, each consists of 24 combined 600x600x500 mm filters, 

respectively). The 24 piece coarse filter removes insects, bird feathers and larger 

dust particles followed by a more efficient 24 piece secondary filter that removes the 

smaller dust particles. This cleans the air entering from the outside environment of 

particulate contaminants prior to forcing into the humidifier situated next to the inlet 

fan. The humidifier adjusts the relative humidity to between 30 - 70% depending on 

the season (40 – 70% is an appropriate range for summer months and 30 – 70% for 

winter months). The conditioned air moves through shafts and metal ductwork and is 

distributed to the different levels (floors) of the building. Each floor has its own 

conditioning unit that conditions the air to the set temperature either by cooling it 

down or heating the air by means of cooling and heating coils respectively. Hot or 

cold water runs through these coils and depending if the air needs to be heated or 

cooled, air passes along the coil and the temperature is adjusted. The fan then 

distributes the conditioned air through the offices via a metal duct system. Air leaves 

an office through a return air plenum above the ceiling tiles. This air is moved to the 

return air duct. A certain percentage is exhausted and the rest is recirculated after it 

is mixed with fresh make-up air (air that is made up of fresh outside air mixed with 

recirculated air). The return air leaves the building via a return shaft at the top of the 

building. The designated smoking rooms are equipped with a separate ventilation 

system that ventilates the smoke directly to the outside of the building.  

Smoking rooms are maintained under negative pressure to ensure that smoke does 

not leave the designated room through the doors when employees enter or leave the 

room into the rest of the building.  

The ventilation system servicing the underground parking levels are independent 

from the ventilation system servicing the rest of the building. Make-up air is provided 

by dedicated shafts to the different parking levels. The air flows from the inlet shafts 

on the one side of the parking area to the outlet shafts on the other of side through 
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pressure differences caused by the inflow and outflow fans. Air from the outlet shaft 

exits the parking area on the ground floor of the building. 

The research problem originated as a query from the client whether the buildings’ 

ventilation system conforms to requirements. The question being; does this 

buildings’ ventilation system provide a comfortable and healthy indoor air 

environment compared to the American Conference of Industrial Hygienists (ACGIH) 

and/or American Society of Heating, Refrigerating & Air-Conditioning Engineers 

(ASHRAE) standards? 

 

1.3 Aims and objectives 

1.3.1 General aim 

The aim of the study was to evaluate the IAQ of a semi-airtight office building that is 

situated in central Johannesburg, South Africa that exclusively uses two thirty 

kilowatt axial fan motors and a double layer particles filter each for ventilation. This 

implies a system that through mechanical ventilation, heats, cools, humidifies and 

cleans air for comfort, safety and health of employees. This includes the control of 

odour, and also the control of CO2 levels to below set limits. There are numerous 

indoor air pollutants that can be spread through a building. Three categories will be 

examined: microbiological; chemical; and physical pollutants. 

 

1.3.2 Specific objectives 

 Physical 

1. Temperature and relative humidity will be measured and evaluated. 

 Chemical airborne pollutants 

1. Carbon dioxide and monoxide, nitrogen and sulphur dioxide, dust 

particulates, formaldehyde and nano-particles will be measured. 

2. The inhalable dust concentration of the indoor air will be measured and 

evaluated. 

 Microbiological 

1. Bacterial and fungal content of the air will be measured and evaluated. 
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All these contaminants will be compared with the ASHRAE standards and where 

ASHRAE standards are unavailable, the contaminants will be compared to the 

ACGIH standard for indoor air quality (ASHRAE, 2010).  

 

1.4 Hypothesis 

The IAQ of the semi-airtight office building, ventilated by two thirty kilowatt axial fan 

motors and a double layer particle filter each, complies with the standards set for 

each individual contaminant as stated in the ASHRAE and/or ACGIH standards. 
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A literature review was completed to address the basic principles of ventilation and 

to provide a better understanding of indoor air quality (IAQ). This includes a 

discussion of the buildings’ ventilation system and the factors contributing to poor 

IAQ. Poor IAQ affects each employee differently when they are exposed to various 

indoor air stressors. 

 

2.1 Basic principles of ventilation 

Ventilation at its core is defined as an exchange of outdoor air with indoor air for the 

purpose of reducing contaminants and conserving acceptable indoor air quality (IAQ) 

(Mull, 1997; Brager et al., 2011). Ventilation includes both natural and mechanical 

ventilation. This study will focus on mechanical ventilation in order to assess the 

Heating, Ventilation and Air-conditioning (HVAC) system due to the fact that the 

building is “semi-airtight”. 

Mechanical ventilation is defined as the exchange of outdoor air provided by means 

of mechanically powered equipment, such as a fan. Mechanical cooling is defined as 

the process of removing heat from the space by means of forcing air through a 

chilled medium (air or water); this requires external energy (generally via 

compressive or evaporative cooling). Mechanical cooling and ventilation systems are 

not always combined and in some uncommon circumstances they are kept separate 

(thus relying on natural cooling or simple fresh air exchange) (Brager et al., 2011).  

Mechanical (HVAC) systems are the most prevailing approach to conditioning 

modern buildings due to positive attributes, which include: i) load flexibility, the ability 

to meet almost any thermal load imposed; ii) architectural flexibility, greater freedom 

of architectural designs is achieved by the mechanical systems as the physical 

constraints of passive systems are relieved; iii) the capability to centrally control and 

manage facilities, schedule operations and ensure performance and iv) climatic 

independence, irrespective of exterior climatic conditions, it has the ability to provide 

a comfortable and well-ventilated indoor environment (Brager et al., 2011).  

Although there are several positive attributes for a HVAC system, there are a few 

limitations. Mechanical systems are capable of delivering tightly controlled thermal 

conditions, however, in the case of a large thermal control zone, it can be 
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inadequate. This typically results from assigning too many people to a singular (often 

non-adjustable) set point. The controls or equipment often do not allow for user 

adjustment which contributes to the problem. Mechanical systems also can suffer 

from poor ventilation effectiveness, resulting in over-ventilation due to supply short-

circuiting (an electrical circuit that allows a current to travel along an unintended 

path, where no or very low electrical resistance is faced), typically when in heating 

mode. Noise also is a common complaint for mechanical systems. Mechanical 

systems do have a significant effect on the architecture, requiring space both in plan 

and in section that can result in potentially increased costs. Many of these limitations 

can be remedied through design and equipment, including various personally 

controlled conditioning devices, but results in an increase to system cost and 

complexity (Mull, 1997; Brager et al., 2011). 

 

2.2 Selecting the appropriate HVAC system 

When selecting a HVAC system the selector should keep in mind that the HVAC 

system should provide a comfortable environment for occupants. Sugarman (2007) 

refers to this environment as the conditioned space. In addition, the HVAC system 

has to meet any special requirements and standards in order to maintain an ideal 

indoor air environment (Mull, 1997). It is important for the system to work efficiently 

(to save energy) and accumulation of indoor air contaminants have to be kept to a 

minimum (Mull, 1997; Sugarman, 2007). The same principles apply for selecting the 

appropriate HVAC system for either residential or commercial buildings. The first 

step is to choose an efficient design that minimises cooling and heating burdens. 

Energy-efficiency is the primary target for both residential and commercial buildings 

because energy efficiency is inversely proportional to economical cost needed to 

maintain the HVAC system. The selection of the appropriate HVAC system design is 

influenced by many factors. In many cases the building type, climate and initial cost 

are the primary factors but other secondary factors such as operational cost, space 

required, maintainability, fire safety, aesthetics, noise and vibration play a significant 

role in the selection process (Bobenhausen, 1994). It is important to remember that 

no one type of system will be best suited for every application and applications must 

be considered on an individual basis (Mull, 1997). According to Sugarman (2007), it 

is important that both the building owner and designer are involved in the selection of 
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an appropriate HVAC system. The reason for this is simple, owners tend to have 

limited knowledge about the advantages or disadvantages of the different types of 

HVAC systems, which designers possess, and designers generally do not have a 

complete understanding of the financial limitations that the owners have. The factors 

that mainly focus on larger commercial buildings will be discussed in the paragraphs 

that follow.  

 

2.2.1 Primary factors 

Primary factors that directly influence the selection and design of a HVAC system will 

be discussed and is depicted by Figure 1. 

2.2.1.1 Building type 

To simplify the concept, buildings are divided into two extensive categories. The first 

is residences that include houses, dormitories, multifamily housing etcetera. The 

second is assorted non-residential buildings. The HVAC system for non-residential 

buildings generally depends on factors such as size, space, ceiling heights and the 

design of the building. When selecting the appropriate HVAC system, keep in mind 

that load may vary in rooms (conference rooms etc.) and these rooms may need 

individual control (Bobenhausen, 1994). It is important to determine whether the 

HVAC system is for a new or an existing building. For existing buildings, the design 

was appropriate for specific loads when it was built. Therefore, if the existing HVAC 

system does not meet the current standards or codes, it is necessary to integrate a 

new system with the existing system, or alternatively install a new HVAC system. 

Economically integration of new and existing HVAC systems will be the best choice, 

only if the new and existing equipment are compatible (ductwork, piping, etcetera.) 

(Sugarman, 2007). 

 

2.2.1.2 Climate 

Some systems are better suited in one climate than others (Mull, 1997; Sugarman, 

2007). In most of the climates and buildings, mechanical heating is necessary. The 

amount of heating required and the annual cost will determine which type is chosen 



8 
 

and how efficient the equipment is. Cooling is increasingly in demand, even in 

northern climates, and commercial buildings tend to cater for this demand.  

The relative humidity and ambient temperature of the local climate will have an 

impact on the HVAC function. Forcing outdoor air into the building via mechanical 

ventilation is required in most large commercial buildings. This is important in 

buildings that are semi-airtight and in buildings where occupants do not have access 

to windows (Bobenhausen, 1994).    

 

2.2.1.3 Initial cost 

The market factor, code requirements and utility company promotions will result in 

the use of equipment that is effective in maintaining a healthy indoor air environment. 

Initial cost prescribes system selection to match the building type. Developers build 

new buildings to meet building code requirements and use these requirements for 

the building design (Bobenhausen, 1994). Mull (1997) explains that some building 

owners are more concerned with initial cost because of specialised operating 

requirements. Other building owners are more concerned about operating cost and 

are willing to pay more initially for the installation in order to have more economical 

operating costs.  
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Figure 1. Primary HVAC selection factors (Adapted from Bobenhausen, 1994). 

 

2.2.2 Secondary factors 

Secondary factors generally determine the attributes of the system after the primary 

factors were used to select a HVAC system. This stage of selection involves hard 

choices and balancing of priorities. Figure 2 explains the secondary selection factors. 

 

2.2.2.1 Space requirements 

In buildings that attempt to preserve space either for renting purposes or optimising 

office space, generally makes use of rooftop HVAC equipment. Hot and cold water 

systems are preferred for air conditioning, these system pipes are easily 

accommodated compared to large volume air ducts of the same load. Thus, hot and 

cold water systems preserve space (Bobenhausen, 1994). The space available for 

ductwork is important because cost of space in building is at a premium. Space for 
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ductwork is restricted and great care must be taken when designing a duct system to 

keep costs at a minimum (Mull, 1997; ASHRAE, 2012). 

 

2.2.2.2 Maintainability 

In larger buildings, system safety and reliability is predominant. The increasing 

awareness of IAQ and the potential health effects it may pose has led to increased 

ventilation levels and HVAC systems with constant flow rates. Cooling equipment for 

most larger buildings primarily varies between air-cooled condensers (electrically 

intensive) which demands little maintenance or in contrast cooling towers that 

require careful attention and maintenance (Bobenhausen, 1994; Mull, 1997).    

 

2.2.2.3 Operational cost 

As mentioned earlier, energy efficiency and economical cost are inversely 

proportional. Keeping this in mind, the cost for electricity varies from country to 

country and has a fundamental effect on HVAC selection. In countries with low 

kilowatt hour charge rate, electrical cooling/heating systems are more maintainable 

compared to countries with high kilowatt hour charge rates (Bobenhausen, 1994).  

 

2.2.2.4 Noise and vibration 

HVAC systems that utilise compressors and fans generally create the most noise. 

Larger buildings require larger or more fans/compressors to supply air through the 

building, which results in more noise and vibration generation. For this reason, larger 

buildings require attention at the initial design and installation phases in order to 

minimise noise and vibration risks (Bobenhausen, 1994; Mull, 1997). Noise and 

vibration produced by the HVAC system are caused by poor installation, unfit initial 

design and cost cutting with regards to noise and vibration risks (Mull, 1997). 

According to Mull (1997), the application of vibration noise control principles during 

the design and selection phase of the appropriate HVAC system, excessive noise 

and vibration can be significantly reduced. It is important that in an office building 

noise is kept to a minimum. Employees need a quiet environment to carry out their 

tasks and responsibilities productively. 
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2.2.2.5 Fire safety 

Although fire safety is a secondary factor, it is of utmost importance to consider the 

fire protection attributes of the chosen HVAC system. Vertical shafts need to be fire 

resistant and ducts that penetrate segments/zones that may be exposed to fire 

require fire dampers. These measures are necessary to contain the potential fire. 

The HVAC systems’ fan can be used to create positive air pressure in attempting to 

contain or extinguished the potential fire. When a fire occurs on an upper floor it can 

be contained and extinguished by pressurising the floors above and below the floor 

where the fire originated. Building codes require activation of dedicated fans to 

pressurise fire-stairs and to prevent smoke entry during a fire. Large HVAC systems 

are required, by the building codes, to shut down in the event of a fire as not to 

supply the fire with oxygen (Bobenhausen, 1994).  

Mull (1997) expresses some key points to consider when designing a HVAC system 

for a particular building, such as: 

 Differential pressure control to reduce contaminant distribution within the 

building (e.g. smoking rooms). 

 Avoid stagnant water in the building (e.g. drains, ducts, next to water coolers 

etc.). 

 Installation of upstream filtration. 

 Adequate space around equipment for maintenance purposes. 

 Outdoor inlets must be positioned to avoid re-entry of exhaust 

fumes/contaminated air.  
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Figure 2. Secondary HVAC selection factors (Adapted from Bobenhausen, 1994). 

 

2.3 Understanding the HVAC system 

HVAC system is defined as the equipment needed to heat, cool and humidify the air 

as well as filtering outdoor air to maintain comfort conditions within a building 

(USEPA, 1997; Baek, 2011). Occupied buildings are supplied with outdoor air and 

depending on the outdoor air composition and temperature, the air may need to be 

heated, cooled or filtered before it is distributed throughout the building. As outdoor 

air is distributed throughout the building, the indoor air is extracted (either passively 

or mechanically) to remove indoor air contaminants (USEPA, 1997). The United 

States Environmental Protection Agency (1997) explains that the features of a 

buildings’ HVAC system depend on the design period of the HVAC, climate, building 

codes in effect when HVAC was designed, budget available for the project and 

individual preferences. An efficient HVAC system maintains the desired indoor 
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conditions, despite the changes in occupant activity within the space, usage of space 

and outdoor weather conditions (Mull, 1997). To understand the HVAC system fully, 

the advantages and disadvantages of the system must be noted. 

Central location of all major equipment; the fact that ventilation is directly provided to 

a space and outdoor air can be used for cooling in favourable conditions, as well as 

the many variations to choose from, are all advantages of the HVAC system.  

Disadvantages include: the system requires a large amount of space as well as 

space for ductwork above ceilings; system can over cool the space and cause 

discomfort; difficult to heat one space and cool another when supplied with the same 

system and the noise the system generates (Mull, 1997).   

 

2.4 HVAC equipment 

The HVAC system equipment includes: furnaces or boilers, chillers, cooling towers, 

air handling units, exhaust fans, ductwork, filters, steam (or heating water) piping. 

For simplicity reasons a short discussion of the key components will follow.  

 

2.4.1 Filters  

Filters are used to remove airborne particles. The type and design will determine the 

overall efficiency whereby the filter removes certain size particles and how much 

energy is needed to pull/push air through it via a fan (Bobenhausen, 1994). The 

cleanliness of the air is important to contribute to a well-maintained indoor air 

environment.  To provide clean and uncontaminated air, the air must be filtered and 

cleaned by the handling system (Mull, 1997). Filters are generally used to make sure 

that dirt does not interfere with the heating or cooling coils; but they also need to 

remove bacteria, pollen, insects, dust and dirt to maintain clean air in an occupied 

space (Bobenhausen, 1994).   

 

2.4.2 Fans  

Fans are classified as axial, centrifugal, mixed or cross flow depending on the 

direction of airflow through the impeller (Sugarman, 2007; ASHRAE, 2012). All fans 
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operate on the principle of producing pressure by altering the airflows’ velocity. More 

specifically, the fan produces airflow/pressure as a result of the spinning blades 

imparting kinetic energy to the air by changing its velocity (ASHRAE, 2012). 

Mechanical energy (pressure) must be equal or higher than the loss of energy due to 

friction as the air flows (Mull, 1997). A fan connected to a ducting system (ductwork) 

generates duct pressure which has two components: static pressure (SP) and 

velocity pressure (VP). The outward force of air against the wall on the supply side 

and the inward force of air against the walls of the return side of the fan are defined 

as SP. VP is generated by means of air movement inside the duct. Total pressure 

(TP) is the sum of the two pressures (TP = SP + VP) (Sugarman, 2007). Each 

classification of fan produces pressure in its own way, but the pressure produced is 

based on the same principle. 

Noise and vibration is a common problem caused by fan selection. Noise is a 

function of the fan design, volume airflow rate, total pressure and efficiency. 

Vibration is a structural response when the fan is moved by impeller imbalance, 

unsteady aerodynamic forces and drive torque pulsations (ASHRAE, 2012). Mull 

(1997) emphasises that a distinction should be made between a compressor and a 

fan. A fan does not increase the density of the air by more than 7% from inlet to 

outlet and this results in an increase in air pressure of approximately 30 Pa (at 

standard conditions). 

 

2.4.3 Humidifiers 

The sole purpose of installing humidifiers is to control the indoor relative humidity 

(RH) levels between the acceptable ranges. Humidity is defined as the 

moisture/water vapour that occupies the same space as the air in the air-vapour 

mixture. There are two types of humidity namely absolute and relative humidity. 

Absolute humidity describes the weight of water vapour per volume of air. Relative 

humidity is defined as the ratio of the vapour pressure to the saturation pressure of 

the vapour in the air at the same temperature. Relative humidity is expressed in 

percentage where absolute humidity is expressed in grams of moisture. The higher 

the relative humidity percentage the higher the moisture content in the air, thus 0% is 
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a state of zero moisture and 100% a state of complete saturation of air with moisture 

(Mull, 1997).  

Acceptable relative humidity ranges are achieved by producing water vapour in the 

humidifier and then supplying the water vapour to the system via the inlet fan. 

Different types of humidifiers produce water vapour in different ways. The principle is 

providing the water in the liquid phase with sufficient energy (whether it is with heat, 

pressure, centrifugal movement or ultrasonic frequencies etc.) so that it can convert 

into the vapour phase. Acceptable humidity levels are not only important for human 

comfort but are also necessary to maintain a healthy environment. RH levels 

between 30 – 60 % (at normal room temperature) are the optimal range for human 

occupancy as bacterial growth, biological organisms and the speed of chemical 

interactions are minimised. Low RH dries out the mucous membranes in the nose 

and throat by means of an increase of membrane evaporation. Low RH also dries 

out the skin and hair and is the origin of most complaints throughout the winter 

seasons (ASHRAE, 2012). RH and its role as a physical stressor in IAQ is further 

discussed within indoor air contaminants.    

 

2.4.4 Ducts 

Ducting comes in many shapes and sizes. A duct can be oval, round or rectangular. 

The sole purpose of ducting is to create a transport channel to direct the flow of air to 

the required location as well as extracting the air out of the required space. Ducting 

can be constructed using various types of material but generally in the commercial 

industry, metal (such as galvanised or stainless steel, copper and aluminium) is used 

as the material of choice. Metal ducts are commonly lined with acoustic insulation to 

reduce the noise and must be erosion and fire resistant (ASHRAE, 2012). The 

design of the HVAC dust system has a significant effect on the operating cost, power 

requirements, and the noise generated (Mull, 1997).  

Mull (1997) explains that there are several factors that should be taken into account 

when selecting or designing a duct system. Firstly, the pressure requirements and air 

flow are direct functions of the cooling and heating loads and must meet the set 

standards and codes. Air distribution is the manner in which air is delivered and 

returned from the space that it serves. The acoustics is an issue because sound is 
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produced when air flows through the ductwork and there is a linear relationship 

between the velocity and the sound generated. Friction loss and operating cost are 

important concepts to keep in mind. Friction that occurs from air flow through the 

ducts causes a decrease in pressure that result in a loss of energy. Thus it is 

important for the fan to supply the system with enough pressure (energy) to 

overcome these losses. Of course the more energy a fan needs to supply the higher 

the operating cost as a result of energy consumption. Lastly, it is important to take 

fire and smoke control into account. The ductwork must be designed so that it will 

not distribute fire or smoke through the building. When the duct work is installed it is 

of high priority to clean the ducts frequently and maintain them in a clean condition to 

prevent health hazards (ASHRAE, 2012).  

 

2.4.5 Heating or cooling coils  

Heating or cooling coils are the instruments that condition the air to a set 

temperature (ASHRAE, 2012). It is common for heating coils to use steam or hot 

water as the heating medium. Cooling coils use a refrigerant or cooled water as the 

cooling medium. Some air passes over or through the coils without being conditioned 

and is known as bypass air. The percentage of air that passes the coils without being 

conditioned (bypass air) can range from 2 – 30%. This percentage depends on the 

air velocity over or through the coils, coil spacing and the number of coils in a row 

(Mull, 1997). Hot or cold water runs through these coils (depending if the air needs to 

be heated or cooled) and air the temperature is adjusted when it passes along the 

coils (ASHRAE, 2012). The coils generally have fins to increase the heat transfer 

area in contact with the passing air. The fins are used to direct the air flow over or 

through cooling or heating pipes (copper tubes are used because they conduct heat 

better than other material). The fan then spreads the thermal conditioned air to the 

required location (Mull, 1997; ASHRAE, 2012).  

 

2.5. Human comfort 

Human comfort is the primary reason for HVAC systems in buildings (Bobenhausen, 

1994). Human comfort is defined as any emotional/physical state that can make a 

person comfortable, or the state of mind that is satisfied with the thermal 
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environment (Mull, 1997; Mitchell and Braun, 2013). Derived from the definition one 

can conclude that comfort is only a perception instead of a directly measurable 

physical variable (Figure 3 illustrates the percentage of dissatisfied occupants as a 

function of thermal sensation). It is possible for humans to survive over a broad 

range of conditions; however, the range for comfort is extremely narrow. Humans 

respond individually to the same environmental conditions, thus the conditions in the 

building must be controlled in a manner that would make the larger percentage of 

occupants feel comfortable. Even if personal preference about comfort can be taken 

out of the equation, occupant activity and how people dress also predominately 

effect comfort perception. Humidity, temperature and air velocity are only some of 

the factors that directly influence the occupants’ comfort level directly (Mitchell and 

Braun, 2013). Baek (2011) states that when a HVAC system is designed properly 

and in functioning order it provides thermal comfort, distributes adequate amounts of 

outdoor air to meet ventilation needs of all building occupants; isolates and removes 

odours and contaminants through pressure control, filtration, and exhaust fans. 

According to a study done in 1993 by the Rensselaer Poly-technic Institute (RPI) 

comfort within a building is more than a luxury as the study found a 2% increase in 

work related productivity if the indoor environment is maintained to make the 

occupants feel comfortable (Bobenhausen, 1994). 
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Figure 3. Predicted percentages of dissatisfied occupants as a function of thermal sensation 

(Adapted from Mitchell and Braun, 2013) 

 

In order to get a better understanding of the concept of human comfort the following 

terms should be understood as they directly influence human comfort. Dry-bulb 

temperature (Db) is the temperature that can be read off of a thermometer in 

degrees Celsius (oC). When Db temperature changes, it results in an 

increase/decrease of sensible heat (Bobenhausen, 1994; Mull, 1997). Wet-bulb 

temperature (Wb), also in oC, takes the amount of moisture in the air and airflow into 

account. Thus, one can say it is a measure of moisture or humidity in the air at a 

given Db (Bobenhausen, 1994; Mull, 1997).  

A psychrometer is used to measure Wb temperature. The psychrometer is a 

thermometer with a wet wick (by means of distilled water) and covers the bulb of the 

thermometer. Air passes over the wick and if the air is not saturated with moisture, 

evaporation will take place and reduce the Wb temperature (Wb temperature will be 
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lower than the Db temperature). If the air is completely saturated with moisture, 

evaporation will not occur and there is no way for the Wb to cool down. Thus the Wb 

and Db temperature in this instance with be practically the same. The RH can be 

non-specifically anticipated from comparing the Wb and Db temperatures with each 

other (Mull, 1997). 

Relative humidity (RH) is an indication of the amount of water vapour (moisture) 

present in the air. Db, Wb and RH are interconnected as the one influences the other 

(Bobenhausen, 1994). Air movement can improve human comfort. When airflow is 

less than 0.25 m/s it is essentially unnoticed and considered as still air. An increase 

of air motion between 0.25 to 1.27 m/s is generally pleasant and noticeable at the 

higher end. Airflow is potentially drafty at 1.52 m/s and generally only welcome in 

very warm weather (Bobenhausen, 1994). 

Because human comfort is the primary reason for installing a HVAC system and 

temperature directly influences human comfort, one can make the conclusion that 

temperature is the HVAC system’s main responsibility in order to insure thermal 

comfort. Heat which is produced inside the building often needs to be extracted 

either by natural or mechanical ventilation (HVAC system). Therefore, it is necessary 

to understand heat transfer processes such as conduction, convection and radiation 

in order to quantify the heat flow within the building (Bobenhausen, 1994; Mull, 

1997). 

Conduction is defined as the heat transfer through a solid material, for example, heat 

that flows through a wall from the warmer side (inside) to the cooler side (outside) 

(Bobenhausen, 1994; Mitchell and Braun, 2013). The principle is that heat will 

always flow from a warmer to a cooler material/object (walls, windows, roof or/and 

floors) (Bobenhausen, 1994).  

Convection is defined as heat transfer within the flow of gas or liquid by the motion of 

the fluid. As the fluid flows and molecules are mixed within the fluid the heat is 

transferred. This principle applies to air flow as well, when air flows close to or 

comes in contact with surface molecules that are heated or cooled (heat is 

transferred). Convection can either be accomplished by force flow or due to natural 

flow (primarily a natural process) which can either warm or cool a building 

(Bobenhausen, 1994; Mull, 1997).  
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Forced convection is accomplished by externally creating fluid flow by means of a 

fan, pump or wind. Natural convection is accomplished by the differences in fluid 

temperature that causes the fluid to flow. The flow of fluid can be classified as either 

laminar or turbulent. Laminar flow is defined as particles that flow in a relatively 

straight line with no mixing between slower and faster layers. Turbulent flow is 

defined as flow that mixes across the flow stream (mixing of the slower and faster 

layers). In laminar flow heat is transferred by molecular conduction between layers 

and in turbulent flow thermal energy moves rapidly from the higher to lower 

temperature regions. Thus, heat transfers in laminar flow are usually smaller than 

those for turbulent flow (Mitchell and Braun, 2013).  

Radiation is defined as the heat transfer from a warmer object to a colder object 

across an open space, if the objects are in direct line with each other (Bobenhausen, 

1994). The exception being when an object blocks the “direct line” but is transparent 

to radiation, radiation will still occur. Radiant energy reduces proportionally to the 

degree which the object is partially shielded. For example, two bodies do not have to 

be in direct contact with each other to for heat transfer to occur and it is not 

necessary that a medium for heat transfer exists (radiation can transfer heat in a 

vacuum) (Mull, 1997). Mitchell and Braun (2013) add that the heat is transferred via 

electromagnetic energy waves and the intensity of the waves are directly 

proportional to the temperature. Thus, the quantity of energy released is higher for 

higher surface temperatures.  

All objects radiate heat (regardless of their temperature) and all objects receive 

radiant energy from other objects. Thus radiant heat exchange is a continuous 

process. It is important to note that when an object reaches a constant heat (it does 

not stop radiating or receiving energy) the object receives energy at the same rate 

that it is radiating energy. The emittance or emissivity is defined as the ability of a 

surface to emit or absorb radiant energy (the dimensionless value ranges from 0 – 

1). A polished surface has a lower emissivity (does not emit or absorb radiant energy 

substantially) than a dark rough surface which has a substantial emissivity (Mull, 

1997). Radiation can either be a beneficial part of a heating system or be a source of 

discomfort, such as from cold windows (Bobenhausen, 1994). Temperature and its 

role as a physical stressor in IAQ is further discussed within indoor air contaminants.  
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Outside air can enter or exit the building via one of two possibilities (or a combination 

to the two): infiltration or forced ventilation (Mull, 1997). Heat loss through the 

buildings’ cracks and openings (as a result of design or abrasion) known as “air 

leakage” or “infiltration” is also a form of convection (Bobenhausen, 1994).  

Infiltration is uncontrollable and causes undesirable air leakage into and out of the 

building (Mull, 1997). Although Mull (1997) stated that infiltration is uncontrollable, it 

is possible to partially control infiltration by using a HVAC system (forced ventilation). 

This is achieved by drawing more air into the building that is mechanically 

exhausted, thus pressurising the building (Mull, 1997).  

Infiltration should not be under estimated as a typical house can lose up to 25 % of 

its heat through infiltration in a cold climate (Bobenhausen, 1994). Corresponding 

with the previous statement, Mull (1997) states that infiltration should be kept to a 

minimum for two reasons. Firstly, infiltration can cause discomfort to occupants 

because unconditioned air is allowed to penetrate directly into the building. 

Secondly, it causes the air exchange rate to be uncontrollable and the rate is then 

dependent of wind conditions and ambient temperature (Mull, 1997). 

 Infiltration is caused by the stack effect, the wind effect and a combination of the 

stack and wind effect. The stack effect (thermal buoyancy) and wind forces 

contribute to infiltration by creating a temperature difference between the indoor and 

outdoor environment. This in turn causes pressure differences because of a 

difference in cold and warm air density. The stack effect is commonly only significant 

in the winter months when the indoor/outdoor temperature difference is the greatest. 

This is due to the fact that warm air is less dense than cold air and as a repeat result 

warm air rises to the top of the building creating greater pressure at the top of the 

building and negative pressure at the bottom. Air then exfiltrates near the top and 

infiltrates at the bottom of the building (in summer, the opposite is true) (Mull, 1997).  

The wind effect also contributes to infiltration via pressure differences. If the wind 

flows around a building a positive pressure is created on the outside of the windward 

side of the building and a negative pressure is created on the leeward side. This 

causes air to infiltrate on the windward side and exfiltrate on the leeward side. This 

effect is influenced by many factors such as turbulence, wind direction, surrounding 

buildings and the environment (Bobenhausen, 1994; Mull, 1997). Commercial 
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buildings are typically designed to overcome the stack effect to prevent vertical air 

movement and air infiltration.  Where there is no pressure either inward or outward 

the Natural Pressure Level (NPL) will be located at the midpoint of the building, if 

cracks and openings are vertically distributed and air is free to move upward and 

downward from floor to floor.  

All new buildings require the openings to be sealed to satisfy the fire code 

requirements (Bobenhausen, 1994).   

 

2.6 Indoor air quality 

The criteria for IAQ are equally crucial when designing or selecting a HVAC system. 

IAQ addresses the degree of contaminants in the buildings’ air (Mitchell and Braun, 

2013). It is no secret that IAQ of commercial buildings is of increasing concern and 

may lead to sick building syndrome (SBS). People in the United States spend 

approximately 65 – 90% of their time indoors and it will not be uncommon if other 

countries have approximately the same statistics. Spending that much time indoors 

exposed to various contaminants, it is easy to see how poor IAQ can negatively 

affect the occupants’ health and comfort (Mull, 1997). Generally if more that 20% of 

occupants in the specific building complain about symptoms related to SBS, there is 

a significant chance that the occupants are suffering from SBS due to poor indoor air 

quality. A study conducted by the National Institute of Occupational Hygiene 

(NIOSH) found that 50% of complaints within an office building were due to building 

material contaminants and only 11% due to outdoor contaminants. Statistically, out 

of all the existing buildings in the United States 20 – 30% are “sick” buildings (Mull, 

1997). 

SBS is a complex condition and many variables contribute to development of the 

condition. The main characteristic of SBS is acute health effects and the symptoms 

that reduce or disappear after leaving the building for a period of time (USEPA, 

1997; NSC, 2009). The symptoms caused by IQA problems are non-specific rather 

than a clearly defined illness (Bobenhausen, 1994). Symptoms include: fatigue, 

nausea, headaches, sneezing, coughing, throat and skin irritation, dizziness and 

throat irritation (Bobenhausen, 1994; Molhave, 2011; Mitchell and Braun, 2013). SBS 

can ultimately lead to a decrease in productivity of work force and an increase of 
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absenteeism (NSC, 2009). Failure to maintain a healthy IAQ has many aspects that 

could make day to day office routines or conditions uncomfortable. Building related 

illness (BRI) is used when the case can be diagnosed such as Legionnaire’s disease 

and Pontiac fever. Often uncomfortable temperatures and humidity are improperly 

diagnosed as IAQ problems. Some complaints are clearly due to discomfort rather 

than diagnosable illnesses. Odours are the most common complaint associated with 

poor IAQ, whether or not they are responsible for symptoms.  

 

2.7 Indoor air contaminants 

Failure to maintain a healthy Indoor Air Quality (IAQ) has many aspects that could 

make day to day office routines or conditions uncomfortable, unhealthy and 

unfavourable for optimal work output (OSHA, 2011). Bobenhausen (1994) states that 

a HVAC system is responsible for more than just immediate human comfort and 

must also function in a manner where it avoids creating IAQ problems (Mull, 1997; 

Mitchell and Braun, 2013). IAQ factors can be categorised into three groups: 

physical; chemical and biological (OSHA, 2011).  

 

2.7.1 Physical stressors 

2.7.1.1 Temperature 

There are 5 primary factors that affect comfort corresponding with temperature: 

metabolic rate; clothing insulation; air temperature; radiant temperature and air 

speed. These factors vary with time (throughout the day, monthly or seasonally). 

Comfort level is difficult to reach immediately because the person enters the 

premises from a different environment and needs time to acclimatise to the buildings’ 

temperature. Thermal comfort is defined as a state of mind that is satisfied with the 

thermal environment and is assessed by subjective evaluation (ASHRAE, 2010). 

Thermal comfort contributes to the way employees perceive indoor air quality and 

Sick Building Syndrome (SBS) symptoms (Molhave, 2011). The buildings’ internal 

temperature is mainly controlled by the HVAC system. Many factors determine how 

an individual perceives the temperature and a few factors regarding indoor office 

temperatures will be discussed. Convection causes warm air to rise and colder air to 
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sink, thus it is important to mix the indoor air by means of ventilation. Radiant heat 

affects the indoor temperature in numerous ways. Employees located near hot or 

cold surfaces will experience discomfort as a result of radiant heat transfer. Large 

windows can be an acute source of discomfort as temperature increases and 

decreases when the sun moves throughout the day (USEPA, 1997). High 

temperatures increase the emissions of VOCs from building materials and 

furnishings (Baek, 2011). Large buildings often have interior (“core”) spaces in which 

constant cooling is required to compensate for heat generated by occupants, 

equipment, and lighting, while perimeter rooms may require heating or cooling 

depending on outdoor conditions (USEPA, 1997).   

 

2.7.1.2 Humidity 

Humidity is largely linked to temperature and thermal comfort.  A high relative 

humidity level is a state where the surrounding atmosphere is saturated with water 

vapour and this prevents heat loss by means of perspiration and evaporation. The 

relative humidity extremes cause IAQ problems such as discomfort, and high relative 

humidity creates a favourable environment which promotes the growth of fungus and 

mold (USEPA, 1997; Mitchell and Braun, 2013). When the humidity in a specific area 

is higher than 75%, this will create favourable conditions for the growth of mold, 

bacteria and fungi. Below 25% the low humidity may cause an increase in respiratory 

infections and a static atmosphere (Mull, 1997). Mull (1997) suggests maintaining 

the humidity at 30% in winter months as to avoid condensation on the inside of 

windows. Humidity also affects volatile emissions and may have an effect on aerosol 

formation and composition (Baek, 2011). In Figure 4 it can be seen that when the 

relative humidity is not maintained between the optimal humidity range for human 

comfort and health the humidity levels facilitate contaminant growth and health 

effects at either ends of the graph. 
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Figure 4. Optimum Humidity Range for Human Comfort and Health (Adapted from ASHRAE, 

2012). 

 

2.7.2 Chemical contaminants 

2.7.2.1 Carbon dioxide (CO2). 

Physical and chemical nature. 

Carbon dioxide (CO2) is a gas that is colourless and odourless. CO2 can act as a 

simple asphyxiant (gas that displaces oxygen) but also as a respiratory stimulant 

(Jones, 1990; Maroni et al., 1995).  

 

Occurrence and sources 

CO2 is produced in the body during metabolic processes and as a result of these 

processes CO2 is continuously emitted from the body by means of exhalation via the 

lungs (Jones, 1990; Maroni et al., 1995). Atmospheric air contains 380 ppm CO2. 
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Although the body is the largest contributor to indoor CO2 concentration, it is 

definitely not the only source, as CO2 is also the primary combustible product from 

gas, kerosene and wood fuelled appliances (Maroni et al., 1995).  

 

Typical CO2 concentrations and exposure 

The typical indoor CO2 concentration ranges between approximately 700 and 2000 

ppm. It is possible that the indoor concentration can exceed 3000 ppm when 

unvented appliances are in use. Generally, under normal circumstances, the outdoor 

CO2 concentration is three times lower than the indoor concentration, thus implying 

that the indoor to outdoor ratio is typically 3:1 (Jones, 1990). CO2 concentration is 

commonly used as an indicator for IAQ because if the indoor CO2 concentration is 

satisfactory compared to the standards, enough fresh outdoor air is ventilated into 

indoor air (IDPH, 2011). Maroni et al. (1995) disagree with the previous statement as 

they are of the opinion that although CO2 is a good indicator of human and appliance 

pollution, it is a poor indicator of perceived IAQ. Maroni et al. (1995) state that CO2 

does not acknowledge pollutants that are emitted from sources other than CO2 

producing sources as well as hazardous pollutants such as carbon monoxide, radon 

or formaldehyde. High concentration of indoor CO2 may suggest that other pollutants 

may be present at elevated concentrations (IDPH, 2011).  

 

Health effects 

Exposure to extremely high concentrations of CO2 is required to cause significant 

health effects. At concentrations of 15000 ppm, respiration becomes faster and 

laboured making it difficult to breathe. When the concentration exceeds 30000 ppm it 

results in headaches, dizziness and nausea. Should the concentration of CO2 reach 

60000-80000 ppm it can result in death (Maroni et al., 1995). Excessive 

concentration of CO2 causes an increase in respiration rate, changes the blood pH 

and ultimately can result in death. Other complaints such as fatigue, irritation of the 

eyes and throat, and general discomfort may be prevalent. 
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2.7.2.2 Carbon monoxide 

Physical and chemical nature 

Carbon monoxide (CO) is a toxic odourless, tasteless and colourless gas (Jones, 

1990; Maroni et al., 1995; Bernstein et al., 2008). CO is produced by means of 

incomplete combustion of products that contain carbon (organic material). CO binds 

to haemoglobin to form carboxyhaemoglobin (COHb). 

 

Occurrence and sources 

CO is a very common and a widely spread air pollutant and is one of the leading 

causes of poisoning in the United State of America (Bernstein et al., 2008). The main 

source of indoor CO is unvented combustible appliances, especially if the room is 

poorly ventilated (Maroni et al., 1995). Other sources such as unvented kerosene 

heaters and environmental tobacco smoke (ETS) also contribute to the indoor CO 

concentration. A high indoor concentration of CO may result from ventilating vehicle 

exhaust fumes from the parking area or street into the building. This is also true for 

gasoline-powered electrical generators during power outages or disruption in 

electrical services (Jones, 1990).   

 

Typical CO concentrations and exposures 

Maroni et al. (1995) state that under normal conditions, without additional sources, 

the indoor CO concentration is the same compared to the outdoor concentration. In 

contrast to the previous statement, Jones (1990) believes that in the absence of 

sources, the outdoor CO concentration is higher than the indoor concentration. The 

United States Environmental Protection Agency (USEPA) found that the typical 

residential exposure of non-smokers was approximately 2-4 ppm and where 

combustion appliances were in operation, the exposure was rarely higher than 12 

ppm. Non-smokers that are not exposed to environmental CO have an average 

blood COHb level of approximately 5000-15000 ppm (Jones, 1990; Maroni et al., 

1995). In regular tobacco smokers the COHb level is approximately 3-4 %, but levels 

as high as 10% have been found (Maroni et al., 1995). The typical exposure of 
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people in a smoking room is difficult to quantify as the exposure differs from 

environment to environment as well as the number of people smoking present. 

Maroni et al. (1995) found average values of 9.6-20.1 ppm, values as high as 30.1 

ppm were also found. The average difference found between smoking and non-

smoking sections ranges from 0.7 ppm to 4.4 ppm. Thus one can see from the 

previous statements that tobacco smoking is a large contributor of CO burdening the 

wellbeing in smokers.      

 

Health effects 

Health effects and toxicity of CO is generally associated with CO’s high affinity for 

binding to haemoglobin or myoglobin (oxygen-carrying proteins), CO has a 200 

times greater affinity for haemoglobin than oxygen, leading to the formation of 

carboxyhaemoglobin (COHb). Thus the CO displaces the oxygen and impairs the 

oxygen binding capacity of haemoglobin, this all results in a lower oxygen carrying 

capacity of blood (Jones, 1990; Maroni et al., 1995; Bernstein et al., 2008). 

 Acute low concentration exposure has been associated with neuropsychological 

impairment and chronic exposure generally causes headache, nausea, fatigue and 

dizziness. It is easy to make the conclusion that CO is most toxic to organs and 

tissue with high oxygen requirements because it displaces oxygen in the blood 

depending on the concentration of CO, as previously explained, causing those 

organs to shut down. It is also known that CO does not immediately metabolise in 

the body but accumulates in the blood. CO has a half-life of approximately five hours 

once it is has infiltrated the body (Maroni et al., 1995).  

The toxicity of CO poisoning is dependent on the extent of time the person is 

exposed to and the concentration thereof as well as the individual’s underlying health 

status. Prolonged exposure may lead to a person becoming unconscious, and if not 

treated, the person can digress into a comatose state or result in death (Jones, 

1990; Bernstein et al., 2008). Maroni et al. (1995) explain that excessive CO 

exposure causes heart, lung and nervous system diseases. 
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Major cardiovascular and neurobehavioral effects have been found at blood COHb 

levels of 100000 ppm and higher. Angina pectoris patients have shown aggressive 

symptoms at blood COHb levels of approximately 25000 ppm (Maroni et al., 1995).      

2.7.2.3 Nitrogen dioxide 

Physical and chemical nature 

Among the different nitrogen oxides, nitrogen dioxide (NO2) is regarded as the most 

common indoor air pollutant. NO2 is a water soluble gas with a distinctive red to 

brown colour and has a strong and sharp (pungent) odour. NO2 readily oxidizes 

other substances (oxidising agent) and this characteristic causes NO2 to be highly 

irritating to the mucous membranes and especially to the lungs (Jones, 1990; Maroni 

et al., 1995). Due to its high water solubility, NO2 inhaled by the lungs is absorbed in 

the respiratory tract (Jones, 1990). This may cause a variety of health effects. 

 

Occurrence and sources 

NO2 is generally found indoors when emitted from indoor combustion sources such 

as the use of gas appliances, kerosene heaters as well as smoking of cigarettes 

(Jones, 1990; Maroni et al., 1995). Mainstream smoke from a single burning 

cigarette may contain 100-600 μg of nitrogen oxides (Maroni et al., 1995).  

 

Typical NO2 concentrations and exposures 

When unvented combustion appliances are used indoors, the indoor NO2 

concentration is generally higher compared to the outdoor environment. The 

opposite is true when there are no indoor NO2 sources. In the environment NO2 

exists as a gas and inhalation by means of the lungs is the only relevant route of 

exposure. The average indoor to outdoor ratio when there are no indoor NO2 

sources present is approximately 1:2 and 1:3 with an indoor source (Maroni et al., 

1995).  
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Health effects and standards 

As mention earlier NO2 is a lung irritant and up to 90% of NO2 can be absorbed upon 

inhalation. When it is removed from the respiratory tract it combines with the water 

present in the lungs to form nitric acid (HNO3). HNO3 in its turn reacts with lipids and 

proteins to form nitrite anions and hydrogen ions. The main mechanism by which 

NO2 causes damage is by means of free radical generation and oxidant damage 

(Jones, 1990). Because of the acidic nature of nitrous oxide, it is able to cause 

respiratory damage which results in respiratory symptoms in asthmatic patients at 

concentrations of 0,65 ppm over 3 hours (Bernstein et al., 2008). Jones (1990) 

states that NO2 can cause asthma in two ways: one is by toxic damage through 

HNO3 formation; the other is by means of lung irritation/sensitisation. This makes the 

person susceptible to allergic reactions upon contact with allergens. Most studies 

show that substantial changes in pulmonary function exist at an exposure 

concentration above 2 ppm, but asthmatics are already responsive at a 

concentration of 0.5 ppm. Bronchial activity is increased when NO2 is inhaled even at 

lower concentrations where no change in pulmonary function changes has occurred 

(Maroni et al., 1995).  

 

2.7.2.4 Sulphur dioxide 

Structure and characteristics 

Sulphur dioxide (SO2) is a worldwide problem because it is mainly emitted from 

combustion of coal (fossil fuel). SO2 and acid aerosols which form a group of distinct 

air pollutants are principally responsible for the health effects associated with SO2. It 

is a colourless gas that has a pungent smell and is readily soluble in water and this 

includes being oxidised in airborne water droplets (Jones, 1990; Maroni et al., 1995; 

Bernstein et al., 2008).  

 

Occurrence and sources 

Under normal circumstances, indoor SO2 concentration is lower compared to the 

outdoor concentration (Jones, 1990). This is due to the fact that SO2 chemically 
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reacts with the interior surfaces and the neutralising ammonia generated by humans 

in the indoor environment. Temperature, humidity and concentrations of oxidants 

and catalytic substances are all factors that influence the rate that SO2 is oxidised 

(Maroni et al., 1995). 

Typical SO2 concentrations and exposures 

SO2 can be detected by means of its odour at a concentration of approximately 0.5 

ppm (Jones, 1990). Inhalation is the only route of exposure of interest in human 

health.  In the absence of a SO2 emitting source the indoor concentration ranges 

between 0.038-0.23 ppm, the lower concentration generally occurs when the outdoor 

concentration is elevated (Maroni et al., 1995).   

 

Health effects 

The water solubility of SO2 allows for absorption in the mucus membranes of the 

nose and respiratory tract and the amount absorbed depends on the concentration 

(Jones, 1990; Maroni et al., 1995). SO2 enters the blood from the respiratory tract 

and is eliminated, after biotransformation in the liver to sulphate, by means of the 

urinary system. Short term SO2 exposure approximately between 2600-2700 μg/m3 

causes bronchial spasms in asthmatics. Long term low concentration or repeated 

short term exposure of high SO2 concentration causes an increased risk for chronic 

bronchitis especially among the smoking population (Maroni et al., 1995). Wheezing 

and chest tightness are commonly found in exposed populations (Bernstein et al., 

2008).  

 

2.7.2.5 Formaldehyde 

Physical and chemical nature 

Amongst the aldehydes found in the environment, formaldehyde is the most 

common. Although it may be classified as a VOC, it is not detected via the same 

methods that are used to detect VOC’s (gas chromatographic methods), thus it must 

be considered separately (Jones, 1990). At 23oC (room temperature) it is a 

colourless gas with a strong and sharp smell (Jones, 1990; Maroni et al., 1995). At 
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temperatures exceeding 150oC it decomposes into methanol and CO. Formaldehyde 

is water soluble and has a half-life of 50 minutes in the absence of NO2 and 35 

minutes in the presence of NO2, during the day (Maroni et al., 1995).  

 

Occurrence and sources 

Formaldehyde is a very common indoor air contaminant as Mull (1997) states that 

formaldehyde is used in over 3000 building material products. Formaldehyde is 

emitted primarily from combustion appliances, cigarette smoke and urea-

formaldehyde resins that are commonly used in glues as a result of off-gassing. 

Urea-formaldehyde is also found in wall cavities where urea formaldehyde foam 

insulation (UFFI) was injected to supply insulation. Plywood, adhesives, furniture and 

carpeting are all common indoor sources (Jones, 1990; IDPH, 2011). 

 

Typical formaldehyde concentrations and exposure 

The outdoor air formaldehyde concentration is generally lower than 0.1 ppm. 

Humidity, ventilation rate, products used in the building and smoking habits of the 

occupants are all factors that influence the indoor concentration of formaldehyde. 

Generally the indoor formaldehyde concentration exceeds that of the outdoors 

(Jones, 1990; Namieśnik et al., 1992). Jones (1990) stated that European homes 

have a general exposure which ranges between 0.5 – 1.9 ppm, and results obtained 

in the USA corresponded with this concentration. According to Namieśnik et al. 

(1992) formaldehyde indoor exposure ranges between 0.1 – 5 ppm. 

 

Health effects 

Due to the health effects and concerns, formaldehyde use has decreased in recent 

times. Inhalation or direct contact is the main route of exposure whereby health 

effects arise (Jones, 1990). General symptoms of short term formaldehyde exposure 

include: irritation of the eyes, nose and throat; sneezing; coughing and nausea. 

Sneezing, coughing and minor eye irritation will commence when the person is 
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exposed to a concentration of approximately 1 ppm. These symptoms subside 

shortly after the person is removed from the source of exposure (Jones, 1990). 

Humans can perceive the strong pungent odour of formaldehyde at a concentration 

of 0.08 ppm and develop symptoms at a concentration of 0.4 ppm. Symptoms 

become severe between 0.8-16.28 ppm, and become life threatening above 24.43 

ppm (Jones, 1990). 

 

2.7.2.6 Environmental tobacco smoke (ETS) 

Tobacco smoke 

Smoking tobacco is a lifestyle habit that is responsible for various diseases and 

deaths around the world, and can be prevented. Tobacco smoke contains more than 

4000 chemicals that are of particle or gaseous nature. Several of these chemicals 

that have been tested are known or suspected carcinogens (Bernstein et al., 2008). 

The smoke generated by the burning of tobacco is not only harmful to the person 

smoking it, but also to the person that inhales the smoke present in the environment 

(Bernstein et al., 2008). Non-smokers exposed to ETS (also referred to as second 

hand or passive smoking) are not only exposed to the chemicals inhaled by active 

smokers but also to additional harmful chemicals. ETS is categorised into 

mainstream smoke (MS) which is directly exhaled and side stream smoke (SS) 

which is emitted between puffs from the smouldering tobacco from the smoker 

(Jones, 1990). Jones (1990) explains that N-nitrosodimethylamine is released in 

quantities 20-100 times greater in SS than in MS and that a passive smoker, 50 cm 

from a cigarette, may inhale 10 times the sum of carbonyl compounds than is inhaled 

by the active smoker. ETS is a term used to define the contaminants and mixture of 

smoke released into the air when tobacco products burn from the burning end of a 

cigarette, pipe or cigar as well as when smoke is exhaled (Jones, 1990).  

 

Health effects 

There is a significant correlation between ETS exposure and chronic respiratory tract 

symptoms that occur in the workplace or home. When exposed to ETS the risk of 

developing asthma can increase from 40% to as high as 200%. This is especially 
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true for children and the elderly because they are highly susceptible to the health 

effects caused by ETS (Bernstein et al., 2008). The most common carcinogenic 

effect that ETS has is lung cancer. Tobacco smoking is a combustion process that 

further increases the variety of indoor air pollutants as a result to the emissions of 

incomplete combustion products such as CO (Baek, 2011). 

 

2.7.2.7 Particulates 

There is controversy within the literature when defining particulates. OSHA (2011) 

defines particulates as solid or liquid substances suspended in the air and can be 

classified as respirable or non-respirable particulates. Respirable and non-respirable 

particles are defined by where they deposit in the respiratory tract. Respirable 

particulates are smaller than 5 microns in diametre and are small enough to 

penetrate into the deeper portions of the lungs which are than able to cause damage 

to the alveoli. Non-respirable particulates are trapped in the upper portions of the 

respiratory tract which may cause irritation. Belle et al. (2007) define particulates in 

three seperate groups: inhalable, thoracic and respirable particles. Inhalable 

particles can enter the nose or mouth during breathing and have a diametre of up to 

100 µm and deposit in the respiratory tract. Thoracic particles have a diametre of 

less than 30 µm and deposit in the alveoli (gas exchange region of the lungs). 

Respirable particles can deposit in the lung sacs and bronchioles, they have a 

diametre of up to 10 µm and deposit in the gas-exchange region of the lungs (Belle 

et al., 2007). Particulates that generally comprise of dust, dirt and/or substances may 

be pulled into the building from the outdoor environment. Activities in the building 

such as sanding, painting, smoking etc. increase the indoor particulate concentration 

(USEPA, 1997; IDPH, 2011). 

 

Health effects 

Health effects from exposure to respirable-size particles in the air depend on the 

types and concentrations of particles present, the frequency and duration of 

exposure, and individual sensitivity. Health effects can range from irritation of the 
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eyes and/or respiratory tissues to more serious effects, such as decreased lung 

function and cancer (USEPA, 2010).  

Nano-particles  

Nano-materials are now being manufactured and used in many products. The effect 

on the human health and environmental concentrations of engineered nanoparticles 

are still unknown.  Adversative effects on the immune system, oxidative stress 

related disorders; lung disease and inflammation are raised by the toxicology study 

on animals and cells in vitro. However, the required dose an occupant needs to be 

exposed to for adverse health effects are high. Even if an occupant is exposed to 

high doses of nano-particles, it remains to be seen if such exposure is possible via 

the environment or the work place (Gwinn and Vallyathan, 2006). 

 

2.7.3 Biological contaminants 

Biological contaminants generally consist of bacteria, viruses, fungi and pollen. 

These contaminants may enter the building via outdoor air that is infiltrated or 

ventilated into the building by building occupants or may breed in stagnant water 

found indoors (more specifically the ventilation ducts, humidifiers, carpets and on 

ceiling tiles). Microbiological organisms require moisture for growth especially in 

areas with standing water (such as mentioned above) that are constantly wet. The 

ventilation system may disperse the contaminants from the sources throughout the 

building (WHO, 1999).  Mull (1997) agrees with the previous statement and explains 

further that these conditions commonly occur when using a HVAC system and as the 

fan forces air over the coils, some of the microbiological particulates are aerosolised 

and distributed through the building. In particular, humidifiers pose a great risk to 

microbiological growth and must be accurately controlled (Mull, 1997).  

Settle plates are used for passive air sampling. The settle plates are better known as 

Petri dishes. Petri dishes are filled with a solid nutrient medium. The type of nutrient 

medium depends on the microbiological organism which needs to be measured. 

Once the microbiological contaminant is identified and the Petri dish is filled with the 

correct medium, the dishes are simply left open for a given period of time. It is 

difficult to ascertain the deposition rate on the Petri dishes, but Pasquarella et al. 
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(2000) state that the average deposition rate is 0.46 cm/s. The Petri dishes are 

incubated after sampling and they grow a number of colonies proportional to the 

microbiological air content. Passive sampling is criticised because it does not (or 

only weakly) correlate with counts attained by other quantitative methods with a 

known volume of atmosphere sampled (Pasquarella et al., 2000). For this reason 

passive sampling that relies on gravity is referred to as non-quantitative sampling 

method. The length of sampling time to collect microbiological organisms also forms 

part of passive sampling objections: fifteen minutes to one hour or more. The 

disadvantages of passive sampling are evident and unfortunately a standardised 

method is not available, but there are many advantages that may weigh out the 

disadvantages. Table 1 provides a list of advantages for using passive sampling 

(Pasquarella et al., 2000).   

Table 1. Advantages and disadvantages of settle plates (passive air sampling). 

Advantages: 

Cheap 

Available everywhere 

Sterile 

Many samples can be taken in different 

places at the same time 

Meaningful samples (for the contamination of critical surface) 

Reliable results 

Comparable and generally valid results 

The airflow is not disturbed 

Reproduce real conditions 

Disadvantages: 

Not always accepted by official guidelines 
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Health effects 

This is a prevailing problem throughout the winter season as diseases such as the 

common cold and flu easily spread from the infected person to the rest of the 

occupants. Biological contaminants cause disease by means of atopic mechanisms, 

infectious processes or direct toxicity (Jones, 1990). The symptoms when exposed 

to an excessive amount of biological contaminants include: coughing, muscle ache, 

allergic reactions and high fever. Maintenance and cleaning of the ventilation system 

intake is important as bird or other animal droppings are a large source of biological 

contaminants (USEPA, 2009).  

 

If all these aspects mentioned previously are left unattended and allowed to rise 

above acceptable levels, it may cause various comfort and health problems such as 

sick building syndrome. To complicate matters, symptoms are found among 

employees even though the contaminants are not above the exposure limit. The 

symptoms are rather caused by a prolonged exposure to contaminants under their 

exposure limits (Baek, 2011). It is difficult to ascertain or pin point which of these 

aspects are solely responsible or if these aspects work additively to cause discomfort 

and SBS. The mentioned aspects are normally controlled and maintained via the 

HVAC system. The air content is controlled by filters in the HVAC system that cleans 

the air of all unwanted matter and gasses before it distributes the air through the 

building. The air content can also be controlled by means of dilution of the indoor air 

with outdoor air to assure the exposure limits of the various contaminants are not 

exceeded (Bobenhausen, 1994). The HVAC system needs to be evaluated to ensure 

that it meets all the necessary requirements. HVAC may be the source of SBS under 

the circumstance where polluted outdoor air is supplied into the building; where 

smoke from the designated smoking rooms is recycled into the building and, due to it 

being a centralised system, it may spread diseases throughout the building in high 

risk seasons such as winter.  

The aim of the study was to evaluate the IAQ of a semi-airtight office building that is 

situated in central Johannesburg that exclusively uses an HVAC system for 

ventilation. This implies a system that through mechanical ventilation, heats, cools, 

humidifies and cleans air for comfort, safety and health of employees. It is important 
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to evaluate the effectiveness of the HVAC system to maintain a contaminant 

concentration below the prescribed standards because it directly influences the 

health and well-being of the employees.  
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for consistency. There are a few guidelines from the journal to which the researcher 

should adhere to and they are as follows:   

 

Originality 

The material submitted should be the original document and not previously published 

or in consideration elsewhere. If the results have been partly published elsewhere or 

if the submitted article is part of a closely-related series it should be clearly stated in 

the submitted manuscript following a copy of the article.  

 

Language 

The manuscript should be submitted in English and written simply to avoid any 

obscurity. British or American styles and spelling can be implemented as long as the 

author is consistent. It is advisable to avoid phrases or words which might be unclear 

to other parts of the world.   

 

Brevity 

Concerning the required length of the paper is entirely dependent on the particular 

subject, although any submission must be concise and plainly written. At the time of 

submission, the amount of words, excluding the abstract, references, tables and 

figures, must be specified in a message to the Editor. If the length of the submitted 

paper exceeds 5000 words, a statement must be included justifying the extra length. 

Papers without indicating this information may be returned unread to the author. 
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Abstract: The general aim of the study was to evaluate the IAQ of a semi-airtight 

office building, situated in central Johannesburg, South Africa that exclusively uses 

an HVAC system for ventilation. This implies a system that only utilises mechanical 

ventilation to heat, cool, humidify and clean the air for comfort, safety and health of 

employees. This includes the control of odour levels, and also the maintenance of 

CO2 levels below limits. Methods: The building was divided into two sections; west 

and east. Each section has its own ventilation supply. A randomisation process was 

used to ascertain which offices needed to be sampled and in which of the two 

sections, as well as on which floor. For this study, five offices per section were 

measured. Thus, ten offices per floor were measured and measurements were taken 

on every second floor.  All measurements were done in accordance with the specific 

requirements of the manufacturer of any specific instrument used and 

measurements were taken over an eight-hour period (full work shift). Results were 

compared to the available standards as well as the outdoor air concentration. 

Results: None of the monitored contaminants’ concentrations were above the 

delivered standards (ASHRAE or ACGIH). Where standards were unavailable, the 

HVAC system maintained an indoor contaminant concentration that is substantially 

lower when compared to the outdoor air concentration. Conclusion: The buildings’ 

HVAC system maintains a healthy indoor air quality and it is unlikely that any one of 

the studied contaminants will cause SBS amongst the employees. 

Key words: Indoor air quality; heating, ventilation and air-conditioning system; sick 

building syndrome.  
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Introduction 

The criteria for IAQ are equally crucial when designing or selecting a HVAC system. 

IAQ addresses the degree of contaminants in the buildings’ air (Mitchell and Braun, 

2013).  

It is no secret that IAQ of commercial buildings is of increasing concern and may 

lead to sick building syndrome (SBS). People in the United States spend 

approximately 65 – 90% of their time indoors and will not be uncommon if other 

countries have approximately the same statistics. Spending that much time indoors 

exposed to various contaminants, it is easy to see how poor IAQ can negatively 

affect the occupants’ health and comfort (Mull, 1997).  

Generally if more that 20% of occupants in the specific building complain about 

symptoms related to SBS, there is a significant chance that the occupants are 

suffering from SBS due to poor indoor air quality. A research study conducted by the 

National Institute of Occupational Hygiene (NIOSH) found that 50% of complaints 

within an office building were due to building material contaminants and only 11% 

due to outdoor contaminants. Statistically, out of all the existing buildings in the 

United States 20 – 30% are “sick” buildings (Mull, 1997). 

The World Health Organization (WHO) has defined the concept of the sick building 

syndrome as being characterised by irritation affecting the eyes, nose, throat and 

lower airways, skin reactions, non-specific hypersensitivity, mental fatigue, 

headache, nausea, and dizziness among people staying/working in a particular “sick” 

building (WHO, 2010). 

The symptoms are experienced as work-related as they typically grow worse during 

the workday in the building and disappear or diminish after the person has left the 

building (USEPA, 1997; NSC, 2009; WHO, 2010). SBS is a complex disease and 

many variables contribute to development of the disease. The symptoms caused by 

IQA problems are non-specific rather than a clearly defined illness (Bobenhausen, 

1994). Symptoms include: fatigue, nausea, headaches, sneezing, coughing, throat 

and skin irritation and dizziness (Bobenhausen, 1994; Molhave, 2011; Mitchell and 

Braun, 2013). SBS can ultimately lead to a decrease in productivity of work force and 

an increase of absenteeism (NSC, 2009).  
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Failure to maintain a good IAQ has many aspects that could make day to day office 

routines or conditions uncomfortable. Building related illness (BRI) is used when a 

diagnosis can be made such as with Legionnaire’s disease and Pontiac fever. Often 

uncomfortable temperatures and humidity are improperly diagnosed as IAQ 

problems.  

Some complaints are clearly due to discomfort rather than diagnosable illnesses. 

Odours are the most common complaint associated with poor IAQ, whether or not 

they are responsible for symptoms, because this syndrome is linked to the subjective 

opinion of people and their symptoms, SBS and what causes SBS is difficult to 

ascertain. This study will rather determine the possibility of a sick building (SB) by 

researching the ability of the heating, ventilation and air-conditioning (HVAC) system, 

which consists of two thirty kilowatt axial fan motors and a double layer particle filter 

each, to maintain a healthy indoor air quality (IAQ). 

 

HVAC 

Mechanical HVAC systems are the most prevailing approach to conditioning modern 

buildings because of their positive attributes, which include: i) load flexibility, the 

ability to meet almost any thermal load imposed, either through internal or facade 

loads; ii) architectural flexibility, mechanical systems allow for greater freedom of 

architectural design as the physical constraints of passive systems are relieved; iii) 

operations, the ability to centrally control and manage facilities, schedule operations 

and ensure performance and iv) climatic independence, the ability to provide a 

comfortable and well-ventilated indoor environment regardless of exterior climatic 

conditions (Brager et al., 2011). Although there are several positive attributes for a 

HVAC system, there are a few limitations. Mechanical systems are capable of 

delivering tightly controlled thermal conditions; however, in the case of a large 

thermal control zone it can be inadequate. This typically results from assigning too 

many people to a singular (often non-adjustable) set point. The controls or 

equipment often do not allow for user adjustment which contributes to the problem. 

Mechanical systems also can suffer from poor ventilation effectiveness, resulting in 

over-ventilation due to supply short-circuiting, typically when in heating mode. Noise 

is also a common complaint for mechanical systems. Mechanical systems have a 
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significant effect on the architecture, requiring space in both plan and in section that 

can result in potentially increased costs. Many of these limitations can be remedied 

through design and equipment, including various personally controlled conditioning 

devices, but result in an increase to system cost and complexity (Mull, 1997; Bager 

et al., 2011). 

 

Indoor air contaminants 

Failure to maintain a healthy Indoor Air Quality (IAQ) has many aspects that could 

make day to day office routines and/or conditions uncomfortable, unhealthy and 

unfavourable for optimal work output (OSHA, 2011). Bobenhausen (1994) states that 

a HVAC system is responsible for more than just immediate human comfort and 

must also function in a manner where it avoids creating IAQ problems (Mull, 1997; 

Mitchell and Braun, 2013). IAQ factors can be categorised into three groups: 

physical; chemical and biological (OSHA, 2011).  

 

There are five primary factors that affect comfort corresponding with temperature: 

metabolic rate; clothing insulation; air temperature; radiant temperature and air 

speed. These factors vary with time (throughout the day, monthly or seasonally). 

Comfort level is difficult to provide immediately because the person enters the 

premises from a different environment and needs time to acclimatise to the buildings’ 

temperature. Thermal comfort is defined as a state of mind that is satisfied with the 

thermal environment and is assessed by subjective evaluation (ASHRAE, 2010). 

Thermal comfort contributes to the way employees perceive IAQ and Sick Building 

Syndrome (SBS) symptoms (Molhave, 2011). The buildings’ internal temperature is 

mainly controlled by the HVAC system. Convection causes warm air to rise and 

colder air to sink, thus it is important to mix the indoor air by means of ventilation. 

Radiant heat affects the indoor temperature in numerous ways. Employees located 

near hot or cold surfaces will experience discomfort as a result of radiant heat 

transfer. Large windows can be an acute source of discomfort as temperature 

increases and decreases when the sun moves throughout the day (USEPA, 1997). 
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High temperatures increase the emissions of VOCs from building materials and 

furnishings (Baek, 2011). 

 

Humidity is largely linked to temperature and thermal comfort.  A high relative 

humidity level is a state where the surrounding atmosphere is saturated with water 

vapour and this prevents heat loss by means of perspiration and evaporation. The 

relative humidity extremes cause IAQ problems such as discomfort, and high relative 

humidity creates a favourable environment which promotes the growth of fungi and 

mold (USEPA, 1997; Mitchell and Braun, 2013). When the humidity in a specific area 

is higher than 75%, this will create favourable conditions for the growth of mold, 

bacteria and fungi. Below 25% the low humidity may cause an increase in respiratory 

infections and a static atmosphere (Mull, 1997). Mull (1997) suggests maintaining 

the humidity at 30% in winter months as to avoid condensation on the inside of 

windows. Humidity also affects volatile emissions and may have an effect on aerosol 

formation and composition (Baek, 2011). 

 

Carbon dioxide (CO2) is a gas that is colourless and odourless. CO2 can act as a 

simple asphyxiant (gas that displaces oxygen) but also as a respiratory stimulant 

(Jones, 1990; Maroni et al., 1995). CO2 is formed in the body during metabolic 

processes and as a result of these processes, CO2 is continuously emitted from the 

body by means of exhalation via the lungs (Jones, 1990; Maroni et al., 1995). CO2 

concentration is commonly used as an indicator for IAQ because if the indoor CO2 

concentration is satisfactory compared to the standards, enough fresh outdoor air is 

ventilated into indoor air (IDPH, 2011). Maroni et al. (1995) disagrees with the 

previous statement as they are of the opinion that although CO2 is a good indicator 

of human respiration and appliance pollution, it is a poor indicator of perceived IAQ. 

Maroni et al. (1995) state that CO2 does not acknowledge pollutants that are emitted 

from sources other than CO2 producing sources as well as hazardous pollutants 

such as carbon monoxide, radon or formaldehyde. Exposure to extremely high 

concentrations of CO2 is required to cause significant health effects. At 

concentrations of 15000 ppm, respiration becomes faster and laboured making it 

difficult to breathe. When the concentration exceeds 30000 ppm it results in 
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headaches, dizziness and nausea. Should the concentration of CO2 reach 60000-

80000 ppm it can result in death (Maroni et al., 1995). Other complaints such as 

fatigue, irritation of the eyes and throat, and general discomfort may be prevalent. 

 

Carbon monoxide (CO) is a toxic odourless, tasteless and colourless gas (Jones, 

1990; Maroni et al., 1995; Bernstein et al., 2008). CO is produced by means of 

incomplete combustion of products that contain carbon (organic material). Sources 

such as unvented environmental tobacco smoke (ETS) also contribute to the indoor 

CO concentration or ventilating vehicle exhaust fumes from the parking area or 

street into the building (Jones, 1990). The typical exposure of people in a smoking 

room is difficult to quantify as the exposure differs from environment to environment 

as well as the number of people smoking present. The average difference found 

between smoking and non-smoking sections ranges from 0.7 ppm to 4.4 ppm 

(Jones, 1990). Thus one can see from the previous statements that tobacco smoking 

is a large contributor of CO burdening the wellbeing in smokers. Health effects and 

toxicity of CO is generally associated with CO’s high affinity binding to haemoglobin 

or myoglobin (oxygen-carrying proteins), because CO has a 200 times greater 

affinity for haemoglobin than oxygen, carboxyhaemoglobin (COHb) is formed. Thus 

the CO displaces the oxygen and impairs the oxygen binding capacity of 

haemoglobin, this all results in a lower oxygen carrying capacity of blood (Jones, 

1990; Maroni et al., 1995; Bernstein et al., 2008). Acute low concentration exposure 

has been associated with neuropsychological impairment and chronic exposure 

generally causes headache, nausea, fatigue and dizziness. It is also known that CO 

does not immediately metabolise in the body but accumulates in the blood. The 

toxicity of CO poisoning is dependent on the extent of time the person is exposed to 

and the concentration thereof as well as the individual’s underlying health status.  

 

Nitrogen dioxide (NO2) is regarded as the most common indoor air pollutant. NO2 is 

a water soluble gas with a distinctive red to brown colour and has a strong and sharp 

odour. NO2 readily oxidises other substances (oxidising agent) and this characteristic 

causes NO2 to be highly irritating to the mucous membranes and especially to the 

lungs (Jones, 1990; Maroni et al., 1995). Due to its high water solubility, NO2 inhaled 
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by the lungs is absorbed in the respiratory tract, 90% of NO2 can be absorbed upon 

inhalation (Jones, 1990). NO2 is generally found indoors when emitted from indoor 

combustion sources such as smoking of cigarettes (Jones, 1990; Maroni et al., 

1995). In the environment NO2 exists as a gas and inhalation by means of the lungs 

is the only relevant route of exposure. The main mechanism by which NO2 causes 

damage is by means of free radical generation and oxidant damage (Jones, 1990). 

Because of the acidic nature of nitrous oxide, it is able to cause respiratory damage 

which results in respiratory symptoms in asthmatic patients at concentrations of 0,65 

ppm over three hours (Bernstein et al., 2008). Jones (1990) states that NO2 can 

cause asthma in two ways: one is by toxic damage through HNO3 formation; the 

other is by means of lung irritation/sensitisation. This makes the person susceptible 

to allergic reactions upon contact with allergens. Most studies show that substantial 

changes in pulmonary function exist at an exposure concentration above 2 ppm but 

asthmatics are already responsive at a concentration of 0.5 ppm. Bronchial activity is 

increased when NO2 is inhaled even at lower concentrations where no change in 

pulmonary function changes has occurred (Maroni et al., 1995).  

 

Sulphur dioxide (SO2) is a worldwide problem because it is mainly emitted from 

combustion of coal (fossil fuel). SO2 and acid aerosols are principally responsible for 

the health effects associated with SO2. It is a colourless gas that has a pungent 

smell and is readily soluble in water and this includes being oxidised in airborne 

water droplets (Jones, 1990; Maroni et al., 1995; Bernstein et al., 2008). 

Temperature, humidity and concentrations of oxidants and catalytic substances are 

all factors that influence the rate that SO2 is oxidised (Maroni et al., 1995). Inhalation 

is the only route of exposure of interest on human health (Maroni et al., 1995). The 

water solubility of SO2 allows for absorption in the mucus membrane of the nose and 

respiratory tract and the amount absorbed depends on the concentration (Jones, 

1990; Maroni et al., 1995). SO2 enters the blood from the respiratory tract and is 

eliminated, after biotransformation in the liver to sulphate, by means of the urinary 

system. Short term SO2 exposure approximately between 0.99-1.03 ppm causes 

bronchial spasms in asthmatics. Long term low concentration or repeated short term 

exposure of high SO2 concentration causes an increased risk for chronic bronchitis 
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especially among the smoking population (Maroni et al., 1995). Wheezing and chest 

tightness are commonly found in exposed populations (Bernstein et al., 2008).  

Amongst the aldehydes found in the environment, formaldehyde is the most 

common. Although it may be classified as a VOC, it is not detected via the same 

methods that are used to detect VOC’s (gas chromatographic methods), thus it must 

be considered separately (Jones, 1990). At 23 oC (room temperature) it is a 

colourless gas with a strong and sharp smell (Jones, 1990; Maroni et al., 1995). 

Formaldehyde is a common indoor air contaminant as Mull (1997) states that 

formaldehyde is used in over 3000 building material products. Formaldehyde is 

emitted primarily from cigarette smoke and urea-formaldehyde resins that are 

commonly used in glues as a result of off-gassing. Urea-formaldehyde is also found 

in wall cavities where urea formaldehyde foam insulation (UFFI) was injected to 

supply insulation. Plywood, adhesives, furniture and carpeting are all common indoor 

sources (Jones, 1990; IDPH, 2011). Humidity, ventilation rate, products used in the 

building and smoking habits of the occupants are all factors that influence the indoor 

concentration of formaldehyde (Jones, 1990; Namieśnik et al., 1992). According to 

Namieśnik et al. (1992) formaldehyde indoor exposure ranges between 0.1 – 5 ppm. 

Inhalation or direct contact is the main route of exposure whereby health effects 

arise (Jones, 1990). General symptoms of short term formaldehyde exposure 

include: irritation of the eyes, nose and throat; sneezing; coughing and nausea. 

Sneezing, coughing and minor eye irritation will commence when the person is 

exposed to a concentration of approximately 1 ppm. These symptoms subside 

shortly after the person is removed from the source of exposure (Jones, 1990). 

Humans can develop symptoms at a concentration of 0.4 ppm. Symptoms become 

severe between 0.8-16.28 ppm, and it becomes life threatening above 24.43 ppm 

(Jones, 1990). 

 

Smoking tobacco is a life style habit that is responsible for various diseases and 

deaths around the world, and can be prevented. Tobacco smoke contains more than 

4000 chemicals that are of particle or gaseous nature. Several of these chemicals 

that have been tested are known or suspected carcinogens (Bernstein et al., 2008). 

The smoke generated by the burning of tobacco is not only harmful to the person 
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smoking it, but also to the person that inhales the smoke present in the environment 

(Bernstein et al., 2008). Non-smokers exposed to ETS (also referred to as second 

hand or passive smoking) are not only exposed to the chemicals inhaled by active 

smokers but also to additional harmful chemicals. ETS is categorised into MS which 

is directly exhaled and SS which emitted between puffs from the smouldering 

tobacco from the smoker (Jones, 1990). ETS is a term used to define the 

contaminants and mixture of smoke released into the air when tobacco products 

burn from the burning end of a cigarette, pipe or cigar as well as when smoke is 

exhaled (Jones, 1990). A correlation between ETS exposure and chronic respiratory 

tract symptoms that occur in the workplace or home exists. When exposed to ETS 

the risk of developing asthma can increase from 40% to as high as 200%. The most 

common carcinogenic effect that ETS has is lung cancer. Tobacco smoking is a 

combustion process that further increases the variety of indoor air pollutants as a 

result of the emissions of incomplete combustion products such as CO (Baek, 2011). 

The occupants and management of a building are obligated to abide by the South 

African smoking law which prohibits smoking in public places and only allowed under 

certain measures have been taken (South Africa, 2012). 

 

There is controversy within the literature when defining particulates. OSHA (2011) 

defines particulates as solid or liquid substances suspended in the air and can be 

classified as respirable or non-respirable particulates. Respirable and non-respirable 

particles are defined by where they deposit in the respiratory tract. Respirable 

particulates are smaller than 5 microns in diametre and are small enough to 

penetrate into the deeper portions of the lungs which are than able to cause damage 

to the alveoli. Non-respirable particulates are trapped in the upper portions of the 

respiratory tract which may cause irritation. Belle et al. (2007) define particulates in 

three separate groups: inhalable, thoracic and respirable particles. Inhalable 

particles can enter the nose or moth during breathing and have a diametre of up to 

100 µm and deposit anywhere in the respiratory tract. Thoracic particles have a 

diametre of less than 30 µm and deposit in the gas exchange region of the lungs. 

Respirable particles can deposit in the lung sacs and bronchioles, they have a 

diametre of up to 10 µm and deposit in the gas-exchange region of the lungs (Belle 

et al., 2007). Particulates that generally comprise of dust, dirt and or substances may 
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be pulled into the building from the outdoor environment. Activities in the building 

such as sanding, painting, smoking etc. increase the indoor particulate concentration 

(USEPA, 1997; IDPH, 2011). Health effects from exposure to respirable-size 

particles in the air depend on the types and concentrations of particles present, the 

frequency and duration of exposure, and individual sensitivity. Health effects can 

range from irritation of the eyes and/or respiratory tissues to more serious effects, 

such as decreased lung function and cancer (USEPA, 2010). 

Biological contaminants generally consist of bacteria, viruses, fungi and pollen. 

These contaminants may enter the building via outdoor air that is infiltrated or 

ventilated into the building, by building occupants or may breed in stagnant water 

found indoors (more specifically the ventilation ducts, humidifiers, carpets and on 

ceiling tiles). Microbiological organisms require moisture for growth especially in 

areas with standing water (such as mentioned above) that is constantly wet. The 

ventilation system may disperse the contaminants from the sources throughout the 

building (WHO, 1999).  Mull (1997) agrees with the previous statement and explains 

further that these conditions commonly occur when using a HVAC system and as the 

fan forces air over the coils, some of the microbiological particulates are aerosolised 

and distributed through the building. In particular, humidifiers pose a great risk to 

microbiological growth and must be accurately controlled (Mull, 1997). This is a 

prevailing problem throughout the winter season as diseases such as the common 

cold and flu easily spread from the infected person to the rest of the occupants. 

Biological contaminants cause disease by means of atopic mechanisms, infectious 

processes or direct toxicity (Jones, 1990). The symptoms when exposed to an 

excessive amount of biological contaminants include: coughing, muscle ache, 

allergic reactions and high fever. Maintenance and cleaning of the ventilation system 

intake is important as bird or other animal droppings are a large source of biological 

contaminants (USEPA, 2009).  

 

If these aspects mentioned previously are left unattended and allowed to rise above 

acceptable levels, it may cause various comfort and health problems such as sick 

building syndrome. To complicate matters, symptoms are found among employees 

even though the contaminants are not above the exposure limit. The symptoms are 
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rather caused by a prolonged exposure to contaminants under their exposure limits. 

It is difficult to ascertain or pin point which of these aspects are solely responsible or 

if these aspects work additively to cause discomfort and SBS. The mentioned 

aspects are normally controlled and maintained via the HVAC system. The air 

content is controlled by filters in the HVAC system that cleans the air of all unwanted 

matter and gasses before it distributes the air through the building. The air content 

can also be controlled by means of dilution of the indoor air with outdoor air to 

assure the exposure limits of the various contaminants are not exceeded. The HVAC 

system needs to be evaluated to ensure that it meets all the necessary 

requirements. HVAC may be the source of SBS under the circumstance where 

polluted outdoor air is supplied into the building; where smoke from the designated 

smoking rooms is recycled into the building and, due to it being a centralised system, 

it may spread diseases throughout the building in high risk seasons such as winter. 

The aim of the study was to evaluate the IAQ of a semi-airtight office building that is 

situated in central Johannesburg that exclusively uses an HVAC system for 

ventilation. It is important to evaluate the HVAC system because it is solely 

responsible for maintaining a healthy indoor air environment (minimising the indoor 

air pollutant concentration to avoid diseases and SBS). 

Although there is a lack of indoor air quality standards in South Africa, standards are 

easily to come by because many organisations have set recommended standards 

that should be conformed to. As a result of this lack in South African standards, 

South Africa utilises the standards of relevant organisations. Table 1 compares the 

standards of different indoor air contaminants within the different organisations.     
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Standards 

Table 1.  Comparison of regulations and guidelines pertinent to indoor environments (Adapted 

from AHSRAE, 2010). 

 Enforceable and/or Regulatory 
Levels 

Non enforced Guidelines and Reference Levels 

NAAQS/ 
EPA 
(Ref. B-4) 

OSHA 
(Ref. B-5) 

MAK 
(Ref. B-2) 

Canadian 
(Ref. B-8) 

WHO/ 
Europe 
(Ref. B-11) 

Niosh 
(Ref. B-13) 

ACGIH  
(Ref. B-1) 

Carbon 
Dioxide 

   5,000 
ppm  

5,000 ppm 
10,000 ppm 
[1 h] 

3,500 ppm 
[L] 

  5,000 ppm 
30,000 ppm 
[15 min] 

5,000 ppm 
30,000 ppm 
[15 min] 

Carbon 
monoxide 

9 ppm 
35 ppm 
[1h] 

50 ppm 30 ppm  
60 ppm  
[30 min] 

11 ppm [8h] 
25 ppm [1h] 

9o ppm  
[15 min] 
50 ppm  
[30 min] 
25 ppm [1 h] 
10 ppm [8 h] 

35 ppm  
200 ppm [C] 

25ppm 

Formalde-
hyde 

  0.75 ppm 
2 ppm  
[15 min] 

0.3 ppm 
1 ppm 

0.1 ppm [L] 
0.05 ppm [L] 

0.1 mg/m³ 
(0.081ppm)  
[30 min] 

0.016 ppm 
0.1 ppm [15 
min] 

0.3 ppm [C] 

Lead 1.5μg/m³ 
[3 Months] 

0.05 
mg/m³  

0.1 mg/m³ 
1 mg/m³ [30 
min] 

Minimize 
Exposure 

0.5 μg/m³ 
[1 yr] 

0.05 mg/m³ 0.05 mg/m³ 

Nitrogen 
dioxide 

0.05 ppm 
[1 yr] 

5 ppm [C] 5ppm 
10ppm  
[5 min] 

0.05 ppm 
0.25 ppm 
[1h] 

0.1 ppm [1 h] 
0.02 ppm 
 [1 yr] 

1 ppm  
[15 min] 

3 ppm  
5 ppm 
 [15 min] 

Ozone 0.12 ppm  
[1 h] 
0.08 ppm 

0.1 ppm   0.12 ppm  
[1 h] 

0.064 ppm 
(120 μg/m³) 
[8 h] 

0.1 ppm [C] 0.05 ppm 
0.08 ppm 
0.1 ppm 
0.2 ppm 

Particles 
<2.5 μm  
MMAD 

15μg/m³ 
[1yr] 
65 μg/m³ 
[24h] 

5 mg/m³  1.5 mg/m³ 
for < 4μm 

0.1 mg/m³  
[1 h] 
0.040 
mg/m³ 
[L] 

    3 mg/m³ [C] 

Particles 
<10 μm  
MMAD 

50μg/m³ 
[1yr] 
150 μg/m³ 
[24h] 

  4 mg/m³       10 mg/m³ 
[C] 

Radon       800 Bq/m³ 
[1 yr] 

      

Sulfur 
dioxide 

0.03 ppm 
[1yr] 
0.14 ppm 
[24h] 

5 ppm  0.5 ppm 
1 ppm 

0.38 ppm [5 
min] 
0.019 ppm 

0.048 ppm 
[24 h] 
0.0192 ppm 
[1 yr] 

2 ppm 
5 ppm [15 
min] 

2 ppm 
5 ppm  
[15 min] 

Total 
Particles 

  15 mg/m³            
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Methodology 

The building was divided into two sections; west and east. Each section had its own 

ventilation supply. A randomisation process was used to ascertain which offices 

needed to be sampled and in what section as well as on which floor.  All 

measurements were done in accordance with the specific guidelines of the 

manufacturer of any specific instrument used. The sampling was conducted in 

August, at the start of the winter season. 

 

Office selection 

The office floor plans of the nineteen floors were obtained from the managers. From 

the floor plans of the offices and parking levels, the selected areas were chosen in a 

random manner where measurements were conducted. The process was 

randomised by the allocation of a number to each office per floor. A table of random 

numbers, electronically generated by a computer, was used to randomly choose 

numbers that represented the offices monitored. Each floor has approximately 20 

offices. Five offices in each section were measured and thus ten offices were 

selected per floor. Dust was the only exception as three offices were selected per 

section, because of logistics and pump availability reasons. Six samples were taken 

on the measured floor. Every second floor was measured for all the contaminants. 

This was repeated so that measurements represented the entire building.  Following 

this method, approximately 50% of the building was sampled, providing a statistical 

chance that the remainder of the offices had the same IAQ environment. The 

building has a number of specialised areas such as smoking rooms, kitchens, 

auditorium and conference rooms. Each of these areas was measured.  

There are six parking levels in the basement. To ensure a representative 

measurement of the basement, parking level one and six were measured as they are 

most likely to be the worst case areas. Some of the contaminants in the lower levels 

that are not removed by the ventilation process may accumulate on the higher levels. 
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Parking level 1 is closest to ground floor and contaminants may accumulate on this 

level. Parking level 6 is the lowest level thus the samples cannot be influenced by 

lower level contaminant accumulation.  

Ventilation 

The building’s ventilation rate and humidity are electronically controlled by means of 

sensors in the distribution fans of each section and each floor. Thus ventilation 

requirements and data were attained from the computer programme controlling the 

HVAC system. 

 

Indoor Carbon Dioxide, Carbon Monoxide, Temperature and Relative Humidity  

The carbon dioxide and carbon monoxide concentration in the air, temperature and 

relative humidity in the building and parking basement were measured with the TSI 

Q-Trak connected to a 982 probe (serial number: 131 00 025) and following the 

manufacturer’s instructions. The TSI Q-Trak 7575 was calibrated on 22 March 2013. 

These factors were measured on two floors per day, in the randomly chosen offices, 

on every second hour basis from 07:00 to 16:00. This provided data that was 

representative of the variations throughout the day. Measurements were taken at a 

height of 1.5 m from the ground. The measurement was also taken approximately in 

the middle of each office to assure a standardised measuring method. The TSI Q-

Trak 7575 required 20 seconds to stabilise in the environment for a 63% effective 

relative humidity result (TSI, 2008). The TSI Q-Trak 7575 required 30 seconds to 

stabilise in the environment for a 90% effective temperature result (TSI, 2008). Thus, 

two minutes were allocated before each measurement to be assured that the TSI Q-

Trak 7575 had stabilised. The same procedure was followed in the parking 

basement (1.5 m from ground in the designated areas). 

 

Indoor Nitrogen dioxide and Sulphur dioxide 

The Dräger X-am 7000 was used to measure the NO2 and SO2 concentration of the 

indoor air in the building and parking basement. The Dräger X-am 7000 was 

calibrated on 23 July 2013. The indoor concentration of NO2 and SO2
 were 
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monitored alongside the carbon dioxide and carbon monoxide concentration in the 

air, temperature and relative humidity that was measured with the TSI Q-Trak 7575. 

Thus, the same measuring’s procedure (time of day, manner and offices) was 

followed as with the TSI Q-Trak 7575. The same procedure was followed in the 

parking basement (1.5 m from ground in the designated areas). 

 

Formaldehyde 

XAD-2 sorbent tubes treated with 2-hydroxymethyl were connected to a low-flow 

pump (flow rate, 0.1 L/min for 30 minutes) to sample for formaldehyde concentration 

in a specific area according to NIOSH method No. 2541. Tubes were placed at a 

height off 1.5 m from the ground and in the middle of the office. Four XAD-2 sorbent 

tubes were placed in offices on the third floor (two in the west and two in the east 

section) because the third floor was completely refurbished in middle 2009. Two 

XAD-2 sorbent tubes were placed in offices on the fourth, sixth and fifteenth floor 

respectively because of the following reasons: the fourth and fifteenth floor had the 

carpets replaced early in 2013 and no major alterations were carried out on the sixth 

floor since 2009. Two blank tubes were used to ensure that the tubes had not been 

contaminated before sampling has taken place either by the production or the 

handling of the tubes. The pump was calibrated with the Gillian Gilibrator low flow 

cell (serial number: 810022-6) before and after sampling. The Gillibartor was 

calibrated on 23 April 2013. After sampling, the tube was capped again and all 

precautionary measures followed. The tubes were sent to a SANAS accredited 

laboratory (Chemtech Laboratory Services) for chemical analysis. The Laboratory 

used the NIOSH 2539 method to analyse the XAD-2 tubes. 

 

Microbiological contaminants 

Petri dishes that contain agar were used to attain the microbiological contaminant 

concentration (bacteria and fungi) in the air of a specific office/space. Six Petri 

dishes filled with agar (three for bacteria sampling and three for fungi sampling) were 

placed on every second floor in each section (west or east). The Petri dishes were 

positioned to be 2m above the floor in order to eliminate direct exposure from 
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employees and rather attain an average air quality sample. Each Petri dish was 

placed and exposed to the office/space environment for four hours (half work shift). 

For the second half of the work shift the older Petri dishes were replaced with new 

dishes following the exact same procedure. The same procedures were followed to 

measure the ventilation inlet (VI) and ventilation outlet (VO) microbiological content. 

The only difference was that the Petri dishes used to monitor the VI and VO 

microbiological content were exposed to outdoor air at the VI (nineteenth floor)  and 

indoor air that has passed through the offices and extracted to the VO (in the air 

supply and return room on floor seven, below the return air exhausted). Various 

steps and precautions were taken to prevent contamination. After each sampling 

session the Petri dishes were covered with their lids and sealed with parafilm to 

avoid contamination. Through the sampling process latex gloves were worn and 

changed after handling each floors’ sample to prevent contamination via the 

measurers’ hands. The Petri dishes were sent to the Microbiology laboratory of the 

North-West University Potchefstroom Campus for microbiological analysis for 

bacteria and fungi directly after sampling was completed. Thus, there was no need 

for temperature control. The analysis consisted of colony forming unit (CFU) and 

morphotype identification to quantify the number of microbiological organisms and 

the number of different types that were present. This indicated the cleanliness of the 

air forced into the building, air circulating the building and air exhausted out of the 

building when compared to one another.   

 

Particulates 

The total inhalable airborne dust was sampled according to ACGIH sampling criteria 

for inhalable particulate. An IOM sampler was used in conjunction with a 25 mm 

mixed cellulose ester (MCE) filter (0.8 μm in pore size). The filter was pre-weighed 

after acclimatisation in the weighing cabinet before sampling. This sampler was 

connected to a pump and air was drawn through the filter at a rate of 2 L/min for 8 

hours. The pump-sampler-train was placed at a height of 1.5 metres from the ground 

(desk height) and in the middle of the office. The pump was calibrated with the 

Gillian Gilibrator standard flow cell (serial number: 612060-5) before and after 

sampling. The Gillibrator was calibrated on 23 April 2013. After sampling and 
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acclimatisation in the weighing cabinet, the filters were gravimetrically weighed to 

determine the total dust concentration. Control and field blanks were used to assure 

that no laboratory or field irregularities had occurred. The TSI CPC (Condensation 

Particle Counter) was used (serial number: 3007 0711 0002) to measure the 

nanoparticle (0.1 nm - 1 μm) concentration unable to be detected by ICM. The CPC 

was calibrated in June 2013. 

 

Outdoor Air 

Outdoor air was tested each day before and after sampling on the nineteenth floor 

(for the building) and ground floor (for the parking basement) to make sure that the 

ventilation system did not ventilate contaminated air into the building. The outdoor air 

(carbon dioxide, carbon monoxide, temperature, relative humidity, nitrogen dioxide 

and sulphur dioxide) was compared to the indoor air. Outdoor air RH, temperature, 

CO and CO2 concentration were measured with the TSI Q-Trak connected to the 

982 probe (serial number: 131 00 025). The Dräger X-am 7000 was used to 

measure the NO2 and SO2 concentration of the outdoor air at the inflow vents on the 

nineteenth floor. Although no time is stated in the Dräger X-am 7000 manual, the 

instrument was left to acclimatise for two minutes to ascertain whether it read any 

concentration of these particular gasses. All the concentrations and values were 

noted. The indoor concentration of NO2 and SO2
 were monitored alongside the 

carbon dioxide and carbon monoxide concentration in the air, temperature and 

relative humidity that was measured with the TSI Q-Trak 7575. The TSI CPC 

(Condensation Particle Counter) was used (serial number: 3007 0711 0002) to 

measure the nanoparticle (0.1 nm - 1 μm) concentration which the IOM did not 

detect. The CPC was calibrated in June 2013. The air inlets were inspected to 

ensure that they were clean and free of bird droppings. 

 

Ethical consideration 

The study consists solely of area monitoring. No interaction with the employees and 

personal sampling were required. Thus there are no ethical considerations to adhere 

to. 



60 
 

 

 

Data analysis 

Results obtained were statistically analysed by means of basic and descriptive 

statistics. The indoor air quality in the offices on each floor (excluding the 

microbiological content) were statistically compared by means of hierarchical linear 

models, where measurements in the same office were considered as dependents, 

using IBM SPSS Statistics version 21 and Graphpad Prism version 6 by Graphpad. 

The microbiological content of the indoor air within the offices on each floor were 

statistically compared by means of analysis of variance (ANOVA) using  Graphpad 

Prism version 6 by Graphpad.  Any differences between data sets were deemed 

statistical significant at a p value of p ≤ 0.05. 

 

Results 
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Figure 1.1. Carbon dioxide concentration of each section per measured floor. 
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In Figure 1.1 it is evident that the CO2 concentrations of floor five was significantly 

higher (p ≤ 0.05) than any of the other floors (floor one to nineteen). Floor nineteen 

(outdoor air) had a statistically significant lower concentration than floor one to 

seventeen (p ≤ 0.05). Floor eighteen had a statistically significant lower CO2 

concentration than floor nine, eleven and thirteen (p ≤ 0.05). The significant 

differences in CO2 of the various floors and sections can be seen in Appendix A 

(table 1). 
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Figure 1.2. Carbon dioxide concentration difference between the east and west section of each 

measured floor.  

Figure 1.2 indicates that there is a higher CO2 concentration in the east section 

throughout the building when compared to the west section, particularly floor three 

and nine (p < 0.001). 

Carbon monoxide 
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Figure 2. Carbon monoxide concentration of each section per measured floor. 

The CO concentration (Figure 2) of floor one has a significantly higher concentration 

when compared to floor eleven to eighteen (p ≤ 0.05). Floors three to nine had a 

significantly higher concentration than floors thirteen to eighteen (p ≤ 0.05). Floor 

nineteen has a statistically significant concentration higher than floor thirteen and 

fifteen (p ≤ 0.05). The significant differences in CO of the various floors and sections 

can be seen in Appendix A (Table 2). 
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Figure 3.1. Temperature of each section per measured floor. 
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In Figure 3.1 the temperature of floors seven, nine and seventeen was significantly 

higher (p ≤ 0.05) than that of floors one to eighteen with floors eleven and thirteen 

the only exceptions. Floors one, three and eighteen had a significant lower 

temperature (p ≤ 0.05) compared to floors eleven and seventeen. Floor nineteen has 

a significantly lower temperature (p ≤ 0.05) than floors one to eighteen. The 

significant differences in temperature of the various floors and sections can be seen 

in Appendix A (Table 3). 
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Figure 3.2. Temperature difference between the east and west section of each measured floor. 

Figure 3.2 conveys that there is generally a higher temperature in the east section 

throughout the building when compared to the west section, particularly floors three, 

seven and eleven (p = 0.01). 

 

Relative humidity 
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Figure 4.1. Relative humidity of each section per measured floor. 

In Figure 4.1 the RH of floors one and three was significantly lower (p ≤ 0.05) than 

floors five to floor eighteen. Floors five to fifteen and eighteen had a significantly 

higher difference (p ≤ 0.05) than floor seventeen and floor nineteen. The significant 

differences in RH of the various floors and sections can be seen in Appendix A 

(Table 4). 
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Figure 4.2. Relative humidity difference between the east and west section of each measured 

floor. 

In Figure 4.2 can be seen that there is a higher RH in the west section throughout 

the building when compared to the east section, with floors three, five, nine and 

fifteen being the exceptions (p < 0.001). 
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Figure 5. Dust concentration of each section per measured floor. 

There was no statistically significant difference (p > 0.05) in the dust concentration 

between the measured floors (Figure 5).  
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Figure 6. Nano-particle concentration of each section per measured floor. 

The Nano-particle concentration (Figure 6) of floors one and eighteen was 

significantly higher (p ≤ 0.05) than floors three to seventeen. Floor nineteen has a 

significantly higher (p ≤ 0.05) concentration compared to floors one to eighteen. The 

significant differences in Nano-particle of the various floors and sections can be seen 

in Appendix A (Table 5). 
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Figure 7. Formaldehyde concentration of each section per measured floor. 

There was no statistically significant difference (p > 0.05) in the formaldehyde 

concentration between the measure floors (Figure 7). 
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Figure 

8.1. Microbiological organism count of each section per measured floor, VI and VO. 

The microbiological organism count (CFU) was significantly higher at the VI 

compared to any other floor as shown in Figure 8.1 (p = 0.02). 
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Figure 8.2. Microbiological organism morphotypes of each section per measured floor, VI and 

VO. 

The microbiological morphotype count was significantly higher at the VI compared to 

any other floor as shown in Figure 8.2 (p = 0.02). 
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Figure 9. Carbon dioxide concentration of each level measured in parking basement. 

In Figure 9 it can be seen that the CO2 concentration in the parking basement of 

parking level one (P1) was significantly higher (p = 0.008) than parking level six (P6).   
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Figure 10. Carbon monoxide concentration of each level measured in parking basement. 

In Figure 10 it can be seen that the CO concentration in the parking basement from 

the ground floor downwards to P6 significantly differs (p ≤ 0.05) when the measured 

floors were compared to each other. 
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Figure 11. Temperature of each level measured in parking basement. 

In Figure 11 it can be seen that the temperature on ground level was significantly 

lower (p = 0.003) than the temperature in P1. The temperature in P1 was 

significantly higher (p < 0.001) than the temperature in P6. 
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Figure 12. Relative humidity of each level measured in parking basement. 

In Figure 12 can be seen that the RH in the parking basement of the ground floor 

was significantly lower (p = 0.004) when compared to parking level six (P6).   

 

Discussion 

Carbon dioxide 

In Figure 1.1 it is evident that floor five has the highest average CO2 concentration, 

in particular the east wing, and the west wing on floor eighteen had the lowest 

average CO2 concentration over an eight hour period (full work shift).  When the 

indoor CO2 is compared to the outdoor concentration, the outdoor CO2 concentration 

is significantly lower than the average indoor concentration. The fixed effect 

estimates state that there is a statistical significant difference between the west and 

east wing of the measured of the building (p < 0.001) along with a significant 

difference between the floors (p < 0.001). A pairwise comparison was done to 

illustrate which floors differ statistically significant with each as found in the results, 

this can be seen in Appendix A (Table 1). According to the results, floors five and 

fifteen had a statistically significant concentration higher than floors one to nineteen 

(p ≤ 0.05). This can be a result of higher occupancy on these particular floors. This 

corresponds with results found on floor eighteen because floor eighteen has the 

lowest number of employees and had a statistically significant concentration lower 

than floors nine, eleven and thirteen (p ≤ 0.05). Although the indoor concentration is 

higher than the outdoor concentration (as expected) the indoor environment is 

ventilated well enough to maintain an average CO2 substantially below the ASHRAE 

standard (1000 ppm). 

In the parking basement the fixed effect estimated that there is a statistical significant 

difference between the levels of the parking area (p = 0.03). The pairwise 

comparison (when comparing each level with each other) found there is only a 

statistical significant difference between the CO2 concentrations on level one 

compared to level six (Figure 9). Thus, level one has a higher average CO2 

concentration than level six. This was expected because the motor vehicles all need 
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to drive through level one to get to the lower levels. The CO2 concentration is 

maintained well below the ASHRAE standard.  

 

Carbon monoxide 

Although the CO concentration margin is small, Figure 2 found that floor one had the 

highest average CO concentration, in particular the west wing, and the east wing on 

floor fifteen had the lowest average CO2 concentration over an eight hour period (full 

work shift). Floors thirteen, seventeen and eighteen had the lowest CO concentration 

of all the measured floors. The lower floors up to floor nine had a higher average CO 

concentration when compared to the higher floors. When the average indoor CO 

concentration is compared to the outdoor concentration, the outdoor CO 

concentration is significantly higher than the average indoor concentration. The fixed 

effect estimates state that there was a statistical significant difference between the 

west and east wing of the same and different floors (p = 0.039) along with a 

significant difference between the floors (p < 0.001). A pairwise comparison of the 

floors found that the floors differ from each other significantly when compared to 

each other, this can be seen in Appendix A (Table 2). According to the results, floors 

one to nine had a statistically significant concentration higher than floors eleven and 

higher (p ≤ 0.05). Floor nineteen only has a statistically significant concentration 

higher than floors thirteen and fifteen (p ≤ 0.05). Thus, the indoor environment is 

ventilated well enough to maintain an average CO substantially below the ASHRAE 

standard (9 ppm). This is also a good indicator that the smoking rooms’ ventilation is 

functioning efficiently and that the smoke content is not ventilated back into the 

building. 

In the parking basement the fixed effect estimated that there is a statistical significant 

difference between the levels of the parking area (p = 0.011). The pairwise 

comparison found there is a statistical significant difference between the CO 

concentrations on ground level compared to level six and a statistical significant 

difference between level one compared to level six (Figure 10). Level six has the 

lowest average CO concentration and ground level the highest. This was expected 

because the motor vehicles all need to drive through the higher levels to get to the 
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lower levels and the ground floor CO concentration is influenced by passing traffic. 

The CO concentration is maintained well below the ASHRAE standard. 

 

Temperature 

Floor seven had the highest average temperature, the east wing, and the west wing 

on floor eighteen had the lowest average temperature over an eight hour period (full 

work shift). The indoor environment is on average much warmer in comparison to the 

outdoor environment (Figure 3.1). This is expected because the samples were taken 

in the winter season. The fixed effect estimates state that there is a statistical 

significant difference between the west and east wing of the building (p = 0.01) along 

with a significant difference between the floors (p < 0.001). This is expected because 

the temperature of the east and west wings are controlled individually for each 

section and maintained at a temperature where the employees of that particular level 

are comfortable. One can see that the west wing is slightly warmer on most floors 

than the east wing. A pairwise comparison found that there is a significant difference 

when the floors are compared to each other, this can be seen in Appendix A (Table 

3). According to the results, floors seven, nine and seventeen had a statistically 

significant concentration higher than floors one to eighteen (with floors eleven and 

thirteen being the only exceptions) (p ≤ 0.05), which makes these particular floors 

much warmer than the other. This was expected because each floors’ temperature is 

controlled individually. Although there is a statistical significant difference between 

the floors’ temperature, the measured floors are maintained well between ASHRAE 

thermal standard ranges (20-24 oC) and it is evident that the air is conditioned to a 

thermally acceptable level (by means of the HVAC system) when compared to the 

outdoor air of only 14 oC.  

In the parking basement the fixed effect estimates state that there is a statistical 

significant difference between the west and east side on the same levels (p < 0.001) 

along with a significant difference between the levels (p < 0.001). The pairwise 

comparison found there is a statistical significant difference between the temperature 

on: ground level compared to level one (p = 0.003) and level one compared to level 

six (p < 0.006), but no statistical significant difference between ground level 

compared to level six (Figure 11). The ground level is colder than level one because 
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ground level is exposed to the environmental elements. Level one’s higher 

temperature compared to level six may be caused by the fact that warm air rises (the 

stack effect) (Mull, 1997). The average temperature in the parking basement is much 

lower than recommended IAQ standards (ASHRAE), but seeing that people only 

inhabit this area for a short period of time (to their vehicle and back) and that the air 

is not conditioned, nothing less is expected. 

 

Relative humidity 

In Figure 4.1 it is evident that floor eighteen has the highest average of RH, in 

particular the west wing, and the east wing on floor one has the lowest average of 

RH over an eight hour period (full work shift). On average the indoor environment is 

significantly more humid than the outdoor air. The indoor air is conditioned to have a 

higher RH percentage to maximise human comfort. A fixed effect estimated a 

statistical significant difference was between the west and east wing of the same and 

different measured floor (p < 0.001) along with a significant difference between the 

floors (p < 0.0010). A pairwise comparison of the floors found that the floors differ 

from each other significantly when compared to each other; this can be seen in 

Appendix A (Table 4). Floors one and three had a statistically significant difference 

lower than floor five to floor eighteen (p ≤ 0.05). It is also evident that floors five and 

upward have a higher RH than the lower floors even compared to the outdoor air.  

Although there is a statistical significant difference between the floors’ RH, the 

measured floors are maintained well between ASHRAE thermal standard ranges 

(30-60%). Thus the building’s HVAC system maintains a RH that does not promote 

microbiological growth (USEPA, 1997; ASHRAE, 2012; Mitchell and Braun, 2013).  

In the parking basement the fixed effect estimated a statistical significant difference 

was between the west and east side on the same levels (p = 0.02) along with a 

significant difference between the levels (p = 0.038). The pairwise comparison found 

there is a statistical significant difference between the RH on the ground level 

compared to level six (p = 0.04) and no statistical significant difference between level 

one compared to other levels (p = 0.051) (Figure 12). The parking basements’ air is 

not conditioned. The parking access gate at ground level opens into level one and 



75 
 

the air between ground level and level one readily mixes. Compared to the standard 

the same explanation applies as with temperature. 

 

Dust particulates 

In Figure 5 it is evident that floor five has the highest average dust concentration, in 

particular the east wing. The west wing on floor three has the lowest average dust 

concentration over an eight hour period (full work shift). On average the outdoor dust 

concentration is higher than the indoor dust concentration. Although there is only a 

slight difference in outdoor and indoor concentration, the filter allows for a lower 

indoor air dust concentration. A fixed effect estimated a statistical significant 

difference between the floors (p = 0.04). The dust concentration on all the floors, 

including the outdoor air, is substantially lower than the ACGIH standard (10 ppm).   

 

 

Nano particles 

In Figure 6 it is evident that floor one has the highest average Nano-particle 

concentration, in particular the west wing, and the east wing on floor three has the 

lowest average Nano-particle concentration over an eight hour period (full work 

shift). Currently there is no standard to compare Nano-particle concentration to. One 

can only comment on where the Nano-particles are being produced. In this instance, 

Nano-particle concentration is substantially higher in outdoor air in comparison with 

the indoor air. A fixed effect estimated a statistical significant difference between the 

floors (p = 0.04). A pairwise comparison of the floors found that the floors differ from 

each other significantly when compared to each other, this can be seen in Appendix 

A (Table 5). Floor nineteen has a statistically significant concentration higher than 

floors one to eighteen (p ≤ 0.05). 

 

Formaldehyde 
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In Figure 7 it is evident that floor six has the highest average formaldehyde 

concentration and floor fifteen has the lowest average formaldehyde concentration 

over an eight hour period (full work shift). There was no significant difference 

between the measured floors although the third floor was completely refurbished in 

middle 2009; the fourth and fifteenth floors had the carpets replaced early this year; 

and no major alterations were carried out on the sixth floor. Thus, there is no 

statistical significant difference in formaldehyde concentration between the floors that 

have recently been completely refurbished, floors that have had minor refurbishment 

and floors that have not recently been refurbished. The indoor formaldehyde 

concentration is substantially lower (a third) than the ACGIH standard.   

 

Microbiological contaminants 

In Figure 8.1 it is evident that floor seven has the highest average bacterial count, in 

particular the west wing, and the west wing on floor fifteen has the lowest average 

bacterial count over an eight hour period (full work shift). In Figure 8.1, floors one 

and seven east had the highest average fungi count and the west wing on floors 

seven, thirteen and fifteen had the lowest average fungi count over an eight hour 

period (full work shift). Although standards for passive microbiological sampling 

(Petri dishes) are unavailable, it is easy to see from Figure 8.1 that the 

microbiological indoor count (CFU) on all the measured floors is substantially less 

than the outdoor concentration (at the VI). High counts of microbiological forming 

units are found at the vent in and outlet. The outdoor air (vent inlet) has a 

substantially higher count of bacteria and fungi in comparison with the average 

indoor air bacteria and fungi count. The only statistical significant difference was 

found between the bacterial count and type of the ventilation inlet (p = 0.02). When 

the air is exhausted the bacteria count remains high but the fungi count decreases 

substantially compared to the vent inlet. Thus, the fungi count must decrease after 

the vent inlet and before the vent outlet. The indoor air has a lower fungi count 

compared to bacteria count.  

 

Nitrogen dioxide and Sulphur dioxide 
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All measurements taken of these contaminants within the building and outdoors 

proved to be under the detection limit of the Dräger X-am 7000. 

 

Conclusion 

It is clear that the buildings’ HVAC system maintains a healthy IAQ. All contaminants 

whether it is physical, chemical or biological are maintained well under the ASHRAE 

or ACGIH standards. Where standards were unavailable, the HVAC system 

maintained an indoor contaminant concentration that is substantially lower when 

compared to the outdoor air concentration. 
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Conclusion 

 

This study’s goal was to determine the possibility of a sick building (SB). Sick 

buildings often cause sick building syndrome (SBS) amongst the occupants when 

they are exposed for long periods of time. SBS is a complex condition and many 

variables contribute to development of the condition. The main characteristic of SBS 

are acute health effects and symptoms that reduce or disappear after leaving the 

building for a period of time (USEPA, 1997; NSC, 2009). The symptoms caused by 

IAQ problems are non-specific rather that a clearly defined illness (Bobenhausen, 

1994). Symptoms include: fatigue, nausea, headaches, sneezing, coughing, throat 

and skin irritation and dizziness (Bobenhausen, 1994; Molhave, 2011; Mitchell and 

Braun, 2013). SBS can ultimately lead to a decrease in productivity of work force and 

an increase of absenteeism (NSC, 2009). Because this syndrome is linked to the 

subjective opinion of people and their symptoms, SBS and what causes SBS is 

difficult to ascertain. This study rather determined the possibility of a sick building 

(SB) by researching the ability of the heating, ventilation and air-conditioning (HVAC) 

system to maintain a healthy indoor air quality (IAQ).  

 

Common indoor air contaminants were measured (physical, chemical and 

biological). Carbon dioxide (CO2), carbon monoxide (CO), temperature and relative 

humidity were measured using the TSI Q-Trak connected to the 982 probe. Nitrogen 

dioxide (NO2) and sulphur dioxide (SO2) was measured using the Dräger X-am 7000. 

Formaldehyde were measured using XAD-2 sorbent tubes treated with 2-

hydroxymethyl and connected to a low-flow pump. An IOM sampler was used in 

conjunction with a 25 mm mixed cellulose ester (MCE) filter (0.8 μm in pore size) to 

measure the inhalable dust concentration. This sampler was connected to a 

standard-flow pump. TSI CPC was used to measure the nanoparticle (0.1 nm - 1 μm) 

concentration which the IOM did not detect. Lastly the microbiological content of the 

air was measured using Petri dishes that contained agar. All the airborne pollutant 

measurements were taken over an eight hour period to represent a full work shift. 

The results of the measurements on each particular floor were compared to each 

another to determine if the buildings’ HVAC system functions efficiently throughout 
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the whole building. After this comparison, the results were compared to the available 

standard (either ASHRAE or ACGIH). The results found the following: 

 

Carbon dioxide increased gradually from floor one to floor five after which it started 

to decrease at floor seven. A plateau formed from floors seven to thirteen and 

increased again from floors fifteen to eighteen. When the indoor CO2 is compared to 

the outdoor concentration, the outdoor CO2 concentration is significantly lower than 

the average indoor concentration. This is to be expected and correlates to the 

literature which agrees that the indoor CO2 concentration is generally higher (Jones, 

1990). This is explained by the fact that CO2 is formed in the body during metabolic 

processes and as a result of these processes CO2 is continuously emitted from the 

body by means of exhalation via the lungs (Jones, 1990; Maroni et al., 1995). Thus, 

the CO2 produced by exhalation and human activities accumulate on the particular 

floor through the eight hour work shift. This can be a result of higher occupancy on 

these particular floors. This corresponds with results found on floor eighteen 

because floor eighteen has the lowest number of employees and has a statistically 

significant concentration lower than floors nine, eleven and thirteen. Although the 

indoor concentration is higher than the outdoor concentration (as expected) the 

indoor environment is ventilated well enough to maintain an average CO2 

substantially below the ASHRAE standard (1000 ppm). 

 

Carbon monoxide has a low average concentration at floor one and a plateau is 

formed to floor 17, with the only exception being floors thirteen, fifteen and eighteen 

that had a lower average CO concentration. The lower floors up to floor nine have a 

higher average CO concentration when compared to the higher floors. Because CO 

is a by-product of fuel combustion, it is possible that the CO from passing traffic at 

the main entrance effects the lower floors’ CO concentration up to a certain level and 

does not affect the higher floors. When the average indoor CO concentration is 

compared to the outdoor concentration, the outdoor CO concentration is significantly 

higher than the average indoor concentration. Thus, the indoor environment is 

ventilated well enough to maintain an average CO substantially below the ASHRAE 

standard (9 ppm). This is also a good indicator that the smoking rooms’ ventilation is 
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functioning efficiently and that the smoke content is not ventilated back into the 

building. 

 

Temperature increases from floors one to seven and then decreases to floor thirteen 

where it forms a plateau to floor eighteen (with floor seventeen being the only 

exception). The indoor environment is on average much warmer in comparison to 

the outdoor environment. This is expected because the samples were taken in the 

winter season. The west wing is slightly warmer on most floors than the east wing. 

The west is exposed to middle afternoon sunlight where the east is exposed to 

morning sunlight (the sun rises on the east and sets in the west), thus the west wing 

is exposed much longer and to more intense sunlight (sun exposure is warmer in the 

afternoon when compared to the morning exposure). As stated, the sun exposure 

cannot be solely accountable for the slightly higher temperature because the wings 

and floors are maintained for that specific floors’ thermal comfort. Although there is a 

statistical significant difference between the floors’ temperature, the measured floors 

are maintained well between ASHRAE thermal standard ranges (20-24 oC) and it is 

evident that the air is conditioned to a thermally acceptable level (by means of the 

HVAC system) when compared to the outdoor air of only 14 oC.  

 

Relative humidity (RH) plateaus from floors one to three, after which the RH 

increases from floors five to fifteen. There is another increase in RH from floors 

seventeen to eighteen. Although there is a statistical significant difference between 

the floors’ RH, the measured floors are maintained well between ASHRAE thermal 

standard ranges (30-60%). Thus the building’s HVAC system maintains a RH 

(relative humidity) that does not promote microbiological growth (USEPA, 1997; 

ASHRAE, 2012; Mitchell and Braun, 2013). 

 

The dust concentration is relatively equal on all the measured floors. Thus there is a 

plateau throughout the building. On average the outdoor dust concentration is higher 

than the indoor dust concentration. Although there is only a slight difference in 

outdoor and indoor concentration, the filter allows for a lower indoor air dust 
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concentration. The dust concentration on all the floors, including the outdoor air, is 

substantially lower than the ACGIH standard (10 ppm). 

 

Nano particle concentration starts off high on the first floor and plateaus from floors 

three to seventeen. The Nano particle concentration increases further on floor 

eighteen. Nano-particle concentration is substantially higher in outdoor air in 

comparison with the indoor air. The conclusion can be made, that the activity of the 

employees in the building does not produce a substantial amount of Nano-particles. 

 

The formaldehyde concentration is low on floor three, but increases from floors four 

to six. Thus, there is no statistical significant difference in formaldehyde 

concentration between the floors that have recently been completely refurbished, 

floors that have had minor refurbishment and floors that have not recently been 

refurbished. Recent material used to refurbish the offices may produce less 

formaldehyde off gassing, which corresponds to the literature, or the offices are 

ventilated enough to dilute the formaldehyde concentration (Jones, 1990). The 

indoor formaldehyde concentration is substantially lower (a third) than the ACGIH 

standard. 

 

Within the microbiological organism measurements, the only statistical significant 

difference was found between the bacterial count and type of the ventilation inlet (p = 

0.02). When the air is exhausted the bacteria count remains high but the fungi count 

decreases substantially compared to the vent inlet. Thus, the fungi count must 

decrease after the vent inlet and before the vent outlet. This can be due to the filter 

efficiently removing the microbiological contaminants (in this case fungi) before air is 

distributed throughout the building. The indoor air has a lower fungi count compared 

to bacteria count. This may be the result of a well maintained RH, because high 

relative humidity creates a favourable environment which promotes the growth of 

fungus and mold (USEPA, 1997; Mitchell and Braun, 2013). 
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None of these monitored contaminant units were exceeded the provided standards 

(ASHRAE or ACGIH). Where standards were unavailable, the HVAC system 

maintained an indoor contaminant concentration that is substantially lower when 

compared to the outdoor air concentration. In conclusion, the buildings’ HVAC 

system maintains a healthy indoor air quality and it is unlikely that any one of these 

contaminants will cause SBS amongst the employees. It is also important to keep in 

mind that there is a small but relevant change that the contaminants may work 

synergistically or additively with regards to each other and cause SBS although their 

concentrations are below the standards (Baek, 2011).  

The hypothesis of this study was that the IAQ of the semi-airtight office building, 

ventilated by two thirty kilowatt axial fan motors and a double layer particle filter 

each, complied with the standards set for each individual contaminant as stated in 

the ASHRAE and/or ACGIH standards. Thus this study’s hypothesis has been 

accepted. 

 

Recommendations for future studies: 

 Plan each day’s sampling schedule well (this includes which and amount of 

floors and offices that need to be measured and for what contaminants), as 

time is limited. 

  Make sure the office that needs to be sampled is open for the duration of the 

measurements. 

 Plan the logistics of the instruments well. It is difficult to transport and carry 

the amount of instruments needed for a full IAQ survey. 

 Keep good record of all measurements taken and where they were taken. 

Make notes of any problems that you have encountered because this may 

become evident in the results. i.e the use of sample field sheets. 
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Limitations 

The most significant limitation of this study was time and access to the particular 

floors (as security is regarded highly in this particular building). Gaining access to the 

particular floor took up much of the potential sampling time and made it difficult to 

stay on schedule. Some employees have other responsibilities or tasks on the day of 

sampling, which makes their office unavailable or only available for a period shorter 

than the required sampling time. Thorough planning is needed to overcome these 

limitations. 
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Appendix 

 

Table 1. Carbon dioxide significant pairwise difference between floors. 

Floor Floor Mean Difference (ppm) p-value 

1 15 -104.411 < 0.001 

 19 121.001 < 0.001 

 5 -154.474 < 0.001 

3 5 -145.517 < 0.001 

 15 -95.454 < 0.001 

 19 129.958 < 0.001 

5 1 154.474 < 0.001 

 3 145.517 < 0.001 

 7 139.25 < 0.001 

 9 103.225 < 0.001 

 11 113.913 < 0.001 

 13 119.15 < 0.001 

 17 145.825 < 0.001 

 18 203.904 < 0.001 

 19 275.475 < 0.001 

7 5 -139.25 < 0.001 

 15 -89.188 < 0.001 

 19 136.225 < 0.001 

9 5 -103.225 < 0.001 

 18 100.679 < 0.001 

 19 172.25 < 0.001 

 15 -53.163 .050 

11 5 -113.913 < 0.001 

 18 89.992 .003 

 19 161.563 < 0.001 

13 5 -119.15 < 0.001 

 15 -69.088 .001 

 18 84.754 < 0.001 

 19 156.325 < 0.001 

15 1 104.411 < 0.001 

 3 95.454 < 0.001 

 7 89.188 < 0.001 

 9 53.163 .050 

 13 69.088 .001 

 17 95.763 < 0.001 

 18 153.842 < 0.001 

 19 225.413 < 0.001 

17 5 -145.825 < 0.001 

 15 -95.763 < 0.001 

 19 129.65 < 0.001 
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Table 2. Carbon monoxide significant pairwise difference between floors. 

Floor Floor Mean Difference (ppm) p-value 

1 11 0.294 .025 

 13 0.85 < 0.001 

 15 0.814 < 0.001 

 17 0.477 < 0.001 

 18 0.61 < 0.001 

3 13 0.641 < 0.001 

  15 0.605 < 0.001 

  18 0.401 .028 

5 13 0.758 < 0.001 

  15 0.722 < 0.001 

  17 0.385 < 0.001 

  18 0.518 < 0.001 

7 13 0.728 < 0.001 

  15 0.692 < 0.001 

  17 0.355 < 0.001 

  18 0.488 .001 

9 13 0.653 < 0.001 

  15 0.617 < 0.001 

  17 0.28 .023 

  18 0.413 .011 

11 1 -0.294 .025 

  13 0.556 < 0.001 

  15 0.52 < 0.001 

  18 0.316 .240 

13 1 -0.85 < 0.001 

  11 -0.556 < 0.001 

  17 -0.373 < 0.001 

  19 -0.568 < 0.001 

18 5 -203.904 < 0.001 

 9 -100.679 < 0.001 

 11 -89.992 .003 

 15 -153.842 < 0.001 

19 1 -121.001 < 0.001 

 3 -129.958 < 0.001 

 5 -275.475 < 0.001 

 7 -136.225 < 0.001 

 9 -172.25 < 0.001 

 11 -161.563 < 0.001 

 13 -156.325 < 0.001 

 15 -225.413 < 0.001 

 17 -129.65 < 0.001 
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  3 -0.641 < 0.001 

  5 -0.758 < 0.001 

  7 -0.728 < 0.001 

  9 -0.653 < 0.001 

15 1 -0.814 < 0.001 

  11 -0.52 < 0.001 

  17 -0.337 .002 

  19 -0.532 .002 

  3 -0.605 < 0.001 

  5 -0.722 < 0.001 

  7 -0.692 < 0.001 

  9 -0.617 < 0.001 

17 1 -0.477 < 0.001 

  13 0.373 < 0.001 

  15 0.337 .002 

  5 -0.385 < 0.001 

  7 -0.355 < 0.001 

  9 -0.28 .023 

18 1 -0.61 < 0.001 

  11 -0.316 .240 

  3 -0.401 .028 

  5 -0.518 < 0.001 

  7 -0.488 .001 

19 13 0.568 < 0.001 

  15 0.532 .002 

 

Table 3. Temperature significant pairwise difference between floors. 

Floor Floor Mean Difference (   C) p-value 

1 11 -1.417 .001 

 17 -1.519 < 0.001 

 19 5.793 < 0.001 

 7 -1.869 < 0.001 

 9 -1.829 < 0.001 

3 11 -1.306 .009 

 17 -1.408 .002 

 19 5.905 < 0.001 

 7 -1.758 < 0.001 

 9 -1.718 < 0.001 

5 19 6.375 < 0.001 

 7 -1.288 .002 

 9 -1.248 .004 

7 1 1.869 < 0.001 

 13 1.063 .036 

 15 1.456 < 0.001 
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 18 2.496 < 0.001 

 19 7.663 < 0.001 

 3 1.758 < 0.001 

 5 1.288 .002 

9 1 1.829 < 0.001 

 15 1.416 .001 

 18 2.456 < 0.001 

 19 7.623 < 0.001 

 3 1.718 < 0.001 

 5 1.248 .004 

11 1 1.417 .001 

 18 2.044 < 0.001 

 19 7.211 < 0.001 

 3 1.306 .009 

13 19 6.6 < 0.001 

 7 -1.063 .036 

15 17 -1.106 .032 

 19 6.207 < 0.001 

 7 -1.456 < 0.001 

 9 -1.416 .001 

17 1 1.519 < 0.001 

 15 1.106 .032 

 18 2.146 < 0.001 

 19 7.313 < 0.001 

 3 1.408 .002 

18 11 -2.044 < 0.001 

 17 -2.146 < 0.001 

 19 5.167 < 0.001 

 7 -2.496 < 0.001 

 9 -2.456 < 0.001 

19 1 -5.793 < 0.001 

 11 -7.211 < 0.001 

 13 -6.6 < 0.001 

 15 -6.207 < 0.001 

 17 -7.313 < 0.001 

 18 -5.167 < 0.001 

 3 -5.905 < 0.001 

 5 -6.375 < 0.001 

 7 -7.663 < 0.001 

 9 -7.623 < 0.001 
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Table 4. Relative humidity significant pairwise difference between floors. 

Floor Floor Mean Difference (%) p-value 

1 5 -13.241 < 0.001 

 7 -11.383 < 0.001 

 9 -12.438 < 0.001 

 11 -11.195 < 0.001 

 13 -11.773 < 0.001 

 15 -13.414 < 0.001 

 17 -6.321 < 0.001 

 18 -11.317 < 0.001 

3 5 -11.36 < 0.001 

 7 -9.503 < 0.001 

 9 -10.558 < 0.001 

 11 -9.314 < 0.001 

 13 -9.893 < 0.001 

 15 -11.533 < 0.001 

 18 -9.436 < 0.001 

5 1 13.241 < 0.001 

 3 11.36 < 0.001 

 17 6.92 < 0.001 

 19 11.405 < 0.001 

7 1 11.383 < 0.001 

 3 9.503 < 0.001 

 17 5.063 < 0.001 

 19 9.548 < 0.001 

9 1 12.438 < 0.001 

 3 10.558 < 0.001 

 17 6.118 < 0.001 

 19 10.603 < 0.001 

11 1 11.195 < 0.001 

 3 9.314 < 0.001 

 17 4.874 .001 

 19 9.359 < 0.001 

13 1 11.773 < 0.001 

 3 9.893 < 0.001 

 17 5.453 < 0.001 

 19 9.938 < 0.001 

15 1 13.414 < 0.001 

 3 11.533 < 0.001 

 17 7.093 < 0.001 

 19 11.578 < 0.001 

17 1 6.321 < 0.001 

 5 -6.92 < 0.001 

 7 -5.063 < 0.001 

 9 -6.118 < 0.001 
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 11 -4.874 .001 

 13 -5.453 < 0.001 

 15 -7.093 < 0.001 

 18 -4.996 .046 

18 1 11.317 < 0.001 

 3 9.436 < 0.001 

 17 4.996 .046 

 19 9.481 < 0.001 

19 5 -11.405 < 0.001 

 7 -9.548 < 0.001 

 9 -10.603 < 0.001 

 11 -9.359 < 0.001 

 13 -9.938 < 0.001 

 15 -11.578 < 0.001 

 18 -9.481 < 0.001 

 

Table 5. Nano-particle significant pairwise difference between floors. 

Floor Floor Mean Difference (p/cm³) p-value 

1 3 7982.208 < 0.001 

 5 8203.125 < 0.001 

 7 6001.917 < 0.001 

 9 6316.042 < 0.001 

 11 7968.25 < 0.001 

 13 6418.042 < 0.001 

 15 6526 < 0.001 

 17 6283.292 < 0.001 

 19 -31889.375 < 0.001 

18 3 5475.875 < 0.001 

 5 5696.792 < 0.001 

 11 5461.917 < 0.001 

 15 4019.667 0.05 

 19 -34395.708 < 0.001 

19 1 31889.375 < 0.001 

 3 39871.583 < 0.001 

 5 40092.5 < 0.001 

 7 37891.292 < 0.001 

 9 38205.417 < 0.001 

 11 39857.625 < 0.001 

 13 38307.417 < 0.001 

 15 38415.375 < 0.001 

 17 38172.667 < 0.001 

 18 34395.708 < 0.001 

 


