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INTRODUCTION

The effects of ventilation on indoor air quality and health is a complex issue. It is known
that ventilation is necessary to remove indoor generated pollutants from indoor air or dilute
their concentration to acceptable levels. But, as the limit values of all pollutants are not
known, the exact determination of required ventilation rates based on pollutant
concentrations and associated risks is seldom possible. The selection of ventilation rates
has to be based also on epidemiological research (e.g. Seppanen et al., 1999), laboratory
and field experiments (e.g. CEN 1996, Wargocki et al., 2002a) and experience (e.g. ECA
2003).

Ventilation may also have harmful effects on indoor air quality and climate if not properly
designed, installed, maintained and operated as summarised by Seppanen (2003).
Ventilation may bring indoors harmful substances that deteriorate the indoor environment.
Ventilation also affects air and moisture flow through the the building envelope and may
lead to moisture problems that deteriorate the structures of the building. Ventilation
changes the pressure differences over the structures of building and may cause or prevent
the infiltration of pollutants from structures or adjacent spaces. Ventilation is also in many
cases used to control the thermal environment or humidity in buildings.

Ventilation can be implemented with various methods which may also affect health (e.g.
Seppanen and Fisk, 2002, Wargocki et al., 2002a). In non residential buildings and hot
climates, ventilation is often integrated with air-conditioning which makes the operation of
ventilation system more complex. As ventilation is used for many purposes its health
effects are also various and complex. This paper summarises the current knowledge on
positive and negative effects of ventilation on health and other human responses. The
focus of the paper is on office-type working environment and residential buildings. In the
industrial premises the problems of air quality are usually more complex and case specific.
They are subject to occupational safety legislation and not discussed here.

1. VENTILATION AND INDOOR AIR QUALITY

Exposure to pollutants in indoor air may cause a variety of effects. The severity of the
effects covers a wide spectrum from perception of unwanted odours to cancer. The effects
may be acute or develop over longer time. Some examples of health effects related with
ventllatlon and systems used for ventilation are (ECA 2003):
Ventilation may dilute the concentration or disperse airborne virus or bacteria that can
cause infectious diseases.
Some micro-organisms can grow in air humidifiers and cooling towers and may result
in respiratory symptoms, such as Legionnaire’s disease and humidifier fever.
Indoor humidity is influenced by ventilation rates. Very high humidity indoors is
associated with an increased growth of micro-organisms such as mould and bacteria.
Relative humidities above approximately 50% also increases indoor dust mite levels.
Ventilation may, thus, increase allergic and other type of symptoms.
An increased risk of developing lung cancer has been linked to exposure to
environmental tobacco smoke (ETS) and to radon decay products. Ventilation rates
affect the indoor concentrations of ETS and radon.



For some health effects, clear relationships with exposure to indoor air pollution have been
reported. Among these are respiratory diseases (particularly amongst children), respiratory
health symptoms strongly linked to building dampness problems, allergy (particularly to
house dust mites and pets) and mucous membrane irritation (particularly due to
formaldehyde). Large numbers of people have been, and are still affected.

Many chemicals encountered in the indoor air are known or suspected to cause sensory

irritation or stimulation at least at high concentrations. As pointed out by the WHO (1989),

many different sensory systems that respond to irritants have receptors situated on or near

the body surface. Some of these systems tend to facilitate the response rather than
habituate and their reactions are delayed. On the other hand, in the case of odour
perception, the reaction is immediate but also influenced by olfactory fatigue on prolonged
exposures. In general, the sensory systems are tuned towards registering environmental
changes rather than the absolute levels. Sensory effects are important parameters in

indoor air quality control for several reasons. They may appear as (ECA 2003):

e adverse health effects on sensory systems (e.g., environmentally-induced sensory
dysfunctions)

e adverse environmental perceptions which may be adverse per se or constitute
precursors of disease to come on a long term basis (e.g., annoyance reactions,
triggering of hypersensitivity reactions)

e sensory warnings of exposure to harmful environmental factors (e.g., odour of toxic
sulphides, mucosal irritation due to formaldehyde)

e important tools in sensory bioassays for environmental characterisation (e.g., using the
odour criterion for general ventilation requirements or for screening building materials
to find those with low emissions of volatile organic compounds).

It is important to realise that the sensory effects of pollutants are not necessarily linked to
their toxicity. Indeed some harmful air pollutants, like radon or CO, are not sensed at all.
Therefore perceived air quality is not a universal measure of adverse effects.

Sensory effects reported to be associated with indoor air pollution are in most cases
multisensory and the same perceptions or sensations may originate from different sources.
Humans integrate different environmental signals to evaluate the total perceived air quality
and to assess comfort or discomfort. However, it is not known how this integration occurs.
Perceived air quality is, for example, mainly related to stimulation of both the nerves,
trigeminus and olfactorius.

Comfort and discomfort by definition are influenced by more complex psychological factors
and for this reason the related symptoms, even when severe, cannot be documented
without perceptional assessments.

2. ROLE OF VENTILATION IN CONTROLLING POLLUTANTS IN INDOOR
ENVIRONMENT

The basic steady-state equation (1) to calculate required ventilation rate for pollutant
control is simple and relates the generation of pollutant, concentration differences of indoor
and outdoor air, other removal mechanisms than ventilation and ventilation efficiency
(modified from the equation presented in CEN 1996).
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where
Qp = the airflow needed for selected air quality in respect to any contaminant in the
air,

L = the total rate of removal of the pollutant indoors by factors other than ventilation
which includes deposition on surfaces, filtration, chemical reactions etc. (see also
equations (3) and (4),

Gy = the generation of contaminant,

Chi = acceptable contaminant concentration in indoor air,

Cho= the contaminant concentration of intake air,

& = the ventilation efficiency, (&, = 1 for complete mixing to ¢, = 2 for ideal piston
flow)

Use of the equation (1) in design means that the ventilation airflows in buildings are
rationally selected and distributed to all rooms depending on the pollution loads. The
problems, however, are in the application as
¢ the acceptable concentration of various pollutants in indoor air is not known,
especially for the mixtures of hundreds of the compounds found in the indoor air
e the generation rate of pollutants indoors is not usually known
¢ the contaminant concentration of intake air is not known in respect of all pollutants
e the concentration of contaminants in the supply air may be different from the
outdoor air due to processes in the air handling system or structures through which
the supply air is flowing
e rates of pollutant removal by processes other than ventilation are poorly known
¢ only limited amount of information is available on the ventilation efficiency of various
air distribution systems
[ ]
The equation (1) can be also used to calculate required ventilation rates for moisture
control or thermal control if the term for contaminant generation is replaced with moisture
generation or heat generation, and concentration with moisture contents or enthalpy of the
air respectively. Ventilation efficiency is dependent on the pollutant type, location and the
way it is generated.

As the exact mathematical relations or threshold values for pollutants in the indoor air are
not available, the information on the health effects of ventilation are in many cases based
on experimental research. Parameters in the experiments may include ventilation rates,
ventilation systems, contaminants in indoor air, and physical characterization of indoor
environment. These factors affect human responses through each other but also
independently. This is illustrated in the figure 1. Primary human responses to the
ventilation which are dealt in this paper are:

infectious diseases
SBS-symptoms

task performance and productivity
perceived air quality

allergies and asthma



The ventilation may affect several other parameters of indoor environment which may also
have health effects. These include
e thermal conditions
effects through moisture control
effects through the control of pressure differences
draft (not discussed in this paper)
noise (not discussed in this paper)

Ventilation system

!

Ventilation rate

I

Indoor air quality and
climate

by

Health and other
human responses

Fig 1. Ventilation affects health and other human responses through several pathways.

3. VENTILATION RATES AND HUMAN RESPONSES IN OFFICE ENVIRONMENT
Ventilation and infectious diseases

The review of ventilation rates and human responses (Seppanen et al., 1999) summarises
the results of four studies available at that time on the health effects of ventilation rates.
These were performed in a jail, barracks, a home for the elderly and offices. All of them
reported significant association between low ventilation rates and increase in health
problems: pneumonia, upper respiratory illnesses, influenza and short term sick leave
respectively (Hoge et al.,1994, Brundage et al., 1988, Drinka et al., 1996, Milton et al.,
2000). Even though the ventilation rates were estimated and not measured, the consistent
findings are a strong indication of the association of ventilation rates with health effects.
The strongest evidence is provided by the most recent study of these (Milton et al., 2000).
The association with sick leave was analysed for 3720 employees in 40 buildings using
115 independently ventilated ventilation areas. Among office workers, the relative risk for
short term sick-leave was 1.53 (1.22 — 1.92 c.i.) with the estimated ventilation of 12 L/s per
person compared with a ventilation rate of 24 L/s per person. Two more recent studies
have been reported, with mixed results. Shendell et al. (2004) found that higher indoor
CO; concentrations (indicating less ventilation) in classrooms were associated with
increased student absence, after controlling for a variety of other factors. Myatt et al.
(2002) performed an experimental study in two office buildings with three month



intervention cycles and failed to find a significant relationship between indoor CO,
concentrations and prevalence of sick leave. It is possible that Myatt’s study failed to find
a relationship due to the small number of buildings (2), combined with the moderate-length
intervention cycles and the seasonal and episodic trends in respiratory disease.

A quantitative relationship between ventilation rate and sick leave was further developed
by Fisk et al. (2003). They used Wells-Riley model (equation 2) of airborne disease
transmission (Nardell et al., 1991), and fitted the data from epidemiologic studies
mentioned above in it.

P:2:1—exp{—ipit} (2)
0

N

where

P = proportion of new disease cases among the susceptible persons,

D = number of new disease cases; s = number of susceptible persons,

i = number of infectors,

p = breathing rate,

q = the rate at which an infector disseminates infectious particles,

t = time that infectors and susceptibles share a confined space or ventilation system,
Q = rate of supply of outdoor air.

Equation (2) neglects the removal of infectious particles by filtration and by deposition on
room surfaces, which are significant processes in removing airborne particles from room
air. These removal processes can be expressed with effective removal rates per unit
volume nrand ny, yielding the equation

P=§=1—exp[(—ipgt)/(nv+nf+nd)} 3)

where

n, = the ventilation rate,

ns = the removal rate of infectious particles by filtration , equal to the product of the
recirculation air flow rate and the filter efficiency; and

ng = the removal rate of particles due to deposition on room surfaces.

In this equation the term ipgt/V is the unknown. It was calculated from the experimental
data and applied it the equation. Figure 2 plots the calculated values of illness or short-
term sick leave versus ventilation rate, normalized by the illness or sick leave rate
predicted with no ventilation. All predictions show the expected decrease in illness over
time; however, the rate of decrease varies dramatically for low ventilation rates, with the
prediction based on the data of Drinka et al. (1996) appearing as an outlier.

For comparison to the disease transmission model, also a much simpler model was used

in which the disease prevalence is proportional to reciprocal of the total infectious particle
removal rate

Pocl/(anranrnd) (4)



This model is consistent with the assumption that the disease prevalence in the building is
proportional to the indoor concentration of infectious particles. The simple particle
concentration model (equation 4) provides a mid-range prediction (Fig 2).

Fisk et al. (2003) draw the conclusion: The maijority of existing literature indicates that
increasing ventilation rates will decrease respiratory illness and associated sick leave. A
disease transmission model, calibrated with empirical data, can been used to estimate
how ventilation rates affect sick leave; however, the model predictions have a high level of
uncertainty.

¢ Milton (2000), sick leave in offices

O Brundage (1988), illness in barracks, all years
A Brundage (1988), illness in barracks, 1983 data
X Drinka (1996), illness in nursing home
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Fig 2. Predicted trends in illness of sick leave versus ventilation rate (adapted from Fisk et
al., 2003)

Association of ventilation rates with SBS-symptoms in commercial and institutional buildings

Reviews by Seppanen et al. (1999) and Wargocki et al. (2002a) on the association of
ventilation rates and human responses show that ventilation rates below 10 Ls™ per
person are associated with a significantly worsened prevalence or value of one or more
health or perceived air quality outcomes.

Seppanen et al. (1999) reviewed of current literature on the associations of ventilation
rates in non-residential and non-industrial buildings (primarily offices) with health and other
human outcomes. Twenty studies, with close to 30,000 subjects, investigated the
association of ventilation rates with human responses, and 21 studies, with over 30,000
subjects, investigated the association of carbon dioxide concentration with these
responses. Almost all studies including ventilation rates below 10 Ls™ per person found



these ventilation rates to be associated in all building types with statistically significant
worsening in one or more health or perceived air quality outcomes. Some studies
determined that increases in ventilation rates above 10 Ls™ per person, up to
approximately 20 Ls™ per person, were associated with further significant decreases in the
prevalence of SBS symptoms or with further significant improvements in perceived air
quality. The ventilation rate studies reported relative risks of 1.1 - 6 for sick building
syndrome symptoms for low compared to high ventilation rates.

Each assessment included in the reviewed studies with sick building symptom as
outcome are presented in figure 3. The references to the papers cited in the table are
provided in (Seppanen et al.,1999). When outcomes at two levels of ventilation rate are
compared, each level is represented with a circle, with multiple comparisons within single
studies displayed separately. If the study compared outcomes among groups of workers
experiencing different ranges of ventilation rate (e.g., < 10 Ls™ per person versus > 10 Ls™
per person), the graph presents the approximate mean ventilation rate within each range.
Statistically significant differences in outcomes at different ventilation rates are illustrated
graphically within the table, with a shaded circle indicating at least one significantly
worsened health or perception outcome at that ventilation rate. All circles being unshaded
indicate lack of statistically significant increase in any outcome with ventilation. In general
the criteria for statistical significance are p< 0.05, or a 95% confidence interval that
excludes unity. For each assessment, the range of relative risks (essentially the symptom
prevalence at lower ventilation rate divided by symptom prevalence at higher ventilation
rate) is included in the tabulated information. Several assessments treated the measured
ventilation rates as a continuous variable in the statistical model used to analyze study
data and the results are illustrated with shaded or unshaded horizontal bars. If the
ventilation rate variable was a statistically significant parameter in the model, suggesting a
dose-response relationship, the horizontal bar is shaded with the darker shading denoting
more symptoms.

Almost all the studies included in the review which included ventilation rates below 10 Ls™
per person found that these rates were associated with a significantly worse prevalence or
value of one or more health or perceived air quality outcomes. Most assessments
included multiple statistical tests, e.g., for the association of multiple symptoms with
ventilation rate, and in 25 of 34 assessments with information provided, 50% or more of
the statistical tests indicated a significant association with ventilation rate. Available
studies further show that increases in ventilation rates above 10 Ls™ per person, up to
approximately 20 Ls™ per person, are sometimes associated with a significant decrease in
the prevalence of SBS symptoms. The less consistent findings for relationships in the
range above 10 Ls™' per person are compatible with the prediction that benefits per unit
increase in ventilation would be likely to diminish at higher ventilation rates and, thus, be
more difficult to detect epidemiologically.

However, some studies which collected outcome data at several levels or ranges of
ventilation, assessed with a statistical model whether there was a dose-response
relationships. Data from multiple such studies indicate a dose-response relationship
between ventilation rates and health and perceived air quality outcomes, up to
approximately 25 Ls™ per person; however, available data are not sufficient to quantify an
average dose-response relationship. Only five studies were conducted in hot humid
climates, thus, the results of this review apply primarily for moderate and cool climates.
Most of these studies have been conducted in office buildings.
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Fig 3 Summary of studies with measured ventilation rates per person, and sick building

syndrom symptoms. The circles in the chart denote mean ventilation rates compared in the

assessment (adapted from Seppanen et al.,1999).

Based on these results, Seppanen et al. (1999) concluded that in office buildings or similar

spaces constructed using current building practices, increases in ventilation rate in the
range between 0 and 10 Ls™ per person will, on average, significantly reduce occupant
symptoms and improve perceived air quality. Increases in ventilation rate above 10 Ls™
per person up to 20 Ls™ per person may further reduce symptoms and improve air quality,
although these benefits are currently less certain based on available data. No threshold
for effects is evident at 10 Ls™ per person or at any other specific ventilation rate. As
ventilation rates increase, benefits gained for occupants per additional unit of ventilation
are likely to decrease in magnitude and to require larger studies for convincing
demonstration. Benefits which have yet to be consistently demonstrated in this way (e.g.,
for ventilation rates above 10 Ls™" per person) may still be of substantial public health
importance. Ventilation standards thus may need to periodically revisit the available
evidence for occupant benefits at particular ventilation rates, and the magnitude of these



benefits, weighed against the current incremental costs of increasing ventilation. This
process would be new, as minimum ventilation rates in existing codes and standards do
not substantially reflect health data such as is reviewed here.

Dose-response relation between measured average CO; - concentration and several
typical SBS-symptoms was reported also from the analysis of the US BASE study data
(Apte et al., 2000, Erdmann et al., 2002).

The effect of ventilation on SBS-symptoms were reported also in an intervention study in
tropics (Tham et al., 2003a). They reported a statistically significant reduction in intensity
of headache and difficulty in concentration when ventilation was increased from 9.8 to 22.7
Ls™" per person, and found an increase in symptom intensity when the intervention was
reversed.

SBS-symptoms are also related to productivity and sick leave based on an analysis by
Niemela et al. (2003).

Ventilation and productivity

The effect of ventilation on productivity was demonstrated by Wargocki et al. (2000a) in a
simulated office environment. In a room containing carpet removed from a problem
building, they exposed five groups of six female subjects to three ventilation rates (3, 10,
and 30 Ls™ per person), one group and one ventilation rate at a time. The performance of
four simulated office tasks improved monotonically with increasing ventilation rates, and
the effect reached significance in the case of text typing. For each twofold increase in
ventilation rate, performance improved on average by 1.7% in the range of 0.8-5.3 Ls™" per
olf. The study indicates the benefits of ventilation at rates well above the minimum levels
prescribed in existing standards and guidelines, at least when this pollutant source is
present in the building.

Wargocki et al. (2003) reported that the increase of ventilation from 2.5 to 25 L/s per
person caused performance to increase as indicated by reduced average talk time
(P<0.055) in a call center with a new filter in the air handling system and to decrease
(P<0.05) with a used filter so that talk-time was about 10% lower with a new filter than with
a used filter at high outdoor air supply rate.

Tham et al. (2003b) reported also that performance of office workers increased in tropics
when outdoor air supply rate was increased from 9.8 to 22.7 Ls™ per person at
temperature of 24.4 °C.

In a recent, non-peer reviewed, study performed within a call center in California (HMG
2003), a higher rate of outdoor air supply per unit floor area was associated with faster
handling of calls. The association was significant, p < 0.10, in a multivariate analysis that
controlled for other factors. Work speed increased on average by 4% per 5 Ls™" per per
square meter of floor area increase in outdoor air supply. Based on the reported peak
occupancy, one can estimate a 1% increase in work speed per 10 Ls™ per person
increase in outdoor air supply.

Ventilation and perceived air quality

The effect of reduced ventilation on diminished perceived air quality has been well
documented. Many ventilation standards have been based on perceived air quality (e.g.
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ASHRAE 62). Perceived air quality has been related to predicted percentage of
dissatisfied and acceptability of the air quality in several studies and summarized in (CEN
1996 and ECA 2003). The summary of the field measurements (Seppanen et al., 1999)
on perceived air quality and ventilation rates shows also the connection (Figure 4).

In some laboratory tests with ventilation rates and pollution loads (Wargocki et al., 2000b)
the perceived air quality (PAQ) has been correlated with performance. The estimated
effect on performance based on typing, addition and proof reading tests was 1.1% per
each 10% of dissatisfied people with air quality in the range of 25-75% of disastified. This
linkage, however, may overlap with the linkage between SBS and productivity as PAQ
may also be correlated with the prevalence of SBS as both are subjectively reported.
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Figure 4. Summary of studies with measured ventilation rates per person, perceived air
quality. The circles in the chart denote mean ventilation rates compared in the
assessment. A black circle denotes a significantly worse perceived air quality. The bars
denote assessments of dose response relationships. The shaded end of a bar denotes a
dose-response relation between ventilation perceived air quality in the indicated ventilation
range (adapted from Seppanen et al., 1999).

4. VENTILATION IN RESIDENCES

In residential buildings the role of ventilation to control indoor generated pollutants
depends very much on the indoor sources which may vary significantly between homes.
The removal of pollution sources is in general more effective way to control indoor air
quality than dilute the concentration of pollutants by ventilation.

Only little information is available on the health effects of measured ventilation rates in

residential buildings, however, a review by a European group (Wargocki et al., 2002a)
concluded that the ventilation rates below 0.5 ach are a health risk in Nordic residential
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buildings. This conclusion was based on the ventilation necessary to maintain a low
indoor relative humidity and the evidence that high humidities cause higher levels of dust
mites and dust mite allergens. When the outdoor air has less moisture than indoor air,
increased ventilation reduces the indoor humidity which can help prevent or reduce the
indoor levels of dust mites. When it is particularly cold and dry outdoors, less ventilation is
necessary for humidity control. However, in air-conditioned or dehumidified homes,
ventilation is a generally source of indoor moisture because the outdoor air contains more
moisture than the indoor air. In residential buildings the ventilation rates depend on air
tightness of the building envelope and the ventilation system. In Nordic countries most new
residential buildings use balanced ventilation with mechanical supply and exhaust of the
air with heat recovery from the ventilation air. With mechanical ventilation the required
ventilation rates are easily provided to each room. The drawbacks have been poor
technical implementation of these systems.

Ventilation, however, affects and can control concentrations of several pollutants in
residences. They are discussed in the following.

Mould and mites

Low ventilation may lead to high indoor humidity and moisture accumulation into building
structures or materials. That may lead to increased dust mites, and particularly high
humidity can increase the risk of microbial growth, and subsequently to microbial
contamination and other emissions in buildings. In epidemiological studies, moisture
damage and microbial growth in buildings have been associated with a number of health
effects including respiratory symptoms and diseases and other symptoms (Bornehag et
al., 2001, Nevalainen 2002); although, the evidence of a direct link between higher air
humidity levels and adverse health is quite limited. The health effects associated with
moisture damage and microbial growth seem to be consistent in different climates and
geographical regions (ISIAQ 1996).

It has been shown with relatively good certainty that building moisture problems and
microbial growth increases the risk of respiratory symptoms. The underlying mechanisms
are not well understood because the specific agents that cause the health effects have not
been identified with certainty. However, particles that come from mold and bacterial
contaminants are likely to be the cause of these health effects. Also toxic mechanisms
may possibly be involved, especially in connection with toxin producing fungi and bacteria.
Certain building materials seem to support the growth of potentially toxic microbes, and
even induce toxin production more readily than other materials (Nevalainen 2002).
However, it has not been conclusively demonstrated that toxins from fungi reach sufficient
levels indoors to cause adverse health effects.

The primary controlling factor of the mould growth is the level of moisture within building
materials. The level of moisture in materials is, in-turn, affected by the indoor relative
humidity, and many other factors.

In many cases ventilation reduces the moisture contents indoors. The effect of ventilation
is two fold. Ventilation can remove indoor generated moisture directly, and dilute the water
content of the air to a lower level. However, when it is hot outdoors, the moisture content in
the outdoor air is often higher than the indoor moisture content, because air conditioning
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and/or dehumidification systems are used to reduce indoor moisture levels. In these
situations, ventilation is ineffective for indoor humidity control — in fact ventilation becomes
a source of moisture and mechanical systems are needed to remove moisture from the
incoming outdoor air or from recirculated air. In climatic conditions (summer in some
coastal areas) the outdoor moisture contents may be high. In those conditions the
ventilation is not effective.

Several studies have been performed on the effect of improved ventilation with or without
dehumidification on the population of dust mites in residences (Chivato et al., 1997, Crane
et al., 1998, Jones, 1999, Harving et al., 1993, Niven et al., 1999, Warner et al., 2000).
Most of them have reported a reduction in the mite population but not improvement in
symptoms or allergen levels. Some researchers (Howieson 2002) have pointed out the
shortages in these studies. It is natural that the effect of ventilation and dehumidification is
not seen in symptoms, and other human outcomes if the indoor environment is not
cleaned from the accumulated allergens at the same time. The mite population generates
many times more fragments of dead mites and fecal pellets that the mass of the living
population. If these allergens are not removed at the same time it is obvious that the
symptoms are not alleviated. In addition, in more humid climates increased ventilation
may not substantially reduce indoor RH, and, thus, have a small effect on dust mite levels.
Large reductions in dust mite levels, e.g., an order of magnitude, may be necessary before
substantial reductions in health effects can be detected.

Indoor generated particulate matter

Health effects of the particulate matter depend on the particle size and its composition.
The particles with diameter smaller than approximately 1 pm do not settle at a high rate by
gravity (settling velocity about 0.15 mm/s) but stay air borne with air currents. The most
harmful non-biological particles, in general, are thought to be those with small diameter.
They penetrate deep in the lungs. Particles may carry also bacteria and virus and
allergens. Many and probably most microbial particles are larger than 1 pm in
aerodynamic diameter, and some are much larger, e.g., > 10 um Ventilation is less
effective in controlling indoor concentrations of these larger particles, because they deposit
on surfaces at high rates. Particle size strongly influences the effectiveness of ventilation
and filtration in controlling indoor air concentrations as discussed in (IOM 2000, Chapter
10) and Fisk et al. (2002).

The dust concentration in the air is affected also by the dust accumulated on the room
surfaces from where they get air borne through the activities and air currents in the room.
An effective method against exposure to dust is to keep surfaces clean and dustless. That
means frequent dusting or cleaning the surfaces with effective vacuum cleaners. As the
finest particles easily penetrate the dust collection reservoir of vacuum cleaner and
pollutes the room air, it is important that the vacuum cleaner filters the fine particles from
the air returned back to the room, or exhausts that air outdoors as is done in central
vacuum cleaning systems. As the cleaning itself increases temporarily the dust
concentration in the air, the cleaning should ideally be done during the unoccupied period
of the space. Also adequate ventilation should be provided during the cleaning.

Environmental tobacco smoke

Extensive evidence has shown the adverse health effects of passive smoking (e.g.
(California EPA 1997, 2003), including increases in lung cancer and cardiovascular
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deaths, asthma exacerbation, low birth weight, and middle ear infection. Many of the
thousand compounds in the smoke are carcinogenic (Gold 1992). The size of the particles
of the smoke is relative small, which makes the cleaning difficult.

The most effective method of controlling exposure to tobacco smoke is the control of
smoking. It is almost impossible to control exposure to safe levels with other means in a
room where smoking takes place. The control with ventilation by diluting requires very high
ventilation rates. To dilute nicotine concentration of tobacco smoke to the level of 1 pg/m3,
which is suggested by Finnish Institute of Occupational Health to reduce the risks of ETS
to acceptable level. The criteria is based on the estimated risk of 1/10 000 cases of lung
cancer in during 40 years” exposure based on Repace and Lowrey, (1993). To dillute
nicotine concentration to this level would require require ventilation rate of 555 L/s per a
smoked cigarette in an hour if all nicotine ( typical value 2 mg nicotine per cigarette) in the
cigarette smoke is mixed with air and removed from the indoor air only by ventilation.
Ventilation rates like that are impossible in practice. However, ventilation dilutes the
concentration of harmful compounds of environmental tobacco smoke, and makes the air
quality perceptually acceptable in short term exposure with considerably lower ventilation
rates (e.g. Leaderer et al., 1983).

Pollen

Pollen is common allergen outdoors and indoors, as the pollen is carried inside with
ventilation air and clothing. Pollen particles are large, often greater than 10 um, and can be
removed from incoming outdoor air easily with filters. Even in buildings with exhaust
ventilation the filters can be installed in the air inlets. The control is easiest in the buildings
with mechanical exhaust and supply ventilation, commonly used in Nordic countries.
However, some plant allergens (e.g., grass and birch allergen) are present substantially in
particles smaller than 1 um (e.g., Rantio-Lehtimaki et al.,1994, Schappi et al., 1997,
Spieksma et al., 1990, 1991).

Room air cleaners are used to remove effectively particles from the air. Their effect on the
total dose depends on their total cleaning effect. Effective cleaning air flow of those
devices is the removal efficiency multiplied by the air flow through the device. The effective
air flow divided by the air volume of the space to be cleaned should be more than one, and
more than 2 for large particles, before the cleaning is effective. Removal efficiency of air
cleaners is dependent on particle size. Small particles are more difficult to clean that large
ones. Electrical air cleaners remove also the small particles from the air. Their draw back
is the potential ozone generation which may be harmful.

Nitrogen oxides

Scientific evidence shows the negative health effects of exposure to nitrogen oxides
(Jones 1999). Sources of nitrogen oxides are all kinds of combustion ranging from internal
combustion engines to gas cooking and heating appliances. Scientific evidence shows
more adverse health effects of indoor climate in the residences with open flame cooking
with gas or solid fuel (Burr 2001). It is thus obvious that all open flame cooking or heating
without proper chimneys or flue gas pipes should be avoided.

The use of range hoods will help some as they can capture part of the flue gases, but their

typical capture efficiency is only 60 %, and the effectiveness is highly dependent on their
proper use and cooking practice. All cooking, space heating, and water heating that can be
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done with proper control of combustion and removal of flue gases, will improve the air
quality. In most cases this technology is also more cost effective than many others.

Ventilation may also cause malfunctioning of heating appliances. Exhaust ventilation may
cause underpressure in an apartment or house which could cause back draft in a heating
system. This should of course be avoided.

Formaldehyde and other volatile organic compounds

Material emissions have been recognized to have an influence on the total pollution load of
buildings. The research and development activities in the area of material emissions
started with formaldehyde emissions from particle boards about thirty years ago. The
labelling schemes and quality control have greatly reduced the problem with particle
boards manufactured in Europe but not with those imported from some other countries.
During the last decade, research has shown that almost all materials emit chemical
pollutants. Much focus has been on paints, varnishes, and flooring materials. Unfortunately
the harmful emissions are not limited to the finishing materials, but include also furniture,
partitions etc. In some cases, also sealants and injection putties have created problems
due to high VOC emissions. Even though the emission rates of materials have significantly
reduced due to labelling systems (e.g. Seppanen 2003) , ventilation is needed to dilute the
VOC concentrations to the acceptable levels particularly in the new and renovated
buildings.

Carbon monoxide

Carbon monoxide is extremely poisonous and odourless. The source of carbon monoxide
is incomplete combustion in which CO is generated instead of CO,. The adequate supply
of air for the combustion is the method to control the generation of carbon monoxide. The
most potential indoor sources of CO are the room heaters with gas, oil or solid fuel.
Outdoor air is also a source of indoor CO. The only practical way to control the exposure
from indoor sources is the control of source, and proper use of appliances where the
generation of CO is possible (Jones 1999). Indoor use of appliances with large CO
emission rates these should be avoided and proper ventilation provided.

Carbon dioxide (CO»)

Indoor source of carbon dioxide is the metabolism of building occupants and pets. Outdoor
concentration of CO;, is fairly constant but varies depending on the location and the time of
the day. Typical outdoor air concentrations are 350 — 450 ppm (parts per million i.e.
cm®m?®). The indoor air concentration is dependent on the ventilation rate, and indoor
sources (number of occupants). The typical indoor air concentrations of CO, are between
500 — 1500 ppm. CO; in those concentrations is not generally thought to be harmful, it is
an indicator of the concentrations of other pollutants in the air and of the ventilation rate
per occupant. A recent laboratory study (Kajtar et al., 2003) suggests that human well-
being and capacity to concentrate attention are declined when CO, concentration in the air
is increasing up to 3000 ppm.

The CO,-concentration depends on number of occupants, and duration of occupancy,
ventilation rate, and room volume. As the occupancy (the generation of CO,) varies the
concentration of CO; is seldom constant in a building, and should be evaluated
accordingly. Control of CO; is the same as to control ventilation (Seppanen et al.,1999).
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Ozone

Ozone is an example of the pollutants with generally higher outdoor concentration than
indoors. The ventilation particularly through windows will increase the ozone levels indoors
and cause harmful effects. Ozone may react with the indoor generated compounds and
result in more harmful compounds than the original chemicals in the reaction (Wolkoff et
al., 2000)

5. VENTILATION AND TEMPERATURE CONTROL

Ventilation is commonly used also for temperature control. As in many countries the
outdoor temperature is most of the year below indoor temperature, the ventilation can be
used to reduce high room temperatures. The adverse effects of high room temperatures
are well documented. High room temperature increases the prevalence of sick building
syndrome symptoms, deteriorates the perceived air quality, increases the sensation of dry
air in winter, and affects the performance and productivity at work (ECA 2003, Seppanen
et al., 2003).

Night-time ventilative cooling in both hot and moderate climates provides an attractive
opportunity for indoor temperature control with low environmental impact. Its principle is
based on the daily temperature swings during hot periods. A typical daily temperature
swing is around 12 °C. The cool night-time air can be used to cool the building during the
night, and by that way also decrease the day time temperatures.

Ventilation can also be used to increase the room air velocity, and by that way increase
the convective heat transfer and decrease the thermal stress in high temperatures.

The effect of air temperature on thermal comfort is well known, but its effect on air quality
is not so widely recognised. Studies have shown that warm and humid air is stuffy (Berg-
Munch, 1980), and warm room air temperature in the winter causes a higher number of
typical sick building symptoms than cooler air (Seppanen and Jaakkola, 1989). The
relationship between the number of symptoms and temperature is close to linear in the
temperature range from 20 to 26 °C. Laboratory experiments (Fang et al., 1998) have
suggested that perceived quality of polluted air depends on the enthalpy of the air. In these
tests, air was polluted with emissions from typical building materials. Studies with a whole
body exposure did not show as strong effect of the enthalpy of the air on perceived air
quality (Fang et al., 1997). However, the influence was still very significant. Humphreys et
al. (2002) found that the thermal state of the subjects (as recorded by their comfort vote)
was by far more influential than any particular characteristic of the environment (including
enthalpy) in deciding perceived indoor air quality. These findings suggest the use of low
room air temperature and low relative humidity in the winter from a standpoint of good 1AQ
and energy economy.

6. CLEANING WITH RECIRCULATING AND FILTERING AIR
Several types of health effects are linked to particle exposures that may be reduced via
filtration. The sizes of the particles linked with these health effects vary widely. Since filter

efficiency and rates of particle deposition to surfaces also vary with particle size, the
concentration reductions attained from filtration, and the incremental benefits of using
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higher efficiency filters, will vary markedly with particle type. Despite the widespread use
of filtration systems, the influence of different air filtration options on indoor concentrations
of particles has not been well documented.

Fisk et al. (2002) used a model, and data on particle size distributions, filter efficiencies,
and particle deposition rates to estimate the reductions in the indoor mass concentrations
of particles attainable from use of filters in HVAC supply airstreams. Predicted reductions
in cat and dust-mite allergen concentrations ranged from 20% to 60%. Increasing filter
efficiencies above approximately ASHRAE Dust Spot 65% did not significantly reduce
predicted indoor concentrations of these allergens. For environmental tobacco smoke
particles and outdoor fine mode particles, calculations indicate that relatively large, e.g.,
80%, decreases in indoor concentrations are attainable with practical filter efficiencies.
Increasing the filter efficiency above ASHRAE Dust Spot 85% results in only modest
predicted incremental decreases in indoor concentration.

7. ASSOCIATION OF HVAC SYSTEM TYPES WITH SBS SYMPTOMS

Summaries (Seppanen and Fisk, 2002, Wargocki et al., 2002a) showed that most studies
on the association of ventilation systems and human responses indicate that relative to
natural ventilation, air conditioning (with or without humidification) was consistently
associated with a statistically significant increase in the prevalence by approximately 30%
to 200% of one or more SBS symptoms. In two of three analyses from a single study
(assessments), symptom prevalence was also significantly higher in air-conditioned
buildings than in buildings with simple mechanical ventilation and no humidification. The
available data also suggest, with less consistency, an increase in the risk of symptoms
with simple mechanical ventilation relative to natural ventilation. The statistically significant
association of mechanical ventilation and air conditioning with SBS symptoms are much
more frequent than expected by chance and moreover not likely to be a consequence of
being confounded by several potential personal, job, or building-related confounders. A
group of European scientists (Euroven group) elaborated and tested several hypothesis on
the reasons for improper performance of mechanical systems but was able to find support
to some of the hypotheses only. The group concluded that potential causes of adverse
health effects due to HVAC systems comprise: poor maintenance and hygiene in the
HVAC systems; intermittent operation of the HVAC systems, and lack of moisture control;
lack of control of HVAC system materials and loaded filters (Wargocki et al., 2002a).

The results of the review by Seppanen and Fisk (2002) are presented in the figures 5 and
6. Figure 5 presents the assessments comparing symptoms among occupants of air-
conditioned buildings with those in naturally-ventilated or simple-mechanically-ventilated
buildings. Figure 6 presents the assessments comparing symptoms associated with simple
mechanical ventilation to symptoms associated with natural ventilation. Figures 5 and 6
provide the following data: a) the number of symptoms or symptom groups in the analyses;
b) the number of symptoms that were statistically significantly associated with HVAC
system type; and c) when available, the range of relative risks or odds ratios for
statistically-significant associations. Additionally, the presence or absence of statistically-
significant associations of HVAC system types with outcomes is illustrated graphically
within the tables using an adaptation of the format of (Mendell, 1993). HVAC system types
are indicated by circles located in the appropriate columns. When the type of
humidification was uncertain or included multiple types, the circle was replaced with a
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horizontal bar extending across the applicable columns. Within these tables, shading of a
circle or horizontal bar (relative to no shading), indicates that the study found a statistically-
significant increase in prevalence of one or more symptoms among occupants with that
HVAC system type relative to buildings with the reference-type of HVAC. Unshaded circles
at both ends of a connecting line indicate that the subjects served by different types of
HVAC systems did not have significantly different symptom prevalences. The numbers
adjacent to the circles denote the number of buildings in the assessment with that type of
HVAC system. Blank spaces in the tables indicate that the information was not reported.

Referring to figure 5, 16 of 17 assessments found a statistically significant increase in the
prevalence of one or more symptoms with air conditioning relative to natural ventilation.
Nine of these assessments controlled for two or more types of confounding factors, and
eight of the nine found a significant increase in symptoms with air conditioning. Two of
three assessments found a statistically significant increase in the prevalence of symptoms
with air conditioning relative to simple mechanical ventilation without air conditioning;
however, no significant increase in symptom prevalences was found in the assessment
with the largest number of buildings. Air conditioning with or without humidification was
associated with significant increases in symptom prevalences. The studies provided
minimal information to assess the hypothesized increase in risks with various types of
humidification. In 12 of 20 assessments, air conditioning was associated with a significant
increase in the prevalence of a majority of the symptoms or symptom groups. Most of the
relative risks or odds ratios were between 1.3 and 3.0, indicating roughly up to 30% to
200% increases in symptom prevalences in the air conditioned buildings.

The results of the nine assessments that did not involve air conditioned buildings are
provided in figure 6. In five of seven assessments that compared simple mechanical
ventilation to natural ventilation or to sets of buildings with both natural and exhaust
ventilation, prevalences of one or more symptoms were statistically-significantly higher
with simple mechanical ventilation.
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Fig 5. Comparison of SBS symptom prevalences with and without air conditioning
(adapted from Seppanen and Fisk, 2002).

The study with the largest number of buildings (Sundell 1994) did not find a significantly
higher symptom prevalence with simple mechanical ventilation; however, only ten of 540
rooms in this study had natural ventilation. In one of the five assessments (Skov et
al.,1990) with increased symptoms in buildings with simple mechanical ventilation, two
buildings with mechanical ventilation had humidifiers, a possible risk factor. When
prevalences were significantly higher with simple mechanical ventilation, the odds ratios or
relative risks ranged from 1.4 to 2.3, with one outlier of 6.0. One of these seven
assessments had the opposite finding (significantly more symptoms with natural
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ventilation) and one had no statistically-significant findings. In two other assessments in
figure 6, prevalences of symptoms with mechanical exhaust ventilation did not differ
significantly from prevalences with natural or simple mechanical ventilation.
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Fig 6. Comparisons of symptom prevalences among buildings without air conditioning
(adapted from Seppanen and Fisk, 2002).

The results portrayed in Figures 5 and 6 provide minimal information on the potential
additional risks of humidification. Hedge et al. (1984) compared symptom prevalences
among three sets of air-conditioned buildings: buildings without humidification, buildings
with steam humidification, and buildings with evaporative humidification. The prevalences
of five of ten symptoms differed significantly among the three HVAC types; suggesting that
humidification type may affect symptom prevalences. For eight of ten symptoms,
prevalences were highest with evaporative humidification. The results reported in Figure 6
of Zweers et al. (1992), comparing symptom prevalences with simple mechanical
ventilation (independently with and without humidification) to symptom prevalences with
natural ventilation, also suggest that humidification may be associated with higher
prevalences of two out of five symptom groups.
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The reasons for the consistent increases in symptom prevalences with mechanical
ventilation and particularly with air conditioning remain unclear. Multiple deficiencies in
HVAC system design, construction, operation, or maintenance may contribute to the
increases in symptom prevalences, including deficiencies that lead to pollutant emissions
from HVAC systems. These are discussed in the next paragraph.

8. POLLUTANTS IN AIR HANDLING EQUIPMENT AND SYSTEMS

As reported in the previous paragraph several studies have shown that the prevalence of
SBS-symptoms is often higher in air conditioned buildings than in buildings with natural
ventilation. One explanation for the association of SBS symptoms and mechanical HVAC-
systems is VOC’s and other chemical pollutants which are emitted by HVAC-components
and ductworks. It has been shown that chemical and sensory emissions of building
materials, ventilation systems and HVAC-components are also significant and play a major
role in the perceived indoor air quality of a space (Fanger et al.,1988). The emissions may
originate from any component in the HVAC-system. The measurements of chemical
emission from typical materials used in HVAC-system are sparse. Measurements indicate
(Morrison and Hodgson 1996, Morrison et al.,1998) that emission rates of VOC’s emitted
by the materials varies consierably. High emitting materials in their measurements were
used duct liner, neoprene gasket, duct connector and duct sealant. The high surface area
materials such as sheet metal had lower emission rates.

The European audit project on indoor air quality (Bluyssen et al., 1996), the European
Data Base Project on Air Pollution Sources and the European Airless project (Bluyssen et
al., 2001) have shown that the perceived quality of supply air is not always the best
possible, and is often even worse than the perceived quality of outdoor air quality. The
perceived air quality of the air supplied to the rooms, however, was usually not as bad as it
was immediately after passing through a filter. This may be due to absorption in duct
systems or chemical reactions in the air. A recent study (Wargocki et al., 2002b) has
shown a slightly lower but still significant pollution load from building sources including the
air handling systems (0.04 — 0.27 olf /m?).

The emission of VOCs may increase when the components and surfaces get dirty due to
inferior maintenance. This hypothesis is supported by several field studies which have
reported the association between the indoor air problems and cleanliness of HVAC-
system. Crandall et al. (1996) reported that poor HVAC cleanliness was significantly
related to elevated multiple respiratory symptoms with risk ratio of RR= 1.8, dirty filter with
RR= 1.9, debris inside air intake with RR= 3.1, and dirty duct work with RR=2.1. These all
are indicators of sources of chemical pollutants in the HVAC-system.

The importance of the cleanliness of air handling systems has been already recognised in
the national guidelines and standards in many countries (CEN 2003, FiSIAQ 2001,
ASHRAE 2001, VDI 6022 1997). A Finnish example of the cleanliness criteria of the duct
system is given in the table 1 (FiSIAQ 2001).
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Table 1. The requirements of the cleanliness classification for ducts and accessories at
factory. The exact instructions for sampling and analysis are determined in the protocol for
testing air-handling components (Bjorkroth et al., 2002a, Bjorkroth et al., 2002b, RTS
2002).

Pollutant Criteria
Surface density of oil in ducts " 0.05 g/m?
Surface density of oil in accessories, terminal
units, and air and fire dampers”
e Parts manufactured by cutting, bending or | 0.05 g/m?
jointing
e Parts manufactured from deep-drawn 0.3 g/m2
sheet metal, processes requiring oil
Mineral fibers released into air flow (MMMF) 10* fibers/m®

Amount of surface dust <0.5 g/m”

1) The requirement is based on measurements concerning the correlation between odor intensity and the total
mass of oil residuals carried out on the lubricant ’Solvac” . If other lubricants are used, their odor
threshold will be shown to be lower than that of Solvac.

2) The concentration of mineral fibers in the air flow applies only to components which have been
manufactured using materials containing fibers. The general requirements are applied to fibers other than
mineral fibers.

9. OPERATION AND MAINTENANCE

The strength of the pollution sources may increase when the dirt accumulates. Thus the
proper maintenance of the HVAC-system is important to keep components clean. There is
some evidence, although limited, of a significant relation between the indicators of poor
HVAC maintenance and sick building symptoms. Crandall et al. (1996) report risk ratio,
RR= 2.0 between multiple lower respiratory symptoms and lack of scheduled air handler
inspection in complaint buildings, and RR= 2.8 with air ductwork which has never been
cleaned. However, Mendell et al. (2003a) did a more through analysis of the same data as
Crandall et al. from 80 complaint office buildings, controlling for many more confounders,
and only debris in the outdoor air intake and poor drainage in cooling drain pans remained
significant predictors of symptoms. A similar analysis, but 100 non-complaint office
buildings (Mendell et al., 2003b), found that less frequent air handler inspection was
associated with increased symptoms; however, dirty cooling coils, dirty drain pans with
poor drainage, and standing water near outdoor intakes were not associated with
significant increases in symptoms.

Burge et al. (1990) found that low symptom buildings tend to have better operation and
maintenance including manuals and instructions for the maintenance. A study in the USA
(Dorgan et al.,1999) based on a survey of 96 office buildings reported a statistically
significant trend between indoor air quality and level of HYAC maintenance. Specifically,
as the level of system maintenance was increased (both depth and frequency), the
perceived IAQ level improved. The association of SBS and improper maintenance is
supported by the findings in the Swedish mandatory HVAC-inspection program (Engdahl
1998). Unsatisfactory maintenance instructions were the reason to fail the passing the
inspection in more than half of the buildings with mechanical ventilation system. Angell and
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Daisey (1997) found that inferior HYAC maintenance was related in 39 % of 49 schools
with poor air quality.

A recent study (Menzies et al., 2003) found that irradiation of cooling coils with UV lights to
reduce microbial growth on and near the coils, was associated with a significant reduction
in SBS symptoms. These results suggest that microbial contamination of HVAC systems
is a cause of symptoms, which implies that HVAC cleaning should be helpful. However,
Menzies et al. (2003) did not find that UV irradiation reduced the measured levels of
bioaerosols in the occupied space, so the reason for the symptom reduction remains
uncertain.

The evidence from the epidemilogical studies and laboratory measurements support the
hypothesis that contaminated HVAC-system may be source of pollutants, and increases
the exposure to pollutants which increase prevalence of sick building symptoms in office
buildings. There is also substantial amount of evidence that suggests neglected
maintenance being a major reason to these problems. Evidence also suggests that inferior
maintenance is a common problem both in North America and Europe.

Severe problems are created also with condensation if the components are not properly
maintained, drained and cleaned. Improperly maintained condensing cooling coils may be
a major source of microbial pollution in buildings. Several studies and guidelines (e.g.
ISIAQ 1996) have pointed out the importance of the cleanliness of cooling coils. For
example a study in Southern California discovered that one third of the cooling coils in the
large air handling units and two thirds in the small ones were contaminated in the United
States (Byrd 1996).

10. VENTILATION AND PRESSURE DIFFERENCES

Ventilation affects also the pressure differences over the building structures. This can be
beneficial or harmful. One of the most important issues in respect of healthy buildings is to
keep building structures dry and prevent the condensation in and on structures. In cold
climate the water contents of the air is usually higher indoors than outdoors. If the pressure
is higher indoors the air with high moisture content may flow into the cold structure and
water vapour may condense and cause mould growth and other harmful effects. To
decrease the risk of condensation the buildings should have higher exhaust flow rates than
supply flow rates in a cold climate. This decreases the potential convection of humid
indoor air to the structures. In hot humid climates, the problem is reversed, and supply air
flow should be greater than the exhaust air flow.

The pressure difference may cause other harmful effects. If the pressure inside is smaller
that outside the pollutants in the structures or in the other side of the structures may be
drawn in. One example of this is the entry of radon into buildings from the ground in
houses with basement or slab on the ground construction or poorly ventilated crawl space.
This is a common problem in the buildings with exhaust ventilation built on the ground with
high concentration of radon in soil gas. A similar problem is faced if the house is
constructed on polluted ground such as old dump site.

Moisture damages in structure often cause the growth of mould. If the air flows through the
polluted structure inside it may carry also harmful pollutants inside. It has been shown that
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the mould spores can be carried inside through a base floor in a building with mould
growth in the crawl space (Airaksinen et al., 2004).

11. SUMMARY

As ventilation is used for many purposes its health effects are also various and complex.
This paper summarises the current knowledge on positive and negative effects of
ventilation on health and other human responses. The focus of the paper is on office-type
working environment and residential buildings.

It is known that ventilation is necessary to remove indoor generated pollutants from indoor
air or dilute their concentration to acceptable levels. But as the limit values of all pollutants
are not known the exact determination of required ventilation rates based on pollutant
concentrations seldom possible. The selection of ventilation rates has to be based also on
epidemiological research, laboratory and field experiments and experience.

The existing literature indicates that ventilation has a significant impact on several
important human outcomes including:(1) communicable respiratory illnesses; (2) sick
building syndrome symptoms; (3) task performance and productivity, and (4) perceived air
quality (PAQ) among occupants or sensory panels (5) respiratory allergies and asthma

In many studies, prevalence of sick building syndrome symptoms has also been
associated with characteristics of HVAC- systems. On average, the prevalence of SBS
symptoms is higher in air-conditioned buildings than naturally ventilated buildings. The
evidence suggests that better hygiene, commissioning, operation and maintenance of air
handling systems may be particularly important for reducing the negative effects of HVYAC
systems.

Ventilation may also have harmful effects on indoor air quality and climate if not properly
designed, installed, maintained and operated. Ventilation may bring indoors harmful
substances that can deteriorate the indoor environment. Ventilation interacts also with the
building envelope and may deteriorate the structures of the building. Ventilation changes
the pressure differences over the structures of building and may cause or prevent
infiltration of pollutants from structures or adjacent spaces. Ventilation is also in many
cases used to control the thermal environment or humidity in buildings.

Parameters to characterize ventilation may include ventilation rates, ventilation system
types, contaminants in indoor air, and physical characterization of indoor environment.
These factors affect human responses through each other but also independently.

The ventilation may affect several other parameters of indoor environment which may also
have health effects. These include: thermal conditions, indoor humidity, pressure
differences across the building envelope, draft, and noise.

Some conclusions on the performance of ventilation in respect of human responses:
¢ higher ventilation reduce the prevalence of air borne infectious diseases
e ventilation rates below 10 Ls™ per person are associated with a significantly worse
prevalence of one or more health or perceived air quality outcomes.
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e increases in ventilation rates above 10 Ls™ per person, up to approximately 20 Ls™
per person, are associated with a significant decrease in the prevalence of SBS
symptoms or with improvements in perceived air quality

e improved ventilation can improve task performance and productivity

¢ ventilation rates below 0.5 ach are a health risk in Nordic residential buildings

e relative to natural ventilation, air conditioning (with or without humidification) is often
associated with a statistically significant increase in the prevalence of one or more
SBS symptoms.

The complex relationship between ventilation rate and indoor air quality greatly
complicates research on the associations of ventilation rates and systems with health
outcomes, productivity and perceived air quality. Many of the epidemiological studies have
failed to control for important potential confounders or have incompletely characterized the
study buildings and study methods. The difficulties and inaccuracies in ventilation rate
measurements have also served as a barrier to this area of research.

Limitations in existing data make it essential that future studies better assess health,
productivity and PAQ changes in the ventilation rate range between 10 and 25 Ls™" per
person in office-type environment. Future research should be based on well-controlled
cross-sectional studies or well-designed blinded and controlled experiments. The most
effective studies will include high quality measurements of ventilation rates, ample study
power to detect effects considered of public health importance, and if possible, improved
measures of adverse occupant outcomes; e.g., more sensitive or more objective
assessment tools.

Future research, to be optimally useful for policy efforts, should increase emphasis on:
dose-response relations useful for quantitative risk assessment, associations of health
outcomes with ventilation rates per unit floor area (to assess the effects of pollutants from
building sources as well as those from occupant source), and buildings that are not office-
type environment.

A great demand is for the research on ventilation in residences, schools, and other
environments with susceptible occupants: young, elderly, and not healthy people.
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