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Ventilation is an important component of any building, even if it is achieved by opening
windows or infiltration. It is without a doubt recognized as an essential means of providing
good indoor air quality. Although described widely in the scientific literature, there are still
a few incompletely resolved questions concerning ventilation. They include, among others:
(i) How much ventilation is needed in a given building?; (ii) Which criteria should be used to
determine ventilation?; (iii) What is the absolute minimum ventilation rate in a given building?;
(iv) Can we use epidemiological data for setting ventilation requirements?; and (v) Can
ventilation be used as an indoor air quality metric? This short article attempts to discuss
some of these questions.

Introduction
Ventilation with outdoor air has always been our
“ally” in reducing the concentration of air pollutants
indoors and thus in mitigating discomfort and health
risks, including the risk of infection from airborne
pathogens. In the past, when buildings were less
airtight, ventilation was obtained by infiltration
through the building envelope, shafts, or operable
windows (adventitious ventilation); today, it is usually
achieved by specially designed systems that not always
but predominantly are mechanical. The positive effect
of ventilating rooms with outdoor air is only obtained
if the outdoor is clean and less polluted than indoors,
which is the usual assumption when designing ventilation and is frequently the case. Simulation of indoor
exposures to outdoor air pollutants brought in by
ventilation imply, however, that increasing ventilation
without proper filtration and air cleaning will considerably increase the burden of disease caused by these
pollutants [1]. These results underline the importance
of ensuring that clean outdoor air is supplied indoors
instead of assuming that outdoor air is clean. The few
published studies showing that increasing outdoor air

resulted in an increased risk of health seem to have
made this flawed assumption [2].

The knowledge
Increasing building ventilation, which should be
understood in this article as an increased outdoor air
supply rate, has otherwise been documented and summarized in many reviews [3,4,5,6] to improve indoor
air quality and benefit health, comfort, office work,
and schoolwork. The positive effect of ventilation was
demonstrated in the classical studies of Yaglou et al.
[7], where ventilation requirements to control body
odour were determined; their results were verified
later in experiments performed in Denmark [8], USA
[9] and Japan [10]; in each of these experiments,
increasing ventilation improved indoor air quality by
reducing odour intensity or the percentage dissatisfied
with the air quality as estimated from subjective ratings
of the acceptability of air quality. Evaluations of the
air quality were made upon entering the space. Other
experiments, with occupants remaining indoors until
they were adapted to the indoor air quality showed no
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effect of increased ventilation on ratings of air quality
when the air pollution source was body odour [11],
but did show an improvement in perceived air quality
when the air was polluted by emissions from building
materials [12]. Today, these results form the basis for
the ventilation requirements prescribed by ASHRAE
Standard 62.1 [13] and EN 16798-1 [38]. Increased
ventilation was also shown in many studies to reduce
both the prevalence and intensity of non-clinical
acute health symptoms known either as Sick Building
Syndrome (SBS) symptoms [14] or building-related
(BRS) symptoms [15] independent of the recall time
of these symptoms. The risk of increased symptoms,
expressed as the probability (odds) of symptoms being
reported as a consequence of reduced ventilation,
was estimated, i.a., by Sundell et al. [16] and Fisk et
al. [17]. Finally, increased ventilation was shown to
improve the performance of office work by adults [18]
and of schoolwork (and hence learning) by children
[19]. Other studies showed that improved ventilation
could be expected to reduce short-term absence rates
for both adults [20] and children [21,22]. Ventilation
can also reduce the transmission of infectious diseases
[23]. Although some control of the risk associated
with these pathogens can be obtained by filtering the
air with high-efficiency filters, by disinfection of air
using, for example, UV-C, to achieve virus-free air,
good ventilation with clean outdoor air is also essential.
However, the epidemiological data does not provide
clear evidence on the required ventilation rates that
should be provided in buildings to reduce the risk of
infection with airborne pathogens r [24]. Still, estimations using the Well’s-Riley model document this effect
[25], as well some studies analysing outbreaks related
to SARS-CoV-2 [26].

6

In many of the above studies, carbon dioxide (CO₂)
was used as a proxy for ventilation [27,28]: The
ventilation rate was not measured directly but was
calculated using measured concentrations of CO₂ and
assuming the metabolic rate of building occupants and
good mixing of air within a space. Relationships were
also created between the concentration of CO₂ and
different outcomes, including health [29] and cognitive performance [19]. Rudnick et al. [25] developed
a CO₂-based risk equation to estimate the risk of
indoor transmission of infection by the airborne route.
These results do not imply that CO₂ is a causative
factor, although they are sometimes interpreted this
way. CO₂ is simply a marker of ventilation efficiency
(when occupants are present). Some studies published recently have shown that pure CO₂ can reduce
some aspects of cognitive performance; specifically,
decision-making in complex and time-stressed tasks,
at levels as low as 1,000 to 2,500 ppm [30,31], the
performance of pilots at 1,500 ppm [32], and some
have even claimed that pure CO₂ can affect officetype work such as proof-reading at levels as low as
3,000 ppm [33], although other studies were unable
to confirm these results [34,35]. The comprehensive
reviews by Fisk et al. [36] and Du et al. [37] show the
inconsistency of the results concerning the effects of
pure CO₂ on cognitive performance at levels typically
occurring indoors, i.e., below its permissible occupational limit of 5,000 ppm. They concluded that
it is more likely that no effects are to be expected.
They also show that no effects on health or comfort
are to be expected at these levels. Thus, attributing
the negative effects on building occupants only to
CO₂ levels is incorrect. Increasing ventilation will, of
course, reduce the concentration of CO₂ that has been
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emitted by building occupants (if present) and also the
concentrations of pollutants emitted from many other
sources of pollution indoors, including humans and
their activities, building, and furnishing, used filters
as well as smoking (if occurring) and combustion.
These emissions are mainly responsible for the effects
observed in the studies described above and should
be the main focus rather than CO₂.

The problem

Ventilation rate (L/s per person)

Despite the above evidence, some central questions
about ventilation are still not completely answered.
Among others, which outcome shall be used to prescribe ventilation requirements in buildings, and
consequently, how much ventilation is necessary? This
problem is nicely exemplified in Figure 1 showing how
ventilation rates changed over time. The difficulty to
set ventilation requirements was also the case when one
of the first ventilation guidelines were proposed by the
Chicago Commission on Ventilation in 1914 and in
1923 re-confirmed by the New York State Commission
on Ventilation. No ventilation requirements were
proposed back then, although setting ventilation was
the main purpose of these committees. There were only
general recommendations regarding the methods on
how to achieve ventilation. Window-ventilated rooms
with natural draft were the preferred method of ventilation proposed in these documents, but ventilation
was not recommended to avoid ill health, but to avoid
over-heating. Temperatures of 15–19°C in windowventilated rooms were observed to cause the lowest
prevalence of respiratory illnesses, so the resulting
guidelines recommended 20°C with proper control
of relative humidity for living rooms. CO₂ was not

recognized as a harmful agent. Ventilation was basically required to control humidity, and this would be
impossible if 100% of the air was recirculated.
Today, most of the major standards define ventilation requirements based on the resulting air quality as
building occupants perceive it. They consider pollutants emitted by both humans and building materials,
and stipulate the air quality and ventilation requirements based on the percentage of visitors dissatisfied
with the air quality upon entering the space [38] or
on the acceptability for both visitors and occupants
[13]. These standards implicitly assume a connection
between fulfilling comfort requirements and fulfilling
the requirements for health, assuming that if the former
is reached, the latter will be ensured as well. Brelih
[39] and Dimitroulopoulou [40] showed that ventilation in numerous buildings does not comply with the
requirements in the standards, while Asikainen et al.
[41,42] showed that substandard ventilation in homes
will result in an increased burden of disease, which
is providing some support to the above assumption
on health effects. It is still pertinent to ask whether
other criteria than sensory discomfort should be used
to determine ventilation requirements in buildings
or whether the current requirements are sufficiently
able to reduce the risks related to exposures that are
not affected by air quality as perceived by building
occupants.
The reasons given for the need for ventilation changed
over time (Boxes 1 and 2). Figure 1 shows that ventilation requirements changed too. It shows that the
requirements are nearly “everywhere” on the figure,
and they differ by an order of magnitude. Tredgold

Wargocki et al.
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Sundell et al.
2011

Meikleham
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Tredgold
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1825

Figure 1. Ventilation requirements in buildings – historical perspective (adapted from Nielsen and Li). [64]
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proposed the lowest ventilation in 1836; he suggested
that the minimum ventilation rates in mines should
satisfy the physiological needs of a miner. It was set at
1.7 ℓ/s per person, of which 0.2 ℓ/s was for purging

CO₂ from the lungs, 1.4 ℓ/s for removing the moisture
produced by the body, and 0.1 ℓ/s for keeping a candle
burning. One of the highest rates was proposed
170 years later using the results of two reviews of

Box 1. Ventilation, some historical developments
In a ncient Eg ypt venti la tion

In the 17th Century, Wargentin

volumes, to avoid the death of the

was deemed essential for s tone

ex pressed the common knowl-

occupants, was emphasized by

carvers, to avoid ex posu re to

edge of this time that ex pired

Beeton in 1861 and Baer in 1882.

pa r ticles and dus t genera ted

air was unfit for breathing until

during this process. Hippocrates

refreshed. In the same Century,

A few years later, Reid expressed

(460 -377 B.C.) de s cr ib e d the

Gauger quoting Cardinal Melchior

the view that along with mental

adverse effects of polluted air in

de Polignac, remarked that it is

anxiety and defective nutriment,

crowded cities and mines. During

not warmth but inequality of

defective ventilation should be

Roman times (1st B.C.), Sergius

temperature and want of ventila-

con sidered as one of the ev il

Orata developed hypocaus ts as

tion that causes maladies.

enem ies of the hum a n ra ce.
Gr is com ex pressed a sim i la r

an under-floor heating sys tem
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capable of d is tr ibu ti n g he a t

In 1756 Holwell described an

view in 1850 and acknowledged

uniformly in a house and, most

accident in the Black Hole of

that deficient ventilation is fatal

impor tantly, avoiding combus-

Calcutta, a small dungeon where

as it leads to the spread of tuber-

tion indoors and, subsequently,

prisoners and soldiers were kept

culosis and other diseases. An

harm ful exposures. In the case

overnight in poor conditions, in

effective treatment of tubercu-

of open fires indoors, a minimum

which 125 out of 146 died due to

losis using country fresh air was

ratio of window to f loor area

suffocation. During the Crimean

then achieved by Trudeau, who

was set, and parchment above

Wa r (1853-1855), there was a

opened the Adirondack Cottage

the w indow wa s requ i red to

faster spread of diseases among

Sanatorium in 1873.

assure the supply of air due to

wounded soldiers in poorly venti-

infiltration.

lated hospitals. A higher morbidity

I n th e e a r ly 2 0 th c e n t u r y,

and mor ta lity were obser ved

Winslow and Palmer sugges ted

In Venetian times, roof windows

in overcrowded, poorly venti-

th a t p oorly-venti la ted room s

were developed and Leonardo

lated rooms. Immediately after,

do not create much discom for t

da Vinci claimed that no animal

Florence Nightingale stated that

but do result in loss of appetite.

could live in an atmosphere where

the air the patient breathes should

Later, Winslow and Herring ton

a flame does not burn, and that

be as pure as the ex ternal air,

obtained a similar result - loss

dust can cause damage to health,

without chilling him. The impor-

of appetite for food when heating

implying a need for ventilation.

tance of ventilation in small room

dust from a vacuum cleaner.
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peer-reviewed literature on ventilation and its effect
on man showing that at 25 ℓ/s per person, no negative
effects on health symptoms and the performance of
office work are to be expected [4,43]. Billings proposed

the highest ventilation rate in buildings in 1893 to
reduce the risk of spread of tuberculosis and recommended between 30 and 60 cfm/person (14–28.5 ℓ/s
per person).

Box 2. Some theories underlying the need for ventilation
through history
The m iasma theory prevailed

for v itiation of indoor air. In

A large body of research in the

until XVIII–XIX Century, attrib-

1872 Pettenkofer and Saeltzer

early XX Century, among others

uting cholera, Chlamydia, and the

suggested CO2 to be a surrogate

by Billings, Flugge, Benedict &

Black Death to a noxious form

for vitiated air, an indicator of

Millner, and Hill, showed that

of “bad air.” The germ theory of

the presence of deleterious sub-

lack of ventilation causes discom-

disease later displaced it after

stances of unknown origin.

for t exemplified by unpleasant

germs were discovered in the

body odou rs and raised tem-

XIX Century. In the early XVII

In 1887–1889 Brown-Sequa rd

perature. At the same time, no

Century breathing was believed to

and d’Arsonval sugges ted that

ne gative physiologica l effects

result in a cool heart. In the same

anthropotoxin (the toxic effluvia

could be observed even at CO 2

Century, Mayow attributed the

- toxic substances in exhaled air)

levels as high as 1–1.5% (10,000 to

effects observed to igneo–aerial

was responsible for the effects

15,000 ppm). Lack of ventilation

par ticles that cause the demise

repor ted through his tory when

was consequently associated with

of animals.

there was a lack of ventilation.

raised temperature and discom-

Organic matter from lungs and

for t. Since s tudies of Lemberg

One Cent u r y la ter, i n 1775,

skin had also been proposed as

and Yaglou in the 1930s of the

Lavoisier identified two gases in

poisonous by many others before

XX century, ventilation has been

the air and attributed the effects

the anth ropotox in theory. The

required to merely keep body

of igneo-aerial particles to carbon

theory wa s reje cted by m any

odours at an acceptable level,

dioxide (CO2) and air stuffiness.

experiments performed later by

defined to be at a moderate level.

The theory that CO2 is a dominant

Haldane and Smith in 1892–93,

cause of the physiological effects

Billings in 1895, and Hill in 1913.

In the 1980–1990s, it was also

of bad air remained dominant

They could not con firm that a

acknowledged that in addition

for nearly 100 years, although

condensate of expired air could

to the body odours emitted by

it was acknowledged that other

kill animals, as Brown-Sequard

humans, other sources of pollu-

factors could also contribute to

cla ime d . T he a nth rop otox i n

tion indoors determine ventilation

the effects observed. It prevailed

theory was then superseded by

requirements. However, the general

until Pettenkofer in the 1800s,

an idea proposed by Billings in

principle of providing ventilation

demons trated that it is neither

1893, suggesting that the purpose

to reduce discomfort by achieving

the deficiency of oxygen (O2) nor

of ventilation is to dilute conta-

acceptable air quality as perceived

excess of CO2 but the presence or

gions emitted by humans, thus

by hum an s was not changed .

lack of biological pollutants (from

reducing the spread of infectious

Ventilation was merely a question

humans) which are responsible

diseases.

of comfort, not health.
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Box 3. Tentative guidelines for the design, operation,
and maintenance of systems used to supply air for
ventilation (from the HealthVent project)
* The systems should meet ventilation requirements from the start
and throughout the entire lifetime of the building.
* Low-emitting, certified and durable materials should be used in
any system used for ventilation. Emission from fibrous materials
should be reduced to a minimum.
* Systems used for ventilation should be kept clean throughout the
lifetime of a building. They should be cleaned at regular intervals
using certified products for wet and dry cleaning that do not
elevate exposures.
* The performance of mechanical ventilation systems should be
verified at the commissioning phase and shall be guaranteed by
the suppliers at any time for their entire service life.
* Condensation in systems used for ventilation should be minimized to avoid microbial growth. Systems should be properly
drained and kept dry. Outdoor air intakes should be protected
from rain and snow entrainment.
* Air cleaning that emits ozone in systems used for ventilation
should be avoided.
* The ventilation rate should cope with the actual needs and
demands and should be based not only on the design parameters
but on the actual use and actual occupant requirements.
* If a mechanical system is used for ventilation, there should be a
contingency plan for ensuring ventilation (e.g., by opening the
windows or other measures) in the case of system failure, and in
case of blocking and shutting down the systems by occupants or
building operators.
* All outdoor air intakes, including openings for natural ventilation,
should be located so that the direct entrainment of pollutants
from nearby sources is minimized.
* Ventilation air should be properly distributed within the space to
which it is delivered.
* The systems used for ventilation shall not become the source of
nuisance and annoyance due to noise, vibration or draft at any
time from commissioning and throughout its entire lifetime.
* The systems used for ventilation should be regularly maintained
and inspected during normal operation. The inspections should
include at a minimum the same aspects as during commissioning
and additionally examination of cleanliness, loading of filters,
and the need for re-balancing in case of changing demands.
Those obligations shall become the exclusive responsibility of the
suppliers of the systems and performed by qualified personnel.
* Systems used for ventilation should be designed, operated, and
maintained by qualified personnel. The design should address
the need for regular maintenance and provide the possibility
of override (in case of unusual events). Continuous education
programs should be implemented for designers, consultants,
and facility managers, which besides technical matters, should
address the connection between ventilation and exposures.
Operating instructions should always be provided.

10
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Figure 1 sends several messages. One of them is that
it is difficult to define one ventilation requirement
that will satisfy all demands and conditions. The
reason is quite simple: different approaches were
used to define ventilation requirements, different
sources were controlled, and different outcomes were
managed. If comfort (sensory perception of indoor air
quality) is a design parameter and the target is 20%
dissatisfied (80% acceptability) and humans are the
major source of pollution, the ventilation rate would
be about 10 ℓ/s per person as reflected in the current
ventilation standards; this supports the widely accepted
CO₂ concentration of 0.1% (1,000 ppm) proposed
by Pettenkofer [44]. However, if health is considered,
the rates required can be much higher and as high
as 28.5 ℓ/s per person, as proposed by Billings. The
question then is whether we can propose a ventilation
rate that will satisfy all needs and criteria? In other
words, can we develop a consistent framework for
setting ventilation requirements instead of changing
these requirements depending on the current contextual needs, assumptions made, and criteria defined?
The answer seems to be affirmative, considering
that an example of such a framework for ventilation
requirements based on health criteria was proposed by
the HealthVent project [45].
Setting ventilation requirements is only part of the
problem. Scientific and technical literature shows that
the design, operation, and maintenance of systems
providing the air for ventilation have not always been
adequate, resulting in the ventilation systems themselves becoming a strong source of pollution that can
increase exposures and consequently increase health
risks (e.g., [15,46,65]). The list of reported problems
is long. The most common faults include insufficient
air inlet size causing a loss of pressure, missing condensate drains for in-ground air heat exchangers and/or
ventilation devices, no insulation of ducts conveying
cold air (so condensate is formed), poor maintenance
of filters, low class of filtration, inaccessible and dirty
filters seldom changed for new ones, missing sound
attenuators, improper cross-sections of ducts causing
the air velocity to be too high or too low, inappropriate
material of pipes (flexible tubes), improper location
of main air intakes and exhausts, too short distances
between air intakes and exhausts, supply and exhaust
air openings that cause ventilation to short-circuit,
partially or fully blocked (covered) air terminals. These
problems have been observed irrespective of building
type, and guidelines to deal with them are needed; an
example of such a guideline that was developed by the
HealthVent project is shown in Box 3.
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The solution (?)
When discussing the criteria that should be used
to define ventilation, we have to keep in mind the
purpose and role of ventilation in buildings. This is
presented in Figure 2. It shows that ventilation is used
to reduce exposure to air pollutants, that it is exposure
to pollutants that affects human response (not the ventilation), and that ventilation can only be a part of any
solution to reduce the exposure. We learn that exposure
can also be reduced by other means, including source
control, i.e., reducing emissions from products used in
buildings or capturing the pollutants at their source,
filtration, and air cleaning. Ventilation can be used
instead of these solutions, together with them, or once
the other solutions are in place and ventilation is the
last way of improving indoor air quality, to reduce the
risks related to exposures that could not be reduced
by other means; in each of these cases, it is, of course,
assumed (as pointed out earlier) that the air supplied
indoors is clean and this precondition must always be
satisfied.
When ventilation is used as the primary measure to
reduce exposure, different literature reviews of ventilation indicate that a ventilation rate of 10 ℓ/s per person
[15], 15 ℓ/s per person [29] or 25 ℓ/s per person [4,43]
would be necessary to keep indoor air quality high and
ensure that health risks and the risk of reduced cognitive performance for building occupants are both kept
low; a single study by Federspiel et al. [47] suggests
even higher rates might be necessary.
When ventilation is used as a secondary and complementary measure for controlling exposures once
other means have been exploited, we need to know the
Outdoor air:
combustion, industrial
pollution, traffic,
pollens, etc.
Ventilation system:
ventilation, airconditioning

SOURCES

VENTILATION
and/or
INFILTRATION

EXPOSURE

minimum (base) ventilation requirement that must
be supplied in buildings when people are present.
Different approaches can be used to determine the
base ventilation requirement. We have already mentioned the 1.6 ℓ/s per person that Tredgold proposed
for miners. Viessman [48] proposed that the minimum
ventilation rate that should be ensured to provide
oxygen (O₂) for breathing is about 1 cfm/person (ca.
0.5 ℓ/s per person). Following occupational hygiene
standards and keeping CO₂ below 5,000 ppm,
Sundell [49] proposed 4 ℓ/s per person (with a safety
factor of 5); 3 ℓ/s per person was proposed to keep
humidity below 45% when only moisture emitted
from humans was considered, a rate similar to what
was proposed by Viessman [48]. A different approach
was used by Carrer et al. [45]. They reviewed the
peer-reviewed epidemiological literature and reported
the minimum ventilation rates at which no effects
for different outcomes were seen. For example, the
lowest ventilation rate at which no elevated risk of
asthma and allergic symptoms was observed in the
published literature was 7 ℓ/s per person [50], while
8 ℓ/s per person was the lowest in the case of acute
non-clinical health symptoms in homes [51] and
9 ℓ/s per person in offices [52]. These rates can be
considered as the best available tentative and empirically determined estimates of the lowest rates with
no observable adverse health effects. For the sake of
comparison, if the performance of office work and
schoolwork are considered, these rates were higher,
about 16-24 ℓ/s per person, and if short-term sick
leave is considered, they were 24 ℓ/s per person.
Numerous limitations of these rates were indicated
by Carrer et al. [6], restricting their generalization:
(i) the data were incomparable or difficult to compare;
(ii) exposures were improperly characterized; (iii) there
were no data on indoor pollution sources, including
the maintenance of ventilation systems; (iv) it was
assumed that outdoor air was clean (unpolluted);
(v) health outcomes were insufficiently characterized
and included mainly self-estimated acute symptoms

HUMAN
UPTAKE

HEALTH

Building: building
materials, furnishing,
equipment, consumer
products, etc.
Humans: occupants &
their activities

Figure 2. Ventilation is a mediating factor, not a cause.
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with no data on chronic health effects; (vi) ventilation was inadequately characterized and based often
on crude measurements of the ventilation rate;
(vii) exposed populations and their sensibility were
poorly characterized; and (viii) experimental designs
were weak. Considering these limitations, Carrer et al.
[45] proposed another ventilation rate as minimum
base: 4 ℓ/s person. This rate was assumed to be sufficient to keep the risk for acute health symptoms
low, but only if the World Health Organization’s air
quality guidelines [53,54,55,56] are met, and the
major source of pollution are the occupants.
The risks of infectious diseases were not considered
by Carrer et al. One of the reasons was insufficient
data. A single study by Sun et al. [57] performed in
student dormitory rooms in China that were occupied
by more than one student showed that the risk of the
self-reported common cold is reduced if ventilation is
increased until 5 ℓ/s per person and that any further
increase in the ventilation rate will provide only a very
small benefit. Generalizations of this result to other
buildings and other occupant densities are difficult but
a recent study of Li et al. [26] provides some support
in which ventilation rates as low as 0.9 ℓ/s per person
were suspected to cause the outbreak of COVID-19
in the overcrowded restaurant. Assuming that mild
infections cause short-term absence rates, a study by
Milton et al. [20] showed that ventilation rates of
24 ℓ/s per person would significantly reduce the risk
of absence compared with 12 ℓ/s per person. However,
these results were obtained in a cross-sectional study
and were not confirmed in intervention studies where
the levels of ventilation were about 40–45 ℓ/s per
person [58]. Still, another study showed that virus
might survive on a filter at ventilation rates as high as
about 40 ℓ/s per person, the rate being back-calculated
from the measured CO₂ above the outdoor level of
100–200 ppm [59]. With respect to the current
COVID-19 pandemic, REHVA recommends ventilation rates that ensure that CO₂ is at or below 800 ppm
(i.e., around 10 ℓ/s per person), while ASHRAE recommends that the rates should meet at least the minimum
code requirements with improved filtration efficiency
[60]. If we consider that during a pandemic, the risk of
infection due to airborne pathogens in buildings will
be similar to what occurs in hospital wards (patient
rooms), it may be inferred that a total ventilation rate
corresponding to 6 h⁻¹ would be necessary with highefficient filtration, of which 2 h⁻¹ would be outdoor
air; these are the rates prescribed by ASHRAE Standard
170 for health care facilities [61]. The rate of 6 h⁻¹
would correspond to 17–20 ℓ/s per person in a 100

12
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m² classroom with 25 students or about 5 ℓ/s per m²
floor, of which the outdoor component should be at
least 30% as in ASHRAE Standard 170 [61]. Hence,
this outdoor component would be around 20 ℓ/s per
person, which is close to what was found by Milton et
al. [20] to reduce absenteeism in practice.
With the evidence described above we can assume
that the ventilation rate in buildings can be anywhere
between 4 and 25 ℓ/s per person, as also shown in
Figure 1.

The future
There are many beliefs regarding ventilation, and many
are only partly true. Among the few, it is assumed
that more ventilation will always improve indoor air
quality, that low ventilation rate always means poor air
quality, that it is simple to measure ventilation, that
ventilation can be used as a metric predicting human
responses, that outdoor air and the air supplied indoors
is clean, that ventilation systems are clean, and that
the air indoors is fully mixed within the air volume.
Irrespective of the different beliefs and opinions about
ventilation, and whether or not they are true, we need
ventilation in buildings and it must satisfy a number
of different criteria. It must be reliable, flexible and
well-functioning, adaptable, and responsive to different needs and unusual events. The urgent task of
defining ventilation requirements that meet these different criteria must be solved as a high priority and may
require out-of-the-box thinking and new advanced
solutions for ventilation [62]. In other words, a new
paradigm and a framework for defining ventilation in
buildings are urgently required.
More research is also required. Current knowledge
should be used and supplemented by populationrepresentative measurement campaigns of indoor
exposures in all major building types to support
improved design. They will fill the gaps in knowledge
on the effects of ventilation (and indoor exposures
to poor air quality) on health and other relevant
human responses. These measuring campaigns should
include much better characterization of ventilation
and exposure than was achieved earlier and should
examine in detail the influence of indoor and outdoor
sources of pollution on chronic health problems, and
determine the environmental conditions responsible
for the most severe exposures. Particular consideration
should be given to people with special needs, such as
patients with chronic respiratory diseases, the elderly,
and children.
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Epilogue
Let us conclude by quoting the 1964 version of “Basic
principles of ventilation and heating” by Bedford. He
wrote back then that “Great care is devoted to ensure
that we have a pure water supply, and no one would
suggest that in the interest of economy we should be
doomed to drink polluted water. On aesthetic grounds
alone, it should be one’s right to be allowed to live and
work in a clean atmosphere which is free of objectionable odours”. Independently of Bedford, WHO [63]
endorsed this opinion by publishing the document
“The Right to Healthy Indoor Air”. This document
states that “Under the principle of the human right
to health, everyone has the right to breathe healthy
indoor air.” Ventilation is and will continue to be one
of the means to safeguard this principle. Therefore,
we must agree on consistent principles and criteria
for defining ventilation requirements in buildings
occupied by people and follow them strictly. These
criteria should consider different effects on building
occupants and ensure that the systems are designed to
fulfil their needs and are used efficiently. The paradigm
change required should not only concern new design
requirements but also new ventilation solutions and

new ways to design, operate and maintain them that
take account of all of the costs, not only the cost of
energy but also the cost of the negative consequences of
poor ventilation for health, productivity and socio-economic wellbeing. The new paradigm for ventilation in
buildings should have every single building occupant
at the centre of all recommendations.
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