V entilation

| nformation
P aper
n° 12

June 2006

© INIVE EEIG
Operating Agent

and Management

Boulevard Poincaré 79
B-1060 Brussels — Belgium
inive@bbri.be - www.inive.org

International Energy Agency
Energy Conservation in Buildings
and Community Systems Programme

1 Introduction

Thermal comfort standards determine indoor
conditions in buildings as well as the energy
consumption for heating and cooling purposes.
Existing comfort standards are based on steady state
thermal conditions and according to recent research
can not describe well comfort conditions in non air
conditioned buildings.

Field comfort studies carried out around the world
have shown that the so called adaptive approach
describes comfort conditions in non air conditioned
buildings better. The fundamental assumption of the
adaptive approach is expressed by the ‘adaptive
principle’ that stipulates:

“If a change occurs such as to produce discomfort,
people react in ways which tend to restore their
comfort” (Humphreys and Nicol 1998).

Most of the surveys have verified that the comfort
temperature is very closely related to the mean indoor
temperature (Humphreys 1975). It was subsequently
found that in free-running buildings the optimum
comfort temperature is a linear function of the
outdoor temperature, and may be predicted from the
mean outdoor temperature.

Based on these results and the data of de Dear and
Brager (2002) a new adaptive thermal comfort for
naturally ventilated buildings has been integrated in
the 2004 update of ASHRAE - 55 Standard.

The present VIP aims to inform on the main progress
on comfort research, to present the proposed adaptive
standards, to investigate the impact of ventilation on
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comfort and in parallel to evaluate the possible
energy gains when adaptive comfort standards are
used in place of steady state models.

2 Existing Thermal
Comfort Methods

Existing thermal comfort standards and methods
cover mainly thermal comfort conditions under
steady state conditions. Most of the thermal comfort
studies have been carried in laboratories and are
based on evaluations of the heat transfer between the
human beings and their environment and of the
required physiological conditions for thermal
comfort.

The most well known and widely accepted methods
are the PMV ’Comfort Index’ proposed by Fanger,
(Fanger 1972), and the J.B. Pierce two node model of
human thermoregulation, (Gagge 1973 and Gagge et
al. 1986). Based on these models several steady state
thermal comfort standards have been established.
(1SO 1994, ASHRAE 1992, Jokl 1987).




Given the thermal interaction between the
building envelope, the occupants and the
heating and cooling system, it is very rare to
encounter steady state conditions in real
buildings, and it is evident that the temperature
in free running buildings is far less likely to be
steady. Monitoring of passive solar buildings
with constant set point, has shown that there
are important indoor fluctuations raising
between 0.5 and 3.9 °C, as an effect of the
control system (Madsen 1987). Basic research
on thermal comfort has concluded that there is
an important discrepancy between steady-state
models and those where no mechanical
conditioning is applied (Humphreys 1976). As
mentioned, this is mainly due to the temporal
and spatial variation of the physical parameters
in the building (Baker 1993). Thus, knowledge
of thermal comfort under transient conditions
is necessary.

Recent experimental comfort surveys have
concluded that there are significant
discrepancies between thermal comfort in real
buildings  conditions  versus  laboratory
conditions. As mentioned by Nicol and
Humphreys (1973), this discrepancy could be
the result *“... of a feedback between the
thermal sensation of subjects and their
behaviour and that they consequently
‘adapted’ to the climatic conditions in which
the field study was conducted”. According to
thermal comfort experts, occupants living
permanently in air conditioned buildings
develop expectations for low temperatures and
homogeneity and are critical when indoor
conditions deviate from the comfort zone they
are used to. On the other hand, occupants
living in non air conditioned buildings are
usually better able to control their environment
and they become used to climate variability
and thermal diversity. Thus, their thermal
preferences extend to a wider range of
temperatures or air speeds.

According to Humphreys and Nicol (2002),
data from recent field surveys show that steady
state methods, like the PMV one, do not
accurately predict the actual votes cast on the
ASHRAE scale, overestimating discomfort by
an unacceptable margin especially in variable
conditions. Humpherys and Nicol (2002) and
Parsons et al. (1997) have provided some
explanations for the discrepancies in the PMV
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theory. It is reported that, as PMV is a steady
state model there is a theoretical contradiction
between the basic assumptions of the model
and the imbalance assumed if the body is not
comfortable. A second reason is related to the
uncertainty and the fuzziness to calculate
exactly the metabolic heat and the clothing
insulation.

Other possible explanations for the found
discrepancies are given by Nicol (2003).

3 The Adaptive
Approach

The principle of the adaptation to the thermal
environment has been extensively studied and
documented (Nicol et al. 1995, Brager and de
Dear 1998, 2000, de Dear 1998, de Dear and
Brager 1998, Rijal et al. 2002).

The fundamental assumption of the adaptive
approach is expressed by the adaptive principle
mentioned in 81. This principle codifies the
behaviour of building occupants which takes
two basic forms:

o Adjustments to the optimal comfort
temperature by changes in clothing,
activity, posture, etc. so that the occupants
are comfortable in prevailing conditions

« Adjustment of indoor conditions by the use
of controls such as windows, blinds, fans
and in certain conditions mechanical
heating or cooling. Occupants may also
migrate around the room to find improved
conditions

It is as a result of these adaptive behaviours
that field surveys have verified that the
comfort temperature is very closely related to
the mean indoor temperature (Nicol et al.
1999, McCartney and Nicol 2002). Nicol and
Humphreys (1973) suggested that such an
effect could be seen as the result of feedback
between the thermal sensation of subjects and
their behaviour as part of the processes by
which thermostasis (the maintenance of body
temperature) is preserved.

Based on data collected in many field studies,

Humphreys and Nicol (1998) proposed an
adaptive comfort model. They demonstrated
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that for a group of people the comfort
temperature is close to the average temperature
they experience.

In parallel, very important research has been
carried out in order to develop an international
adaptive comfort standard. Analysis of the data
included in the ASHRAE RP-884 database
involving data of comfort surveys around the
world (de Dear and Brager 2002) has shown
that “occupants of naturally ventilated
buildings prefer a wider range of conditions
that more closely reflect outdoor climate
patterns”, while PMV predictions fit very well
with the preference of occupants in HVAC
buildings (Figure 1).

The same conclusions have been reported from
various old and recent comfort field studies
(Webb 1959, Nicol 1973, Humphreys 1975,
Busch 1992, Nicol and Roaf 1994, Matthews
and Nicol 1995, Taki et al. 1999, Nicol et al.
1999, Bouden and Ghrab 2001). As a result of
the field studies, it was found that the optimum
comfort temperature in naturally ventilated
buildings is a function of the outdoor
temperature, and may be predicted by linear
equations of the following form, (Humphreys
1978, Auliciems and de Dear 1986, Nicol and
Raja 1995) :
Tcomf =a Ta,out +Db

where T,o: iS the mean outdoor air
temperature.

de Dear and Brager (2002), have proposed the
following expression :

Tcomf = 0-31Ta,out + 17.8

While Humpreys (1978), Humphreys and
Nicol (2000) and Nicol (2002) have proposed a
similar expression for free-running buildings
(which includes most naturally ventilated
buildings outside the heating season):

Teoms = 0.534T, 0t + 11.9

Based on these results a new adaptive thermal
comfort for naturally ventilated buildings has
been integrated in ASHRAE - 55 Standard,
(Figure 2). McCartney and Nicol (2002) have
suggested that a running mean of the outdoor
temperature is a better predictor of indoor
comfort temperature than the monthly means
used by Humphreys (1978) and later by de
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Dear and Brager (2002), and at the same time
allows for deviations of the weather from long
term average conditions which may occur from
time to time, especially with climate change.

As close analysis by Humphreys and Nicol
(2000) suggests that there is a remarkable
agreement between their work on free-running
buildings and the 1998 ASHRAE database
(Humphreys 1978, de Dear 1998) (Figure 3). It
is also found that the relationship between the
two databases for air conditioned buildings is
more complex, showing a 2°C difference in
indoor comfort temperatures between the
results of Humphreys in 1978 and those of de
Dear in 1998.

Results from the PASCOOL research project
have verified the adaptive principle. Based on
the previous works, the comfort group of the
European  research  project PASCOOL
coordinated by N. Baker, (Baker 1993, Baker
and Standeven 1994), carried out field
measurements in various countries, to
understand the mechanisms by which people
make themselves comfortable at higher
temperatures. It is found that people are
comfortable at much higher temperatures than
expected in hot conditions. It was observed
that people make a number of adaptive actions
to make themselves comfortable including
moving to cooler parts of the room. 273
adjustments to building controls and 62
alterations to clothing were observed during
864 monitored hours.

Various other research studies have verified
the adaptive comfort approach. Klitsikas et al.
(1995) performed comfort studies in office
buildings in Athens, Greece, during the
summer period. It has been found that almost
always the theoretical PMV value is higher or
equal than the measured thermal sensation
vote, and the subjects felt more comfortable
than predicted by the PMV theory. Lin Borong
et al. (2003) have performed comfort studies in
Chinese naturally ventilated buildings. It is
concluded that the thermal sensation of people
has a larger range than that at a stable
environment.  Comparisons have  been
performed against the PMV scale and it is
concluded that the PMV model needs
correction when used to evaluate people
response to unstable or natural thermal
environments.
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Figure 1 : Observed
(OBS) and predicted
indoor comfort
temperatures from
RP-884 database,
for naturally
ventilated buildings,
(from De Dear and
Brager 2002)

Figure 2 : Proposed
adaptive comfort
standard (ACS) for
ASHRAE Standard
55, applicable for
naturally ventilated
buildings, (from De
Dear and Brager
2002)

Figure 3: The
change in comfort
temperature with
monthly mean
outdoor temperature
for free floating and
air conditioning
buildings, (From
Nicols 2003)
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Similar results have been found during a
comfort survey under hot and arid conditions
in Israel (Becker et al., 2003), in Singapore
(Hien and Tanamas 2002), in Indonesia
(Feriadi 2002), in Algeria (Belayat et al. 2002)
and in Bangladesh (Mallick 1994).

4 Thermal Comfort and
Air Speeds

The air speed has a big effect on comfort
conditions in buildings. Although many
research projects are devoted to this issue, it is
still an open area of scientific research (Tanabe
and Kimura 1994, Arens et al. 1984, 1986).

Air velocity affects both convective and
evaporative losses and thus determines thermal
comfort conditions. Steady state comfort
methods accept a relatively low indoor air
speed. However, recent, studies performed
mainly in tropical climates, (de Dear 1991,
Mallick 1996, Hien and Tanamas 2002),
confirm that the increase in air velocities,
especially at higher temperature enhances the
thermal comfort conditions. According to
Kukreja (1978), indoor air speed in warm
climates should be set at 1.00-1.50 mis.
Hardiman (1992) proposes an air speed
between 0.2-1.5 m/s for light activity.

Similar results are also reported for research
outside tropical climates. Results from a recent
Danish climatic chamber research (Toffum et
al. 2000) show that the subjects preferred 28°C
when are permitted to select their own
preferred airspeed and 26°C with a fixed air
speed of 0.2 m/sec. Nicol (2004) in an analysis
of results from Pakistan, found that
temperatures considered comfortable with fans
running were 2K higher than those without
over a wide range of indoor temperatures.

Other studies propose much higher air speeds.
As it is reported (Hien and Tanamas 2002),
undesirable effects of high air movements of
above 3 m/sec have been observed.
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5 The Impact of
Comfort Standards
on the Energy
Consumption of
Buildings

Analysis from various researchers has shown

that when variable indoor temperature comfort

standards based on adaptive theory are used in
air conditioned buildings remarkable energy
savings may occur (Auliciems 1990, Hensen
and Centrenova 2001 ). The expected energy

saving in European buildings is more than 18%

over that from wusing a constant indoor

temperature as reported by Stoops et al.

(2000), while the corresponding energy

savings for UK conditions have been estimated
close to 10 % (Milne 1995, Wilkins 1995).

In parallel, when variable indoor temperature
comfort standards are applied, the use of
natural ventilation in buildings becomes much
easier because narrow temperature limits are
not needed so long as the occupants have a
good measure of control, and thus the energy
consumption for cooling is reduced.

Research by Kolokotroni et al. (1996) has
shown that naturally ventilated buildings
consume less than half of the energy of air
conditioned ones. At the same time it is
evident that indoor temperatures in free
floating buildings are constantly changing so
that a variable indoor temperature standard
which reflects this variability will help save
energy by encouraging the use of naturally
ventilated buildings

June 2006



6

10.

11.

12.

13.

Air Infiltration and Ventilation Centre

References

Arens E.A., Blyholder A.G. and Schiller
G.E., 1984. Predicting thermal comfort of
people in naturally ventilated buildings.
ASHRAE Transactions, 90, 1B, 272-279.

Arens E.A. and Watanabe N.S., 1986. A
method for designing naturally ventilated
buildings using bin climate data.
ASHRAE Transactions, 90, 2B, 773-792

ASHRAE 1992. Standard 55 - Thermal

Environmental Conditions for Human
Occupancy. Atlanta: ASHRAE

Auliciems A., 1990. Arch. Science
Review, 33

Auliciems A. and de Dear R., 1986. Air
Conditioning in Australia 1; Human
thermal factors. Architectural Science
Review, 29, 67-75

Baker, N., 1993. Thermal comfort
evaluation for passive cooling - a

PASCOOL task. In: Foster, N., Scheer, H.,
(Eds.), Solar Energy in Architecture and
Urban Planning: Proceedings of the 3rd
European Conference on Architecture,
Florence, Italy, pp. 313-319

Baker, N. and Standeven, M., 1994,
Thermal Comfort in free running
buildings. Proc. Conference PLEA 94,
Architecture in the extremes, Israel

Becker, S., Potcher, O. and Yaakov, Y.,
2003. Calculated and observed human
thermal sensation in an extremely hot and
arid climate. Energy and Buildings, 35,
747-756

Belayat, E.K, Nicol, J.F. and Wilson, M.,
2002. Thermal Comfort in Algeria.
Preliminary Results of field studies. Proc.
EPIC 2002 Conference, Lyon

Bouden, C. and Ghrab, N., 2001. Thermal
Comfort in Tunisia, results of a one year
survey. Proc. Conf. Moving Thermal
comfort standards into the 21st century,
Windsor, UK, 197-206

Brager, G.S., de Dear R.J., 1998. Energy
and Buildings 27 (1) 83-96.
Brager, G.S., de Dear R.J,
ASHRAE Journal 42 (10) 21-28.
Busch, J., 1992. A tale of two populations :
thermal comfort in air conditioned and
naturally ventilated offices in Thailand.
Energy and Buildings, Vol. 18, 235-249

2000.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

de Dear, R.J., 1991. Diurnal and seasonal
variation in the human thermal climate of
Singapore. Singapore Journal of Tropical
Geography 10, 13-25

de Dear, RJ., 1998. ASHRAE
Transactions 104 (1b) 1141-1152

de Dear, RJ. and Brager, G.S., 1998.
ASHRAE Transactions 104 (1a), 145-167
de Dear, RJ. and Brager G.S., 2002.
Thermal comfort in naturally ventilated
buildings. Revisions to ASHRAE Standard
55. Energy and Buildings 34 () 549-561
Fanger, P.O., 1972. Thermal Comfort.
Analysis and Applications. In
Environmental Engineering. Mc Graw
Hill, New York

Feriadi, H., 2002a. Thermal Comfort for
naturally ventilated houses in Indonesia.
Int. Symposium Building Research and
Sustainability of the Built Environment in
the Tropics, 14-16 October, Jakarta

Feriadi H., 2002b. Natural Ventilation via
Courtyard for Tropical Buildings. Int.
Symposium  Building Research and
Sustainability of the Built Environment in
the Tropics, 14-16 October, Jakarta

Gagge, A.P., 1973. Rational temperature
indices of man's thermal environment and
their use with a 2 node model of his
temperature regulation. Fedn. Proc. Fed.
Am. Soc. Exp. Biol. 32, 1572-1582

Gagge, A.P., Fobelets, A.P. and Berglund,
L.G., 1986. A standard predictive index of
human response to the thermal
environment. ASHRAE Trans. 92, 2B,
709-731

Hardiman, 1992. Utersuchung nat Grlicher
Liftungssysteme zur Verbesserung des
Raumklimas von  konteng  Unstigen
Wohnhausern auf Java/Indonesien.
Doctoral thesis, Universitat Stuttgart

Hien, W.N. and Tanamas, J., 2002. The
effect of wind on thermal comfort in the
tropical environment. In: Proceedings of
the International Symposium on Building
Research and the Sustainability of Built
Environment in the Tropics, Jakarta,
Indonesia

Humphreys, M., 1975. Field Studies of
Thermal Comfort compared and applied. J.
Inst. Heat and Vent. Eng. 44, 5-27
Humphreys, M. A., 1976. Field studies on
thermal comfort compared and applied.
Building Services Engineer, 44, 122-129

WWW.AIVC.ORG



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

V. 1. P.n°12

Humphreys, M., 1978. Outdoor
Temperature and Comfort Indoors.
Building Research and Practice, (J. CIB),
6, 2, 92-105

Humphreys, M.A. and Nicol, J.F., 1998.
Understanding the Adaptive Approach to
Thermal Comfort. ASHRAE Transactions
104 (1) pp 991-1004

Humphreys, M. and Nicol, J.F., 2000.
Outdoor temperature and indoor thermal
comfort — raising the precision of the
relationship for the 1998 ASHRAE
database of field. ASHRAE Transactions
206, 2, 485-492

Humphreys, M.A. and Nicol, J.F., 2002.
The validity of ISO-PMV for predicting
comfort votes in every-day thermal
environments. Energy and Buildings 34(6)
667-684

Hensen, J.L.M. and Centnerova, L., 2001.
Energy simulations of traditional versus
adaptive thermal comfort for two moderate
climate regions. Proceedings of the
conference Moving Comfort Standards
into the 21st Century, 78-91

ISO 1994. International Standard 7730 :
Moderate Thermal Environments -
Determination of the PMV and PPD
Indices and Specification of the conditions
of Thermal Comfort. 2" ed. 1SO: Geneva
Jokl, M.V., 1987. A new COMECON
standard for thermal comfort within
residential and civic buildings. Indoor Air
87, Vol. 3, 457-460, Berlin

Klitsikas, N., Balaras, C., Argiriou, A. and
Santamouris, M., 1995. Comfort Field
Studies in the frame of PASCOOL in
Athens, Hellas. Proc. Int. Workshop on
Passive Cooling, M. Santamouris (ed),
Athens

Kolokotroni, M, Kukadia, V and Perera,
MDAES, 1996. NATVENT - European
project on overcoming technical barriers
to  low-energy natural ventilation.
Proceedings of the CIBSE/ASHRAE joint

national Conference part 2 36-41
Chartered Inst. of Bldg Serv. Engrs,
London

Kukreja, 1978. Tropical Architecture.

McGraw-Hill, New Delhi

Lin Borong, Tan Ganga, Wang Peng, Song
Ling, Zhu Yingxin and Zhai Guangkui,
2003. Study on the thermal performance of
the  Chinese traditional vernacular

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

dwellings in  summer.
Buildings, In press
Madsen, T.L., 1987. Measurement and
control of thermal comfort in passive solar
systems. Proc. of the 3rd International
Congress on Building Energy Management
ICBEM 87

McCartney, K.J. and Nicol, F.,2002.
Developing an adapting comfort algorithm
for Europe: results of the SCATS project.
Energy and Buildings, 34,6, 623-635
Mallick, F.H., 1994. Thermal Comfort in
Tropical Climates : An Investigation of
Comfort  Criteria for  Bangladesch
Subjects. Proc. Conf. PLEA 1994, Israel
Mallick, F.H., 1996. Thermal comfort and
building design in the tropical climates.
Energy and Buildings 23, 161-167.
Matthews, J. and Nicol, J.F.,, 1995.
Thermal comfort of factory workers in
Northern India. Standards for thermal
comfort: indoor air temperature standards
for the 21st century. Spon FN Publishers,
London

Energy and

Milne, G.R., 1995. The energy
implications of a climate-based indoor air
temperature standard. Standards for

thermal comfort: indoor air temperature
standards for the 21st century. Ed. Nicol
J.F., Humphreys M.A., Sykes O. and Roaf
S. London, E & FN Spon

Nicol, J.F., 1973. An analysis of some
observations of thermal comfort in
Roorkee, India and Bagdad, Irag. Annals
of Human Biology, Vol. 1, 4, pp. 411-426
Nicol F., 2002. Why International Thermal
Comfort Standards don’t fit tropical
buildings. Int. Symposium  Building
Research and Sustainability of the Built

Environment in the Tropics, 14-16
October, Jakarta
Nicol, J.F., 2004. Adaptive thermal

comfort standards in the Hot-Humid
Tropics. Energy and Buildings 36(7) pp
628-637

Nicol, J.F., Humphreys, M.A., 1973.
Thermal comfort as part of a self-
regulating system. Building Research and
Practice (J. CIB) 6:3, pp. 191-197.

Nicol et al., 1995. Standards for thermal
comfort.  Indoor  Air  Temperature
Standards for the 21st Century. Chapman
and Hall, London, p. 247.

June 2006



49.

50.

51.

52.

53.

54.

Nicol, J.F. and Raja, I.A., 1995. Time and
Thermal Comfort in Naturally Ventilated
Buildings. Proc. Int. Workshop on Passive
Cooling, M. Santamouris (ed), Athens
Nicol, Raja, L.A., Allandin, A., Jamy,
G.N., 1999. Climatic variations in comfort
temperatures: the Pakistan projects.
Energy and Buildings 30, 261-279

Nicol, J.F., 2003. Thermal Comfort. State
of the art and future directions. In: Solar
Thermal Technologies — The State of the
art, M. Santamouris (ed), James and James
Science Publishers, London, UK.

Nicol, F, and Roaf, S, 1994. Pioneering
new Indoor Temperature Standards - The
Pakistan Project. Proc. Conference PLEA
94, Israel

Parsons, K.C, Webb, L.H., McCartney,
K.J., Humphreys, M.A and Nicol, J.F,
1997. A climatic chamber study into the
validity of the Fangers PMV/PPD thermal
comfort index for subjects wearing
different levels of clothing insulation. In:
Proc. of the CIBSE National Comference
Part 1, 193-205, London

Rijal, H.B, Yoshida, Y. and Umeriya, N.,
2002. Investigation of the Thermal
Comfort in  Nepal. Int. Symposium
Building Research and Sustainability of
the Built Environment in the Tropics, 14-
16 October, Jakarta

55.

56.

57.

58.

59.

60.

Stoops, J., Pavlou, C., Santamouris, M.
and Tsangrassoulis, A., 2000. Report to
Task 5 of the SCATS project (Estimation of
Energy Saving Potential of the Adaptive
Algorithm). European Commission

Taki, A.M, Ealiwa, M.A, Howarth, A.T.
and Seden, M.R., 1999. Assessing thermal
comfort in Ghadames, Libya : application
of the adaptive model. Building Serv. Eng.
Res. Technol. 20, 4, 205-210

Tanabe, S., and Kimura, K., 1994. Effects
of temperature, humidity and air
movement on thermal comfort under hot
and  humid  conditions. = ASHRAE
Transactions, 100,2, 953-960

Toftum, A.K., Melikov, L.W., Rasmussen,
A.A., Kuciel, E.A., Cinalska, A., Tynel,
M., Bruzda and Fanger, P.O., 2000.
Human Response to Air Movement. Part I.
Preference and Draft Discomfort. DTU
International Center for Indoor
Environment and Energy, Lyngby

Webb, C.G., 1959. An analysis of some
observations of thermal comfort in an
equatorial climate. BJIM , Vol. 16
Wilkins, J., 1995. Adaptive comfort control
for conditioned buildings. Proceedings
CIBSE National Conference, Eastbourne.
Part 2, 9-16. Chartered Inst. of Bldg Serv.
Engrs, London

The Air Infiltration and Ventilation Centre was inaugurated through the International Energy Agency
and is funded by the following seven countries: Belgium, Czech Republic, France, Greece, the

Netherlands, Norway and United States of America.

The Air Infiltration and Ventilation Centre provides technical support in air infiltration and ventilation
research and application. The aim is to promote the understanding of the complex behaviour of the air
flow in buildings and to advance the effective application of associated energy saving measures in the
design of new buildings and the improvement of the existing building stock.

Air Infiltration and Ventilation Centre

WWW.AIVC.ORG



