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Programme 
 

 
 
 

Wednesday 12 October 2011 
 
 
08.00 Registration and welcome coffee 
 
 
09.15 – 10.45 Opening session 
 

• The new AIVC – The TightVent Europe initiative (Peter Wouters, Manager INIVE, Belgium) 
• REHVA Actions for Ventilation and NZEB (Francis Allard, Former President REHVA, France) 
• High-impact R&D Initiatives for Near-zero Energy Consumption in the Built Environment: 

The IEA Perspective (Morad Atif, IEA ECBCS Chairman, Canada) 
• Presentation by Tudor Constantinescu, Principal adviser, DG Energy, European Commission 

 
 
10.45 – 11.15 Coffee break 
 
 
11.15 – 12.45 Combined session – Ventilation and infiltration challenges for NZEB 
 

• Lessons learned from the concerted action (Eduardo Maldonado, Chairman Concerted Action EPBD, 
Portugal) 

• Why we ventilate? (Max Sherman, LBNL, USA) 
• Trends in national Nearly Zero-Energy Buildings approaches (Hans Erhorn / Heike Erhorn-Kluttig, 

Fraunhofer-IBP, Germany) 
 
 
12.45 – 13.45 Lunch break 
 



 
 
 
 
13.45 – 15.15 Parallel Session 1A - Ventilation system performance: energy and indoor air quality 
 

• Formaldehyde and Relative Humidity in High-Performance Homes with Outdoor Air Intakes and 
exhaust ventilation (Jonathan Coulter, USA) 

• Decentralized mechanical ventilation with heat recovery (Jean Lebrun, Belgium) 
• Filters for balanced ventilation systems: design, long-term performances and energy considerations 

(Alain Ginestet, France) 
• Analysis and implications of the revision of the Spanish regulation regarding ventilation and 

infiltration (José Manuel Salmerón Lissén, Spain) 
• Ventilation rates and IAQ in European standards and national regulations (Nejc Brelih, Belgium) 
• Window opening in high performance buildings (Piet Jacobs, Netherlands) 

 
 
13.45 – 15.15 Parallel Session 1B - How tight and insulated ducts should be? 
 
For energy and indoor climate reasons, it is important that ductwork have a good airtightness an insulation 
but the levels that can or should be achieved are often ignored. This session, which is part of an AIVC-
TightVent project, will include several presentations to discuss these issues. 
 

• Ductwork airtightness requirements in Portugal (Eduardo Maldonado, Portugal) 
• Hands-on training courses for ventilation systems installers within the PRAXIBAT initiative 

(Anne-Marie Bernard, France) 
• Feasibility study of ventilation system air-tightness (Jeroen Soenens, Belgium) 
• Case Study: Effect of Excessive Duct Leakage in a Large Pharmaceutical Plant  (David Dyer, USA) 

 
 
15.15 – 15.30 Room change 
 
 
15.30 – 16.30 Parallel Session 2A with short oral presentations and posters – Assessment of 
ventialtion system performance  
 

• Ventilation rates and indoor air humidity depending on local climate – Simulations and 
measurements of 9 European countries (Rainer Pfluger, Germany) 

• Whole year simulation of humidity based demand controlled hybrid ventilation in multiapartment 
building (Jerzy Sowa, Poland) 

• Method to assess the performance of ventilation systems in dwellings considering the influence of 
uncertainties (Zhiming Yang, Netherlands) 

• Evaluation of some DCV control strategies based on building types (Ke Xu, Norway) 
• Demand-controlled Ventilation: an outline of assessment methods and simulations tools (Jean-Luc 

Savin, France) 
 



 
15.30 – 16.30 Parallel Session 2B with short oral presentations and posters - Airtightness of 
buildings and ductwork 
 

• Behavior of leakages exposed to dynamic wind loads. A numerical study using CFD on a single zone 
model (Dimitrios Kraniotis, Norway) 

• Influence of Air Leakage on Indoor Air Quality in Low Energy Buildings: a case study 
(Juslin Koffi, France) 

• The use of building own ventilation system in measuring airtightness (Timo Kauppinen, Finland) 
• The use of a sampling method for airtightness measurement of multi-family residential buildings – 

an example (Jiri Novak, Czech Republic) 
• Application Of Airtightness To Healthcare Buildings (William Booth, UK) 
• Class C air-tightness: proven ROI in black and white (Peter Stroo, Belgium) 
• The Power of Quality (Christophe Debrabander, Belgium) 
• Quality Management Approach to Improve Buildings Airtightness, Requirements and Verification 

(Valérie Leprince, France) 
 
 
16.30 – 17.00 Room Change and coffee break 
 
 
17.00 – 18.30 Parallel Session 3A - Ventilation and cooling 
 
This session is organized within the scope of a starting AIVC-TightVent project that deals with various aspects 
of ventilation for cooling. 
 

• Air/Ground heat exchangers for heating and cooling: dimensioning guidelines 
(Pierre Hollmuller, Switzerland) 

• Future climate effect on building refurbishment using ventilation for cooling: a case study 
(Maria Kolokotroni, UK) 

• Ventilation solutions in net zero energy buildings, the Elithis Tower case study 
(Oscar Hernandez, France) 

• Low-energy buildings with night and air-to-air heat exchangers – case studies and analysis 
(Jens Pfafferott, Germany) 

 
 
17.00 – 18.30 Parallel Session 3B - Development of air leakage databases 
 
There are several national initiatives to collect air leakage data from field measurements. The objective of 
this session is to begin structuring communication between some of these initiatives. It falls within the scope 
of a AIVC-TightVent project. 
 

• Preliminary analysis of U.S.  Residential Air Leakage Database Update v.2011 (Wanyu R. Chan, USA) 
• U.S. Commercial Building Airtightness Requirements and Measurements (Andrew Persily, USA)  
• The Web@set project: reasons behind, objectives and on-going developments 

(Andrés Litvak, France) 
• Experience with the development of an air leakage database in Germany (Oliver Solcher, Germany) 

 
 
18.30 – 19.30 Poster and industry exhibition 
 
19.30 End of the first day 
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Thursday 13 October 2011 

 
 
09.00 – 10.30 Parallel Session 4A with short oral presentations and posters - Ventilation in high 
performance buildings - Special applications 
 

• Measured public benefits from energy-efficient homes (Jonathan Coulter, USA) 
• Measurement of pollutant emissions in two similar very low energy houses with cast concrete and 

timber frame (Franck Alessi, France) 
• Low pressure drop air transfer between rooms in buildings with balanced ventilation - A commonly 

ignored issue (Peter Schild, Norway) 
• Impact of the filtration system on the indoor-outdoor particles concentration relationships in an air 

conditioned office building (Alain Ginestet, France) 
• Measured performance of three types of energy program houses in two US cities 

(Jonathan Coulter, USA) 
• Experimental evaluation of Supply-Only ventilation effectiveness (Mireille Rahmeh, France) 
• The Applicability of Glazing System with Dynamic Insulation for Residential Buildings 

(Shinsuke Kato, Japan) 
• Integrated Approach of CFD and SIR Epidemiological Model for Infectious Transmission Analysis in 

Hospital (Hiroaki Asanuma, Japan) 
• Shelter-in-place effectiveness in the event of toxic gas releases: French and Catalan assessment 

approach (Montoya Maria Isabel, Spain) 
 
 
09.00 – 10.30 Parallel Session 4B - Quality frameworks for airtightness assessment 
 
Rewarding or imposing good airtightness in a regulation directly calls into question the reliability and 
accuracy of the measurements that are performed in practice. Several schemes will be presented to increase 
or assess the quality of the measurements and execution. This session is part of an AIVC-TightVent project. 
 

• Quality system for airtightness measurement of buildings (Oliver Solcher, Germany) 
• The quality framework for Air-tightness measurers in France: assessment after 3 years of operation 

(Valérie Leprince, France) 
• Interlaboratory tests for the for the determination of repeatability and reproducibility of airtightness 

measurements (Christophe Delmotte, Belgium) 
• Pressure distribution inside large buildings during airtightness tests (Stefanie Rolfsmeier, Germany) 

 
 
10.30 – 11.00 Room Change and coffee break 
 
 
11.00 – 12.00 Parallel Session 5A with short oral presentations and posters – IAQ analysis and 
simulation of airflow and pollutant transport 
 

• Performances of decentralized air handling terminals connected to building airtightness and indoor 
hygro-thermal climate (Gabrielle Masy, Belgium) 

• Basis study about prediction of air flow environment in cross-ventilated room by neural network 
(Tomoyuki Endo, Japan) 

• Sensitivity study for architectural design strategies of office buildings in Central Chile: effectiveness 
of nocturnal ventilation (Felipe Encinas Pino, Belgium) 

• Nano-scale Aerosol Deposition Model for CFD in Indoor Environmental Analysis 
(Jun Narikawa, Japan) 

• Exposure Concentration Prediction by Multi-Nesting Approach Connecting Building Space-Virtual 
Manikin- Nasal Airway Model (Kazuhide Ito, Japan) 
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11.00 – 12.00 Parallel Session 5 B - Philosophy for defining airtightness requirements 
Should there be specific airtightness requirements? If so, what level is to be required? Should there be a 
minimum level of air leakage? The objective of this session is to review critical aspects that have to be 
considered to tackle such questions. It falls within the scope of a AIVC-TightVent project. 
 

• Optimal air tightness levels of buildings (Willem de Gids, Netherlands) 
 
 
12.00 – 12.15 Room Change 
 
 
12.15 – 13.15 Parallel Session 6A - DCV and sensor technology - CLEAR UP project 
Demand Controlled Ventilation (DCV) is usually seen as an effective way for reducing the energy 
consumption. The aim of this workshop is to present new sensors for DCV developed in the framework of the 
EU project Clear-up and to discuss with ventilation experts their possible applications in buildings. 

• Introduction to DCV - Willem de Gids, TNO, the Netherlands 

o What is DCV and why its application 
o The need for demand control in dwellings 
o Indoor air pollutants in general and the most dominant ones for dwellings 
o A strategy for controlling most domestic pollutants 

 
• Introduction to DCV – Anne-Marie Bernard, Allie Air, France 

o Potential of energy saving 
o Different types of sensors 
o Success of hygro-regulated DCV in France 
o Impact of cost reduction  

 
• Energy-efficient Demand-Controlled Ventilation using Micromachined Metal Oxide Semiconductor 

Gas Sensor Technology - Simone Herberger, Applied Sensor, Germany 

• Panel discussion on the potential applications of these new sensors 

 
 
12.15 – 13.15 Parallel Session 6B – Uncertainties in airtightness measurement - field data 
 

• Modernizing ISO, EN and ASTM air leakage standards ... more accuracy in less time 
(Colin Genge, Canada) 

• Evaluation of selection criteria of an air tightness measurement method for multi-family buildings 
(Bassam Moujalled, France) 

• Improvement of air tightness of communities (Markku Hienonen, Finland) 
 
 
13.15 – 14.00 Lunch break 
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14.00 – 15.30 Parallel Session 7A - Evaluation of ventilation strategies 
 

• Numerical validation for natural ventilation design  (François Demouge, France) 
• Performance of low pressure mechanical ventilation concept with diffuse ceiling inlet for renovation 

of school classrooms (Søren Terkildsen, Denmark) 
• Definition of occupant behaviour patterns with respect to ventilation by means of multivariate 

statistical techniques (Felipe Encinas Pino, Belgium) 
• Control and performance of innovative Ventilation systems in Low Energy Buildings: a case study 

(Juslin Koffi, France) 
• Shelter-in-place strategy: CONFINE, an airtightness level calculation tool to protect people against 

accidental toxic releases (Gaëlle Guyot, France) 
• Liabilities of Vented Crawl Spaces And Their Impacts on Indoor Air Quality in Southeastern U.S. 

Homes (Jonathan Coulter, USA) 
 
 
14.00 – 15.30 Parallel Session 7B - IAQ and energy impacts of envelope leakage 
 

• Laboratory investigation of timber frame walls with an exterior air barrier in a temperate climate 
(Jelle Langmans, Belgium) 

• State of Art of Non-Residential Buildings Airtightness and Impact on the Energy Consumption 
(Valérie Leprince, France) 

• Investigations on the effects on airtight performance improvement and energy consumption of 
insulation retrofit in detached houses (Hiroshi Yoshino, Japan) 

• The influence of air transport on the hygrothermal performance of an inclined roof 
(Paul Steskens, Belgium) 

• Impacts of Airtightening Retrofits on Ventilation and Energy in a Manufactured Home 
(Andrew Persily, USA) 

 
 
15.30 – 15.50 Room Change 
 
 
15.50 – 17.00 Closing session 
 

• Summing up of airtightness track (Willem de Gids, Expert, VentGuide, Netherlands) 
• Summing up of ventilation track (Martin Liddament, Expert, Veetech Ltd, UK) 
• Perspectives for AIVC and TightVent projects (Rémi Carrié, Senior Consultant, INIVE, France) 
• Can we meet the ventilation required in international standards in an energy efficient way? (Bjarne 

Olesen, Professor, Technical University of Denmark 
 
 
17.00 End of the conference 
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Wednesday 12 October 2011 
 
 
 
 
11.15 – 12.45 Combined session – Ventilation and infiltration challenges for NZEB 
 

• Lessons learned from the concerted action (Eduardo Maldonado, Chairman Concerted Action EPBD, 
Portugal) 

• Why we ventilate? (Max Sherman, LBNL, USA) 
• Trends in national Nearly Zero-Energy Buildings approaches (Hans Erhorn / Heike Erhorn-Kluttig, 

Fraunhofer-IBP, Germany) 
 
 
12.45 – 13.45 Lunch break 
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e 

fo
r 

m
at

er
ia

l e
m

is
si

on
s)

 a
nd

 th
e 

nu
m

be
r o

f b
ed

ro
om

s (
a 

su
rr

og
at

e 
fo

r o
cc

up
an

t-r
el

at
ed

em
is

si
on

s)
an

d 
re

qu
ire

s b
at

hr
oo

m
 a

nd
 c

oo
ki

ng
 e

xh
au

st
 fa

ns
. T

he
 fo

cu
s o

f t
he

 st
an

da
rd

 g
en

er
al

ly
 is

 
co

ns
id

er
ed

 to
 b

e 
th

e 
ov

er
al

l v
en

til
at

io
n 

ra
te

. T
hi

s e
m

ph
as

is
 h

as
 b

ee
n 

ba
se

d 
on

 th
e 

id
ea

 th
at

 
ris

ks
 in

do
or

s a
re

 d
riv

en
 b

y 
co

nt
in

uo
us

ly
em

itt
ed

, d
is

tri
bu

te
d 

so
ur

ce
s s

uc
h 

as
 fo

rm
al

de
hy

de
 

fr
om

 fu
rn

is
hi

ng
s a

nd
 b

io
-e

ff
lu

en
ts

 (i
nc

lu
di

ng
 o

do
rs

) f
ro

m
 h

um
an

s. 
Th

e 
re

qu
ire

d 
le

ve
l o

f 
w

ho
le

 re
si

de
nc

e 
m

ec
ha

ni
ca

l v
en

til
at

io
n 

w
as

 b
as

ed
 o

n 
th

e 
be

st
 ju

dg
m

en
t o

f e
xp

er
ts

 in
 th

e 
fie

ld
, b

ut
 w

as
 n

ot
 b

as
ed

 o
n 

an
y 

an
al

ys
is

 o
f c

he
m

ic
al

 p
ol

lu
ta

nt
 c

on
ce

nt
ra

tio
ns

 o
r o

th
er

 h
ea

lth
-

sp
ec

ifi
c 

co
nc

er
ns

.

W
hi

le
 w

ho
le

 re
si

de
nc

e
ve

nt
ila

tio
n 

ha
s b

ee
n 

re
co

gn
iz

ed
 a

s a
n 

ef
fe

ct
iv

e 
m

et
ho

d 
fo

r r
ed

uc
in

g 
m

an
y 

in
do

or
 ri

sk
s, 

th
er

e 
ar

e 
si

gn
ifi

ca
nt

 c
os

ts
 a

ss
oc

ia
te

d 
w

ith
 h

ig
h 

ve
nt

ila
tio

n 
ra

te
s d

ue
 to

 
m

ov
in

g 
an

d 
co

nd
iti

on
in

g
th

e 
ai

r.
C

er
ta

in
 h

um
an

 n
ee

ds
 li

ke
ly

 se
t t

he
 m

in
im

um
 fo

r v
en

til
at

io
n,

 
ba

se
d 

on
 th

e 
re

qu
ire

m
en

ts
 fo

r p
ro

vi
di

ng
 su

ff
ic

ie
nt

 o
xy

ge
n 

an
d 

re
m

ov
in

g 
C

O
2.

H
ow

ev
er

, 
en

er
gy

 d
em

an
ds

 a
nd

 a
ss

oc
ia

te
d 

gr
ee

nh
ou

se
 g

as
 e

m
is

si
on

sc
an

 b
e 

re
du

ce
d 

by
 u

si
ng

 so
ur

ce
 

co
nt

ro
l a

nd
 e

ff
ic

ie
nt

 ta
sk

 v
en

til
at

io
n 

to
re

m
ov

e 
ot

he
r c

on
ta

m
in

an
ts

 o
f c

on
ce

rn
.T

o 
ef

fe
ct

iv
el

y 
de

si
gn

 re
si

de
nt

ia
l v

en
til

at
io

n 
sy

st
em

s t
o 

m
ax

im
iz

e 
he

al
th

 w
hi

le
 m

in
im

iz
in

g 
ve

nt
ila

tio
n 

co
st

s, 
w

e 
fir

st
 n

ee
d 

to
 sp

ec
ify

 o
ur

 o
bj

ec
tiv

es
 fo

r v
en

til
at

io
n.

Th
is

 p
ap

er
 p

re
se

nt
sa

 su
m

m
ar

y 
of

 th
e 

on
go

in
g 

w
or

k 
at

 th
e 

La
w

re
nc

e 
B

er
ke

le
y 

N
at

io
na

l 
La

bo
ra

to
ry

 to
 d

ev
el

op
 a

 h
ea

lth
-b

as
ed

ve
nt

ila
tio

n 
st

an
da

rd
. T

hi
s w

or
k 

fo
cu

se
s o

n 
no

n-
bi

ol
og

ic
al

 in
do

or
 a

ir 
po

llu
ta

nt
s. 

V
en

til
at

io
n 

af
fe

ct
sm

oi
st

ur
e 

in
 th

e 
in

do
or

 e
nv

iro
nm

en
t, 

an
d 

m
oi

st
ur

e 
af

fe
ct

sm
ol

d 
de

ve
lo

pm
en

t. 
H

ow
ev

er
,v

en
til

at
io

n 
is

 n
ot

 a
n 

ef
fe

ct
iv

e 
m

et
ho

d 
of

 
co

nt
ro

lli
ng

 w
ho

le
 re

si
de

nc
e

m
oi

st
ur

e 
lo

ad
s (

al
th

ou
gh

 it
 is

 e
ff

ec
tiv

e 
in

 b
at

hr
oo

m
s)

 b
ec

au
se

 
m

an
y 

lo
ca

tio
ns

 h
av

e 
hi

gh
er

 o
ut

do
or

 th
an

 in
do

or
 h

um
id

ity
. F

irs
t w

e 
di

sc
us

s a
 h

az
ar

d 
as

se
ss

m
en

t o
f i

nd
oo

r p
ol

lu
ta

nt
s t

ha
t i

de
nt

ifi
ed

 th
e

ai
rp

ol
lu

ta
nt

s i
n 

re
si

de
nc

es
th

at
 e

xc
ee

d 
he

al
th

-b
as

ed
st

an
da

rd
sa

nd
 g

ui
de

lin
es

.S
ec

on
d,

 w
e 

pr
es

en
t t

he
 re

su
lts

 o
f a

 st
ud

y 
th

at
 

de
te

rm
in

ed
th

e 
re

la
tiv

e 
im

po
rta

nc
e 

of
 d

iff
er

en
t p

ol
lu

ta
nt

s t
o 

he
al

th
. L

as
tly

, w
e 

di
sc

us
st

he
 

im
pa

ct
 o

f t
he

se
 re

su
lts

 o
n 

ve
nt

ila
tio

n 
st

an
da

rd
s.

H
A

Z
A

R
D

 A
SS

E
M

E
N

T
 O

F 
IN

D
O

O
R

 P
O

L
L

U
T

A
N

T
S

Th
e 

in
iti

al
st

ep
 in

 th
is

 b
ro

ad
 e

ff
or

t w
as

 to
 c

on
du

ct
 a

 h
az

ar
d 

as
se

ss
m

en
t o

f n
on

-b
io

lo
gi

ca
la

ir
po

llu
ta

nt
s –

e.
g.

in
cl

ud
in

g
ch

em
ic

al
 g

as
es

 a
nd

 p
ar

tic
le

s –
in

 re
si

de
nc

es
[5

].
Th

e 
an

al
ys

is
 

co
m

pi
le

d 
da

ta
 fr

om
 p

ub
lis

he
d 

st
ud

ie
s r

ep
or

tin
g 

m
ea

su
re

m
en

ts
 o

f a
ir 

po
llu

ta
nt

s i
n 

re
si

de
nc

es
. 

Th
at

 li
te

ra
tu

re
 re

vi
ew

 id
en

tif
ie

d 
86

 a
rti

cl
es

 th
at

 w
er

e 
re

le
va

nt
 to

 a
cu

te
 a

nd
 c

hr
on

ic
 e

xp
os

ur
e 

in
 

re
si

de
nc

es
an

d
co

ns
id

er
ed

 a
 b

ro
ad

 c
ol

le
ct

io
n 

of
co

nt
am

in
an

ts
 m

ea
su

re
d 

in
do

or
s r

eg
ar

dl
es

s o
f 

po
llu

ta
nt

 so
ur

ce
. T

he
 c

on
ta

m
in

an
ts

 in
cl

ud
ed

so
m

e 
em

itt
ed

 p
ur

el
y 

fr
om

 in
do

or
 so

ur
ce

s, 
so

m
e 

th
at

 e
nt

er
 p

re
do

m
in

an
tly

 fr
om

 o
ut

do
or

s, 
an

d 
so

m
e 

ha
vi

ng
 b

ot
h 

in
do

or
 a

nd
 o

ut
do

or
 so

ur
ce

s.

Su
m

m
ar

y 
re

su
lts

 w
er

e 
co

m
pi

le
d 

an
d 

us
ed

 to
 c

al
cu

la
te

 re
pr

es
en

ta
tiv

e 
m

id
-r

an
ge

 a
nd

 u
pp

er
-

bo
un

d 
co

nc
en

tra
tio

ns
 re

le
va

nt
 to

 c
hr

on
ic

 e
xp

os
ur

es
 fo

r o
ve

r 3
00

 p
ol

lu
ta

nt
s a

nd
 p

ea
k 
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co
nc

en
tra

tio
ns

 re
le

va
nt

 to
 a

cu
te

 e
xp

os
ur

es
 fo

r a
 fe

w
 p

ol
lu

ta
nt

s. 
Fo

r o
ve

r 1
00

 p
ol

lu
ta

nt
s,

m
ea

su
re

d 
co

nc
en

tra
tio

ns
 w

er
e 

co
m

pa
re

d 
to

 a
va

ila
bl

e 
ch

ro
ni

c 
an

d 
ac

ut
e 

he
al

th
-h

az
ar

d 
st

an
da

rd
s a

nd
 g

ui
de

lin
es

fr
om

 th
e 

U
.S

. E
nv

iro
nm

en
ta

l P
ro

te
ct

io
n 

A
ge

nc
y 

(U
SE

PA
),

C
al

ifo
rn

ia
 O

ff
ic

e 
of

 E
nv

iro
nm

en
ta

l H
ea

lth
 H

az
ar

d 
A

ss
es

sm
en

t(
O

EH
H

A
),

th
e 

U
.S

. 
O

cc
up

at
io

na
l S

af
et

y 
an

d 
H

ea
lth

 A
dm

in
is

tra
tio

n 
(O

SH
A

),
th

e 
A

ge
nc

y 
fo

r T
ox

ic
 S

ub
st

an
ce

s 
an

d 
D

is
ea

se
 R

eg
is

try
 (A

TS
D

R
), 

an
d 

th
e 

W
or

ld
 H

ea
lth

 O
rg

an
iz

at
io

n.
 F

ift
ee

n 
di

ve
rs

e 
po

llu
ta

nt
s w

er
e 

id
en

tif
ie

d 
as

 p
ot

en
tia

l c
hr

on
ic

 o
r a

cu
te

 h
ea

lth
 h

az
ar

ds
 fo

r m
an

y 
ho

m
es

. A
 

su
bs

et
 o

f p
ol

lu
ta

nt
s w

er
e 

id
en

tif
ie

d 
as

 p
rio

rit
y 

ch
em

ic
al

 p
ol

lu
ta

nt
sb

as
ed

 o
n 

th
e 

pr
ev

al
en

ce
of

 
th

e 
po

llu
ta

nt
 in

 h
om

es
 a

nd
 th

e 
qu

al
ity

 o
f a

va
ila

bl
e 

m
ea

su
re

m
en

ts
 in

 h
om

es
. T

ab
le

 1
 li

st
s t

he
 

id
en

tif
ie

d 
pr

io
rit

y 
ha

za
rd

s.

Pr
io

ri
ty

 P
ol

lu
ta

nt
s f

or
 C

hr
on

ic
 E

xp
os

ur
e

Po
te

nt
ia

l A
cu

te
 E

xp
os

ur
e 

C
on

ce
rn

s
A

ce
ta

ld
eh

yd
e

A
cr

ol
ei

n
A

cr
ol

ei
n

C
hl

or
of

or
m

B
en

ze
ne

C
ar

bo
n 

M
on

ox
id

e
B

ut
ad

ie
ne

, 1
,3

-
Fo

rm
al

de
hy

de
D

ic
hl

or
ob

en
ze

ne
,1

,4
-

N
O

2
Fo

rm
al

de
hy

de
N

ap
ht

ha
le

ne
N

O
2

PM
2.

5

Ta
bl

e 
1.

Po
llu

ta
nt

s t
ha

t p
ot

en
tia

lly
 p

os
e 

an
 a

dv
er

se
 in

do
or

 h
ea

lth
 ri

sk
s.

Th
e 

ha
za

rd
 a

ss
es

sm
en

tn
ar

ro
w

ed
 th

e 
lis

t o
f h

un
dr

ed
s o

f c
he

m
ic

al
s t

o 
a 

m
uc

h 
sm

al
le

r g
ro

up
 o

f 
po

llu
ta

nt
s o

f c
on

ce
rn

. B
ut

 th
is

 a
pp

ro
ac

h 
co

ns
id

er
ed

 o
nl

y 
di

se
as

e 
in

ci
de

nc
e 

fo
r c

an
ce

r 
st

an
da

rd
s a

nd
 d

is
ea

se
 p

ot
en

tia
l f

or
 n

on
-c

an
ce

r s
ta

nd
ar

ds
; i

t d
id

 n
ot

 c
on

si
de

rd
is

ea
se

 se
ve

rit
y.

Pr
io

rit
iz

in
g 

m
iti

ga
tio

n 
ef

fo
rts

 a
m

on
g 

re
si

de
nt

ia
l i

nd
oo

r a
ir 

po
llu

ta
nt

s, 
an

d 
co

m
pa

rin
g 

th
ei

r 
cu

m
ul

at
iv

e 
he

al
th

 d
am

ag
e 

to
 o

th
er

 e
nv

iro
nm

en
ta

l h
az

ar
ds

 re
qu

ire
s a

 c
on

si
st

en
t a

nd
 

co
m

pa
ra

tiv
e 

m
et

ric
th

at
 a

cc
ou

nt
s f

or
 b

ot
h 

di
se

as
e 

in
ci

de
nc

e 
an

d 
th

e 
se

ve
rit

y 
or

 c
os

ts
 o

f t
he

 
he

al
th

 e
nd

po
in

ts
.T

hi
s n

ee
d 

m
ot

iv
at

ed
 d

ev
el

op
m

en
t o

fa
n 

im
pa

ct
 a

ss
es

sm
en

t m
et

ho
do

lo
gy

 fo
r 

in
do

or
 a

ir 
po

llu
ta

nt
 in

ha
la

tio
n.

H
E

A
L

T
H

 D
A

M
A

G
E

O
F 

C
H

R
O

N
IC

 IN
D

O
O

R
 A

IR
 E

X
PO

SU
R

E
W

e 
sy

nt
he

si
ze

d 
di

se
as

e 
in

ci
de

nc
e 

an
d 

he
al

th
 d

am
ag

e 
m

od
el

s t
o 

de
ve

lo
p 

a 
m

et
ho

do
lo

gy
 fo

r 
qu

an
tif

yi
ng

 in
do

or
 a

ir 
qu

al
ity

 a
nd

th
en

ap
pl

ie
d 

th
e 

m
et

ho
do

lo
gy

 to
 c

al
cu

la
te

 th
e 

po
pu

la
tio

n 
av

er
ag

e 
he

al
th

 d
am

ag
e 

du
e 

to
 c

hr
on

ic
 in

ha
la

tio
n 

of
 n

on
-b

io
lo

gi
ca

l a
ir 

po
llu

ta
nt

s i
n 

U
.S

. 
re

si
de

nc
es

[6
]. 

W
e 

fir
st

 a
na

ly
ze

d 
pu

bl
is

he
d 

da
ta

 to
 c

al
cu

la
te

 m
ea

n 
ex

po
su

re
 c

on
ce

nt
ra

tio
ns

 
an

d 
th

en
 e

st
im

at
ed

 a
ge

-d
ep

en
de

nt
 in

ha
la

tio
n 

ai
r i

nt
ak

e
ov

er
 th

e 
co

ur
se

 o
f a

 y
ea

r. 
W

e 
us

ed
 

di
se

as
e 

in
ci

de
nc

e 
an

d 
di

se
as

e 
da

m
ag

e 
m

od
el

s t
o 

pr
ed

ic
t t

he
 p

ol
lu

ta
nt

-s
pe

ci
fic

 a
nd

 to
ta

l h
ea

lth
 

da
m

ag
e 

in
 D

is
ab

ili
ty

 A
dj

us
te

d 
Li

fe
 Y

ea
rs

 a
nd

 to
 id

en
tif

y 
th

e 
po

llu
ta

nt
s t

ha
t d

om
in

at
e 

im
pa

ct
s 

on
 h

um
an

 h
ea

lth
. 

D
et

er
m

in
in

g 
A

nn
ua

l P
op

ul
at

io
n 

H
ea

lth
 D

am
ag

e
To

 d
et

er
m

in
e 

th
e 

an
nu

al
 p

op
ul

at
io

n 
he

al
th

 d
am

ag
e 

w
e 

co
m

pa
re

d 
es

tim
at

es
 o

f c
ur

re
nt

 a
ir 

po
llu

ta
nt

 in
ta

ke
 in

 U
.S

. h
om

es
 (u

si
ng

 m
ea

su
re

m
en

t b
as

ed
 e

st
im

at
es

 o
f p

op
ul

at
io

n-
av

er
ag

ed
, 

re
si

de
nt

ia
l c

hr
on

ic
 e

xp
os

ur
e 

co
nc

en
tra

tio
ns

) t
o 

th
e 

th
eo

re
tic

al
 c

as
e 

of
 a

 h
om

e 
w

ith
 n

o 
in

do
or

 
po

llu
ta

nt
 so

ur
ce

s a
nd

 n
o

po
llu

ta
nt

s i
nf

ilt
ra

tin
g 

fr
om

 o
ut

do
or

s, 
i.e

. w
ith

 h
om

es
 h

av
in

g 
no

 
po

llu
ta

nt
s i

n 
th

e 
in

do
or

 a
ir.

 P
op

ul
at

io
n 

in
ta

ke
 v

ia
 o

th
er

 m
ic

ro
-e

nv
iro

nm
en

ts
 w

as
 h

el
d 

co
ns

ta
nt

as
 a

 b
as

el
in

e 
fo

r w
hi

ch
 in

ha
la

tio
n 

in
 re

si
de

nc
es

 a
dd

s a
n 

in
cr

em
en

t o
f h

ar
m

.

Th
e 

D
is

ab
ili

ty
 A

dj
us

te
d 

Li
fe

 Y
ea

r (
D

A
LY

) m
et

ric
 is

 a
 p

ow
er

fu
l t

oo
l f

or
 q

ua
nt

ify
in

g 
an

d 
in

te
r-

co
m

pa
rin

g 
th

e 
da

m
ag

es
fr

om
 h

ea
lth

 e
nd

po
in

ts
 th

at
 c

an
 re

su
lt 

fr
om

 sp
ec

ifi
c 

po
llu

ta
nt

 

in
ta

ke
[7

].
D

A
LY

sq
ua

nt
ify

ov
er

al
l d

is
ea

se
 d

am
ag

e
in

cl
ud

in
g

bo
th

 m
or

ta
lit

y 
an

d 
m

or
bi

di
ty

.
D

A
LY

s a
re

 th
e 

eq
ui

va
le

nt
 y

ea
rs

 o
f l

ife
 lo

st
 to

 il
ln

es
so

r d
is

ea
se

 a
nd

in
cl

ud
e

ye
ar

s l
os

t t
o 

pr
em

at
ur

e 
de

at
h 

(Y
LL

) a
nd

eq
ui

va
le

nt
 li

fe
 y

ea
rs

 lo
st

 to
 re

du
ce

d 
he

al
th

or
di

sa
bi

lit
y 

(Y
LD

).

(1
)

Th
e 

ye
ar

s o
f r

ed
uc

ed
 h

ea
lth

 a
re

 w
ei

gh
te

d 
fr

om
 0

 to
 1

, b
as

ed
 o

n 
th

e 
se

ve
rit

y 
of

 d
is

ea
se

, t
o 

ca
lc

ul
at

e
eq

ui
va

le
nt

 y
ea

rs
 lo

st
.F

or
 e

xa
m

pl
e,

 a
 5

 y
ea

ri
lln

es
s t

ha
t r

ed
uc

es
qu

al
ity

 o
f l

ife
 to

 4
/5

 
th

at
 o

f a
 h

ea
lth

y 
ye

ar
is

 v
al

ue
d 

at
 1

 D
A

LY
 lo

st
.

Se
ve

ra
l a

ut
ho

rs
 h

av
e 

de
te

rm
in

ed
 th

e 
D

A
LY

s l
os

t p
er

 in
ci

de
nc

e 
of

 sp
ec

ifi
c 

di
se

as
es

 u
si

ng
 th

e 
pr

ee
m

in
en

t w
or

k 
of

 M
ur

ra
y 

an
d 

Lo
pe

z
[7

-1
1]

. M
ul

tip
ly

in
g 

a 
di

se
as

e 
in

ci
de

nc
e 

ra
te

 b
y 

a 
“d

am
ag

e 
fa

ct
or

” 
yi

el
ds

 a
 ra

te
 o

f l
os

t D
A

LY
s p

er
 d

is
ea

se
 in

ci
de

nc
e.

(2
)

D
am

ag
e 

ra
te

sm
ul

til
pl

ie
d 

by
 a

va
ila

bl
e 

di
se

as
e 

in
ci

de
nc

e 
st

at
is

tic
s ,

 in
te

gr
at

ed
 o

ve
r a

ll 
di

se
as

es
 

of
 in

te
re

st
,a

re
 o

fte
n 

us
ed

 to
 d

et
er

m
in

e 
th

e 
to

ta
l b

ur
de

n
of

 d
is

ea
se

 in
 a

 c
om

m
un

ity
.T

hi
s 

m
et

ho
d 

w
as

 u
se

d 
by

 th
e 

W
or

ld
 H

ea
lth

 O
rg

an
iz

at
io

n 
to

 d
et

er
m

in
e 

th
e 

di
se

as
e 

da
m

ag
e

fo
r 1

92
co

un
tri

es
 [1

1]
.

O
ur

 a
na

ly
si

su
se

d
th

e 
co

m
pi

la
tio

n 
of

 m
ea

su
re

d 
co

nc
en

tra
tio

n 
da

ta
 to

 c
al

cu
la

te
 to

ta
l D

A
LY

s 
lo

st
 d

ue
 to

 in
ha

la
tio

n 
of

 a
ir 

po
llu

ta
nt

s i
n 

re
si

de
nc

es
. W

e 
ap

pr
oa

ch
ed

 th
is

 u
si

ng
 th

re
e 

di
ff

er
en

t 
m

et
ho

ds
.T

he
 fi

rs
t m

et
ho

d 
w

as
 fo

r c
rit

er
ia

 p
ol

lu
ta

nt
s, 

w
hi

ch
 a

re
 m

or
e 

ex
te

ns
iv

el
y

st
ud

ie
d 

an
d 

ha
ve

 a
 la

rg
er

 b
od

y 
of

 a
va

ila
bl

e 
ep

id
em

io
lo

gi
ca

l s
tu

di
es

. W
e 

ag
gr

eg
at

ed
 th

e 
av

ai
la

bl
e 

C
on

ce
nt

ra
tio

n-
R

es
po

ns
e 

(C
-R

) f
un

ct
io

ns
 in

 th
e 

lit
er

at
ur

e 
to

 d
et

er
m

in
e 

di
se

as
e 

in
ci

de
nc

e 
as

 a
 

fu
nc

tio
n 

of
 a

 c
ha

ng
e 

in
 a

irb
or

ne
co

nc
en

tra
tio

ns
.F

or
 e

ac
h 

he
al

th
 o

ut
co

m
e 

fo
r e

ac
h 

cr
ite

ria
 

po
llu

ta
nt

 w
e 

m
ul

tip
lie

d 
th

e 
ch

an
ge

 in
 d

is
ea

se
 o

cc
ur

re
nc

e 
ra

te
 b

y 
th

e 
da

m
ag

e 
fa

ct
or

 fo
r t

ha
t 

di
se

as
e.

Th
is

 le
ve

l o
f e

pi
de

m
io

lo
gi

ca
l d

at
a 

w
as

 n
ot

 a
va

ila
bl

e 
fo

r t
he

 m
aj

or
ity

 o
f r

em
ai

ni
ng

 
po

llu
ta

nt
s.

Th
e 

se
co

nd
 m

et
ho

d 
th

at
 w

e 
us

ed
 w

as
pr

im
ar

ily
 fo

r a
ir 

to
xi

cs
 o

r h
az

ar
do

us
 a

ir 
po

llu
ta

nt
s w

hi
ch

 h
av

e 
lim

ite
d 

ep
id

em
io

lo
gi

ca
l d

at
a,

 b
ut

 e
xt

en
si

ve
 d

at
a 

fr
om

to
xi

co
lo

gi
ca

l 
st

ud
ie

s.
Th

is
 m

et
ho

d 
us

ed
 th

e 
w

or
k 

of
 H

ui
jb

re
gt

s e
t a

l. 
[7

]t
o 

ca
lc

ul
at

e 
th

e 
he

al
th

 d
am

ag
e

as
so

ci
at

ed
 w

ith
th

e 
in

ta
ke

 o
f n

on
-c

rit
er

ia
 p

ol
lu

ta
nt

s. 
H

ui
jb

re
gt

s e
t a

l. 
[7

]d
et

er
m

in
ed

 c
an

ce
r 

an
d 

no
n-

ca
nc

er
 m

as
s i

nt
ak

e-
ba

se
d 

da
m

ag
e

fa
ct

or
s b

y 
sy

nt
he

si
zi

ng
 d

is
ea

se
 d

am
ag

e 
fa

ct
or

s a
nd

 
an

im
al

 to
xi

co
lo

gy
 b

as
ed

 d
is

ea
se

 in
ci

de
nc

e 
ra

te
s.

Th
is

 m
et

ho
d 

is
 m

uc
h 

m
or

e 
un

ce
rta

in
 th

an
 

us
in

g 
C

-R
 fu

nc
tio

ns
 w

hi
ch

 is
 re

fle
ct

ed
 b

y 
si

gn
ifi

ca
nt

ly
 la

rg
er

 u
nc

er
ta

in
tie

s.
Th

e 
th

ird
 m

et
ho

d 
w

as
 u

se
d 

fo
r p

ol
lu

ta
nt

s t
ha

t h
ad

 a
lre

ad
y 

ha
d 

be
en

 si
gn

ifi
ca

nt
ly

 st
ud

ie
d 

an
d 

ha
d 

av
ai

la
bl

e 
lit

er
at

ur
e 

st
ud

ie
s a

pp
or

tio
ni

ng
 sp

ec
ifi

c 
di

se
as

e 
ra

te
s t

o 
ex

po
su

re
.T

hi
s a

pp
lie

d 
to

 ra
do

n 
an

d 
se

co
nd

ha
nd

 to
ba

cc
o 

sm
ok

e
(S

H
S)

. T
he

 p
op

ul
at

io
n 

av
er

ag
e 

D
A

LY
s l

os
t d

ue
 to

 ra
do

n,
 a

cu
te

 
ca

rb
on

m
on

ox
id

e 
(C

O
)a

nd
 S

H
S 

w
er

e 
de

te
rm

in
ed

 b
as

ed
 o

n 
es

tim
at

es
 o

f d
is

ea
se

 in
ci

de
nc

e 
by

 
m

ul
tip

ly
in

g 
th

em
 b

y 
th

e 
da

m
ag

e 
fa

ct
or

s f
or

 th
os

e 
di

se
as

es
.

Fi
gu

re
 1

sh
ow

s t
he

 d
am

ag
e 

in
 D

A
LY

s p
er

 y
ea

r p
er

 1
00

,0
00

 p
eo

pl
e 

fr
om

 e
xp

os
ur

e 
to

 th
e 

15
 

po
llu

ta
nt

s w
ith

 th
e 

hi
gh

es
tc

en
tra

l e
st

im
at

e 
of

 d
am

ag
e.

 T
he

 w
hi

sk
er

s i
nd

ic
at

e 
th

e 
ag

gr
eg

at
e 

un
ce

rta
in

ty
(9

5t
h 

pe
rc

en
til

e 
co

nf
id

en
ce

 in
te

rv
al

)i
n 

th
e 

di
se

as
e 

in
ci

de
nc

e 
an

d 
di

se
as

e 
da

m
ag

e 
fa

ct
or

s. 
Fi

gu
re

 1
 sh

ow
s t

he
 c

le
ar

 re
su

lt 
of

 o
ur

 a
na

ly
si

s:
 o

n 
a 

po
pu

la
tio

n 
av

er
ag

e,
 th

e 
m

os
t 

ha
rm

fu
l p

ol
lu

ta
nt

si
n 

re
si

de
nt

ia
l i

nd
oo

r a
ir

ar
e 

PM
2.

5,
SH

S,
fo

rm
al

de
hy

de
, a

cr
ol

ei
n,

 ra
do

n 
an

d 
oz

on
e.

 T
he

 h
az

ar
ds

 o
f S

H
S 

an
d 

ra
do

n 
ar

e 
m

or
e 

w
id

el
y 

re
co

gn
iz

ed
 a

nd
 fo

cu
se

d 
in

 a
 sm

al
le

r 
fr

ac
tio

n 
of

 h
om

es
. B

y 
co

nt
ra

st
,P

M
2.

5, 
ac

ro
le

in
,a

nd
 fo

rm
al

de
hy

de
 a

re
 p

re
se

nt
 a

t s
ub

st
an

tia
l 

le
ve

ls
 in

 m
os

t h
om

es
ye

t t
he

re
 m

ay
 b

e 
le

ss
 w

id
es

pr
ea

d 
re

co
gn

iti
on

 o
f t

he
se

 h
az

ar
ds

.
Fo

rm
al

de
hy

de
 is

 p
rim

ar
ily

 e
m

itt
ed

 fr
om

 m
at

er
ia

ls
 th

ro
ug

ho
ut

 th
e 

ho
m

e.
 A

cr
ol

ei
n 

is
 p

rim
ar

ily
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em
itt

ed
 fr

om
 m

at
er

ia
ls

 a
nd

 c
oo

ki
ng

 [1
2]

. P
M

2.
5

co
nc

en
tra

tio
ns

 in
do

or
s,

un
lik

e 
ac

ro
le

in
 a

nd
 

fo
rm

al
de

hy
de

, a
re

 d
ue

 to
 b

ot
h 

in
do

or
 a

nd
 o

ut
do

or
 so

ur
ce

s a
nd

 o
ut

do
or

 c
on

ce
nt

ra
tio

ns
 m

ay
 

ex
ce

ed
 in

do
or

s i
n 

m
an

y 
lo

ca
tio

ns
 [4

].

Fi
gu

re
 1

.E
st

im
at

ed
 p

op
ul

at
io

n 
av

er
ag

ed
 a

nn
ua

l c
os

t, 
in

 D
A

LY
s, 

of
 c

hr
on

ic
 a

ir 
po

llu
ta

nt
 in

ha
la

tio
n 

in
 U

.S
. 

re
si

de
nc

es
; r

es
ul

ts
 fo

r t
he

 1
5 

po
llu

ta
nt

s w
ith

 h
ig

he
st

 m
ea

n 
da

m
ag

e 
es

tim
at

es
.

To
 e

xp
lo

re
 p

os
si

bl
e 

va
ria

tio
ns

 in
 th

e 
he

al
th

 im
pa

ct
 ra

nk
in

gs
 o

f p
ol

lu
ta

nt
s a

cr
os

s h
om

es
, w

e 
us

ed
 a

 M
on

te
 C

ar
lo

 a
pp

ro
ac

h 
to

 c
al

cu
la

te
 th

e 
to

ta
l c

hr
on

ic
 h

ea
lth

 d
am

ag
e 

fr
om

 e
xp

os
ur

e 
to

 a
ll 

po
llu

ta
nt

s i
nc

lu
de

d 
in

 o
ur

 a
na

ly
si

s, 
ex

ce
pt

 ra
do

n 
an

d 
SH

S.
 F

or
 e

ac
h 

m
od

el
 ru

n,
 w

e 
sa

m
pl

ed
 

w
ith

 re
pl

ac
em

en
t f

ro
m

 th
e 

di
st

rib
ut

io
n 

of
 e

st
im

at
ed

 d
am

ag
e 

fo
r e

ac
h 

po
llu

ta
nt

 a
nd

 c
al

cu
la

te
d 

an
 e

st
im

at
e 

of
 to

ta
l h

ea
lth

 d
am

ag
e 

fo
r t

he
 h

om
e.

 W
e 

as
su

m
ed

 in
de

pe
nd

en
t v

ar
ia

bi
lit

y 
of

 a
ll 

po
llu

ta
nt

s. 
Th

is
 w

as
 re

pe
at

ed
 fo

r a
 su

ff
ic

ie
nt

 n
um

be
r o

f h
om

es
 to

 y
ie

ld
 a

 st
ab

le
 m

ea
n 

an
d 

st
an

da
rd

 d
ev

ia
tio

n 
fo

r t
he

 to
ta

l h
ea

lth
 d

am
ag

e.
 W

e 
as

su
m

ed
 th

at
 in

di
vi

du
al

 p
ol

lu
ta

nt
 d

am
ag

es
 

va
ry

 in
de

pe
nd

en
tly

. T
hi

s a
pp

ro
ac

h 
di

d 
no

t e
xp

lic
ity

 a
cc

ou
nt

 fo
r a

ny
 s

yn
er

gi
st

ic
 o

r 
an

ta
go

ni
st

ic
 in

te
ra

ct
io

ns
 o

f p
ol

lu
ta

nt
 h

ea
lth

 e
ff

ec
ts

. T
he

 re
su

lti
ng

 d
is

tri
bu

tio
n 

of
 to

ta
l h

ea
lth

 
da

m
ag

e 
an

d 
th

e 
ch

ar
ac

te
ris

tic
s o

f e
ac

h 
se

t o
f i

nd
iv

id
ua

l p
ol

lu
ta

nt
 c

on
tri

bu
tio

ns
 to

 th
e 

to
ta

l 
he

al
th

 d
am

ag
es

 w
er

e 
an

al
yz

ed
. F

or
 8

0%
 o

f t
he

 sa
m

pl
e 

se
ts

 (c
al

cu
la

te
d 

da
m

ag
es

 fo
r i

nd
iv

id
ua

l 
ho

m
es

), 
PM

2.
5

w
as

 th
e 

la
rg

es
t c

on
tri

bu
to

r. 
Fo

r 1
6%

 o
f t

he
 sa

m
pl

e 
se

ts
 a

cr
ol

ei
n 

w
as

 th
e 

do
m

in
an

t c
on

tri
bu

to
r a

nd
 fo

r 4
%

 o
f t

he
 sa

m
pl

e 
se

ts
 it

 w
as

 fo
rm

al
de

hy
de

. T
he

 d
om

in
an

t 
co

nt
rib

ut
or

 w
as

 a
 c

om
po

un
d 

ot
he

r t
ha

n 
th

es
e 

th
re

e 
in

 le
ss

 th
an

 0
.2

5%
 o

f t
he

 sa
m

pl
e 

se
ts

. F
or

 
90

%
 o

f t
he

 sa
m

pl
e 

se
ts

, a
cr

ol
ei

n,
 fo

rm
al

de
hy

de
, a

nd
 P

M
2.

5
co

nt
rib

ut
ed

 m
or

e 
th

an
 8

0%
 o

f t
he

 

to
ta

l h
ea

lth
 d

am
ag

e.
 T

hi
s r

ei
nf

or
ce

s t
he

 fi
nd

in
g 

th
at

 th
es

e 
th

re
e 

po
llu

ta
nt

s a
cc

ou
nt

 fo
r t

he
m

aj
or

ity
 o

f c
hr

on
ic

 h
ea

lth
 fr

om
 in

ta
ke

 o
f a

ir 
po

llu
ta

nt
si

n 
no

n-
sm

ok
in

g 
ho

m
es

. W
e 

es
tim

at
e 

th
at

 th
e 

cu
rr

en
t i

nd
oo

r a
ir 

qu
al

ity
 re

la
te

d 
he

at
h 

da
m

ag
e 

to
 th

e 
U

.S
.p

op
ul

at
io

n 
fr

om
 a

ll 
so

ur
ce

s, 
ex

cl
ud

in
g 

SH
S 

an
d 

ra
do

n,
 is

 in
 th

e 
ra

ng
e 

of
 4

-1
1 

m
ili

-D
A

LY
/p

/y
r (

m
ili

-D
A

LY
s p

er
 

pe
rs

on
 p

er
 y

ea
r)

. T
hi

si
nd

ic
at

es
 th

at
 th

e 
da

m
ag

e 
at

tri
bu

ta
bl

e 
to

 in
do

or
 a

ir 
is

, c
om

pa
ra

tiv
el

y,
 

so
m

ew
he

re
 b

et
w

ee
n 

th
e 

he
al

th
 e

ff
ec

ts
 o

f r
oa

d 
tra

ff
ic

 a
cc

id
en

ts
 (4

m
ili

-D
A

LY
/p

/y
r)

 a
nd

 a
ll-

ca
us

e 
he

ar
t d

is
ea

se
 (1

1
m

ili
-D

A
LY

/p
/y

r)
 in

 th
e 

U
.S

. T
he

 c
om

po
un

ds
 th

at
 d

om
in

at
e 

th
at

 to
ta

l 
ar

e 
PM

2.
5, 

ac
ro

le
in

, a
nd

 fo
rm

al
de

hy
de

.

IM
PL

IC
A

T
IO

N
S 

FO
R

 V
E

N
T

IL
A

T
IO

N
 S

T
A

N
D

A
R

D
S

V
en

til
at

io
n 

st
an

da
rd

s h
av

e 
th

e 
po

te
nt

ia
l t

o 
si

gn
ifi

ca
nt

ly
 im

pr
ov

e 
in

do
or

 a
ir 

qu
al

ity
(I

A
Q

)i
n 

th
e 

va
st

 m
aj

or
ity

 o
f h

om
es

. I
de

nt
ify

in
g 

th
e 

po
llu

ta
nt

s t
ha

t d
riv

e 
th

e 
ris

ks
 w

ill
 a

llo
w

 u
s t

o 
m

ak
e 

su
gg

es
tio

ns
 fo

r m
od

ify
in

g 
th

e 
cu

rr
en

t v
en

til
at

io
n 

st
an

da
rd

sa
nd

 id
en

tif
y 

ar
ea

s w
he

re
 

fu
rth

er
 re

se
ar

ch
 is

 n
ee

de
d.

Th
is

 se
ct

io
n 

de
sc

rib
es

ho
w

 tw
o 

pa
rti

cu
la

r e
le

m
en

ts
 o

f v
en

til
at

io
n 

st
an

da
rd

s c
an

 im
pr

ov
e 

IA
Q

: o
ve

ra
ll 

ai
r e

xc
ha

ng
e 

ra
te

 a
nd

 lo
ca

liz
ed

 e
xh

au
st

 v
en

til
at

io
n.

C
ur

re
nt

 v
en

til
at

io
n 

st
an

da
rd

s f
oc

us
 p

rim
ar

ily
 o

n 
pr

ov
id

in
g 

th
e 

rig
ht

 a
m

ou
nt

 o
f o

ve
ra

ll 
ve

nt
ila

tio
n

fo
r a

 h
om

e 
ba

se
d 

on
 th

e 
id

ea
 th

at
 th

e 
m

ai
n 

dr
iv

er
s f

or
 p

ol
lu

ta
nt

 c
on

ce
nt

ra
tio

ns
 a

re
 

fu
rn

is
hi

ng
s a

nd
 o

cc
up

an
ts

 th
em

se
lv

es
. A

 re
as

on
ab

le
 lo

w
er

 b
ou

nd
 fo

r t
he

 o
ve

ra
ll 

ve
nt

ila
tio

n 
ra

te
 w

ou
ld

 li
ke

ly
 b

e 
th

e 
ai

rf
lo

w
 n

ee
de

d 
to

 c
on

tro
l f

or
 b

od
y 

od
or

[1
3]

.A
dd

iti
on

al
 a

ir 
flo

w
 is

 
ne

ed
ed

to
 c

on
tro

l c
on

ce
nt

ra
tio

ns
 o

f p
ol

lu
ta

nt
s t

ha
t h

av
e 

di
ff

us
e

em
is

si
on

 so
ur

ce
s i

n 
re

si
de

nc
es

.O
ur

 a
na

ly
si

s i
nd

ic
at

ed
 th

at
 m

at
er

ia
l e

m
is

si
on

s o
f a

cr
ol

ei
n 

an
d 

fo
rm

al
de

hy
de

 a
re

 
th

e 
m

ai
n 

po
llu

ta
nt

s t
ha

t n
ee

d 
to

 b
e 

co
nt

ro
lle

d 
w

ith
 a

n 
ov

er
al

l v
en

til
at

io
n 

ra
te

 a
nd

 th
e 

ra
te

sh
ou

ld
 b

e 
se

t a
t l

ev
el

s t
ha

t w
ou

ld
 p

ro
vi

de
 sa

fe
 in

do
or

 c
on

ce
nt

ra
tio

ns
 o

f t
he

se
 p

ol
lu

ta
nt

s.

Th
er

e 
is

 in
su

ff
ic

ie
nt

 m
at

er
ia

l e
m

is
si

on
 d

at
a 

cu
rr

en
tly

 to
 se

t a
 v

en
til

at
io

n 
ra

te
 b

as
ed

 o
n 

ac
ro

le
in

,h
ow

ev
er

 a
n 

ap
pr

op
ria

te
 v

en
til

at
io

n 
ra

te
 fo

r f
or

m
al

de
hy

de
 h

as
 b

ee
n 

su
gg

es
te

d 
ba

se
d 

on
 C

al
ifo

rn
ia

 h
ea

lth
 st

an
da

rd
s o

f 0
.3

 a
ir 

ch
an

ge
s p

er
 h

ou
r f

or
 e

xi
st

in
g 

ho
m

es
 a

nd
 0

.5
 fo

r n
ew

 
ho

m
es

 [1
4]

.T
he

re
 a

re
 tw

o 
m

ai
n 

co
nc

er
ns

 w
ith

 p
ro

vi
di

ng
 v

en
til

at
io

n 
at

 th
es

e 
le

ve
ls

: 1
) t

he
 

co
st

 o
f c

on
di

tio
ni

ng
 th

e 
ex

tra
 a

irf
lo

w
 a

nd
 2

) b
rin

gi
ng

 in
 o

ut
do

or
 p

ol
lu

ta
nt

s.

O
ne

 w
ay

 o
f r

ed
uc

in
g 

th
e 

ne
ed

ed
 o

ve
ra

ll 
ve

nt
ila

tio
n 

fo
r a

 h
om

e,
 a

nd
 th

e 
as

so
ci

at
ed

 e
ne

rg
y 

an
d 

co
st

 p
en

al
ty

, w
ou

ld
 b

e 
so

ur
ce

 c
on

tro
l.

C
ur

re
nt

ly
 in

 th
e 

U
.S

.t
he

re
 is

 n
ot

 su
ff

ic
ie

nt
 in

fo
rm

at
io

n 
to

 e
st

im
at

e 
th

e 
be

ne
fit

s o
f s

ou
rc

e 
re

du
ct

io
n 

by
 si

m
ul

at
in

g 
th

e 
re

pl
ac

em
en

t o
f s

pe
ci

fic
 

m
at

er
ia

ls
 o

r a
pp

ly
in

g 
sp

ec
ifi

c 
ex

is
tin

g 
st

an
da

rd
s o

r g
ui

de
lin

es
 fo

r m
at

er
ia

l e
m

is
si

on
s[

15
].

D
ev

el
op

in
g 

th
es

e 
da

ta
ba

se
s c

ou
ld

 a
id

 in
 th

e 
re

du
ct

io
n 

of
 m

at
er

ia
l l

oa
di

ng
 o

f f
or

m
al

de
hy

de
 

an
d 

ac
ro

le
in

. I
m

pl
em

en
tin

g 
st

an
da

rd
s t

ha
t r

ed
uc

ed
 m

at
er

ia
l l

oa
di

ng
 in

 h
om

es
 w

ou
ld

 re
du

ce
 

th
e 

re
qu

ire
d 

ve
nt

ila
tio

n 
ra

te
 a

nd
 sa

ve
 e

ne
rg

y.

In
cr

ea
si

ng
 a

ir 
flo

w
 th

ro
ug

h 
th

e 
ho

m
e 

ca
n 

in
cr

ea
se

 th
e 

ra
te

 a
t w

hi
ch

 o
ut

do
or

 p
ol

lu
ta

nt
s a

re
 

br
ou

gh
t i

nd
oo

rs
. O

ur
 st

ud
y 

id
en

tif
ie

d 
PM

2.
5 

as
 th

e 
m

os
t i

m
po

rta
nt

 p
ol

lu
ta

nt
 fo

r h
ea

lth
 in

 
re

si
de

nt
ia

l e
nv

iro
nm

en
ts

. W
hi

le
 in

do
or

 so
ur

ce
s s

uc
h 

as
 c

om
bu

st
io

n 
an

d 
ch

em
is

try
 

si
gn

ifi
ca

nt
ly

 im
pa

ct
 in

do
or

 P
M

2.
5 

co
nc

en
tra

tio
ns

, a
 si

gn
ifi

ca
nt

 fr
ac

tio
n 

of
 h

om
es

 m
ay

 h
av

e 
hi

gh
er

 c
on

ce
nt

ra
tio

ns
 o

ut
do

or
s t

ha
n 

in
do

or
s i

nd
ic

at
in

g 
th

at
 m

or
e 

ve
nt

ila
tio

n 
m

ay
 a

ct
ua

lly
 

in
cr

ea
se

 h
ea

lth
 ri

sk
s [

4]
.P

ro
vi

di
ng

 v
en

til
at

io
n 

ai
r v

ia
 fi

lte
re

d 
su

pp
ly

 o
r f

ilt
er

ed
 b

al
an

ce
d 

ve
nt

ila
tio

n 
us

in
g 

he
at

/e
nt

ha
lp

y 
re

co
ve

ry
 v

en
til

at
or

s i
so

ne
 p

ot
en

tia
l s

ol
ut

io
n.

A
no

th
er

 o
pt

io
n 

is
to

 fi
lte

r t
he

 in
do

or
 a

ir 
in

de
pe

nd
en

t o
f t

he
 v

en
til

at
io

n 
sy

st
em

 to
 re

du
ce

 in
do

or
 P

M
2.

5 
co

nc
en

tra
tio

ns
.I

nc
lu

di
ng

 m
ea

su
re

s t
o 

re
du

ce
 in

do
or

 p
ar

tic
le

 c
on

ce
nt

ra
tio

ns
 in

 v
en

til
at

io
n 

st
an

da
rd

s c
ou

ld
 g

re
at

ly
 im

pr
ov

e 
IA

Q
fr

om
 a

 h
ea

lth
 p

er
sp

ec
tiv

e.
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O
ur

 a
na

ly
si

s i
nd

ic
at

es
 th

at
 re

m
ov

in
g 

po
llu

ta
nt

s n
ea

r t
he

ir 
po

in
t o

f r
el

ea
se

 u
si

ng
 e

ff
ec

tiv
e 

lo
ca

liz
ed

 e
xh

au
st

 v
en

til
at

io
n 

is
 k

ey
 to

 m
ai

nt
ai

ni
ng

 g
oo

d 
IA

Q
.T

he
 tw

o 
m

ai
n 

ty
pe

s o
f l

oc
al

iz
ed

 
ex

ha
us

t i
n 

ve
nt

ila
tio

n 
st

an
da

rd
sa

re
 k

itc
he

n 
an

d 
ba

th
 v

en
til

at
io

n.
Ef

fe
ct

iv
e 

ki
tc

he
n 

ve
nt

ila
tio

n 
is

 n
ee

de
d 

to
 m

iti
ga

te
ac

ut
e 

po
llu

ta
nt

 e
ve

nt
s r

es
ul

tin
g 

fr
om

co
m

bu
st

io
n 

ba
se

d 
co

ok
in

g 
ap

pl
ia

nc
es

an
d 

fo
od

 p
re

pa
ra

tio
n

ac
tiv

iti
es

. T
as

k 
ve

nt
ila

tio
n 

ca
n 

al
so

 si
gn

ifi
ca

nt
ly

 m
iti

ga
te

 
ch

ro
ni

c 
ex

po
su

re
s b

y 
re

m
ov

in
g 

po
llu

ta
nt

s a
t t

he
ir 

so
ur

ce
. A

SH
R

A
E 

62
.2

 re
qu

ire
s a

 k
itc

he
n 

ex
ha

us
tf

an
 th

at
 is

 a
bo

ve
 th

e 
co

ok
to

p 
an

d 
pr

ov
id

es
 a

t l
ea

st
 1

00
 c

ub
ic

 fe
et

 p
er

 m
in

ut
e 

(r
ou

gh
ly

 
50

 m
3

h-1
) o

f a
irf

lo
w

 w
hi

le
 p

ro
du

ci
ng

 3
 so

ne
s o

r l
es

s o
f n

oi
se

. T
he

 st
an

da
rd

 d
oe

sn
't

sp
ec

ify
 a

m
in

im
um

 p
ol

lu
ta

nt
 c

ap
tu

re
 e

ff
ic

ie
nc

y
or

 so
un

d 
lim

its
 a

t h
ig

he
r f

lo
w

 ra
te

s. 
R

eq
ui

rin
g 

a 
hi

gh
 

po
llu

ta
nt

 c
ap

tu
re

 e
ff

ic
ie

nc
y 

an
d 

po
te

nt
ia

lly
 re

qu
iri

ng
 a

ut
om

at
ic

 fa
n 

us
e 

w
he

n 
th

e 
ra

ng
e 

is
 

op
er

at
ed

 c
ou

ld
 si

gn
ifi

ca
nt

ly
 im

pr
ov

e 
in

do
or

 a
ir 

qu
al

ity
. F

ou
r o

ut
 o

f f
iv

e 
of

 th
e 

id
en

tif
ie

d 
ac

ut
e 

co
nt

am
in

at
s o

f c
on

ce
rn

 (e
xc

ep
t c

hl
or

of
or

m
) a

re
 e

m
itt

ed
 b

y 
co

m
bu

st
io

n 
or

 c
oo

ki
ng

. I
t i

s 
cr

iti
ca

lly
 im

po
rta

nt
 to

 m
ak

e 
su

re
 th

at
 th

er
e 

is
 e

ff
ec

tiv
e 

ve
nt

ila
tio

n 
fo

r a
ll 

in
do

or
 c

om
bu

st
io

n.
R

es
ea

rc
h 

is
 n

ee
de

d 
to

 d
et

er
m

in
e 

if 
th

e 
he

al
th

 b
en

ef
it 

of
 a

dd
in

g 
a 

co
m

m
is

si
on

in
g 

re
qu

ire
m

en
t 

to
 v

en
til

at
io

n 
st

an
da

rd
s i

s w
or

th
 th

e 
co

st
.

Ef
fe

ct
iv

e 
ba

th
 fa

ns
 a

re
 a

ls
o 

cr
iti

ca
l f

or
 p

ro
vi

di
ng

 g
oo

d 
in

do
or

 IA
Q

.B
at

h 
fa

ns
 re

m
ov

e 
bi

o-
ef

flu
en

ce
, m

oi
st

ur
e 

an
d 

po
llu

ta
nt

s g
en

er
at

ed
in

 b
at

hr
oo

m
 a

ct
iv

iti
es

 su
ch

 a
s p

er
so

na
l c

ar
e 

pr
od

uc
t u

se
an

d 
sh

ow
er

in
g.

Sh
ow

er
in

g 
ha

s b
ee

n 
sh

ow
n 

to
 e

le
va

te
 c

on
ce

nt
ra

tio
n 

of
 

ch
lo

ro
fo

rm
 a

bo
ve

 a
cu

te
 th

re
sh

ol
ds

[1
6]

.B
at

hr
oo

m
 e

xh
au

st
 fl

ow
 ra

te
 re

qu
ire

m
en

ts
 sh

ou
ld

 b
e 

de
si

gn
ed

 to
 k

ee
p 

ch
lo

ro
fo

rm
 le

ve
ls

 b
el

ow
 a

cu
te

 th
re

sh
ol

ds
.F

ur
th

er
 re

se
ar

ch
 is

 n
ee

de
d 

to
 

de
te

rm
in

e 
w

hi
ch

 e
pi

so
di

c 
ac

tiv
iti

es
 in

 b
at

hr
oo

m
s m

ay
 le

ad
 to

 a
cu

te
 e

xp
os

ur
es

.

C
O

N
C

L
U

SI
O

N
Th

e 
m

ai
n 

ai
r p

ol
lu

ta
nt

s o
f c

on
ce

rn
 fo

r r
eg

ul
at

or
s s

et
tin

g
re

si
de

nt
ia

l v
en

til
at

io
n 

st
an

da
rd

s a
re

 
fo

rm
al

de
hy

de
, a

cr
ol

ei
n,

 a
nd

 P
M

2.
5.

Th
is

 im
pl

ie
s t

ha
t w

ho
le

-r
es

id
en

ce
 v

en
til

at
io

n 
ra

te
s s

ho
ul

d 
be

 b
as

ed
 o

n 
co

nt
ro

lli
ng

 fo
rm

al
de

hy
de

 a
nd

 a
cr

ol
ei

n.
Fi

ltr
at

io
n 

of
 in

co
m

in
g 

or
 h

ou
se

 a
ir 

to
 

re
m

ov
e 

PM
2.

5
w

ou
ld

 su
bs

ta
nt

ia
lly

 im
pr

ov
e 

in
do

or
 a

ir 
qu

al
ity

.

Ef
fe

ct
iv

e 
ta

sk
 v

en
til

at
io

n 
is

 c
rit

ic
al

 fo
r c

on
tro

lli
ng

 a
cu

te
 e

xp
os

ur
es

 in
 re

si
de

nc
es

.A
ll 

co
m

bu
st

io
n 

in
 h

om
es

 sh
ou

ld
 b

e 
ef

fe
ct

iv
el

y 
ve

nt
ed

 a
nd

 c
oo

ki
ng

 e
xh

au
st

sy
st

em
s s

ho
ul

d 
be

 
re

qu
ire

d 
to

 m
ee

t m
in

im
um

 p
ol

lu
ta

nt
 c

ap
tu

re
 e

ff
ic

ie
nc

y 
st

an
da

rd
s.

Th
e 

id
en

tif
ic

at
io

n 
of

 fo
rm

al
de

hy
de

, a
cr

ol
ei

n 
an

d 
PM

2.
5

as
 th

e 
hi

gh
es

t p
rio

rit
y 

po
llu

ta
nt

s f
or

 
ch

ro
ni

c 
ex

po
su

re
 o

pe
ns

 o
pp

or
tu

ni
tie

s t
o 

im
pr

ov
e 

en
er

gy
 e

ff
ic

ie
nc

y 
th

ro
ug

h 
co

ns
id

er
at

io
n 

of
 

co
nt

ro
l m

ea
su

re
s c

om
pl

em
en

ta
ry

 to
 v

en
til

at
io

n.
 

A
C

K
N

O
W

L
E

D
G

E
M

E
N

T
S

Fu
nd

in
g 

w
as

 p
ro

vi
de

d 
by

 th
e 

U
.S

. D
ep

t. 
of

 E
ne

rg
y 

B
ui

ld
in

g 
Te

ch
no

lo
gi

es
 P

ro
gr

am
, O

ff
ic

e 
of

 
En

er
gy

 E
ff

ic
ie

nc
y 

an
d 

R
en

ew
ab

le
 E

ne
rg

y 
un

de
r D

O
E 

C
on

tra
ct

 N
o.

 D
E-

A
C

02
-0

5C
H

11
23

1;
 

by
 th

e 
U

.S
. D

ep
t. 

of
 H

ou
si

ng
 a

nd
 U

rb
an

 D
ev

el
op

m
en

t O
ff

ic
e 

of
 H

ea
lth

y 
H

om
es

 a
nd

 L
ea

d 
H

az
ar

d 
C

on
tro

l t
hr

ou
gh

 In
te

ra
ge

nc
y 

A
gr

ee
m

en
t I

-P
H

I-0
10

70
, b

y 
th

e 
U

.S
. E

nv
iro

nm
en

ta
l 

Pr
ot

ec
tio

n 
A

ge
nc

y 
O

ff
ic

e 
of

 A
ir 

an
d 

R
ad

ia
tio

n 
th

ro
ug

h 
In

te
ra

ge
nc

y 
A

gr
ee

m
en

t D
W

-8
9-

92
32

22
01

-0
 a

nd
 b

y 
th

e 
C

al
ifo

rn
ia

 E
ne

rg
y 

C
om

m
is

si
on

 th
ro

ug
h 

C
on

tra
ct

 5
00

-0
8-

06
1.

R
E

FE
R

E
N

C
E

S

[1
]

K
uh

nl
-K

in
el

, J
. T

he
 H

is
to

ry
 o

f V
en

til
at

io
n 

an
d 

Ai
r 

C
on

di
tio

ni
ng

: I
s 

C
ER

N
 u

p 
to

 d
at

e 
w

ith
 th

e 
la

te
st

 te
ch

no
lo

gi
ca

l d
ev

el
op

m
en

ts
?

in
 P

ro
ce

ed
in

gs
 o

f t
he

 T
hi

rd
 S

T 
W

or
ks

ho
p-

C
ER

N
. 

20
0.

 
C

ha
m

on
ix

, 
Fr

an
ce

: 
Eu

ro
pe

an
 

O
rg

an
iz

at
io

n 
fo

r 
N

uc
le

ar
 

R
es

ea
rc

h 
(C

ER
N

).
[2

]
K

le
pe

is
, 

N
.E

., 
et

 a
l.,

 T
he

 N
at

io
na

l 
H

um
an

 A
ct

iv
ity

 P
at

te
rn

 S
ur

ve
y 

(N
H

AP
S)

: 
a 

re
so

ur
ce

 f
or

 a
ss

es
si

ng
 e

xp
os

ur
e 

to
 e

nv
ir

on
m

en
ta

l 
po

llu
ta

nt
s.

Jo
ur

na
l 

of
 E

xp
os

ur
e 

A
na

ly
si

s a
nd

 E
nv

iro
nm

en
ta

l E
pi

de
m

io
lo

gy
, 2

00
1.

 1
1(
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.
[3

]
Ed

w
ar
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, 

R
.D

., 
et

 a
l.,

 V
O

C
 c

on
ce

nt
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tio
ns

 m
ea

su
re

d 
in

 p
er

so
na

l 
sa

m
pl

es
 a

nd
 

re
si

de
nt
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l i

nd
oo

r, 
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oo

r 
an
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w

or
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ce

 m
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ro
en
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nm
en
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 in

 E
XP

O
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H

el
si
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i 

Fi
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an
d.

A
tm

os
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ic

 E
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nm

en
t, 
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 p
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.
[4

]
W

ei
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l, 
C

.P
., 

et
 a

l.,
 R

el
at
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Wednesday 12 October 2011 
 
 
 
13.45 – 15.15 Parallel Session 1A - Ventilation system performance: energy and indoor air quality 
 

• Formaldehyde and Relative Humidity in High-Performance Homes with Outdoor Air Intakes and 
exhaust ventilation (Jonathan Coulter, USA) 

• Decentralized mechanical ventilation with heat recovery (Jean Lebrun, Belgium) 
• Filters for balanced ventilation systems: design, long-term performances and energy considerations 

(Alain Ginestet, France) 
• Analysis and implications of the revision of the Spanish regulation regarding ventilation and 

infiltration (José Manuel Salmerón Lissén, Spain) 
• Ventilation rates and IAQ in European standards and national regulations (Nejc Brelih, Belgium) 
• Window opening in high performance buildings (Piet Jacobs, Netherlands) 

 
 
 
13.45 – 15.15 Parallel Session 1B - How tight and insulated ducts should be? 
 
For energy and indoor climate reasons, it is important that ductwork have a good airtightness an insulation 
but the levels that can or should be achieved are often ignored. This session, which is part of an AIVC-
TightVent project, will include several presentations to discuss these issues. 
 

• Ductwork airtightness requirements in Portugal (Eduardo Maldonado, Portugal) 
• Hands-on training courses for ventilation systems installers within the PRAXIBAT initiative 

(Anne-Marie Bernard, France) 
• Feasibility study of ventilation system air-tightness (Jeroen Soenens, Belgium) 
• Case Study: Effect of Excessive Duct Leakage in a Large Pharmaceutical Plant  (David Dyer, USA) 

 
 
15.15 – 15.30 Room change 
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, a

cc
or

di
ng

 to
 th

e 
se

as
on

. N
oi

se
 g

en
er

at
io

n,
 n

oi
se

 tr
an

sm
is

si
on

 a
nd

 d
ra

ug
ht

s a
re

 
ag

ai
n 

am
on

g 
si

de
 e

ff
ec

ts
 to

 b
e 

ta
ke

n 
in

 c
on

si
de

ra
tio

n.
 

2.
6.

 D
ec

id
e 

ho
w

 to
 o

rg
an

iz
e 

th
e 

m
ec

ha
ni

ca
l v

en
til

at
io

n,
 w

ith
 c

en
tra

l a
nd

/o
r l

oc
al

 su
pp

ly
 a

nd
 

ex
ha

us
t s

ys
te

m
s. 
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2.
7.

 D
ec

id
e 

ho
w

 to
 c

on
tro

l t
he

 v
en

til
at

io
n 

sy
st

em
, i

n 
su

ch
 a

 w
ay

 to
 g

et
 th

e 
co

rr
ec

t a
ir 

qu
al

ity
 

in
 e

ac
h 

zo
ne

, w
ith

 m
in

im
al

 fr
es

h 
ai

r f
lo

w
 ra

te
.  

C
on

tro
l d

es
ig

n 
re

qu
ire

s i
de

nt
ify

in
g 

th
e 

“c
on

tro
lla

bi
lit

y”
 o

f t
he

 w
ho

le
 (b

ui
ld

in
g 

an
d 

m
ec

ha
ni

ca
l v

en
til

at
io

n)
 sy

st
em

 c
on

si
de

re
d,

 w
hi

ch
 in

cl
ud

es
:  

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 

- T
he

 c
on

tro
lla

bi
lit

y 
of

 th
e 

m
ec

ha
ni

ca
l v

en
til

at
io

n 
its

el
f, 

w
hi

ch
 c

an
 b

e 
de

fin
ed

 a
s t

he
 ra

tio
 

be
tw

ee
n 

ve
nt

ila
to

r h
ea

d 
an

d 
to

ta
l h

ea
d 

(f
an

 +
 w

in
d 

+ 
bu

oy
an

cy
); 

- T
he

 m
ec

ha
ni

ca
l v

en
til

at
io

n 
“a

ut
ho

rit
y”

, i
.e

. t
he

 p
re

ss
ur

e 
ra

ng
e 

in
 w

hi
ch

 m
ec

ha
ni

ca
l 

ve
nt

ila
tio

n 
is

 a
bl

e 
to

 “
im

po
se

” 
an

y 
(m

in
im

al
 o

r m
ax

im
al

) a
ir 

flo
w

 ra
te

.  
Th

e 
ve

nt
ila

tio
n 

au
th

or
ity

 is
 sa

tis
fa

ct
or

y 
if 

th
is

 p
re

ss
ur

e 
ra

ng
e 

is
 la

rg
er

 th
an

 a
ll 

co
m

bi
ne

d 
w

in
d 

an
d 

bu
oy

an
cy

 
pe

rtu
rb

at
io

ns
. 

- T
he

 c
on

tro
lla

bi
lit

y 
of

 th
e 

w
ho

le
 (b

ui
ld

in
g 

an
d 

m
ec

ha
ni

ca
l v

en
til

at
io

n)
 sy

st
em

 is
 fu

lly
 

sa
tis

fa
ct

or
y 

if 
th

e 
to

ta
l (

m
ec

ha
ni

ca
l a

nd
 n

at
ur

al
) f

re
sh

 a
ir 

flo
w

 ra
te

 c
an

 b
e 

co
nt

ro
lle

d 
in

 e
ac

h 
bu

ild
in

g 
zo

ne
 a

nd
 if

 a
ll 

zo
ne

-to
-z

on
e 

ai
r c

irc
ul

at
io

ns
 a

re
 a

ls
o 

un
de

r c
on

tro
l. 

Th
is

 la
st

 
re

qu
ire

m
en

t c
an

 b
e 

ve
ry

 im
po

rta
nt

, f
or

 e
xa

m
pl

e 
if 

ha
vi

ng
 to

 d
ea

l w
ith

 th
e 

ris
k 

of
 o

do
ur

 
pr

op
ag

at
io

n 
fr

om
 o

ne
 z

on
e 

to
 a

no
th

er
 o

ne
. I

t m
ay

 ju
st

ify
 so

m
e 

su
pp

ly
/e

xh
au

st
 d

is
eq

ui
lib

riu
m

 
in

si
de

 a
 sa

m
e 

zo
ne

 (s
up

pl
yi

ng
 m

or
e 

fr
es

h 
ai

r t
o 

“c
le

an
” 

zo
ne

s a
nd

 e
xt

ra
ct

in
g 

m
or

e 
fr

om
 

“d
irt

y”
 o

ne
s)

. 

2.
8.

 M
in

im
iz

e 
th

e 
(e

ne
rg

y 
an

d/
or

 e
nv

iro
nm

en
ta

l) 
im

pa
ct

s o
f t

he
 v

en
til

at
io

n,
 th

an
ks

 to
 h

ea
t 

re
co

ve
ry

. 

3.
 T

H
E

 S
Y

ST
E

M
 U

N
D

E
R

 D
E

V
E

L
O

PM
E

N
T

 

Th
e 

ne
w

 lo
ca

l v
en

til
at

io
n 

sy
st

em
 st

ill
 u

nd
er

 d
ev

el
op

m
en

t i
s d

es
ig

ne
d 

in
 su

ch
 a

 w
ay

 to
 p

ro
cu

re
 

ve
nt

ila
tio

n 
“o

n 
de

m
an

d”
 in

 e
ac

h 
ro

om
, w

ith
 a

 m
ax

im
um

 o
f e

ff
ec

tiv
en

es
s a

nd
 a

 m
in

im
um

 o
f 

en
er

gy
 w

as
te

. 
It 

co
ns

is
ts

 in
 a

 p
ar

ap
ip

ed
ic

 b
ox

 to
 b

e 
lo

ca
te

d 
in

 o
ne

 e
xt

er
na

l w
al

l (
fo

r e
xa

m
pl

e,
 ju

st
 a

bo
ve

 a
 

w
in

do
w

 a
s s

ho
w

n 
in

 F
ig

ur
e 

1)
 a

nd
 c

on
ta

in
in

g 
tw

o 
(in

je
ct

io
n 

an
d 

ex
tra

ct
io

n)
 fa

ns
 a

nd
 a

 
re

co
ve

ry
 h

ea
t e

xc
ha

ng
er

 [1
], 

[2
], 

[3
]. 

 

  Fi
gu

re
 1

. T
yp

ic
al

 c
on

fig
ur

at
io

n 
of

 th
e 

lo
ca

l v
en

til
at

io
n 

sy
st

em
 

Th
e 

fir
st

 a
pp

lic
at

io
ns

 c
on

si
de

re
d 

ar
e 

in
 th

e 
re

si
de

nt
ia

l b
ui

ld
in

gs
, b

ut
 o

th
er

 b
ui

ld
in

gs
, a

s 
of

fic
es

, s
ch

oo
ls

 a
nd

 h
ea

lth
 se

rv
ic

es
 a

re
 a

ls
o 

co
nc

er
ne

d.
 

A
bo

ve
-p

re
se

nt
ed

 d
es

ig
n 

pr
in

ci
pl

es
 a

re
 h

er
e-

af
te

r i
llu

st
ra

te
d 

on
 th

is
 e

xa
m

pl
e…

   

3.
1.

 A
ir

 d
iff

us
io

n 
an

al
ys

es
 

3.
1.

1.
 A

ir
 d

iff
us

io
n 

in
sid

e 
th

e 
ve

nt
ila

te
d 

en
cl

os
ur

e 
ca

n 
be

 d
es

cr
ib

ed
 b

y 
th

e 
m

od
el

 p
re

se
nt

ed
 in

 
Fi

gu
re

 2
. D

om
in

an
t a

ir 
m

ov
em

en
ts

 a
re

 h
er

e 
su

pp
os

ed
 to

 b
e 

in
du

ce
d 

by
 th

e 
fo

llo
w

in
g 

so
ur

ce
s 

[1
]: 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  

-
V

en
til

at
io

n 
an

d 
in

fil
tra

tio
n 

je
ts

 
-

B
uo

ya
nc

y 
je

t(s
) i

ss
ue

d 
fr

om
 ra

di
at

or
(s

) 
-

B
uo

ya
nc

y 
je

t(s
) i

ss
ue

d 
fr

om
 th

e 
oc

cu
pa

nt
(s

) 
-

Fr
ee

 c
on

ve
ct

io
n 

bo
un

da
ry

 la
ye

rs
 a

lo
ng

 c
ol

d 
w

al
ls

 (m
ai

nl
y 

th
e 

w
in

do
w

s)
. 

Th
re

e 
ho

riz
on

ta
l z

on
es

 a
re

 d
is

tin
gu

is
he

d 
in

 th
e 

m
od

el
, a

s s
ug

ge
st

ed
 in

 F
ig

ur
e 

2,
 w

he
re

 th
e 

le
ft 

an
d 

rig
ht

 si
de

s a
re

 o
nl

y 
di

st
in

gu
is

he
d 

fo
r r

ea
da

bi
lit

y 
(th

e 
ra

di
at

or
 is

 u
su

al
ly

 n
ot

 lo
ca

te
d 

in
 

op
po

si
tio

n 
to

 th
e 

fr
on

ta
ge

). 

In
 p

rin
ci

pl
e,

 fr
es

h 
ai

r c
an

 b
e 

su
pp

lie
d 

an
d 

ex
ha

us
te

d 
to

 a
nd

 fr
om

 o
ne

, t
w

o 
or

 th
re

e 
di

ff
er

en
t 

zo
ne

s. 
B

ut
, i

n 
th

e 
ca

se
 c

on
si

de
re

d 
su

pp
ly

 a
nd

 e
xh

au
st

 o
pe

ni
ng

s a
re

 o
nl

y 
lo

ca
te

d 
in

 z
on

e 
3.

 

If
 th

er
e 

is
 n

o 
ph

as
e 

ch
an

ge
 in

si
de

 th
e 

ro
om

, t
he

 d
is

tri
bu

tio
n 

of
 th

e 
ai

r m
oi

st
ur

e 
ca

n 
be

 
co

ns
id

er
ed

 a
s s

im
ila

r t
o 

th
e 

di
st

rib
ut

io
n 

of
 th

e 
co

nt
am

in
an

t. 

Th
e 

m
od

el
 c

on
si

st
s i

n 
tw

o 
se

ts
 o

f e
qu

at
io

ns
 d

es
cr

ib
in

g 
th

e 
in

du
ct

io
n 

ef
fe

ct
s a

nd
 th

e 
ba

la
nc

es
 

of
 a

ir,
 c

on
ta

m
in

an
t, 

se
ns

ib
le

 h
ea

t a
nd

 m
oi

st
ur

e.
 

Fo
r e

xa
m

pl
e,

 th
e 

ai
r m

as
s b

al
an

ce
 o

f t
he

 fi
rs

t z
on

e 
is

 d
es

cr
ib

ed
 b

y 
th

e 
fo

llo
w

in
g 

eq
ua

tio
n:

 

Th
e 

di
ff

er
en

t t
er

m
s c

or
re

sp
on

d 
to

 th
e 

ai
r s

up
pl

y 
to

 th
is

 z
on

e,
 th

e 
flo

w
 ra

te
 fr

om
 z

on
e 

2 
to

 
zo

ne
 1

 in
du

ce
d 

by
 th

e 
su

pp
ly

 a
ir 

je
t o

f z
on

e 
1,

 th
e 

flo
w

 ra
te

 fr
om

 z
on

e 
to

 z
on

e 
2 

in
du

ce
d 

by
 

th
e 

su
pp

ly
 a

ir 
je

t o
f z

on
e 

2,
 th

e 
flo

w
 ra

te
 “

as
pi

ra
te

d”
 b

y 
th

e 
ra

di
at

or
(s

), 
th

e 
(p

os
iti

ve
 o

r 
ne

ga
tiv

e)
 d

is
pl

ac
em

en
t f

lo
w

 fr
om

 z
on

e 
2 

to
 z

on
e 

1,
 th

e 
flo

w
 ra

te
 su

pp
lie

d 
to

 z
on

e 
on

e 
by

 fr
ee

 
co

nv
ec

tio
n 

al
on

g 
th

e 
co

ld
 w

al
l(s

) a
nd

 th
e 

ai
r f

lo
w

 ra
te

 e
xt

ra
ct

ed
 fr

om
 th

e 
zo

ne
.  

   
   

   
   

   
   

   
   

   
   

   
   

   
   

Fi
gu

re
 2

. A
ir 

di
ff

us
io

n 
m

od
el
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3.
1.

2.
 A

vo
id

in
g 

lo
ca

l s
ho

rt
-c

ir
cu

its
 o

n 
bo

th
 in

do
or

 a
nd

 o
ut

do
or

 si
de

s r
eq

ui
re

s, 
no

t o
nl

y 
re

qu
ire

s a
 c

ar
ef

ul
 d

es
ig

n 
of

 th
e 

sh
ap

es
 o

f b
ot

h 
op

en
in

gs
, b

ut
 a

ls
o 

a 
su

ff
ic

ie
nt

ly
 h

ig
h 

ve
lo

ci
ty

 
at

 b
ox

 e
xh

au
st

, i
n 

su
ch

 a
 w

ay
 to

 a
vo

id
 th

at
 th

e 
ex

ha
us

t j
et

 w
ou

ld
 b

e 
de

vi
at

ed
 to

w
ar

d 
th

e 
as

pi
ra

tio
n 

op
en

in
g 

by
 w

in
d 

(o
n 

ou
td

oo
r s

id
e)

 a
nd

/o
r b

uo
ya

nc
y 

ef
fe

ct
s (

on
 b

ot
h 

si
de

s)
. R

ai
n 

w
at

er
 c

ap
tu

re
 h

as
 a

ls
o 

to
 b

e 
av

oi
de

d 
at

 o
ut

do
or

 fr
es

h 
ai

r a
sp

ira
tio

n.
 

O
n 

bo
th

 si
de

 o
f t

he
 s

ys
te

m
, t

he
re

 is
 a

 n
ee

d 
of

 e
ns

ur
in

g 
en

ou
gh

 a
ir 

m
ix

in
g 

be
fo

re
 g

et
tin

g 
an

y 
ris

k 
of

 je
t d

ef
le

xi
on

. A
n 

ex
am

pl
e 

of
 v

er
ifi

ca
tio

n 
is

 sh
ow

n 
in

 F
ig

ur
e 

3:
 it

 c
or

re
sp

on
ds

 to
 th

e 
re

je
ct

io
n 

of
 6

0 
m

3/
h 

of
 a

ir,
 a

t 4
 m

/s
 o

f i
ni

tia
l s

pe
ed

, t
hr

ou
gh

 a
 c

irc
ul

ar
 o

pe
ni

ng
. I

n 
th

is
 c

as
e,

 
an

 in
du

ct
io

n 
fa

ct
or

 o
f t

he
 o

rd
er

 o
f 8

 is
 a

lre
ad

y 
re

ac
he

d,
 w

he
n 

th
e 

je
t a

xi
al

 v
el

oc
ity

 is
 re

du
ce

d 
to

 1
 m

/s
 (c

on
si

de
re

d 
as

 a
 st

ill
 su

ff
ic

ie
nt

 “
co

nt
ro

l”
 v

el
oc

ity
). 

Th
is

 m
ea

ns
 th

at
 th

e 
ris

k 
of

 sh
or

t 
ci

rc
ui

t i
s v

er
y 

re
du

ce
d…

   

Fi
gu

re
 3

. D
iff

us
io

n 
of

 a
 je

t i
ss

ue
d 

fr
om

 a
 c

irc
ul

ar
 o

rif
ic

e 

3.
1.

3 
A

vo
id

in
g 

lo
ca

l d
is

co
m

fo
rt 

In
si

de
 th

e 
ro

om
, t

he
re

 is
 a

 ri
sk

 o
f d

ra
ug

ht
 d

is
co

m
fo

rt,
 if

 th
e 

je
t i

s n
ot

 d
ilu

te
d 

en
ou

gh
 b

ef
or

e 
en

te
rin

g 
th

e 
oc

cu
pa

tio
n 

zo
ne

. 
Th

e 
de

vi
at

io
n 

du
e 

to
 b

uy
an

cy
 c

an
 b

e 
ve

rif
ie

d 
by

 si
m

ul
at

io
n 

as
 sh

ow
n 

in
 F

ig
ur

e 
4.

 In
 th

is
 

ex
am

pl
e 

th
e 

ai
r i

s s
up

pl
ie

d 
tro

ug
h 

a 
re

ct
an

gu
la

r o
pe

ni
ng

 a
t t

he
 ra

te
 o

f 3
5 

m
3/

h 
an

d 
at

 a
 

te
m

pe
ra

tu
re

 o
f 1

0 
C

, w
ith

 a
n 

id
oo

r a
ir 

te
m

pe
ra

tu
re

 o
f 2

0 
C

. T
hr

ee
 d

iff
er

en
t i

ni
tia

l s
pe

ed
s a

re
 

co
ns

id
er

ed
: 1

, 2
 a

nd
 3

 m
/s

. I
n 

th
is

 c
as

e,
 th

e 
in

iti
al

 sp
ee

d 
m

us
t b

e 
m

ai
nt

ai
ne

d 
ab

ov
e 

2 
m

/s
, i

n 
or

de
r t

o 
av

oi
d 

an
y 

ris
k 

of
 d

is
co

m
fo

rt.
   

Fi
gu

re
 4

: D
ev

ia
tio

n 
of

 th
e 

ve
nt

ila
tio

n 
je

t d
ue

 to
 b

uo
ya

nc
y 

 

O
f c

ou
rs

e,
 su

ch
 si

m
ul

at
io

n 
m

od
el

s h
av

e 
al

l t
o 

be
 tu

ne
d 

by
 e

xp
er

im
en

ts
. A

 se
rie

s o
f t

es
ts

 is
 

al
so

 b
ei

ng
 p

er
fo

rm
ed

 in
 a

 c
lim

at
ic

 ro
om

…

3.
2.

 A
ir

 d
iff

us
io

n 
ef

fe
ct

iv
en

es
s 

   
   

   
 In

 o
rd

er
 o

f d
ec

re
as

in
g 

im
po

rta
nc

e,
 a

ir 
di

ff
us

io
n 

ef
fe

ct
iv

en
es

s c
an

 b
e 

de
fin

ed
 a

cc
or

di
ng

 
to

 it
s e

ff
ec

ts
 o

n 
ai

r q
ua

lit
y,

 e
nv

iro
nm

en
ta

l t
em

pe
ra

tu
re

 a
nd

 a
ir 

m
oi

st
ur

e.
 

Ea
ch

 e
ff

ec
tiv

en
es

s r
es

ul
ts

 o
f t

he
 c

om
bi

na
tio

n 
of

 tw
o 

ph
en

om
en

a:
 

- T
he

 “
di

sp
la

ce
m

en
t”

 (a
ls

o 
ca

lle
d 

“p
lu

g 
flo

w
”)

, w
ho

se
 e

ff
ec

t i
s a

 fi
ct

iti
ou

s r
ed

uc
tio

n 
of

  
co

nt
am

in
at

io
n 

flo
w

 ra
te

; 
- T

he
 m

ix
in

g,
 w

ho
se

 e
ff

ec
t i

s t
o 

el
im

in
at

e 
an

y 
ris

k 
of

 sh
or

t c
irc

ui
t, 

w
hi

ch
 w

ou
ld

 it
se

lf 
pr

od
uc

e 
a 

fic
tit

io
us

 re
du

ct
io

n 
of

 a
ir 

re
ne

w
al

   

D
is

pl
ac

em
en

t a
nd

 m
ix

in
g 

ef
fe

ct
iv

en
es

s’
s c

an
 b

e 
de

fin
ed

 b
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m

ax
im

um
 n

oi
se

 le
ve

ls
 w

er
e 

al
so

 fo
un

d 
sc

at
te

re
d,

 fr
om

 2
6 

to
 4

0 
dB

(A
) i

n 
sl

ee
pi

ng
 ro

om
s 

an
d 

30
 to

 5
0 

dB
(A

) i
n 

ot
he

r i
nv

es
tig

at
ed

 ro
om

 ty
pe

s.
In

 c
on

cl
us

io
n,

 th
e 

ev
al

ua
tio

n 
of

 th
e 

da
ta

 s
ho

w
ed

 th
at

 v
al

ue
s 

in
 th

e 
Eu

ro
pe

an
 lo

ca
l 

re
gu

la
tio

ns
, s

ta
nd

ar
ds

,a
nd

 th
os

e 
pr

ac
tis

ed
 lo

ca
lly

, a
re

 v
er

y 
in

co
ns

is
te

nt
. M

or
eo

ve
r, 

se
ve

ra
l v

al
ue

s 
in

 re
gu

la
tio

ns
 

w
er

e 
fo

un
d 

to
 b

e 
lo

os
er

 th
an

 th
e 

re
co

m
m

en
de

d 
va

lu
es

 p
ub

lis
he

d 
in

 E
ur

op
ea

n
st

an
da

rd
s 

an
d 

W
H

O
 g

ui
de

lin
es

, 
th

us
 a

llo
w

in
g 

lo
w

er
 v

en
til

at
io

n 
ra

te
s a

nd
 h

ig
he

r p
ol

lu
ta

nt
 le

ve
ls

 th
an

 re
co

m
m

en
de

d.
 R

es
ul

ts
 in

di
ca

te
 th

at
 th

er
e 

is
 

a 
co

ns
id

er
ab

le
 n

ee
d 

on
th

e 
Eu

ro
pe

an
 le

ve
lt

o 
ha

rm
on

iz
e 

th
e 

ve
nt

ila
tio

n 
an

d 
IA

Q
 re

gu
la

tio
ns

 a
nd

 a
dj

us
t t

he
m

 to
 

th
e 

va
lu

es
 p

ro
vi

de
d

in
 st

an
da

rd
s a

nd
 g

ui
de

lin
es

.

K
E

Y
W

O
R

D
S

ve
nt

ila
tio

n 
ra

te
s, 

po
llu

ta
nt

s, 
in

do
or

 a
ir 

qu
al

ity
, n

oi
se

 le
ve

ls
, t

he
rm

al
 e

nv
iro

nm
en

t

IN
T

R
O

D
U

C
T

IO
N

Ev
er

y 
ci

tiz
en

ha
s 

a 
rig

ht
 to

 in
do

or
 a

ir 
qu

al
ity

 th
at

 d
oe

s 
no

t e
nd

an
ge

r h
is

 h
ea

lth
[1

]. 
Eu

ro
pe

an
s

sp
en

d
on

 a
ve

ra
ge

ov
er

 9
0%

 o
f 

th
ei

r 
tim

e 
in

do
or

s
–

at
 h

om
e,

 i
n 

th
e 

of
fic

e,
 i

n 
sc

ho
ol

, 
in

 
ki

nd
er

ga
rte

n,
et

c.
 In

 o
rd

er
 to

 a
ss

ur
e 

a
he

al
th

y 
an

d 
co

m
fo

rta
bl

e 
in

do
or

 e
nv

iro
nm

en
ta

nd
qu

al
ity

fo
r 

al
l 

ci
tiz

en
s 

as
 b

ui
ld

in
g 

oc
cu

pa
nt

s, 
th

e 
ke

y
pa

ra
m

et
er

s 
m

us
t 

be
 c

on
tro

lle
d

an
d 

ta
ke

 i
nt

o 
ac

co
un

t a
ir 

po
llu

ta
nt

s, 
th

er
m

al
 e

nv
iro

nm
en

t, 
an

d 
ac

ou
st

ic
 e

nv
iro

nm
en

t.

Th
e 

bu
ild

in
g 

st
ru

ct
ur

e 
an

d 
m

at
er

ia
ls

 a
s 

w
el

l 
as

 o
th

er
 s

ou
rc

es
 i

n 
bu

ild
in

gs
co

nt
am

in
at

e 
th

e 
in

do
or

 a
ir.

 B
es

id
es

 t
ha

t,
20

 t
o 

10
0%

 o
f 

th
e 

co
nc

en
tra

tio
ns

 o
f 

ou
td

oo
r 

ai
r 

po
llu

ta
nt

s 
ar

e 
tra

ns
fe

rr
ed

 t
o 

th
e 

in
si

de
 o

f 
th

e 
bu

ild
in

g,
 a

dd
in

g 
to

 t
he

 p
ol

lu
tio

n 
ge

ne
ra

te
d 

by
 t

he
 b

ui
ld

in
g 

its
el

f.
C

on
si

de
rin

g 
th

e 
am

ou
nt

 o
f 

tim
e 

pe
op

le
 s

pe
nt

 in
si

de
 a

nd
 th

e 
co

nc
en

tra
tio

ns
 o

f 
in

do
or

 
po

llu
ta

nt
s,

th
e 

bu
ild

in
gs

 a
re

 th
e 

m
os

t i
m

po
rta

nt
 fa

ct
or

 in
 a

ir 
po

llu
tio

n 
ex

po
su

re
 a

nd
 a

ss
oc

ia
te

d 

he
al

th
 e

ff
ec

ts
.

V
en

til
at

io
n 

is
 u

se
d 

to
 b

rin
g 

ou
td

oo
r 

ai
r 

to
 t

he
 o

cc
up

ie
d 

in
do

or
 z

on
e 

an
d 

to
 

re
m

ov
e 

or
 d

ilu
te

 in
do

or
-g

en
er

at
ed

 p
ol

lu
ta

nt
s.

V
en

til
at

io
n 

ra
te

, a
s 

th
e 

flo
w

 o
f o

ut
do

or
 a

ir 
to

 a
 

sp
ac

e,
 is

 o
ne

 o
f t

he
 m

os
t i

m
po

rta
nt

fa
ct

or
s a

ff
ec

tin
g 

in
do

or
 a

ir 
qu

al
ity

. 

In
 o

rd
er

 to
 a

ch
ie

ve
 a

su
ff

ic
ie

nt
ly

 c
om

fo
rta

bl
e 

th
er

m
al

 e
nv

iro
nm

en
ti

n 
bu

ild
in

gs
, t

he
 fo

llo
w

in
g 

m
ai

n 
ph

ys
ic

al
 p

ar
am

et
er

s 
in

flu
en

ce
 a

 p
er

so
n’

s 
se

ns
at

io
n 

of
 w

ar
m

th
: 

ai
r 

te
m

pe
ra

tu
re

, m
ea

n 
ra

di
an

t t
em

pe
ra

tu
re

, r
el

at
iv

e 
ai

r 
sp

ee
d,

 a
nd

 h
um

id
ity

.I
n 

pr
ac

tic
e,

 a
 c

om
bi

na
tio

n 
of

 a
ll 

lis
te

d 
pa

ra
m

et
er

s 
in

flu
en

ce
s 

hu
m

an
 p

er
ce

pt
io

n 
of

 c
om

fo
rt.

 T
em

pe
ra

tu
re

 i
s 

us
ua

lly
 t

he
 m

os
t 

im
po

rta
nt

 e
nv

iro
nm

en
ta

l 
va

ria
bl

e 
af

fe
ct

in
g 

th
er

m
al

 c
om

fo
rt.

 A
 r

ec
om

m
en

de
d 

ra
ng

e 
of

 
te

m
pe

ra
tu

re
 d

ep
en

ds
 m

os
tly

 o
n 

a
pe

rs
on

’s
 a

ct
iv

ity
 a

nd
 c

lo
th

in
g.

A
n 

ac
ou

st
ic

 e
nv

iro
nm

en
t s

ho
ul

d 
be

 fr
ee

 o
f a

ny
 u

nw
an

te
d 

so
un

ds
be

ca
us

e 
it 

ca
us

es
 a

nn
oy

an
ce

 
to

 t
he

 o
cc

up
an

ts
. 

Th
e 

un
w

an
te

d 
so

un
d 

is
 u

su
al

ly
 d

ef
in

ed
as

 n
oi

se
. 

V
en

til
at

io
n 

an
d 

ot
he

r 
m

ec
ha

ni
ca

l 
sy

st
em

s 
in

 b
ui

ld
in

gs
 m

us
t 

be
 d

es
ig

ne
d 

so
 t

ha
t 

th
e 

no
is

e 
le

ve
l 

do
es

 n
ot

 c
au

se
 

an
no

ya
nc

e 
to

 th
e 

bu
ild

in
g’

s
oc

cu
pa

nt
s. 

In
 a

 b
ui

ld
in

g,
 a

 b
al

an
ce

 m
us

t b
e 

so
ug

ht
 b

et
w

ee
n 

th
e 

no
is

e 
pr

od
uc

ed
 b

y
th

e 
bu

ild
in

g 
se

rv
ic

es
 a

nd
 th

e 
no

is
e 

co
m

in
g 

fr
om

 th
e 

ac
tiv

iti
es

 ta
ki

ng
 p

la
ce

 
w

ith
in

 th
e 

bu
ild

in
g.

 F
or

 e
xa

m
pl

e,
 a

hi
gh

er
 le

ve
l o

f n
oi

se
 fr

om
 th

e 
bu

ild
in

g 
se

rv
ic

es
 m

ay
 n

ot
 

be
 d

is
tu

rb
in

g 
fo

r t
he

 o
cc

up
an

ts
 in

 a
 s

pa
ce

 w
ith

 a
hi

gh
 le

ve
l o

f a
ct

iv
ity

 n
oi

se
. T

he
 c

rit
er

ia
 fo

r 
th

e 
ac

ce
pt

ab
le

 i
nd

oo
r 

no
is

e 
ar

e 
us

ua
lly

gi
ve

n 
as

 m
ax

im
um

 A
-w

ei
gh

te
d 

no
is

e 
le

ve
ls

 o
r 

as
 

eq
ui

va
le

nt
 c

on
tin

uo
us

 A
-w

ei
gh

te
d 

no
is

e 
le

ve
l.

In
 th

is
 p

ap
er

, w
e 

pr
es

en
ts

om
e 

of
 th

e 
re

su
lts

 fr
om

 th
e 

w
or

k 
pe

rf
or

m
ed

 u
nd

er
 W

or
k 

Pa
ck

ag
e 

5 
in

 t
he

 H
ea

lth
V

en
t 

pr
oj

ec
t1 ,

su
pp

or
te

d 
by

 t
he

 E
ur

op
ea

n 
C

om
m

is
si

on
.

Th
e 

ob
je

ct
iv

e 
of

 t
he

 
H

ea
lth

V
en

t p
ro

je
ct

 is
 to

 d
ev

el
op

 h
ea

lth
-b

as
ed

 v
en

til
at

io
n 

gu
id

el
in

es
 fo

r t
he

 E
U

. M
em

be
rs

 o
f 

th
e 

pr
oj

ec
tg

ro
up

 a
re

 e
xp

er
ts

 fr
om

 d
iff

er
en

t d
is

ci
pl

in
es

 fr
om

 9
 E

ur
op

ea
n 

co
un

tri
es

. O
ne

 o
f t

he
 

ob
je

ct
iv

es
 o

f 
th

e 
pr

oj
ec

t 
w

as
 t

o 
re

vi
ew

 a
nd

 c
rit

ic
al

ly
 e

va
lu

at
e 

th
e 

ex
is

tin
g 

re
qu

ire
m

en
ts

 o
n 

ve
nt

ila
tio

n 
an

d 
IA

Q
 d

ef
in

ed
 in

 b
ui

ld
in

g 
co

de
s 

an
d 

Eu
ro

pe
an

 s
ta

nd
ar

ds
. T

he
 p

ro
je

ct
’s

fo
cu

s 
w

as
 s

et
 o

n 
ve

nt
ila

tio
n 

ra
te

s, 
po

llu
ta

nt
s, 

no
is

e,
 t

em
pe

ra
tu

re
 a

nd
 r

el
at

iv
e 

ai
r 

m
ov

em
en

t
in

 
dw

el
lin

gs
, o

ff
ic

es
, s

ch
oo

ls
 a

nd
 k

in
de

rg
ar

te
ns

.

M
E

T
H

O
D

S

Th
e 

w
or

k 
fo

cu
se

d 
on

 n
at

io
na

lr
eg

ul
at

io
ns

 a
nd

 p
ra

ct
ic

e 
in

 E
ur

op
ea

n 
co

un
tri

es
.T

o 
ov

er
co

m
e 

th
e 

la
ng

ua
ge

 b
ar

rie
rs

 a
nd

 t
o 

co
lle

ct
 d

at
a 

fr
om

 a
s 

m
an

y 
co

un
tri

es
 a

s 
po

ss
ib

le
, 

th
e 

ta
sk

 o
f 

co
lle

ct
in

g 
da

ta
 w

as
 p

er
fo

rm
ed

 w
ith

 a
sp

ec
ia

l q
ue

st
io

nn
ai

re
, w

hi
ch

 w
as

 se
nt

 to
 p

ro
je

ct
 p

ar
tn

er
s 

an
d 

tru
st

ed
 e

xp
er

ts
 o

n 
ve

nt
ila

tio
n 

in
 s

ev
er

al
 E

ur
op

ea
n 

co
un

tri
es

. T
he

 q
ue

st
io

nn
ai

re
 c

om
pr

is
ed

 
of

 1
0 

qu
es

tio
ns

 a
nd

 s
ub

-q
ue

st
io

ns
. 

Th
e 

re
sp

on
de

nt
s 

w
er

e
as

ke
d

to
 p

ro
vi

de
 v

al
ue

s
of

 
ve

nt
ila

tio
n 

ra
te

s, 
po

llu
ta

nt
 l

im
its

, 
no

is
e 

le
ve

ls
, 

et
c.

, 
w

hi
ch

 c
an

 b
e

fo
un

d 
in

 t
he

 n
at

io
na

l 
re

gu
la

tio
ns

. I
n 

ca
se

 if
 n

o
su

ch
 v

al
ue

s 
ex

is
te

d
in

 th
e 

re
gu

la
tio

ns
, t

he
y 

w
er

e
as

ke
d 

to
 p

ro
vi

de
 

va
lu

es
 w

hi
ch

 a
re

 m
os

t 
w

id
el

y 
us

ed
 i

n 
pr

ac
tic

e 
(f

ro
m

 s
ta

nd
ar

ds
, 

gu
id

el
in

es
, 

et
c.

).
In

 t
he

 
re

sp
on

se
s t

he
y 

ha
d 

to
 m

ar
k 

if 
th

e 
pr

ov
id

ed
 v

al
ue

 is
 m

an
da

to
ry

 o
r v

ol
un

ta
ry

 to
 u

se
.

Th
e 

re
tu

rn
ed

qu
es

tio
nn

ai
re

s 
re

ve
al

ed
 th

at
 th

e 
ve

nt
ila

tio
n 

ra
te

 c
rit

er
ia

 a
re

 g
iv

en
 u

si
ng

 v
ar

io
us

 
un

its
 d

ep
en

di
ng

 o
n 

a 
co

un
try

, w
hi

ch
 d

o 
no

t a
llo

w
 d

ire
ct

 c
om

pa
ris

on
s. 

C
rit

er
ia

 a
re

 e
xp

re
ss

ed
 

as
 fl

ow
 ra

te
 p

er
 n

um
be

r 
of

 p
er

so
ns

, f
lo

w
 r

at
e 

pe
r 

flo
or

 a
re

a,
 fl

ow
 r

at
e 

pe
r 

nu
m

be
r o

f r
oo

m
s, 

fix
ed

 f
lo

w
 r

at
e 

pe
r 

ro
om

 ty
pe

, n
um

be
r 

of
 a

ir 
ch

an
ge

s 
pe

r 
ho

ur
, o

r 
co

m
bi

na
tio

n 
of

 d
iff

er
en

t 
un

its
. I

n 
or

de
r 

to
 c

om
pa

re
 v

en
til

at
io

n 
ra

te
s 

cr
ite

ria
, w

e 
de

ve
lo

pe
d

se
ve

ra
l 

te
st

 c
as

es
, w

hi
ch

 
re

pr
es

en
tr

ea
l-w

or
ld

si
tu

at
io

ns
. T

he
 te

st
 c

as
es

 w
er

e 
de

ve
lo

pe
d 

fo
r 

tw
o 

di
ff

er
en

t d
w

el
lin

gs
, a

ki
tc

he
n,

 a
 to

ile
t, 

a 
ba

th
ro

om
, a

 s
ch

oo
l c

la
ss

ro
om

, a
 k

in
de

rg
ar

te
n 

pl
ay

ro
om

, a
nd

 a
n 

of
fic

e.
Th

e 

1
H

ea
lth

V
en

t p
ro

je
ct

 w
eb

si
te

: w
w

w
.h

ea
lth

ve
nt

.e
u
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de
ta

ils
of

 th
e 

te
st

 c
as

es
 a

re
 s

ho
w

n 
in

 T
ab

le
s 

1 
an

d 
2.

U
si

ng
 th

e 
de

ta
ils

fr
om

 th
e 

ta
bl

es
,w

e 
co

m
pa

re
d 

th
e 

ve
nt

ila
tio

n 
ra

te
s 

in
 d

w
el

lin
gs

 o
n 

th
e 

ba
se

 o
f a

ir 
ch

an
ge

s 
pe

r h
ou

r, 
ve

nt
ila

tio
n 

of
 

ki
tc

he
ns

, 
ba

th
ro

om
, 

an
d 

to
ile

t 
as

 v
en

til
at

io
n 

ra
te

 p
er

 r
oo

m
, 

an
d 

ve
nt

ila
tio

n 
of

 c
la

ss
ro

om
, 

pl
ay

ro
om

, a
nd

 o
ff

ic
e 

as
 a

ir 
flo

w
 ra

te
 p

er
 p

er
so

n.
Ta

bl
e 

1.
Pr

op
er

tie
s o

f t
he

 te
st

 d
w

el
lin

gs

Pr
op

er
tie

s
D

w
el

lin
g 

ca
se

 1
D

w
el

lin
g 

ca
se

 2
flo

or
 a

re
a

50
 m

2
90

 m
2

ce
ili

ng
 h

ei
gh

t
2.

5 
m

2.
5 

m
m

ai
n 

ro
om

s
2:

 1
 li

vi
ng

, 1
 s

le
ep

in
g

4:
 1

 li
vi

ng
, 1

 s
le

ep
in

g,
 2

 c
hi

ld
re

n

ki
tc

he
n

1 
x 

10
 m

2

w
ith

 w
in

do
w

 a
nd

 e
le

ct
ric

 s
to

ve
1 

x 
15

 m
2

w
ith

 w
in

do
w

 a
nd

 e
le

ct
ric

 s
to

ve
to

ile
t

1 
x 

2 
m

2
1 

x 
2 

m
2

ba
th

ro
om

1 
x 

5 
m

2
1 

x 
5 

m
2

pe
rs

on
s

2
4

Ta
bl

e 
2.

 P
ro

pe
rti

es
 o

f t
he

 te
st

 ro
om

s

Pr
op

er
tie

s
K

itc
he

n
T

oi
le

t
B

at
hr

oo
m

C
la

ss
ro

om
Pl

ay
ro

om
O

ff
ic

e
ar

ea
10

 m
2

2 
m

2
5 

m
2

50
 m

2
50

 m
2

12
 m

2

ce
ili

ng
 h

ei
gh

t
2.

5 
m

2.
5 

m
2.

5 
m

2.
8 

m
2.

8 
m

2.
8 

m
pe

rs
on

s
1

1
1

25
25

1

R
E

SU
L

T
S

R
es

po
nd

en
ts

 i
n 

16
 c

ou
nt

rie
s 

re
tu

rn
ed

 t
he

 q
ue

st
io

nn
ai

re
. 

A
 l

is
t 

of
 t

he
 c

ou
nt

rie
s 

an
d 

th
ei

r 
ab

br
ev

ia
tio

ns
, w

hi
ch

 a
re

 u
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 c

on
st

an
tly

 a
t 3

0%
 w

hi
le

 h
ig

he
r 

lim
its

 a
re

 7
0%

 in
 a

ll 
ca

se
s 

ex
ce

pt
 o

ne
, w

he
re

 it
 is

 7
5%

. T
he

 h
um

id
ity

 le
ve

l i
s 

gi
ve

n 
in

 te
rm

s 
of

 a
bs

ol
ut

e 
hu

m
id

ity
 

to
 li

m
it 

th
e 

hi
gh

es
t a

m
ou

nt
 o

f w
at

er
 in

 th
e 

ai
r a

nd
 is

 in
 b

ot
h 

ca
se

s 
th

e 
sa

m
e,

 i.
e.

 1
2 

g 
of

 w
at

er
 

pe
r o

ne
 k

g 
of

 d
ry

 a
ir. Fi

gu
re

 3
. I

nd
oo

r t
em

pe
ra

tu
re

 a
nd

 re
la

tiv
e 

ai
r v

el
oc

ity
 li

m
it 

va
lu

es

N
oi

se
 e

nv
ir

on
m

en
t

C
ha

rts
 o

n 
Fi

gu
re

 4
 d

is
pl

ay
 li

m
it 

no
is

e 
va

lu
es

. N
oi

se
 li

m
its

 a
re

 e
xp

re
ss

ed
 w

ith
 th

re
e 

di
ff

er
en

t 
cr

ite
ria

w
hi

ch
 a

re
 n

ot
 d

ire
ct

ly
 c

om
pa

ra
bl

e.
 T

he
 v

al
ue

s 
ar

e 
m

os
t o

fte
n 

gi
ve

n 
as

 m
ax

im
um

 A
-

w
ei

gh
te

d 
no

is
e 

le
ve

ls
 (

L A
Fm

ax
), 

fo
llo

w
ed

 b
y 

eq
ui

va
le

nt
 c

on
tin

uo
us

 A
-w

ei
gh

te
d 

no
is

e 
le

ve
l 

(L
eq

), 
an

d 
le

as
t o

fte
n 

as
 n

oi
se

 ra
tin

g 
(N

R)
 c

ur
ve

s. 
Th

e 
lim

it 
m

ax
im

um
 n

oi
se

 le
ve

ls
 ra

ng
e 

fr
om

 
26

 to
 4

0 
dB

(A
) i

n 
sl

ee
pi

ng
 ro

om
s 

an
d 

fr
om

 3
0 

to
 5

0 
dB

(A
) i

n 
ot

he
r i

nv
es

tig
at

ed
 ro

om
 ty

pe
s. 

Th
e 

lim
it 

eq
ui

va
le

nt
 n

oi
se

 le
ve

ls
 ra

ng
e 

fr
om

 2
8 

to
 3

5 
dB

(A
) i

n 
sl

ee
pi

ng
 ro

om
s a

nd
 fr

om
 2

5 
to

 
45

 d
B

(A
) i

n 
ot

he
r r

oo
m

 ty
pe

s. 
It 

se
em

s 
th

at
 in

 a
ve

ra
ge

, t
he

 e
qu

iv
al

en
t l

ev
el

s 
ar

e 
us

ua
lly

 5
 d

B
 

lo
w

er
 th

an
 th

e 
in

st
an

ta
ne

ou
s 

le
ve

ls
.D

iff
er

en
ce

s 
m

in
 –

m
ax

 a
re

 b
ig

 in
 a

ll 
ca

se
s, 

fo
r m

ax
im

um
 

an
d 

eq
ui

va
le

nt
 l

ev
el

s. 
Fo

r 
co

m
pa

ris
on

, 
Eu

ro
pe

an
 S

ta
nd

ar
d

EN
 1

52
51

 [
4]

re
co

m
m

en
ds

 t
he

 
fo

llo
w

in
g 

lim
its

 o
f 

m
ax

im
um

 n
oi

se
 le

ve
l: 

liv
in

g 
ro

om
 3

2 
dB

(A
), 

be
dr

oo
m

 2
6 

dB
(A

), 
sm

al
l 

of
fic

es
 3

5 
dB

(A
), 

la
nd

sc
ap

e 
of

fic
es

 4
0 

dB
(A

), 
cl

as
sr

oo
m

s 3
5 

dB
(A

), 
pl

ay
ro

om
s 4

0 
dB

(A
).
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DE

 G
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O
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U
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Temperature [°C] 

In
do

or
 te

m
pe
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tu

re
 li

m
its

 

su
m

m
er

 
w

in
te

r 
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2 
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3 
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0.
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0.
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2 

0.
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2 

0.
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2 

0.
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0.
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15

 

0 

0.
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0.
1 

0.
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0.
2 

0.
25

 

0.
3 

0.
35

 

BG
 

CZ
 

FI
 

G
R 

LT
 

N
O

 
PT

 
RO

 
SI

 
U

K 

Air velocity [m/s] 

Re
la

tiv
e 

ai
r v

el
oc

ity
 li

m
its

 

su
m

m
er

 
w

in
te

r 
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Fi
gu

re
 4

. N
oi

se
 li

m
it 

le
ve

ls
 in

 sl
ee

pi
ng

 ro
om

, c
la

ss
ro

om
, p

la
yr

oo
m

 a
nd

 o
ff

ic
e

D
IS

C
U

SS
IO

N

Th
e 

da
ta

 w
as

co
lle

ct
ed

fr
om

 1
6 

co
un

tri
es

 f
ro

m
 a

ll 
pa

rts
 o

f 
Eu

ro
pe

, 
th

us
 g

iv
in

g 
a 

go
od

 
co

ve
ra

ge
 o

f r
eg

io
ns

 w
ith

 d
iff

er
en

t b
ui

ld
in

g 
pr

ac
tic

e 
an

d 
cl

im
at

e.
A

lth
ou

gh
 th

e 
re

sp
on

de
nt

s a
re

 
ex

pe
rts

 o
n 

ve
nt

ila
tio

n,
 a

 c
er

ta
in

 m
ea

su
re

 o
f 

un
ce

rta
in

ty
 e

xi
st

s
re

ga
rd

in
g 

th
e 

ac
cu

ra
cy

 o
f 

th
e 

da
ta

 in
 th

e 
re

ce
iv

ed
 q

ue
st

io
nn

ai
re

s. 
D

ue
 to

 th
e 

la
ng

ua
ge

 b
ar

rie
rs

, a
nd

lim
ite

d 
re

so
ur

ce
s,

al
l 

da
ta

 c
ou

ld
 n

ot
 b

e 
ve

rif
ie

d.
Th

e 
da

ta
pr

es
en

te
d 

in
 th

is
 p

ap
er

 a
re

 in
fo

rm
at

iv
e 

an
d 

sh
ou

ld
 n

ot
 b

e 
us

ed
 fo

rt
he

 d
es

ig
n

of
 v

en
til

at
io

n.

D
iff

er
en

t 
bo

un
da

ry
 c

on
di

tio
ns

, w
hi

ch
 a

re
 u

se
d 

to
 c

al
cu

la
te

 t
he

 v
en

til
at

io
n 

ra
te

s, 
sh

ow
th

at
 

co
un

tri
es

 h
av

e 
ta

ke
n 

di
ff

er
en

t 
ap

pr
oa

ch
es

to
 d

ef
in

e 
th

em
 i

n 
re

gu
la

tio
ns

. 
Th

is
 i

s 
fu

rth
er

 
co

nf
irm

ed
 w

ith
 th

e 
w

id
e 

ra
ng

e 
of

 a
ir 

ch
an

ge
ra

te
s 

an
d 

ve
nt

ila
tio

n 
ra

te
s, 

w
hi

ch
 w

er
e 

ca
lc

ul
at

ed
 

w
ith

 t
he

 d
at

a 
fr

om
 t

he
 t

es
t 

ca
se

s. 
Su

ch
 w

id
e 

ra
ng

es
 s

ug
ge

st
 t

ha
t 

co
un

tri
es

 d
id

 n
ot

 h
av

e 
a

co
m

m
on

 t
he

or
et

ic
al

 b
ac

kg
ro

un
d 

fo
r 

th
e 

de
te

rm
in

at
io

n 
of

 t
he

 r
eq

ui
re

d 
ve

nt
ila

tio
n 

ra
te

s. 
A

pp
ro

xi
m

at
el

y 
on

e 
th

ird
 o

f
co

un
tri

es
 h

av
e 

re
qu

ire
m

en
ts

 f
or

th
e 

ve
nt

ila
tio

n 
of

 d
w

el
lin

gs
, 

w
hi

ch
 r

es
ul

t 
in

 a
ir 

ch
an

ge
 r

at
e 

lo
w

er
 t

ha
n 

0.
5 

h-1
.T

ha
t

is
 i

n 
co

nt
ra

st
 w

ith
 t

he
 h

ea
lth

-b
as

ed
 

re
co

m
m

en
da

tio
ns

 o
f 

m
in

im
um

 a
ir 

ch
an

ge
 r

at
e 

of
 0

.5
 h

-1
[5

].
Th

e 
ve

nt
ila

tio
n 

ra
te

s
in
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G
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N
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N
O

 
PL

 
RO
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U
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Li

m
it 

no
is

e 
le
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l i

n 
sl

ee
pi

ng
 ro

om
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Fm
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q 

N
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40
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40
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25
 

40
 

35
 

35
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CZ
 

FI
 

DE
 

G
R 

HU
 

IT
 

LT
 

N
L 

N
O

 
PL

 
RO

 
SI

 
U

K 

Noise level [dB(A)] 

Li
m

it 
no

is
e 

le
ve

l i
n 

cl
as

sr
oo

m
 

LA
Fm

ax
 

Le
q 

N
R 

40
 

45
 

33
 

40
 

40
 

40
 

30
 

35
 

40
 

40
 

28
 

25
 

35
 

20
 

25
 

30
 

35
 

40
 

45
 

50
 

BG
 

CZ
 

FI
 

DE
 

G
R 

HU
 

IT
 

LT
 

N
L 

N
O

 
PL

 
RO

 

Noise level [dB(A)] 

Li
m

it 
no

is
e 

le
ve

l i
n 

pl
ay

ro
om

s 

LA
Fm

ax
 

Le
q 

N
R 

45
 

50
 

38
 

40
 

35
 

50
 

30
 

35
 

35
 

35
 

33
 

35
 

45
 

35
 

45
 

20
 

25
 

30
 

35
 

40
 

45
 

50
 

BG
 

CZ
 

FI
 

DE
 

G
R 

HU
 

IT
 

LT
 

N
L 

N
O

 
PL

 
RO

 
SI

 
U

K 

Noise level [dB(A)] 

Li
m

it 
no

is
e 

le
ve

l i
n 

of
fic

e 

LA
Fm

ax
 

Le
q 

N
R 

cl
as

sr
oo

m
s, 

pl
ay

ro
om

s 
an

d 
of

fic
es

 a
re

 a
ls

o 
in

 c
on

tra
st

 w
ith

 h
ea

lth
-b

as
ed

 r
ec

om
m

en
da

tio
ns

, 
be

ca
us

e 
th

e 
re

su
lti

ng
 v

en
til

at
io

n 
ra

te
s 

ar
e 

of
te

n 
be

lo
w

 1
0 

l/s
 p

er
 p

er
so

n.
 I

n 
th

e 
ex

te
ns

iv
e 

re
vi

ew
 o

f s
tu

di
es

 th
at

in
ve

st
ig

at
ed

 th
e 

as
so

ci
at

io
n 

of
 v

en
til

at
io

n 
ra

te
s 

w
ith

 h
um

an
 re

sp
on

se
s, 

Se
pp

än
en

 e
t a

l.
[6

] 
sh

ow
ed

th
at

 a
lm

os
t a

ll 
th

e 
st

ud
ie

s 
in

cl
ud

ed
 in

 th
e 

re
vi

ew
 f

ou
nd

 th
at

 th
e 

ve
nt

ila
tio

n 
ra

te
s 

be
lo

w
 1

0 
l/s

 p
er

 p
er

so
n 

ha
d 

be
en

 a
ss

oc
ia

te
d 

w
ith

 a
 s

ig
ni

fic
an

tly
 w

or
se

 
pr

ev
al

en
ce

 o
r 

va
lu

e 
of

 o
ne

 o
r 

m
or

e 
he

al
th

 p
er

ce
iv

ed
 a

ir 
qu

al
ity

 o
ut

co
m

es
.

Th
is

 i
s 

fu
rth

er
 

co
nf

irm
ed

 b
y 

Su
nd

el
l e

t a
l.

[5
], 

w
ho

 in
 th

e 
re

vi
ew

 o
f l

ite
ra

tu
re

 s
ho

w
s 

th
at

 th
e 

ve
nt

ila
tio

n 
ra

te
s 

up
 t

o 
25

 l
/s

 p
er

 p
er

so
n 

ar
e 

as
so

ci
at

ed
 w

ith
 r

ed
uc

ed
 a

dv
er

se
 h

ea
lth

 s
ym

pt
om

s, 
an

d 
th

at
 t

he
 

nu
m

be
r o

f s
ym

pt
om

s i
nc

re
as

es
 w

ith
 lo

w
er

 v
en

til
at

io
n 

ra
te

s.

Th
e 

lim
it 

le
ve

ls
 o

f 
po

llu
ta

nt
s 

ar
e 

of
te

n 
hi

gh
er

 t
ha

n 
th

os
e 

re
co

m
m

en
de

d 
by

 t
he

 W
H

O
,

an
d 

m
is

si
ng

 in
 th

e 
re

gu
la

tio
ns

 o
f s

ev
er

al
 c

ou
nt

rie
s.

Th
e 

ra
ng

es
 o

f v
al

ue
s 

ar
e 

w
id

e,
 w

hi
ch

 in
di

ca
te

s 
th

at
 th

e 
co

un
tri

es
 d

o 
no

t u
se

 c
om

m
on

 th
eo

re
tic

al
 b

ac
kg

ro
un

d 
to

 d
et

er
m

in
e 

th
e 

lim
it 

va
lu

es
.

M
in

im
um

 re
qu

ire
m

en
ts

 fo
r p

ol
lu

ta
nt

 le
ve

ls
 in

 n
on

-in
du

st
ria

l b
ui

ld
in

gs
 sh

ou
ld

 b
e 

in
cl

ud
ed

 in
to

 
th

e 
re

gu
la

tio
ns

 o
f a

ll 
Eu

ro
pe

an
 c

ou
nt

rie
s.

Th
e 

te
m

pe
ra

tu
re

 li
m

it 
of

 th
e 

lo
w

es
t w

in
te

r t
em

pe
ra

tu
re

 o
f 1

5°
C

 is
 to

o 
lo

w
 fr

om
 th

e 
he

al
th

 a
nd

 
co

m
fo

rt 
po

in
t o

f v
ie

w
.T

he
 s

um
m

er
 m

ax
im

um
 te

m
pe

ra
tu

re
 li

m
it 

of
 2

8°
C

 is
 to

o 
hi

gh
 fr

om
th

e 
pe

rs
pe

ct
iv

e 
of

 p
er

fo
rm

an
ce

, 
w

hi
ch

 i
s 

hi
gh

er
 i

f 
th

e 
te

m
pe

ra
tu

re
s 

ar
e 

lo
w

er
.

A
ll 

re
gu

la
tio

ns
 

sh
ou

ld
 in

cl
ud

e 
te

m
pe

ra
tu

re
 li

m
its

, w
hi

ch
 r

es
pe

ct
 c

om
fo

rt 
an

d 
pr

od
uc

tiv
ity

 a
sp

ec
ts

, a
nd

 m
ay

 
be

 a
da

pt
ed

 to
 lo

ca
l c

lim
at

e 
co

nd
iti

on
s. 

Th
e 

re
qu

ire
m

en
ts

 f
or

 r
el

at
iv

e 
ai

r 
ve

lo
ci

ty
 u

su
al

ly
 d

o 
no

t t
ak

e 
in

to
 a

cc
ou

nt
 th

e 
ai

r t
em

pe
ra

tu
re

. D
is

sa
tis

fa
ct

io
n 

du
e 

to
 d

ra
ug

ht
 is

 n
ot

 o
nl

y 
a 

fu
nc

tio
n 

of
 m

ea
n 

ai
r 

sp
ee

d,
 b

ut
 a

ls
o 

of
 l

oc
al

 a
ir 

te
m

pe
ra

tu
re

 a
nd

 f
lu

ct
ua

tio
ns

 o
f 

ai
r 

ve
lo

ci
ty

.
Th

e 
re

gu
la

tio
ns

 s
ho

ul
d 

th
er

ef
or

e 
lim

it 
m

ax
im

um
 v

al
ue

s 
of

 a
ir 

ve
lo

ci
ty

 i
n 

re
la

tio
n 

to
 a

ir 
te

m
pe

ra
tu

re
.

Th
e 

no
is

e 
lim

it 
le

ve
ls

 a
re

 h
ig

he
r 

th
an

th
e

re
co

m
m

en
de

d 
by

 t
he

 E
ur

op
ea

n 
st

an
da

rd
s 

in
 t

he
 

m
aj

or
ity

 o
f 

th
e 

co
un

tri
es

. T
he

 li
m

its
 f

or
 b

ed
ro

om
s 

ar
e 

pa
rti

cu
la

rly
 c

rit
ic

al
,a

nd
 s

ig
ni

fic
an

tly
to

o 
hi

gh
 in

 a
lm

os
t a

ll 
th

e 
co

un
tri

es
.T

he
 n

oi
se

 c
rit

er
io

n,
 e

xp
re

ss
ed

 a
s e

qu
iv

al
en

t n
oi

se
 le

ve
l,

is
m

or
e 

ap
pr

op
ria

te
 f

or
 t

he
 i

nd
us

tri
al

 e
nv

iro
nm

en
t 

th
an

 f
or

 t
he

 e
nv

iro
nm

en
t 

of
 n

on
-in

du
st

ria
l 

bu
ild

in
gs

. I
f g

iv
en

,i
t s

ho
ul

d 
be

 s
up

pl
em

en
te

d 
w

ith
 th

e 
lim

it 
m

ax
im

um
 n

oi
se

 le
ve

l.
Th

e 
no

is
e 

lim
it 

le
ve

ls
 s

ho
ul

d 
be

 h
ar

m
on

iz
ed

 a
cr

os
s 

th
e 

na
tio

na
l r

eg
ul

at
io

ns
. T

he
m

ax
im

um
 n

oi
se

 le
ve

l 
sh

ou
ld

 b
e 

pr
ef

er
ab

ly
 u

se
d 

as
 a

 c
rit

er
io

n,
 su

pp
le

m
en

te
d 

by
 th

e 
eq

ui
va

le
nt

 le
ve

ls
 if

 n
ec

es
sa

ry
.

C
O

N
C

L
U

SI
O

N

A
 r

ev
ie

w
 o

f 
th

e 
Eu

ro
pe

an
 r

eg
ul

at
io

ns
fo

r 
ve

nt
ila

tio
n 

ra
te

s, 
in

do
or

 a
ir 

qu
al

ity
 a

nd
 n

oi
se

 
sh

ow
ed

 th
at

 th
e 

va
lu

es
 in

 re
gu

la
tio

ns
 a

re
 in

co
ns

is
te

nt
 a

nd
 v

ar
y 

gr
ea

tly
 a

cc
or

di
ng

 to
 c

ou
nt

ry
.

A
lm

os
t a

ll 
of

 th
e 

re
gu

la
te

d 
pa

ra
m

et
er

s
in

cl
ud

ed
 in

 th
e

re
vi

ew
ar

e 
al

re
ad

y 
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on
ne

ct
ed

 to
 th

e 
ou

ts
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 c
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 b
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 C
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l p
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 d
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at
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t c
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s m
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 b
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. D
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s m
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 c
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 c
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e 

lo
w

es
t g

as
co

ns
um

pt
io

n.
 In

 g
en

er
al

 
la

rg
e 

va
ria

tio
ns

 c
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t t
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re
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 c
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 c
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s c
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 re
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r o
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 d
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 m
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s c
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 c
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 c
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 c
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s d
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s b
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 o
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 b
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 b
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 c
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 c
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s b
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s b
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 d
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 c
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s c
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 c
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 c
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 o
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 c
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 c
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 d
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 d
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 c
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 b
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 c
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 c
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Wednesday 12 October 2011 
 
 
15.30 – 16.30 Parallel Session 2A with short oral presentations and posters – Assessment of 
ventialtion system performance  
 

• Ventilation rates and indoor air humidity depending on local climate – Simulations and 
measurements of 9 European countries (Rainer Pfluger, Germany) 

• Whole year simulation of humidity based demand controlled hybrid ventilation in multiapartment 
building (Jerzy Sowa, Poland) 

• Method to assess the performance of ventilation systems in dwellings considering the influence of 
uncertainties (Zhiming Yang, Netherlands) 

• Evaluation of some DCV control strategies based on building types (Ke Xu, Norway) 
• Demand-controlled Ventilation: an outline of assessment methods and simulations tools 

(Jean-Luc Savin, France) 
 
 
 
15.30 – 16.30 Parallel Session 2B with short oral presentations and posters - Airtightness of 
buildings and ductwork 
 

• Behavior of leakages exposed to dynamic wind loads. A numerical study using CFD on a single zone 
model (Dimitrios Kraniotis, Norway) 

• Influence of Air Leakage on Indoor Air Quality in Low Energy Buildings: a case study 
(Juslin Koffi, France) 

• The use of building own ventilation system in measuring airtightness (Timo Kauppinen, Finland) 
• The use of a sampling method for airtightness measurement of multi-family residential buildings – 

an example (Jiri Novak, Czech Republic) 
• Application Of Airtightness To Healthcare Buildings (William Booth, UK) 
• Class C air-tightness: proven ROI in black and white (Peter Stroo, Belgium) 
• The Power of Quality (Christophe Debrabander, Belgium) 
• Quality Management Approach to Improve Buildings Airtightness, Requirements and Verification 

(Valérie Leprince, France) 
 
 
16.30 – 17.00 Room Change and coffee break 
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e 
is

 a
 n

ec
es

si
ty

 to
 in

te
gr

at
e 

th
e 

in
flu

en
ce

 o
f u

nc
er

ta
in

tie
s i

n 
th

e 
as

se
ss

m
en

t o
f v

en
til

at
io

n 
sy

st
em

s 
in

 h
ou

se
s 

an
d 

th
at

 t
he

 i
nt

ro
du

ce
d 

m
et

ho
d 

co
ul

d 
gi

ve
 a

 u
se

fu
l 

fr
am

ew
or

k 
an

d 
ap

pr
oa

ch
 f

or
 s

uc
h 

as
se

ss
m

en
t. 

K
E

Y
W

O
R

D
S

U
nc

er
ta

in
tie

s, 
pe

rf
or

m
an

ce
 a

ss
es

sm
en

t, 
ve

nt
ila

tio
n 

sy
st

em
 

1 
IN

T
R

O
D

U
C

T
IO

N
A

 c
om

m
on

 a
w

ar
en

es
s 

re
ga

rd
in

g 
ve

nt
ila

tio
n 

is
 th

at
 th

e 
pr

op
er

 a
m

ou
nt

 o
f a

ir 
ch

an
ge

 s
ho

ul
d 

be
 

m
ai

nt
ai

ne
d 

w
hi

le
 u

nn
ec

es
sa

ry
 a

ir 
ch

an
ge

 s
ho

ul
d 

be
 m

in
im

iz
ed

. F
or

 th
is

 a
im

, p
eo

pl
e 

re
al

iz
ed

 
th

at
 in

 a
 h

ou
se

 a
 p

ro
pe

rly
 d

es
ig

ne
d 

ve
nt

ila
tio

n 
sy

st
em

 w
as

 re
qu

ire
d 

an
d 

th
at

 th
is

 n
ee

de
d 

to
 b

e 
re

gu
la

te
d.

 In
 o

rd
er

 to
 o

bt
ai

n 
a 

pr
op

er
ly

 d
es

ig
ne

d 
ve

nt
ila

tio
n 

sy
st

em
, t

w
o 

qu
es

tio
ns

 h
av

e 
to

 b
e 

an
sw

er
ed

, i
.e

. h
ow

 m
uc

h 
ai

r f
lo

w
 is

 re
qu

ire
d 

an
d 

ho
w

 to
 re

al
iz

e 
th

is
 a

m
ou

nt
 o

f a
ir 

ch
an

ge
 b

y 

av
ai

la
bl

e 
m

ea
su

re
s. 

To
 a

ns
w

er
 th

es
e 

tw
o 

qu
es

tio
ns

, r
el

ev
an

t r
eq

ui
re

d 
ai

r f
lo

w
 ra

te
s a

nd
 d

es
ig

n 
so

lu
tio

ns
 h

av
e 

be
en

 d
ev

el
op

ed
 i

n 
di

ff
er

en
t 

co
un

tri
es

, 
in

cl
ud

in
g 

th
e 

re
qu

ire
d 

pe
rf

or
m

an
ce

 
re

qu
ir

em
en

ts
an

d 
de

si
gn

 r
ul

es
 (

in
cl

ud
in

g 
pr

es
cr

ip
tiv

e 
de

si
gn

 r
eq

ui
re

m
en

ts
 a

nd
 g

en
er

al
ly

 
ac

ce
pt

ed
 d

es
ig

n 
ru

le
s)

 fo
r v

en
til

at
io

n 
sy

st
em

s. 
M

an
y 

di
ff

er
en

t t
yp

es
 o

f v
en

til
at

io
n 

sy
st

em
s 

fo
r 

dw
el

lin
gs

 h
av

e 
be

en
 d

es
ig

ne
d 

ba
se

d 
on

 t
he

 s
am

e 
re

gu
la

tio
ns

 a
nd

 d
es

ig
n 

ru
le

s 
w

ith
in

 a
 

co
un

try
. 

B
ut

 i
n 

pr
ac

tic
e,

 p
er

fo
rm

an
ce

 d
ev

ia
tio

ns
 c

an
 b

e 
fo

un
d 

in
 t

w
o 

as
pe

ct
s, 

i.e
. 

th
e 

pe
rf

or
m

an
ce

 d
iff

er
en

ce
 b

et
w

ee
n 

th
e 

sa
m

e 
ty

pe
 o

f 
sy

st
em

 e
qu

ip
pe

d 
in

 th
e 

sa
m

e 
or

 a
 s

im
ila

r 
ty

pe
 o

f b
ui

ld
in

g 
an

d 
th

e 
pe

rf
or

m
an

ce
 d

ev
ia

tio
n 

be
tw

ee
n 

th
e 

ac
tu

al
 a

nd
 d

es
ig

ne
d 

pe
rf

or
m

an
ce

. 
A

 p
os

si
bl

e 
ex

pl
an

at
io

n 
is

 t
ha

t 
su

ch
 p

er
fo

rm
an

ce
 d

ev
ia

tio
ns

 c
ou

ld
 b

e 
pa

rtl
y 

du
e 

to
 t

he
 

un
ce

rta
in

tie
s 

ex
is

tin
g 

in
 th

e 
de

ve
lo

pm
en

t p
ro

ce
ss

 o
f 

a 
ve

nt
ila

tio
n 

sy
st

em
 in

 d
w

el
lin

gs
 w

hi
ch

 
ha

ve
 n

ot
 b

ee
n 

w
el

l a
dd

re
ss

ed
 in

 th
e 

de
si

gn
 ru

le
s.

Se
ve

ra
l 

st
ud

ie
s 

w
er

e 
al

re
ad

y 
ca

rr
ie

d 
ou

t 
fo

r 
in

ve
st

ig
at

in
g 

th
e 

un
ce

rta
in

tie
s 

in
 b

ui
ld

in
g 

pe
rf

or
m

an
ce

 a
na

ly
si

s/
si

m
ul

at
io

n.
M

ac
do

na
ld

 (
20

01
) 

[1
] 

co
m

pa
re

d 
an

d 
su

m
m

ar
iz

ed
 t

he
 

di
ff

er
en

t 
un

ce
rta

in
ty

 
an

al
ys

is
 

te
ch

ni
qu

es
. 

D
e 

W
it 

(2
00

2)
 

[2
] 

fo
cu

se
d 

on
 

m
od

el
in

g 
un

ce
rta

in
tie

s 
in

 t
he

rm
al

 p
er

fo
rm

an
ce

 p
re

di
ct

io
ns

. 
W

ou
te

rs
 e

t 
al

. 
(2

00
4)

 [
3]

 g
av

e 
a 

ro
ug

h 
di

sc
us

si
on

 a
bo

ut
 w

hi
ch

 p
ar

am
et

er
s r

el
at

ed
 to

 th
e 

pe
rf

or
m

an
ce

 o
f v

en
til

at
io

n 
sy

st
em

s i
n 

ho
us

es
 

sh
ou

ld
 b

e 
co

ns
id

er
ed

 a
s 

un
ce

rta
in

, f
oc

us
in

g 
on

 th
e 

un
ce

rta
in

tie
s 

in
 b

ui
ld

in
g 

pr
op

er
tie

s 
an

d 
on

 
sc

en
ar

io
s 

(m
ai

nl
y 

in
cl

ud
in

g 
cl

im
at

e 
an

d 
oc

cu
pa

nt
 b

eh
av

io
r)

. 
G

en
er

al
ly

 s
pe

ak
in

g,
 i

n 
su

ch
 

re
se

ar
ch

es
, u

nc
er

ta
in

tie
s 

re
la

te
d 

to
 th

e 
ph

ys
ic

al
 p

ro
pe

rti
es

 o
f b

ui
ld

in
g 

an
d 

th
e 

m
od

el
in

g
w

er
e 

w
el

l 
ad

dr
es

se
d 

an
d 

th
e 

an
al

ys
is

 t
ec

hn
iq

ue
s 

w
er

e 
al

so
 w

el
l 

ill
us

tra
te

d.
 B

ut
 d

ef
ic

ie
nc

ie
s 

al
so

 
ex

is
t, 

w
hi

ch
 w

er
e

ou
r 

m
ai

n 
in

iti
at

iv
es

 f
or

 c
on

du
ct

in
g 

th
e 

cu
rr

en
t 

st
ud

y,
 i

nc
lu

di
ng

 t
he

 
fo

llo
w

in
g 

as
pe

ct
s:

-
Th

e 
di

sc
us

si
on

 o
f 

un
ce

rta
in

tie
s 

m
ai

nl
y 

fo
cu

se
d 

on
th

e 
un

ce
rta

in
tie

s 
in

 p
hy

si
ca

l d
at

a,
 

m
od

el
in

g 
un

ce
rta

in
tie

s 
an

d 
sc

en
ar

io
s 

(d
es

ig
n 

bo
un

da
rie

s, 
in

cl
ud

in
g 

e.
g.

 c
lim

at
e 

an
d 

oc
cu

pa
nt

 b
eh

av
io

r)
 b

as
ed

 o
n 

a 
de

fin
iti

ve
ly

de
si

gn
ed

 b
ui

ld
in

g 
or

 s
ys

te
m

;
bu

t 
th

e 
un

ce
rta

in
tie

s 
ca

us
ed

 b
y 

a
la

ck
 o

f 
sp

ec
ifi

ca
tio

n 
in

 th
e 

de
si

gn
 r

ul
es

 h
av

e
no

t b
ee

n 
w

el
l 

di
sc

us
se

d.
 

-
R

es
ea

rc
he

s 
w

er
e 

m
os

tly
 

co
nd

uc
te

d 
un

de
r 

sp
ec

ifi
c 

co
nd

iti
on

s. 
B

ut
 

in
 

di
ff

er
en

t 
ve

nt
ila

tio
n 

pr
oj

ec
ts

, 
di

ff
er

en
t 

un
ce

rta
in

tie
s 

m
ay

 e
m

er
ge

. 
A

 g
en

er
al

 m
et

ho
d 

fo
r 

de
fin

in
g 

an
d 

es
tim

at
in

g 
th

e 
re

le
va

nt
 u

nc
er

ta
in

tie
s 

in
 t

he
 d

ev
el

op
m

en
t 

pr
oc

es
s 

of
 

ve
nt

ila
tio

n 
sy

st
em

sd
es

er
ve

s a
tte

nt
io

n.
-

A
lth

ou
gh

 th
e 

un
ce

rta
in

tie
s 

in
 o

cc
up

an
t b

eh
av

io
r a

nd
 tr

ea
tm

en
t m

et
ho

d 
w

er
e 

di
sc

us
se

d 
by

 s
ev

er
al

 r
es

ea
rc

he
rs

, p
re

di
ct

in
g 

fu
tu

re
 o

cc
up

an
t b

eh
av

io
r 

is
 s

til
l d

iff
ic

ul
t b

ec
au

se
it

in
vo

lv
es

 a
st

oc
ha

st
ic

 p
ro

ce
ss

. 
In

 o
ur

 c
ur

re
nt

 r
es

ea
rc

h,
 w

e 
pr

op
os

e 
to

 e
xp

lo
re

 t
he

 
re

ac
tio

n 
of

 t
he

 s
ys

te
m

’s
fu

nc
tio

ns
 t

o 
oc

cu
pa

nt
 b

eh
av

io
r 

in
st

ea
d 

of
 p

re
di

ct
in

g 
th

e 
un

ce
rta

in
tie

s 
in

 th
e 

sy
st

em
’s

pe
rf

or
m

an
ce

s 
by

 p
re

di
ct

in
g 

th
e 

un
ce

rta
in

tie
s 

in
 o

cc
up

an
t 

be
ha

vi
or

. 

In
do

or
 a

ir 
qu

al
ity

 i
s 

ge
ne

ra
lly

 d
et

er
m

in
ed

 b
y 

th
re

e 
fa

ct
or

s:
 t

he
 f

un
ct

io
ns

 o
f 

ve
nt

ila
tio

n 
sy

st
em

s, 
in

do
or

 e
m

is
si

on
s 

(m
at

er
ia

ls
) 

an
d 

oc
cu

pa
nt

 b
eh

av
io

r. 
D

iff
er

en
t f

ro
m

 th
e 

tra
di

tio
na

l 
as

se
ss

m
en

t o
f i

nd
oo

r a
ir 

qu
al

ity
, w

hi
ch

 fo
cu

se
s 

on
 th

e 
co

nc
en

tra
tio

ns
 o

f i
nd

oo
r a

ir 
po

llu
ta

nt
s, 

in
 t

he
 c

ur
re

nt
 r

es
ea

rc
h 

w
e 

fo
cu

s 
on

 o
nl

y 
on

e 
fa

ct
or

, 
i.e

. 
th

e 
fu

nc
tio

ns
 o

f 
th

e 
ve

nt
ila

tio
n 

sy
st

em
. M

or
e 

sp
ec

ifi
ca

lly
, w

e 
fo

cu
s 

on
 th

e 
fu

nc
tio

ns
 re

qu
ire

d 
in

 v
en

til
at

io
n 

re
gu

la
tio

ns
 fo

r a
 

ve
nt

ila
tio

n 
sy

st
em

 i
n 

a 
ho

us
e.

 I
n 

or
de

r 
to

 g
iv

e 
a 

m
or

e 
cl

ea
r 

ex
pl

an
at

io
n 

of
 o

ur
 i

de
as

, 
th

e 
st

ru
ct

ur
e 

of
 th

e 
cu

rr
en

t r
es

ea
rc

h 
is

 e
xp

la
in

ed
 in

 b
el

ow
 fi

gu
re

 1
.
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V
e

n
ti
la

ti
o

n
c
o

m
p

o
n

e
n

ts
B

u
il
d

in
g

p
ro

p
e

rt
ie

s
O

u
td

o
o

r
e

n
v
ir
o

n
m

e
n

t
O

c
c
u

p
a

n
t

b
e

h
a

v
io

r

S
y
s
te

m
 a

s
p

e
c
ts

P
a

ra
m

e
te

rs

U
n

c
e

rt
a

in
ti
e

s
:

-
V

a
ri
a

ti
o

n
 r

a
n

g
e

;
-

P
ro

b
a

b
il
it
y
 d

is
tr

ib
u

ti
o

n
 f

u
n

c
ti
o

n
;

P
a

ra
m

e
te

rs

U
n

c
e

rt
a

in
ti
e

s
:

-V
a

ri
a

ti
o

n
 r

a
n

g
e

;
-N

o
t 

a
n

n
u

a
l 
p

a
tt

e
rn

;

U
n

c
e

rt
a

in
ty

 p
ro

p
a

g
a

ti
o

n
:

-
M

o
n

te
-C

a
rl
o

 m
e

th
o

d
 w

it
h

 
L

a
ti
n

-h
y
p

e
rc

u
b

e
 s

a
m

p
li
n

g

S
e

n
s
it
iv

it
y
 a

n
a

ly
s
is

:
-

M
o

rr
is

 f
a

c
to

ri
a

l 
s
a

m
p

li
n

g
 

m
e

th
o

d

U
n

c
e

rt
a

in
ti
e

s
 i
n

 o
u

tp
u

ts
In

fl
u

e
n

c
e

 m
a

g
n

it
u

d
e

s
 o

f 
e

a
c
h

 
u

n
c
e

rt
a

in
ty

 o
n

 o
u

tp
u

ts
 

F
iv

e
 m

a
in

 u
n

c
e

rt
a

in
ty

 s
o

u
rc

e
s
 a

n
d

 r
e

le
v
a

n
t 

e
s
ti
m

a
ti
o

n
 m

e
th

o
d

s

A
s

s
e

s
s

m
e

n
t

C
ri

te
ri

a

F
u

n
c
ti
o

n
s
 o

f 
v
e

n
ti
la

ti
o

n
 s

y
s
te

m

U
n

c
e

rt
a

in
ti

e
s

P
e

rf
o

rm
a

n
c
e

re
q

u
ir
e

m
e

n
ts

A
s
s
e

s
s
m

e
n

t
c
ri
te

ri
a

Fi
gu

re
 1

: O
ve

rv
ie

w
 o

f t
he

 st
ru

ct
ur

e 
of

th
e 

as
se

ss
m

en
t m

et
ho

d

2 
A

SS
E

SS
M

E
N

T
 C

R
IT

E
R

IA
Th

e 
re

qu
ire

d 
fu

nc
tio

na
lit

y 
or

 p
er

fo
rm

an
ce

 o
f 

a 
ve

nt
ila

tio
n 

sy
st

em
 i

n 
a

dw
el

lin
g 

is
 a

ct
ua

lly
 

de
fin

ed
 u

si
ng

pe
rf

or
m

an
ce

 c
rit

er
ia

 a
nd

 r
eq

ui
re

d 
va

lu
es

 d
er

iv
ed

 f
ro

m
 th

e 
na

tio
na

l v
en

til
at

io
n 

re
gu

la
tio

ns
 i

n 
ea

ch
 c

ou
nt

ry
. 

Th
us

, 
as

se
ss

m
en

t 
cr

ite
ria

 a
nd

 r
eq

ui
re

d 
va

lu
es

 s
ho

ul
d

al
so

be
 

de
fin

ed
 b

as
ed

 o
n 

sp
ec

ifi
c 

na
tio

na
l 

ve
nt

ila
tio

n 
re

gu
la

tio
ns

. 
V

ar
io

us
 d

iff
er

en
t 

pe
rf

or
m

an
ce

 
cr

ite
ria

 c
an

be
 d

er
iv

ed
 f

ro
m

di
ff

er
en

t 
na

tio
na

l 
re

gu
la

tio
ns

. 
A

 r
ev

ie
w

 o
f 

th
e 

ve
nt

ila
tio

n 
re

gu
la

tio
ns

 a
nd

 s
ta

nd
ar

ds
 o

f
fo

ur
 c

ou
nt

rie
s, 

in
cl

ud
in

g 
C

an
ad

a 
[4

], 
D

en
m

ar
k 

[5
], 

U
K

 [
6]

 a
nd

 
th

e 
N

et
he

rla
nd

s 
[7

] 
w

as
 c

ar
rie

d 
ou

t 
to

 f
ig

ur
e 

ou
t 

th
e 

ke
y 

cr
ite

ria
 a

nd
 a

sp
ec

ts
 t

o 
be

 u
se

d 
ge

ne
ra

lly
 

fo
r 

ex
pr

es
si

ng
 

th
e 

re
qu

ire
d 

pe
rf

or
m

an
ce

 
of

 
ve

nt
ila

tio
n 

sy
st

em
s 

in
 

ho
us

es
. 

C
on

se
qu

en
tly

, 
th

e 
m

os
t 

re
le

va
nt

 c
rit

er
ia

 t
o 

be
 c

on
si

de
re

d 
in

 t
he

 c
ur

re
nt

 m
et

ho
d 

ar
e 

su
m

m
ar

iz
ed

 w
ith

 sh
or

t d
es

cr
ip

tio
n 

as
:

-
M

in
im

um
 v

en
til

at
io

n 
ca

pa
ci

ty
;

-
A

ir 
flo

w
 d

ire
ct

io
n;

-
A

nd
 C

on
tro

lla
bi

lit
y.

2.
1 

M
in

im
um

 v
en

til
at

io
n 

ca
pa

ci
ty

V
en

til
at

io
n 

ca
pa

ci
ty

 i
nc

lu
de

s 
ex

ha
us

t 
ca

pa
ci

ty
 a

nd
 s

up
pl

y 
ca

pa
ci

ty
. 

Th
e 

co
rr

es
po

nd
in

g 
cr

ite
ria

 s
ho

ul
d 

be
 d

ef
in

ed
 f

or
 b

ot
h 

as
pe

ct
s 

ba
se

d 
on

 l
oc

al
 o

r 
na

tio
na

l 
re

gu
la

tio
ns

.D
ef

in
in

g 
cr

ite
ria

 fo
r m

in
im

um
 e

xh
au

st
 c

ap
ac

ity
 is

si
m

pl
e 

be
ca

us
e 

th
ey

m
os

tly
 c

an
 b

e 
st

ra
ig

ht
fo

rw
ar

dl
y 

de
riv

ed
 f

ro
m

 th
e 

re
le

va
nt

 v
en

til
at

io
n 

re
gu

la
tio

ns
. I

n 
ve

nt
ila

tio
n 

re
gu

la
tio

ns
, s

uc
h 

cr
ite

ria
 a

re
 

no
rm

al
ly

 sp
ec

ifi
ed

 b
as

ed
 o

n 
ro

om
 ty

pe
, a

nd
/ o

r r
oo

m
 v

ol
um

e 
or

 sp
ac

e.
 

C
rit

er
ia

 f
or

 m
in

im
um

 c
ap

ac
ity

 s
ho

ul
d 

be
 d

iv
id

ed
 i

nt
o 

ro
om

/ 
sp

ac
e 

le
ve

l 
an

d 
w

ho
le

 h
ou

se
 

le
ve

l. 
Fu

rth
er

m
or

e,
 fo

ur
 ty

pe
s 

of
 a

ir 
flo

w
 e

le
m

en
ts

 c
ou

ld
 b

e 
co

ns
id

er
ed

 a
s 

su
pp

ly
 a

ir,
 i.

e.
 a

ir 
flo

w
 f

ro
m

 d
es

ig
ne

d 
op

en
in

gs
 o

r 
gr

ill
es

, 
in

fil
tra

tio
n 

fr
om

 c
ra

ck
s, 

ov
er

flo
w

 f
ro

m
 i

nt
er

na
l 

ro
om

s, 
an

d 
re

ci
rc

ul
at

io
n 

flo
w

. 
In

 
di

ff
er

en
t 

ve
nt

ila
tio

n 
re

gu
la

tio
ns

, 
th

er
e 

ar
e 

di
ff

er
en

t 
co

ns
id

er
at

io
ns

 o
f t

he
 c

on
tri

bu
tio

n 
of

 e
ac

h 
of

 th
es

e 
ai

r f
lo

w
 e

le
m

en
ts

 to
 th

e 
in

do
or

 a
ir 

qu
al

ity
. 

Fo
r 

de
fin

in
g 

cr
ite

ria
, 

su
ch

 
co

nt
rib

ut
io

ns
 

sh
ou

ld
 

be
 

co
ns

id
er

ed
 

ba
se

d 
on

 
th

e 
re

le
va

nt
 

ve
nt

ila
tio

n 
re

gu
la

tio
ns

 a
nd

th
e

re
se

ar
ch

er
‘s

 in
te

re
st

s. 

A
lth

ou
gh

 n
or

m
al

ly
 n

ot
 sp

ec
ifi

ed
 in

 re
gu

la
tio

ns
, t

he
 to

ta
l d

es
ig

ne
d 

ex
ha

us
t r

at
e 

an
d 

su
pp

ly
 ra

te
 

sh
ou

ld
 b

e 
eq

ua
l t

o 
ea

ch
 o

th
er

. B
es

id
es

,t
he

 w
ho

le
 h

ou
se

 e
xh

au
st

 ra
te

 o
r s

up
pl

y 
ra

te
 s

ho
ul

d 
no

t 
be

 le
ss

 th
an

 th
e 

hi
gh

er
 v

al
ue

 o
f t

he
 re

qu
ire

d 
m

in
im

um
 to

ta
l e

xh
au

st
 a

nd
 su

pp
ly

 ra
te

. 

2.
2 

A
ir

 fl
ow

 d
ir

ec
tio

n
N

ot
 e

ve
ry

 v
en

til
at

io
n 

re
gu

la
tio

n 
de

fin
es

 th
e 

ai
r f

lo
w

 d
ire

ct
io

n 
as

 a
 p

er
fo

rm
an

ce
 c

rit
er

io
n,

 b
ut

 
th

e 
im

po
rta

nc
e 

of
 a

vo
id

in
g 

un
w

an
te

d 
ve

nt
ila

tio
n 

di
re

ct
io

ns
 i

s 
ob

vi
ou

s. 
G

en
er

al
ly

 s
pe

ak
in

g,
 

am
on

g 
th

e 
re

gu
la

tio
ns

 i
n 

di
ff

er
en

t 
co

un
tri

es
, 

th
e 

un
w

an
te

d 
ai

r 
flo

w
 d

ire
ct

io
ns

 c
an

be
 

su
m

m
ar

iz
ed

 in
to

 th
e 

fo
llo

w
in

g 
pa

rts
:

-
A

ir 
flo

w
 fr

om
 p

ol
lu

te
d/

 w
et

 ro
om

st
o 

ha
bi

ta
bl

e 
sp

ac
e;

-
A

ir 
flo

w
 fr

om
 c

om
bu

st
io

n 
ap

pl
ia

nc
e 

or
 c

hi
m

ne
y 

in
to

 th
e 

ha
bi

ta
bl

e 
sp

ac
e;

-
B

ac
k 

flo
w

 c
ro

ss
in

g 
th

e 
ex

ha
us

t d
uc

ts
/ g

ril
le

s;
-

R
ev

er
se

 a
ir 

flo
w

 c
ro

ss
in

g 
th

e 
fa

ca
de

 a
ir 

in
le

ts
/ o

ut
le

ts
 (

no
t f

or
 c

ro
ss

 o
r 

si
ng

le
-s

id
ed

 
na

tu
ra

l v
en

til
at

io
n 

sy
st

em
s)

.

2.
3 

In
di

vi
du

al
 c

on
tr

ol
la

bi
lit

y
In

di
vi

du
al

 c
on

tro
lla

bi
lit

y 
is

 ty
pi

ca
lly

 n
ot

 d
ef

in
ed

 in
 v

en
til

at
io

n 
re

gu
la

tio
ns

an
d 

is
 a

n 
in

di
ca

to
r 

pr
op

os
ed

 b
y 

us
. T

he
 e

m
pl

oy
m

en
t o

f 
in

di
vi

du
al

 c
on

tro
lla

bi
lit

y 
is

 to
 d

es
cr

ib
e 

th
e 

re
ac

tio
ns

 o
f 

th
e 

pe
rf

or
m

an
ce

 o
f 

a
ve

nt
ila

tio
n 

sy
st

em
 t

o 
ce

rta
in

 i
nd

iv
id

ua
l 

oc
cu

pa
nt

 b
eh

av
io

r. 
Th

e 
fo

llo
w

in
g 

as
pe

ct
s a

re
 c

on
si

de
re

d:
 

-
Th

e 
in

flu
en

ce
 o

n 
th

e 
ai

r f
lo

w
 in

 o
th

er
 ro

om
s b

y 
a

ch
an

ge
in

th
e 

po
si

tio
n 

of
 th

e 
ai

r i
nl

et
 

in
 o

ne
 ro

om
;

-
Th

e 
in

flu
en

ce
 o

n 
th

e 
ai

r 
flo

w
 in

 o
th

er
 r

oo
m

s 
by

 a
ch

an
ge

 in
 th

e 
po

si
tio

n 
of

 w
in

do
w

 
op

en
in

gs
 in

 o
ne

 ro
om

;
-

Th
e 

in
flu

en
ce

 o
f 

a
ch

an
ge

 in
 th

e 
po

si
tio

n 
of

 in
te

rn
al

 d
oo

rs
 o

n 
th

e 
ov

er
al

l a
ir 

flo
w

 in
 

th
e 

ho
us

e.

If
 th

e
in

di
vi

du
al

 b
eh

av
io

r
of

 a
n 

oc
cu

pa
nt

co
ul

d 
st

ro
ng

ly
 a

ff
ec

tt
he

 s
ys

te
m

 p
er

fo
rm

an
ce

, f
or

 
ex

am
pl

e 
st

ro
ng

ly
 re

du
ce

 th
e 

su
pp

ly
 a

ir 
flo

w
 in

 o
th

er
 ro

om
s, 

ce
rta

in
 m

ea
su

re
s m

ay
 b

e 
re

qu
ire

d 
to

 d
ea

l w
ith

 su
ch

 e
ff

ec
ts

.

3 
U

N
C

E
R

T
A

IN
T

IE
S

Th
e 

ve
nt

ila
tio

n 
pe

rf
or

m
an

ce
 n

ot
 o

nl
y

de
pe

nd
s 

on
ve

nt
ila

tio
n 

co
m

po
ne

nt
s 

bu
t 

al
so

 o
n

ot
he

r 
ex

te
rn

al
 f

ac
to

rs
. 

In
 e

ac
h 

of
 t

he
se

 f
ac

to
rs

, 
un

ce
rta

in
tie

s 
co

ul
d 

be
 p

ro
du

ce
d.

 W
e 

ge
ne

ra
lly

 
co

ns
id

er
 th

e 
un

ce
rta

in
tie

s i
n 

th
e 

fo
llo

w
in

g 
as

pe
ct

s:
-

V
en

til
at

io
n 

co
m

po
ne

nt
s;

-
B

ui
ld

in
g 

pr
op

er
tie

s;
-

O
ut

do
or

 e
nv

iro
nm

en
t;

-
O

cc
up

an
t b

eh
av

io
r.

Fo
r i

de
nt

ify
in

g
th

e 
un

ce
rta

in
tie

s 
in

 s
uc

h 
as

pe
ct

s, 
fiv

e 
un

ce
rta

in
ty

 s
ou

rc
es

 a
re

 d
ef

in
ed

. F
or

 a
n 

un
ce

rta
in

ty
 a

na
ly

si
s, 

ce
rta

in
 in

fo
rm

at
io

n 
of

ea
ch

 u
nc

er
ta

in
ty

 m
ay

 b
e 

re
qu

ire
d,

 in
cl

ud
in

g 
th

e 
va

ria
tio

n 
ra

ng
e 

an
d 

pr
ob

ab
ili

ty
 d

is
tri

bu
tio

n.
 T

he
 d

es
cr

ip
tio

n 
of

 th
es

e
fiv

e 
un

ce
rta

in
ty

 s
ou

rc
es

 
an

d 
pr

op
os

ed
 e

st
im

at
io

n 
m

et
ho

ds
 fo

r e
ac

h 
of

 th
em

is
gi

ve
n

be
lo

w
:

-
Sp

ec
ifi

ca
tio

n 
un

ce
rta

in
ty

;
-

D
es

ig
n 

al
te

rn
at

iv
e;

-
Pr

od
uc

tio
n 

de
vi

at
io

n;
-

M
od

el
in

g 
un

ce
rta

in
ty

;
-

St
oc

ha
st

ic
 p

ro
ce

ss
.

Sp
ec

ifi
ca

tio
n 

un
ce

rt
ai

nt
y

m
ea

ns
 th

at
 n

ot
 a

ll 
re

le
va

nt
 p

ar
am

et
er

s 
w

hi
ch

 a
re

 n
ee

de
d 

as
in

pu
ts 

fo
r 

an
 a

ss
es

sm
en

t p
ro

ce
ss

 o
r 

ca
lc

ul
at

io
n 

m
od

el
 a

re
 s

pe
ci

fie
d 

in
 th

e 
de

si
gn

 o
r 

re
qu

ire
d 

in
 th

e 
de

si
gn

 ru
le

s. 
Fo

r e
xa

m
pl

e,
 in

 th
e 

se
le

ct
io

n 
of

 a
fa

n,
 o

nl
y 

th
e 

w
or

ki
ng

 p
oi

nt
 is

 c
on

si
de

re
d 

bu
t 

no
t 

th
e 

w
ho

le
 f

an
 c

ur
ve

 w
hi

ch
 a

ls
o 

in
flu

en
ce

s 
th

e 
pr

ac
tic

al
 p

er
fo

rm
an

ce
 o

f 
th

e 
fa

n.
 T

hi
s 
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un
ce

rta
in

ty
 s

ou
rc

e 
is

 r
el

at
ed

 t
o 

th
e 

la
ck

 o
f 

sp
ec

ifi
ca

tio
n 

in
 d

es
ig

n 
ru

le
s. 

To
 e

st
im

at
e

th
is

sp
ec

ifi
ca

tio
n 

un
ce

rta
in

ty
, i

t i
s 

fir
st

 im
po

rta
nt

 to
 k

no
w

 w
hi

ch
 p

ar
am

et
er

s 
ar

e 
no

t s
pe

ci
fie

d 
an

d 
th

en
to

 
as

ce
rta

in
th

e 
va

ria
tio

n 
ra

ng
es

 
of

 
th

e 
va

lu
es

 
of

 
su

ch
 

pa
ra

m
et

er
s. 

Th
e 

m
os

t 
st

ra
ig

ht
fo

rw
ar

d 
w

ay
 is

 to
 u

se
 m

ea
su

re
m

en
t d

at
a 

of
 su

ch
 u

ns
pe

ci
fie

d 
pa

ra
m

et
er

s.

D
es

ig
n 

al
te

rn
at

iv
e

is
 th

e 
de

si
gn

 c
ho

ic
e 

w
hi

ch
 th

e 
de

si
gn

er
 h

as
 w

ith
ou

t c
on

fli
ct

in
g 

w
ith

th
e 

de
si

gn
 r

ul
es

. 
Fo

r 
ex

am
pl

e,
 o

nl
y 

th
e 

m
in

im
um

 r
eq

ui
re

m
en

ts
 o

n 
th

e 
de

si
gn

ed
 a

ir 
flo

w
s 

ar
e 

de
fin

ed
, m

ea
ni

ng
 th

e 
de

si
gn

er
 c

ou
ld

 u
se

 th
e 

va
lu

es
 h

ig
he

rt
ha

n 
th

e 
m

in
im

um
 v

al
ue

s. 
Fo

r t
he

 
de

si
gn

er
;i

ft
he

 d
es

ig
ne

r h
as

 n
o 

pr
ef

er
re

d 
de

si
gn

 c
ho

ic
e 

ye
t a

nd
 w

an
ts

to
 k

no
w

 th
e 

in
flu

en
ce

 
of

 d
iff

er
en

t d
es

ig
n 

ch
oi

ce
s, 

th
e 

de
si

gn
 a

lte
rn

at
iv

e 
co

ul
d 

be
 a

n 
un

ce
rta

in
ty

 s
ou

rc
e.

 T
hi

s 
ty

pe
 o

f 
un

ce
rta

in
ty

 c
an

 a
ls

o 
be

 c
on

si
de

re
d 

as
 a

 k
in

d 
of

 la
ck

 o
f s

pe
ci

fic
at

io
n 

in
th

e
de

si
gn

 ru
le

s, 
bu

t i
s 

di
ff

er
en

t f
ro

m
sp

ec
ifi

ca
tio

n 
un

ce
rta

in
ty

. T
he

 v
ar

ia
tio

n 
ra

ng
e 

sh
ou

ld
 b

e 
es

tim
at

ed
 o

r 
de

fin
ed

 
ba

se
d 

on
 t

he
 p

os
si

bl
e 

al
te

rn
at

iv
es

 r
es

ul
tin

g 
fr

om
 t

he
de

si
gn

 r
ul

es
. 

Fo
r 

ex
am

pl
e,

 t
he

 a
ir 

tig
ht

ne
ss

 le
ve

l i
s 

sp
ec

ifi
ed

; t
he

 d
es

ig
ne

r m
ay

 h
av

e 
al

te
rn

at
iv

es
 fr

om
a 

hi
gh

 a
ir 

tig
ht

ne
ss

 le
ve

l 
to

 a
 m

ed
iu

m
 a

ir 
tig

ht
ne

ss
 le

ve
l. 

Pr
od

uc
tio

n 
(c

on
st

ru
ct

io
n)

 d
ev

ia
tio

n
is

 th
e 

di
ff

er
en

ce
 b

et
w

ee
n 

th
e 

pr
ac

tic
al

 p
ro

pe
rti

es
 o

f 
th

e 
pr

od
uc

ts
 w

ith
 t

he
 n

om
in

al
/ 

th
eo

re
tic

al
 p

ro
pe

rti
es

 o
f 

th
e 

pr
od

uc
ts

 c
au

se
d 

by
 t

he
 r

ea
liz

at
io

n 
pr

oc
es

s. 
Th

e 
re

as
on

s 
ca

n 
be

 s
um

m
ar

iz
ed

 a
s

tw
o 

as
pe

ct
s:

no
m

in
al

ly
 id

en
tic

al
 p

ro
du

ct
s 

th
at

 a
re

 
pr

od
uc

ed
 o

r c
on

st
ru

ct
ed

 b
y 

di
ff

er
en

t m
ac

hi
ne

s 
or

 w
or

ke
rs

, a
nd

 th
e 

ra
nd

om
 e

rr
or

 th
at

 th
e 

sa
m

e 
pr

oc
es

s 
m

ay
 r

es
ul

t i
n 

di
ff

er
en

t r
es

ul
ts

. I
n 

pr
ac

tic
e,

 it
 is

 d
iff

ic
ul

t t
o 

co
m

pl
et

el
y 

se
pa

ra
te

 th
es

e 
tw

o 
as

pe
ct

s. 
A

ny
w

ay
, s

uc
h 

un
ce

rta
in

tie
s 

co
ul

d 
be

 re
fle

ct
ed

 in
 m

ea
su

re
m

en
t d

at
a.

 E
st

im
at

io
ns

 
ar

e 
be

st
 m

ad
e 

di
re

ct
ly

 th
ro

ug
h 

m
ea

su
re

m
en

t. 
Fo

r e
xa

m
pl

e,
 fo

r a
 c

er
ta

in
 ty

pe
 o

f c
on

st
ru

ct
io

n,
lik

e 
a

w
in

do
w

, t
he

 a
ir 

le
ak

ag
e 

va
lu

e 
co

ul
d 

va
ry

 in
 a

 c
er

ta
in

 r
an

ge
. I

f 
m

ea
su

re
m

en
t d

at
a 

is
 

m
is

si
ng

, 
es

tim
at

io
n 

m
ay

 b
e 

m
ad

e 
ba

se
d 

on
 t

he
 r

eq
ui

re
m

en
ts

 i
n 

re
le

va
nt

 s
ta

nd
ar

ds
 a

nd
 

as
su

m
pt

io
ns

.

M
od

el
in

g 
un

ce
rt

ai
nt

y
in

vo
lv

es
 th

e 
em

pl
oy

m
en

t o
f v

ar
io

us
 m

od
el

s t
o 

re
pr

es
en

t r
ea

lit
y.

 M
od

el
s 

ar
e 

de
ve

lo
pe

d 
us

ua
lly

 w
ith

 s
im

pl
ifi

ca
tio

ns
 a

nd
 a

pp
ro

xi
m

at
io

ns
. A

rb
itr

ar
ily

 s
pe

ak
in

g,
 n

o 
on

e 
m

od
el

 c
an

 1
00

%
 r

ep
re

se
nt

 th
e 

re
al

ity
. D

ur
in

g 
th

e 
as

se
ss

m
en

t o
f 

a
ve

nt
ila

tio
n 

sy
st

em
, m

an
y 

in
pu

ts
 n

ot
 m

ea
su

ra
bl

e 
ar

e 
de

riv
ed

 f
ro

m
 m

od
el

s. 
In

 [
2]

, t
he

 m
et

ho
ds

 f
or

 e
st

im
at

in
g 

m
od

el
in

g 
un

ce
rta

in
ty

 w
er

e 
di

sc
us

se
d 

an
d 

pr
op

os
ed

 t
o 

be
 u

se
d.

 F
or

 a
 r

ou
gh

 e
st

im
at

io
n,

 t
he

 s
ca

tte
r 

be
tw

ee
n 

di
ff

er
en

t m
od

el
s c

ou
ld

 b
e 

us
ed

. I
f m

or
e 

a
st

ric
t e

st
im

at
io

n 
is

 re
qu

ire
d,

 c
os

tly
 m

et
ho

ds
lik

e 
ex

pe
rt 

ju
dg

m
en

t, 
ex

pe
rim

en
ts

 a
nd

m
ea

su
re

m
en

ts
 m

ay
 b

e 
ne

ed
ed

.

St
oc

ha
st

ic
 p
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 p
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 d

oo
rs

;
(N

ot
e:

 A
ss

um
pt

io
n 

is
 a

lw
ay

s a
 p
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at
io

n 
m

et
ho

d 
w

he
n 

ot
he

r m
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 p
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at
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 p
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at
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 m
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rta
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 m
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re
as

on
 fo

r t
hi

s 
se

le
ct

io
n 

is
 th

at
 th

e 
M

on
te

-C
ar

lo
 m

et
ho

d 
do

es
 n

ot
 re

qu
ire

 p
ar

tic
ul

ar
 

kn
ow

le
dg

e 
of

st
at

is
tic

s 
an

d 
is

 s
ui

ta
bl

e 
fo

r 
ca

lc
ul

at
io

ns
 w

ith
 c

om
pl

ex
 m

od
el

s 
or

 s
of

tw
ar

e
pa

ck
ag

es
. L

at
in

-h
yp

er
cu

be
 s

am
pl

in
g 

is
 a

ki
nd

 o
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 d
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 p
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 f
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 b
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e 

im
po

rta
nt

, a
nd

 a
ls

o 
gi

ve
s

in
fo

rm
at

io
n 

on
th

e 
di

re
ct

io
ns

 o
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ra
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 c
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t b
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 p
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 b
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 d
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Q

 p
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re

nc
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f d

iff
er

en
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se
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ro
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h 
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ve
st
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 d
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ui
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g 
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se

ar
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ut
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ui
ld

in
g 
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la
tio

ns
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an
da

rd
s. 

Th
e 

fir
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ne
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 m
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e 
ef

fic
ie

nt
 

an
d 

m
or

e 
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ic
al

 m
et
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 e
ng
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ee

rin
g,

 s
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h 
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 b
et
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r 

co
nt

ro
l 

be
ha

vi
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ne

w
 

de
te

ct
io

n 
te

ch
no

lo
gy

 o
r s

en
so

rs
 w

ith
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ig
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r q
ua

lit
y 

et
c.

 T
he

 la
tte

r b
el

on
gs

 to
 a

 c
er

ta
in

 e
xt

en
t 

to
 a

 m
or

e 
so

ci
ol

og
ic

al
 re
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te

d 
ca

te
go

ry
. 

 A
fte

r 
m

or
e 
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an
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ye
ar

s 
of

 r
es

ea
rc

h 
an

d 
ap

pl
ic

at
io
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 d

em
an

d-
co

nt
ro

lle
d 

ve
nt

ila
tio
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(D

C
V

) 
ha

s 
pr

ov
ed

 t
o 
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 a

n 
ef

fic
ie

nt
 m

ea
n 

th
at

 p
ro

vi
de

s 
op

po
rtu

ni
ty

 t
o 

st
ro

ng
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 r
ed

uc
e 

en
er

gy
 

co
ns

um
pt

io
n 

w
he

n 
co

nt
am

in
at

io
n 

lo
ad

s 
or

 te
m

pe
ra

tu
re

 lo
ad

 v
ar

y 
du

rin
g 

th
e 

op
er

at
in

g 
ho

ur
s. 

H
ow

ev
er

, a
s 

re
se

ar
ch

ed
 fu

rth
er

, a
 lo

t o
f c

on
tro

l s
tra

te
gi

es
 a

re
 d

ev
el

op
ed

 w
hi

ch
 ta

ke
 m

or
e 

an
d 

m
or

e 
pa

ra
m

et
er

s 
in
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 a

cc
ou

nt
 s

im
ul

ta
ne

ou
sl

y.
 T

hi
s 

le
ad

s 
to

 m
or

e 
co

m
pl

ex
 s

ys
te

m
s, 

an
d 

in
cr

ea
se

d 
nu

m
be

r o
f c

om
po

ne
nt

s. 
G

ro
w

th
 in

 th
e 

co
m

pl
ex

ity
 o

f D
C

V
 s

ys
te

m
s 
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ct
ly

 re
su

lts
 

in
 g

ro
w

th
 in

 p
os

si
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lit
y 
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 m

al
fu
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tio

n 
or

 e
rr

or
 in
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ea

su
re

m
en
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nd
 c
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tro

l. 
Th

er
e 

is
 th

us
 a

 
ne

ed
 t

o 
em
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as

iz
e 

a 
ba

la
nc

e 
of

 d
iff

er
en

t 
IA

Q
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 s

uc
h 
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O
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co
nc

en
tra

tio
n,

 v
ol

at
ile

 
or

ga
ni

c 
co

m
po

un
ds
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V

O
C

), 
et

c,
 n

am
el

y 
to

 c
ho

se
 th

e 
m

os
t r

ep
re

se
nt
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e 
in

di
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to
r 

w
he

n 
th

e 
D

C
V

 c
on

tro
l 

st
ra

te
gi

es
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ss
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se
d 

an
d 

im
pl

em
en

te
d 

an
d 

th
e 

co
m

pl
ex

ity
 o

f 
D

C
V

 s
ys

te
m

 
sh

ou
ld

 b
e 

ta
ke

n 
in

to
 c

on
si

de
ra

tio
n 

w
hi

le
 e

va
lu

at
ed

. ‘
A

ll 
in

 o
ne

’ s
ol

ut
io

ns
 a

re
 n

ot
 a

lw
ay

s 
th

e 
be

st
 c

ho
ic

e.
 

 Th
e 

ai
m

 o
f 

th
is

 p
ap

er
 i

s 
to

 p
ro

vi
de

 s
om

e 
ba

si
s 

fo
r 

se
le

ct
in

g 
D

C
V

 c
on

tro
l 

st
ra

te
gi

es
 b

y 
re

vi
ew

in
g 

an
d 

ev
al

ua
tin

g 
ex

is
tin

g 
on

es
 s

uc
h 

as
 C

O
2 

co
nc

en
tra

tio
n 

co
nt

ro
l, 

M
ul

ti-
zo

ne
 

co
nt

ro
l, 

dy
na

m
ic

-o
cc

up
an

cy
-d

et
ec

tin
g 

co
nt

ro
l e

tc
., 

an
d 

fu
rth

er
 b

y 
m

at
ch

in
g 

th
em

 w
ith

 u
se

rs
’ 

pr
ef

er
en

ce
s a

cc
or

di
ng

 to
 d

iff
er

en
t b

ui
ld

in
g 

ty
pe

s 
fo

r r
es

id
en

tia
l b

ui
ld

in
gs

, o
ff

ic
e 

bu
ild

in
gs

 a
nd

 
sc

ho
ol

s. 
  2 

R
E

V
IE

W
 O

F 
SO

M
E

 D
C

V
 C

O
N

T
R

O
L

 S
T

R
A

T
E

G
IE

S 
A

C
C

O
R

D
IN

G
 

T
O

 B
U

IL
D

IN
G

 T
Y

PE
S 

 2.
1 

R
es

id
en

tia
l b

ui
ld

in
gs

 
In

 m
an

y 
co

un
tri

es
 v

en
til

at
io

n 
w

ith
 c

on
st

an
t 

ai
r 

vo
lu

m
e 

(C
A

V
) 

is
 m

os
tly

 c
ho

se
n 

ty
pe

 i
n 

dw
el

lin
gs

. 
D

ue
 t

o 
fe

w
er

 f
lu

ct
ua

tio
ns

 i
n 

th
e 

oc
cu

pa
nc

y 
le

ve
l, 

th
er

e 
is

 l
es

s 
ex

pe
ct

ed
 e

ne
rg

y 
sa

vi
ng

 p
ot

en
tia

l c
au

se
d 

by
 c

ha
ng

e 
in

 n
um

be
r o

f o
cc

up
an

ts
 in

 d
w

el
lin

gs
 c

om
pa

re
d 

w
ith

 o
th

er
 

bu
ild

in
g 

ty
pe

s 
lik

e 
sc

ho
ol

s 
or

 o
ff

ic
es

. H
ow

ev
er

, D
C

V
 c

an
 s

til
l b

e 
a 

go
od

 s
ol

ut
io

n 
fo

r e
ne

rg
y 

sa
vi

ng
 in

 d
w

el
lin

gs
. O

n 
on

e 
ha

nd
 th

e 
co

nt
am

in
an

ts
 fr

om
 u

se
rs

’ a
ct

iv
iti

es
 v

ar
y 

du
rin

g 
th

e 
da

y 
an

d 
th

e 
ho

us
es

 a
re

 u
no

cc
up

ie
d 

fo
r 

a 
lo

ng
 ti

m
e 

(u
su

al
ly

 th
e 

w
or

ki
ng

 h
ou

rs
) 

ev
er

y 
da

y.
 I

t i
s 

he
nc

e 
po

ss
ib

le
 to

 re
du

ce
 e

ne
rg

y 
co

ns
um

pt
io

n 
co

ns
id

er
ab

ly
 b

y 
im

pl
em

en
tin

g 
pr

op
er

 D
C

V
. O

n 
th

e 
ot

he
r 

ha
nd

, 
be

ca
us

e 
of

 s
m

al
l 

nu
m

be
r 

of
 o

cc
up

an
ts

 
an

d 
re

la
tiv

el
y 

re
gu

la
r 

(m
or

e 
pr

ed
ic

ta
bl

e)
 a

ct
iv

ity
 p

at
te

rn
s, 

D
C

V
 in

 d
w

el
lin

gs
 re

qu
ire

s 
sm

al
le

r s
ys

te
m

s 
an

d 
si

m
pl

er
 c

on
tro

l 
st

ra
te

gi
es

.  
 2.

1.
1 

D
es

cr
ip

tio
n 

of
 c

on
tr

ol
 st

ra
te

gy
 

B
es

id
es

 C
O

2 
co

nc
en

tra
tio

n,
 m

oi
st

ur
e 
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o 
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rta
nt

 to
 d

ilu
te
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r 
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m

ov
e 
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 v

en
til

at
io

n 
in

 
re

si
de

nt
ia

l h
ou

se
s. 

R
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ea
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h 
on

 d
iff

er
en

t D
C

V
 c

on
tro

l s
tra

te
gi

es
 s

ho
w

s 
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at
 it
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 p

os
si

bl
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to
 

ac
hi

ev
e 

en
er

gy
 s

av
in

gs
 b

y 
us

in
g 

C
O

2 
or

 h
um

id
ity

 c
on

tro
lle

d 
ve

nt
ila

tio
n 

to
 r

ed
uc

e 
flo

w
 r

at
e 

w
hi

le
 m

ai
nt

ai
ni

ng
 a

cc
ep

ta
bl

e 
IA

Q
 [

1]
. 

A
 c

on
tro

l 
st

ra
te

gy
 w

as
 d

ev
el

op
ed

 b
y 

tw
o 

D
an

is
h 

re
se

ar
ch

er
s 

to
 r

ed
uc

e 
en

er
gy
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 w
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ou
t 

la
rg

e 
ch

an
ge

 i
n 

IA
Q

 a
nd

 m
oi

st
ur

e 
co

nc
en

tra
tio

n 
co

m
pa

re
d 

w
ith

 C
A

V
. T

o 
si

m
pl

ify
 th

e 
sy

st
em

 a
nd

 r
ed

uc
e 

th
e 

in
ve

st
m

en
t c
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 o
f 

D
C

V
, t
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lo
pe

d 
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nt
ro

l s
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gy
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ed
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y 
on

 m
ea

su
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m
en
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 in
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e 
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an
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in
g 

un
it 
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 c
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tro
l 
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e 
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d 
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Th
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e 
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e 

on
ly
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w

o 
ve

nt
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tio
n 

ra
te

s:
 e

ith
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 h

ig
h 
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te

 d
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ig
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d 
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m
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nt

ai
n 
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ce
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Q
 w
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le

 th
e 
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s 
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e 
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e 
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e 
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w
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 d
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d 
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e 
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 d
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g 
m
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r 
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qu
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m
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e 
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us

e 
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 m
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an
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 (e
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er
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in
g 
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e 
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e)
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 b
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ed
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m
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d 
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ff
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ce
 i

n 
C

O
2 
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tra
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n 
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n 
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e 
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t a
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an

d 
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r. 
Th
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 in
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 b
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w
ee
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r 
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e 
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n 

ra
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un
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e 
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m
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e 
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g 
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 c
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sh
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]. 

 Th
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 c
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m
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un
g 
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w
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w
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 f
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l. 
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 C
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 W
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 c
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 d
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ra
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 f
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r 
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m

m
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 d
iff

er
en

t t
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e 
pe
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ds
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Se
ri
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M
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su
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od

 

T
hr
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en
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 C
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at
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 d
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m
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n 

w
as

 r
un
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w
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m
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 d
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 c
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m
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y 

95
%

 w
hi
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w
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at
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w
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 c
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m
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m
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re
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A
V
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 s

ho
w

n 
in

 F
ig
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 th

at
 th

e 
im

pl
em

en
te

d 
co

nt
ro

l s
tra

te
gy

 d
oe

s 
ca

us
e 

si
gn

ifi
ca

nt
 c

ha
ng

e 
in

 
IA

Q
. B

ot
h 

C
O

2 c
on

ce
nt

ra
tio

n 
an

d 
in

do
or

 m
oi

st
ur

e 
le

ve
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er
e 

ke
pt

 w
ith

in
 th

e 
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si
gn

at
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 li
m

it 
m

os
t o

f t
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m

e.
  

 

 
Fi

g.
 1

. D
iff

er
en

ce
 in

 C
O

2 c
on

ce
nt

ra
tio

n 
be

tw
ee

n 
ex

tra
ct

ed
 a

ir 
an

d 
ou
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oo

r a
ir,

 
an

d 
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la
tiv

e 
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n 
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ee
d 

fo
r s
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s 4
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, 2

 g
/k

g)
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im
e 

0 
h 
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 m

id
ni

gh
t [

2]
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  2.
1.

2 
E

va
lu

at
io

n 
of

 c
on

tr
ol

 st
ra

te
gy

 
Th

e 
co

nt
ro

l s
tra

te
gy

 h
as

 fo
llo

w
in

g 
ad

va
nt

ag
es
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1.

 
Si

m
pl

e.
 T

he
re

 a
re

 o
nl

y 
fo

ur
 c

on
tro

l p
ar

am
et

er
s 

ne
ed

 to
 b

e 
ca

lc
ul

at
ed

: t
he

 h
ig

h 
ve

nt
ila

tio
n 

ai
r 

flo
w

 r
at

e 
an

d 
th

e 
lo

w
 o

ne
, 

th
e 
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it 

of
 d

iff
er

en
ce

 i
n 

C
O

2 
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en

tra
tio

n 
be
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ee

n 
ex

tra
ct

ed
 a

ir 
an

d 
ou

td
oo

r 
ai

r 
an

d 
th

e 
lim

it 
of

 d
iff

er
en

ce
 i

n 
ab

so
lu

te
 h

um
id

ity
 b

et
w

ee
n 

ex
tra

ct
ed

 a
ir 

an
d 

ou
td

oo
r 

ai
r. 

A
nd

 o
nl

y 
th

e 
tw

o 
di

ff
er

en
ce

s 
ab

ov
e 

ne
ed

 to
 b

e 
m

ea
su

re
d 

du
rin

g 
op

er
at

in
g 

pe
rio

d.
 

2.
 

In
ex

pe
ns

iv
e.

 A
ll 

co
m

po
ne

nt
s 

us
ed

 fo
r t

he
 c

on
tro

l a
re

 lo
ca

te
d 

in
 th

e 
ai

r h
an

dl
in

g 
un

it.
 T

ha
t 

su
gg

es
ts

 v
er

y 
lim

ite
d 

in
ve

st
m

en
ts

 o
n 

im
pl

em
en

tin
g 

D
C

V
 in

 si
ng

le
 fa

m
ily

 h
ou

se
 c

om
pa

re
d 

w
ith

 o
th

er
 b

ui
ld

in
g 

ty
pe

s. 
3.

 
R

el
ia

bl
e 

da
ta

. 
Th

e 
co

nt
ro

l 
st

ra
te

gy
 i

s 
te

st
ed

 i
n 

fie
ld

 e
xp

er
im

en
t 

w
hi

ch
 p

ro
vi

de
s 

m
or

e 
re

lia
bl

e 
da

ta
 th

an
 o

nl
y 

in
 si

m
ul

at
io

ns
. 

 Th
is

 c
on

tro
l 

st
ra

te
gy

 s
at

is
fie

s 
re

qu
ire

m
en

ts
 f

or
 D

C
V

 i
n 

re
si

de
nt

ia
l 

bu
ild

in
gs

: 
si

m
pl

e,
 

in
ex

pe
ns

iv
e,

 a
nd

 e
as

y 
to

 o
pe

ra
te

. H
ow

ev
er

, i
n 

or
de

r 
to

 a
ch

ie
ve

 t
he

 b
en

ef
its

 o
f 

th
is

 c
on

tro
l 

st
ra

te
gy

, t
he

re
 a

re
 tw

o 
is

su
es

 th
at

 n
ee

d 
fu

rth
er

 re
se

ar
ch

: 
1.

 
Th

e 
hi

gh
 a

nd
 lo

w
 a

ir 
su

pp
ly

 ra
te

s 
ar

e 
th

e 
ke

y 
pa

ra
m

et
er

s 
of

 th
is

 c
on

tro
l s

tra
te

gy
; t

he
y 

ar
e 

ca
lc

ul
at

ed
 b

as
ed

 o
n 

th
e 

re
le

va
nt

 D
an

is
h 

re
si

de
nt

ia
l 

bu
ild

in
g 

re
gu

la
tio

ns
. 

W
he

n 
ap

pl
ie

d 
in

 o
th

er
 c

ou
nt

rie
s 

or
 r

eg
io

ns
, t

he
 c

on
tro

l s
tra

te
gy

 n
ee

ds
 to

 b
e 

ad
ap

te
d 

to
 th

e 
re

sp
ec

tiv
e 

bu
ild

in
g 

re
gu

la
tio

ns
 a

nd
 i

nd
oo

r 
ai

r 
qu

al
ity

 s
ta

nd
ar

ds
. 

Th
e 

di
ff

er
en

ce
 

be
tw

ee
n 

th
e 

ai
r 

su
pp

ly
 r

at
e 

w
he

n 
th

e 
ho

us
e 

is
 o

cc
up

ie
d 

an
d 

th
e 

m
in

im
um

 a
ir 

su
pp

ly
 

ra
te

 w
he

n 
th

e 
ho

us
e 

is
 u

no
cc

up
ie

d 
di

re
ct

ly
 a

ff
ec

ts
 t

he
 e

ff
ic

ie
nc

y 
of

 t
hi

s 
co

nt
ro

l 
st

ra
te

gy
. 

2.
 

Th
e 

re
la

tio
ns

hi
p 

be
tw

ee
n 

le
ng

th
 o

f 
lo

w
 a

ir 
flo

w
 r

at
e 

du
ra

tio
n 

an
d 

el
ec

tri
c 

po
w

er
 

sa
vi

ng
 p

ot
en

tia
l i

s 
in

flu
en

ce
d 

by
 a

 s
er

ie
s 

of
 p

ar
am

et
er

s s
uc

h 
as

 fa
n 

ty
pe

, t
he

 e
ff

ic
ie

nc
y 

of
 t

he
 h

ea
t 

re
co

ve
ry

 e
tc

. 
A

lth
ou

gh
 t

he
 f

ie
ld

 e
xp

er
im

en
ts

 v
er

ify
 t

ha
t 

th
is

 c
on

tro
l 

st
ra

te
gy

 is
 a

bl
e 

to
 a

ch
ie

ve
 lo

w
 a

ir 
su

pp
ly

 r
at

e 
fo

r 
ne

ar
ly

 4
0%

 o
f 

th
e 

op
er

at
in

g 
ho

ur
s, 

th
e 

en
er

gy
 s

av
in

g 
ca

pa
ci

ty
 n

ee
d 

to
 b

e 
co

nf
irm

ed
 b

y 
ta

ki
ng

 t
he

 a
ct

ua
l 

te
ch

ni
ca

l 
pa

ra
m

et
er

s o
f c

om
po

ne
nt

s i
n 

th
e 

D
C

V
 sy

st
em

 in
to

 c
on

si
de

ra
tio

n 
  2.

2 
Sc

ho
ol

s 
Th

e 
po

llu
tio

n 
lo

ad
s p

at
te

rn
 in

 s
ch

oo
ls

 is
 q

ui
te

 d
iff

er
en

t f
ro

m
 o

th
er

 b
ui

ld
in

g 
ty

pe
s. 

Pe
op

le
 p

la
y 

a 
m

or
e 

im
po

rta
nt

 r
ol

e 
as

 p
ol

lu
tio

n 
so

ur
ce

 t
ha

n 
in

 o
ff

ic
e-

 o
r 

re
si

de
nt

ia
l 

bu
ild

in
gs

. T
hu

s 
th

e 
po

llu
tio

n 
lo

ad
s 

co
nc

en
tra

tio
n 

(m
ai

nl
y 

C
O

2)
 c

an
 v

ar
y 

si
gn

ifi
ca

nt
ly

 d
ur

in
g 

oc
cu

pi
ed

 p
er

io
d 

in
 

lo
ca

l p
la

ce
s s

uc
h 

as
 c

la
ss

 ro
om

s o
r a

ud
ito

riu
m

s d
ue

 to
 st

ro
ng

ly
 c

ha
ng

in
g 

oc
cu

pa
nc

y.
  

 In
 o

rd
er

 to
 st

ud
y 

th
e 

pa
tte

rn
 o

f o
cc

up
an

cy
 c

ha
ng

e 
in

 sc
ho

ol
, r

ec
or

ds
 o

f o
cc

up
an

cy
 c

ha
ng

es
 a

re
 

ta
ke

n 
fo

r t
hr

ee
 d

iff
er

en
t c

la
ss

ro
om

s 
in

 a
 c

ol
le

ge
 in

 tw
o 

w
ee

ks
 fo

r e
ac

h 
cl

as
sr

oo
m

. B
y 

ta
ki

ng
 

re
co

rd
s 

fo
r a

 la
rg

e 
au

di
to

riu
m

 in
 tw

o 
w

or
ki

ng
 d

ay
s 

as
 a

n 
ex

sa
m

pl
e,

 it
 is

 s
ho

w
n 

in
 F

ig
. 2

 th
at

 
oc

cu
pa

nc
y 

ch
an

ge
s 

si
gn

ifi
ca

nt
ly

 e
ac

h 
da

y 
an

d 
th

e 
oc

cu
pi

ed
 p

er
io

d 
is

 n
ot

 o
f t

he
 s

am
e 

pa
tte

rn
 

or
 m

ag
ni

tu
de

 fo
r d

iff
er

en
t d

ay
s. 

Th
at

 m
ea

ns
 o

cc
up

an
cy

 p
at

te
rn

 in
 s

ch
oo

ls
 is

 n
ot

 s
o 

fix
ed

 a
s 

in
 

of
fic

e-
 o

r r
es

id
en

tia
l b

ui
ld

in
gs

 b
ut

 m
or

e 
un

pr
ed

ic
ta

bl
e.

  
 

 
   

  (
a)

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 (b
) 

Fi
g.

 2
. R

ec
or

d 
of

 o
cc

up
an

cy
 v

ar
ia

tio
ns

 fo
r a

 la
rg

e 
au

di
to

riu
m

 d
ur

in
g 

tw
o 

di
ffe

re
nt

 d
ay

s (
a)

, (
b)

.  
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In
 o

rd
er

 to
 o

pe
ra

te
  D

C
V

 e
ff

ec
tiv

el
y 

in
 sc

ho
ol

s u
nd

er
 th

e 
co

nd
iti

on
 o

f s
uc

h 
un

pr
ed

ic
ta

bl
e 

oc
cu

pa
nc

y 
ch

an
ge

s, 
de

te
ct

in
g 

cu
rr

en
t–

tim
e 

po
pu

la
tio

n 
ac

cu
ra

te
ly

 is
 th

e 
w

ei
gh

tin
g 

fa
ct

or
 

 2.
2.

1 
D

es
cr

ip
tio

n 
of

 c
on

tr
ol

 st
ra

te
gy

 
D

yn
am

ic
-o

cc
up

an
cy

-d
et

ec
tin

g 
co

nt
ro

l w
as

 d
ev

el
op

ed
 to

 o
bt

ai
n 

a 
re

lia
bl

e 
ca

lc
ul

at
ed

 c
ur

re
nt

–
tim

e 
po

pu
la

tio
n 

to
 d

et
er

m
in

e 
th

e 
m

in
im

um
 re

qu
ire

d 
ou

td
oo

r a
ir 

flo
w

 ra
te

 [3
]. 

 
 

 
Fi

g.
 3

 C
on

tro
l s

tra
te

gy
 sc

he
m

e 
of

 d
yn

am
ic

 o
cc

up
an

cy
 d

et
ec

tio
n 

[3
] 

 A
s 

sh
ow

n 
in

 F
ig

. 3
, t

hr
ee

 p
ar

am
et

er
s 

ar
e 

m
ea

su
re

d 
by

 s
en

so
rs

 a
nd

 s
av

ed
 in

 a
 s

to
ra

ge
 m

od
el

: 
th

e 
in

do
or

 C
O

2 
co

nc
en

tra
tio

n,
 th

e 
ou

td
oo

r 
C

O
2 

co
nc

en
tra

tio
n 

an
d 

th
e 

ou
td

oo
r 

ai
r 

flo
w

 r
at

e.
 

Th
e 

dy
na

m
ic

 o
cc

up
an

ts
 in

 c
on

tro
lli

ng
 z

on
e 

is
 d

et
ec

te
d 

ba
se

d 
on

 th
e 

di
ff

er
en

ce
 b

et
w

ee
n 

in
do

or
 

an
d 

ou
td

oo
r 

C
O

2 
co

nc
en

tra
tio

n,
 a

nd
 th

e 
m

in
im

um
 o

ut
do

or
 a

ir 
flo

w
 r

at
e 

is
 c

al
cu

la
te

d 
by

 E
q.

 
(1

). 
 

 R
eq

ui
re

d 
ou

td
oo

r a
ir 

flo
w

 ra
te

 is
 d

et
er

m
in

ed
 b

y 
th

e 
co

m
bi

na
tio

n 
of

 o
cc

up
an

t-r
el

at
ed

 a
nd

 
ar

ea
-r

el
at

ed
 c

on
ta

m
in

an
t 

(o
do

r)
 c

on
ce

nt
ra

tio
ns

. 
Th

e 
eq

ua
tio

n 
fo

r 
re

qu
ire

d 
ou

td
oo

r 
ai

r 
flo

w
 

ra
te

 a
cc

or
di

ng
 to

 A
SH

R
A

E 
St

an
da

rd
 [4

] c
an

 b
e 

de
pi

ct
ed

 a
s:

 
 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  

(1
) 

 W
he

re
 vi o,

m
in

 is
 th

e 
to

ta
l m

in
im

um
 o

ut
do

or
 a

ir 
flo

w
 ra

te
 a

t t
im

e 
i, 

 
R

P 
is

 th
e 

ou
td

oo
r a

irf
lo

w
 ra

te
 re

qu
ire

d 
pe

r p
er

so
n,

  
Pi  is

 th
e 

to
ta

l n
um

be
r o

f o
cc

up
an

ts
 a

t t
im

e 
i, 

 
R

a i
s t

he
 o

ut
do

or
 a

irf
lo

w
 ra

te
 re

qu
ire

d 
pe

r u
ni

t a
re

a,
  

A
 is

 th
e 

to
ta

l o
cc

up
ie

d 
flo

or
 a

re
a.

 
 Th

e 
cu

rr
en

t–
tim

e 
po

pu
la

tio
n 

Pi  c
an

 b
e 

ca
lc

ul
at

ed
 b

y 
Eq

. (
2)

 [
5]

. T
he

 v
al

ue
s 

at
 ti

m
e 

i-1
 a

nd
 

tim
e 

i, 
w

hi
ch

 r
ep

re
se

nt
 t

he
 p

re
vi

ou
s 

an
d 

cu
rr

en
t 

sa
m

pl
in

g 
tim

e,
 a

re
 m

ea
su

re
d 

an
d 

us
ed

 a
s 

in
pu

ts
 fo

r t
he

 d
yn

am
ic

 o
cc

up
an

t s
up

er
vi

so
ry

 m
od

el
. 

  
   

   
   

   
   

 
(2

) 
 W

he
re

 v o
 is

 to
ta

l o
ut

do
or

 a
ir 

vo
lu

m
e,

 
C

r i
s t

he
 C

O
2 c

on
ce

nt
ra

tio
n 

fo
r i

nd
oo

r a
ir,

 
C

o 
is

 th
e 

C
O

2 c
on

ce
nt

ra
tio

n 
fo

r o
ut

do
or

 a
ir,

 
S 

is
 th

e 
C

O
2 e

m
is

si
on

 ra
te

 p
er

 p
er

so
n,

 

V
 is

 th
e 

to
ta

l o
cc

up
ie

d 
flo

or
 v

ol
um

e,
  

Δt
 is

 th
e 

sa
m

pl
in

g 
in

te
rv

al
. 

 
Fi

g.
4 

sh
ow

s 
th

at
 th

e 
ca

lc
ul

at
ed

 re
su

lts
 fr

om
 th

e 
dy

na
m

ic
 o

cc
up

an
cy

 d
et

ec
tio

n 
m

od
el

 a
re

 v
er

y 
cl

os
e 

to
 th

e 
ac

tu
al

 c
ur

re
nt

–t
im

e 
po

pu
la

tio
n 

w
he

n 
te

st
ed

 in
 a

n 
of

fic
e 

ro
om

. A
cc

ur
at

e 
in

do
or

 
dy

na
m

ic
 o

cc
up

an
cy

 i
s 

ca
lc

ul
at

ed
 b

y 
us

in
g 

th
is

 c
on

tro
l 

st
ra

te
gy

 to
 d

et
er

m
in

e 
th

e 
m

in
im

um
 

re
qu

ire
d 

ou
td

oo
r a

ir 
flo

w
 ra

te
.  

 

 
Fi

g.
 4

 C
om

pa
ris

on
 o

f p
op

ul
at

io
n 

be
tw

ee
n 

ac
tu

al
 a

nd
 d

yn
am

ic
al

  
de

te
ct

io
n 

of
 o

cc
up

an
ts

 fo
r a

n 
of

fic
e 

[3
]. 

 
2.

2.
2 

E
va

lu
at

io
n 

of
 c

on
tr

ol
 st

ra
te

gy
 

Th
e 

af
or

em
en

tio
ne

d 
co

nt
ro

l s
tra

te
gy

 h
as

 th
e 

fo
llo

w
in

g 
ad

va
nt

ag
es

: 
1.

 
Si

m
pl

e 
ca

lc
ul

at
io

n 
m

od
el

s. 
O

nl
y 

th
re

e 
pa

ra
m

et
er

s 
ne

ed
 t

o 
be

 m
ea

su
re

d:
 t

he
 i

nd
oo

r 
C

O
2 c

on
ce

nt
ra

tio
n,

 th
e 

ou
td

oo
r C

O
2 c

on
ce

nt
ra

tio
n 

an
d 

th
e 

ou
td

oo
r a

ir 
flo

w
 ra

te
. O

nl
y 

tw
o 

eq
ua

tio
ns

 a
re

 a
pp

lie
d 

in
 c

al
cu

la
tio

n.
  

2.
 

A
cc

ep
ta

bl
e 

ac
cu

ra
cy

. E
xp

er
im

en
t s

ho
w

s 
ca

lc
ul

at
ed

 c
ur

re
nt

–t
im

e 
po

pu
la

tio
n 

fr
om

 th
e 

dy
na

m
ic

 o
cc

up
an

cy
 d

et
ec

tio
n 

m
od

el
 a

re
 v

er
y 

cl
os

e 
to

 th
e 

ac
tu

al
 v

al
ue

 to
 d

et
er

m
in

e 
th

e 
m

in
im

um
 re

qu
ire

d 
ou

td
oo

r a
ir 

flo
w

 ra
te

. 
 

Th
e 

dy
na

m
ic

-o
cc

up
an

cy
-d

et
ec

tin
g 

co
nt

ro
l 

st
ra

te
gy

 a
da

pt
 t

o 
un

pr
ed

ic
ta

bl
e 

oc
cu

pa
nc

y 
in

 
sc

ho
ol

s 
by

 p
ro

vi
di

ng
 a

 c
al

cu
la

te
d 

cu
rr

en
t–

tim
e 

po
pu

la
tio

n 
w

ith
 e

xc
ep

tio
na

l 
ac

cu
ra

cy
, 

bu
t 

th
er

e 
ar

e 
so

m
e 

fa
ct

or
s w

hi
ch

 im
pa

ct
 th

e 
ac

tu
al

 a
cc

ur
ac

y 
of

 th
is

 c
on

tro
l s

tra
te

gy
: 

1.
 

Se
ns

or
s. 

D
ue

 t
o 

th
er

e 
ar

e 
on

ly
 t

hr
ee

 p
ar

am
et

er
s 

m
ea

su
re

d 
to

 c
al

cu
la

te
 c

ur
re

nt
–t

im
e 

po
pu

la
tio

n,
 t

he
 d

et
ec

tin
g 

ac
cu

ra
cy

 a
t 

ea
ch

 s
en

so
r 

w
ill

 s
tro

ng
ly

 i
m

pa
ct

 t
he

 f
in

al
 

ca
lc

ul
at

ed
 r

es
ul

t. 
In

 o
rd

er
 to

 g
ua

ra
nt

ee
 r

el
ia

bl
e 

m
ea

su
re

m
en

ts
, a

ss
es

sm
en

t o
f 

nu
m

be
r 

of
 se

ns
or

s, 
lo

ca
tio

n 
of

 se
ns

or
s e

tc
. m

us
t b

e 
pe

rf
or

m
ed

. 
2.

 
Fu

rth
er

 t
es

t. 
A

s 
th

is
 c

on
tro

l 
st

ra
te

gy
 o

nl
y 

so
lv

e 
th

e 
pr

ob
le

m
 t

o 
pr

od
uc

e 
a 

de
te

ct
ed

 
oc

cu
pa

nc
y 

by
 u

si
ng

 a
 q

ui
te

 s
im

pl
e 

ca
lc

ul
at

io
n 

m
od

el
, i

ts
 a

pp
lic

ab
ili

ty
 to

 a
ct

ua
l D

C
V

 
sy

st
em

 in
 s

ch
oo

ls
 a

nd
 p

ot
en

tia
l o

f 
en

er
gy

 s
av

in
g 

ne
ed

 to
 b

e 
fu

rth
er

 te
st

ed
 in

 s
pe

ci
fic

 
si

tu
at

io
ns

. 
 A

 si
m

ila
r o

cc
up

an
cy

 c
al

cu
la

tio
n 

pr
oc

ed
ur

e 
w

as
 a

ls
o 

de
cr

ib
ed

 in
 [6

]. 
 2.

3 
O

ff
ic

e 
bu

ild
in

gs
 

Si
m

ila
r 

to
 r

es
id

en
tia

l b
ui

ld
in

gs
, o

ff
ic

e 
bu

ild
in

gs
 h

av
e 

re
la

tiv
el

y 
re

gu
la

r 
ch

an
ge

 o
ve

r 
tim

e 
in

 
th

e 
nu

m
be

r 
of

 u
se

rs
 s

in
ce

 t
he

y 
ar

e 
oc

cu
pi

ed
 d

ur
in

g 
th

e 
w

or
ki

ng
 h

ou
rs

 o
nl

y.
 H

ow
ev

er
, 

in
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pr
ac

tic
al

 s
itu

at
io

ns
, i

t i
s 

ra
re

 th
at

 a
ll 

th
e 

ro
om

s 
in

 o
ff

ic
e 

bu
ild

in
gs

 a
re

 o
cc

up
ie

d 
at

 th
e 

sa
m

e 
tim

e.
 In

 o
rd

er
 to

 d
et

er
m

in
e 

th
e 

po
te

nt
ia

l e
ne

rg
y 

sa
vi

ng
s 

an
d 

op
tim

iz
e 

th
e 

ca
pa

ci
ty

 o
f a

 D
C

V
 

sy
st

em
, i

t i
s 

ne
ce

ss
ar

y 
to

 k
no

w
 th

e 
oc

cu
pa

nc
y 

le
ve

l. 
O

cc
up

an
cy

 f
ac

to
r, 

w
hi

ch
 is

 d
ef

in
ed

 a
s 

th
e 

ac
tu

al
 n

um
be

r o
f o

cc
up

ie
d 

ro
om

s, 
di

vi
de

d 
by

 th
e 

to
ta

l n
um

be
r o

f r
oo

m
s, 

is
 o

fte
n 

us
ed

 to
 

de
sc

rib
e 

th
e 

oc
cu

pa
nc

y 
le

ve
l. 

Ea
rly

 s
tu

dy
 s

ho
w

s 
th

at
 O

F 
(o

cc
up

an
cy

 f
ac

to
r)

 i
s 

ab
ou

t 
50

%
 

m
os

t o
f t

he
 ti

m
e,

 a
nd

 th
e 

pe
ak

 O
F 

is
 7

0%
. T

yp
ic

al
 fl

uc
tu

at
io

n 
of

 O
F 

in
 a

n 
of

fic
e 

bu
ild

in
g 

is
 

sh
ow

n 
in

 F
ig

 5
 [7

]. 
 

 
Fi

g.
 5

. O
cc

up
an

cy
 fa

ct
or

 fo
r o

ff
ic

es
 fo

r a
ll 

w
or

ki
ng

 d
ay

s o
ve

r t
he

 o
ne

 y
ea

r  
m

ea
su

re
m

en
t p

er
io

d 
fo

r a
 c

as
e 

st
ud

y 
in

 a
n 

of
fic

e 
bu

ild
in

g 
[7

]. 
 

 Th
e 

flu
ct

ua
tio

n 
of

 O
F 

fo
r o

ff
ic

es
 is

 c
au

se
d 

by
 o

cc
up

an
ts

 m
ov

in
g 

fr
om

 o
ff

ic
es

 to
 b

re
ak

 ro
om

s 
at

 n
oo

n,
 o

r t
o 

m
ee

tin
g 

ro
om

s 
at

 a
ny

 ti
m

e 
of

 th
e 

da
y.

 D
ue

 to
 th

is
 m

ov
em

en
t, 

so
m

e 
zo

ne
s i

n 
th

e 
of

fic
e 

bu
ild

in
g 

be
co

m
e 

ov
er

-v
en

til
at

ed
 o

r 
un

de
r-

ve
nt

ila
te

d 
al

th
ou

gh
 t

he
 t

ot
al

 n
um

be
r 

of
 

oc
cu

pa
nt

s 
do

es
 n

ot
 c

ha
ng

e 
si

gn
ifi

ca
nt

ly
. 

U
nd

er
 s

uc
h 

co
nd

iti
on

s, 
m

ul
ti-

zo
ne

 c
on

tro
l 

ha
s 

po
te

nt
ia

l t
o 

pr
ov

id
e 

pr
op

er
 IA

Q
.  

   
 2.

3.
1 

D
es

cr
ip

tio
n 

of
 c

on
tr

ol
 st

ra
te

gy
 

B
as

ed
 o

n 
dy

na
m

ic
-o

cc
up

an
cy

-d
et

ec
tin

g 
co

nt
ro

l, 
a 

m
ul

ti-
zo

ne
 D

C
V

 c
on

tro
l 

st
ra

te
gy

 i
s 

de
ve

lo
pe

d 
w

ith
 c

on
si

de
ra

tio
n 

of
 lo

ca
l I

A
Q

 s
at

is
fa

ct
io

n 
in

 e
ac

h 
zo

ne
. A

s 
sh

ow
n 

in
 F

ig
. 6

, t
ot

al
 

re
qu

ire
d 

ou
td

oo
r 

ai
r 

flo
w

 r
at

e 
is

 f
irs

t c
al

cu
la

te
d 

ba
se

d 
on

 d
et

ec
tio

n 
of

 t
ot

al
 o

cc
up

an
cy

 [
8]

. 
R

eq
ui

re
d 

ou
td

oo
r 

ai
r 

flo
w

 r
at

es
 i

n 
di

ff
er

en
t 

zo
ne

s 
ar

e 
th

en
 c

al
cu

la
te

d 
ba

se
d 

on
 t

he
ir 

ow
n 

oc
cu

pa
nc

ie
s. 

B
y 

de
te

ct
in

g 
th

e 
cr

iti
ca

l z
on

e 
(o

r r
oo

m
), 

to
ta

l o
ut

do
or

 a
ir 

fr
ac

tio
n 

is
 c

or
re

ct
ed

 b
y 

ou
td

oo
r a

ir 
fr

ac
tio

n 
of

 th
e 

cr
iti

ca
l z

on
e.

 A
t l

as
t t

he
 c

or
re

ct
ed

 o
ut

do
or

 fl
ow

 ra
te

 is
 c

al
cu

la
te

d.
 A

 
m

or
e 

pr
ec

is
e 

fo
rm

ul
at

io
n 

of
 t

he
 c

al
cu

la
tio

n 
m

od
el

 c
an

 b
e 

fo
un

d 
in

 [
8]

. 
Th

is
 i

s 
a 

ty
pe

 o
f 

di
st

rib
ut

ed
 D

C
V

 th
at

 w
or

ks
 e

ff
ic

ie
nt

ly
. D

is
tri

bu
tio

n 
is

 n
ot

 d
ep

en
de

nt
 o

n 
th

e 
m

ea
su

re
m

en
t o

f 
pr

es
su

re
, a

nd
 m

or
e 

ac
cu

ra
te

 d
em

an
d 

ba
se

d 
flo

w
 ra

te
s t

o 
th

e 
zo

ne
s c

an
 b

e 
ob

ta
in

ed
.  

 2.
3.

2 
E

va
lu

at
io

n 
of

 c
on

tr
ol

 st
ra

te
gy

 
V

al
id

at
ed

 in
 b

ot
h 

si
m

ul
at

io
n 

an
d 

fie
ld

 te
st

 [8
], 

th
e 

m
ul

ti-
zo

ne
 D

C
V

 c
on

tro
l s

tra
te

gy
 c

an
 h

el
p 

to
 r

ed
uc

e 
th

e 
en

er
gy

 c
on

su
m

pt
io

n 
an

d 
ru

nn
in

g 
co

st
 w

ith
ou

t 
si

gn
ifi

ca
nt

 I
A

Q
 r

ed
uc

tio
n 

(c
om

pa
re

d 
to

 th
e 

co
nd

iti
on

s 
no

rm
al

ly
 p

ro
vi

de
d 

by
 a

 C
A

V
 s

ys
te

m
). 

Sp
ec

ia
l a

tte
nt

io
n 

m
us

t b
e 

di
re

ct
ed

 to
 lo

ca
l I

A
Q

 w
he

n 
th

is
 c

on
tro

l s
tra

te
gy

 is
 im

pl
em

en
te

d.
 T

o 
en

ab
le

 o
nl

in
e 

co
nt

ro
l a

nd
 

ul
tim

at
el

y 
ac

hi
ev

e 
be

tte
r 

lo
ca

l 
IA

Q
, 

th
is

 c
on

tro
l 

st
ra

te
gy

 n
ee

ds
 a

n 
In

te
lli

ge
nt

 B
ui

ld
in

g 
M

an
ag

em
en

t (
IB

M
) a

nd
 In

te
gr

at
io

n 
pl

at
fo

rm
 a

s o
ve

ra
ll 

co
m

m
un

ic
at

io
n 

pl
at

fo
rm

 fo
r o

pe
ra

tin
g 

th
e 

D
C

V
 s

tra
te

gy
 e

ff
ic

ie
nt

ly
. 

Es
ta

bl
is

hi
ng

 I
B

M
 s

ys
te

m
s 

m
ay

 l
ea

d 
to

 i
nc

re
as

ed
 i

nv
es

tm
en

t 
co

st
s, 

bu
t 

it 
is

 g
en

er
al

ly
 b

el
ie

ve
d 

th
at

 o
pe

ra
tin

g 
co

st
s 

w
ill

 b
e 

lo
w

er
, 

es
pe

ci
al

ly
 f

or
 l

ar
ge

 
bu

ild
in

gs
. I

n 
[8

], 
in

ve
st

ig
at

io
ns

 w
er

e 
pe

rf
or

m
ed

 fo
r a

 5
00

m
 h

ig
h 

sk
ys

cr
ap

er
 o

f a
bo

ut
 3

21
,0

00
 

m
2  fl

oo
r a

re
a.

  
 

Th
e 

ba
la

nc
e 

be
tw

ee
n 

th
e 

co
nt

ro
l 

ac
cu

ra
cy

 a
nd

 s
ys

te
m

 s
iz

e 
as

 w
el

l a
s 

in
iti

al
 in

ve
st

m
en

t o
n 

eq
ui

pm
en

t t
o 

ac
hi

ev
e 

th
is

 c
on

tro
l s

tra
te

gy
 n

ee
ds

 to
 b

e 
fu

rth
er

 e
va

lu
at

ed
 w

he
n 

im
pl

em
en

tin
g 

in
 o

ff
ic

e 
bu

ild
in

gs
 o

f d
iff

er
en

t s
iz

es
.  

 

 
 

 F
ig

. 6
 F

lo
w

 c
ha

rt 
of

 m
ul

ti-
zo

ne
 D

C
V

 [8
] 

 
 SU

M
M

A
R

Y
 A

N
D

 C
O

N
C

L
U

SI
O

N
S 

A
 f

ew
 r

el
ev

an
t 

D
C

V
 c

on
tro

l 
st

ra
te

gi
es

 h
av

e 
be

en
 r

ev
ie

w
ed

 i
n 

th
is

 p
ap

er
. 

Ea
ch

 t
yp

e 
of

 
bu

ild
in

g 
ha

s 
its

 o
w

n 
lo

ad
 p

at
te

rn
s, 

an
d 

th
er

ef
or

e 
al

so
 a

 c
or

re
sp

on
di

ng
 b

ui
ld

in
g 

ty
pe

-r
el

at
ed

 
pr

ef
er

en
ce

 f
or

 D
C

V
 c

on
tro

l 
st

ra
te

gy
. 

A
lth

ou
gh

 C
O

2 
co

nc
en

tra
tio

n 
is

 a
 c

om
m

on
ly

 c
ho

se
n 

co
nt

ro
l 

ob
je

ct
iv

e 
an

d 
in

 m
an

y 
ca

se
s 

us
ed

 a
s 

th
e 

m
ai

n 
pa

ra
m

et
er

, 
th

er
e 

ar
e 

ot
he

r 
fa

ct
or

s 
ac

co
rd

in
g 

to
 b

ui
ld

in
g 

ty
pe

-r
el

at
ed

 p
re

fe
re

nc
e 

fo
r 

re
si

de
nt

ia
l 

bu
ild

in
gs

, 
sc

ho
ol

s 
an

d 
of

fic
e 

bu
ild

in
gs

 th
at

 n
ee

d 
to

 b
e 

as
se

ss
ed

.  
 

1.
 

R
es

id
en

tia
l b

ui
ld

in
gs

. T
he

 e
xp

ec
te

d 
en

er
gy

 sa
vi

ng
s p

ot
en

tia
l i

s n
ot

 so
 h

ig
h 

as
 fo

r o
th

er
 

bu
ild

in
g 

ty
pe

s 
du

e 
to

 t
he

 r
el

at
iv

el
y 

fix
ed

 o
cc

up
an

t 
be

ha
vi

or
 a

nd
 s

m
al

l 
si

ze
 o

f 
ho

us
es

/a
pa

rtm
en

ts
/d

w
el

lin
gs

. 
D

C
V

 c
an

 h
ow

ev
er

 s
til

l 
be

 a
 g

oo
d 

so
lu

tio
n 

fo
r 

en
er

gy
 

sa
vi

ng
s 

in
 d

w
el

lin
gs

 a
s 

th
ey

 a
re

 u
no

cc
up

ie
d 

in
 l

on
g 

pe
rio

ds
 e

ve
ry

 d
ay

. 
Th

es
e 

ch
ar

ac
te

ris
tic

s 
al

so
 s

ug
ge

st
 a

 s
im

pl
ifi

ed
 c

on
tro

l s
tra

te
gy

, w
hi

ch
 is

 e
as

y 
to

 o
pe

ra
te

 a
nd

 
no

t t
oo

 e
xp

en
si

ve
 to

 e
st

ab
lis

h.
 

 
2.

 
Sc

ho
ol

s . 
C

om
pa

re
d 

w
ith

 th
at

 in
 o

th
er

 b
ui

ld
in

g 
ty

pe
s, 

in
do

or
 c

on
ta

m
in

an
ts

 in
 s

ch
oo

ls
 

ar
e 

to
 a

 g
re

at
 e

xt
en

t 
oc

cu
pa

nc
y-

re
la

te
d 

du
e 

to
 t

he
 l

ar
ge

 n
um

be
r 

of
 o

cc
up

an
ts

 a
nd

 
si

gn
ifi

ca
nt

 v
ar

ia
tio

ns
 b

ot
h 

du
rin

g 
on

e 
da

y 
an

d 
be

tw
ee

n 
di

ff
er

en
t d

ay
s. 

To
 a

dd
re

ss
 a

n 
ef

fic
ie

nt
 D

C
V

 s
tra

te
gy

 f
or

 s
ch

oo
ls

, 
th

at
 i

s 
ab

le
 t

o 
m

ai
nt

ai
n 

IA
Q

 c
on

di
tio

ns
 a

t 
ac

ce
pt

ab
le

 le
ve

ls
 a

t a
ll 

tim
es

, d
et

ec
tin

g 
th

e 
oc

cu
pa

nc
y 

of
 th

e 
di

ff
er

en
t r

oo
m

s 
m

ay
 b

e 
cr

uc
ia

l. 
H

ow
ev

er
, 

th
e 

flu
ct

ua
tio

ns
 i

n 
th

e 
nu

m
be

r 
of

 o
cc

up
an

ts
 m

ak
e 

it 
di

ff
ic

ul
t 

to
 

pr
ed

ic
t t

he
 o

cc
up

an
cy

 a
cc

ur
at

el
y,

 a
nd

 a
 d

yn
am

ic
-o

cc
up

an
cy

-d
et

ec
tin

g 
co

nt
ro

l s
tra

te
gy

 
ca

n 
be

 a
 s

ol
ut

io
n.

 T
hi

s 
al

so
 e

na
bl

es
 p

os
si

bi
lit

y 
fo

r d
ire

ct
 fl

ow
 c

on
tro

l (
no

t u
si

ng
 d

uc
t 

st
at

ic
 p

re
ss

ur
e 

or
 fa

n 
di

ff
er

en
tia

l p
re

ss
ur

e 
as

 c
on

tro
l o

bj
ec

tiv
es

 o
f t

he
 fa

ns
). 
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3.

 
O

ff
ic

e 
bu

ild
in

gs
. 

Si
m

ila
r 

to
 r

es
id

en
tia

l 
bu

ild
in

gs
, 

of
fic

e 
bu

ild
in

gs
 h

av
e 

re
la

tiv
el

y 
re

gu
la

r 
ch

an
ge

 i
n 

co
nt

am
in

an
t 

lo
ad

 o
ve

r 
tim

e;
 j

us
t 

th
ey

 a
re

 o
cc

up
ie

d 
du

rin
g 

th
e 

w
or

ki
ng

 h
ou

rs
. H

ow
ev

er
 th

e 
to

ta
l o

cc
up

an
cy

 h
as

 n
ot

 so
 la

rg
e 

ch
an

ge
 a

s i
n 

sc
ho

ol
s, 

th
e 

lo
ca

l 
IA

Q
 s

ho
ul

d 
be

 p
ai

d 
at

te
nt

io
n 

to
 d

ue
 t

o 
th

at
 n

ot
 a

ll 
th

e 
ro

om
s 

in
 t

he
 o

ff
ic

e 
bu

ild
in

g 
ar

e 
oc

cu
pi

ed
 s

im
ul

ta
ne

ou
sl

y.
 O

ve
r-

ve
nt

ila
tio

n 
or

 u
nd

er
-v

en
til

at
io

n 
is

 c
au

se
d 

by
 th

e 
m

ov
em

en
t o

f 
pe

op
le

 w
ith

in
 th

e 
bu

ild
in

g 
an

d 
un

sa
tis

fie
d 

lo
ca

l I
A

Q
 is

 f
or

m
ed

. 
B

ot
h 

lo
w

er
 e

ne
rg

y 
us

e 
an

d 
be

tte
r 

lo
ca

l 
IA

Q
 s

ho
ul

d 
be

 t
he

 t
ar

ge
t 

fo
r 

im
pl

em
en

tin
g 

D
C

V
 in

 o
ff

ic
e 

bu
ild

in
gs

. 
 

 A
C

K
N

O
W

L
E

D
G

E
M

E
N

T
 

Th
an

ks
 to

 th
e 

fin
an

ci
al

ly
 s

up
po

rt 
fo

r t
he

 w
or

k 
pr

es
en

te
d 

in
 th

is
 p

ap
er

 fr
om

 N
ar

vi
k 

U
ni

ve
rs

ity
 

C
ol

le
ge

. 
  R

E
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R
E

N
C

E
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 c
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e 
st
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tin
g 
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h 

m
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] T

ok
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R
am

m
er
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ie
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is

tia
n 

D
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m
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En
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gy
 e
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ro
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m
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En
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[3
] X
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 X
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 Z

hi
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 D
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 B
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Fa

n,
 X
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o-

Fe
ng

 C
ha

i, 
Ev
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ua

tio
n 

of
 fo

ur
 

co
nt

ro
l s
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fo

r 
bu

ild
in

g 
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ai
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nd

 B
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E,

 A
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G
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SH
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 E
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y 
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an
da
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 fo

r 
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ild
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gs
 e
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ep
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te

d 
to

 th
e 

so
ftw

ar
e,

 to
 th

e 
re

gu
la

tio
n 

an
d

to
 sp

ec
ifi

c 
co

nd
iti

on
s, 

al
l a

va
ila

bl
e 

si
m

ul
at

io
n 

to
ol

s 
ha

ve
 p

ro
ve

d 
th

ei
r r

el
ia

bi
lit

y,
 n

ot
ab

ly
 b

y 
co

m
pa

ris
on

 
w

ith
 la

bo
ra

to
ry

 o
r i

n-
si

tu
 m

ea
su

re
m

en
ts

. F
ro

m
 M

EV
 o

nl
y,

 n
ew

 d
ev

el
op

m
en

ts
 a

re
 to

da
y 

be
in

g 
ca

rr
ie

d 
ou

t t
o 

w
id

en
 th

e 
ap

pl
ic

at
io

n 
fie

ld
, f

or
 h

yb
rid

 a
nd

 n
at

ur
al

 v
en

til
at

io
n 

no
ta

bl
y.

R
E

FE
R

E
N

C
E

S

[1
]

A
ir.

H
. 2

00
9.

"P
er

fo
rm

an
ce

 d
e 

la
 v

en
til

at
io

n 
et

 d
u 

bâ
ti"

 F
in

al
 r

ep
or

t.
A

de
m

e 
co

nv
en

tio
n 

n.
05

04
C

01
14

[2
]

C
ST

B
, 

Ev
al

IE
 (

Ev
al

ua
tio

n 
de

s 
In

st
al

la
tio

ns
 E

ne
rg

ét
iq

ue
s)

. 
20

09
.

Rè
gl

es
 d

e 
ca

lc
ul

s 
«s

ir
en

» 
po

ur
 l'

in
st

ru
ct

io
n 

de
s 

av
is

 te
ch

ni
qu

es
 s

ur
 le

s 
sy

st
èm

es
 d

e 
ve

nt
ila

tio
n 

m
éc

an
iq

ue
 

hy
gr

or
ég

la
bl

e.
[3

]
J.L

.
Sa

vi
n 

an
d 

A
.M

.
B

er
na

rd
, 

20
09

. 
“P

er
fo

rm
an

ce
” 

pr
oj

ec
t: 

Im
pr

ov
em

en
t 

of
 t

he
 

ve
nt

ila
tio

n 
an

d 
bu

ild
in

g 
ai

r 
tig

ht
ne

ss
 p

er
fo

rm
an

ce
 b

y 
im

pl
em

en
tin

g 
a 

qu
al

ity
 a

pp
ro

ac
h 

w
he

n 
bu

ild
in

g 
an

d 
m

on
ito

ri
ng

 o
f 

re
su

lts
 i

n 
oc

cu
pi

ed
 d

w
el

lin
gs

 i
n 

Fr
an

ce
.

A
IV

C
 

C
on

fe
re

nc
e 

20
09

.
[4

]
A

. H
ol

m
, M

. K
ru

s a
nd

 D
. R

ös
le

r, 
20

10
.C

al
cu

la
tio

n 
of

 th
e 

en
er

gy
 d

em
an

d 
of

 a
 su

pp
ly

 a
nd

 
ex

ha
us

t s
ys

te
m

 w
ith

 h
ea

t r
ec

ov
er

y 
co

m
pa

re
d 

to
 a

 d
em

an
d 

co
nt

ro
lle

d 
(h

um
id

ity
 c

on
tr

ol
le

d)
 

ex
ha

us
t s

ys
te

m
 in

 a
 si

ng
le

-fa
m

ily
 h

ou
se

. I
B

P 
Su

m
m

ar
y 

R
ep

or
t R

K
 0

32
/2

01
0/

29
2
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B
eh

av
io

r 
of

 le
ak

ag
es

 e
xp

os
ed

 to
 d

yn
am

ic
 w

in
d 

lo
ad

s. 
A

 n
um

er
ic

al
 st

ud
y 

us
in

g 
C

D
F 

on
 a

 si
ng

le
 z

on
e 

m
od

el
 

 
D

im
itr

io
s K

ra
ni

ot
is

*,
 T

ho
m

as
 K

rin
gl

eb
ot

n 
Th

iis
, T

or
m

od
 A

ur
lie

n 

 A
B

ST
R

A
C

T
 

 W
in

d 
is

 a
 p

ot
en

tia
l d

om
in

an
t f

ac
to

r r
eg

ar
di

ng
 th

e 
ai

r i
nf

ilt
ra

tio
n 

th
ro

ug
h 

bu
ild

in
g 

en
ve

lo
pe

s. 
D

ue
 to

 it
s 

dy
na

m
ic

 
ch

ar
ac

te
ris

tic
s, 

qu
ite

 c
om

pl
ex

 a
er

od
yn

am
ic

 p
he

no
m

en
a 

ar
is

e 
ar

ou
nd

 a
 s

tru
ct

ur
e 

or
 th

ro
ug

h 
cr

ac
ks

 a
nd

 o
pe

ni
ng

s. 
En

er
gy

 p
er

fo
m

an
ce

 is
 in

flu
en

ce
d 

by
 th

e 
cl

im
at

e 
co

nd
iti

on
s 

an
d 

th
us

 it
 s

ho
ul

d 
be

 m
uc

h 
m

or
e 

re
se

ar
ch

ed
. D

es
pi

te
 

th
e 

fa
ct

 t
ha

t 
st

ea
dy

 s
ta

te
 m

ea
su

re
m

en
ts

 o
f 

in
fil

tra
tio

n 
ra

te
s 

of
fe

r 
a 

si
m

pl
e 

an
d 

ea
sy

 w
ay

 o
f 

es
tim

at
in

g 
an

 
en

cl
os

ur
e’

s 
ai

rti
gh

tn
es

s 
le

ve
l, 

a 
su

pp
le

m
en

t t
o 

th
os

e 
m

et
ho

ds
 m

ig
ht

 b
e 

im
po

se
d.

 I
n 

th
is

 c
on

te
xt

, c
om

pu
ta

tio
na

l 
flu

id
 d

yn
am

ic
s 

co
ul

d 
be

 a
 u

se
fu

l 
to

ol
, 

ge
ne

ra
tin

g 
in

te
re

st
in

g 
re

su
lts

 a
nd

 h
el

pi
ng

 u
nd

er
st

an
d 

th
e 

ro
le

 o
f 

flo
w

 
m

ec
ha

ni
sm

s. 
Th

e 
cu

rr
en

t n
um

er
ic

al
 s

tu
dy

 d
ea

ls
 w

ith
 th

e 
in

flu
en

ce
 o

f w
in

d 
gu

st
 o

n 
th

e 
in

fil
tra

tio
n 

ra
te

 o
f a

 b
lu

ff 
bo

dy
 (‘

bo
x’

) 
on

 w
hi

ch
 c

ra
ck

s 
of

 v
ar

ie
d 

si
ze

 a
re

 lo
ca

te
d 

on
 d

iff
er

en
t s

id
es

. D
iff

er
en

t i
nt

er
na

l v
ol

um
es

 a
re

 a
ls

o 
re

se
ar

ch
ed

. O
n 

di
sc

us
si

ng
 th

e 
re

su
lts

, t
he

 d
yn

am
ic

 le
ak

ag
e 

ra
te

s 
(in

fil
tra

tio
n 

an
d 

ex
fil

tra
tio

n)
 a

re
 u

nd
er

 in
ve

st
ig

at
io

n,
 w

hi
le

 th
e 

ai
rf

lo
w

 p
at

te
rn

s 
in

si
de

 t
he

 ‘
bo

x’
 a

re
 p

oi
nt

ed
 o

ut
 a

s 
w

el
l. 

Fr
eq

ue
nc

y 
ch

ar
ac

te
ris

tic
s 

of
 t

he
 w

in
d 

gu
st

 a
nd

 t
he

ir 
co

rr
el

at
io

n 
w

ith
 th

e 
in

te
rn

al
 v

ol
um

e 
ar

e 
al

so
 st

ud
ie

d.
 

Th
e 

re
su

lts
 s

ug
ge

st
 th

at
 g

us
t f

re
qu

en
cy

 is
 th

e 
do

m
in

an
t f

ac
to

r f
or

 a
ir 

flo
w

s t
hr

ou
gh

 c
ra

ck
s o

n 
th

e 
w

in
dw

ar
d 

si
de

, 
w

hi
le

 th
e 

in
te

rn
al

 v
ol

um
e 

al
so

 p
la

ys
 a

n 
im

po
rta

nt
 r

ol
e 

on
 th

e 
in

st
an

ta
ne

ou
s 

le
ak

ag
e 

ra
te

s 
un

de
r 

un
st

ea
dy

 w
in

d 
co

nd
iti

on
s. 

Th
e 

im
pa

ct
 o

f 
th

e 
en

cl
os

ur
e’

s 
vo

lu
m

e 
se

em
s 

to
 b

e 
of

 i
m

po
rta

nc
e 

fo
r 

re
la

tiv
el

y 
sm

al
l 

cr
ac

ks
. 

In
 

ad
di

tio
n,

 th
er

e 
is

 a
 d

iff
er

en
ce

 a
m

on
g 

th
e 

le
ak

ag
e 

ra
te

s 
th

ro
ug

h 
th

e 
st

ud
ie

d 
cr

ac
ks

 a
nd

 o
pe

ni
ng

s 
de

pe
nd

in
g 

on
 

th
ei

r l
oc

at
io

n 
or

 s
w

itc
hi

ng
 fr

om
 a

 sm
al

l t
o 

a 
bi

g 
vo

lu
m

e.
 C

om
pa

ris
on

s w
ith

 th
e 

re
sp

ec
tiv

e 
be

ha
vi

or
 o

f t
he

 c
ra

ck
s-

op
en

in
gs

 u
nd

er
 st

ea
dy

 st
at

e 
en

cl
os

ur
e’

s p
re

ss
ur

iz
at

io
n 

at
 5

0P
a 

ar
e 

sh
ow

n 
as

 w
el

l. 
Si

nc
e 

th
e 

st
ud

ie
d 

en
cl

os
ur

e 
re

pr
es

en
ts

 a
 a

irt
ig

ht
 s

in
gl

e 
zo

ne
, 

w
he

re
 a

ir 
flo

w
s 

on
ly

 t
hr

ou
gh

 t
he

 o
pe

ni
ng

(s
), 

a 
pa

ra
lle

lis
m

 to
 th

e 
in

te
rn

al
 s

pa
ce

 o
f 

a 
hi

gh
 le

ve
l a

irt
ig

ht
 b

ui
ld

in
g 

ar
is

es
. T

ak
in

g 
in

to
 a

cc
ou

nt
 th

e 
re

su
lts

 o
f 

th
e 

cu
rr

en
t s

tu
dy

, t
he

 in
flu

en
ce

 o
f t

he
 fr

eq
ue

nc
y 

of
 th

e 
gu

st
, t

he
 in

te
rn

al
 v

ol
um

e 
of

 a
 re

la
tiv

el
y 

ai
rti

gh
t b

ui
ld

in
g 

an
d 

th
e 

lo
ca

tio
n 

of
 t

he
 l

ea
ka

ge
 a

re
a 

se
em

 t
o 

be
 c

rit
ic

al
 f

ac
to

rs
 u

nd
er

 c
lim

at
e 

co
nd

iti
on

s. 
H

av
in

g 
en

su
re

d 
th

at
 

le
ak

ag
es

 th
ro

ug
h 

th
e 

in
te

rn
al

 w
al

ls
 a

re
 v

er
y 

lo
w

, a
 fu

rth
er

 re
se

ar
ch

 s
ho

ul
d 

be
 p

ro
ce

ed
 to

w
ar

ds
 th

e 
im

po
rta

nc
e 

of
 

th
e 

lo
ca

tio
n 

an
d 

ai
rti

gh
tn

es
s o

f t
he

 in
te

rn
al

 w
al

ls
. O

n 
th

e 
sa

m
e 

m
od

e 
in

te
rn

al
 v

ol
um

e’
s c

on
tro

l a
nd

 e
xt

er
io

r l
oc

al
 

cl
im

at
e 

m
ig

ht
 b

e 
al

so
 c

on
si

de
re

d.
 

 K
E

Y
W

O
R

D
S 

Le
ak

ag
e 

ra
te

, 
ai

r 
flo

w
, 

ai
r 

in
fil

tra
tio

n,
 c

ra
ck

, 
dy

na
m

ic
 w

in
d 

lo
ad

, 
w

in
d 

gu
st

, 
co

m
pu

ta
tio

na
l 

flu
id

 d
yn

am
ic

s, 
sh

ea
r-

st
re

ss
-tr

an
sp

or
t, 

si
ng

le
 z

on
e 

m
od

el
 

  IN
T

R
O

D
U

C
T

IO
N

 
 A

ir 
in

fil
tra

tio
n 

is
 i

m
po

rta
nt

 t
ow

ar
ds

 t
he

 o
pt

im
al

 d
es

ig
n 

of
 e

ne
rg

y 
ef

fic
ie

nt
 b

ui
ld

in
gs

. 
M

or
eo

ve
r, 

be
in

g 
an

 u
nc

er
ta

in
 p

he
no

m
en

on
, a

ff
ec

te
d 

by
 v

ar
io

us
 fa

ct
or

s, 
it 

is
 re

co
gn

iz
ed

 a
s o

ne
 

of
 th

e 
m

aj
or

 lo
ss

es
 in

 re
si

de
nc

e 
bu

ild
in

gs
 [1

]. 
St

ea
dy

 s
ta

te
 m

ea
su

re
m

en
ts

 o
f i

nf
ilt

ra
tio

n 
ra

te
s 

of
fe

r 
a 

si
m

pl
e 

an
d 

ea
sy

 w
ay

 o
f 

es
tim

at
in

g 
an

 e
nc

lo
su

re
’s

 a
irt

ig
ht

ne
ss

 l
ev

el
. 

Th
e 

dy
na

m
ic

 
ch

ar
ac

te
ris

tic
s 

of
 a

ir 
in

fil
tra

tio
n 

ha
ve

 b
ee

n 
po

in
te

d 
ou

t b
y 

H
ill

 a
nd

 K
us

ud
a 

[2
] 

an
d 

th
er

ef
or

e 
ch

al
le

ng
es

 
ar

is
e 

up
on

 
th

at
 

fie
ld

. 
Th

e 
ro

le
 

of
 

th
e 

cl
im

at
e 

pa
ra

m
et

er
s 

an
d 

lo
ca

tio
n 

ch
ar

ac
te

ris
tic

s 
on

 a
ve

ra
ge

 in
fil

tra
tio

n 
ra

te
s 

 h
as

 a
ls

o 
be

en
 s

tu
di

ed
 b

y 
Sh

er
m

an
 [3

]. 
Tu

rb
ul

en
ce

 
ca

us
in

g 
w

in
d 

gu
st

in
es

s 
is

 r
ec

og
ni

ze
d 

as
 o

ne
 m

aj
or

 f
ac

to
r 

th
at

 a
ff

ec
ts

 i
nf

ilt
ra

tio
n 

[4
]. 

In
 

D
ep

ar
tm

en
t o

f M
at

he
m

at
ic

al
 S

ci
en

ce
s a

nd
 T

ec
hn

ol
og

y,
 N

or
w

eg
ia

n 
U

ni
ve

rs
ity

 o
f L

ife
 S

ci
en

ce
s 

D
rø

ba
kv

ei
en

 3
1,

 P
.O

. b
ox

: 5
00

3,
 IM

T,
 N

-1
42

3,
 Å

s, 
N

or
w

ay
 

*C
or

re
sp

on
di

ng
 a

ut
ho

r:
 d

im
itr

io
s.k

ra
ni

ot
is

@
um

b.
no

 
 

 

 
 

ad
di

tio
n,

 b
ui

ld
in

g 
ae

ro
dy

na
m

ic
s 

co
nt

rib
ut

es
 to

 a
ir 

in
fil

tra
tio

n 
to

o.
 In

 th
at

 c
on

te
xt

, m
od

el
lin

g 
ap

pr
oa

ch
es

 h
av

e 
be

en
 p

re
se

nt
ed

 b
y 

H
ag

hi
gh

at
 e

t a
l. 

[5
, 6

], 
w

hi
le

 th
e 

th
eo

re
tic

al
 b

ac
kg

ro
un

d 
of

 th
e 

flo
w

 e
qu

at
io

ns
 th

ro
ug

h 
cr

ac
ks

 h
as

 a
ls

o 
be

en
 st

ud
ie

d 
[7

, 8
, 9

]. 
C

om
pu

ta
tio

na
l f

lu
id

 d
yn

am
ic

s 
(C

FD
) c

ou
ld

 b
e 

a 
us

ef
ul

 to
ol

, g
en

er
at

in
g 

in
te

re
st

in
g 

re
su

lts
 a

nd
 

he
lp

in
g 

un
de

rs
ta

nd
 t

he
 r

ol
e 

of
 f

lo
w

 f
ea

tu
re

s 
un

de
r 

un
st

ea
dy

 c
on

di
tio

ns
. 

N
um

er
ic

al
 s

tu
di

es
 

co
ul

d 
co

nt
rib

ut
e 

to
 t

he
 p

re
di

ct
io

n 
of

 p
ot

en
tia

l 
le

ak
ag

e 
ar

ea
s 

an
d 

th
e 

ev
al

ua
tio

n 
of

 t
he

ir 
co

nt
rib

ut
io

n 
to

 l
ea

ka
ge

s 
ra

te
s. 

Th
er

ef
or

e,
 a

 s
up

pl
em

en
t 

ba
se

d 
on

 n
um

er
ic

al
 m

et
ho

ds
 t

o 
th

e 
flo

w
s t

hr
ou

gh
 c

ra
ck

s  
sh

ou
ld

 b
e 

im
po

se
d.

 
  C

A
SE

 S
T

U
D

Y
 

 Th
e 

cu
rr

en
t n

um
er

ic
al

 s
tu

dy
 d

ea
ls

 w
ith

 th
e 

in
flu

en
ce

 o
f w

in
d 

gu
st

 to
 th

e 
in

fil
tra

tio
n 

ra
te

 o
f a

 
bl

uf
f 

bo
dy

 (
‘b

ox
’)

 o
n 

w
hi

ch
 c

ra
ck

s 
of

 v
ar

io
us

 s
iz

e 
ar

e 
lo

ca
te

d 
on

 d
iff

er
en

t 
si

de
s. 

Th
re

e 
cr

ac
ks

/o
pe

ni
ng

s 
ar

e 
st

ud
ie

d;
 (i

) o
f 3

m
m

 h
ei

gh
t (

re
fe

rr
re

d 
as

 A
), 

(ii
) o

f 6
m

m
 h

ei
gh

t (
re

fe
rr

re
d 

as
 B

) 
an

d 
(ii

i) 
of

 3
0m

m
 (

re
fe

rr
re

d 
as

 C
). 

Th
e 

le
ng

ht
 o

f 
th

e 
cr

ac
ks

/o
pe

ni
ng

s 
is

 1
,5

m
 i

n 
al

l 
ca

se
s. 

Th
re

e 
di

ff
er

en
t i

nt
er

na
l v

ol
um

es
 a

re
 a

ls
o 

re
se

ar
ch

ed
 (

fig
. 1

). 
Th

e 
vo

lu
m

es
 V

2 
an

d 
V

3 
ar

e 
eq

ua
l a

nd
 d

ou
bl

e 
th

e 
cu

bi
c 

vo
lu

m
e 

V
1. 

In
 a

dd
iti

on
, t

hr
ee

 d
iff

er
en

t l
oc

at
io

ns
 o

f c
ra

ck
s 

ar
e 

ex
am

in
ed

; (
i) 

th
e 

fir
st

 c
as

e 
re

fe
rs

 to
 o

ne
 c

ra
ck

/o
pe

ni
ng

 a
cr

os
s t

he
 w

in
dw

ar
d 

si
de

, 1
0c

m
 b

el
ow

 
th

e 
ro

of
 o

f t
he

 ‘b
ox

’ (
no

ta
tio

n:
 F

), 
(ii

) t
he

 s
ec

on
d 

ca
se

 re
fe

rs
 to

 tw
o 

cr
ac

ks
 o

f t
he

 s
am

e 
si

ze
, 

bo
th

 s
itu

at
ed

 a
cr

os
s 

th
e 

w
in

dw
ar

d 
si

de
, o

ne
 1

0c
m

 b
el

ow
 th

e 
ro

of
 o

f 
th

e 
‘b

ox
’ 

an
d 

th
e 

ot
he

r 
10
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 a

bo
ve

 th
e 

gr
ou

nd
 (n

ot
at

io
n:

 F
F)

, (
iii

) t
he

 la
st

 c
as

e 
re

fe
rs

 to
 tw

o 
cr

ac
ks

 o
f t

he
 s

am
e 

si
ze

, 
on

e 
si

tu
at

ed
 a

cr
os

s 
th

e 
w

in
dw

ar
d 

si
de

, 1
0c

m
 b

el
ow

 th
e 

ro
of

 o
f t

he
 ‘b

ox
’ a

nd
 th

e 
ot

he
r a

cr
os

s 
th

e 
le

ew
ar

d 
si

de
, 1

0c
m

 a
bo

ve
 th

e 
gr

ou
nd

 (n
ot

at
io

n:
 F

B
). 

Fo
ur

 c
as

es
 o

f w
in

d 
lo

ad
 (w

in
d 

gu
st

s 
of

 d
iff

er
en

t f
re

qu
en

ci
es

) a
re

 u
se

d 
as

 in
le

t b
ou

nd
ar

y 
co

nd
iti

on
s.
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) 
   

   
   

   
   

   
   

   
   

   
   

   
   

  (
b)

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  (

c)
   

   
Fi

gu
re

 1
. T

he
 th

re
e 

di
ffe

re
nt

 v
ol

um
es

 V
1 (

a)
, V

2 (
b)

 a
nd

 V
3 (

c)
 si

m
ul

at
ed

 a
nd

 te
st

ed
. 

In
 to

ta
l 3

*3
*3

*4
 =

 1
08

 c
as

es
 a

re
 st

ud
ie

d.
 T

he
 n

ot
at

io
n 

ad
op

te
d 

fo
llo

w
s t

he
 g

en
er

al
 ru

le
: 

(s
iz

e 
of

 th
e 

cr
ac

k)
(v

ol
um

e 
of

 th
e 

‘b
ox

’)
(lo

ca
tio

n 
of

 th
e 

cr
ac

ks
)-

(fr
eq

ue
nc

y 
of

 th
e 

w
in

d 
gu

st
). 

Th
e 

ta
bl

e 
1 

pr
es

en
ts

 th
e 

no
ta

tio
n 

fo
r t

he
 c

ra
ck

 A
 (3

m
m

), 
th

e 
cu

bi
c 

vo
lu

m
e 

(V
1)

 a
nd

 th
e 

w
in

d 
gu

st
 fr

eq
ue

nc
y 

ω
1 =

 1
/2

π.
 In

 a
 s

im
ila

r w
ay

, a
 n

ot
at

io
n 

of
 2

 o
r 3

 o
r 4

 a
t t

he
 e

nd
 o

f t
he

 n
ot

at
io

n 
sh

ow
s t

he
 o

th
er

 fr
eq

ue
nc

ie
s ω

2, 
ω 3

 a
nd

 ω
4 r

es
pe

ct
iv

el
y.

 
 

C
as

e 
Si

ze
 o

f c
ra

ck
-o

pe
ni

ng
 

V
ol

um
e 

L
oc

at
io

n 
 

A
V

1F
-1

 
3m

m
 

V
1 

on
e 

cr
ac

k 
on

 th
e 

w
in

dw
ar

d 
si

de
 (1

0c
m

 fr
om

 ro
of

) 
 

A
A

V
1F

F-
1 

3m
m

 
V

1 
tw

o 
cr

ac
ks

 o
n 

th
e 

w
in

dw
ar

d 
si

de
 (

on
e 

10
cm

 f
ro

m
 

ro
of

 a
nd

 th
e 

ot
he

r 1
0c

m
 fr

om
 g

ro
un

d)
 

 

A
A

V
1F

B
-1

 
3m

m
 

V
1 

on
e 

cr
ac

k 
on

 t
he

 w
in

dw
ar

d 
si

de
 (

10
cm

 f
ro

m
 r

oo
f)

 
an

d 
on

e 
on

 th
e 

le
ew

ar
d 

si
de

 (1
0c

m
 fr

om
 g

ro
un

d)
 

 

Ta
bl

e 
1.

 E
xa

m
pl

e 
of

 th
e 

no
ta

tio
n 

fo
llo

w
ed

. H
er

e,
 th

e 
no

ta
tio

ns
 o

f t
he

 st
ud

ie
d 

ca
se

s f
or

 th
e 

cr
ac

k 
A

 (3
m

m
), 

th
e 

cu
bi

c 
vo

lu
m

e 
(V

1)
 a

nd
 th

e 
w

in
d 

gu
st

 fr
eq

ue
nc

y 
ω

1 (
= 

1/
2π

) a
re

 p
re

se
nt

ed
. 
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M
E

T
H

O
D

O
L

O
G

Y
 

 Th
e 

C
A

D
 m

od
el

 w
as

 d
ev

el
op

ed
 in

 A
N

SY
S 

D
es

ig
n 

M
od

el
er

TM
 1

2.
1.

 T
he

 C
FX

-m
es

h 
m

et
ho

d 
of

 t
he

 A
N

SY
S 

M
es

h 
pr

og
ra

m
 (

in
vo

lv
ed

 i
n 

A
N

SY
S 

W
or

kb
en

ch
) 

w
as

 u
se

d 
to

 m
es

h 
th

e 
do

m
ai

ns
. T

he
 fl

ui
d 

dy
na

m
ic

 p
ac

ka
ge

 A
N

SY
S 

C
FX

 1
2.

1 
w

as
 u

se
d 

as
 s

ol
ve

r f
or

 th
e 

nu
m

er
ic

al
 

si
m

ul
at

io
ns

. P
re

ss
ur

e 
di

st
rib

ut
io

n 
ar

ou
nd

 a
 b

ui
ld

in
g 

is
 im

po
rta

nt
 to

 g
et

 c
or

re
ct

 p
re

di
ct

io
n 

of
 

th
e 

pr
es

su
re

 g
ra

di
en

ts
 a

nd
 c

on
se

qu
en

tly
 o

f 
th

e 
ai

r 
in

fil
tra

tio
n 

th
ro

ug
h 

th
e 

en
ve

lo
pe

. A
m

on
g 

th
e 

av
ai

la
bl

e 
tu

rb
ul

en
ce

 m
od

el
s, 

th
e 

Sh
ea

r-
St

re
ss

-T
ra

ns
po

rt 
(S

ST
) m

od
el

, a
 tw

o 
eq

ua
tio

n 
k-

ω
 

ba
se

d 
m

od
el

 [
10

], 
w

as
 im

po
se

d.
 T

he
 r

ea
so

n 
fo

r 
th

at
 is

 th
e 

in
cl

us
io

n 
of

 tr
an

sp
or

t e
ff

ec
ts

 in
to

 
th

e 
fo

rm
ul

at
io

n 
of

 th
e 

ed
dy

-v
is

co
si

ty
. T

hi
s 

re
su

lts
 in

 a
 m

aj
or

 im
pr

ov
em

en
t i

n 
te

rm
s 

of
 f

lo
w

 
se

pa
ra

tio
n 

pr
ed

ic
tio

ns
 [

11
]. 

In
 a

dd
iti

on
, o

th
er

 re
le

va
nt

 s
tu

di
es

 h
av

e 
sh

ow
n 

a 
go

od
 a

gr
ee

m
en

t 
be

tw
ee

n 
SS

T 
m

od
el

 a
nd

 f
ul

l 
sc

al
e 

da
ta

, b
et

te
r 

ra
th

er
 t

ha
n 

co
m

pa
re

d 
w

ith
 s

ta
nd

ar
d 

k-
ε 

an
d 

R
N

G
 k

-ε
 m

od
el

s 
[1

2]
. A

 p
er

io
d 

of
 3

0s
ec

 w
as

 a
ss

um
ed

 to
 b

e 
th

e 
to

ta
l t

im
e 

pe
r r

un
, w

hi
le

 th
e 

tim
es

te
p 

w
as

 s
el

ec
te

d 
to

 e
qu

al
 to

 0
,5

se
c.

 A
t t

he
 in

le
t o

f t
he

 d
om

ai
n,

 a
 fu

lly
 tu

rb
ul

en
t v

el
oc

ity
 

pr
of

ile
 w

as
 a

ss
um

ed
 b

as
ed

 o
n 

th
e 

eq
ua

tio
n:

 

 

w
he

re
 u

 is
 th

e 
w

in
d 

ve
lo

ci
ty

, t
he

 fa
ct

or
 

 g
ov

er
ns

 th
e 

fr
eq

ue
nc

y 
of

 th
e 

w
in

d 
gu

st
 

an
d 

y 
is

 th
e 

1/
7 

po
w

er
-la

w
 fa

ct
or

 th
at

 d
es

cr
ib

es
 th

e 
w

in
d 

pr
of

ile
. T

he
 e

xp
on

en
t f

ac
to

r ν
 

= 
1/

7 
co

rr
es

po
nd

s 
to

 a
 w

id
el

y 
ap

pl
ic

ab
le

 r
eg

ar
di

ng
 lo

w
 s

ur
fa

ce
 r

ou
gh

ne
ss

 a
nd

 w
el

l e
xp

os
ed

 
si

te
s f

ro
m

 w
hi

ch
 c

on
ve

nt
io

na
l N

at
io

na
l C

lim
at

ic
 D

at
a 

C
en

te
r (

N
C

D
C

) d
at

a 
ar

e 
av

ai
la

bl
e 

[1
3]

.  
A

t 
y 

= 
2,

5m
 (

th
e 

he
ig

ht
 o

f 
th

e 
st

ud
ie

d 
bo

x,
 w

hi
le

 y
re

f =
 1

0m
 i

s 
th

e 
re

fe
re

nc
e 

he
ig

ht
), 

th
e 

ve
lo

ci
ty

 o
f t

he
 in

le
t b

ou
nd

ar
y 

is
 a

cc
or

di
ng

 to
 (1

): 
 

 
 A

s 
sa

id
 a

bo
ve

, 
th

e 
fa

ct
or

 ω
 f

or
m

ul
at

es
 t

he
 f

re
qu

en
cy

 o
f 

th
e 

w
in

d 
gu

st
. 

Fo
ur

 d
iff

er
en

t 
fr

eq
ue

nc
ie

s 
– 

ca
se

s 
of

 w
in

d 
gu

st
s 

w
er

e 
si

m
ul

at
ed

. A
s 

sh
ow

n 
in

 th
e 

fig
ur

e 
1,

 ω
1 =

 1
/2

π[
ra

d/
s]

 
an

d 
Τ 1

 =
 2

π[
se

c]
, ω

2 =
 1

/4
π[

ra
d/

s]
 a

nd
 Τ

2 =
 4

π[
se

c]
, ω

3 =
 1

/6
π[

ra
d/

s]
 a

nd
 Τ

3 =
 6

π[
se

c]
, ω

4 =
 

1/
8π

[r
ad

/s
] a

nd
 Τ

4 =
 8

π[
se

c]
. F

ig
ur

e 
2 

sh
ow

s u
 a

ga
in

st
 t 

at
 y

 =
 2

,5
m

. 
Th

e 
in

st
an

ta
ne

ou
s 

m
as

s 
flo

w
 r

at
e 

Q
m
 a

nd
 t

hu
s 

th
e 

in
st

an
ta

ne
ou

s 
vo

lu
m

en
tri

c 
flo

w
 r

at
e 

Q
v 

ac
ro

ss
 t

he
 c

ra
ck

(s
)/o

pe
ni

ng
(s

) 
ar

e 
ca

lc
ul

at
ed

 d
ur

in
g 

th
e 

ru
n 

in
te

rv
al

 t
im

e 
(3

0s
ec

) 
fo

r 
ev

er
y 

ca
se

 (
fig

ur
e 

3)
. 

Th
e 

in
fil

tra
tio

n 
ph

as
e 

is
 a

ss
um

ed
 t

o 
ha

ve
 p

os
iti

ve
 v

al
ue

s. 
In

 c
on

tra
st

, 
th

e 
ex

fil
tra

tio
n 

pe
rio

d 
ha

s 
ne

ga
tiv

e 
va

lu
es

. I
n 

fig
ur

e 
3 

(a
s 

w
el

l a
s 

do
ne

 in
 th

e 
re

st
 c

as
es

), 
th

e 
fir

st
 

4s
ec

 h
av

e 
be

en
 e

xc
lu

de
d,

 b
ec

au
se

 d
ur

in
g 

th
at

 ti
m

e 
pe

rio
d 

th
e 

do
m

ai
n 

w
as

 n
ot

 y
et

 u
nd

er
 fu

lly
 

tu
rb

ul
en

t c
on

di
tio

ns
. B

ot
h 

th
e 

in
fil

tra
tio

n 
an

d 
ex

fil
tra

tio
n 

ra
te

s 
fo

llo
w

 a
 s

in
us

oi
da

l f
un

ct
io

n,
 

si
m

ila
r 

to
 th

e 
ve

lo
ci

ty
 o

f 
th

e 
in

le
t 

bo
un

da
ry

 c
on

di
tio

n 
do

es
. B

as
ed

 o
n 

th
e 

Q
v, 

ac
ce

pt
in

g 
its

 
si

nu
so

id
al

 f
or

m
 a

nd
 a

ss
um

in
g 

th
at

 t
he

 m
at

he
m

at
ic

al
 b

eh
av

io
r 

of
 t

he
 l

at
er

 d
oe

s 
no

t 
ch

an
ge

 
w

ith
in

 a
n 

ho
ur

, 
th

e 
eq

ui
va

le
nt

 a
ir 

ch
an

ge
 r

at
e 

ΣA
C

H
i e

xt
ra

po
la

te
d 

ov
er

 t
im

e 
t to

t =
 1

h 
is

 
ca

lc
ul
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ed

 (t
he

 su
pe

rs
cr

ip
t i

n 
de

cl
ar

es
 th

e 
in

fil
tra

tio
n 

ph
as

e:
 

 

 

 Th
e 

an
nu

al
 a

ve
ra

ge
 in

fil
tra

tio
n 

ra
te

 n
 is

 a
ls

o 
ca

lc
ul

at
ed

 in
 o

rd
er

 to
 b

e 
co

m
pa

re
d 

w
ith

 Σ
AC

H
i 

[1
4]

: 

 

 
Fi

gu
re

 2
. I

nl
et

 b
ou

nd
ar

y 
co

nd
iti

on
s a

t y
 =

 2
,5

m
.  

   
   

   
  F

ig
ur

e 
3.

 V
ar

ia
tio

n 
of

 v
ol

um
et

ric
 a

irf
lo

w
 ra

te
 Q

v t
hr

ou
gh

 
dd

dd
dd

dd
dd

dd
dd

dd
dd

dd
dd

dd
dd

dd
dd

dd
dd

dd
dd

d 
   

   
 c

ra
ck

 B
 (6

m
m

) a
ga

in
st

 ti
m

e 
fo

r e
ac

h 
gu

st
 fr

eq
ue

nc
y 

ω
. 

  R
E

SU
L

T
S 

 Th
e 

eq
ui

va
le

nt
 a

ir 
ch

an
ge

 r
at

e 
ΣA

C
H

i i
s 

pl
ot

te
d 

ag
ai

ns
t 

gu
st

 f
re

qu
en

cy
 ω

i a
nd

 is
 s

ho
w

n 
in

 
fig

ur
es

 4
, 

5 
an

d 
6.

 T
he

 a
nn

ua
l 

av
er

ag
e 

ai
r 

ch
an

ge
 r

at
e 

is
 a

ls
o 

sh
ow

n.
 T

he
 l

ea
ka

ge
 r

at
e 

in
cr

ea
se

s 
w

ith
 ω

i f
or

 th
e 

ca
se

s o
f (

i) 
on

e 
cr

ac
k 

on
 th

e 
w

in
dw

ar
d 

(f
ig

. 4
) a

nd
 (i

i) 
tw

o 
cr

ac
ks

 o
n 

th
e 

w
in

dw
ar

d 
si

de
 (f

ig
. 5

). 
Th

e 
im

pa
ct

 o
f ω

i s
ee

m
s t

o 
be

co
m

e 
m

uc
h 

m
or

e 
si

gn
ifi

ca
nt

 in
 h

ig
he

r 
fr

eq
ue

nc
ie

s 
(s

lig
ht

ly
 p

ar
ab

ol
ic

 f
or

m
) 

fo
r 

th
os

e 
ca

se
s. 

It 
pl

ay
s 

an
 im

po
rta

nt
 r

ol
e 

fo
r 

a 
si

ng
le

 
zo

ne
 m

od
el

 w
ith

 l
ea

ka
ge

s 
lo

ca
te

d 
pe

rp
en

di
cu

la
r 

to
 t

he
 m

ai
n 

w
in

d 
flo

w
 d

ire
ct

io
n,

 w
hi

le
 i

t 
be

co
m

es
 t

he
 d

om
in

an
t 

fa
ct

or
 f

or
 h

ig
h 

fr
eq

ue
nc

ie
s. 

A
ga

in
, 

ω
 g

ov
er

ns
 t

he
 w

in
d-

in
du

ce
d 

pr
es

su
re

 d
iff

er
en

ce
 a

cr
os

s 
th

e 
en

ve
lo

pe
 o

f 
th

e 
‘b

ox
’, 

w
hi

ch
 i

s 
th

e 
dr

iv
in

g 
fo

rc
e 

of
 t

he
 a

ir 
in

fil
tra

tio
n 

(a
nd

 e
xf

ilt
ra

tio
n)

 th
ro

ug
h 

le
ak

ag
e 

ar
ea

s 
of

 s
uc

h 
si

ze
. I

n 
ad

di
tio

n,
 th

e 
ΣA

C
H

1 
fo

r 
th

e 
hi

gh
es

t g
us

t f
re

qu
en

cy
 ω

1 i
s 

hi
gh

er
 c

om
pa

re
d 

to
 a

nn
ua

l a
ve

ra
ge

 in
fil

tra
tio

n 
ra

te
 n

, f
or

 th
e 

sm
al

l c
ra

ck
(s

) A
 a

nd
 B

 (3
m

m
 a

nd
 6

m
m

) (
fig

. 4
a,

 4
b 

an
d 

5a
, 5

b)
. 

In
 c

on
tra

st
, t

he
 o

th
er

 s
et

 o
f 

ca
se

s 
(o

ne
 c

ra
ck

 o
n 

th
e 

w
in

dw
ar

d 
an

d 
on

e 
cr

ac
k 

on
 th

e 
le

ew
ar

d 
si

de
), 

sh
ow

n 
in

 f
ig

ur
e 

6,
 s

ee
m

s 
to

 b
e 

sl
ig

ht
ly

 i
nf

lu
en

ce
d 

by
 ω

i. 
Th

e 
flo

w
 p

at
te

rn
 o

f 
cr

os
s 

ve
nt

ila
tio

n 
is

 to
ta

lly
 a

ff
ec

te
d 

by
 th

e 
vo

lu
m

e 
an

d 
th

e 
si

ze
 o

f t
he

 c
ra

ck
(s

)/o
pe

ni
ng
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). 
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gu
re

 4
. T
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 e

qu
iv

al
en

t a
ir 

ch
an

ge
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ve
r a

n 
in

fil
tra

tio
n 

pe
rio

d 
fo

r t
he

 c
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es
 o

f o
ne

 c
ra

ck
 o

n 
w

in
dw

ar
d 

si
de

.  
     

Fi
gu

re
 5

. T
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 e
qu

iv
al

en
t a

ir 
ch

an
ge

 ra
te

 o
ve

r a
n 

in
fil

tra
tio

n 
pe

rio
d 
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r t

he
 c
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es

 o
f t

w
o 

cr
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ks
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n 
w

in
dw
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d 
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de
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 C
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ra
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 b
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 p
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 b
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 b
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 p
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 p
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 c
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 c
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 m
ai

n 
pr

ob
le

m
 is

 
w

he
n 

th
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t r
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 b

e 
be

tte
r 

co
m

pa
re

d 
w

ith
 m

et
ho

d 
us

in
g 

bu
ild

in
g’

s 
ow

n 
ve

nt
ila

tio
n 

sy
st

em
. R
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f C
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 c
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, d
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 c
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 o
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 o
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 c
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Wednesday 12 October 2011 
 
 
17.00 – 18.30 Parallel Session 3A - Ventilation and cooling 
 
This session is organized within the scope of a starting AIVC-TightVent project that deals with various aspects 
of ventilation for cooling. 
 

• Air/Ground heat exchangers for heating and cooling: dimensioning guidelines 
(Pierre Hollmuller, Switzerland) 

• Future climate effect on building refurbishment using ventilation for cooling: a case study 
(Maria Kolokotroni, UK) 

• Ventilation solutions in net zero energy buildings, the Elithis Tower case study 
(Oscar Hernandez, France) 

• Low-energy buildings with night and air-to-air heat exchangers – case studies and analysis 
(Jens Pfafferott, Germany) 

 
 
17.00 – 18.30 Parallel Session 3B - Development of air leakage databases 
 
There are several national initiatives to collect air leakage data from field measurements. The objective of 
this session is to begin structuring communication between some of these initiatives. It falls within the scope 
of a AIVC-TightVent project. 
 

• Preliminary analysis of U.S.  Residential Air Leakage Database Update v.2011 (Wanyu R. Chan, USA) 
• U.S. Commercial Building Airtightness Requirements and Measurements (Andrew Persily, USA)  
• The Web@set project: reasons behind, objectives and on-going developments 

(Andrés Litvak, France) 
• Experience with the development of an air leakage database in Germany (Oliver Solcher, Germany) 

 
 
18.30 – 19.30 Poster and industry exhibition 
 
19.30 End of the first day 
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an
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w
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e 
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te
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en
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m
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itu

de
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pe

ni
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ng
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e 
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pe
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d.
 T

he
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n 
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co
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 d

im
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g 
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id

el
in

es
, 

in
 t

er
m

s 
of

 r
el

at
io

ns
 b

et
w

ee
n 

ai
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lo
w

 a
nd

 p
ip

e
le

ng
th
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sa

ry
 f

or
 c

om
pl

et
e 
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m

pe
ni

ng
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f 
ye

ar
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r 

da
ily
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m

pl
itu

de
. L

at
te

r 
gu

id
el

in
es
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 f
in

al
ly

 il
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st
ra

te
d 

an
d 

va
lid

at
ed
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um

er
ic
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m
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at

io
n

K
E

Y
W

O
R

D
S

pa
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iv
e 

he
at

in
g 

an
d 

co
ol

in
g,

 b
ur

ie
d 

pi
pe

s, 
da

ily
 a

nd
 se
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on

al
 h

ea
t s

to
ra

ge

SY
ST

E
M

 D
E

SC
R

IP
T

IO
N

A
s 

co
ns

id
er

ed
 t

hr
ou

gh
ou

t 
th
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 a

rti
cl

e,
 a

n 
ai

r-
so

il 
he

at
 e

xc
ha

ng
er

 c
on

si
st

s 
of
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n 

ar
ra

y 
of

 
ho

riz
on

ta
l p

ip
es

, p
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si
bl

y 
a 

un
iq

ue
 p

ip
e,

 b
ur

ie
d 

un
de

rn
ea

th
 o

r n
ex

t t
o 

a 
bu

ild
in

g 
an

d 
si

tu
at

ed
 

at
 th

e 
in

le
t o

f t
he

 v
en

til
at

io
n 

sy
st

em
 (f

ig
. 1

). 
Pu

rp
os

e 
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 to
 ta

ke
 a

dv
an

ta
ge

 o
f t

he
 s

oi
l’s

 th
er

m
al

 
in

er
tia

, 
so

 a
s 

to
 a
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or

b 
an

d 
da

m
pe

n 
th

e 
w

in
te

r/s
um

m
er

 o
r 

th
e 

da
y/

ni
gh

t 
m

et
eo

ro
lo

gi
ca

l 
os

ci
lla

tio
n 

ca
rr

ie
d 
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 th

e 
ai

rf
lo

w
, h

en
ce

 c
ut

tin
g 

of
f t

he
 c

ol
d 

or
 h

ot
 th

er
m

al
 p

ea
ks

 w
hi

ch
 w

ou
ld

 
ot

he
rw

is
e 

be
 tr

an
sf

er
re

d 
to
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e 

bu
ild

in
g.

 I
n 

pr
in

ci
pl

e 
th

is
 te

ch
ni

qu
e 

m
ay

 b
e 

us
ed

 a
s 

w
el

l f
or

 
w

in
te

r 
he

at
in

g 
as

 f
or

 s
um

m
er

 c
oo

lin
g 

pu
rp

os
es

, 
al

th
ou

gh
 i

t 
w
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 s

ho
w

n 
th

at
 u

nd
er

 M
id

-
Eu

ro
pe

an
 c

lim
at

es
 b

ot
h 

th
es

e 
m

od
es

 d
iff

er
 a

s 
w

el
l i

n 
te

rm
s 

of
 th

e 
ef

fe
ct

 th
at

 is
 to

 b
e 

st
riv

en
 

fo
r 

(y
ea

rly
 v

er
su

s 
da

ily
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m
pl

itu
de

 d
am

pe
ni

ng
), 
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 o

f 
sy

ne
rg

y 
w

ith
 th

e 
re

st
 o

f 
th

e 
ve

nt
ila

tio
n 

sy
st

em
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nd
 w

ith
 th

e 
bu

ild
in

g 
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el
f [

1]
.

A
s 

is
 s

ch
em

at
ic

al
ly

 d
ep

ic
te

d 
he

re
 (f

ig
. 1

), 
an

d 
as

 w
ill

 b
e 

di
sc

us
se

d 
fu

rth
er

 d
ow

n 
in

 a
ll 

de
ta

ils
, 

th
e 

m
ai

n 
w

or
ki

ng
 c

ha
ra

ct
er

is
tic

s o
f a

n 
ai

r-
so

il 
he

at
 e

xc
ha

ng
er

 a
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 a
s f

ol
lo

w
s:

�
W

in
te

r 
pr

eh
ea

tin
g 

an
d 

su
m

m
er

 c
oo

lin
g 

ch
ar

ac
te

riz
e 

as
 w

el
l 

by
 d

ai
ly

 a
m

pl
itu

de
-

da
m

pe
ni

ng
 (

th
e 

da
y/

ni
gh

t 
m

et
eo

ro
lo

gi
ca

l 
ex

tre
m

es
 c

on
tra

ct
in

g 
ar

ou
nd

 t
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 d
ai

ly
 

av
er

ag
e)

 a
s 

by
 y

ea
rly

 a
m

pl
itu

de
-d

am
pe

ni
ng

 (t
he

 d
ai

ly
 a

ve
ra

ge
 a

pp
ro

ac
hi

ng
 th

e 
ye

ar
ly

 
m

et
eo

ro
lo

gi
ca

l a
ve

ra
ge

).

�
W

hi
le

 y
ea

rly
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ea
t s

to
ra

ge
 p

ro
pa

ga
te

s 
ap

pr
ox

im
at

el
y 

3 
m

 a
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un
d 
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e 

pi
pe

s, 
da

ily
 h

ea
t 

st
or

ag
e 
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es
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o 

on
 a

pp
ro

xi
m

at
el

y 
15

 c
m
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ai

ly
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m
pl

itu
de

-d
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pe
ni

ng
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s 
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m
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itu
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ni
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, w
hi
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 re
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a 

w
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ra
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ite
d 
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 m
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e 
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 d
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t d
iff
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m

m
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 e
xt
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m
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ra
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g.

 1
: S
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te

m
 sc

he
m
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l d
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ly
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nd
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rly
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m
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 d
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lo
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e 
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R
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C
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L
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N
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A
R

A
M
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T
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R

S
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ab
lis

h 
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 d
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w
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 c
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e 
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W
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or
e 

w
ill
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 r
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d 
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f 
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irf

lo
w
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 t
o 

si
nu

so
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it 

tre
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m
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f d
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e 
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il 
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w
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ch
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w
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n 
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lts
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t p
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ch

ar
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 d
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ur
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 e
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r 

a 
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 d
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n 
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e 
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n 
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 r
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 d
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 c
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at
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St
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tly
 s

pe
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in
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 a
nd

 a
s 

fo
r 
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l 
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pe
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f 

di
ff

us
iv

e 
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 s

to
ra

ge
, 

th
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m

pl
itu

de
-d

am
pe

ni
ng

 
ph

en
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en
on

 a
ct

ua
lly

 g
oe

s 
al

on
g 

w
ith

 d
el

ay
in

g 
or

 p
ha

se
-s

hi
fti

ng
 o

f 
th

e 
in

pu
t 

si
gn

al
. 

It 
is

ho
w

ev
er

 s
ho

w
n 

th
at

, a
s 

lo
ng

 a
s 

he
at

 s
to

ra
ge

 m
ay

 e
xt

en
d 

ov
er

its
 n

at
ur

al
 p

en
et

ra
tio

n 
de

pt
h 
�,

ph
as

e-
sh

ift
in

g 
re

m
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ns
 se
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nd

ar
y,

 re
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on
 w

hy
 it
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ig

no
re

d
he
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.

Th
e 

am
pl

itu
de

-d
am

pe
ni

ng
 c

oe
ff

ic
ie

nt
 h

, 
w

hi
ch

 w
ill

 g
ov

er
n 

th
e 

di
m

en
si

on
in

g 
gu

id
el

in
es

, 
ba

si
ca

lly
re

su
lts

 fr
om

 s
er

ia
l l

in
ki

ng
 b

et
w

ee
n 

th
e 

co
nv

ec
tiv

e 
ex

ch
an

ge
 c

oe
ff

ic
ie

nt
 h

a
(a

ir/
pi

pe
) 

an
d 

a 
di

ff
us

iv
e 

ex
ch

an
ge

 c
oe

ff
ic

ie
nt

 h
s

(p
ip

e/
so

il)
:

s
a

s
a

h
h

h
h

h
�

�

Th
e 

di
ff

us
iv

e 
ex

ch
an

ge
 c

oe
ff

ic
ie

nt
 h

s
re

la
te

s 
to

 h
ea

t c
ha

rg
e 

an
d 

di
sc

ha
rg

e 
in

 a
 s

oi
l l

ay
er

 o
f

th
ic

kn
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s 
�

an
d 

ca
n 

be
 a

pp
ro

xi
m

at
ed

 b
y 

th
e 

co
rr

es
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nd
in

g
st

at
ic

 c
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io
n 

co
ef

fic
ie

nt
 (f
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. 

2)
.T

he
 c

on
ve

ct
iv

e 
ex

ch
an

ge
 c

oe
ff

ic
ie

nt
 h

a
ca

n 
be

 c
om

pu
te

d 
by

 w
ay

 o
f 

a 
si

m
pl

ifi
ed

 f
or

m
 o

f 
th

e 
G

ni
el

in
sk

i r
el

at
io

n 
[3

].

G
E

O
M

E
T

R
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A
L

 L
A

Y
O

U
T

A
s 
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m

es
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 o

f p
re

ce
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ng
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el
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de
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 d

im
en

si
on

in
g 

of
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ir-
so

il 
he

at
 e

xc
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ng
er

s 
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te
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 c
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ef
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 e
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m

in
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io
n 
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 c

on
ve

ct
iv

e 
an

d 
di

ff
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iv
e 
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 e
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ng

e 
co

ef
fic

ie
nt

s, 
w
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ch

 
th
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lv
es

 d
ep

en
d 
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 g

eo
m

et
ric

al
pa

ra
m

et
er

s:
 

�
Th

e 
co
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tiv
e 

ai
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ip
e 

he
at

 e
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ha
ng

e 
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se
s 
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m

os
t l

in
ea

rly
 w

ith
 a

ir 
ve

lo
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ty
, w

ith
 

a 
le

ss
er

 d
ep

en
de

nc
e 

on
 p

ip
e 

di
am

et
er

, r
ea

ch
in

g 
va

lu
es

 b
et

w
ee

n 
4 

an
d 

16
 W

/K
.m

2 
fo

r 
ve

lo
ci

tie
s b

et
w

ee
n 

1 
an

d 
4 

m
/s

.
�

Th
e 

di
ff

us
iv

e 
he

at
 e

xc
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ng
e 

on
 it

s 
tu
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 d

ep
en

ds
 o

n 
th

e 
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la

bl
e 

so
il 

la
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r a
ro

un
d 

th
e 
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pe

s a
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e 

w
ay

 h
ea

t d
iff

us
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n 
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n 
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tu
al

ly
 ta

ke
 p

la
ce

.

W
e 

th
er

ef
or

e 
w

ill
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ns
id

er
 tw

o 
di

st
in

ct
 g

eo
m

et
ric

al
 la
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ut

s,
w

ith
 q

ui
te

 d
iff

er
en

t b
eh
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io

ur
s 

(f
ig
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):

�
Th

e 
fir

st
 c
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e 
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er
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 a
n 

ex
te
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iv

e 
ge

om
et

ry
, m

ad
e 

of
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ip
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 b
ur

ie
d 

de
ep

 a
nd

 a
pa

rt 
fr

om
 e

ac
h 

ot
he

r (
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 p
os

si
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y 
a 

un
iq

ue
 d

ee
p 

bu
rie

d 
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pe
), 

at
 a

ro
un
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m
 d

ep
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 a
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m
 i

nt
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 d

is
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 s
o 

th
at

 b
ot

h 
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ily
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 y

ea
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t 
di
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n 

m
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 f
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e 
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ia
l 

m
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(f
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 l

ef
t).

 F
or

 b
ot

h 
th

es
e 

fr
eq
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ie
s, 

th
e 

di
ff

us
iv

e 
co

ef
fic

ie
nt

 ta
ke

s 
va
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es

 in
 th

e 
sa

m
e 

or
de

r o
f m

ag
ni

tu
de

 a
s 

th
e 

co
nv

ec
tiv

e 
co

ef
fic

ie
nt

,
al

th
ou

gh
 m

or
e 

im
po

rta
nt

 in
 d
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 y

ea
rly
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a 
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nc
e,

 in
 s
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h 

a 
ge

om
et

ry
 d

ai
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 a
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 y
ea

rly
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m
pl

itu
de

-d
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ni

ng
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lw
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s 
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 o
n 
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ou
gh
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at

te
r 
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m
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y.
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 c
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 c
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ie

d 
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su
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e 

an
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ac
h 
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w
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m
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 c
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n

ca
rr

ie
d 

by
 th

e 
ai

rf
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 b
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, r
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 th
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, c
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ra
te

s t
he

 im
m

ed
ia

te
 v

ic
in

ity
 o

f t
he

 p
ip

es
 a

nd
 c
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 d
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 d
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itu
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s 
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 o
ff

er
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nc
en

tiv
es

 f
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ne
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y 

ef
fic
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gr
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. T
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m
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or
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f 
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e 

en
er

gy
 e
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y 
pr
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m
s 
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 b
y 
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pe
rf
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m

ed
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w
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k.
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e 
en
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y 
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fic
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y 
pr
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m
s 
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 c
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d 

da
ta

 p
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d 
pr

e-
an

d 
po
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w
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 d
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r m

ea
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m

en
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, w
hi
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 a
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va
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e 
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bo
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f t
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 d

at
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W
e 
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 c
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s 
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e 
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6 
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d 
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i.e

. a
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r 
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e 
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e 
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f 
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e 
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r 

R
es

D
B

. 
N

ew
 c
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st

uc
tio
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m
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20
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f 
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ta
 i
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e 
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rr
en

t 
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M
an
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 c
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ir 
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n 
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 c
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 d
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a 
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e 
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rib
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tly
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 p
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fo
rm

ed
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e 
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 b
y 
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at
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n 
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ea
rc
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og
ra

m
s 
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 c
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 D
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en
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g 
A

m
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ra
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]. 
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a,
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as
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as
hi

ng
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n 
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e 
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ith

 th
e 

m
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t 
ne

w
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st
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ns

 d
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a 
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e 
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D
B
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D
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m
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 d
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g 
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D
B
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tly
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w
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 d
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ea
su

re
m

en
ts
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0 
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. T
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se
 m

ea
su

re
m

en
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 w
er

e 
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er

te
d 

to
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m
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iz

ed
 le
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ag

e 
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 a
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g 

a 
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w
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flo

w
 e
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en
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w
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N
L
�
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H
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m
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a
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a
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a
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e 
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 a
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a
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s 

th
e 
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g 
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e 
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lin

g 
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=
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50
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a
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s 
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e 
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w
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t 5
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Pa

 m
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d 
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e 
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 d
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r. 
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e 
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ta
 c
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su
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fic
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 b
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 c
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 c

od
e)

 a
re

 k
no

w
n 

fo
r 

al
l 

da
ta

 b
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1
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 d
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ac
he

d 
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hl

y 
m
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pe
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at
e 
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y 
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be
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f d
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lu
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w
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 b
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m
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om
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m
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w
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 c
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D
B
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s 
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d 

m
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e 
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 b
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e 

1
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s 
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 m
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e 
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at
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B
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 p
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s 
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 s
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s 
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Y
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, 
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X
), 
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C
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A
). 

K
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an
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 d
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m
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 c
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re

nt
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ne
s. 

M
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ne
s c
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], 
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t f
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m
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 is
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e 
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 b
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ep
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t c
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e 

zo
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ep
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e 
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o 
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 d
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e 
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 b
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w
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n 
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n-
C

A
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O
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er
 p
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et
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s 
av
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D

B
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rd
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 d

w
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g 
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m
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, d
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m
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m
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oc
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s. 

C
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o 
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 c
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D

B
 c
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s 
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t 

th
e 
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 c
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n 
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 d
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r 
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R
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D

B
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t 

w
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m
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us
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e.
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pl
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to

 o
ut
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C
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 d
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y 
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 p
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s 
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e 
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w
 d
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s. 
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e 
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m
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r d
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ra
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pr
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m
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 t
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m
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 d
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m
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ba
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c 

ho
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s 
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d 

in
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 c

ur
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20
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 o

f R
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D
B

. D
at

a 
th
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lls
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f t
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ep
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bl
e 

ra
ng
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 e

xc
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d 
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m
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. A
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ep
ta

bl
e 
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 d

ef
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ed
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s 
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a 
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n 
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00
0 

m
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r 
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s 
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n 
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, y

ea
r 
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 b
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w
ee
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00
an
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20
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, a
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ou
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t t
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m
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g 

is
 n
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e.
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0 

da
ta

 p
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e 
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ud
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 b
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e 
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D

B
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 b
e 
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e 

of
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 b
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D
B
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w
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re
a 
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m
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w
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e 
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 b
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,a
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m
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 b
e 
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e 
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d 
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f c
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L
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io
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er
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ev
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y 
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 m
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m
m
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e 

U
S 
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it-
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ve
l, 
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w

n 
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1 
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 c
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e 
pr
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n 
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y 
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m
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 b
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D
B
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m
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g 
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 m
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 p
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sl
y 
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e 
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a 
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lf 
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m
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 m
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 b
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 c
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s o
f n

ew
 d
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D

B
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 d
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w
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 d
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re
m
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 b
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d 
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r b
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ed
 in

 re
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 m
is

si
ng

 y
ea

r b
ui

lt 
in

 th
e 

ne
w

 d
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at
 a
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e 
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 b
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 p

ro
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 d
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nt
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g 
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e 
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lu

es
 v
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 m
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ns
, s
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. 

O
ve

ra
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D
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w
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 d
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 b
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D
B
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m

ila
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 b
y 
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 d
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 d
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 b
ui

lt 
of

 h
om

es
. F

irs
t, 

v2
00

6 
do

es
 n

ot
 c

on
ta

in
 th

e 
ne

w
 c
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 m
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 d
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 f
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 m
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f m
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 p
ar

t 
to

 s
up

po
rt 

th
e 

de
ve

lo
pm

en
t 

an
d 

te
ch

ni
ca

l 
ev

al
ua

tio
n 

of
 

ai
rti

gh
tn

es
s 

re
qu

ire
m

en
ts

 f
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ra
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 p
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t d
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. c
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e 

ov
er

 1
0 

%
 

tig
ht

er
 t

ha
n 

th
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 c
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 c
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s. 

Th
e 

da
ta

 a
re

 e
xa

m
in

ed
 fo

r t
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f c
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 c
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 c
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 p
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f b
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ra
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 p
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 d
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Thursday 13 October 2011 
 
 
09.00 – 10.30 Parallel Session 4A with short oral presentations and posters - Ventilation in high 
performance buildings - Special applications 
 

• Measured public benefits from energy-efficient homes (Jonathan Coulter, USA) 
• Measurement of pollutant emissions in two similar very low energy houses with cast concrete and 

timber frame (Franck Alessi, France) 
• Low pressure drop air transfer between rooms in buildings with balanced ventilation - A commonly 

ignored issue (Peter Schild, Norway) 
• Impact of the filtration system on the indoor-outdoor particles concentration relationships in an air 

conditioned office building (Alain Ginestet, France) 
• Measured performance of three types of energy program houses in two US cities 

(Jonathan Coulter, USA) 
• Experimental evaluation of Supply-Only ventilation effectiveness (Mireille Rahmeh, France) 
• The Applicability of Glazing System with Dynamic Insulation for Residential Buildings 

(Shinsuke Kato, Japan) 
• Integrated Approach of CFD and SIR Epidemiological Model for Infectious Transmission Analysis in 

Hospital (Hiroaki Asanuma, Japan) 
• Shelter-in-place effectiveness in the event of toxic gas releases: French and Catalan assessment 

approach (Montoya Maria Isabel, Spain) 
 
 
09.00 – 10.30 Parallel Session 4B - Quality frameworks for airtightness assessment 
 
Rewarding or imposing good airtightness in a regulation directly calls into question the reliability and 
accuracy of the measurements that are performed in practice. Several schemes will be presented to increase 
or assess the quality of the measurements and execution. This session is part of an AIVC-TightVent project. 
 

• Quality system for airtightness measurement of buildings (Oliver Solcher, Germany) 
• The quality framework for Air-tightness measurers in France: assessment after 3 years of operation 

(Valérie Leprince, France) 
• Interlaboratory tests for the for the determination of repeatability and reproducibility of airtightness 

measurements (Christophe Delmotte, Belgium) 
• Pressure distribution inside large buildings during airtightness tests (Stefanie Rolfsmeier, Germany) 

 
 
10.30 – 11.00 Room Change and coffee break 
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 c
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ca
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, p
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 c
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 m
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m
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e.
 A

 s
tu

dy
[1

8]
 r
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 r
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m
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. C
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 d
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 d
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r b
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 p
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ila
tio

n 
(E

O
V

) 
in

 t
er

m
s 

of
 a

ir 
ex

ch
an

ge
 e

ff
ic

ie
nc

y 
an

d 
co

nt
am

in
an

ts
 r

em
ov

al
 e

ff
ec

tiv
en

es
s. 

Th
es

e
in

di
ca

to
rs

 a
re

m
ea

su
re

d 
as

 f
un

ct
io

n 
of

 a
ir 

ch
an

ge
 r

at
e 

an
d 

in
le

t/o
ut

le
t 

de
vi

ce
s

po
si

tio
ns

 u
si

ng
 t

he
 g

as
 

tra
ce

r 
te

ch
ni

c.
 T

he
 r

es
ul

ts
 s

ho
w

 th
at

 a
ir 

ch
an

ge
 r

at
e 

ha
s 

no
 in

flu
en

ce
 o

n 
th

e 
ai

r 
ch

an
ge

 e
ff

ic
ie

nc
y 

bu
t o

n 
ro

om
 

m
ea

n 
ag

e 
of

 a
ir.

 A
ls

o 
it 

sh
ow

s t
ha

t t
he

 e
ff

ec
tiv

en
es

s o
f S

O
V

 c
ou

ld
 b

e 
be

tte
r t

ha
n 

EO
V

.

K
E

Y
W

O
R

D
S

Su
pp

ly
-o

nl
y 

ve
nt

ila
tio

n,
 c

on
ta

m
in

an
t r

em
ov

al
ef

fe
ct

iv
en

es
s, 

A
ir 

ch
an

ge
 e

ff
ic

ie
nc

y.

IN
T

R
O

D
U

C
T

IO
N

Se
ve

ra
l 

de
ca

de
s 

ag
o,

 d
w

el
lin

g’
s 

ve
nt

ila
tio

n 
w

as
n’

t 
an

 i
m

po
rta

nt
is

su
e 

fo
r 

bu
ild

er
s. 

In
de

ed
, 

ho
us

es
 w

er
e 

le
ak

y 
en

ou
gh

 to
 p

ro
vi

de
 a

de
qu

at
e 

ai
r e

xc
ha

ng
e.

 Y
et

, a
ir 

le
ak

s 
w

er
e 

at
 th

e 
sa

m
e 

tim
e 

en
er

gy
 le

ak
s 

re
pr

es
en

tin
g 

an
 im

po
rta

nt
 p

ro
bl

em
 a

nd
 e

sp
ec

ia
lly

 a
fte

r 
th

e 
cr

is
is

 in
 1

97
3.

 
A

nd
 s

in
ce

 th
e 

th
er

m
al

 d
is

co
m

fo
rt 

an
d 

hi
gh

 e
ne

rg
et

ic
 b

ill
s 

ar
e 

m
or

e 
no

tic
ed

 b
y 

oc
cu

pa
nt

s 
th

an
 

po
or

 i
nd

oo
r 

ai
r 

qu
al

ity
 (

IA
Q

), 
bu

ild
in

g’
s 

ai
rti

gh
tn

es
s 

to
ok

 m
or

e 
de

si
gn

er
’s

 a
tte

nt
io

n 
an

d 
be

ca
m

e 
es

se
nt

ia
l i

n 
co

ns
tru

ct
io

n 
de

si
gn

.H
ow

ev
er

, m
or

e 
dw

el
lin

gs
 a

re
 m

ad
e 

ai
rti

gh
t,

gr
ea

te
r 

th
e 

im
pa

ct
 o

f
in

te
rn

al
 p

ol
lu

ta
nt

 s
ou

rc
es

 o
n 

IA
Q

an
d 

oc
cu

pa
nt

s 
he

al
th

 u
nl

es
s 

ve
nt

ila
tio

n 
is 

ef
fe

ct
iv

e.
 T

hi
s 

em
ph

as
iz

es
 t

he
 n

ee
d 

fo
r 

go
od

 v
en

til
at

io
n 

de
si

gn
. 

To
da

y,
 b

es
id

e 
th

e 
na

tu
ra

l 
ve

nt
ila

tio
n,

 th
er

e 
ar

e 
th

re
e 

ba
si

c 
ty

pe
s 

of
 re

si
de

nt
ia

l v
en

til
at

io
n 

sy
st

em
: e

xh
au

st
-o

nl
y,

 s
up

pl
y-

on
ly

 a
nd

 b
al

an
ce

d.

In
 th

is
 c

on
te

xt
, s

ev
er

al
 s

tu
di

es
 h

av
e 

be
en

 d
ed

ic
at

ed
 to

 th
e 

im
pr

ov
em

en
t a

nd
 c

ha
ra

ct
er

iz
at

io
n 

of
 d

iff
er

en
t v

en
til

at
io

n 
sy

st
em

s
[1

][
2]

[3
]. 

H
ow

ev
er

, t
he

re
is

 a
 c

rit
ic

al
 la

ck
 o

f i
nf

or
m

at
io

n 
an

d 
kn

ow
le

dg
e 

re
ga

rd
in

g 
th

e 
su

pp
ly

 o
nl

y 
ve

nt
ila

tio
n 

(S
O

V
).

Th
is

 s
tu

dy
 is

 a
bo

ut
 e

va
lu

at
in

g 
th

e 
SO

V
 e

ff
ec

tiv
en

es
s 

as
 a

 f
un

ct
io

n 
of

 a
ir 

ex
ch

an
ge

 r
at

e 
an

d 
di

ff
us

er
 l

oc
at

io
n.

 A
ls

o,
 i

t 
sh

ow
s 

th
e 

m
aj

or
 d

iff
er

en
ce

s 
th

at
 i

m
po

se
 e

xh
au

st
 o

nl
y 

ve
nt

ila
tio

n 
po

si
tio

ne
d 

in
 th

e 
sa

m
e 

co
nd

iti
on

s. 
Th

e 
ex

pe
rim

en
ts

 w
er

e 
ca

rr
ie

d 
ou

t i
n 

a 
fu

ll 
sc

al
e 

la
bo

ra
to

ry
 

ce
ll 

te
st

 w
he

re
 th

e 
ga

s t
ra

ce
r t

ec
hn

ic
 is

 u
se

d 
to

 a
ss

es
s t

he
 v

en
til

at
io

n 
ef

fe
ct

iv
en

es
s.

V
E

N
T

IL
A

T
IO

N
 E

FF
E

C
T

IV
E

N
E

SS

A
s 

aw
ar

en
es

s 
an

d 
co

nc
er

n 
ab

ou
t 

ef
fic

ie
nt

 v
en

til
at

io
n 

in
cr

ea
se

, 
so

 d
oe

s 
th

e 
re

se
ar

ch
 f

or
 

de
ve

lo
pi

ng
 d

iff
er

en
t 

m
et

ho
ds

 a
nd

 I
A

Q
 i

nd
ic

at
or

s 
to

 e
va

lu
at

e 
th

e 
ve

nt
ila

tio
n 

pr
oc

es
s.

Fo
r 

ex
am

pl
e,

 w
e 

fin
d 

in
 th

e 
lit

er
at

ur
e

[9
]:

-
N

um
be

r o
f 

ai
r 

ch
an

ge
s 

(N
A

C
) 

w
hi

ch
 g

iv
es

 in
fo

rm
at

io
n 

ab
ou

t t
he

 in
te

ns
ity

 b
ut

 n
ot

 th
e

qu
al

ity
 o

f v
en

til
at

io
n 

sy
st

em
-

V
en

til
at

io
n

ef
fe

ct
iv

en
es

s 
(E

v)
 a

s 
a

fu
nc

tio
n 

of
 r

ec
irc

ul
at

io
n 

ra
te

 (
r)

 a
nd

 a
 f

ra
ct

io
n 

of
 

th
e 

su
pp

ly
 a

ir 
(s

) 
th

at
 b

yp
as

se
s 

di
re

ct
ly

 t
o 

th
e 

ex
ha

us
t.

St
ill

, t
he

re
’s

 n
o 

in
fo

rm
at

io
n

pr
ov

id
ed

 b
y 

st
an

da
rd

s f
or

 th
e 

ca
lc

ul
at

io
n 

of
 (s

).
-

A
ls

o,
 w

e 
ca

n 
fin

d 
la

rg
e 

nu
m

be
r 

of
 n

ew
 I

A
Q

 in
di

ca
to

rs
 th

at
 h

av
e 

be
en

 d
ev

el
op

ed
 b

y 
Ja

pa
ne

se
 r

es
ea

rc
he

rs
, w

ho
 c

on
ce

nt
ra

te
d 

on
 a

irf
lo

w
ch

ar
ac

te
ris

tic
s

su
ch

 a
s 

SV
E1

 a
nd

 
SV

E2
.

N
ev

er
th

el
es

s, 
th

e 
m

os
t c

om
m

on
 u

se
d 

in
di

ca
to

rs
 a

re
 th

os
e 

de
fin

ed
 b

y 
Sa

nd
be

rg
 a

nd
 S

jo
be

rg
 in

 
19

83
 w

hi
ch

 a
re

 b
as

ed
 o

n 
th

e 
ai

r 
ag

e 
co

nc
ep

t [
5]

[6
][

7]
: t

he
 a

ir 
ch

an
ge

 e
ff

ic
ie

nc
y 
�a

an
d 

th
e 

co
nt

am
in

an
t r

em
ov

al
 e

ff
ec

tiv
en

es
s 
�c .T

he
se

 in
di

ce
s 

ap
pe

ar
 to

 b
e 

th
e 

m
os

t s
ui

ta
bl

e 
fo

r u
se

 in
 

de
si

gn
 a

nd
 st

an
da

rd
s 

be
ca

us
e 

th
ey

 a
re

 w
id

e
an

d 
al

m
os

t a
ll 

ot
he

r i
nd

ic
at

or
s 

ar
e 

an
 e

xt
en

si
on

 o
f 

bo
th

 o
f 

th
em

 [
9]

. 
In

 a
dd

iti
on

, 
co

ns
id

er
in

g 
av

er
ag

e 
or

 l
oc

al
 v

al
ue

s, 
�a

an
d 
�c

ca
n 

pr
ov

id
e 

in
fo

rm
at

io
n 

ab
ou

t t
he

 o
ve

ra
ll 

ro
om

 v
en

til
at

io
n 

qu
al

ity
 o

r i
n 

a 
pa

rti
cu

la
r p

oi
nt

 in
 th

e 
ro

om
 o

r
m

ay
be

 la
rg

er
su

ch
 a

s b
re

at
hi

ng
 z

on
e.

Fu
rth

er
m

or
e,

 S
ka

ar
et

 [
6]

ha
s 

de
fin

ed
 3

 b
as

ic
 r

ul
es

 f
or

 e
ff

ec
tiv

e 
ve

nt
ila

tio
n.

 A
t 

th
e 

de
si

gn
 

st
ag

e,
 th

e 
ve

nt
ila

tio
n 

sh
ou

ld
 b

e 
de

si
gn

ed
 to

 g
iv

e 
an

 (
1)

 �
a

ab
ov

e 
50

%
, (

2)
 a

 lo
ca

l a
ge

 in
 th

e 
br

ea
th

in
g 

zo
ne

 lo
w

er
 th

an
 th

e 
ro

om
 a

ve
ra

ge
, i

.e
. 

>1
 a

nd
 (

3)
 �

c
gr

ea
te

r 
th

an
 1

 a
nd

 a
 lo

w
er

co
nc

en
tra

tio
ns

 o
f c

on
ta

m
in

an
ts

 in
 th

e 
zo

ne
 o

f o
cc

up
at

io
n 

th
an

 th
e 

ro
om

 a
ve

ra
ge

 i.
e.

 
>

.

A
ir

 c
ha

ng
e 

ef
fic

ie
nc

y
�a

A
ir 

ch
an

ge
 e

ff
ic

ie
nc

y 
ch

ar
ac

te
ris

es
 th

e 
m

ix
in

g 
be

ha
vi

ou
r o

f i
nc

om
in

g 
ai

r w
ith

 th
e 

ai
r a

lre
ad

y 
pr

es
en

t i
n 

th
e 

ro
om

 [8
]a

nd
 it

 is
 in

de
pe

nd
en

t o
f t

he
 d

is
tri

bu
tio

n 
an

d 
em

is
si

on
 c

ha
ra

ct
er

is
tic

s o
f 

po
llu

ta
nt

s.

�a
is

 d
ef

in
ed

 a
s 

th
e 

ra
tio

 b
et

w
ee

n 
th

e 
sh

or
te

st
 p

os
si

bl
e 

tim
e 

ne
ed

ed
 fo

r r
ep

la
ci

ng
 th

e 
ai

r i
n 

th
e 

ro
om

  n
/2

 a
nd

 th
e 

ac
tu

al
 a

ir 
ch

an
ge

 ti
m

e 
< 

!

(1
)

W
he

re
 <

 !
�"#

�$
�%
$&

%�
'�
��
��

��
��

#&
("�

	�
')
��
'(�

$�
(�	

�#
�$
*�

$�
�'
(�
'"*

��
�'
�')

��
ex

ha
us

t:

(2
)

Lo
ca

l a
ir 

ch
an

ge
 e

ff
ic

ie
nc

y 
(

) i
sd

ef
in

ed
 a

s f
ol

lo
w

s:

(3
)

W
he

re
 

is
 th

e 
lo

ca
l m

ea
n 

ag
e 

of
 a

ir 
at

 p
oi

nt
 P

.

C
on

ta
m

in
an

t r
em

ov
al

 e
ff

ec
tiv

en
es

s �
c

C
on

ta
m

in
an

t r
em

ov
al

 e
ff

ec
tiv

en
es

s 
ch

ar
ac

te
riz

es
 th

e 
ab

ili
ty

 o
f t

he
 v

en
til

at
io

n 
ai

r t
o 

di
lu

te
 a

nd
 

re
m

ov
e 

po
llu

ta
nt

 fr
om

 th
e 

ro
om

. I
t d

ep
en

ds
 o

n 
th

e 
so

ur
ce

 in
te

ns
ity

 a
nd

 lo
ca

tio
n.

 T
hi

s i
nd

ex
 is

 
de

fin
ed

 a
s 

th
e 

ra
tio

 b
et

w
ee

n 
th

e 
no

m
in

al
 ti

m
e 

co
ns

ta
nt

 o
f t

he
 v

en
til

at
io

n 
ai

r a
nd

 th
e 

tu
rn

ov
er

 
tim

e 
fo

r t
he

 c
on

ta
m

in
an

t (
)

(4
)
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A
ls

o,
 it

 c
an

 b
e 

ex
pr

es
se

d 
in

 te
rm

s o
f s

te
ad

y 
st

at
e 

po
llu

ta
nt

 c
on

ce
nt

ra
tio

ns
:

(5
)

W
he

re
: 

ar
e 

th
e 

po
llu

ta
nt

 c
on

ce
nt

ra
tio

ns
 in

 th
e 

ex
ha

us
t, 

su
pp

ly
 

an
d 

th
e 

av
er

ag
e 

ro
om

 c
on

ce
nt

ra
tio

n.

Th
e 

lo
ca

l a
ir 

qu
al

ity
 in

de
x 

ca
n 

be
 o

bt
ai

ne
d 

by
su

bs
tit

ut
in

g 
in

 th
e 

eq
ua

tio
n 

(5
) b

y 
,

th
e 

po
llu

ta
nt

 c
on

ce
nt

ra
tio

n 
in

 th
e 

po
in

t o
f i

nt
er

es
t p

:

(6
)

M
E

T
H

O
D

E
xp

er
im

en
ta

l s
et

-u
p

M
ea

su
re

m
en

ts
 w

er
e 

ca
rr

ie
d 

ou
t 

in
 a

 3
5m

3
te

st
 c

el
l 

(4
.2

8 
× 

3.
14

 ×
 2

.6
) 

co
m

po
se

d 
of

 s
te

el
 

pa
ne

ls
 (F

ig
ur

e 
1)

. T
he

 a
irt

ig
ht

ne
ss

 o
f t

he
 ro

om
 w

as
 d

et
er

m
in

ed
by

 a
 B

lo
w

er
D

oo
r t

es
t a

nd
w

ith
 

a 
pr

es
su

re
 d

iff
er

en
ce

 o
f 

50
Pa

sc
al

,
(n

50
) 

is
 a

bo
ut

 1
.4

 v
ol

/h
. 

A
ir 

te
m

pe
ra

tu
re

 (
ty

pe
 K

 
th

er
m

oc
ou

pl
e)

,
ai

r 
ve

lo
ci

ty
 (

TS
I 

84
75

om
ni

di
re

ct
io

na
l

tra
ns

du
ce

r)
 a

nd
 c

ar
bo

n 
di

ox
id

e 
co

nc
en

tra
tio

ns
 (

V
ai

sa
la

 G
M

M
 2

22
) 

w
er

e 
ac

qu
ire

d 
at

 t
hr

ee
 d

iff
er

en
t 

he
ig

ht
s:

 0
.1

m
 (

an
kl

e)
, 

1.
1m

 (
he

ad
 o

f 
a 

si
tti

ng
 p

er
so

n)
 a

nd
 1

.7
m

 (
he

ad
 o

f 
a 

st
an

di
ng

 p
er

so
n)

 a
nd

 a
t 

ni
ne

 d
iff

er
en

t 
po

si
tio

ns
 i

n 
th

e 
ro

om
, 

re
su

lti
ng

 i
n 

27
 s

am
pl

in
g 

po
si

tio
ns

 i
ns

id
e 

th
e 

ro
om

. 
A

dd
iti

on
al

ly
, 

te
m

pe
ra

tu
re

 a
nd

 c
ar

bo
n 

di
ox

id
e 

co
nc

en
tra

tio
ns

 w
er

e 
m

ea
su

re
d 

in
 th

e 
in

le
t a

nd
 e

xh
au

st
 d

uc
ts

, 
an

d 
th

e 
te

m
pe

ra
tu

re
 o

f 
th

e 
w

al
ls

 w
er

e 
es

tim
at

ed
 w

ith
 f

iv
e 

ty
pe

 K
 th

er
m

oc
ou

pl
es

 p
er

 w
al

l t
o 

en
su

re
 th

at
 th

e 
te

st
s 

w
er

e 
pe

rf
or

m
ed

 in
 is

ot
he

rm
al

 c
on

di
tio

ns
. T

he
 in

le
t f

lo
w

 w
as

 d
et

er
m

in
ed

 
w

ith
 a

 H
ön

tz
sc

h 
ZS

25
 v

an
e 

an
em

om
et

er
.

Th
e 

m
ea

su
re

m
en

ts
 w

er
e 

pe
rf

or
m

ed
 e

ve
ry

 3
0 

se
co

nd
s 

an
d 

ac
qu

ire
d 

on
 t

w
o 

C
am

pb
el

l 
Sc

ie
nt

ifi
c 

C
R

10
00

 d
at

a 
lo

gg
er

s. 
O

cc
up

an
cy

 w
as

 
m

od
el

le
d 

by
tw

o 
cy

lin
dr

ic
al

 m
an

ik
in

s, 
w

ith
 c

ar
bo

n 
di

ox
id

e 
be

in
g 

su
pp

lie
d 

at
 a

 h
ei

gh
t o

f 1
.1

m
 

fo
r e

ac
h 

m
an

ik
in

, t
hr

ou
gh

 a
 d

iff
us

in
g 

de
vi

ce
. 

Tw
o 

ty
pe

s 
of

 v
en

til
at

io
n

st
ra

te
gi

es
w

er
e 

as
se

ss
ed

: 
su

pp
ly

-o
nl

y 
an

d 
ex

tra
ct

-o
nl

y,
 a

nd
 t

hr
ee

 
ve

nt
ila

tio
n 

co
nf

ig
ur

at
io

ns
 w

er
e 

ta
ke

n 
in

to
 a

cc
ou

nt
 (F

ig
ur

e 
2)

:
-

C
on

fig
ur

at
io

n 
A

: u
pp

er
 w

al
l s

up
pl

y/
ex

tra
ct

an
d 

lo
w

er
-o

pp
os

ite
 a
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el
ea

se
d 

co
nt

in
uo

us
ly

 b
y 

bo
th

 o
cc

up
an

ts
 a

t a
 ra

te
 o

f 1
8 

L/
h/

oc
cu

pa
nt

w
hi

le
 th
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 c
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 o
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 o
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at
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 c

on
fig

ur
at

io
n

A
 a

s a
 fu

nc
tio

n 
of

 a
ir 

ch
an

ge
 ra

te
 

Fo
r t

he
 E

O
V

 s
ys

te
m

, t
he

 ro
om

 m
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 b
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 r
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at
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m
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r t
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 c
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e 
di

ff
er

en
ce

 is
 r

an
ge

d 
be

tw
ee

n 
10

 m
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 f
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t c
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r c
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r c
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r f
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 b
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 d
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m
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ic
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 d
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 d
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er
en
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do
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tu
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ul
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io
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ra
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dd
iti
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 p
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 r
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 c
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 c
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 p

ro
po

rti
on

al
 to

 th
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 p
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e 

di
ff

er
en

ce
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 d
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w
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 p
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ch
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 c
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fic

ie
nc

y,
 m

oi
st

ur
e 

co
nd

en
sa

tio
n

IN
T

R
O

D
U

C
T

IO
N

So
lu

tio
n 

of
fe

rin
gs

 to
 th

e 
in

or
di

na
te

 a
m

ou
nt

 o
f e

ne
rg

y 
us

ed
 fo

r c
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e.

 T
o 

in
su

la
te

 b
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 b
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 d
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t b
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 p
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 m
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 d
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 b
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t d
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 b
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el

em
en

ts
an

d 
su

cc
es

sf
ul

ly
 a

pp
lie

d 
to

 t
he

 b
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Fu
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 f
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ra
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r f
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 d
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 re
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os
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ra
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 c
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 c
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 a
 h
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 m
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e 
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av
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 s
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lth

ou
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 m
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 p
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d
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 c
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 d
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 f
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 d
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la

tio
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 p
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 p
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l b
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 p
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 c
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at
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oi
st

ur
e 

co
nd

en
sa

tio
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 d
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 p
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 p
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at
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f g
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 c
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 d
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 f
ra

m
es

 m
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 p
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 p
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 p
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 g
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ss
 a
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am
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1.
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D

yn
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 in

su
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n 
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pl

ie
d 
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 fr
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e 

of
 th

e 
w

in
do

w
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 t

hi
s 
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pe

r, 
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 o
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ap

pl
y 

dy
na
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at

io
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in
do
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ra
m
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at
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m

at
er

ia
l 

su
ch
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pa

ck
ed

 b
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f 
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(i.
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l, 

m
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l, 
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iu
m

 p
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le

s, 
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c.
) 

is
 in

st
al

le
d 

ar
ou

nd
 th

e 
w

in
do

w
 s

o 
th

at
 f

re
sh

 a
ir,

 w
at

er
 v

ap
ou

r 
an

d 
he

at
 c

an
 p
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s 

th
ro

ug
h.
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yn

am
ic

 i
ns

ul
at

io
n 

re
fe

rs
 t

o 
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e 
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e 
of

 p
or
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s 

in
su

la
tio

n 
m

at
er
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l 
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ro

ug
h 

w
hi

ch
 v

en
til

at
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r c
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in
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ng
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e 
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tiv
e 

he
at
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e 
m

at
er
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er
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w
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A

ss
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in
g 

un
ifo
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ir 
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w
, 

he
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ra

ns
fe

r 
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 t
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dy
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m

ic
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su
la

tio
n 

ca
n 

be
 d

es
cr

ib
ed

 u
si

ng
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 1
-D

 s
te

ad
y-

st
at

e 
m

od
el

, a
s 

gi
ve

n 
by

 E
qu

at
io

n 
1

[7
], 

[8
],

[9
],

[1
0]

,[
11

],
[1

2]
,[

13
], 

[1
4]

, [
15

].

0
)
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)

( 2

2

�
�

dx
x

dT
C

u
dx

x
T

d
k

P
a�

(1
)

w
he
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 k

[W
/(m

45
)]

 i
s 

th
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th
er

m
al

 c
on

du
ct

iv
ity
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f 

th
e 

in
su

la
tio

n 
m

at
er
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l, 

T
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] 
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he

 
te

m
pe

ra
tu
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, �

a
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g/
m
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an

d 
C

P
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 a
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 th
e 
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e 
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 c
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f 
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r, 
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d
u
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ir 
ve
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m
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 c
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 d
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l m
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e 
in

su
la

tio
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 c
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 b
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iz

at
io

n 
fo

r 
al

l 
m

ea
su

re
m

en
ts

 w
he

n 
us

ed
 a

s 
pr

oo
f 

of
 

co
m

pl
ia

nc
e 

to
 th

e 
EP

-r
eg

ul
at

io
n.

 
So

, i
n 

or
de

r t
o 

pr
ep

ar
e 

th
e 

20
12

 re
gu

la
tio

n,
 a

 n
ew

 o
rg

an
is

at
io

n 
w

as
 s

et
 to

 b
e 

ab
le

 to
 d

ea
l w

ith
 

ov
er

 5
00

 a
pp

lic
at

io
ns

 a
 y

ea
r. 

 

D
E

L
E

G
AT

IO
N

 T
O

 Q
U

A
L

IB
AT

 
Th

e 
ba

si
c 

id
ea

 w
as

 to
 d

el
eg

at
e 

th
e 

pr
oc

es
s 

to
 a

 p
riv

at
e 

bo
dy

 w
ho

 w
ill

 o
rg

an
iz

e 
th

e 
re

po
rts

 
ex

am
in

at
io

n 
 b

y 
po

ol
 o

f e
xp

er
ts

 a
pp

ro
ve

d 
by

 th
e 

m
in

is
try

. 
Th

e 
“Q

ua
lib

at
” 

as
so

ci
at

io
n 

ha
s 

be
en

 c
ho

se
n 

to
 b

e 
in

 c
ha

rg
e 

of
 th

e 
co

m
m

is
si

on
. Q

ua
lib

at
 is

 a
 

qu
al

ifi
ca

tio
n 

an
d 

ce
rti

fic
at

io
n 

bo
dy

 
fo

r 
co

ns
tru

ct
io

n 
co

m
pa

ni
es

. 
It 

is
 

a 
w

el
l 

kn
ow

n 
or

ga
ni

sa
tio

n 
in

 F
ra

nc
e 

th
at

 h
as

 t
od

ay
 q

ua
lif

ie
d 

m
or

e 
th

an
 3

0 
00

0 
co

m
pa

ni
es

 i
n 

th
e 

w
ho

le
 

co
ns

tru
ct

io
n 

fie
ld

. A
 re

fe
re

nt
ia

l f
or

 th
is

 n
ew

 c
om

m
itt

ee
 h

as
 b

ee
n 

se
t i

n 
co

lla
bo

ra
tio

n 
be

tw
ee

n 
th

e 
m

in
is

try
 a

nd
 Q

ua
lib

at
 to

 e
ns

ur
e 

th
at

 fo
rm

er
 re

qu
ire

m
en

ts
 w

ill
 b

e 
m

ai
nt

ai
ne

d 
an

d 
th

at
 th

e 
au

th
or

is
at

io
n 

w
ill

 c
on

ce
rn

 a
 p

er
so

n 
au

th
or

is
at

io
n 

an
d 

no
t 

a 
co

m
pa

ny
 a

ut
ho

ris
at

io
n.

 A
n 

ag
re

em
en

t 
ha

s 
be

en
 s

ig
ne

d 
be

tw
ee

n 
th

e 
m

in
is

try
 a

nd
 Q

ua
lib

at
. 

Th
us

, 
st

ar
tin

g 
Ja

nu
ar

y 
1st

20
11

, 
th

e 
m

in
is

te
ria

l 
au

th
or

is
at

io
n 

is
 d

el
iv

er
ed

 t
hr

ou
gh

 a
 Q

ua
lib

at
 q

ua
lif

ic
at

io
n.

 Q
ua

lib
at

 
m

an
ag

es
 th

e 
co

m
m

is
si

on
 a

nd
 d

el
eg

at
es

 th
e 

ex
pe

rti
se

 to
 m

in
is

try
 a

pp
ro

ve
d 

ex
pe

rts
 . 

T
ra

in
in

g 
ex

pe
rt

s 
In

 J
an

ua
ry

 2
01

1 
th

e 
fu

nc
tio

n 
of

 th
e 

m
in

is
try

 w
as

 th
en

 c
ha

ng
ed

, i
t i

s 
no

 lo
ng

er
 in

 c
ha

rg
e 

to
 

di
re

ct
ly

 e
va

lu
at

e 
m

ea
su

re
rs

' c
om

pe
te

nc
ie

s, 
bu

t t
o 

“e
va

lu
at

e 
th

os
e 

w
ho

 e
va

lu
at

e 
m

ea
su

re
rs

”.
 

Th
us

, a
 tw

o 
da

ys
 tr

ai
ni

ng
 is

 o
rg

an
is

e 
tw

ic
e 

a 
ye

ar
 fo

r p
eo

pl
e 

w
ill

in
g 

to
 b

ec
om

e 
ex

pe
rt 

fo
r t

he
 

co
m

m
is

si
on

.  

O
n 

th
e 

fir
st

 h
al

f d
ay

, t
he

 s
ta

nd
ar

d 
an

al
ys

is
 g

rid
 is

 d
et

ai
le

d.
 T

he
 g

rid
 s

um
m

ar
iz

es
 th

e 
N

F 
EN
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-8
29

 a
nd

 G
A

 P
 5

0-
78

4 
ke

y 
el

em
en

ts
, t

he
 t

ra
in

in
g 

co
ns

is
ts

 i
n 

ex
pl

ai
ni

ng
 w

ha
t 

sh
ou

ld
 b

e 
co

ns
id

er
 a

s 
re

se
rv

e,
 a

s 
un

co
nf

or
m

ity
 o

r 
ju

st
 a

s 
re

co
m

m
en

da
tio

n.
 T

he
n 

a 
fic

tiv
e 

ca
se

 i
s 

ev
al

ua
te

d 
by

 tr
ai

ne
r a

nd
 c

or
re

ct
ed

 in
 g

ro
up

. F
in

al
ly

, t
he

 tr
ai

ne
r i

s 
ex

am
in

ed
 o

n 
hi

s 
ev

al
ua

tio
n 

of
 a

 se
co

nd
 fi

ct
iv

e 
ca

se
. 

C
an

di
da

te
s 

fo
r 

ex
pe

rti
se

 a
re

 e
xp

er
im

en
te

d 
m

ea
su

re
rs

, 
tra

in
er

s 
fr

om
 a

n 
ap

pr
ov

ed
 t

ra
in

in
g 

ce
nt

er
 a

nd
 e

xp
er

ts
 r

ec
om

m
en

de
d 

by
 o

th
er

 m
em

be
rs

 o
f 

th
e 

co
m

m
is

si
on

. 
It’

s 
ne

ce
ss
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y 

to
 

di
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os
e 

of
 e

xp
er

t f
ro

m
 a

ll 
ov

er
 F

ra
nc

e,
 a

s 
an

 e
xp

er
t s

ho
ul

d 
ne

ve
r 

ex
am

in
e 

a 
ca

nd
id

at
e 

fr
om

 
hi

s o
w

n 
re

gi
on

. T
o 

en
su

re
 th

is
 d

is
se

m
in

at
io

n 
th

e 
tra

in
in

g 
is

 o
rg

an
is

ed
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lo
ng
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 w

eb
 c

on
fe

re
nc

e.
 

A
t t

he
 e

nd
 o

f 
th

e 
fir

st
 tr

ai
ni

ng
 s

es
si

on
, 1

3 
ca

nd
id
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es

 o
ut

 o
f 

 1
5 

va
lid

at
ed
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e 

te
st
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nd

 w
er

e 
ad

de
d 

to
 t

he
 s

ev
en

 f
or

m
er

 e
xp

er
ts
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A

 n
ew
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si
on

 w
ith

 t
en

 o
r 
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 c

an
di
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te
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w
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 s
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n 
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ni
se

d.
  

D
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 c
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m
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t 

m
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s, 
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e 
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m
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r 
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re
r 
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 d
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ed
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m
pa

re
d 
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 o

f 
20

10
, 

w
ith

 a
n 
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er
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e 
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 o

nl
y 

se
ve

n 
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al
ifi

ca
tio

ns
 p

er
 m

on
th

, 
co

m
pa

re
d 

to
 1

6 
in

 2
01

0.
 In

 f
ac

t, 
on

 o
ne

 h
an

d,
 in

 th
e 

be
gi

nn
in

g,
 th

e 
de

le
ga

tio
n 

le
ad

 to
 s

om
e 

se
tti

ng
 d

iff
ic

ul
tie

s, 
an

d 
on
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e 

ot
he

r 
ha

nd
, a

s 
ge

tti
ng

 th
e 

qu
al

ifi
ca

tio
n 

w
as

 n
o 

lo
ng

er
 f

re
e 

of
 

ch
ar

ge
 (n

ow
 a

ro
un

d 
50

0€
 p

er
 c

an
di

da
te

), 
it 

di
sc

ou
ra

ge
d 

so
m

e 
of

 p
ot

en
tia

l c
an

di
da

te
s. 

 
N

ev
er

th
el

es
s, 

Q
ua

lib
at

 h
as

 i
nv

ol
ve

d 
its

el
f 

in
 p

ro
m

ot
io

n 
an

d 
ad

ve
rti

se
m

en
t 

of
 t

he
 m

ea
su

re
r 

qu
al

ifi
ca

tio
n 

w
hi

ch
 sh

ou
ld
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ris

e 
ne

w
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pp
lic

at
io

ns
. 
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E
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O
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E
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E
A

SU
R

M
E

N
T 

D
AT

A
 

A
 fr

am
ew

or
k 

ha
s 

be
en

 s
pe

ci
fie

d 
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 m
on

ito
r t

he
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ut
ho

riz
ed

 m
ea

su
re

rs
' a

ct
iv

iti
es

. T
o 

th
is

 e
nd

, 
th

e 
m

ea
su

re
rs

 m
us

t f
ile

 a
 s

ta
nd

ar
d 

da
ta

ba
se

 fo
r e

ac
h 

m
ea

su
re

m
en

t t
he

y 
pe

rf
or

m
. T

hi
s 

re
co

rd
 

is
 a

 s
im

pl
e 

sp
re

ad
sh

ee
t t

ab
le

 , 
w

ith
 p

re
-d

ef
in

ed
 f

ie
ld

s. 
Ea

ch
 m

ea
su

re
r 

m
us

t s
en

d 
th

is
 r

ec
or

d 
al

on
g 

w
ith

 h
is

 f
irs

t a
pp

lic
at

io
n;

 h
e 

m
us

t a
ls

o 
up

da
te

 it
 e

ve
ry

 y
ea

r 
to

 h
av

e 
hi

s 
au

th
or

iz
at

io
n 

ex
te

nd
ed

.  
Th

us
 th

e 
m

in
is

try
 d

is
po

se
 o

f 
a 

na
tio

na
l d

at
ab

as
e 

w
ith

 m
ea

su
re

m
en

ts
 d

on
e 

by
 a

ll 
au

th
or

is
ed

 
m

ea
su

re
rs

. M
id

-2
01

1,
 w

he
n 

w
e 

be
ga

n 
to

 m
ak

e 
us

e 
of

 th
is

 d
at

ab
as

e,
 it

 a
lre

ad
y 

ga
th

er
ed

 a
lm

os
t 

25
00

 m
ea

su
re

m
en

ts
, f

ro
m

 2
5 

au
th

or
is

ed
 m

ea
su

re
rs

. T
hi

s 
nu

m
be

r 
w

ill
 e

xp
on

en
tia

lly
 in

cr
ea

se
 

as
 th

e 
20

10
 a

ut
ho

ris
ed

 m
ea

su
re

rs
 w

ill
 so

on
 se

nd
 th

ei
r u

pd
at

ed
 fi

le
 fo

r a
nn

ua
l p

ro
lo

ng
at

io
n.

 
Th

is
 d

at
ab

as
e 

gi
ve

s 
us

 a
 g

oo
d 

vi
ew

 o
f 

bu
ild

in
gs

 a
ir-

tig
ht

ne
ss

 in
 F

ra
nc

e,
 a

nd
 a

llo
w

ed
 u

s 
to

 
pr

od
uc

e 
in

te
re

st
in

g 
st

at
is

tic
s 

on
 b

ui
ld

in
gs

 a
ir-

tig
ht

ne
ss

 a
cc

or
di

ng
 to

 th
ei

r l
oc

al
is

at
io

n,
 k

in
d 

of
 

bu
ild

in
gs

, y
ea

r o
f c

on
st

ru
ct

io
n,

 ty
pe

 o
f c

on
st

ru
ct

io
n,

 e
tc

. [
4,

5]
. N

ev
er

th
el

es
s, 

it’
s 

ne
ce

ss
ar

y 
to

 
ke

ep
 in

 m
in

d 
th

at
 th

e 
da

ta
ba

se
 is

 b
ia

se
d 

to
w

ar
ds

 lo
w

-e
ne

rg
y 

bu
ild

in
gs

: f
or

 e
xa

m
pl

e 
47

%
 o

f  
te

st
ed

 d
et

ac
he

d 
ho

us
es

 w
er

e 
in

vo
lv

ed
 in

 a
 B

B
C

-E
ff

in
er

gi
e 

ce
rti

fic
at

io
n 

pr
oc

es
s, 

w
he

re
as

 th
is

 
ce

rti
fic

at
io

n 
ha

s 
a 

m
ar

ke
t s

ha
re

 o
f 

on
ly

 7
%

 o
f 

al
l n

ew
 c

on
st

ru
ct

io
ns

. S
in

ce
 th

e 
ce

rti
fic

at
io

n 
im

po
se

s 
a 

m
ax

im
um

 a
ir-

tig
ht

ne
ss

 le
ve

l f
or

 h
ou

se
s 

of
 Q

4P
as

ur
f=

0.
6m

3 /h
.m

², 
it 

is
 f

or
es

ee
n 

th
at

 
th

e 
av

er
ag

e 
of

 th
e 

da
ta

ba
se

 is
 b

et
te

r t
ha

n 
th

e 
na

tio
na

l a
ve

ra
ge

.  
Fi

gu
re

 1
 g

iv
es

 e
xa

m
pl

e 
of

 st
at

is
tic

 th
at

 a
re

 d
on

e 
w

ith
 th

e 
da

ta
ba

se
 [4

,5
]. 
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C
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N
C

L
U
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O

N
 

Ev
en

 if
 th

e 
ov

er
al

l f
ra

m
ew

or
k 

fo
r t

he
 c

om
m

is
si

on
 is

 s
til

l u
nd

er
 te

st
 p

er
io

d,
 o

ur
 fe

el
in

g 
is

 th
at

 
it 

ha
s 

gr
ea

tly
 h

el
pe

d 
th

e 
m

ea
su

re
rs

’ 
co

m
m

un
ity

 t
o 

ke
ep

 a
 p

os
iti

ve
 i

m
ag

e.
 T

he
 p

ot
en

tia
l 

di
sc

re
di

t t
ha

t c
ou

ld
 fa

ll 
on

 a
 n

ew
 p

ro
fe

ss
io

n 
ha

s 
be

en
 a

vo
id

ed
 s

o 
fa

r, 
ev

en
 th

ou
gh

 th
is

 s
ub

je
ct

 
re

m
ai

ns
 c

on
tro

ve
rs

ia
l a

m
on

g 
bu

ild
in

g 
pr

of
es

si
on

al
s.

M
or

eo
ve

r, 
as

 a
ll 

m
ea

su
re

rs
 a

re
 i

de
nt

ifi
ed

, 
it’

s 
ea

si
er

 t
o 

di
ss

em
in

at
e 

ne
w

 r
eq

ui
re

m
en

ts
 o

r 
ad

ap
ta

tio
ns

, o
r 

to
 p

ro
m

ot
e 

po
te

nt
ia

l d
ev

el
op

m
en

ts
 s

uc
h 

as
 v

en
til

at
io

n 
ne

tw
or

k 
m

ea
su

re
m

en
t 

fo
r e

xa
m

pl
e.

 
Fi

na
lly

 th
e 

m
ea

su
re

r n
et

w
or

k 
pr

od
uc

e 
a 

va
lu

ab
le

 d
at

ab
as

e 
fo

r a
n 

ai
r-

tig
ht

ne
ss

 o
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er
va

to
ry
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f 

in
 F

ra
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e.
 

A
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L
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D
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E
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E
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S 
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e 
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m
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em
en
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of

 t
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se
 q

ua
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s 

fu
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ed
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th
e 

m
in

is
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of
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og
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su
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bl
e 

de
ve

lo
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en
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tra
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po
rt 

an
d 

ho
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D
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 c
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re
nc

e,
 2

6-
28

 O
ct

ob
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Thursday 13 October 2011 
 
 
11.00 – 12.00 Parallel Session 5A with short oral presentations and posters – IAQ analysis and 
simulation of airflow and pollutant transport 
 

• Performances of decentralized air handling terminals connected to building airtightness and indoor 
hygro-thermal climate (Gabrielle Masy, Belgium) 

• Basis study about prediction of air flow environment in cross-ventilated room by neural network 
(Tomoyuki Endo, Japan) 

• Sensitivity study for architectural design strategies of office buildings in Central Chile: effectiveness 
of nocturnal ventilation (Felipe Encinas Pino, Belgium) 

• Nano-scale Aerosol Deposition Model for CFD in Indoor Environmental Analysis 
(Jun Narikawa, Japan) 

• Exposure Concentration Prediction by Multi-Nesting Approach Connecting Building Space-Virtual 
Manikin- Nasal Airway Model (Kazuhide Ito, Japan) 

 
 
11.00 – 12.00 Parallel Session 5 B - Philosophy for defining airtightness requirements 
Should there be specific airtightness requirements? If so, what level is to be required? Should there be a 
minimum level of air leakage? The objective of this session is to review critical aspects that have to be 
considered to tackle such questions. It falls within the scope of a AIVC-TightVent project. 
 

• Optimal air tightness levels of buildings (Willem de Gids, Netherlands) 
 
 
12.00 – 12.15 Room Change 
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io
ns

 in
 in

do
or

 
en

vi
ro

nm
en

ts
. T

ow
ar

ds
 th

is
 e

nd
, t

hi
sp

ap
er

 d
es

cr
ib

es
 a

no
ve

l w
al

l s
ur

fa
ce

 d
ep

os
iti

on
 m

od
el

 o
f 

na
no

-s
ca

le
 a

er
os

ol
 th

at
 c

an
 p

re
di

ct
 u

ns
te

ad
y 

de
po

si
tio

n 
flu

x 
of

 a
er

os
ol

 in
do

or
s;

it
al

so
 re

po
rts

 
th

e 
re

su
lts

 o
f s

en
si

tiv
ity

 a
na

ly
si

s t
ar

ge
tin

g
a

si
m

pl
e 

2-
di

m
en

si
on

al
 re

ct
an

gu
la

r d
uc

t m
od

el
. 

PR
E

V
IO

U
S 

ST
U

D
IE

S
O

F 
D

E
PO

SI
T

IO
N

 M
O

D
E

L
S

Th
er

e 
ha

ve
 b

ee
n

m
an

y 
st

ud
ie

s 
of

 a
ds

or
pt

io
n/

de
so

rp
tio

n
of

 g
as

eo
us

 c
he

m
ic

al
 c

om
po

un
ds

 a
nd

 
va

rio
us

 n
um

er
ic

al
 m

od
el

s 
in

co
rp

or
at

in
g

ad
so

rp
tio

n 
is

ot
he

rm
 h

av
e 

be
en

 p
ro

po
se

d.
 C

on
ce

rn
in

g 
th

e 
ae

ro
so

l 
de

po
si

tio
n 

ph
en

om
en

on
, 

th
er

e 
ha

ve
 b

ee
n

re
se

ar
ch

 r
ep

or
ts

 p
ub

lis
he

d 
si

nc
e 

th
e 

2

19
80

s 
[O

ku
ya

m
a 

et
 a

l.,
 1

98
6,

 S
hi

m
ad

a 
et

 a
l.,

 1
98

8,
 O

ta
ni

 e
t a

l.,
 1

98
9]

 a
nd

,i
n 

re
ce

nt
 y

ea
rs

, 
A

.C
.K

.
La

i
pu

bl
is

he
d 

an
el

ab
or

at
e 

an
d 

co
m

pr
eh

en
si

ve
re

vi
ew

 a
rti

cl
e 

th
at

fo
cu

se
s

on
a

de
po

si
tio

n 
m

od
el

 f
or

in
do

or
 e

nv
iro

nm
en

ts
. 

Th
e 

ae
ro

so
l 

de
po

si
tio

n 
m

od
e 

in
 a

n 
in

do
or

 
en

vi
ro

nm
en

t 
is

 d
es

cr
ib

ed
 b

y 
th

e 
co

nc
ep

ts
 o

f 
pa

rti
cl

e 
lo

ss
 c

oe
ff

ic
ie

nt
 o

r
de

po
si

tio
n 

ve
lo

ci
ty

an
d 

th
es

e 
pa

ra
m

et
er

s a
re

 c
la

ss
ifi

ed
 a

s f
un

ct
io

ns
 o

f a
er

os
ol

 si
ze

 a
nd

 tu
rb

ul
en

t p
ro

pe
rti

es
. 

D
ep

os
iti

on
 v

el
oc

ity
 o

f a
er

os
ol

 p
ar

tic
le

s i
s d

ef
in

ed
 b

y 
th

e 
ae

ro
so

l d
ep

os
iti

on
flu

x 
an

d 
re

fe
re

nc
e 

co
nc

en
tra

tio
n,

an
d 

th
e 

w
al

l b
ou

nd
ar

y 
co

nd
iti

on
 o

f a
er

os
ol

 d
ep

os
iti

on
 is

 d
es

cr
ib

ed
 a

s f
ol

lo
w

s:
n

v
J

d
�

�
�

.
(1

)
H

er
e,

J
in

di
ca

te
s

de
po

si
tio

n 
flu

x
of

 in
do

or
 a

er
os

ol
,v

d
de

no
te

s
de

po
si

tio
n 

ve
lo

ci
ty

, a
nd

 n
is

 
nu

m
be

r c
on

ce
nt

ra
tio

n 
of

 a
er

os
ol

.
In

 g
en

er
al

, t
he

 c
on

ce
pt

 o
f d

ep
os

iti
on

 v
el

oc
ity

 is
 a

na
lo

go
us

to
 th

e
m

as
s 

tra
ns

fe
r c

oe
ff

ic
ie

nt
 b

y 
w

hi
ch

 s
ur

fa
ce

 z
er

o 
co

nc
en

tra
tio

n 
is

 c
on

si
de

re
d 

an
d 

he
nc

e 
in

co
rp

or
at

es
no

t 
on

ly
 B

ro
w

ni
an

 
di

ff
us

io
n 

bu
t a

ls
o 

th
e 

ef
fe

ct
s o

f t
ur

bu
le

nt
 d

iff
us

io
n 

an
d 

gr
av

ita
tio

na
l s

ed
im

en
ta

tio
n.

 
B

as
e 

on
 t

he
 p

re
vi

ou
s 

re
po

rts
, 

fo
r

in
do

or
 a

er
os

ol
 f

ro
m

 1
0 

nm
 t

o 
10

 �
�

in
 d

ia
m

et
er

, 
th

e 
de

po
si

tio
n 

ve
lo

ci
ty

 a
s 

a
fu

nc
tio

n 
of

 p
ar

tic
le

 d
ia

m
et

er
 h

as
 a

co
nc

av
e 

do
w

nw
ar

d 
pr

of
ile

 a
nd

 is
 

m
in

im
iz

ed
w

ith
in

 t
he

 r
an

ge
 o

f 
0.

1 
to

 1
.0

��
. 

Th
is

 i
s 

be
ca

us
e 

th
e 

ef
fe

ct
 o

f 
gr

av
ita

tio
na

l
se

di
m

en
ta

tio
n 

be
co

m
es

 p
re

do
m

in
an

t
fo

r 
la

rg
er

 a
er

os
ol

 (
ae

ro
so

l 
di

am
et

er
 >

> 
1
��

) 
an

d 
th

e 
ef

fe
ct

 o
f 

B
ro

w
ni

an
 d

iff
us

io
n 

be
co

m
es

 c
rit

ic
al

 f
or

 s
m

al
le

r 
ae

ro
so

l 
(a

er
os

ol
 d

ia
m

et
er

 <
< 

0.
1

��
).

PR
O

PO
SI

N
G

 A
D

E
PO

SI
T

IO
N

 M
O

D
E

L
 T

H
A

T
C

O
N

SI
D

E
R

S
SU

R
FA

C
E

 A
SP

E
C

T
In

 th
is

 s
tu

dy
, w

e 
pr

op
os

e 
a

no
ve

ld
ep

os
iti

on
 m

od
el

 o
f i

nd
oo

r 
ae

ro
so

l w
ith

 a
si

ze
 ra

ng
e 

fr
om

 
ga

s
sc

al
e 

to
 n

an
om

et
er

 s
ca

le
 (

< 
10

0 
nm

) 
fo

r 
w

al
l 

su
rf

ac
e 

bo
un

da
ry

 c
on

di
tio

ns
of

 C
FD

 
si

m
ul

at
io

n.
 H

er
e 

w
e 

fo
cu

s 
on

 B
ro

w
ni

an
 d

iff
us

io
n 

an
d 

gr
av

ita
tio

na
l s

ed
im

en
ta

tio
n,

 a
nd

 o
th

er
 

pa
ra

m
et

er
s, 

fo
r 

ex
am

pl
e,

th
er

m
op

ho
re

si
s, 

tu
rb

op
ho

re
si

s, 
el

ec
tro

ph
or

es
is

, 
co

ag
ul

at
io

n,
an

d 
in

er
tia

l 
co

lli
si

on
,

ar
e 

di
sr

eg
ar

de
d.

 A
lth

ou
gh

 g
en

er
al

ly
 B

ro
w

ni
an

 d
iff

us
io

n 
be

co
m

es
th

e 
do

m
in

an
t p

ro
ce

ss
 in

 d
ep

os
iti

on
 to

 a
so

lid
 s

ur
fa

ce
 in

 th
e 

ca
se

 o
f 

na
no

m
et

er
-s

iz
ed

ae
ro

so
l, 

in
 

th
is

 s
tu

dy
, 

a
de

po
si

tio
n 

m
od

el
 i

nc
or

po
ra

tin
g

gr
av

ita
tio

na
l

se
di

m
en

ta
tio

n 
is

 d
ev

el
op

ed
 i

n 
co

ns
id

er
at

io
n 

of
 e

xt
en

di
bi

lit
y.

 F
or

 s
im

pl
ifi

ca
tio

n,
 th

e 
un

ifo
rm

 f
lo

w
 in

si
de

 th
e 

ch
an

ne
l c

av
ity

 
an

d 
is

ot
he

rm
al

 c
on

di
tio

ns
ar

e 
as

su
m

ed
 in

 th
e 

fo
llo

w
in

g 
de

ve
lo

pm
en

to
f a

fo
rm

ul
a.

Im
pr

ov
em

en
t o

f D
ep

os
iti

on
 V

el
oc

ity
 v

d
Th

e 
su

rf
ac

e 
ge

om
et

ry
of

 b
ui

ld
in

g 
m

at
er

ia
ls

 m
us

tb
e 

re
pr

od
uc

ed
 b

y 
a

nu
m

er
ic

al
 g

rid
 d

es
ig

n 
in

 
a

ra
ng

e 
of

 p
os

si
bl

e 
re

so
lu

tio
ns

,
an

d 
th

e 
in

te
gr

at
io

n 
of

 s
ur

fa
ce

 r
ou

gh
ne

ss
 e

ff
ec

t 
in

to
 t

he
 

de
po

si
tio

n 
m

od
el

 i
s 

ne
ed

ed
 f

or
th

e 
m

ic
ro

sc
op

ic
 p

he
no

m
en

on
 b

el
ow

 t
he

 r
es

ol
ut

io
n 

w
ith

 a
nu

m
er

ic
al

 g
rid

. 
If

 th
e 

fir
st

 g
rid

 p
oi

nt
on

th
e 

w
al

l s
ur

fa
ce

 a
do

pt
ed

 in
 th

e 
in

do
or

 a
ir 

flo
w

 a
na

ly
si

s 
is

 s
et

in
si

de
 

th
e 

vi
sc

ou
s 

su
b-

la
ye

r(
w

al
l u

ni
t y

+<
<1

),
th

e 
su

rf
ac

e 
ge

om
et

ry
 o

f t
he

 b
ui

ld
in

g 
m

at
er

ia
lc

an
be

 
re

pr
od

uc
ed

 b
y 

a
nu

m
er

ic
al

 m
es

h 
an

d 
he

nc
e

th
e 

flo
w

 p
ro

fil
e

be
co

m
es

lin
ea

r.
In

 th
is

 b
ou

nd
ar

y 
co

nd
iti

on
, 

th
e 

flo
w

 p
ro

fil
e 

at
 t

he
 v

ic
in

ity
 o

f 
th

e 
w

al
l 

su
rf

ac
e 

ca
n 

be
 a

na
ly

ze
d 

by
 C

FD
 

si
m

ul
at

io
n 

an
d 

th
e 

m
ic

ro
sc

op
ic

 d
iff

er
en

ce
 o

f 
su

rf
ac

e 
ch

ar
ac

te
ris

tic
s 

of
 b

ui
ld

in
g

m
at

er
ia

ls
 

m
us

t b
e 

m
od

el
ed

in
de

pe
nd

en
tly

 o
f f

lo
w

 p
ro

fil
e 

in
fo

rm
at

io
n.

 
A

s s
ho

w
n 

in
 F

ig
ur

e 
1,

 th
e 

or
de

r o
f d

ep
os

iti
on

 v
el

oc
ity

 c
ha

ng
ed

 in
 a

cc
or

da
nc

e 
w

ith
 th

e 
ch

an
ge

 
of

 b
ui

ld
in

g 
m

at
er

ia
ls

. A
lth

ou
gh

 t
he

 e
xp

er
im

en
ta

l 
co

nd
iti

on
s 

w
er

e 
no

t 
un

ite
d 

fo
r 

th
e 

re
su

lts
 

sh
ow

n
in

 F
ig

ur
e 

1,
 t

he
re

 a
re

 c
er

ta
in

 a
m

ou
nt

s
of

 r
at

io
na

lit
y 

in
 s

ep
ar

at
e 

m
od

el
in

g 
of

 f
lo

w
 

in
fo

rm
at

io
n 

an
d 

m
ic

ro
sc

op
ic

 s
ur

fa
ce

 c
ha

ra
ct

er
is

tic
s

of
 b

ui
ld

in
g 

m
at

er
ia

ls
 w

he
n 

th
e 

flo
w

 fi
el

d 
co

nd
iti

on
s a

re
 a

lm
os

t t
he

 sa
m

e 
in

 th
es

e 
ex

pe
rim

en
ts

. 
In

 th
is

 h
yp

ot
he

si
s, 

de
po

si
tio

n 
flu

x 
is

 e
xp

re
ss

ed
 a

s f
ol

lo
w

s:
n

v'S
J

d
�

�
�

.
(2

)
H

er
e,

 
dv

de
no

te
s 

de
po

si
tio

n 
ve

lo
ci

ty
 f

or
 a

sm
oo

th
 s

ur
fa

ce
, S

’
in

di
ca

te
s 

th
e 

ra
tio

 o
f 

ef
fe

ct
iv

e 
su

rf
ac

e 
ar

ea
 o

f a
ro

ug
h 

su
rf

ac
e 

to
 th

at
 o

f a
sm

oo
th

 su
rf

ac
e 

of
 b

ui
ld

in
g 

m
at

er
ia

ls
. 
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3

N
ov

el
 N

an
o-

sc
al

e 
A

er
os

ol
 D

ep
os

iti
on

 M
od

el
 fo

r 
C

FD
 in

 In
do

or
 E

nv
ir

on
m

en
t

In
 t

hi
s 

se
ct

io
n,

 c
on

st
an

t 
flo

w
 a

lo
ng

 a
fla

t 
pl

at
e 

is
 c

on
si

de
re

d.
 T

he
hy

po
th

et
ic

al
 d

ep
os

iti
on

 
la

ye
r 

at
 t

he
 s

ur
fa

ce
 b

ou
nd

ar
y 

be
tw

ee
n 

so
lid

 p
ha

se
(b

ui
ld

in
g 

m
at

er
ia

l)
an

d 
ai

r
ph

as
e

is
 

in
tro

du
ce

d 
as

 s
ho

w
n 

in
 F

ig
ur

e 
1

an
d 

it
is

 a
ss

um
ed

 t
ha

t
th

e 
co

nt
ro

l 
vo

lu
m

e
(C

.V
.)

of
 C

FD
co

ns
is

ts
 o

f 
an

 i
m

pe
rc

ep
tib

le
 a

re
a 

el
em

en
t 

dS
, 

th
ic

kn
es

s 
dh

,a
nd

 v
ol

um
e 

dV
.

Th
e 

fir
st

 g
rid

 
po

in
t a

s 
th

e 
hy

po
th

et
ic

al
 d

ep
os

iti
on

 la
ye

ri
s 

as
su

m
ed

 to
 b

e 
se

t i
ns

id
e

of
 th

e 
vi

sc
ou

s 
su

b-
la

ye
r 

(w
al

l u
ni

t y
+<

<1
).

B
ui

ld
in

g 
M

at
er

ia
l 

In
er

tia
l S

ub
la

ye
r

B
uf

fe
r L

ay
er

V
is

co
us

 S
ub

la
ye

r
H

yp
ot

he
ti

ca
l

D
ep

os
it

io
n 

La
ye

r  
dV

dS

n
y+

<<
1

dh

30
<y

+<
10

0

A
er

os
ol

s
n r

ef

n a
d

n e
q

(S
ol

id
 p

ha
se

) 

Fi
gu

re
 1

Tr
an

sp
or

t p
he

no
m

en
on

 o
f a

er
os

ol
 a

t t
he

 v
ic

in
ity

 o
f w

al
l s

ur
fa

ce
an

d 
hy

po
th

et
ic

al
 

de
po

si
tio

n 
la

ye
r

In
 

th
is

 
co

nd
iti

on
, 

th
e 

co
nv

ec
tiv

e 
flo

w
 

in
si

de
 

th
e 

C
.V

. 
is

 
ne

gl
ig

ib
le

 
an

d 
de

po
si

tio
n 

ph
en

om
en

on
 i

s 
de

sc
rib

ed
 b

y 
B

ro
w

ni
an

 d
iff

us
io

n.
In

 a
dd

iti
on

,
lo

ca
l 

eq
ui

lib
riu

m
 a

nd
 o

ne
-

di
m

en
si

on
al

 d
ep

os
iti

on
 in

 th
e 

no
rm

al
 d

ire
ct

io
n 

ag
ai

ns
t t

he
 w

al
l s

ur
fa

ce
 a

re
 a

ss
um

ed
 in

 C
.V

.
(y

+<
<1

 a
t d

h)
. 

Th
e 

ae
ro

so
l t

ra
ns

po
rta

tio
n

in
 C

.V
. i

s d
es

cr
ib

ed
 b

y 
th

e 
fo

llo
w

in
g 

tra
ns

po
rt 

eq
ua

tio
n 

of
 a

er
os

ol
.

�
�

ad
v

n
V

x
xn

D
x

tn
g

a
�

��
� 	 
�

� �
��

��
�

��
(3

)

H
er

e,
 n

is
 th

e 
nu

m
be

r c
on

ce
nt

ra
tio

n 
of

 a
er

os
ol

[m
-3

],
D

a
is

 B
ro

w
ni

an
 d

iff
us

io
n 

co
ef

fic
ie

nt
 o

f 
ae

ro
so

l 
[m

2 /s
],

an
d 
� a

in
di

ca
te

s 
ai

r 
de

ns
ity

 
[k

g/
m

3 ].
In

 
th

is
 

fo
rm

ul
a,

 
gr

av
ita

tio
na

l 
se

di
m

en
ta

tio
n 

(s
et

tli
ng

 v
el

oc
ity

) V
g

[m
/s

]i
s 

al
so

 c
on

si
de

re
d 

fo
r e

nh
an

ci
ng

 to
 la

rg
er

 p
ar

tic
le

s 
in

 th
e 

fu
tu

re
.I

n 
th

is
 m

od
el

in
g,

 im
pa

ct
s 

of
 d

iff
us

io
n 

flu
x 

an
d 

gr
av

ita
tio

na
l s

et
tli

ng
 fl

ux
 a

ct
 in

 
pa

ra
lle

l.
ad

v
de

no
te

s m
as

s t
ra

ns
fe

r a
t t

he
 in

te
rf

ac
ia

l s
ur

fa
ce

 o
f a

ir 
an

d 
so

lid
 su

rf
ac

e 
an

d 
is

 e
xp

re
ss

ed
 o

n 
th

e 
ba

si
s o

f t
he

 p
ot

en
tia

l m
od

el
 a

pp
ro

ac
h 

as
 fo

llo
w

s:
�

� n
n

S
ad

v
eq
�

�
�

�
,

(4
)

w
he

re
 �

is
 m

as
s 

tra
ns

fe
r 

co
ef

fic
ie

nt
 a

t 
th

e 
in

te
rf

ac
ia

l 
su

rf
ac

e
be

tw
ee

n 
so

lid
 p

ha
se

 a
nd

 a
ir 

ph
as

e
[m

/s
],

S
is

 th
e 

co
nt
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q

is
 

th
e 

eq
ui
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 c
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nt
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e 
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l 
co

nc
en
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tio

n 
in
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.V
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um
ed

 t
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en
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l e
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in
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pr
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d
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]. 
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S
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e 

tim
e 

ch
an

ge
 

of
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r p
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 b
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ua
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d 
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io
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eq
ua

tio
n 
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 d

er
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ed
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 e

qu
at

io
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de
riv

ed
 f

ro
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ua
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r w
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�
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at
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ra
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ra
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R

el
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ce
nt

ra
tio

ns
 o

f D
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 c
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 c
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at
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d
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 d
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at
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 c
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 c
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at
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l d
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 c
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 d
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 d
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�
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�
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 c
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 d
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 c
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 p
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 c
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is
 n

um
er

ic
al

 a
na

ly
si

s, 
th

e 
flo

w
 f

ie
ld

 a
nd

 a
er

os
ol

 c
on

ce
nt

ra
tio

n 
di

st
rib

ut
io

n 
ar

e 
an

al
yz

ed
 

fo
r a

tw
o-

di
m

en
si

on
al

 r
ec

ta
ng

ul
ar

du
ct

 m
od

el
. T

hi
s 

ta
rg

et
 m

od
el

 is
 re

pr
od

uc
ed

 b
y 

th
e 

in
si

de
 

sp
ac

e 
of

 a
n 

ex
pe

rim
en

ta
l s

et
up

 o
f a

re
ct

an
gu

la
r d

uc
t m

ad
e 

of
st

ai
nl

es
s s

te
el

. T
he

 o
ut

lin
e 

of
 th

e 
ex

pe
rim

en
ta

l d
uc

t m
od

el
 is

 s
ho

w
n 

in
 F

ig
ur

e 
2.

 T
hi

s 
ch

am
be

r 
ha

s 
on

e 
su

pp
ly

 in
le

t 
an

d 
on

e 
ex

ha
us

t o
ut

le
t. 

Th
e 

cr
os

s 
se

ct
io

n 
of

 th
is

 c
ha

m
be

r 
is

 0
.0

2 
m

 (
x)
�

0.
1 

m
 (

y)
 a

nd
 w

ith
 a

 to
ta

l 
le

ng
th

 o
f 

6.
0 

m
 i

nc
lu

di
ng

 a
ru

nn
in

g 
se

ct
io

n 
(z

=1
.0

 m
) 

an
d 

a
te

st
 s

ec
tio

n 
(z

=5
.0

 m
) 

w
ith

 a
bu

ild
in

g 
m

at
er

ia
l. 

O
ut

lin
e 

of
 N

um
er

ic
al

A
na

ly
si

s
Th

e 
m

od
el

in
g 

m
et

ho
do

lo
gy

 is
 b

as
ed

 o
n 

th
e 

Eu
le

ria
n 

m
om

en
t f

or
m

 o
f 

th
e 

dy
na

m
ic

 e
qu

at
io

n
fo

r a
er

os
ol

 tr
an

sp
or

t a
nd

 d
yn

am
ic

s i
n 

co
nj

un
ct

io
n 

w
ith

 so
lv

in
g 

th
e 

R
ey

no
ld

s a
ve

ra
ge

d 
N

av
ie

r-
St

ok
es

 e
qu

at
io

ns
 (

R
A

N
S)

 f
or

 b
ul

k 
flu

id
 m

od
el

in
g.

 T
he

 N
av

ie
r-

St
ok

es
 g

ov
er

ni
ng

 e
qu

at
io

ns
 

w
er

e
di

sc
re

tiz
ed

 b
y 

a 
fin

ite
 v

ol
um

e 
m

et
ho

d 
an

d 
flo

w
 f

ie
ld

s 
w

er
e 

es
tim

at
ed

 u
si

ng
 t

he
 l

ow
 

R
ey

no
ld

s n
um

be
r-

ty
pe

 k
-�
��

��
�	
�
�

��
�
��
��
��
��
��
��
�
��

�	
���
��

��
�
�
��


���

��
�
��
�
��
��
��
��

Page 210



5

fo
r t
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 c
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el
d 
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bo
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at
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 d
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od
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t 
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w
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l 
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at
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e 
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l 
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 c
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o 

th
e 

w
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l 
su
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ld
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e 
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 n
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 d
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e 
(w
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l 

un
it)

 o
f 
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, w
he

re
 

�
1y

*u
y

�
�

an
d 

y 1
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 t
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di
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an

ce
 n
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m

al
 to

 th
e 

w
al

l s
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, �
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 th
e 
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m
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 v
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�

� w
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�
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n 
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er
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 �
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ir 
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r 
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en
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al
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f 
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 d
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fic
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fic
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 o
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w
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 d
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m
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e 
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w
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at
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H
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m
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 v
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 d
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 b
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l d
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 c
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w
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A

N
S 
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at
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e 
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at
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n 
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r c
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ce
nt
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tio

n 
an

d 
w
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d 
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ci
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 c
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d 
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su
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e 

en
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m
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g 
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at
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 e
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sc
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tio

n 
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do
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 u
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ng
 tu
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t e
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y 
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ity

 �
t

an
d 

tu
rb
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en
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m
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r �
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In
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en
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, a
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r t
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d 
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e 
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t m
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ff
us

io
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 �
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ce
rn
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g 
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e 
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l d
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n 
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,
an

d 
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e 
de

po
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tio
n 
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er
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r 
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ra
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te
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n 
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th
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d 
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 b
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 c
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 m
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 m
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 c
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 p
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 c
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]
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Thursday 13 October 2011 
 
 
12.15 – 13.15 Parallel Session 6A - DCV and sensor technology - CLEAR UP project 
Demand Controlled Ventilation (DCV) is usually seen as an effective way for reducing the energy 
consumption. The aim of this workshop is to present new sensors for DCV developed in the framework of the 
EU project Clear-up and to discuss with ventilation experts their possible applications in buildings. 

• Introduction to DCV - Willem de Gids, TNO, the Netherlands 

o What is DCV and why its application 
o The need for demand control in dwellings 
o Indoor air pollutants in general and the most dominant ones for dwellings 
o A strategy for controlling most domestic pollutants 

 
• Introduction to DCV – Anne-Marie Bernard, Allie Air, France 

o Potential of energy saving 
o Different types of sensors 
o Success of hygro-regulated DCV in France 
o Impact of cost reduction  

 
• Energy-efficient Demand-Controlled Ventilation using Micromachined Metal Oxide Semiconductor 

Gas Sensor Technology - Simone Herberger, Applied Sensor, Germany 

• Panel discussion on the potential applications of these new sensors 

 
 
12.15 – 13.15 Parallel Session 6B – Uncertainties in airtightness measurement - field data 
 

• Modernizing ISO, EN and ASTM air leakage standards ... more accuracy in less time 
(Colin Genge, Canada) 

• Evaluation of selection criteria of an air tightness measurement method for multi-family buildings 
(Bassam Moujalled, France) 

• Improvement of air tightness of communities (Markku Hienonen, Finland) 
 
 
13.15 – 14.00 Lunch break 
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 “
bi

n”
 o

f 
da

ta
 r

ea
di

ng
s 

is
 c

al
le

d 
a 

“p
oi

nt
”.

 A
ss

um
in

g 
th

at
 

Fa
nT

es
tic

 w
as

 se
t t

o 
de

liv
er

 o
ne

re
ad

in
g 

pe
r s

ec
on

d,
 th

e 
bi

ns
 w

er
e 

av
er

ag
ed

 o
ve

r 5
, 1

0,
 1

5,
 2

0,
 3

0,
 4

0,
 6

0,
 1

20
 a

nd
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Pa
ge

 3
 o

f 1
2 

 

24
0 

se
co

nd
s 

fo
r 

bo
th

 th
e

in
du

ce
d

bu
ild

in
g 

te
st

 p
re

ss
ur

es
 a

nd
 th

e 
ba

se
lin

e 
pr

es
su

re
s. 

Ea
ch

 r
aw

 in
du

ce
d

bu
ild

in
g

te
st

 p
re

ss
ur

e 
re

ad
in

g 
w

as
 a

dj
us

te
d 

to
 a

cc
ou

nt
 fo

r t
he

 o
ve

ra
ll 

av
er

ag
e 

ba
se

lin
e 

pr
es

su
re

 ta
ke

n 
du

rin
g 

th
e 

te
st

. T
he

 
m

ax
im

um
 p

re
ss

ur
e 

va
ria

tio
n

w
as

 th
en

 d
et

er
m

in
ed

fr
om

 th
e 

ov
er

al
l a

ve
ra

ge
ba

se
lin

e
fo

r 
ea

ch
 b

in
ne

d 
da

ta
se

t; 
th

is
 

w
as

 u
se

d 
to

 c
re

at
e 

th
e 

fo
ur

 p
oi

nt
s o

f a
 tr

ap
ez

oi
d,

 in
 w

hi
ch

 a
ll 

da
ta

 sh
ou

ld
 fa

ll.
 T

hi
s m

od
el

is
 d

is
cu

ss
ed

 fu
rth

er
. 

 U
nd

er
st

an
di

ng
 th

e 
ef

fe
ct

 o
f w

in
d 

 It 
be

ca
m

e 
cl

ea
r 

af
te

r 
an

al
yz

in
g 

al
l 

th
e 

ab
ov

e 
va

ria
bl

es
 t

ha
t 

th
e 

m
ec

ha
ni

cs
 o

f 
th

e 
eq

ui
pm

en
t 

co
ul

d 
be

 e
as

ily
 

qu
an

tif
ie

d 
an

d 
un

de
rs

to
od

, b
ut

 th
at

 w
in

d 
w

as
 th

e 
tru

e 
ch

ao
s 

ge
ne

ra
to

r 
an

d 
its

 e
ff

ec
t h

ad
to

 b
e 

w
el

l d
oc

um
en

te
d 

be
fo

re
 p

ro
gr

es
s 

co
ul

d 
be

 m
ad

e.
 F

or
 e

xa
m

pl
e,

 m
an

y 
of

 t
he

 s
ta

nd
ar

ds
 r

eq
ui

re
 a

 b
as

el
in

e 
pr

es
su

re
 t

o 
be

 t
ak

en
, 

us
ua

lly
 f

or
 a

bo
ut

 1
0 

se
co

nd
s.

Fi
gu

re
 3

sh
ow

s 
a 

co
nt

in
uo

us
 s

tre
am

 o
f 

ba
se

lin
e 

pr
es

su
re

s 
th

at
 w

er
e 

ta
ke

n 
fo

r 
10

 
se

co
nd

s e
ac

h.
 D

ep
en

di
ng

 o
n 

w
he

n 
th

e 
pr

es
su

re
 w

as
 o

bs
er

ve
d,

 th
e 

va
lu

e 
re

ad
 c

ou
ld

 h
av

e 
be

en
 so

m
ew

he
re

 b
et

w
ee

n 
-0

.3
 to

 -
5.

5
Pa

. E
ac

h 
on

e 
of

 th
es

e 
va

lu
es

 w
ou

ld
 h

av
e 

ap
pe

ar
ed

 le
gi

tim
at

e 
to

 th
e 

op
er

at
or

 b
ut

 w
ou

ld
 h

av
e 

m
ea

nt
 

ve
ry

 d
iff

er
en

t 
co

rr
ec

tio
ns

 a
pp

lie
d 

to
 t

he
 i

nd
uc

ed
 b

ui
ld

in
g

pr
es

su
re

s. 
Fo

r 
ex

am
pl

e,
 i

f 
th

e 
op

er
at

or
 u

nw
itt

in
gl

y 
m

ea
su

re
d 

th
e 

ba
se

lin
e 

as
 b

ei
ng

 -1
 P

a,
 it

 is
 e

xt
re

m
el

y 
lik

el
y 

th
at

 b
y 

th
e 

tim
e 

th
e 

te
st

 fa
n 

w
as

 tu
rn

ed
 o

n 
to

 c
re

at
e 

an
 

in
du

ce
d 

en
ve

lo
pe

 p
re

ss
ur

e,
 th

is
 b

as
el

in
e 

co
ul

d 
ea

si
ly

 h
av

e 
sh

ift
ed

 to
 -5

 P
a.

 T
hi

s 
w

ou
ld

 m
ea

n 
th

at
 th

e 
op

er
at

or
 w

as
 

ac
tu

al
ly

 te
st

in
g 

at
 6

 P
a 

w
he

n 
th

e 
op

er
at

or
 m

is
ta

ke
nl

y 
th

ou
gh

t t
ha

t t
he

re
al

 c
or

re
ct

ed
 te

st
 p

re
ss

ur
e 

w
as

 1
0 

Pa
. 

D
at

a 
se

t 9
18

, o
f 

ba
se

lin
e 

av
er

ag
es

 s
ho

w
n 

on
 th

e 
ne

xt
 f

ew
 f

ig
ur

es
, w

er
e 

do
ne

 u
nd

er
 e

sp
ec

ia
lly

 w
in

dy
 c

on
di

tio
ns

 
an

d 
w

ith
ou

t t
he

 b
en

ef
it 

of
 s

hi
el

di
ng

 a
nd

 w
in

d 
av

er
ag

in
g,

in
 o

rd
er

 to
 a

m
pl

ify
 th

e 
ef

fe
ct

s. 
 A

ro
bu

st
 m

et
ho

do
lo

gy
 

sh
ou

ld
be

 d
ev

el
op

ed
 to

 h
an

dl
e 

th
es

e 
hi

gh
ly

 fl
uc

tu
at

in
g 

ba
se

lin
e 

pr
es

su
re

s;
In

 a
dd

iti
on

, t
he

 e
xi

st
in

g 
st

an
da

rd
s 

on
ly

 
re

fe
r t

o 
av

er
ag

e 
ba

se
lin

e 
pr

es
su

re
s 

an
d 

sa
y 

no
th

in
g 

ab
ou

t f
lu

ct
ua

tio
ns

.  
Th

ey
 re

qu
ire

 th
e 

m
ag

ni
tu

de
 o

f t
he

 a
ve

ra
ge

 
to

 fa
ll 

w
ith

in
 c

er
ta

in
 li

m
its

 b
ut

 w
e 

di
sc

ov
er

ed
 in

 th
e 

co
ur

se
 o

f t
he

 st
ud

y 
th

at
 th

e 
m

ag
ni

tu
de

 o
f t

he
 b

as
el

in
e 

ha
s 

ha
d 

lit
tle

 t
o 

do
 w

ith
th

e 
va

ria
tio

n 
of

re
su

lts
 f

ro
m

 t
es

t 
to

 t
es

t. 
Th

e 
tru

ly
 i

m
po

rta
nt

 f
ac

to
r 

is
, 

“w
ha

t 
is

 t
he

 r
an

ge
 o

f 
flu

ct
ua

tio
n 

th
at

 c
ou

ld
 o

cc
ur

 w
he

n 
in

du
ce

d 
en

ve
lo

pe
 p

re
ss

ur
es

 a
re

 b
ei

ng
 m

ea
su

re
d?

”
It 

is
 p

os
si

bl
e 

to
 h

av
e 

a 
ba

se
lin

e 
av

er
ag

e 
of

ze
ro

 b
ut

 th
e 

flu
ct

ua
tio

ns
 c

ou
ld

 h
av

e
sw

un
g

10
 P

a 
in

 b
ot

h 
di

re
ct

io
ns

,m
ak

in
g 

in
du

ce
d 

pr
es

su
re

 
re

ad
in

gs
de

pe
nd

en
t u

po
n 

w
hi

ch
 w

ay
 th

e
ba

se
lin

e
pr

es
su

re
 h

ad
 sw

un
g

at
 a

pa
rti

cu
la

r i
ns

ta
nc

e 
in

 ti
m

e.
 In

 th
e 

pa
st

, i
t 

ha
s a

lw
ay

s b
ee

n 
as

su
m

ed
 th

at
 ta

ki
ng

 m
or

e 
te

st 
po

in
ts

 th
an

 th
e 

m
in

im
um

 5
 o

r 7
 w

ou
ld

 so
m

eh
ow

 h
an

dl
e 

th
es

e 
w

in
d 

flu
ct

ua
tio

ns
. W

ha
t w

e 
ha

ve
 e

xp
er

ie
nc

ed
 o

ve
r t

he
 p

as
t 3

0 
ye

ar
s i

n 
an

al
yz

in
g 

th
is

 ty
pe

 o
f d

at
a 

is
 th

at
 o

nl
y 

on
e

of
 th

e
te

st
 p

oi
nt

s, 
ta

ke
n 

du
rin

g 
th

e 
flu

ct
ua

tio
ns

, c
an

 w
ild

ly
 a

ff
ec

t t
he

 re
su

lts
. O

fte
n 

it 
w

as
 b

la
m

ed
 o

n
th

e 
lo

w
es

t t
es

t p
oi

nt
bu

t i
n 

fa
ct

 n
on

e 
of

 th
e 

te
st

 p
oi

nt
s 

w
er

e 
sa

fe
 fr

om
 th

e 
ef

fe
ct

 o
f t

he
se

 fl
uc

tu
at

io
ns

 s
in

ce
 th

er
e

w
as

 n
o 

te
lli

ng
 w

he
n 

th
ey

w
ou

ld
 o

cc
ur

.  
It 

w
as

 c
le

ar
 th

at
 in

te
rm

ed
ia

te
 p

oi
nt

s 
in

 th
e 

ty
pi

ca
l c

ur
ve

 fi
t o

nl
y 

ac
te

d 
as

 p
iv

ot
 p

oi
nt

s 
an

d 
di

d 
no

t c
on

st
ra

in
 th

e 
da

ta
 fr

om
 th

e 
ef

fe
ct

s o
f f

lu
ct

ua
tio

ns
 a

t t
he

 lo
w

es
t t

es
t p

oi
nt

s. 
W

ha
t d

id
 h

av
e 

an
 e

ff
ec

t, 
w

as
 ta

ki
ng

 
su

ffi
ci

en
t r

ea
di

ng
s 

at
 th

e 
lo

w
es

t t
es

t p
oi

nt
 s

o 
th

e 
ef

fe
ct

 o
f t

he
 fl

uc
tu

at
io

ns
 w

as
 re

du
ce

d 
to

 in
si

gn
ifi

ca
nc

e.
 In

 o
rd

er
 

to
 u

nd
er

st
an

d 
ho

w
 l

on
g 

th
is

 l
ow

er
 t

es
t 

po
in

t 
m

us
t 

be
 t

ak
en

, 
a 

cl
ea

r 
pi

ct
ur

e 
m

us
t 

be
 o

bt
ai

ne
d 

by
 c

ar
ef

ul
ly

 
ex

am
in

in
g 

th
e 

flu
ct

ua
tio

ns
 th

at
 w

er
e 

oc
cu

rr
in

g 
ov

er
 th

e
ba

se
lin

e 
pr

es
su

re
 m

ea
su

re
m

en
t p

er
io

d.
 

It 
tu

rn
ed

 o
ut

 t
ha

t 
th

es
e 

flu
ct

ua
tio

ns
 w

er
e 

th
e 

do
m

in
an

t 
ef

fe
ct

 t
ha

t 
di

ct
at

ed
 h

ow
 a

cc
ur

at
e 

an
d/

or
 r

ep
ea

ta
bl

e 
a 

pa
rti

cu
la

r t
es

t w
as

. F
lu

ct
ua

tio
ns

 in
 b

as
el

in
e 

pr
es

su
re

 te
st

 p
oi

nt
s 

w
er

e 
us

ed
 to

 p
re

di
ct

 th
e 

va
ria

tio
n 

th
at

 w
as

 li
ke

ly
 

to
 b

e 
oc

cu
rr

in
g 

w
hi

le
 te

st
 fa

n 
re

ad
in

gs
 w

er
e 

ta
ke

n.

Te
st

 ID
 #

91
8 

ba
se

lin
e 

pr
es

su
re

s 
 Th

e 
fo

llo
w

in
g 

gr
ap

hs
 s

ho
w

 a
 r

ol
lin

g 
av

er
ag

e 
ov

er
 1

0s
an

d
24

0s
. T

he
 r

ed
 m

ar
ke

r 
in

di
ca

te
s 

th
e 

ov
er

al
l b

as
el

in
e 

av
er

ag
e 

fo
r a

ll 
re

ad
in

gs
 ta

ke
n 

ov
er

 6
00

 se
co

nd
s. 

Fi
gu

re
 3

. R
ol

lin
g 

av
er

ag
e 

ov
er

 1
0s
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Baeline Pressure (Pa) 

10
s  

 
Pa

ge
 4

 o
f 1

2 

Fi
gu

re
 4

. R
ol

lin
g 

av
er

ag
e 

ov
er

 2
40

s.
 

 TH
E 

M
O

D
EL

 

H
ow

 th
e 

m
od

el
 w

or
ks

 
A

 m
at

he
m

at
ic

al
 m

od
el

 w
as

 d
ev

el
op

ed
 in

 a
n 

at
te

m
pt

 to
pr

ed
ic

t t
he

 e
ff

ec
t o

f 
w

in
d,

 h
ow

 to
 e

lim
in

at
e 

it 
an

d 
ho

w
 

ot
he

r f
ac

to
rs

 in
flu

en
ce

 a
cc

ur
ac

y 
an

d 
re

pe
at

ab
ili

ty
.T

he
 m

od
el

’s
 re

al
 v

al
ue

 c
om

es
 fr

om
 h

av
in

g 
a 

to
ol

 th
at

 w
ill

 lo
ok

 
at

 a
 w

id
e 

ra
ng

e 
of

 d
at

a 
co

lle
ct

io
n 

po
ss

ib
ili

tie
s 

in
 o

rd
er

 to
 d

et
er

m
in

e 
th

e 
m

os
t e

ff
ec

tiv
e

m
od

el
.  

Fi
rs

t, 
th

e 
m

od
el

 
w

as
 c

he
ck

ed
 a

ga
in

st
 r

ea
l 

da
ta

 a
nd

 t
he

n 
by

 m
ak

in
g 

so
m

e 
re

al
is

tic
 a

ss
um

pt
io

ns
, 

an
 e

va
lu

at
io

n 
of

 e
xi

st
in

g 
st

an
da

rd
iz

ed
 te

st
 m

et
ho

ds
 w

as
 p

er
fo

rm
ed

. T
hi

s 
w

ou
ld

 b
e 

th
e 

m
at

he
m

at
ic

al
 e

qu
iv

al
en

t o
f 

pe
rf

or
m

in
g 

m
ill

io
ns

of
 

te
st

s o
n 

th
e 

sa
m

e 
bu

ild
in

g 
un

de
r d

iff
er

en
t t

es
t c

on
di

tio
ns

. N
ex

t, 
al

l t
he

 F
ac

to
rs

 a
ffe

ct
in

g 
ac

cu
ra

cy
 w

er
e 

ad
ju

st
ed

 to
 

op
tim

iz
e 

th
e 

ac
cu

ra
cy

 o
f a

ir 
le

ak
ag

e 
te

st
s a

t d
iff

er
en

t r
ef

er
en

ce
 p

re
ss

ur
es

.

Fi
gu

re
 5

ill
us

tra
te

s 
th

e 
m

at
he

m
at

ic
al

 m
od

el
, b

as
ed

 o
n 

a 
tra

pe
zo

id
al

 s
ha

pe
. T

he
 lo

w
es

t t
es

t p
oi

nt
 is

 u
se

d 
to

 c
re

at
e 

th
e 

ba
se

 o
f 

a 
tra

pe
zo

id
 w

hi
ch

 is
 c

en
te

re
d 

on
 a

 c
on

tro
l v

al
ue

, c
on

si
de

re
d 

to
 b

e 
th

e 
tru

e 
re

su
lt.

 T
he

 w
id

th
 o

f 
th

e 
tra

pe
zo

id
’s

 b
as

e 
is

 d
ef

in
ed

 o
n 

on
e 

si
de

 b
y 

th
e 

su
m

 o
f 

th
e 

sq
ua

re
s 

of
 th

e 
ba

se
lin

e 
va

ria
tio

n 
pl

us
 th

e 
ga

ug
e 

er
ro

r 
ar

ou
nd

 z
er

o,
 p

lu
s 

th
e 

su
m

 o
f 

th
e 

sq
ua

re
s 

of
 th

e 
in

du
ce

d 
va

ria
tio

n 
pl

us
 th

e 
ga

ug
e 

er
ro

r 
in

 th
e 

ra
ng

e 
of

 in
du

ce
d 

pr
es

su
re

. T
hi

s 
re

su
lts

 in
a 

pr
es

su
re

 th
at

 is
 a

dd
ed

 o
n 

bo
th

 s
id

es
 o

f t
he

 c
en

te
re

d 
co

nt
ro

l v
al

ue
. P

er
pe

nd
ic

ul
ar

 w
in

gs
 

ar
e 

ad
de

d 
to

 th
e 

sp
ac

e 
in

 th
e 

di
re

ct
io

n 
of

 th
e 

y-
ax

is
 a

nd
 a

re
 d

ef
in

ed
 b

y 
th

e 
te

st
 fa

n 
flo

w
 e

rr
or

 a
t t

ha
t t

es
t p

re
ss

ur
e.

 
Th

is
 p

ro
ce

ss
 is

 re
pe

at
ed

 fo
r t

he
 to

p 
of

 th
e 

tra
pe

zo
id

. 
 

Fi
gu

re
 5

. T
ra

pe
zo

id
 m

od
el

 u
se

d 
to

 v
er

ify
 a

ss
um

pt
io

ns
. 

Th
e 

m
od

el
 u

se
s 

th
e 

va
ria

bl
es

 li
st

ed
 b

el
ow

 to
 c

al
cu

la
te

 t
he

 m
ax

im
um

 r
an

ge
 o

f 
er

ro
rs

 f
or

 a
 v

ar
ie

ty
 o

f 
re

fe
re

nc
e 

pr
es

su
re

s. 
Th

e 
m

od
el

 is
 v

al
id

at
ed

 b
y 

pl
ot

tin
g 

ac
tu

al
 te

st
 d

at
a 

ag
ai

ns
t t

he
 m

od
el

's 
pr

ed
ic

te
d 

sp
ac

e 
in

 w
hi

ch
 te

st
 d

at
a 

sh
ou

ld
 f

al
l 

(w
ith

in
 t

he
 t

ra
pe

zo
id

). 
In

 t
he

 F
ig

ur
e 

6,
th

e 
ro

lli
ng

 a
ve

ra
ge

 o
f 

th
e 

da
ta

 w
as

cr
ea

te
d 

ba
se

d 
on

 6
00

 
se

co
nd

s 
of

 s
tre

am
in

g 
da

ta
 t

ha
t 

w
ou

ld
 e

m
ul

at
e 

a 
se

rie
s 

of
 a

pp
ro

xi
m

at
el

y 
60

0 
te

st
 p

oi
nt

s. 
In

 o
th

er
 w

or
ds

, f
or

 5
 

se
co

nd
 a

ve
ra

gi
ng

, d
at

a 
w

as
 c

on
ve

rte
d 

in
to

 a
 se

rie
s o

f t
es

t p
oi

nt
s t

ha
t c

on
ta

in
ed

 a
ll 

th
e 

da
ta

 ta
ke

n 
du

rin
g 

a 
5 

se
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 c
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re
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e 

la
rg

es
t b

as
el

in
e 

po
in

t a
nd

th
e 

un
ce

rta
in

ty
. A

s l
on

g 
as

 it
's 

w
ith

in
 th

e 
pr

es
cr

ib
ed

 li
m

its
 it

 w
ou

ld
 b
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pr
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 b
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g 
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 b
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flo
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s 
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 b
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 b
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 c
as

es
, t

he
 m

ea
su

re
m

en
t i

s 
pe

rf
or

m
ed

 o
n 

a 
sa

m
pl

e 
of

 a
pa

rtm
en

ts
 

fo
r c
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r o
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 d
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 m
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 b
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 b
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r t
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 b
ui

ld
in

g,
 b

) i
n 

ea
ch

 a
pa

rtm
en

t, 
an

d 
c)

 in
 th
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r t
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 b
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r p
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g.

 T
he

 m
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t c
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. d
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 d
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al

 a
pa

rtm
en

ts
 s

ep
ar

at
el

y.
 N

ot
e 

th
at

 a
lth

ou
gh

 th
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t p
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 p
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t b
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 c
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Thursday 13 October 2011 
 
 
14.00 – 15.30 Parallel Session 7A - Evaluation of ventilation strategies 
 

• Numerical validation for natural ventilation design  (François Demouge, France) 
• Performance of low pressure mechanical ventilation concept with diffuse ceiling inlet for renovation 

of school classrooms (Søren Terkildsen, Denmark) 
• Definition of occupant behaviour patterns with respect to ventilation by means of multivariate 

statistical techniques (Felipe Encinas Pino, Belgium) 
• Control and performance of innovative Ventilation systems in Low Energy Buildings: a case study 

(Juslin Koffi, France) 
• Shelter-in-place strategy: CONFINE, an airtightness level calculation tool to protect people against 

accidental toxic releases (Gaëlle Guyot, France) 
• Liabilities of Vented Crawl Spaces And Their Impacts on Indoor Air Quality in Southeastern U.S. 

Homes (Jonathan Coulter, USA) 
 
 
14.00 – 15.30 Parallel Session 7B - IAQ and energy impacts of envelope leakage 
 

• Laboratory investigation of timber frame walls with an exterior air barrier in a temperate climate 
(Jelle Langmans, Belgium) 

• State of Art of Non-Residential Buildings Airtightness and Impact on the Energy Consumption 
(Valérie Leprince, France) 

• Investigations on the effects on airtight performance improvement and energy consumption of 
insulation retrofit in detached houses (Hiroshi Yoshino, Japan) 

• The influence of air permeability and type of underlay on the hygrothermal performance of an 
inclined roof (Paul Steskens, Belgium) 

• Impacts of Airtightening Retrofits on Ventilation and Energy in a Manufactured Home 
(Andrew Persily, USA) 

 
 
15.30 – 15.50 Room Change 
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 h
ea

t v
en

til
at

io
n 

an
d 

ai
r c

on
di

tio
ni

ng
 s

ys
te

m
s 

(H
V

A
C

) h
as

 b
ee

n 
w

id
el

y 
us

ed
 u

nt
il 

no
w

. I
t o

ff
er

s 
th

e 
po

ss
ib

ili
ty

 to
 r

ea
ch

 th
e 

tw
o 

fir
st

 o
bj

ec
tiv

es
 m

en
tio

ne
d 

bu
t i

t c
an

 in
cr

ea
se

 
dr

am
at

ic
al

ly
 t

he
 e

ne
rg

y 
ne

ed
s. 

C
on

ce
rn

in
g 

dw
el

lin
gs

, 
H

V
A

C
 c

ou
pl

ed
 w

ith
 h

ea
t 

re
co

ve
ry

 
sy

st
em

 c
an

 re
du

ce
 th

e 
en

er
gy

 n
ee

d 
in

 a
n 

im
po

rta
nt

 m
an

ne
r. 

En
er

gy
 e

ff
ic

ie
nt

 b
ui

ld
in

g 
la

be
ls

 a
s 

M
in

er
gi

e 
[2

] 
ar

e 
go

od
 e

xa
m

pl
es

 o
f 

w
ha

t 
ca

n 
be

 d
on

e 
us

in
g 

H
V

A
C

 s
ys

te
m

s. 
In

 t
em

pe
ra

te
 

cl
im

at
es

, o
ne

 c
an

 o
bt

ai
n 

hi
gh

 re
du

ct
io

n 
of

 e
ne

rg
y 

co
ns

um
pt

io
n 

by
 c

on
si

de
rin

g 
th

e 
po

te
nt

ia
l o

f 
na

tu
ra

l v
en

til
at

io
n 

fo
r d

es
ig

ni
ng

 h
yb

rid
 v

en
til

at
io

n 
sy

st
em

s [
3]

. T
hi

s p
ot

en
tia

l d
ep

en
ds

 g
re

at
ly

 
on

 th
e 

si
te

 w
in

d 
ve

lo
ci

ty
 a

nd
 w

in
d 

di
re

ct
io

n,
 b

ut
 a

ls
o 

on
 th

e 
in

te
rn

al
 a

rc
hi

te
ct

ur
e 

an
d 

on
 th

e 
ar

ea
s o

f i
nt

er
na

l a
nd

 o
ut

si
de

 o
pe

ni
ng

s [
4]

. 
In

 th
e 

de
si

gn
 p

ro
ce

ss
 o

f 
ve

nt
ila

tio
n 

sy
st

em
s, 

no
da

l m
od

el
s 

ca
n 

gi
ve

 d
et

ai
le

d 
in

fo
rm

at
io

n 
on

 
th

e 
flo

w
 d

is
tri

bu
tio

n 
an

d 
th

e 
ai

r 
qu

al
ity

 i
ns

id
e 

th
e 

bu
ild

in
g.

 T
he

 s
im

pl
ic

ity
 o

f 
us

in
g 

no
da

l 
m

od
el

s 
an

d 
th

e 
lo

w
 r

es
ou

rc
es

 r
eq

ui
re

d 
al

lo
w

 o
ne

 t
o 

te
st

 
ea

si
ly

 
a 

la
rg

e 
nu

m
be

r 
of

 
co

nf
ig

ur
at

io
ns

 
(in

te
rn

al
 

di
st

rib
ut

io
n,

 
op

en
in

g 
si

ze
s, 

m
ec

ha
ni

ca
l 

flo
w

 
ra

te
s, 

in
te

rn
al

 

te
m

pe
ra

tu
re

s, 
us

ag
e 

sc
en

ar
io

s, 
et

c.
) [

5]
 [6

]. 
H

ow
ev

er
, t

he
re

 is
 a

 n
ee

d 
to

 v
al

id
at

e 
th

e 
ab

ili
ty

 o
f 

no
da

l m
od

el
s t

o 
re

pr
od

uc
e 

th
e 

va
rio

us
 p

hy
si

ca
l p

he
no

m
en

a 
in

vo
lv

ed
.  

Th
e 

pr
es

en
t p

ap
er

 c
on

st
itu

te
s 

a 
fir

st
 s

te
p 

to
w

ar
ds

 th
e 

va
lid

at
io

n 
of

 th
e 

no
da

l m
od

el
 M

A
TH

IS
, 

de
ve

lo
pe

d 
at

 C
ST

B
, f

or
 th

e 
de

si
gn

 o
f h

yb
rid

 v
en

til
at

io
n 

sy
st

em
s 

an
d 

fo
cu

se
s 

on
 th

e 
ab

ili
ty

 o
f 

th
e 

to
ol

 
in

 
re

pr
od

uc
in

g 
th

e 
in

te
ra

ct
io

n 
be

tw
ee

n 
w

in
d-

in
du

ce
d 

pr
es

su
re

 
an

d 
in

te
rn

al
 

ar
ch

ite
ct

ur
e 

of
 b

ui
ld

in
gs

. I
n 

a 
fir

st
 s

te
p,

 th
e 

m
ai

n 
as

su
m

pt
io

ns
 o

f 
th

e 
no

da
l m

od
el

 u
se

d 
ar

e 
br

ie
fly

 p
re

se
nt

ed
. T

he
 m

od
el

 a
llo

w
s 

to
 p

re
di

ct
 th

e 
in

te
rn

al
 p

re
ss

ur
e,

 te
m

pe
ra

tu
re

 a
nd

 s
pe

ci
es

 
fie

ld
s 

an
d 

op
en

in
gs

 f
lo

w
 r

at
es

 d
ep

en
di

ng
 o

n 
in

te
rn

al
 h

ea
t 

so
ur

ce
s, 

ou
ts

id
e 

w
in

d 
an

d 
te

m
pe

ra
tu

re
 c

on
di

tio
ns

. 
In

 a
 s

ec
on

d 
st

ep
, 

th
e 

te
st

 a
pp

ar
at

us
 u

se
d 

fo
r 

co
nf

ro
nt

at
io

n 
is

 
pr

es
en

te
d.

 T
he

 m
od

el
 r

ep
re

se
nt

s 
a 

on
e-

st
or

ey
 d

w
el

lin
g 

of
 8

4 
m

² 
co

m
po

se
d 

of
 8

 i
nt

er
na

l 
vo

lu
m

es
 a

t 
a 

re
du

ce
d 

le
ng

th
 s

ca
le

 o
f 

1/
10

 p
la

ce
d 

in
 a

 w
in

d 
tu

nn
el

 f
ac

ili
ty

. 
D

iff
er

en
t 

co
nf

ig
ur

at
io

ns
 w

er
e 

te
st

ed
 c

on
si

de
rin

g 
op

en
in

gs
 o

f d
iff

er
en

t s
iz

es
 fo

r o
ut

si
de

 o
pe

ni
ng

s a
s w

el
l 

as
 fo

r i
nt

er
na

l d
oo

rs
. F

or
 e

ac
h 

co
nf

ig
ur

at
io

n,
 v

ar
io

us
 w

in
d 

in
ci

de
nc

es
 w

er
e 

st
ud

ie
d.

 In
 a

 th
ird

 
st

ep
, 

nu
m

er
ic

al
 a

nd
 e

xp
er

im
en

ta
l 

re
su

lts
 a

re
 c

om
pa

re
d.

 T
hi

s 
co

m
pa

ris
on

 i
s 

m
ad

e 
fo

r 
th

e 
va

rio
us

 c
on

fig
ur

at
io

ns
 t

es
te

d 
in

 t
er

m
s 

of
 p

re
ss

ur
e 

fie
ld

 i
ns

id
e 

th
e 

dw
el

lin
g,

 o
pe

ni
ng

s 
flo

w
 

ra
te

s a
nd

 w
in

d 
dr

iv
en

 v
en

til
at

io
n 

po
te

nt
ia

l f
or

 a
 g

iv
en

 g
eo

gr
ap

hi
c 

si
te

. 
 N

U
M

E
R

IC
A

L
 M

O
D

E
L

L
IN

G
 

 Th
e 

nu
m

er
ic

al
 

to
ol

 
M

A
TH

IS
 

(M
od

él
is

at
io

n 
de

 l
'A

ér
au

liq
ue

, 
de

 l
a 

Th
er

m
iq

ue
 e

t 
de

 
l'H

yg
ro

m
ét

ri
e 

In
St

at
io

nn
ai

re
 d

'u
n 

bâ
tim

en
t) 

is
 c

ur
re

nt
ly

 u
nd

er
 d

ev
el

op
m

en
t 

at
 C

ST
B

. 
Th

e 
ai

m
 o

f 
th

e 
to

ol
 is

 to
 u

ni
fy

 th
e 

di
ff

er
en

t n
od

al
 m

od
el

s 
de

ve
lo

pe
d 

al
on

g 
th

e 
pa

st
 y

ea
rs

 in
 th

e 
di

ff
er

en
t 

de
pa

rtm
en

ts
 o

f 
C

ST
B

 a
nd

 d
ed

ic
at

ed
 e

ac
h 

on
e 

to
 s

pe
ci

fic
 s

tu
di

es
 (

m
ec

ha
ni

ca
l 

ve
nt

ila
tio

n 
de

si
gn

, 
ai

r 
qu

al
ity

 a
ss

es
m

en
t, 

ev
al

ua
tio

n 
of

 t
he

 i
nt

er
ac

tio
n 

be
tw

ee
n 

he
at

in
g 

sy
st

em
s a

nd
 v

en
til

at
io

n 
sy

st
em

s, 
fir

e 
sa

fe
ty

 e
ng

in
ee

rin
g,

 e
tc

.).
  

M
A

TH
IS

 is
 a

 n
od

al
 m

od
el

 s
im

ila
r t

o 
ot

he
r t

oo
ls

 a
s 

C
O

M
IS

 o
r C

O
N

TA
M

. I
t i

s 
ba

se
d 

on
 th

e 
br

ea
ck

do
w

n 
of

 t
he

 c
on

fig
ur

at
io

n 
st

ud
ie

d 
in

to
 n

od
es

 a
nd

 b
ra

nc
he

s. 
Ea

ch
 n

od
e 

re
pr

es
en

ts
 a

 
ro

om
 o

r a
 p

or
tio

n 
of

 th
e 

ve
nt

ila
tio

n 
ne

tw
or

k 
of

 a
 b

ui
ld

in
g.

 E
ac

h 
br

an
ch

 re
pr

es
en

ts
 th

e 
ae

ra
ul

ic
 

co
m

po
ne

nt
s 

(o
pe

ni
ng

s, 
du

ct
s,…

) 
be

tw
ee

n 
th

os
e 

vo
lu

m
es

. 
M

as
s 

an
d 

en
er

gy
 c

on
se

rv
at

io
ns

 
ap

pl
ie

d 
in

 n
od

es
 a

llo
w

 o
ne

 to
 a

cc
es

s 
to

 th
e 

pr
es

su
re

, t
em

pe
ra

tu
re

 a
nd

 s
pe

ci
es

 m
as

s 
fr

ac
tio

ns
. 

Fo
r t

he
 ith

 n
od

e,
 th

ey
 c

an
 b

e 
ex

pr
es

se
d 

by
 th

e 
fo

llo
w

in
g 

or
di

na
ry

 d
iff

er
en

tia
l e

qu
at

io
ns

 : 
 

 
( 1

 ) 

 
( 2

 ) 

 
( 3

 ) 

Te
m

pe
ra

tu
re

 is
 d

ed
uc

ed
 u

si
ng

 th
e 

pe
rf

ec
t g

az
 la

w
 : 

 

 
( 4

 ) 

M
ec

ha
ni

ca
l 

en
er

gy
 c

on
se

rv
at

io
n 

ap
pl

ie
d 

in
 b

ra
nc

he
s 

gi
ve

s 
th

e 
flo

w
ra

te
s 

fo
r 

ea
ch

 a
er

au
lic

 
co

m
po

ne
nt

. I
t t

ak
es

 th
e 

fo
rm

 o
f t

he
 s

te
ad

ys
ta

te
 g

en
er

al
iz

ed
 b

er
no

ul
li 

eq
ua

tio
n 

(w
hi

ch
 m

ea
ns

 
ne

gl
ec

tin
g 

th
e 

br
an

ch
 i

ne
rti

a)
. F

or
 a

 b
ra

nc
h 

co
nn

ec
tin

g 
th

e 
no

de
 i

 a
t 

he
ig

ht
 z

i  t
o 

no
de

 j
 a

t 
he

ig
ht

 zj , i
t i

s e
xp

re
ss

ed
 a

s f
ol

lo
w

s:
 

 

 
( 5

 ) 
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w
ith

 
 th

e 
pr

es
su

re
 lo

ss
 a

ss
oc

ia
te

d 
to

 th
e 

br
an

ch
. T

he
 m

as
s 

flu
x 

th
ro

ug
h 

th
e 

br
an

ch
 is

 
de

du
ce

d 
fr

om
 ( 

5 
) a

s:
 

 
( 6

 ) 

w
ith

:  
  

 
( 7

 ) 

   
   

   
   

 
 

( 8
 ) 

G
iv

en
 th

e 
ai

m
 o

f t
he

 m
od

el
lin

g,
 d

iff
er

en
t o

pt
io

na
l m

od
el

s c
an

 b
e 

lin
ke

d 
to

 th
is

 a
er

au
lic

 m
od

el
 

(h
ea

t d
iff

us
io

n 
th

ro
ug

h 
w

al
ls

, t
he

rm
al

 r
ad

ia
tio

n,
 c

om
bu

st
io

n,
 s

ou
rc

es
 a

nd
 s

in
ks

 o
f 

he
at

 a
nd

 
sp

ec
ie

s, 
et

c.
). 

 T
E

ST
 A

PP
A

R
A

T
U

S 
 Th

e 
ex

pe
rim

en
t 

us
ed

 f
or

 t
he

 c
on

fr
on

ta
tio

n 
of

 t
he

 n
um

er
ic

al
 t

oo
l 

as
 b

ee
n 

do
ne

 i
n 

th
e 

fr
am

ew
or

k 
of

 s
tu

dy
in

g 
th

e 
po

te
nt

ia
l o

f w
in

d-
dr

iv
en

 v
en

til
at

io
n 

fo
r d

w
el

lin
gs

. W
e 

gi
ve

 h
er

ei
n 

a 
sh

or
t d

es
cr

ip
tio

n 
of

 th
e 

ap
pa

ra
tu

s. 
O

ne
 w

ill
 fi

nd
 in

 re
f. 

[7
] f

ul
l d

et
ai

ls
 o

f t
he

 e
xp

er
im

en
t. 

Th
e 

ap
pa

ra
tu

s 
re

pr
es

en
ts

 a
 m

od
el

 o
f a

 c
la

ss
ic

al
 o

ne
-s

to
re

y 
dw

el
lin

g.
 F

ul
l s

ca
le

 d
im

en
si

on
s 

of
 th

e 
dw

el
lin

g 
ar

e 
8.

5 
m

 la
rg

e,
 1

2 
m

 lo
ng

 a
nd

 3
 m

 h
ig

h.
 F

ig
ur

e 
1 

pr
es

en
ts

 a
 v

ie
w

 o
f t

he
 d

w
el

lin
g 

in
 

th
e 

w
in

d 
tu

nn
el

 a
nd

 a
 s

ch
em

at
ic

 r
ep

re
se

nt
at

io
n 

of
 t

he
 i

nt
er

na
l 

ar
ch

ite
ct

ur
e 

w
ith

 t
he

 
fu

nc
tio

na
lit

y 
of

 e
ac

h 
ro

om
. E

ac
h 

ro
om

 c
om

m
un

ic
at

es
 w

ith
 th

e 
co

rr
id

or
 th

ro
ug

h 
in

te
rn

al
 d

oo
rs

 
an

d 
w

ith
 

th
e 

ou
ts

id
e 

en
vi

ro
nm

en
t 

th
ro

ug
h 

w
in

do
w

s 
(o

ut
si

de
 

op
en

in
gs

). 
10

 
di

ff
er

en
t 

co
nf

ig
ur

at
io

ns
 a

re
 s

tu
di

ed
. T

he
y 

ar
e 

cl
as

si
fie

d 
as

 "
ca

se
 n

°i
 -

 x
x%

" 
w

he
re

 i
 c

or
re

sp
on

ds
 t

o 
di

ff
er

en
t s

iz
es

 o
f i

nt
er

na
l d

oo
rs

 a
nd

 x
x 

to
 th

e 
pe

rc
en

ta
ge

 o
f t

he
 m

ax
im

um
 s

ec
tio

ns
 o

f o
ut

si
de

 
op

en
in

g 
(s

ee
 re

f. 
[7

] f
or

 d
et

ai
ls

 o
f t

he
 c

on
fig

ur
at

io
ns

). 

 
Fi

gu
re

 1
: I

nt
er

na
l a

rc
hi

te
ct

ur
e 

(le
ft)

 a
nd

 v
ie

w
 o

f t
he

 d
w

el
lin

g 
in

 th
e 

w
in

d 
tu

nn
el

 (r
ig

ht
) 

 C
O

M
PA

R
IS

O
N

 B
E

T
W

E
E

N
 E

X
PE

R
IM

E
N

T
 A

N
D

 P
R

E
D

IC
T

IO
N

 
 Th

e 
m

od
el

 te
st

s a
re

 si
m

ul
at

ed
 w

ith
 M

A
TH

IS
 a

t f
ul

l s
ca

le
. T

he
 o

pe
ni

ng
s a

re
 m

od
el

le
d 

th
ro

ug
h 

th
e 

or
ifi

ce
 e

qu
at

io
n,

 b
as

ed
 o

n 
th

e 
B

er
no

ul
li'

s 
as

su
m

pt
io

n 
of

 s
te

ad
y 

in
co

m
pr

es
si

bl
e 

flo
w

 [
8]

. 
Th

us
, t

he
 c

ar
ac

te
ris

tic
s o

f t
he

 o
rif

ic
e 

m
ig

ht
 b

e 
in

cl
ud

ed
 in

 e
qu

at
io

n 
( 6

 ) 
as

 : 
 

 
( 9

 ) 

Fo
r 

sh
ar

p-
ed

ge
 o

rif
ic

es
, 

hi
gh

 a
sp

ec
t 

ra
tio

s 
an

d 
no

rm
al

 w
in

d 
in

ci
de

nc
e,

 t
he

 d
is

ch
ar

ge
 

co
ef

fic
ie

nt
 C

z 
is

 g
en

er
al

ly
 t

ak
en

 t
o 

0.
6 

[8
]. 

H
ow

ev
er

, 
as

 p
re

se
nt

ed
 i

n 
se

ve
ra

l 
st

ud
ie

s, 
th

is
 

pa
ra

m
et

er
 c

an
 t

ak
e 

di
ff

er
en

t 
va

lu
es

 d
ep

en
di

ng
 m

ai
nl

y 
on

 w
in

d 
in

ci
de

nc
e 

an
d 

as
pe

ct
 r

at
io

s 
[9

][
10

][
11

]. 
Th

e 
C

z v
ar

ia
tio

ns
 o

f 
th

e 
op

en
in

gs
 o

f 
th

e 
sc

al
e 

m
od

el
 h

av
e 

be
en

 c
al

ib
ra

te
d 

w
ith

 
an

d 
w

ith
ou

t 
w

in
d 

on
 a

 s
pe

ci
fic

 b
en

ch
 [

7]
 a

nd
 a

re
 i

m
pl

em
en

te
d 

in
 t

he
 n

um
er

ic
al

 m
od

el
. 

Ex
te

rn
al

 p
re

ss
ur

e 
co

ef
fic

ie
nt

s 
m

ea
su

re
d 

in
 t

he
 w

in
d 

tu
nn

el
 a

re
 a

pp
lie

d 
on

 t
he

 o
ut

si
de

 
op

en
in

gs
 o

f e
ac

h 
ro

om
. T

he
 in

te
rn

al
 p

re
ss

ur
e 

co
ef

fic
ie

nt
s 

pr
ed

ic
te

d 
in

si
de

 e
ac

h 
ro

om
 a

re
 th

en
 

co
m

pa
re

d 
to

 th
e 

m
ea
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of
 m

ul
tiv

ar
ia

te
 s

ta
tis

tic
al

 t
ec

hn
iq

ue
s 

w
hi

ch
 w

er
e 

ap
pl

ie
d 

to
 th

e 
co

lle
ct

ed
 d

at
a 

of
 th

e 
su

rv
ey

. T
he

 re
su

lts
 o

f t
he

 a
na

ly
se

s 
sh

ow
 th

at
 d

ay
tim

e 
ve

nt
ila

tio
n 

is
 n

ot
 st

ro
ng

ly
 c

or
re

la
te

d 
to

 th
e 

pe
rc

ep
tio

n 
of

 th
er

m
al

 c
om

fo
rt,

 p
ro

ba
bl

y 
be

ca
us

e 
it 

is
 m

ai
nl

y 
or

ie
nt

ed
 to

 h
yg

ie
ni

c 
pu

rp
os

es
. 

O
n 

th
e 

co
nt

ra
ry

, 
ni

gh
 v

en
til

at
io

n 
ap

pe
ar

s 
as

 a
 v

er
y 

si
gn

ifi
ca

nt
 p

re
di

ct
or

 f
or

 t
he

 s
am

e 
de

pe
nd

en
t 

va
ria

bl
e.

 T
he

 fi
na

l o
bj

ec
tiv

e 
of

 th
es

e 
m

od
el

s 
co

rr
es

po
nd

s 
to

 th
e 

de
fin

iti
on

 o
f o

cc
up

an
t b

eh
av

io
ur

 p
ro

fil
es

 w
hi

ch
 

ca
n 

be
 u

se
d 

as
 h

ar
d 

da
ta

 to
 m

ak
e 

ca
lc

ul
at

io
ns

 o
f t

he
rm

al
 b

eh
av

io
ur

 o
f d

w
el

lin
gs

 m
or

e 
ac

cu
ra

te
 a

nd
 re

lia
bl

e.
 A

t 
th

e 
lig

ht
 o

f t
he

 re
su

lts
 o

f t
he

 e
ne

rg
y 

bu
ild

in
g 

si
m

ul
at

io
ns

, n
ig

ht
 v

en
til

at
io

n 
pr

es
en

ts
 a

 h
ig

h 
po

te
nt

ia
l a

s 
pa

ss
iv

e 
co

ol
in

g 
te

ch
ni

qu
e,

 c
on

si
de

rin
g 

al
so

 th
e 

cl
im

at
ic

 c
on

di
tio

ns
 o

f S
an

tia
go

 d
e 

C
hi

le
. 

 K
E

Y
W

O
R

D
S 

Su
m

m
er

 th
er

m
al

 c
om

fo
rt,

 o
cc

up
an

t b
eh

av
io

ur
 p

at
te

rn
s, 

en
er

gy
 b

ui
ld

in
g 

si
m

ul
at

io
n 

 
 1.

 IN
T

R
O

D
U

C
T

IO
N

 
 

It 
ha

s 
be

en
 d

em
on

st
ra

te
d 

th
at

 t
he

re
 i

s 
a 

st
ro

ng
 r

el
at

io
ns

hi
p 

be
tw

ee
n 

oc
cu

pa
nt

 b
eh

av
io

ur
 

an
d 

th
er

m
al

 p
er

fo
rm

an
ce

 o
f 

dw
el

lin
gs

. I
nd

ee
d,

 a
cc

or
di

ng
 to

 M
ac

do
na

ld
 e

t a
l. 

(1
99

9)
, s

om
e 

va
ria

bl
es

 re
la

te
d 

to
 o

cc
up

an
t b

eh
av

io
ur

 c
on

st
itu

te
 s

om
e 

of
 th

e 
m

ai
n 

so
ur

ce
s 

of
 u

nc
er

ta
in

ty
 in

 
th

e 
fie

ld
 o

f 
en

er
gy

 b
ui

ld
in

g 
si

m
ul

at
io

n 
[1

]. 
In

 t
ha

t 
se

ns
e,

 d
ep

en
di

ng
 o

n 
th

e 
va

ria
bi

lit
y 

of
 

as
pe

ct
s s

uc
h 

as
 sc

he
du

le
d 

in
te

rn
al

 g
ai

ns
 o

r n
at

ur
al

 v
en

til
at

io
n 

(b
y 

m
ea

ns
 o

f m
an

ua
lly

 o
pe

ra
bl

e 
w

in
do

w
s)

, a
 w

id
e 

ra
ng

e 
of

 v
ar

ia
tio

n 
in

 th
e 

en
er

gy
 c

on
su

m
pt

io
n 

of
 d

w
el

lin
gs

 m
ay

 b
e 

ex
pe

ct
ed

. 
Th

is
 a

ls
o 

ca
n 

be
 o

bs
er

ve
d 

th
ro

ug
h 

va
rio

us
 s

tu
di

es
, 

w
he

re
 l

ar
ge

 d
iff

er
en

ce
s 

in
 t

he
 t

he
rm

al
 

be
ha

vi
ou

r 
of

 s
im

ila
r 

bu
ild

in
gs

 h
av

e 
be

en
 o

bs
er

ve
d,

 w
hi

ch
 s

ug
ge

st
s 

th
at

 o
cc

up
an

t b
eh

av
io

ur
 

ex
er

ts
 a

 st
ro

ng
 in

flu
en

ce
 [2

]. 
U

nc
er

ta
in

ty
 a

nd
 s

en
si

bi
lit

y 
an

al
ys

es
 f

re
qu

en
tly

 d
ea

l 
w

ith
 t

hi
s 

si
tu

at
io

n,
 s

in
ce

 t
he

y 
ca

n 
ge

ne
ra

te
 a

 g
re

at
 ra

ng
e 

of
 fo

re
ca

st
 v

al
ue

s 
ba

se
d 

on
 th

e 
di

st
rib

ut
io

n 
of

 th
e 

in
pu

t v
ar

ia
bl

es
. F

or
 

ex
am

pl
e,

 in
 th

e 
ca

se
 o

f t
he

 p
hy

si
ca

l p
ro

pe
rti

es
 o

f b
ui

ld
in

g 
m

at
er

ia
ls

, t
hi

s 
va

ria
bi

lit
y 

ha
s 

be
en

 
st

ud
ie

d 
an

d 
m

ay
 b

e 
ob

ta
in

ed
 f

ro
m

 r
ef

er
en

ce
s 

as
 C

la
rk

e 
et

 a
l. 

(1
99

9)
 o

r 
Lo

m
as

 &
 B

ow
m

an
 

(1
98

7)
 [

3]
 [

4]
. 

H
ow

ev
er

, 
H

yu
n 

et
 a

l. 
(2

00
8)

 e
xp

la
in

 t
ha

t 
th

e 
w

id
el

y 
va

ry
in

g 
oc

cu
pa

nt
 

in
flu

en
ce

s 
- 

es
pe

ci
al

ly
 r

el
at

ed
 t

o 
op

er
ab

le
 w

in
do

w
s 

- 
ha

ve
 n

ot
 b

ee
n 

di
re

ct
ly

 m
ea

su
re

d 
or

 
in

ve
st

ig
at

ed
 [5

]. 
 

A
t 

th
e 

sa
m

e 
tim

e,
 m

os
t 

of
 t

he
 b

ui
ld

in
g 

en
er

gy
 s

im
ul

at
io

n 
pr

og
ra

m
s 

ar
e 

de
te

rm
in

is
tic

, 
ra

th
er

 t
ha

n 
pr

ob
ab

ili
st

ic
 a

nd
 c

on
se

qu
en

tly
 t

he
ir 

re
su

lts
 f

re
qu

en
tly

 a
re

 n
ot

 e
xp

re
ss

ed
 i

n 
pr

ob
ab

ili
st

ic
 t

er
m

s. 
A

dd
iti

on
al

ly
, 

a 
co

ns
id

er
ab

le
 d

iff
er

en
ce

 b
et

w
ee

n 
th

e 
st

an
da

rd
 v

al
ue

s 
of

 
ve

nt
ila

tio
n 

us
ed

 f
or

 s
im

ul
at

io
ns

 (
ba

se
d 

on
 a

ve
ra

ge
 o

cc
up

an
t 

be
ha

vi
ou

r)
 a

nd
 t

he
 v

en
til

at
io

n 
pa

tte
rn

s 
in

 r
ea

l o
cc

up
ie

d 
dw

el
lin

gs
 m

ay
 b

e 
ex

pe
ct

ed
. T

he
re

fo
re

, i
f 

th
e 

ai
m

 is
 to

 r
ep

re
se

nt
 a

 
w

id
e 

ra
ng

e 
of

 c
as

es
 b

as
ed

 o
n 

a 
m

or
e 

re
al

 a
pp

ro
ac

h 
(in

st
ea

d 
of

 a
 s

in
gu

la
r a

nd
/o

r s
ta

nd
ar

d 
ca

se
 

st
ud

y)
, i

t i
s n

ec
es

sa
ry

 to
 c

ha
ra

ct
er

iz
e 

th
e 

oc
cu

pa
nt

 b
eh

av
io

ur
 in

 te
rm

s o
f p

at
te

rn
s t

o 
be

 u
se

d 
as

 
in

pu
t d

at
a 

in
 e

ne
rg

y 
bu

ild
in

g 
si

m
ul

at
io

ns
. 

D
ue

 t
o 

th
e 

lin
k 

be
tw

ee
n 

oc
cu

pa
nt

 b
eh

av
io

ur
 a

nd
 e

ne
rg

y 
co

ns
um

pt
io

n,
 i

t 
is

 i
m

po
rta

nt
 t

o 
de

fin
e 

it 
fr

om
 th

e 
in

te
ra

ct
io

n 
w

ith
 th

e 
co

nt
ro

l m
ec

ha
ni

sm
s 

of
 w

in
do

w
s 

du
rin

g 
bo

th
 d

ay
 a

nd
 

ni
gh

t, 
an

d 
al

so
 e

st
ab

lis
hi

ng
 th

e 
re

as
on

s f
or

 th
at

 sp
ec

ifi
c 

be
ha

vi
ou

r, 
as

 is
 re

co
m

m
en

de
d 

by
 IE

A
 

(1
98

8)
 [

6]
. 

A
nd

er
se

n 
et

 a
l. 

(2
00

9)
 i

nd
ic

at
e 

th
at

 m
os

t 
of

 t
he

 e
ne

rg
y 

bu
ild

in
g 

si
m

ul
at

io
n 

pr
og

ra
m

s 
pr

ov
id

e 
po

ss
ib

ili
tie

s 
of

 r
eg

ul
at

io
n 

of
 c

on
tro

l 
sy

st
em

s 
(s

uc
h 

as
 o

pe
ni

ng
/c

lo
si

ng
 

w
in

do
w

s)
, b

ut
 th

er
e 

ar
e 

no
 g

ui
de

lin
es

 fo
r h

ow
 th

e 
si

m
ul

at
ed

 e
nv

iro
nm

en
t s

ho
ul

d 
be

 m
an

ag
ed

 
by

 t
he

 s
of

tw
ar

e 
[7

]. 
Si

m
ila

rly
, 

Y
u 

et
 a

l. 
(2

01
1)

 e
xp

la
in

 t
ha

t 
it 

is
 d

iff
ic

ul
t 

to
 c

om
pl

et
el

y 
id

en
tif

y 
th

e 
in

flu
en

ce
s 

of
 o

cc
up

an
t 

be
ha

vi
ou

r 
th

ro
ug

h 
si

m
ul

at
io

n 
du

e 
to

 u
se

rs
’ 

be
ha

vi
ou

r 
di

ve
rs

ity
 a

nd
 c

om
pl

ex
ity

; c
ur

re
nt

 s
im

ul
at

io
n 

to
ol

s 
ca

n 
on

ly
 im

ita
te

 p
at

te
rn

s 
in

 a
 ri

gi
d 

w
ay

 [8
]. 

A
cc

or
di

ng
ly

, t
he

 d
ef

in
iti

on
 o

f a
 s

et
 o

f b
eh

av
io

ur
 p

at
te

rn
s 

– 
ba

se
d 

on
 th

e 
qu

an
tif

ic
at

io
n 

of
 re

al
 

in
ha

bi
ta

nt
s’

 b
eh

av
io

ur
 –

 w
ou

ld
 s

ig
ni

fic
an

tly
 i

m
pr

ov
e 

th
e 

va
lid

ity
 o

f 
th

e 
ou

tc
om

es
 o

f 
th

e 
si

m
ul

at
io

ns
. 

C
on

se
qu

en
tly

, t
hi

s 
st

ud
y 

tri
es

 to
 e

st
ab

lis
h 

oc
cu

pa
nt

 b
eh

av
io

ur
 p

at
te

rn
s 

fo
r a

pa
rtm

en
ts

 fr
om

 
th

e 
re

al
 e

st
at

e 
m

ar
ke

t 
of

 S
an

tia
go

 d
e 

C
hi

le
 b

as
ed

 o
n 

fie
ld

 d
at

a 
an

d 
al

so
 d

et
er

m
in

in
g 

th
ei

r 
im

pa
ct

 o
n 

th
e 

su
m

m
er

 th
er

m
al

 c
om

fo
rt.

 A
cc

or
di

ng
 to

 th
is

, f
ou

r m
ai

n 
re

se
ar

ch
 q

ue
st

io
ns

 w
er

e 
fo

rm
ul

at
ed

: 
(1

) D
o 

pa
tte

rn
s 

of
 o

cc
up

an
t b

eh
av

io
ur

 e
xi

st
 w

ith
 re

sp
ec

t t
o 

pe
rc

ep
tio

n 
of

 th
er

m
al

 c
om

fo
rt 

an
d 

ve
nt

ila
tio

n 
(b

y 
m

ea
ns

 o
f w

in
do

w
s o

pe
ni

ng
)?

 
(2

) D
o 

di
ff

er
en

t o
cc

up
an

t b
eh

av
io

ur
 p

at
te

rn
s 

le
ad

 to
 s

ig
ni

fic
an

t d
iff

er
en

ce
s 

in
 th

e 
th

er
m

al
 

co
m

fo
rt 

of
 th

e 
ap

ar
tm

en
ts

 in
 su

m
m

er
? 

(3
) W

hi
ch

 a
re

 t
he

 m
os

t 
im

po
rta

nt
 p

hy
si

ca
l 

va
ria

bl
es

 (
e.

g.
 w

in
d 

co
nd

iti
on

s, 
di

ff
er

en
ce

 
be

tw
ee

n 
in

do
or

 a
nd

 o
ut

do
or

 te
m

pe
ra

tu
re

s)
 in

 te
rm

s 
of

 th
ei

r 
in

flu
en

ce
 w

ith
 r

es
pe

ct
 to

 
th

e 
ve

nt
ila

tio
n 

ra
te

 in
 e

ac
h 

on
e 

of
 th

e 
oc

cu
pa

nt
 b

eh
av

io
ur

 p
at

te
rn

s?
 

 2.
 M

E
T

H
O

D
O

L
O

G
Y

 
 2.

1 
R

es
ea

rc
h 

da
ta

 
 

D
ue

 to
 th

e 
im

po
rta

nc
e 

of
 th

e 
oc

cu
pa

nt
 b

eh
av

io
ur

 a
nd

 v
en

til
at

io
n 

on
 th

e 
th

er
m

al
 b

eh
av

io
ur

 
of

 a
pa

rtm
en

ts
 i

t 
is

 n
ec

es
sa

ry
 t

o 
co

lle
ct

 d
at

a 
ab

ou
t 

th
es

e 
as

pe
ct

s 
ba

se
d 

on
 r

ea
l 

so
ur

ce
s. 

N
on

et
he

le
ss

, d
ue

 t
o 

th
e 

la
ck

 o
f 

re
fe

re
nc

es
 i

n 
th

e 
na

tio
na

l 
st

at
e 

of
 a

rt 
of

 C
hi

le
, a

 s
ur

ve
y 

to
 

ob
ta

in
 th

is
 in

fo
rm

at
io

n 
is

 re
qu

ire
d.

  
Th

e 
pi

lo
t c

as
e 

st
ud

y 
co

rr
es

po
nd

s t
o 

th
e 

Ed
ifi

ci
o 

D
on

 J
os

é,
 lo

ca
te

d 
in

 th
e 

Sa
nt

ia
go

 b
or

ou
gh

, 
ci

ty
 o

f S
an

tia
go

. T
hi

s 
is

 a
n 

ap
ar

tm
en

t b
ui

ld
in

g,
 c

on
st

ru
ct

ed
 in

 1
99

3-
19

94
, w

ith
 2

2 
flo

or
s 

an
d 

8 
ap

ar
tm

en
ts

 p
er

 f
lo

or
. 

Th
e 

bu
ild

in
g 

is
 s

itu
at

ed
 i

n 
an

 u
rb

an
 e

nv
iro

nm
en

t, 
ne

ar
 t

o 
th

e 
ci

ty
 

ce
nt

re
. T

he
 s

ur
ve

y 
w

as
 a

pp
lie

d 
to

 9
1 

ra
nd

om
ly

 s
el

ec
te

d 
ap

ar
tm

en
ts

 in
 tw

o 
su

m
m

er
 m

on
th

s 
(D

ec
em

be
r 2

00
9 

an
d 

Ja
nu

ar
y 

20
10

). 
Th

e 
sa

m
pl

e 
si

ze
 c

or
re

sp
on

ds
, c

on
se

qu
en

tly
, t

o 
91

 c
as

es
 

ov
er

 a
 p

op
ul

at
io

n 
of

 1
66

 a
pa

rtm
en

ts
. T

he
 m

ar
gi

n 
of

 e
rr

or
 a

nd
 th

e 
co

nf
id

en
ce

 le
ve

l a
re

 6
%

 a
nd

 
90

%
, r

es
pe

ct
iv

el
y.

 I
t i

s 
im

po
rta

nt
 to

 r
em

em
be

r 
th

at
 th

e 
sc

op
e 

of
 th

e 
su

rv
ey

 is
 r

el
at

ed
 to

 th
e 

in
do

or
 e

nv
iro

nm
en

t a
nd

 o
cc

up
an

t b
eh

av
io

ur
 in

 a
pa

rtm
en

ts
 o

f 
Sa

nt
ia

go
 d

e 
C

hi
le

 b
as

ed
 o

n 
a 

pi
lo

t 
ca

se
 s

tu
dy

. 
D

ue
 t

o 
th

is
, 

th
e 

su
rv

ey
 f

ra
m

e 
w

as
 c

on
si

de
re

d 
as

 a
pp

ro
pr

ia
te

. 
A

 m
os

t 
am

bi
tio

us
 e

xp
er

ie
nc

e 
m

ay
 b

e 
pr

op
os

ed
 a

s 
fu

rth
er

 re
se

ar
ch

. I
n 

th
at

 c
as

e,
 th

e 
po

pu
la

tio
n 

of
 th

e 
su

rv
ey

 c
an

 b
e 

ex
te

nd
ed

 to
 v

ar
io

us
 a

pa
rtm

en
t b

ui
ld

in
gs

 in
 S

an
tia

go
 d

e 
C

hi
le

. 
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2.
2 

A
pp

ro
ac

h 
 

Th
e 

se
m

in
al

 a
rti

cl
es

 o
f v

an
 R

aa
ij 

&
 V

er
ha

lle
n 

– 
pu

bl
is

he
d 

in
 th

e 
19

80
s 

– 
di

st
in

gu
is

h 
tw

o 
di

ff
er

en
t 

oc
cu

pa
nt

 b
eh

av
io

ur
s 

as
 d

et
er

m
in

an
t 

of
 e

ne
rg

y 
ho

us
e 

in
 t

he
 h

om
e.

 A
cc

or
di

ng
 t

o 
th

em
, 

pu
rc

ha
se

 
an

d 
m

ai
nt

en
an

ce
–r

el
at

ed
 

an
d 

us
ag

e–
re

la
te

d 
en

er
gy

 
be

ha
vi

ou
r 

ca
n 

be
 

id
en

tif
ie

d 
[9

]. 
 

In
 th

is
 s

tu
dy

, o
cc

up
an

t b
eh

av
io

ur
 w

as
 d

ef
in

ed
 in

 th
e 

se
ns

e 
of

 th
e 

us
ag

e–
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or
di

ng
 t

o 
th

is
, 

bo
th

 n
or

th
 a

nd
 s

ou
th

 o
rie

nt
at

io
ns

 w
er

e 
ch

ar
ac

te
ris

ed
 a

s 
co

m
fo

rta
bl

e 
in

 s
um

m
er

 a
nd

 th
ey

 d
o 

no
t p

re
se

nt
 s

ol
ar

 p
ro

te
ct

io
n,

 w
hi

ch
 c

an
 b

e 
co

ns
id

er
ed

 a
s 

ex
pe

ct
ed

. 
In

de
ed

, 
in

 S
an

tia
go

 d
e 

C
hi

le
 (

33
°2

8’
S;

 7
0°

78
’W

), 
di

re
ct

 s
ol

ar
 r

ad
ia

tio
n 

ca
n 

be
 

ea
si

ly
 c

on
tro

lle
d 

in
 th

e 
no

rth
 o

rie
nt

at
io

n 
by

 m
ea

ns
 o

f a
n 

ov
er

ha
ng

 (w
hi

ch
 c

an
 b

e 
pr

ov
id

ed
, f

or
 

ex
am

pl
e,

 b
y 

an
 u

pp
er

 b
al

co
ny

) 
an

d 
th

er
e 

is
 n

o 
ne

ed
 o

f 
an

y 
ki

nd
 o

f 
so

la
r 

pr
ot

ec
tio

n 
fo

r 
so

ut
he

rn
 f

ac
ad

es
. O

n 
th

e 
co

nt
ra

ry
, w

es
te

rn
 o

rie
nt

at
io

ns
 (

W
, N

W
 a

nd
 S

W
) 

m
ay

 p
re

se
nt

 a
nd

 
un

fa
vo

ur
ab

le
 

th
er

m
al

 
be

ha
vi

ou
r 

in
 

su
m

m
er

, 
si

nc
e 

th
ey

 
w

er
e 

ch
ar

ac
te

riz
ed

 
as

 
“n

ot
 

co
m

fo
rta

bl
e”

. A
t t

he
 sa

m
e 

tim
e 

– 
an

d 
pr

ob
ab

ly
 d

ue
 to

 th
is

 –
 th

es
e 

or
ie

nt
at

io
ns

 c
on

ce
nt

ra
te

 th
e 

pr
es

en
ce

 o
f s

ol
ar

 p
ro

te
ct

io
n,

 w
hi

ch
 c

an
 a

ls
o 

be
 c

on
si

de
re

d 
as

 e
xp

ec
te

d.
  

Fi
g.

 2
 (r

ig
ht

) p
re

se
nt

s 
th

e 
pe

rc
ep

tu
al

 m
ap

s 
of

 C
3 

vs
. C

1,
 w

hi
ch

 m
ea

ns
 th

at
 th

e 
pe

rc
ep

tio
n 

of
 s

um
m

er
 th

er
m

al
 c

om
fo

rt 
is

 c
om

pa
re

d 
to

 d
ay

tim
e 

ve
nt

ila
tio

n.
 H

ow
ev

er
, i

t i
s 

no
t p

os
si

bl
e 

to
 

id
en

tif
y 

a 
co

rr
el

at
io

n 
pa

tte
rn

 b
et

w
ee

n 
th

em
. F

or
 e

xa
m

pl
e,

 t
he

re
 i

s 
no

t 
a 

di
re

ct
 r

el
at

io
ns

hi
p 

be
tw

ee
n 

or
ie

nt
at

io
ns

 t
ha

t 
de

cl
ar

e 
co

m
fo

rta
bl

e 
in

do
or

 c
on

di
tio

ns
 i

n 
su

m
m

er
 a

nd
 a

 s
pe

ci
fic

 
be

ha
vi

ou
r 

w
ith

 r
es

pe
ct

 t
o 

ve
nt

ila
tio

n 
(v

en
til

at
e 

or
 n

ot
 v

en
til

at
e)

. 
Th

is
 s

itu
at

io
n 

ca
n 

be
 

un
de

rs
to

od
 fr

om
 th

e 
id

ea
 th

at
 d

ay
tim

e 
ve

nt
ila

tio
n 

of
 C

1 
m

ay
 b

e 
m

ai
nl

y 
or

ie
nt

ed
 to

 a
 h

yg
ie

ni
c 

pu
rp

os
e 

(in
st

ea
d 

of
 c

oo
lin

g)
. 

H
ow

ev
er

, 
to

 t
es

t 
th

is
 h

yp
ot

he
si

s 
is

 n
ec

es
sa

ry
 o

th
er

 k
in

d 
of

 
m

ul
tiv

ar
ia

te
 a

na
ly

si
s t

ec
hn

iq
ue

 w
hi

ch
 b

e 
ab

le
 to

 p
re

di
ct

 th
e 

pe
rc

ep
tio

n 
of

 th
er

m
al

 c
om

fo
rt.

 
                

Fi
gu

re
 2

. P
er

ce
pt

ua
l m

ap
s o

f C
3 

vs
. C

4 
(le

ft)
 a

nd
 C

3 
vs

. C
1 

(r
ig

ht
) p

er
 o

rie
nt

at
io

n 

Without solar protection 

With solar protection 

Not ventilated (daytime) 

Ventilated (daytime) 

C
om

fo
rta

bl
e 

(s
um

m
er

)  
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
C

om
fo

rta
bl

e 
(s

um
m

er
) 

N
ot

 C
om

fo
rta

bl
e 

(s
um

m
er

)  
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 N

ot
 c

om
fo

rta
bl

e 
(s

um
m

er
) 

3.
2 

 In
ci

de
nc

e 
of

 th
e 

fa
ct

or
s o

f b
eh

av
io

ur
 o

n 
th

e 
ov

er
al

l t
he

rm
al

 c
om

fo
rt

 b
y 

m
ea

ns
 o

f  
   

 
a 

di
sc

re
te

 c
ho

ic
e 

m
od

el
 

 
Th

e 
lo

gi
st

ic
 r

eg
re

ss
io

n 
an

al
ys

is
 i

s 
a 

m
at

he
m

at
ic

al
 m

od
el

 w
ith

 t
he

 a
im

 o
f 

pr
ed

ic
tin

g 
th

e 
be

ha
vi

ou
r 

of
 a

 d
ep

en
de

nt
 v

ar
ia

bl
e 

as
 f

un
ct

io
n 

of
 o

ne
 o

r 
m

or
e 

in
de

pe
nd

en
t 

va
ria

bl
es

. 
Th

e 
ob

je
ct

iv
e 

of
 th

is
 m

od
el

 is
 to

 p
re

di
ct

 th
e 

pr
ob

ab
ili

ty
 o

f o
cc

ur
re

nc
e 

of
 a

n 
ev

en
t w

ith
 a

 d
ep

en
de

nt
 

va
ria

bl
e 

th
at

 a
ss

um
es

 t
he

 v
al

ue
 o

f 
1 

w
he

n 
th

e 
ev

en
t 

oc
cu

rs
 a

nd
 z

er
o 

in
 t

he
 a

bs
en

ce
 o

f 
th

e 
ev

en
t. 

Th
e 

pr
ed

ic
tio

n 
is

 m
ad

e 
fr

om
 a

 g
ro

up
 o

f 
in

de
pe

nd
en

t 
va

ria
bl

es
 w

ith
 e

xp
la

na
to

ry
 

ca
pa

bi
lit

y 
w

ith
 re

sp
ec

t t
o 

th
e 

de
pe

nd
en

t v
ar

ia
bl

e 
W

ith
 t

he
 a

im
 o

f 
pr

ed
ic

tin
g 

th
e 

le
ve

l 
of

 i
nc

id
en

ce
 o

f 
th

e 
va

ria
bl

es
 t

ha
t 

de
te

rm
in

es
 t

he
 

pe
rc

ep
tio

n 
of

 th
er

m
al

 c
om

fo
rt,

 o
ne

 q
ue

st
io

n 
of

 th
e 

su
rv

ey
 (

Q
41

) 
w

as
 e

xp
re

ss
ed

 a
s:

 “
D

o 
yo

u 
fe

el
 c

om
fo

rta
bl

e 
in

 y
ou

r 
ap

ar
tm

en
t i

n 
te

rm
s 

of
 th

er
m

al
 c

om
fo

rt?
” 

Th
e 

tw
o 

po
ss

ib
le

 a
ns

w
er

s 
w

er
e 

“y
es

” 
or

 “
no

”,
 w

hi
ch

 c
on

ve
rt 

th
is

 v
ar

ia
bl

e 
in

 d
ic

ho
to

m
ic

al
. T

he
re

fo
re

, t
he

 p
ro

ba
bi

lit
y 

of
 

oc
cu

rr
en

ce
 o

f 
th

e 
an

sw
er

 “
ye

s”
 (

Y=
1)

 i
n 

th
e 

qu
es

tio
n 

41
, 

ca
n 

be
 e

xp
re

ss
ed

 t
hr

ou
gh

 t
he

 
fo

llo
w

in
g 

lo
gi

st
ic

 re
gr

es
si

on
: 

�
��

�
�

�
�

�
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�

�
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�

�
�

�
�
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�
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�

�
�

��
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�
�

�
��

��
�

�
�

��
��

�
�

�
�
���
��

w
he

re
 C

1, 
C

2, 
C

3 
an

d 
C

4 
ar

e 
th

e 
fa

ct
or

 s
co

re
s 

th
at

 w
er

e 
ob

ta
in

ed
 t

hr
ou

gh
 t

he
 P

rin
ci

pa
l 

C
om

po
ne

nt
 A

na
ly

si
s, 

b 1
, b

2, 
b 3

 a
nd

 b
4 a

re
 th

e 
co

ef
fic

ie
nt

s f
or

 th
es

e 
va

ria
bl

es
, a

 is
 a

 c
oe

ff
ic

ie
nt

 
of

 th
e 

m
od

el
 a

nd
 e

 is
 th

e 
ba

se
 o

f n
at

ur
al

 lo
ga

rit
hm

s. 
Ta

bl
e 

3 
pr

es
en

ts
 th

e 
ob

ta
in

ed
 c

oe
ff

ic
ie

nt
s 

fo
r 

th
e 

lo
gi

st
ic

 r
eg

re
ss

io
n 

m
od

el
 p

ro
po

se
d 

fo
r 

th
e 

Q
41

 o
f t

he
 s

ur
ve

y.
 A

cc
or

di
ng

 to
 th

e 
ob

ta
in

ed
 s

ol
ut

io
n,

 b
1 i

s 
a 

no
t s

ig
ni

fic
an

t c
oe

ff
ic

ie
nt

. 
Th

is
 m

ea
ns

 th
at

 c
om

po
ne

nt
 C

1 
is

 n
ot

 s
ig

ni
fic

an
t t

o 
pr

ed
ic

t t
he

 p
ro

ba
bi

lit
y 

of
 o

cc
ur

re
nc

e 
of

 
Q

41
. T

hi
s 

si
tu

at
io

n 
ca

n 
be

 u
nd

er
st

oo
d 

fr
om

 th
e 

pr
ev

io
us

ly
 m

en
tio

ne
d 

hy
po

th
es

is
 th

at
 d

ay
tim

e 
ve

nt
ila

tio
n 

is
 m

ai
nl

y 
or

ie
nt

ed
 to

 a
 h

yg
ie

ni
c 

pu
rp

os
e,

 in
st

ea
d 

of
 c

oo
lin

g.
  

A
no

th
er

 im
po

rta
nt

 a
sp

ec
t r

eg
ar

di
ng

 th
e 

ob
ta

in
ed

 c
oe

ff
ic

ie
nt

s 
of

 T
ab

le
 3

 is
 th

e 
si

gn
 o

f 
b 3

. 
A

s 
ca

n 
be

 o
bs

er
ve

d,
 th

is
 is

 n
eg

at
iv

e,
 w

hi
ch

 m
ea

ns
 th

at
 w

hi
le

 th
e 

va
lu

e 
of

 C
3 

is
 h

ig
he

r, 
th

e 
pr

ob
ab

ili
ty

 t
ha

t 
Q

41
 c

an
 b

e 
an

sw
er

ed
 a

s 
“y

es
” 

is
 l

ow
er

. 
In

 o
th

er
 w

or
ds

, 
if 

th
e 

th
er

m
al

 
se

ns
at

io
n 

of
 th

e 
oc

cu
pa

nt
s 

du
rin

g 
su

m
m

er
 is

 h
ot

, t
he

re
 a

re
 m

or
e 

po
ss

ib
ili

tie
s 

th
at

 th
e 

pe
op

le
 

fe
el

 u
nc

om
fo

rta
bl

e 
in

 th
ei

r a
pa

rtm
en

ts
 fr

om
 a

 w
id

er
 se

ns
e.

 
C

on
si

de
rin

g 
th

e 
ob

ta
in

ed
 c

oe
ff

ic
ie

nt
s, 

th
e 

lo
gi

st
ic

 re
gr

es
si

on
 a

pp
lie

d 
ca

n 
be

 e
xp

re
ss

ed
 a

s:
 

�
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�
�


�

�
�

�
�
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�
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�
��

�
��

�
��

�
��

��
��

�
��

�
��

��
��

�
��

�
��

�
��

�
��

�
�
   

   
   

   
 

In
 th

e 
eq

ua
tio

n 
(2

), 
it 

ca
n 

be
 o

bs
er

ve
d 

th
at

 th
e 

m
os

t i
m

po
rta

nt
 a

sp
ec

ts
 re

la
te

d 
to

 th
e 

ov
er

al
l 

pe
rc

ep
tio

n 
of

 th
er

m
al

 c
om

fo
rt 

in
 th

e 
ap

ar
tm

en
t (

Q
41

) a
re

 s
ol

ar
 p

ro
te

ct
io

n 
(C

4)
 a

nd
 p

er
ce

pt
io

n 
of

 s
um

m
er

 th
er

m
al

 c
om

fo
rt 

an
d 

ni
gh

t v
en

til
at

io
n 

(C
3)

. T
he

se
 w

ei
gh

tin
gs

 c
an

 b
e 

co
ns

id
er

ed
 a

s 
ex

pe
ct

ed
 s

in
ce

 th
e 

su
rv

ey
 w

as
 ta

ke
n 

du
rin

g 
su

m
m

er
. I

nd
ee

d,
 it

 is
 n

ot
 s

ur
pr

is
in

g 
th

at
 w

ith
 th

e 
pr

es
en

ce
 o

f s
ol

ar
 p

ro
te

ct
io

n,
 a

 n
ot

 e
xc

es
si

ve
 in

do
or

 te
m

pe
ra

tu
re

 a
nd

 n
ig

ht
 v

en
til

at
io

n 
m

os
t o

f 
th

e 
pe

op
le

 c
on

si
de

re
d 

th
ei

r a
pa

rtm
en

t a
s c

om
fo

rta
bl

e.
 

 
 

C
oe

ff
ic

ie
nt

s 
St

an
da

rd
 e

rr
or

 
Z 

va
lu

e 
p-

va
lu

e 
a 

1.
97

 
0.

48
 

4.
09

 
4.

38
E-

07
**

* 
b 1

 
0.

30
 

0.
30

 
1.

01
 

0.
31

3 
b 2

 
0.

62
 

0.
35

 
1.

77
 

0.
07

6*
 

b 3
 

-0
.9

0 
0.

45
 

-2
.0

0 
0.

04
6*

* 
b 4

 
0.

97
 

0.
49

 
1.

99
 

0.
04

6*
* 

Si
gn

ifi
ca

nt
 v

ar
ia

bl
es

 fo
r: 

**
* 

p<
0.

01
; *

* 
p<

0.
05

; *
 p

<0
.1

 
G

oo
dn

es
s-

of
-fi

t: 
Th

e 
nu

m
be

r o
f c

as
es

 c
or

re
ct

ly
 p

re
di

ct
ed

 w
as

 7
6 

(8
6.

4%
). 

A
ls

o,
 th

e 
M

cF
ad

de
n’

s R
² w

as
 0

.2
93

 
ab

ov
e 

th
e 

m
in

im
um

 v
al

ue
 o

f 0
.2

8 
(f

or
 a

 p
ro

po
rti

on
 o

f 8
0/

20
 in

 th
e 

an
sw

er
s o

f t
he

 d
ep

en
de

nt
 v

ar
ia

bl
e)

 [1
3]

 

T
ab

le
 3

. O
bt

ai
ne

d 
co

ef
fic

ie
nt

s f
ro

m
 th

e 
m

ul
tiv

ar
ia

te
 lo

gi
st

ic
 re

gr
es

si
on

 

(1
) 

(2
) 
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0123

M
or

ni
ng

 
N

oo
n

A
fte

rn
oo

n 
A

fte
rn

oo
n-

ni
gh

t
N

ig
ht

Hours / day

P1 P2 P3 P4

3.
3 

D
ef

in
iti

on
 o

f o
cc

up
an

t b
eh

av
io

ur
 p

at
te

rn
s b

y 
m

ea
ns

 o
f a

 c
lu

st
er

 a
na

ly
si

s 
 

Th
e 

se
m

in
al

 s
tu

dy
 c

ar
rie

d 
ou

t b
y 

Pu
nj

 &
 S

te
w

ar
t (

19
83

) e
st

ab
lis

he
d 

th
at

 c
lu

st
er

 a
na

ly
si

s 
is

 
a 

st
at

is
tic

al
 m

et
ho

d 
fo

r c
la

ss
ifi

ca
tio

n.
 A

cc
or

di
ng

 th
o 

th
em

, t
he

 e
ss

en
ce

 o
f c

la
ss

ifi
ca

tio
n 

is
 th

at
 

ce
rta

in
 th

in
gs

 o
f a

s 
re

la
te

d 
in

 a
 c

er
ta

in
 w

ay
. I

nd
ee

d,
 th

e 
ob

je
ct

iv
e 

of
 th

is
 c

an
 b

e 
de

fin
ed

 a
s 

th
e 

id
en

tif
ic

at
io

n 
of

 a
 g

ro
up

 o
f e

nt
iti

es
 th

at
 s

ha
re

 c
er

ta
in

 c
om

m
on

 c
ha

ra
ct

er
is

tic
s 

[1
4]

. A
cc

or
di

ng
 

to
 V

iv
an

co
 (1

99
9)

, t
he

 u
se

 p
ar

 e
xc

el
le

nc
e 

of
 c

lu
st

er
 a

na
ly

si
s i

s t
he

 g
en

er
at

io
n 

of
 ty

po
lo

gi
es

. A
 

ty
po

lo
gy

 i
s 

a 
gr

ou
p 

of
 c

as
es

 t
ha

t 
pr

es
en

t 
a 

st
ro

ng
 s

im
ila

rit
y 

[1
5]

. 
In

 t
hi

s 
co

nt
ex

t, 
cl

us
te

r 
an

al
ys

is
 a

pp
ea

rs
 a

s 
an

 a
pp

ro
pr

ia
te

 t
oo

l 
to

 i
de

nt
ify

 o
cc

up
an

t 
be

ha
vi

ou
r 

pa
tte

rn
s 

fr
om

 t
he

 
co

lle
ct

ed
 d

at
a 

of
 t

he
 s

ur
ve

y.
 V

an
 R

aa
ij 

&
 V

er
ha

lle
n 

(1
98

3)
 a

tte
m

pt
 t

o 
ap

pl
y 

cl
us

te
rin

g 
pr

oc
ed

ur
es

 t
o 

bo
th

 o
rig

in
al

 v
ar

ia
bl

es
 a

nd
 f

ac
to

r 
sc

or
es

 o
bt

ai
ne

d 
by

 m
ea

ns
 o

f 
a 

Pr
in

ci
pa

l 
C

om
po

ne
nt

 A
na

ly
si

s 
[9

]. 
H

ow
ev

er
, 

na
tu

ra
l 

gr
ou

pi
ng

s 
w

er
e 

no
t 

fo
un

d 
pr

ob
ab

ly
 d

ue
 t

o 
th

e 
in

cl
us

io
n 

of
 n

um
er

ou
s 

ty
pe

s 
of

 o
cc

up
an

t 
be
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f p
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l p

ar
am

et
er

s w
ith

 r
es

pe
ct

 to
 v

en
til

at
io

n 
ra

te
  

 Th
e 

pr
ev

io
us

ly
 o

bs
er

ve
d 

be
ha

vi
ou

r 
m

ay
 r
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e 

id
ea

 t
ha

t 
di

ff
er

en
t 

ve
nt

ila
tio

n 
re

gi
m

es
 (i

n 
te

rm
s o

f w
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s o
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 b
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 b
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 c
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 c
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 t
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at
io

n 
ra
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 c
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 d
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r c
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w
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w
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xh

au
st

-o
nl

y
st

ra
te

gi
es

. T
hi

s 
is

 m
ai

nl
y 

du
e 

to
 th

e 
co

m
bi

ne
d 

ef
fe

ct
 o

f 
a

w
el

l-i
ns

ul
at

ed
en

ve
lo

pe
 a

nd
 u

nc
on

tro
lla

bl
e 

in
fil

tra
tio

n 
in

 s
pi

te
 o

f 
a

su
pp

os
ed

 a
irt

ig
ht

en
ve

lo
pe

; i
t m

ay
 b

e 
ve

ry
 in

te
re

st
in

g 
to

 in
ve

st
ig

at
e 

th
e 

en
er

gy
 c

on
se

qu
en

ce
 o

f t
he

 e
nv

el
op

e
ai

r
le

ak
ag

e.
B

es
id

es
, t

he
 re

su
lts

 s
ho

w
ed

 th
at

 0
.8

5 
he

at
 re

co
ve

ry
 e

ff
ic

ie
nc

y 
ca

n 
le

ad
 to

 m
or

e 
th

an
 

80
%

 s
av

in
gs

 in
 e

ne
rg

y 
de

m
an

d 
w

ith
 b

al
an

ce
d 

ve
nt

ila
tio

n 
st

ra
te

gi
es

.I
n 

th
e 

sa
m

e 
w

ay
, u

si
ng

 
de

m
an

de
d-

co
nt

ro
lle

d 
ve

nt
ila

tio
n 

sy
st

em
s b

as
ed

 o
n 

C
O

2
an

d 
pr

es
en

ce
de

te
ct

io
n 

(M
I-3

), 
an

d 
on

 
bo

th
 C

O
2

an
d 

hu
m

id
ity

(M
I-2

),
ca

n 
he

lp
 m

ak
e 

sa
vi

ng
sf

ro
m

 2
4 

to
 3

8%
 o

n 
th

e 
en

er
gy

 d
em

an
d.

Th
e 

an
al

ys
is

 o
f t

he
 in

do
or

 a
ir 

qu
al

ity
 c

le
ar

ly
 b

rin
gs

ou
t d

iff
er

en
ce

s 
in

 th
e 

pe
rf

or
m

an
ce

s 
of

 th
e 

st
ud

ie
d 

sy
st

em
s 

ac
co

rd
in

g 
to

 th
e 

co
nt

ro
l f

ac
to

rs
.E

xh
au

st
-o

nl
y 

D
C

V
 s

tra
te

gi
es

 (
M

I-2
,M

I-3
) 

fa
il 

at
 ti

m
es

 to
 b

rin
g 

th
e 

ex
pe

ct
ed

 a
ir 

qu
al

ity
. T

he
 d

iff
ic

ul
ty

w
ith

in
th

ei
ro

pe
ra

tin
g 

m
ec

ha
ni

sm
 

is
 th

at
 th

e 
in

pu
t a

irf
lo

w
 r

at
es

de
pe

nd
 o

n 
pa

ra
m

et
er

s, 
w

hi
ch

 v
al

ue
s 

do
 n

ot
,m

os
t o

f 
th

e 
tim

e,
m

at
ch

 w
ith

 th
os

e 
of

 th
e 

ex
ha

us
t r

oo
m

s. 
Th

en
, w

he
n 

th
e 

ex
ha

us
t a

irf
lo

w
 ra

te
 is

 m
ax

im
um

, a
nd

 
if 

th
e 

C
O

2
co

nc
en

tra
tio

ns
 in

 th
e 

be
dr

oo
m

s 
or

 th
e 

liv
in

g-
ro

om
ar

e 
no

t h
ig

h 
en

ou
gh

 to
 p

ro
vi

de
 

th
e 

co
rr

es
po

nd
in

g 
ai

rf
lo

w
 ra

te
s, 

th
es

e 
st

ra
te

gi
es

 c
an

 p
ro

m
ot

e 
a 

lo
t a

ir 
in

fil
tra

tio
n.

 

Fo
r t

he
 a

na
ly

ze
d 

pa
ra

m
et

er
s (

C
O

2, 
w

at
er

 v
ap

or
 a

nd
 V

O
C

), 
ba

la
nc

ed
 v

en
til

at
io

n 
sy

st
em

s 
M

I-1
an

d 
D

C
V

 b
as

ed
 o

n 
pr

es
en

ce
 M

I-
4

br
in

g 
th

e 
be

tte
r p

er
fo

rm
an

ce
s d

ur
in

g 
th

e 
oc

cu
pa

nc
y 

pe
rio

ds
 

co
m

pa
re

d 
to

 th
e 

ex
ha

us
ts

ys
te

m
s.

Th
e 

cc
on

tro
lo

f v
en

til
at

io
n 

th
ro

ug
h 

pr
es

en
ce

 c
ar

rie
d 

ou
t i

n 
st

ra
te

gy
 M

I-4
 s

ho
w

s 
th

at
 it

 is
po

ss
ib

le
 to

 r
ed

uc
e 

th
e 

en
er

gy
 d

em
an

d 
w

hi
le

 p
er

fo
rm

in
g 

go
od

 
in

do
or

 a
ir 

qu
al

ity
. H

ow
ev

er
, t

he
 p

er
fo

rm
an

ce
 o

f t
hi

s 
st

ra
te

gy
w

ou
ld

 d
ep

en
d 

on
 th

e 
in

flu
en

ce
 

of
 th

e 
oc

cu
pa

nt
s w

ho
 sh

ou
ld

 b
e 

aw
ar

e 
of

 th
e 

op
er

at
in

g
of

 th
e 

ve
nt

ila
tio

n 
sy

st
em

.

Th
e

re
su

lts
 t

hu
s 

ou
tli

ne
 t

he
 i

m
po

rta
nc

e 
of

ve
nt

ila
tio

n 
co

nt
ro

l:
if 

ad
eq

ua
te

ly
 p

er
fo

rm
ed

,
ve

nt
ila

tio
n 

co
nt

ro
la

pp
ea

rs
 a

s
a 

go
od

 w
ay

 o
f 

pr
ov

id
in

g
go

od
 a

ir 
qu

al
ity

 in
 o

rd
er

 to
 p

re
ve

nt
 

da
m

ag
es

 o
n 

th
e 

oc
cu

pa
nt

s’
he

al
th

. T
he

 m
os

t i
m

po
rta

nt
 w

ay
 o

f 
co

nt
ro

lli
ng

 a
ir 

qu
al

ity
 s

ee
m

s 
th

e 
ad

ju
st

m
en

t o
f v

en
til

at
io

n 
to

 th
e 

de
m

an
d.

 N
ev

er
th

el
es

s,
th

is
 a

na
ly

si
s 

do
es

 n
ot

 c
on

si
de

r t
he

 
im

pa
ct

 o
f 

al
l 

th
e 

si
m

ul
at

ed
 p

ol
lu

ta
nt

s. 
Fu

rth
er

 s
tu

di
es

 w
ou

ld
 b

rin
g 

m
or

e 
de

ta
il 

ab
ou

t 
th

is 
th

ro
ug

h 
th

e 
us

e 
a 

bu
ilt

 o
f i

nd
oo

r q
ua

lit
y 

cr
ite

ria
.

A
C

K
N

O
W

L
E

D
G

E
M

E
N

T
S

Th
is

 s
tu

dy
 i

s 
ca

rr
ie

d 
ou

t 
w

ith
 t

he
 f

in
an

ci
al

 s
up

po
rt 

of
 A

N
R

, t
he

 F
re

nc
h 

N
at

io
na

l 
R

es
ea

rc
h 

A
ge

nc
y,

 a
nd

 th
e 

as
si

st
an

ce
 o

f A
irH

, C
ST

B
, C

ET
IA

T,
 IN

ER
IS

 a
nd

 A
lli

e’
A

ir.

R
E

FE
R

E
N

C
E

S
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C
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. 
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Bu
ild
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m
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 T
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 In
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 o
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M
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w
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B
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ra
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Si
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3-

33
15

 V
ol

um
e 

9 
N

o 
4 

M
ar

ch
 2

01
1,

 p
p 

33
7-

35
0.

[6
]

K
of

fi,
 J

., 
A

lla
rd

, 
F.

, 
(2

01
1)

,
M

et
ho

do
lo

gy
 f

or
 a

ss
es

si
ng

 V
en

til
at

io
n 

Sy
st

em
s 

in
 L

ow
 

En
er

gy
 

Bu
ild

in
gs

.
Pr

oc
ee

di
ng

s 
of

 
R

oo
m

ve
nt

 
co

nf
er

en
ce

 
20

11
, 

19
-2

2 
Ju

ne
 

20
11

, 
Tr

on
dh

ei
m

, N
or

w
ay

.
[7

]
H

us
au

nn
de

e,
 A

., 
La

hr
ec

h,
 R

., 
V

ae
zi

-N
ej

ad
 H

., 
V

is
ie

r J
.-C

., 
(1

99
7)

, S
IM

BA
D

 a
 si

m
ul

at
io

n 
to

ol
bo

x 
fo

r 
th

e 
de

si
gn

 a
nd

 te
st

 o
f H

VA
C

 c
on

tr
ol

sy
st

em
s, 

Pr
oc

ee
di

ng
s 

of
 th

e 
5t

h 
IB

PS
A

 
C

on
fe

re
nc

e,
 P

ra
gu

e,
 C
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PA

C
T

S 
O

N
 IN

D
O

O
R

 A
IR

 Q
U

A
L

IT
Y

 IN
 

SO
U

T
H

E
A

ST
E

R
N

 U
.S

. H
O

M
E

S

Jo
na

th
an

 C
ou

lte
r¹*

, B
ru

ce
 D

av
is

¹, 
C

yr
us

 D
as

tu
r¹,

 M
el

is
sa

 M
al

ki
n-

W
eb

er
¹a

nd
Tr

ac
y 

D
ix

on
¹

1 Ad
va

nc
ed

 E
ne

rg
y

90
9 

C
ap

ab
ili

ty
 D

ri
ve

, S
ui

te
 2

10
0

Ra
le

ig
h,

 N
or

th
 C

ar
ol

in
a 

27
52

3,
 U

SA
*E

m
ai

l: 
jc

ou
lte

r@
ad

va
nc

ed
en

er
gy

.o
rg

A
B

ST
R

A
C

T
Th

is
 s

tu
dy

 d
oc

um
en

te
d

th
at

 h
ou

se
s 

in
 th

e 
so

ut
he

as
te

rn
 U

ni
te

d 
St

at
es

 b
ui

lt 
on

 ty
pi

ca
l w

al
l-v

en
te

d 
cr

aw
l 

sp
ac

es
 p

os
se

ss
 t

he
fo

llo
w

in
g

ch
ar

ac
te

ris
tic

s:
 1

) 
bu

lk
w

at
er

,
w

at
er

 v
ap

or
 a

nd
 a

ss
oc

ia
te

d 
m

oi
st

ur
e 

is
su

es
,

2)
 m

ol
d 

sp
or

es
,

3)
 m

ea
su

re
d 

ho
le

s 
be

tw
ee

n 
th

e 
cr

aw
l s

pa
ce

 a
nd

 li
vi

ng
 s

pa
ce

an
d

4)
 m

ea
su

re
d 

tra
ns

m
is

si
on

 o
f 

m
ol

d 
sp

or
es

 f
ro

m
 th

e 
cr

aw
l s

pa
ce

 to
 th

e 
liv

in
g 

sp
ac

e.
W

he
n 

th
es

e 
ch

ar
ac

te
ris

tic
s 

ex
is

t 
to

ge
th

er
, 

th
e 

st
ud

y 
in

di
ca

te
s 

th
at

co
nt

am
in

an
ts

 (
m

ol
d 

sp
or

es
 a

nd
 

m
oi

st
ur

e 
va

po
r)

 p
re

se
nt

 in
 th

e 
cr

aw
l s

pa
ce

 a
re

 b
ei

ng
 tr

an
sm

itt
ed

 th
ro

ug
h 

ho
le

s
in

 th
e 

ho
us

e 
flo

or
 

an
d 

he
at

in
g,

 v
en

til
at

io
n 

an
d 

ai
r c

on
di

tio
ni

ng
 (H

V
A

C
)s

ys
te

m
 in

to
 th

e 
liv

ab
le

 p
ar

ts
 o

f t
he

 h
om

e,
th

er
eb

y 
ex

po
si

ng
oc

cu
pa

nt
s 

to
 p

ot
en

tia
lly

 h
ar

m
fu

l 
cr

aw
l 

sp
ac

e 
co

nt
am

in
an

ts
. 

Th
es

e 
re

su
lts

 
co

nf
irm

 v
en

te
d 

cr
aw

l s
pa

ce
s

as
im

po
rta

nt
 s

ou
rc

es
 o

f m
ol

d 
sp

ec
ie

s
in

 th
e 

ho
m

e 
en

vi
ro

nm
en

t. 
In

 
or

de
r t

o 
re

du
ce

 th
is

 e
xp

os
ur

e,
 c

lo
se

d 
cr

aw
l s

pa
ce

s 
in

 c
om

bi
na

tio
n 

w
ith

 th
or

ou
gh

 h
ou

se
 a

nd
 d

uc
t 

ai
r s

ea
lin

g 
ar

e 
re

co
m

m
en

de
d.

 S
uc

h 
a 

sy
st

em
 w

as
 fo

un
d 

to
 b

e 
a 

ro
bu

st
in

te
rv

en
tio

n 
th

at
 re

du
ce

d
th

e 
m

oi
st

ur
e 

an
d 

in
do

or
 a

ir 
qu

al
ity

 p
ro

bl
em

s a
ss

oc
ia

te
d 

w
ith

 ty
pi

ca
l w

al
l-v

en
te

d 
cr

aw
l s

pa
ce

s.

IN
T

R
O

D
U

C
T

IO
N

A
pp

ro
xi

m
at

el
y 

20
%

of
 n

ew
 h

om
es

 in
 th

e 
U

ni
te

d 
St

at
es

 (
20

0,
00

0 
pe

r 
ye

ar
) 

ar
e 

bu
ilt

 o
n 

ve
nt

ed
 

cr
aw

l s
pa

ce
 fo

un
da

tio
ns

ac
co

rd
in

g 
to

 th
e 

U
.S

. N
at

io
na

l A
ss

oc
ia

tio
n 

of
 H

om
e 

B
ui

ld
er

s 
(N

A
H

B
). 

A
n 

es
tim

at
ed

 2
6 

m
ill

io
n 

ex
is

tin
g 

ho
m

es
 h

av
e 

ve
nt

ed
 c

ra
w

l 
sp

ac
e 

fo
un

da
tio

ns
. B

ec
au

se
 a

du
lts

 
an

d 
ch

ild
re

n 
to

da
y 

sp
en

d 
in

cr
ea

si
ng

 a
m

ou
nt

s 
of

 t
im

e 
in

do
or

s, 
ho

m
e 

en
vi

ro
nm

en
ta

l 
he

al
th

 i
s 

im
po

rta
nt

 f
or

 p
eo

pl
e’

s 
w

el
l b

ei
ng

.M
ou

nt
in

g 
ev

id
en

ce
 s

ug
ge

st
s 

th
at

 e
xp

os
ur

e 
to

 m
ol

d 
in

 d
am

p 
bu

ild
in

gs
 i

s 
an

 i
m

po
rta

nt
 r

is
k 

fa
ct

or
 f

or
 c

hi
ld

ho
od

 a
st

hm
a

[1
]. 

Th
e 

st
ro

ng
es

t 
id

en
tif

ia
bl

e 
ris

k 
fa

ct
or

 f
or

 t
he

 d
ev

el
op

m
en

t 
of

 a
st

hm
a 

ap
pe

ar
s 

to
 b

e 
ex

po
su

re
 t

o 
en

vi
ro

nm
en

ta
l 

al
le

rg
en

s, 
in

cl
ud

in
g 

in
do

or
 a

nd
 o

ut
do

or
 p

ol
lu

ta
nt

s [
2]

. 

B
ec

au
se

 v
en

te
d 

cr
aw

l s
pa

ce
s 

in
 th

e 
m

ix
ed

-h
um

id
 c

lim
at

e 
of

 th
e 

so
ut

he
as

t 
ex

pe
rie

nc
e 

pe
rio

di
c

hi
gh

 l
ev

el
s 

of
 m

oi
st

ur
e,

 t
he

y 
ar

e 
ve

ry
 l

ik
el

y 
bu

ild
in

g 
ar

ea
s 

w
he

re
 m

ol
d 

ca
n 

be
 f

ou
nd

. 
O

ne
 

re
m

ed
y,

 i
n 

th
e 

fo
rm

 o
f 

pr
op

er
ly

cl
os

ed
 c

ra
w

l 
sp

ac
e 

st
an

da
rd

s, 
de

m
on

st
ra

te
d 

ho
us

es
w

ill
 b

e 
no

ta
bl

y 
dr

ie
r, 

m
or

e 
en

er
gy

 e
ff

ic
ie

nt
 a

nd
 s

up
po

rt 
le

ss
 m

ol
d 

gr
ow

th
co

m
pa

re
d 

to
 h

ou
se

s 
bu

ilt
 o

ve
r 

ve
nt

ed
 c

ra
w

l s
pa

ce
s 

[3
]. 

H
ow

ev
er

, i
t w

as
 p

re
vi

ou
sl

y
un

cl
ea

r w
he

th
er

 th
e 

pr
es

en
ce

 o
f c

ra
w

l s
pa

ce
 

m
ol

d 
sp

ec
ie

s
re

su
lte

d
in

 e
xp

os
ur

e 
to

 o
cc

up
an

ts
 in

ho
us

es
. T

he
 o

ve
ra

ll 
pu

rp
os

e 
of

 th
is

 s
tu

dy
 w

as
 

to
 e

va
lu

at
e

th
e 

im
po

rta
nc

e 
of

 ty
pi

ca
l w

al
l-v

en
te

d 
cr

aw
l s

pa
ce

s 
as

 s
ou

rc
es

 o
f m

ol
d 

sp
ec

ie
s 

in
 th

e 
liv

ab
le

 p
ar

ts
 o

f t
he

 h
om

e 
en

vi
ro

nm
en

t. 

Fo
rty

-f
iv

e 
ho

m
es

 i
n 

N
or

th
 C

ar
ol

in
a 

w
er

e 
se

le
ct

ed
 f

or
 m

ol
d

sp
ec

ie
s 

sa
m

pl
in

g 
an

d 
a

bu
ild

in
g 

sc
ie

nc
e 

ev
al

ua
tio

n 
to

 c
ha

ra
ct

er
iz

e 
th

e 
co

nd
iti

on
s 

of
 ty

pi
ca

l w
al

l-v
en

te
d 

cr
aw

l s
pa

ce
s. 

Th
is

 re
po

rt 
w

ill
 e

xp
lo

re
 t

he
 i

nf
lu

en
ce

s 
of

 t
hi

s 
fo

un
da

tio
n 

co
ns

tru
ct

io
n 

te
ch

ni
qu

e 
on

 m
ol

d 
sp

ec
ie

s
gr

ow
th

, 
in

do
or

 a
ir 

qu
al

ity
 a

nd
 h

ou
se

 d
ur

ab
ili

ty
in

 h
ou

se
s 

lo
ca

te
d 

in
 th

e 
so

ut
he

as
te

rn
 U

ni
te

d 
St

at
es

.F
ro

m
 

th
e 

re
su

lts
 o

f
th

es
e 

st
ud

ie
s,

w
e 

cr
ea

te
d 

a 
su

bs
eq

ue
nt

 s
tu

dy
 o

f 
36

 n
ew

 h
ou

se
s

to
va

lid
at

e 
th

e 
im

pr
ov

ed
 e

ne
rg

y 
an

d 
m

oi
st

ur
e 

pe
rf

or
m

an
ce

of
 th

e 
cl

os
ed

 c
ra

w
l s

pa
ce

 p
ro

to
co

l e
st

ab
lis

he
d 

ab
ov

e
co

m
pa

re
d 

to
 tr

ad
iti

on
al

ly
ve

nt
ed

 c
ra

w
l s

pa
ce

s. 
R

es
ul

ts
 fr

om
 th

is
 s

tu
dy

 b
ec

am
e

av
ai

la
bl

e 
in

 J
un

e 
of

 2
00

7.

M
et

ho
ds

M
ol

d
sp

ec
ie

ss
am

pl
in

g
Pr

io
r t

o
m

ol
d

sp
ec

ie
s

sa
m

pl
in

g,
 th

e 
H

V
A

C
 s

ys
te

m
 w

as
 k

ep
t o

ff
 fo

r f
ou

r h
ou

rs
. I

n 
ea

ch
 h

om
e,

 a
 

m
in

im
um

 o
f 

tw
o 

se
ts

 o
f 

sa
m

pl
es

 w
er

e 
ta

ke
n 

du
rin

g 
th

e 
te

st
us

in
g 

a 
W

ilc
ox

on
 m

at
ch

ed
-p

ai
rs

 
si

gn
ed

 r
an

k 
te

st
.F

irs
t, 

be
fo

re
 th

e 
H

V
A

C
 s

ys
te

m
 f

an
 w

as
 tu

rn
ed

 o
n,

 th
re

e 
sa

m
pl

es
 w

er
e 

ta
ke

n.
 

O
ne

 w
as

 ta
ke

n 
ne

ar
 th

e 
re

tu
rn

 g
ril

l f
or

 th
e 

H
V

A
C

 s
ys

te
m

, o
ne

 in
 th

e 
cr

aw
l s

pa
ce

 a
nd

 o
ne

 o
ut

si
de

 
th

e 
ho

us
e.

 T
he

n,
th

e 
sy

st
em

 fa
n 

w
as

 tu
rn

ed
 o

n 
an

d 
al

lo
w

ed
 to

 ru
n 

fo
r a

t l
ea

st
 fi

ve
 m

in
ut

es
 b

ef
or

e 
tw

o 
ad

di
tio

na
l 

sa
m

pl
es

 w
er

e 
ta

ke
n,

 o
ne

 n
ea

r 
th

e 
re

tu
rn

 g
ril

l 
an

d 
on

e 
at

 t
he

 c
lo

se
st

 s
up

pl
y 

ai
r 

di
ff

us
er

 (
or

 r
eg

is
te

r)
to

 t
he

 s
ys

te
m

 f
an

. 
Th

e 
su

pp
ly

 d
iff

us
er

 s
am

pl
e 

ai
r 

w
as

 i
so

la
te

d 
fr

om
 t

he
 

po
te

nt
ia

l 
co

nt
am

in
an

t 
so

ur
ce

s 
w

ith
in

 t
he

 h
ou

se
, 

th
us

al
lo

w
in

g 
ch

ar
ac

te
riz

at
io

n 
of

 t
he

 r
el

at
iv

e 
co

nt
rib

ut
io

n 
of

 t
he

 H
V

A
C

 s
ys

te
m

 t
o 

th
e 

to
ta

l 
bi

ob
ur

de
n 

w
ith

in
 t

he
 h

ou
se

. T
he

 s
am

pl
in

g 
w

as
 

co
nd

uc
te

d 
by

 t
w

o 
tra

in
ed

 i
nd

oo
r 

ai
r 

qu
al

ity
 t

ec
hn

ic
ia

ns
 u

si
ng

 A
nd

er
se

n 
tw

o-
st

ag
e 

ca
sc

ad
e 

im
pa

ct
or

s, 
w

hi
ch

 c
ol

le
ct

 a
nd

 s
ep

ar
at

e 
bo

th
 n

on
-r

es
pi

ra
bl

e 
an

d 
re

sp
ira

bl
e 

si
ze

d
pa

rti
cl

es
. 

Th
e 

sa
m

pl
er

 w
as

 c
on

ne
ct

ed
 to

 a
 v

ac
uu

m
 p

um
p 

ca
lib

ra
te

d 
to

 c
ol

le
ct

 a
ir 

sa
m

pl
es

 a
t t

he
 ra

te
 o

f 0
.5

 li
te

rs
pe

r s
ec

on
d.

 E
qu

ip
m

en
t c

al
ib

ra
tio

n 
w

as
 c

on
du

ct
ed

 a
t t

he
 b

eg
in

ni
ng

 o
f s

am
pl

in
g,

 a
t m

id
-d

ay
 a

nd
 

at
 th

e 
en

d 
of

 th
e 

da
y.

 A
 s

am
pl

in
g 

pe
rio

d 
of

 3
.5

 m
in

ut
es

 w
as

 u
se

d 
fo

r t
he

 o
ut

do
or

 a
ir 

sa
m

pl
e 

an
d 

al
l s

am
pl

es
 c

ol
le

ct
ed

 w
ith

in
 th

e 
ho

us
es

. T
he

 s
am

pl
in

g 
pe

rio
d 

fo
r 

th
e 

cr
aw

l s
pa

ce
 s

am
pl

es
 w

as
 

on
e 

m
in

ut
e.

 T
he

 c
ol

le
ct

io
n 

m
ed

iu
m

 u
se

d 
fo

r i
m

pa
ct

io
n 

of
 m

ol
d

sp
or

es
 w

as
M

al
t E

xt
ra

ct
 A

ga
r, 

an
 

ac
id

ur
ic

 m
yc

ol
og

ic
 m

ed
iu

m
 d

es
ig

ne
d 

fo
r t

he
 c

ol
le

ct
io

n 
of

 e
nv

iro
nm

en
ta

l f
un

gi
. A

fte
r s

am
pl

in
g,

 
th

e 
cu

ltu
re

 p
la

te
s 

w
er

e 
in

cu
ba

te
d 

at
 a

m
bi

en
t t

em
pe

ra
tu

re
 f

or
 9

6 
ho

ur
s 

pr
io

r 
to

 e
nu

m
er

at
io

n 
an

d 
id

en
tif

ic
at

io
n.

 M
ol

d
id

en
tif

ic
at

io
n 

w
as

 a
cc

om
pl

is
he

d 
by

 m
ac

ro
sc

op
ic

 e
xa

m
in

at
io

n 
of

 c
ol

on
y 

m
or

ph
ol

og
y 

an
d 

m
ic

ro
sc

op
ic

 e
xa

m
in

at
io

n 
of

 fu
ng

al
 e

le
m

en
ts

.

C
ha

ra
ct

er
iz

at
io

n 
pr

ot
oc

ol
D

at
a 

w
as

 c
ol

le
ct

ed
to

 b
et

te
r 

un
de

rs
ta

nd
 t

he
 t

he
rm

al
, m

oi
st

ur
e 

an
d 

ai
r 

le
ak

ag
e 

da
ta

 a
ss

oc
ia

te
d 

w
ith

 e
ac

h 
ve

nt
ila

te
d 

cr
aw

l s
pa

ce
:

�
H

om
eo

w
ne

rs
 in

te
rv

ie
w

sa
bo

ut
ho

w
 th

ey
op

er
at

e
in

ho
us

e 
an

d 
cr

aw
l s

pa
ce

st
o 

de
te

rm
in

e 
an

y 
po

te
nt

ia
l i

nd
oo

r a
ir 

qu
al

ity
 re

la
te

d 
he

al
th

 is
su

es

�
A

ir 
le

ak
ag

e 
an

d 
zo

ne
 p

re
ss

ur
e 

te
st

in
g 

w
as

 p
er

fo
rm

ed
 to

 q
ua

nt
ify

 th
e 

"h
ol

es
"b

et
w

ee
n 

th
e 

ho
us

e 
an

d 
ou

ts
id

e,
 th

e 
cr

aw
l s

pa
ce

 a
nd

 h
ou

se
 a

nd
th

e 
H

V
A

C
 s

ys
te

m
an

d 
cr

aw
l 

sp
ac

e
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�
H

ou
se

 c
ha

ra
ct

er
is

tic
s s

uc
h 

as
 h

ou
se

 m
ea

su
re

m
en

ts
, t

op
og

ra
ph

y,
 H

V
A

C
an

d
ot

he
r 

eq
ui

pm
en

t a
nd

 e
xi

st
in

g 
m

oi
st

ur
e 

co
nt

ro
l s

tra
te

gi
es

�
C

ra
w

l s
pa

ce
 c

ha
ra

ct
er

is
tic

s s
uc

h 
as

 e
vi

de
nc

e 
of

 p
as

t m
oi

st
ur

e 
pr

ob
le

m
s (

w
oo

d 
ro

t, 
co

nd
en

sa
tio

n,
 m

ol
d 

gr
ow

th
, p

ud
dl

es
 o

n 
va

po
r b

ar
rie

r, 
et

c.
), 

w
oo

d 
m

oi
st

ur
e 

co
nt

en
t t

o 
ev

al
ua

te
 th

e 
po

te
nt

ia
l o

f w
oo

d 
fo

r s
up

po
rti

ng
 c

ur
re

nt
 m

ol
d

gr
ow

th
, t

em
pe

ra
tu

re
 

m
ea

su
re

m
en

ts
 o

f t
he

 g
ro

un
d,

 w
at

er
 p

ip
es

, d
uc

tw
or

k,
 a

ir 
ha

nd
lin

g 
ca

bi
ne

t a
nd

 fl
oo

r 
fr

am
in

g 
to

 a
ss

es
s s

ur
fa

ce
 c

on
de

ns
at

io
n 

po
te

nt
ia

l

�
Lo

ng
-te

rm
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 m
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 d
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 d
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 d
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 d
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 d
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w
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re
la

tiv
e 

hu
m

id
ity

,
cr

aw
l 

sp
ac

e 
ai

r 
te

m
pe

ra
tu

re
 a

nd
 

re
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re
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l 

sp
ac

e 
co

ns
tru

ct
io

n
de

ta
ils

,
cr

aw
l 

sp
ac

e 
an

d 
ex

te
rio

r 
gr

ad
in
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 m
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 p
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m
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 b
ei

ng
 2

2
an

d 
th

e 
m

in
im

um
 

be
in

g 
fo

ur
 v

en
ts

. S
ix

ty
-s

ev
en

 p
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 c
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 p
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 d
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 l
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 t
es

tin
g,

 t
he

 p
re

se
nc

e 
of

 r
ec

en
t 

m
oi

st
ur

e 
ac

cu
m

ul
at

io
n 

in
 th

e 
cr

aw
l s

pa
ce

 w
as

 v
is

ib
le

 b
y 

th
e 

fo
llo

w
in

g 
m

ea
ns

in
 T

ab
le

 1
.

D
rip

 li
ne

 v
is

ib
le

 o
n 

gr
ou

nd
22

%

A
bs

en
ce

 o
f g

ro
un

d 
va

po
r r

et
ar

de
r

27
%

A
bs

en
ce

 o
f f

ul
l c

ov
er

ag
e 

of
 g

ro
un

d 
va

po
r r

et
ar

de
r

10
0%

D
is

co
lo

ra
tio

n 
on

 w
al

ls
49

%

Te
rm

ite
 tu

nn
el

s
4%

A
ni

m
al

s a
nd

 in
se

ct
s

36
%

D
ry

er
 e

xh
au

st
 te

rm
in

at
in

g 
in

 c
ra

w
l s

pa
ce

16
%

V
is

ib
le

 m
ol

d 
gr

ow
th

62
%

W
oo

d 
m

oi
st

ur
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e 

m
et

er
 re

ad
in

gs
 a

t w
oo

d 
ro

t s
up

po
rti

ng
 le

ve
ls

 (]
��
C�

%
)

36
%

T
ab

le
 1

. M
oi

st
ur

e 
in

di
ca

tio
ns

 a
nd

 p
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 c
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 c
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t c
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 c
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 p
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 b

e 
hi

gh
er

 in
 th

e 
liv

in
g 

sp
ac

e 
on

ce
 th

e 
H

V
A

C
 s

ys
te

m
 w

as
 t

ur
ne

d 
on

 c
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 o
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 d
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 c
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 c
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 c
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 c
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 d
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m
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e 

bu
ffe

r c
ap

ac
ity

, v
ap

ou
r p

er
m

ea
bi

lit
y 

an
d 

th
er

m
al

 re
si

st
an

ce
.  

K
E

Y
W

O
R

D
S

H
yg

ro
th

er
m

al
 a

na
ly

si
s, 

ho
tb

ox
-c

ol
db

ox
, e

xt
er

io
r a

ir 
ba

rr
ie

r, 
na

tu
ra

l c
on

ve
ct

io
n,

 la
bo

ra
to

ry

IN
T

R
O

D
U

C
T

IO
N

Th
e 

im
po

rta
nc

e 
of

 p
re

ve
nt

in
g

ai
r 

le
ak

ag
es

th
ro

ug
h 

bu
ild

in
g 

en
cl

os
ur

es
 i

s 
w

el
l 

kn
ow

n 
an

d 
do

cu
m

en
te

d 
in

 li
te

ra
tu

re
. A

ir 
co

nv
ec

tio
n 

th
ro

ug
h 

bu
ild

in
g 

en
ve

lo
pe

s 
ca

n 
re

su
lt 

in
 u

nw
an

te
d 

ef
fe

ct
s s

uc
h 

as
 d

ra
ug

ht
, i

nt
er

st
iti

al
 c

on
de

ns
at

io
n 

an
d 

ex
ce

ss
iv

e 
he

at
 lo

ss
es

.
Fo

r
tim

be
r 

fr
am

e 
co

ns
tru

ct
io

ns
 a

n 
ai

rti
gh

t 
bu

ild
in

g 
en

ve
lo

pe
 i

s 
co

m
m

on
ly

 r
ea

lis
ed

 b
y 

an
 

in
te

rio
r a

ir 
ba

rr
ie

r s
ys

te
m

. T
he

 te
rm

 ‘a
ir 

ba
rr

ie
r’

 re
fe

rs
 to

 th
e 

m
at

er
ia

l l
ay

er
 w

hi
ch

 p
re

ve
nt

s a
ir 

le
ak

ag
e 

be
tw

ee
n 

in
si

de
 a

nd
 o

ut
si

de
 t

hr
ou

gh
 t

he
 b

ui
ld

in
g 

en
ve

lo
pe

. C
on

se
qu

en
tly

, t
he

 m
os

t 
im

po
rta

nt
 p

ro
pe

rty
 o

f 
th

is
 la

ye
r 

is
 th

e 
ov

er
al

l c
on

tin
ui

ty
, w

hi
ch

 le
ad

s 
to

 th
e 

re
qu

ire
m

en
t o

f 
se

al
in

g 
al

l t
he

 jo
in

ts
 a

nd
 in

te
rs

ec
tio

ns
 in

 th
is

 la
ye

r. 
In

 c
ol

d 
an

d 
m

od
er

at
e 

cl
im

at
es

, s
uc

h 
as

 
N

or
th

-W
es

t E
ur

op
ea

n 
ar

ea
s, 

th
e 

ai
r b

ar
rie

r f
un

ct
io

n 
is

 o
fte

n 
co

m
bi

ne
d 

w
ith

 th
at

 o
f t

he
 v

ap
ou

r 
re

ta
rd

er
. 

R
ea

lis
in

g 
a 

go
od

 a
irt

ig
ht

ne
ss

 w
ith

an
 i

nt
er

io
r 

ba
rr

ie
r 

ho
w

ev
er

, 
is

 v
er

y 
la

bo
ur

-
in

te
ns

iv
e 

du
e 

to
 m

an
y 

in
te

rn
al

 jo
in

ts
, i

nt
er

se
ct

io
ns

 a
nd

 p
er

fo
ra

tio
ns

 [2
-3

]. 

O
n 

th
e 

ot
he

r h
an

d,
 to

 p
ro

te
ct

 th
e 

in
su

la
tio

n 
la

ye
r f

ro
m

 u
nw

an
te

d 
in

fil
tra

tio
n 

of
ou

ts
id

e 
co

ld
 a

ir
(s

o 
ca

lle
d 

w
in

dw
as

hi
ng

),
a 

‘w
in

d 
ba

rr
ie

r’
 i

s 
pr

ov
id

ed
 a

t 
th

e 
ou

ts
id

e 
of

 t
he

 i
ns

ul
at

io
n.

In
 

ad
di

tio
n,

 th
is

 e
xt

er
io

r l
ay

er
 a

ls
o 

se
rv

es
 a

s 
dr

ai
na

ge
 p

la
ne

 to
 p

re
ve

nt
 w

at
er

 in
fil

tra
tio

n 
in

to
 th

e 
st

ru
ct

ur
e.

 T
he

pe
rf

or
m

an
ce

cr
ite

ria
 fo

r w
in

d 
ba

rr
ie

r s
ys

te
m

s 
re

ga
rd

in
g 

ai
r p

er
m

ea
nc

e 
ar

e 
le

ss
 

se
ve

re
 th

an
 f

or
 a

ir 
ba

rr
ie

rs
,a

nd
 th

us
, a

re
 th

e 
jo

in
ts

 in
 th

e 
w

in
d 

ba
rr

ie
r

us
ua

lly
 le

ft 
un

se
al

ed
.

H
ow

ev
er

, 
re

su
lts

 
of

 
fie

ld
 

te
st

s 
[6

,8
]

an
d

nu
m

er
ic

al
 

in
ve

st
ig

at
io

ns
 

[7
]

em
ph

as
is

e
th

e 
im

po
rta

nc
e 

of
 im

pr
ov

in
g 

th
e 

co
nt

in
ui

ty
 o

f 
th

e 
w

in
d 

ba
rr

ie
r 

la
ye

r 
to

 r
ed

uc
e 

he
at

 lo
ss

es
.A

s 
a 

re
su

lt 
of

 t
he

se
 s

tu
di

es
, 

to
da

y 
m

or
e 

an
d 

m
or

e 
bu

ild
in

g 
co

m
pa

ni
es

 s
ta

rt 
to

 i
m

pr
ov

e 
th

e 
ai

rti
gh

tn
es

s o
f t

he
 w

in
d 

ba
rr

ie
rs

 b
y 

se
al

in
g 

th
e 

jo
in

ts
.

In
 s

itu
m

ea
su

re
m

en
ts

[1
]

sh
ow

 h
ow

 t
he

 a
ir 

pe
rm

ea
nc

e 
of

 t
he

 w
in

d 
ba

rr
ie

rs
 c

an
 b

e 
si

gn
ifi

ca
nt

ly
 im

pr
ov

ed
 w

ith
 m

in
or

 m
od

ifi
ca

tio
ns

.T
he

 c
as

e 
st

ud
y 

di
sc

us
se

d
de

m
on

st
ra

te
d

th
at

 
w

ith
 g

oo
d 

w
or

km
an

sh
ip

 a
nd

 a
pp

ro
pr

ia
te

 m
at

er
ia

ls
, a

n 
ai

rti
gh

tn
es

s 
le

ve
l l

ow
er

 th
an

 1
 A

C
H

 a
t 

50
 P

a 
ca

n 
be

 re
ac

he
d 

w
ith

 th
e 

w
in

d 
ba

rr
ie

r o
nl

y.
 

M
or

eo
ve

r, 
it 

is
 n

ot
ic

ed
 t

ha
t 

in
N

or
w

ay
 t

he
 w

in
d 

ba
rr

ie
r 

ev
ol

ve
s 

m
or

e
an

d 
m

or
e 

to
w

ar
ds

 a
 

se
co

nd
ar

y 
ai

r 
ba

rr
ie

r
[4

,9
].

In
 t

he
 N

or
di

c 
co

un
tri

es
 i

t 
is

 b
ec

om
in

g 
co

m
m

on
pr

ac
tis

e 
to

 
m

ea
su

re
 t

he
 g

lo
ba

l 
bu

id
in

g 
ai

rti
gh

tn
es

s 
tw

ic
e;

 d
ur

in
g 

th
e 

w
in

dt
ig

ht
 s

ta
ge

 a
nd

 a
fte

r 
th

e 
bu

ild
in

g 
is

 f
in

is
he

d.
 

H
ow

ev
er

,w
he

n 
im

pr
ov

in
g 

th
e 

w
in

d 
ba

rr
ie

r 
to

 s
uc

h 
le

ve
ls

 it
 b

ec
om

es
 

im
po

ss
ib

le
 to

co
nt

ro
lt

he
 c

on
tin

ui
ty

 o
f t

he
 in

te
rio

r a
ir 

ba
rr

ie
rw

ith
 p

re
ss

ur
is

at
io

n
te

st
,b

ec
au

se
 

on
ly

th
e 

ai
r r

es
is

ta
nc

e 
of

 th
e 

gl
ob

al
 b

ui
ld

in
g 

en
ve

lo
pe

is
 m

ea
su

re
d.

Th
is

 m
ea

ns
 th

at
 s

itu
at

io
ns

ca
n 

oc
cu

r 
w

he
re

 th
e 

ex
te

rio
r 

w
in

d 
ba

rr
ie

r 
is

 m
or

e 
ai

rti
gh

t t
ha

n 
th

e 
in

ne
r

ai
r 

ba
rr

ie
r.

In
 th

is
ca

se
th

e 
ex

te
rio

r s
he

at
hi

ng
 a

ct
s

as
a

w
in

d 
an

d 
ai

r b
ar

rie
r a

nd
 th

e 
in

ne
r s

he
at

hi
ng

 o
nl

y 
ac

ts
as

 
va

po
ur

 b
ar

rie
r/r

et
ar

de
r.

G
iv

en
 s

uc
h 

a
no

n-
co

nt
in

uo
us

 i
nt

er
io

r 
va

po
ur

 b
ar

rie
r, 

co
nc

en
tra

te
d 

va
po

ur
 d

iff
us

io
n 

an
d 

m
oi

st
 a

ir 
by

 n
at

ur
al

 c
on

ve
ct

io
n 

m
ay

 e
nt

er
 th

e 
bu

ild
in

g 
en

ve
lo

pe
th

ro
ug

h 
th

e 
ga

ps
 in

 th
e 

va
po

ur
 b

ar
rie

r. 
C

on
se

qu
en

tly
th

e 
qu

es
tio

n 
ris

es
 to

 w
hi

ch
 le

ve
l t

hi
s 

ad
di

tio
na

l m
oi

st
ur

e 
lo

ad
 h

as
 a

n 
im

pa
ct

 o
n 

th
e 

ris
k 

fo
r i

nt
er

st
iti

al
 c

on
de

ns
at

io
n 

ag
ai

ns
t t

he
 e

xt
er

io
r s

he
at

hi
ng

.
Th

e 
cu

rr
en

t p
ap

er
 p

re
se

nt
s 

th
e 

re
su

lts
 o

f 
a

co
m

pr
eh

en
si

ve
 la

bo
ra

to
ry

 in
ve

st
ig

at
io

n 
in

 w
hi

ch
 

th
e 

hy
gr

ot
he

rm
al

 re
sp

on
se

 o
f l

ig
ht

 w
ei

gh
t w

al
ls

 w
ith

 a
n 

ex
te

rio
r a

ir 
ba

rr
ie

ri
ss

tu
di

ed
.

Fo
ur

 h
ig

hl
y 

in
su

la
te

d 
te

st
 w

al
ls

 e
nc

lo
se

d 
be

tw
ee

n 
tw

o 
cl

im
at

e 
ch

am
be

rs
 to

 s
im

ul
at

e 
in

 a
nd

 
ou

td
oo

r w
in

te
r c

on
di

tio
ns

in
 a

te
m

pe
ra

te
 c

lim
at

e 
ha

ve
 b

ee
n

an
al

ys
ed

. T
he

 te
st

 w
al

ls
 a

re
 b

as
ed

 
on

 th
e 

co
nf

ig
ur

at
io

n 
cu

rr
en

tly
 u

se
d 

in
 B

el
gi

an
 ti

m
be

r 
fr

am
ed

 P
as

si
ve

 h
ou

se
s 

us
in

g 
O

rie
nt

ed
 

St
ra

nd
 B

oa
rd

 (
O

SB
) 

as
 in

te
rio

r 
sh

ea
th

in
g 

an
d 

in
su

la
te

d 
w

ith
 3

0 
cm

 o
f 

in
su

la
tio

n.
 T

he
 w

al
ls

 
di

ff
er

 f
ro

m
 e

ac
h 

ot
he

r 
by

 t
he

 p
hy

si
ca

l 
pr

op
er

tie
s 

of
 t

he
 a

pp
lie

d 
ex

te
rio

r 
ai

r 
ba

rr
ie

r; 
ai

rti
gh

tn
es

s, 
m

oi
st

ur
e 

bu
ff

er
 c

ap
ac

ity
, 

va
po

ur
 p

er
m

ea
bi

lit
y 

an
d 

th
er

m
al

 r
es

is
ta

nc
e.

 T
he

in
ve

st
ig

at
io

n 
is

 p
er

fo
rm

ed
 i

n 
fiv

e 
co

ns
ec

ut
iv

e 
st

ag
es

 w
ith

 i
nc

re
as

in
g 

im
po

rta
nc

e 
of

 a
ir 

tra
ns

po
rt 

in
th

e 
te

st
 w

al
ls

.A
 d

et
ai

le
d 

de
sc

rip
tio

n 
of

 t
he

 t
es

t 
se

tu
p 

an
d 

pr
el

im
in

ar
y 

re
su

lts
, 

m
ai

nl
y 

fo
cu

ss
in

g 
on

 t
he

 t
he

rm
al

 b
eh

av
io

ur
 d

ur
in

g 
th

e 
fir

st
 m

ea
su

rin
g 

st
ep

, 
w

er
e 

al
re

ad
y 

pr
es

en
te

d 
in

 [1
0]

. 

E
X

PE
R

IM
E

N
T

A
L

 M
E

T
H

O
D

H
ot

bo
x/

 c
ol

d 
bo

x 
eq

ui
pm

en
t 

Fo
r t

he
 c

ur
re

nt
 s

tu
dy

 a
ne

w
 v

er
tic

al
 c

al
ib

ra
te

d 
ho

t b
ox

/ c
ol

d 
bo

x 
w

as
 c

on
st

ru
ct

ed
.H

er
e 

on
ly

 
th

e 
m

ai
n 

fe
at

ur
es

 a
re

 d
is

cu
ss

ed
. A

 m
or

e
de

ta
ile

d
di

sc
rip

tio
n 

ca
n 

be
 fo

un
d 

in
[1

0]
.

Th
e 

te
st

 s
et

up
 c

on
si

st
s 

of
 t

hr
ee

 m
aj

or
 p

ar
ts

; 
a 

te
st

 f
ra

m
e 

to
 i

ns
ta

ll 
th

e 
st

ud
ie

d 
bu

ild
in

g 
co

m
po

ne
nt

 e
nc

lo
se

d 
be

tw
ee

n 
tw

o 
cl

im
at

e 
ch

am
be

rs
 t

o 
si

m
ul

at
e 

in
 a

nd
 o

ut
do

or
 c

on
di

tio
ns

.
Th

e 
w

ar
m

 c
lim

at
e 

ch
am

be
r 

ha
s 

a 
cu

bi
c 

in
ne

r 
vo

lu
m

e 
w

ith
 s

id
es

 o
f 

2.
4 

m
 a

nd
 is

 c
om

pl
et

el
y 

in
su

la
te

d 
w

ith
 6

0c
m

 o
f P

U
R

 in
su

la
tio

n 
pa

ne
ls

.  
Th

e 
te

st
 fr

am
e,

 w
hi

ch
 w

as
 c

on
st

ru
ct

ed
 in

 th
e 

sa
m

e 
w

ay
, h

as
 a

 m
ea

su
rin

g 
ar

ea
 o

f 2
.4

 m
 b

y 
2.

4 
m

 a
nd

 a
 d

ep
th

 o
f 0

.6
 m

. T
he

 c
ol

d 
bo

x 
on

 th
e 

ot
he

r h
an

d 
is

 o
nl

y 
in

su
la

te
d 

w
ith

 0
.1

 m
 p

ol
yu

re
th

an
e 

bo
ar

ds
. 
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A
 c

on
tro

lle
d 

IR
-b

ul
b 

in
 t

he
 m

id
dl

e 
of

 t
he

 w
ar

m
 c

ha
m

be
r 

cr
ea

te
s 

th
e 

de
si

re
d 

te
m

pe
ra

tu
re

 
co

nd
iti

on
s.

Th
e 

co
ld

 c
ha

m
be

r 
on

 th
e 

ot
he

r 
ha

nd
 is

 p
ro

vi
de

d 
w

ith
 a

 c
on

ve
ct

or
 a

cc
om

pa
ni

ed
 

w
ith

 a
 f

an
 s

ys
te

m
 t

o 
co

nt
ro

l 
an

d 
di

st
rib

ut
e 

th
e 

te
m

pe
ra

tu
re

. 
A

s 
a 

co
ns

eq
ue

nc
e 

of
 t

he
fa

n 
sy

st
em

, a
 s

m
al

l u
nd

er
 p

re
ss

ur
e 

in
 th

e 
co

ld
 b

ox
 is

 u
na

vo
id

ab
le

.T
he

 h
um

id
ity

 in
 b

ot
h 

th
e 

w
ar

m
 

an
d 

co
ld

 c
ha

m
be

r 
is

 c
on

di
tio

ne
d 

w
ith

 f
re

e 
ev

ap
or

at
io

n 
of

 s
al

t s
ol

ut
io

ns
. T

o 
cr

ea
te

 a
 to

ta
l a

ir 
pr

es
su

re
 d

iff
er

en
ce

 a
cr

os
s 

th
e 

te
st

 s
pe

ci
m

en
 a

 s
m

al
l v

en
til

at
or

 is
 in

st
al

le
d 

at
 th

e 
ba

ck
 w

al
l o

f 
th

e 
w

ar
m

 c
ha

m
be

r. 
  

W
al

l c
on

fig
ur

at
io

ns
 a

nd
 se

ns
or

 p
os

iti
on

in
g 

To
 in

ve
st

ig
at

e 
th

e 
hy

gr
ot

he
rm

al
 c

on
se

qu
en

ce
s 

of
 e

xt
er

io
r a

ir 
ba

rr
ie

r s
ys

te
m

s 
in

 ti
m

be
r f

ra
m

e 
co

ns
tru

ct
io

n,
 f

ou
r 

hi
gh

ly
 in

su
la

te
d 

te
st

 w
al

ls
 (

te
st

 a
re

a:
 2

.3
m

 b
y 

0.
5m

) 
w

er
e 

te
st

ed
. A

ll 
fo

ur
 

te
st

 w
al

ls
 a

re
in

su
la

te
d 

w
ith

 3
0 

cm
 o

f 
st

an
da

rd
 m

in
er

al
 w

oo
l 

to
 w

hi
ch

 O
SB

 i
s 

ap
pl

ie
d 

as
 

in
te

rio
r s

he
at

hi
ng

. T
he

 te
st

 w
al

ls
 d

iff
er

 fr
om

 e
ac

h 
ot

he
r b

y 
th

e 
ph

ys
ic

al
 p

ro
pe

rti
es

 o
f a

pp
lie

d 
ex

te
rio

r 
ai

r 
ba

rr
ie

r; 
ai

rti
gh

tn
es

s, 
m

oi
st

ur
e 

bu
ff

er
 c

ap
ac

ity
, v

ap
ou

r 
pe

rm
ea

bi
lit

y 
an

d 
th

er
m

al
 

re
si

st
an

ce
. 

 B
ot

h 
th

e 
ex

te
rio

r 
sh

ea
th

in
g 

of
 t

he
 f

irs
t 

te
st

 w
al

l 
(f

ur
th

er
 r

ef
er

re
d 

to
 a

s 
R

EF
ER

EN
C

E)
 a

nd
 t

he
 s

ec
on

d 
te

st
 w

al
l 

(r
ef

er
re

d 
to

 a
s 

FI
B

R
EB

O
A

R
D

 1
) 

co
ns

is
ts

 o
f 

bi
tu

m
in

ou
s 

im
pr

eg
na

te
d 

so
ft 

fib
re

 b
oa

rd
 w

ith
 a

n 
ex

te
rio

r 
to

p 
la

ye
r 

w
hi

ch
 i

nc
re

as
es

its
 

ai
rti

gh
tn

es
s. 

Fo
r t

he
 th

ird
 te

st
 w

al
l (

FI
B

R
EB

O
A

R
D

 2
) a

 s
im

ila
r b

itu
m

in
ou

s 
im

pr
eg

na
te

d 
so

ft 
fib

re
 b

oa
rd

 b
ut

 w
ith

ou
t 

to
p 

la
ye

r 
is

 a
pp

lie
d.

 T
hi

s 
m

ea
ns

 t
ha

t 
th

e 
fir

st
 t

hr
ee

 t
es

t 
w

al
ls

 a
re

 
pr

ov
id

ed
 w

ith
 a

 h
yg

ro
sc

op
ic

 a
nd

 c
ap

ill
ar

y 
ex

te
rio

r 
sh

ea
th

in
g.

 C
on

tra
ry

, 
th

e 
fo

ur
th

 w
al

l 
(F

O
IL

) 
is

 e
xe

cu
te

d 
w

ith
 a

 s
pu

nb
un

de
d 

fo
il 

at
 t

he
 o

ut
si

de
. 

Th
e 

ap
pl

ie
d 

fo
il 

is
 e

xt
re

m
el

y 
ai

rti
gh

t b
ut

 h
as

 n
o 

w
at

er
 b

uf
fe

r c
ap

ac
ity

. T
he

 c
on

fig
ur

at
io

n 
of

 th
e 

te
st

 w
al

ls
 s

tu
di

ed
 is

 s
ho

w
n 

in
 F

ig
ur

e 
1

an
d 

th
e 

m
os

t 
im

po
rta

nt
m

at
er

ia
l 

pr
op

er
tie

s 
ar

e 
su

m
m

ar
is

ed
 i

n
th

e 
fo

llo
w

in
g

se
ct

io
n.

Fi
gu

re
 1

. W
al

l c
on

fig
ur

at
io

ns
 st

ud
ie

d.

Ea
ch

 te
st

 w
al

l i
s 

pr
ov

id
ed

 w
ith

 1
8

th
er

m
oc

ou
pl

es
pl

ac
ed

 a
t t

hr
ee

 h
ei

gh
ts

: (
1)

 2
0 

cm
 fr

om
 th

e 
bo

tto
m

, 
(2

) 
m

id
dl

e 
he

ig
ht

 a
nd

 (
3)

 2
0 

cm
 f

ro
m

 t
he

 t
op

,
at

 e
ve

ry
 m

at
er

ia
l 

in
te

rf
ac

e,
 i

n 
th

e 
ve

nt
ila

tio
n 

ca
vi

ty
 a

nd
 t

he
 m

id
dl

e 
of

 t
he

 i
ns

ul
at

io
n 

la
ye

r. 
A

ls
o 

15
 r

el
at

iv
e 

hu
m

id
ity

 s
en

so
rs

 
w

er
e 

in
st

al
le

d
at

th
e 

sa
m

e 
po

si
tio

ns
 e

xc
ep

tf
ro

m
 th

e 
in

te
rf

ac
e 

O
SB

-m
in

er
al

 w
oo

l (
w

ar
m

 si
de

). 
A

dd
iti

on
al

ly
, t

he
 h

ea
t f

lu
xe

s 
w

er
e 

 m
ea

su
re

d 
at

 th
is

 in
te

rf
ac

e 
at

 th
e 

th
re

e 
he

ig
ht

s. 
Fo

r 
ea

ch
 

w
al

l a
ls

o 
a 

pr
es

su
re

 g
au

ge
 w

as
 in

st
al

le
d 

at
 th

e 
m

id
dl

e 
he

ig
ht

. 
B

es
id

es
 th

is
co

nt
in

uo
us

 lo
gg

in
g 

sy
st

em
, t

he
 w

in
d 

ba
rr

ie
r l

ay
er

 w
as

 c
on

st
ru

ct
ed

 in
 s

uc
h 

a 
w

ay
 

th
at

 e
ac

h 
pa

rt 
of

 t
he

 w
al

l 
co

nt
ai

ne
d 

th
re

e 
re

m
ov

ab
le

 s
pe

ci
m

en
s 

(1
2c

m
 b

y 
12

cm
). 

Th
e 

sp
ec

im
en

s
ar

e 
us

ed
 t

o 
qu

an
tif

y 
th

e 
m

oi
st

ur
e 

ev
ol

ut
io

n 
of

 t
he

 f
ib

re
bo

ar
d 

on
 a

 t
w

o-
w

ee
kl

y 
ba

si
s. 

Sp
ec

ia
l 

ca
re

 w
as

 g
iv

en
 t

o 
th

e 
ai

rti
gh

tn
es

s 
of

 t
he

pe
rim

et
er

 o
f 

ea
ch

 s
pe

ci
m

en
. 

A
fte

r 
ev

er
y 

m
ea

su
rm

en
t t

he
 jo

in
st

 w
er

e 
se

al
ed

 w
ith

 a
irt

ig
ht

 ta
pe

.

B
ou

nd
ar

y 
co

nd
iti

on
s a

nd
 te

st
 se

qu
en

ce

Th
e 

ex
pe

rim
en

t, 
w

hi
ch

 la
st

ed
 fo

r a
bo

ut
 fo

ur
 m

on
th

s, 
w

as
 s

ub
di

vi
de

d 
in

 fi
ve

 m
ai

n 
co

ns
ec

ut
iv

e 
m

ea
su

rin
g 

st
ep

s. 
In

 th
e 

fir
st

 fo
ur

 st
ep

s t
he

 te
st

 w
al

ls
 w

er
e 

ex
po

se
d 

to
 ty

pi
ca

l w
in

te
r c

on
di

tio
ns

 
w

ith
 in

cr
ea

si
ng

 im
po

rta
nc

e 
of

 n
at

ur
al

 a
nd

 fo
rc

ed
 a

ir 
co

nv
ec

tio
n.

D
ur

in
g 

th
e 

fir
st

 s
te

p 
bo

th
 t

he
 i

nt
er

io
r 

an
d 

ex
te

rio
r 

sh
ea

th
in

g 
is

 a
irt

ig
ht

. I
n 

th
e 

se
co

nd
 s

te
p,

 
ga

ps
 a

re
 in

tro
du

ce
d 

in
 th

e 
in

te
rio

r 
ba

rr
ie

r 
of

 a
ll 

w
al

ls
 e

xc
ep

t f
or

 th
e 

R
EF

ER
EN

C
E

se
ct

io
n.

 
Th

e 
ga

ps
 c

or
re

sp
on

d 
w

ith
 s

lit
s 

of
 1

 c
m

 a
t 2

0 
cm

 f
ro

m
 th

e 
to

p 
an

d 
bo

tto
m

 o
f 

th
e 

O
SB

 a
nd

 
co

ve
r t

he
 fu

ll 
w

id
th

 o
f e

ac
h 

te
st

 w
al

l t
o 

m
ai

nt
ai

n 
th

e 
tw

o 
di

m
en

si
on

al
 s

itu
at

io
n.

 In
 s

te
p 

3 
an

d 
4 

an
 in

cr
ea

si
ng

 o
ve

rp
re

ss
ur

e 
w

as
 c

re
at

ed
 in

 th
e 

ho
tb

ox
.

Fi
na

lly
, 

in
  

th
e 

la
st

 s
te

p 
th

e 
co

nd
iti

on
s 

in
 t

he
 c

ol
d 

bo
x 

w
er

e 
ad

ap
te

d 
to

 c
re

at
e 

dr
yi

ng
 

co
nd

iti
on

s 
in

si
de

 t
he

 w
al

ls
. T

ab
le

 1
su

m
m

ar
is

es
 t

he
 b

ou
nd

ar
y 

co
nd

iti
on

s 
in

 b
ot

h 
th

e 
w

ar
m

an
d 

co
ld

 c
ha

m
be

r.

St
ep

s
D

ay
s

T H
B

(°
C

)
P v

,H
B

(P
a)

T
C

B
(°

C
)

P v
,C

B
(P

a)
P a

(P
a)

1 2 3 4 5

35 28 24 11 32

20
.1

20
.1

20
.1

20
.2

24
.2

11
80

11
85

12
28

12
92

16
18

3.
0

3.
4

3.
2

3.
3

22
.5

65
2

68
4

68
7

69
8

20
07

1.
4

-2
.7

0.
6

-1
.6

5.
4

-6
.6

10
.1

-1
2.

5
1.

6
-1

.8
1

O
ve

rp
re

ss
ur

e 
de

pe
nd

s o
n 

th
e 

po
si

tio
n 

of
 th

e 
te

st
 w

al
l a

n 
va

rie
s b

et
w

ee
n 

th
es

e 
va

lu
es

Ta
bl

e 
1.

B
ou

nd
ar

y 
co

nd
iti

on
 in

 h
ot

bo
x 

(H
B

) a
nd

 c
ol

db
ox

 (C
B

) d
ur

in
g 

th
e 

co
ns

ec
ut

iv
e 

m
ea

su
rin

g 
st

ep
s

It 
sh

ou
ld

 b
e 

no
te

d 
th

at
 th

e 
cu

rr
en

t c
lim

at
e 

co
nd

iti
on

s r
ep

re
se

nt
 a

n 
av

er
ag

ed
 ty

pi
ca

l w
in

te
r 

m
on

th
 in

 a
 te

m
pe

ra
te

 c
lim

at
e,

 su
ch

 a
s B

el
gi

um
. 

M
at

er
ia

l p
ro

pe
rt

ie
s

M
os

t i
m

po
rta

nt
 m

at
er

ia
l p

ro
pe

rti
es

 a
re

 s
um

m
ar

iz
ed

 in
 T

ab
le

1
an

d 
Fi

gu
re

 2
.A

pa
rt 

fr
om

 th
e 

he
at

 c
ap

ac
ity

al
l m

at
er

ia
l p

ro
pe

rti
es

w
er

e 
m

ea
su

re
d 

at
 th

e 
la

bo
ra

to
ry

. S
pe

ci
al

 c
ar

e 
w

as
 g

iv
en

 
to

 
th

e 
ai

r 
pe

rm
ea

bi
lit

y 
an

d 
in

 
pa

rti
cu

la
r 

to
 

th
e 

m
in

er
al

 
w

oo
l. 

Fo
r 

th
e 

pe
rm

ea
bi

lit
y 

pe
rp

en
di

cu
la

r 
to

 th
e 

fib
re

s 
(K

�
)

an
d 

pa
ra

lle
l t

o 
th

e 
fib

re
s 

(K
�
)

se
ve

n 
sp

ec
im

en
 w

er
e 

te
st

ed
. 

Th
e 

re
su

lts
 fo

un
d 

ar
e 

in
 a

gr
ee

m
en

t w
ith

 Ø
kl

an
d 

(1
99

8)
 w

ho
 li

st
s 

an
 o

ve
rv

ie
w

 o
f m

ea
su

re
d 

ai
r 

pe
rm

ea
bi

lit
y 

of
 m

in
er

al
 w

oo
l 

fr
om

 l
ite

ra
tu

re
. 

H
ow

ev
er

, 
it 

w
as

 o
bs

er
ve

d
th

at
 K

�
w

as
 v

er
y 

se
ns

iti
ve

 to
th

e 
in

st
al

la
tio

n 
of

 th
e 

sp
ec

im
en

 in
 th

e 
te

st
 se

tu
p.

 

M
at

er
ia

l
d 

(m
m

)
��
��
��
�
	


c p
(J

/(k
gK

))
�1

(W
/m

/K
)

K
�

(m
²)

K

(m

²)
Fi

br
eb

oa
rd

 1
18

28
5

20
68

0.
04

5
4.

65
E-

14
-

Fi
br

eb
oa

rd
 2

18
27

4
20

68
0.

04
7

1.
37

E-
12

-
Fo

il
0.

2
-

-
-

ai
rti

gh
t

-
O

SB
15

63
0

18
80

0.
06

8.
20

E-
15

-
M

in
er

al
 W

oo
l

30
0

21
.3

84
0

0.
03

3
1.

7E
-0

9
6E

-0
92

1
he

at
 c

on
du

ct
iv

ity
 a

t m
ea

su
re

d 
0°

C
2

la
rg

e 
va

ria
tio

n 
de

pe
nd

in
g 

on
 sp

ec
im

en
 p

os
iti

on
g 

(2
 -

10
 E

-0
9 

m
²)

Ta
bl

e 
2.

B
ou

nd
ar

y 
co

nd
iti

on
 in

 h
ot

bo
x 

(H
B

) a
nd

 c
ol

db
ox

 (C
B

) d
ur

in
g 

th
e 

co
ns

ec
ut

iv
e 

m
ea

su
rin

g 
st

ep
s

Page 267



Fi
gu

re
 2

. S
or

pt
io

n 
is

ot
he

rm
 (l

ef
t) 

an
d 

va
po

ur
 d

iff
us

io
n 

re
si

st
an

ce
 (r

ig
ht

) o
f t

he
 d

iff
er

en
t w

in
d 

ba
rr

ie
rs

 a
s f

un
ct

io
n 

of
 re

la
tiv

e 
hu

m
id

ity
.

T
E

ST
 R

ES
U

L
T

S

T
he

rm
al

re
sp

on
se

A
s 

a 
fir

st
 s

te
p

in
 a

na
ly

si
ng

 th
e 

re
su

lts
 w

e 
fo

cu
s 

on
 th

e
th

er
m

al
 d

is
tri

bu
tio

n 
in

 th
e 

te
st

 w
al

ls
.

Fi
gu

re
 3

sh
ow

s 
th

e 
di

m
en

si
on

le
ss

 te
m

pe
ra

tu
re

 p
ro

fil
es

 o
f t

he
 fo

ur
 w

al
ls

 a
t t

he
 to

p 
an

d 
bo

tto
m

 
ro

w
 fo

r m
ea

su
rin

g 
st

ag
e 

1,
 2

 a
nd

 4
. T

hi
s 

co
rr

es
po

nd
s w

ith
 th

e 
si

tu
at

io
ns

 w
he

re
 (1

) t
he

 in
te

rio
r 

O
SB

 s
he

at
hi

ng
 is

 in
ta

ct
, (

2)
 to

p 
an

d 
bo

tto
m

 g
ap

s 
in

th
e

in
te

rio
r s

he
at

hi
ng

 a
re

 in
tro

du
ce

d 
an

d 
(3

) a
n 

ov
er

pr
es

su
re

 o
f 1

0 
Pa

 is
 re

al
is

ed
 in

 th
e 

w
ar

m
 c

ha
m

be
r. 

Th
is

 fi
gu

re
 c

le
ar

ly
 sh

ow
s t

ha
t d

ur
in

g 
th

e 
fir

st
 st

ep
 (b

lu
e 

tri
an

gl
es

)t
he

 te
m

pe
ra

tu
re

 d
is

tri
bu

tio
n

be
nd

s 
up

w
ar

ds
 a

t t
he

 to
p 

(f
ill

ed
 m

ar
ke

rs
) a

nd
 d

ow
nw

ar
ds

at
 th

e 
bo

tto
m

 (o
pe

n 
m

ar
ke

rs
) w

hi
ch

 
in

di
ca

te
d 

th
e 

ex
is

te
nc

e 
of

 n
at

ur
al

 c
on

ve
ct

io
n 

w
ith

in
 th

e 
w

al
ls

. T
hi

s 
w

as
 s

tu
di

ed
 m

or
e 

in
 d

ep
th

 
w

ith
 a

dd
iti

on
al

 n
um

er
ic

al
 s

im
ul

at
io

n 
in

 [
13

]. 
Th

is
 s

tu
dy

 s
ho

w
s 

th
at

th
e 

ex
is

ta
nc

e 
of

 v
er

y 
sm

al
l v

er
tic

al
 g

ap
s 

be
tw

ee
n 

th
e 

m
in

er
al

 w
oo

l a
nd

 th
e 

sh
ea

th
in

g 
m

at
er

ia
l c

om
bi

ne
d

w
ith

th
e 

(lo
ca

l) 
in

cr
ea

se
 o

f t
he

 a
ir 

pe
rm

ea
bi

lit
y 

of
 th

e 
in

st
al

le
d 

m
in

er
al

 w
oo

l h
as

 a
gr

ea
t i

nf
lu

en
ce

 o
n 

th
e 

m
ag

ni
tu

de
of

 n
at

ur
al

 c
on

ve
ct

io
n 

in
si

de
 th

e 
w

al
ls

. D
ur

in
g 

th
e 

se
co

nd
 m

ea
su

rin
g 

st
ep

 (r
ed

 
sq

ua
re

s)
 t

hi
s 

ef
fe

ct
 i

nc
re

as
es

as
 a

 r
es

ul
t 

of
 t

he
 i

nt
ro

du
ct

io
n 

of
 t

he
 g

ap
s 

in
 t

he
 i

nt
er

io
r 

sh
ea

th
in

g.
 A

t t
hi

s 
st

ag
e 

it 
w

as
 a

ls
o 

no
tic

ed
 th

at
 th

e
te

m
pe

ra
tu

re
 p

ro
fil

e 
fo

r 
th

e 
le

as
t a

irt
ig

ht
 

w
al

l (
FI

B
R

EB
O

A
R

D
2)

 b
en

ds
 a

ls
o 

up
w

ar
ds

at
 th

e 
bo

tto
m

 ro
w

. T
hi

s 
m

ea
ns

 th
at

 th
e 

ex
te

rio
r 

sh
ea

th
in

g 
is

ev
en

so
 a

ir 
pe

rm
ea

bl
e 

th
at

 a
s 

a 
re

su
lt 

of
 th

e 
1.

6 
Pa

 o
ve

rp
re

ss
ur

e 
ac

ro
ss

 th
is

w
al

l
(in

tro
du

ce
d 

by
 th

e 
ve

nt
ila

to
rs

 in
 th

e 
co

ld
 c

ha
m

be
r)

fo
rc

ed
 e

xf
ilt

ra
tio

n 
al

re
ad

y 
do

m
in

at
es

 th
e 

ai
r f

lo
w

 in
 th

is
 s

ec
tio

n.
W

he
n 

fin
al

ly
 a

n 
ov

er
pr

es
su

re
 o

f 1
0 

Pa
 (g

re
en

 d
ot

s)
 is

 re
al

is
ed

 in
 th

e 
fo

ur
th

 s
te

p 
th

is
 e

ff
ec

t 
be

co
m

es
of

 c
ou

rs
e 

m
uc

h 
m

or
e 

do
m

in
an

t
in

 t
he

 ‘
FI

B
R

EB
O

A
R

D
 2

’ 
se

ct
io

n.
 A

ls
o 

fo
r F

IB
R

EB
O

A
R

D
 1

 t
hi

s 
ef

fe
ct

 is
 (t

o 
a 

m
in

or
 d

eg
re

e)
 o

bs
er

ve
d.

 F
or

 th
e 

m
os

t 
ai

rti
gh

t w
al

l (
FO

IL
) t

hi
s r

em
ai

ns
ne

gl
ig

ib
le

. 

Fi
gu

re
 3

.D
im

en
si

on
le

ss
 te

m
pe

ra
tu

re
 p

ro
fil

e 
of

 fo
ur

 te
st

 w
al

ls
 a

t t
op

 ro
w

 (f
ill

ed
 m

ar
ke

rs
) a

nd
 b

ot
to

m
 ro

w
 (o

pe
n 

m
ar

ke
rs

) d
ur

in
g 

m
ea

su
rin

g 
st

ep
 1

 (b
lu

e
tri

an
gl

e)
,  

st
ep

 2
 (r

ed
sq

ua
re

) a
nd

 st
ep

 4
 (g

re
en

do
t).

H
yg

ro
th

er
m

al
 r

es
po

ns
e

Th
e 

sa
m

e 
m

et
ho

d 
an

d 
no

ta
tio

n 
is

 u
se

d 
to

 p
re

se
nt

 th
e 

di
m

en
si

on
le

ss
 v

ap
ou

r 
pr

es
su

re
 p

ro
fil

es
 

ac
ro

ss
 th

e 
te

st
 w

al
ls

 in
 F

ig
ur

e 
4.

D
ur

in
g 

th
e 

fir
st

 s
te

p 
al

l f
ou

r 
w

al
ls

 s
ho

w
a

si
m

ila
r

va
po

ur
 

pr
es

su
re

 p
ro

fil
e:

 s
te

ep
 d

ro
p

be
hi

nd
 th

e 
va

po
ur

 r
et

ar
de

r 
(O

SB
) 

fo
llo

w
ed

by
a 

sl
ig

ht
 d

ec
re

as
e 

to
w

ar
ds

 t
he

 o
ut

er
 s

id
e.

 O
nl

y 
fo

r 
FI

B
R

EB
O

A
R

D
1 

th
e 

va
po

ur
 p

re
ss

ur
e 

at
 t

he
 t

op
 r

ow
 i

s 
so

m
ew

ha
t 

de
vi

at
in

g 
fr

om
 t

he
 e

xp
ec

te
d

va
lu

es
.  

A
t 

th
is

ro
w

 t
he

 v
ap

ou
r 

pr
es

su
re

 i
s 

sl
ig

ht
ly

 
hi

gh
er

 th
an

 in
th

e 
ot

he
r 

w
al

ls
. T

hi
s 

ca
nn

ot
be

 th
e 

re
su

lt 
of

 a
ir 

ex
fil

tra
tio

n 
si

nc
e 

th
is

 s
ho

ul
d 

al
so

 b
e 

no
tic

ed
 in

 th
e 

te
m

pe
ra

tu
re

 d
is

tri
bu

tio
n 

as
 w

el
l. 

A
 m

or
e 

pl
au

si
bl

e 
ex

pl
an

at
io

n 
m

ig
ht

be
 

fo
un

d 
in

 a
 l

oc
al

 d
ec

re
as

e 
of

 t
he

 v
ap

ou
r 

re
si

st
an

ce
 i

n
th

e 
in

te
rio

r 
sh

ea
th

in
g 

m
at

er
ia

l 
or

 t
he

 
se

al
ed

 g
ap

.
In

 th
e 

su
bs

eq
ue

nt
 s

te
p,

 w
he

n 
th

e 
ga

ps
 in

 th
e 

in
te

rio
r 

sh
ea

th
in

g 
ar

e
op

en
ed

, t
he

 in
flu

en
ce

 o
f 

na
tu

ra
l c

on
ve

ct
io

n 
on

 th
e 

m
oi

st
ur

e 
lo

ad
 b

ec
om

es
 v

er
y 

pr
on

ou
nc

ed
. F

or
 a

ll 
w

al
ls

 w
ith

 in
te

rio
r 

ga
ps

 th
e 

va
po

ur
 p

re
ss

ur
e 

at
 th

e 
to

p 
ro

w
 in

cr
ea

se
s

w
hi

le
 th

e 
va

po
ur

 p
re

ss
ur

e 
at

 th
e 

bo
tto

m
 ro

w
 

re
m

ai
ns

 t
he

 s
am

e.
 O

nl
y 

fo
r 

FI
B

R
EB

O
A

R
D

 2
al

so
 t

he
 v

ap
ou

r 
pr

es
su

re
 a

t 
th

e 
bo

tto
m

 r
ow

 
in

cr
ea

se
s 

si
nc

e 
fo

rc
ed

 e
xf

ilt
ra

tio
n

is
 t

he
n 

al
re

ad
y 

do
m

in
an

t
as

a
re

su
lt 

of
 t

he
 h

ig
h 

ai
r 

pe
rm

ea
nc

e 
of

 th
e 

ex
te

rio
r s

he
at

hi
ng

 a
s d

is
cu

ss
ed

 in
 th

e 
pr

ev
io

us
 se

ct
io

n.
W

he
n 

an
 o

ve
rp

re
ss

ur
e 

of
 1

0 
Pa

 i
s 

re
al

is
ed

 t
he

 v
ap

ou
r 

pr
es

su
re

 p
ro

fil
es

 c
on

fir
m

s
th

e 
ob

se
rv

at
io

n 
of

 t
he

 t
em

pe
ra

tu
re

 p
ro

fil
es

. 
Fo

r
FI

B
R

EB
O

A
R

D
 1

a 
sl

ig
ht

 i
nc

re
as

e 
in

 v
ap

ou
r 

pr
es

su
re

 i
s 

no
tic

ed
as

 a
 r

es
ul

t 
of

 f
or

ce
d 

ex
fil

tra
tio

n 
w

hi
le

 t
hi

s
ef

fe
ct

 i
s 

m
uc

h 
st

ro
ng

er
 i

n 
FI

B
R

EB
O

A
R

D
 2

. F
or

 th
e 

w
al

l w
ith

 th
e 

ex
te

rio
r f

oi
l t

hi
s i

nf
lu

en
ce

 is
 h

ar
dl

y
no

tic
ed

.

Page 268



Fi
gu

re
 4

.D
im

en
si

on
le

ss
 v

ap
ou

r p
re

ss
ur

e 
pr

of
ile

 o
f f

ou
r t

es
t w

al
ls

 a
t t

op
 ro

w
 (f

ill
ed

 m
ar

ke
rs

) a
nd

 b
ot

to
m

 ro
w

 
(o

pe
n 

m
ar

ke
rs

) d
ur

in
g 

m
ea

su
rin

g 
st

ep
 1

 (b
lu

e 
tri

an
gl

e)
,  

st
ep

 2
 (r

ed
 sq

ua
re

) a
nd

 st
ep

 4
 (g

re
en

 d
ot

).

In
 a

dd
iti

on
 to

 th
e 

va
po

ur
 p

re
ss

ur
e 

pr
of

ile
s t

he
 e

vo
lu

tio
n

of
 th

e 
m

oi
st

ur
e 

co
nt

en
t i

n 
th

e 
ex

te
rio

r 
sh

ea
th

in
g 

m
at

er
ia

l
(F

ig
ur

e 
5)

gi
ve

s 
va

lu
ab

le
 i

nf
or

m
at

io
n 

ab
ou

t 
th

e
co

nt
in

io
us

 i
nc

re
as

ed
 

m
oi

st
ur

e 
lo

ad
 in

tro
du

ce
d 

by
 n

at
ur

al
 c

on
ve

ct
io

n.

Fi
gu

re
 5

. M
oi

st
ur

e 
co

nt
en

t e
vo

lu
tio

n 
of

 th
e 

w
ei

gh
t s

am
pl

e 
in

 th
e 

ex
te

rio
r s

he
at

hi
ng

. (
to

p:
 tr

ia
ng

le
, m

id
dl

e:
 

di
am

on
d,

 b
ot

to
m

: d
ot

)

D
ur

in
g 

th
e 

fir
st

 st
ag

e 
al

l w
ei

gh
t m

on
st

er
sh

ow
 th

e 
sa

m
e 

m
oi

st
ur

e 
co

nt
en

te
vo

lu
tio

n.
H

ow
ev

er
, 

fr
om

 th
e 

m
om

en
t t

he
 g

ap
s 

ar
e 

in
tro

du
ce

d 
a 

si
gn

ifi
ca

nt
 m

oi
st

ur
e 

in
cr

ea
se

 is
 n

ot
ic

ed
 a

t t
he

 to
p 

po
si

tio
n.

 F
or

FI
B

R
EB

O
A

R
D

 2
al

so
th

e 
m

oi
st

ur
e 

co
nt

en
t a

t t
he

 b
ot

to
m

an
d 

m
id

dl
e 

po
si

tio
n 

sl
ig

ht
ly

 in
cr

ea
se

s 
in

di
ca

tin
g 

th
e 

ex
is

te
nc

e 
of

 fo
rc

ed
 c

on
ve

ct
io

n.
 C

re
at

in
g 

in
 th

e 
ne

xt
 tw

o 
st

ep
s 

an
 o

ve
rp

re
ss

ur
e 

ac
ro

ss
 t

he
 w

al
ls

 d
oe

s 
no

t 
se

em
s 

to
 i

nf
lu

en
ce

th
e 

m
oi

st
ur

e 
co

nt
en

t 
of

 

FI
B

R
EB

O
A

R
D

 1
. F

or
 F

IB
R

EB
O

A
R

D
 2

on
 th

e 
ot

he
r h

an
d 

–
of

 w
hi

ch
 th

e 
ex

te
rio

r s
he

at
hi

ng
 

is
 tw

en
ty

 ti
m

e 
m

or
e 

ai
r 

op
en

 –
w

e 
ca

n 
se

e 
a 

cl
ea

r 
co

rr
el

at
io

n 
be

tw
ee

n 
th

e 
m

ag
ni

tu
de

 o
f 

th
e 

ov
er

pr
es

su
re

 a
nd

 th
e 

m
oi

st
ur

e 
co

nt
en

t o
f t

he
 w

ei
gh

t s
am

pl
es

 a
t t

he
 th

re
e 

he
ig

ht
s.

A
s a

 re
su

lt 
of

 th
e 

hi
gh

va
po

ur
 p

er
m

ea
nc

e 
of

 th
e 

ex
te

rio
r s

he
at

hi
ng

 a
n 

in
st

an
t s

te
ep

 d
ec

re
as

e 
of

 
th

e 
m

oi
st

ur
e 

co
nt

en
t i

s o
bs

er
ve

d 
w

he
n 

dr
yi

ng
 c

on
di

tio
n 

ar
e 

cr
ea

te
d 

in
 th

e 
fin

al
 st

ep
.

D
IS

C
U

SI
O

N

Th
e 

cu
rr

en
t p

ap
er

 s
tu

di
es

th
e 

hy
gr

ot
he

rm
al

 im
pa

ct
 o

f l
ig

ht
 w

ei
gh

t h
ig

hl
y 

in
su

la
te

d 
w

al
ls

 w
ith

 
an

 e
xt

er
io

r a
ir 

ba
rr

ie
r. 

Th
re

e 
di

ff
er

en
t p

ot
en

tia
l e

xt
er

io
r a

ir 
ba

rr
ie

r m
at

er
ia

ls
 w

er
e 

te
st

ed
. T

he
 

re
su

lts
 s

ho
w

 th
at

 a
 s

uf
fic

ie
nt

ly
 a

irt
ig

ht
 m

at
er

ia
l i

s 
a 

pr
er

eq
ui

si
te

 in
 o

bt
ai

ni
ng

 a
 s

af
e

bu
ild

in
g 

en
ve

lo
pe

. T
o 

th
is

 r
es

pe
ct

 F
IB

R
EB

O
A

R
D

 2
 (

0.
1 

m
³/m

²/h
/P

a)
 o

bv
io

us
ly

 f
ai

ls
, r

es
ul

tin
g 

in
 a

 
fo

rc
ed

 e
xf

ilt
ra

tio
n 

flo
w

 t
hr

ou
gh

 t
he

 w
al

l, 
an

d 
th

us
, 

in
cr

ea
se

d 
he

at
 l

os
se

s 
an

d 
ve

ry
 h

ig
h 

m
oi

st
ur

e 
co

nt
en

ts
 o

f 
th

e 
ex

te
rio

r 
sh

ea
th

in
g.

 F
or

 F
IB

R
EB

O
A

R
D

 2
 (

0.
00

5 
m

³/m
²/h

/P
a)

 t
hi

s 
ef

fe
ct

 w
as

 l
im

ite
d 

to
 a

 v
er

y 
m

in
im

um
 f

ro
m

 w
hi

ch
 w

e 
ca

n 
co

nc
lu

de
 t

ha
t 

su
ch

 l
ev

el
s 

of
 a

ir 
pe

rm
ea

nc
e 

ar
e 

su
ff

ic
ie

nt
ly

 lo
w

 to
 p

re
ve

nt
 h

ar
m

fu
la

m
ou

nt
s o

f f
or

ce
d 

ex
fil

tra
tio

n.
 

O
n 

th
e 

ot
he

r h
an

d,
 th

e 
re

su
lt 

sh
ow

 th
at

 e
ve

n 
if 

fo
rc

ed
 c

on
ve

ct
io

n 
is

lim
ite

d 
(F

IB
R

EB
O

A
R

D
 2

 
an

d 
FO

IL
), 

an
 i

nc
re

as
ed

 m
oi

st
ur

e 
lo

ad
 i

s 
in

tro
du

ce
d 

in
to

 t
he

 s
tru

ct
ur

e 
by

 m
ov

in
g 

th
e 

ai
r 

ba
rr

ie
r 

to
 th

e 
ex

te
rio

r 
of

 th
e 

bu
ild

in
g 

en
ve

lo
pe

. F
or

 b
ot

h 
te

st
s 

se
ct

io
ns

 th
e 

re
su

lts
 s

ho
w

 th
at

 
w

at
er

 v
ap

ou
r 

dr
iv

en
 b

y 
na

tu
ra

l c
on

ve
ct

io
n 

en
te

rs
th

ro
ug

h 
th

e 
up

pe
r 

ga
p 

an
d 

de
po

si
ts

 a
t t

he
 

co
ld

 si
de

 o
f t

he
 in

su
la

tio
n 

la
ye

r(
Fi

gu
re

 6
). 

Th
e 

da
ng

er
 o

f t
hi

s p
ro

ce
ss

 is
 it

s c
on

tin
ui

ty
. D

riv
en

 
by

 t
he

 t
em

pe
ra

tu
re

 d
iff

er
en

ce
 a

cr
os

s 
th

e 
w

al
l, 

th
is

 c
on

ve
ct

io
n 

lo
op

 p
ro

vi
de

s 
a 

co
ns

ta
nt

 
m

oi
st

ur
e 

flo
w

 to
w

ar
ds

 th
e 

up
pe

r c
ol

d 
si

de
 o

f t
he

 st
ru

ct
ur

e.

Fi
gu

re
 6

. A
ir 

flo
w

 p
at

te
rn

 a
s a

 re
su

lt 
of

 n
at

ur
al

 c
on

ve
ct

io
n 

in
si

de
 a

 v
er

tic
al

 w
al

l w
ith

 e
xt

er
io

r a
ir 

ba
rr

ie
r.

C
O

N
C

L
U

SI
O

N
 

Th
e 

cu
rr

en
t p

ap
er

 p
re

se
nt

s 
th

e 
re

su
lts

 o
f 

a 
la

bo
ra

to
ry

 e
xp

er
im

en
t t

o 
st

ud
y 

th
e 

hy
gr

ot
he

rm
al

 
be

ha
vi

ou
r o

f h
ig

hl
y 

in
su

la
te

d 
w

al
ls

 w
ith

 a
n 

ex
te

rio
r a

ir 
ba

rr
ie

r. 
 T

he
 re

su
lts

 sh
ow

 a
n 

in
cr

ea
se

d 
m

oi
st

ur
e 

flo
w

 a
t t

he
 u

pp
er

 p
ar

t o
f t

he
 w

al
ls

 d
riv

en
 b

y
bu

oy
an

cy
 fo

rc
es

.T
he

 m
ag

ni
tu

de
 o

f t
hi

s
flo

w
 is

, a
pa

rt 
fr

om
 th

e 
po

si
tio

n 
an

d 
si

ze
 o

f t
he

 g
ap

s, 
hi

gh
ly

de
pe

nd
in

g 
on

 th
e 

ai
r p

er
m

ea
bi

lit
y 

an
d 

th
e 

ac
cu

ra
cy

of
 t

he
 i

ns
ta

lla
tio

n 
of

 t
he

 i
ns

ul
at

io
n 

la
ye

r. 
Fo

r 
th

e 
cu

rr
en

t 
st

ud
y 

(v
er

y 
ca

re
fu

lly
 i

ns
ta

lle
d)

 m
in

er
al

 w
oo

l 
is

 u
se

d
w

hi
ch

 l
ea

ds
 t

o 
a

si
gn

ifi
ca

nt
 m

oi
st

ur
e 

in
cr

ea
se

.
Fu

rth
er

 te
st

s 
to

 in
ve

st
ig

at
e 

th
e 

im
po

rta
nc

e 
of

 th
is

 e
ff

ec
t f

or
ot

he
r i

ns
ul

at
io

n 
m

at
er

ia
ls

, s
uc

h 
as

 
ce

llu
lo

se
 o

r 
st

ud
yi

ng
 th

e 
in

flu
en

ce
 o

f 
ba

d 
w

or
km

an
sh

ip
of

 th
e 

in
su

la
tio

n 
la

ye
r

w
ou

ld
 b

e 
an

 
ad

de
d 

va
lu

e 
to

 th
is

 re
se

ar
ch

.

In
te

rio
r c

on
di

tio
ns

D
is

co
nt

in
io

us
 v

ap
ou

r b
ar

rie
r

E
xt

er
io

r c
on

di
tio

ns
W

in
d 

an
d 

ai
r b

ar
rie

r

Page 269



A
C

K
N

O
W

L
E

D
G

E
M

E
N

T
S

R
es

ea
rc

h 
fu

nd
ed

 b
y 

a 
Ph

.D
. g

ra
nt

 (g
ra

nt
 n

um
be

r 8
11

53
) o

f t
he

 In
st

itu
te

 fo
r t

he
 P

ro
m

ot
io

n 
of

 
In

no
va

tio
n 

th
ro

ug
h 

Sc
ie

nc
e 

an
d 

Te
ch

no
lo

gy
 in

 F
la

nd
er

s (
IW

T-
V

la
an

de
re

n)
. 

R
E

FE
R

E
N

C
E

S

[1
]

La
ng

m
an

s, 
J.,

 K
le

in
, R

., 
D

e 
Pa

ep
e,

 M
., 

&
 R

oe
ls

, S
. (

20
10

). 
Po

te
nt

ia
l o

f w
in

d 
ba

rr
ie

rs
 to

 
as

su
re

 a
irt

ig
ht

ne
ss

 o
f 

w
oo

d-
fr

am
e 

lo
w

 e
ne

rg
y 

co
ns

tru
ct

io
ns

. 
En

er
gy

 a
nd

 B
ui

ld
in

gs
,

42
(1

2)
, 9

.
[2

]
Jo

ki
sa

lo
, J

., 
K

ur
ni

ts
ki

, J
., 

K
or

pi
, M

., 
K

al
am

ee
s, 

T.
, &

 V
in

ha
, J

. (
20

09
). 

B
ui

ld
in

g 
le

ak
ag

e,
 

in
fil

tra
tio

n,
 a

nd
 e

ne
rg

y 
pe

rf
or

m
an

ce
 a

na
ly

se
s 

fo
r 

Fi
nn

is
h 

de
ta

ch
ed

 h
ou

se
s. 

Bu
ild

in
g 

an
d 

En
vi

ro
nm

en
t,

44
(2

), 
37

7-
38

7.
[3

]
K

al
am

ee
s, 

T.
 (

20
07

). 
A

ir 
tig

ht
ne

ss
 a

nd
 a

ir 
le

ak
ag

es
 o

f 
ne

w
 l

ig
ht

w
ei

gh
t 

si
ng

le
-f

am
ily

 
de

ta
ch

ed
 h

ou
se

s i
n 

Es
to

ni
a.

 B
ui

ld
in

g 
an

d 
En

vi
ro

nm
en

t,
42

(6
), 

23
69

-2
37

7.
[4

]
H

ol
øs

, S
. B

., 
&

 R
el

an
de

r, 
T.

-o
sk

ar
. (

20
10

). 
A

irt
ig

ht
ne

ss
 M

ea
su

re
m

en
ts

 o
f 

W
oo

d 
Fr

am
e 

Lo
w

 E
ne

rg
y 

R
ow

 H
ou

se
s. 

BE
ST

 c
on

fe
re

nc
e

(p
p.

 1
-1

1)
. P

or
tla

nd
.

[5
]

K
al

am
ee

s, 
T.

 (
20

07
). 

A
ir 

tig
ht

ne
ss

 a
nd

 a
ir 

le
ak

ag
es

 o
f 

ne
w

 l
ig

ht
w

ei
gh

t 
si

ng
le

-f
am

ily
 

de
ta

ch
ed

 h
ou

se
s i

n 
Es

to
ni

a.
 B

ui
ld

in
g 

an
d 

En
vi

ro
nm

en
t,

42
(6

), 
23

69
-2

37
7.

[6
]

S.
 U

vs
lø

kk
, 

Th
e 

im
po

rta
nc

e 
of

 w
in

d 
ba

rr
ie

rs
 f

or
 i

ns
ul

at
ed

 t
im

be
r 

fr
am

e 
co

ns
tru

ct
io

ns
, 

Jo
ur

na
l o

f T
he

rm
al

 In
su

la
tio

n 
an

d 
B

ui
ld

in
g 

En
ve

lo
pe

s 2
0 

(1
99

6)
 4

0–
62

.
[7

]
O

ja
ne

n,
 T

. 
19

93
. 

C
rit

er
ia

 f
or

 h
yg

ro
th

er
m

al
 p

er
fo

rm
ra

nc
o 

fo
r 

w
in

d 
ba

rr
ie

r 
st

ru
ct

ur
es

,’ 
pr

oc
ee

di
ng

s 
of

 th
e 

3rd
sy

m
po

si
um

 b
ui

lid
ng

 p
hy

si
cs

 in
 th

e 
N

or
id

c 
C

ou
nt

rie
s, 

B
. S

ax
ho

f, 
ed

., 
Th

er
m

al
 In

su
la

tio
n 

La
bo

ra
to

ry
, T

ec
hn

ic
al

 U
ni

ve
rs

ity
 o

f D
en

m
ar

k,
 p

p.
 6

43
-6

52
[8

]
Ja

ns
se

ns
, A

., 
&

 H
en

s, 
H

. (
20

07
). 

Ef
fe

ct
s 

of
 w

in
d 

on
 t

he
 t

ra
ns

m
is

si
on

 h
ea

t 
lo

ss
 i

n 
du

o-
pi

tc
he

d 
in

su
la

te
d 

ro
of

s:
 A

 fi
el

d 
st

ud
y.

 E
ne

rg
y 

an
d 

Bu
ild

in
gs

,3
9(

9)
, 1

04
7-

10
54

.
[9

]
M

yh
re

, 
L.

, 
&

 A
ur

lie
n,

 T
. (

20
05

). 
M

ea
su

re
d 

ai
r-

tig
ht

ne
ss

 i
n 

lo
w

-e
ne

rg
y 

ho
us

es
. N

or
di

c 
Bu

ild
in

g 
Ph

ys
ic

s S
ym

po
si

um
. R

ey
kj

av
ik

, I
ce

la
nd

.
[1

0]
La

ng
m

an
s, 

J.,
 K

le
in

, R
., 

&
 R

oe
ls

, S
. (

20
11

). 
H

yg
ro

th
er

m
al

 r
es

po
ns

e 
of

 h
ig

hl
y 

in
su

la
te

d 
tim

be
r f

ra
m

e 
w

al
ls

 w
ith

 a
n 

ex
te

rio
r a

ir 
ba

rr
ie

r s
ys

te
m

: l
ab

or
at

or
y 

in
ve

st
ig

at
io

n.
 9

th
 N

or
di

c 
Sy

m
po

si
um

 o
n 

Bu
ild

in
g 

Ph
ys

ic
s(

pp
. 5

25
-5

31
). 

Ta
m

pe
re

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y.

Page 270



St
at

e 
of

 th
e 

A
rt

 o
f N

on
-R

es
id

en
tia

l B
ui

ld
in

gs
 A

ir-
tig

ht
ne

ss
 

an
d 

Im
pa

ct
 o

n 
th

e 
En

er
gy

 C
on

su
m

pt
io

n 

V
al

er
ie

 L
ep

rin
ce

*1 , A
de

lin
e 

B
ai

lly
 1
, R

ém
i C

ar
rié

 2
 a

nd
 M

yr
ia

m
 O

liv
ie

r 1
 

1 
C

en
tr

e 
d’

Et
ud

es
 T

ec
hn

iq
ue

s d
e 

l’E
qu

ip
em

en
t d

e 
Ly

on
. 

 4
6 

ru
e 

Sa
in

t T
hé

ob
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ra
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R
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m
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 p
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re
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l b
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 c
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 d
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at
io

n 
pr

oc
es

s, 
it 

is
 p

os
si

bl
e 

to
 c
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 c
er

tif
ie

d 
m

ea
su

re
r 

[1
]. 

Th
is

 p
ap

er
 f

irs
t p
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e 

no
n-

re
si

de
nt

ia
l b
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 c
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l b
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 c
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at
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g.

..)
. 

C
al

cu
la

tio
ns

 
w

er
e 

re
al

iz
ed

 
w

ith
 

th
er

m
od

yn
am

ic
 c
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 re
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l b
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l b
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tly
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m
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l b
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l b
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 b
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l b
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 k
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 d
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 b
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 p
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 f
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l c
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f b
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 b
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f b
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 b
e 

av
ai

la
bl

e,
 in

cl
ud

in
g 

bu
ild

in
gs

 w
ith

 a
ir-

co
nd

iti
on

in
g 

sy
st

em
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m
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 c
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 o
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. 

R
E

FE
R

E
N

C
E

S 

[1
] C

ar
rie

, F
.R

., 
C

ha
rr

ie
r, 

S.
 a

nd
 L

ep
rin

ce
, V

. 2
01

0.
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 re
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re
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 r
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 d
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 d
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s d
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 c
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s d
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uy
a 
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To
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ku

 U
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D
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f A
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te
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e 
an

d 
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in
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Sc

ie
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e 
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 A

ra
m
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, 
Se
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ai

, M
iy
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i, 

Ja
pa

n 

*C
or

re
sp

on
di

ng
 a

ut
ho

r:
 

yo
sh

in
o@

sa
bi

ne
.p

ln
.a

rc
hi

.to
ho

ku
.a

c.
jp

 

2 
Ak

ita
 P

re
fe

ct
ur

al
 U

ni
ve

rs
ity

, 
Fa

cu
lty

 o
f S

ys
te

m
s S

ci
en

ce
 a

nd
 T

ec
hn

ol
og

y 
84

-4
, E

bi
no

ku
ch

i, 
Ts

uc
hi

ya
-a

za
, 

Yu
ri

ho
nj

yo
, A

ki
ta

, J
ap

an
 

N
ot

e 
: t

he
 c

on
ta

ct
 a

dd
re

ss
es

 m
ay

 b
e 

re
-a

rr
an

ge
d 

A
B

ST
R

A
C

T
 

R
ec

en
tly

, i
ns

ul
at

io
n 

re
tro

fit
s 

of
 e

xi
st

in
g 

ho
us

es
 h

av
e 

be
en

 th
ou

gh
t t

o 
be

 o
ne

 o
f t

he
 e

ffe
ct

iv
e 

m
ea

su
re

s 
fr

om
 th

e 
vi

ew
po

in
t o

f 
gl

ob
al

 w
ar

m
in

g 
pr

ev
en

tio
n.

 H
ow

ev
er

, t
he

 o
ve

ra
ll 

re
du

ct
io

n 
ef

fe
ct

s 
of

 e
nv

iro
nm

en
ta

l l
oa

ds
 b

y 
th

e 
in

su
la

tio
n 

re
tro

fit
s 

ha
ve

 n
ot

 y
et

 b
ee

n 
cl

ar
ifi

ed
. 

Th
is

 s
tu

dy
 i

nt
en

ds
 t

o 
ac

cu
m

ul
at

e 
ba

si
c 

da
ta

 c
on

ce
rn

in
g 

th
e 

in
su

la
tio

n 
re

tro
fit

s a
nd

 to
 p

ro
m

ot
e 

th
e 

en
er

gy
 sa

vi
ng

 o
f e

xi
st

in
g 

ho
us

es
. 

Th
e 

en
vi

ro
nm

en
ta

l p
er

fo
rm

an
ce

s 
of

 4
 d

et
ac

he
d 

w
oo

de
n 

ho
us

es
 in

 T
oh

ok
u 

re
gi

on
, J

ap
an

 b
ef

or
e 

an
d 

af
te

r 
th

e 
in

su
la

tio
n 

re
tro

fit
s 

w
er

e 
in

ve
st

ig
at

ed
. T

he
 in

do
or

 th
er

m
al

 e
nv

iro
nm

en
ts

, e
ne

rg
y 

co
ns

um
pt

io
n,

 a
nd

 p
er

fo
rm

an
ce

s 
of

 in
su

la
tio

n 
an

d 
ai

r 
tig

ht
ne

ss
 b

ef
or

e 
an

d 
af

te
r 

th
e 

re
tro

fit
 w

er
e 

an
al

yz
ed

. I
n 

ad
di

tio
n,

 th
e 

ef
fe

ct
s 

of
 in

su
la

tio
n 

re
tro

fit
s w

er
e 

cl
ar

ifi
ed

.  
Th

e 
he

at
 lo

ss
 c

oe
ffi

ci
en

t (
“Q

”)
 a

nd
 th

e 
eq

ui
va

le
nt

 a
ir 

le
ak

ag
e 

ar
ea

 in
 p

ro
po

rti
on
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 th

e 
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or
 a

re
a 

(“
C

”)
 w

er
e 

ca
lc

ul
at

ed
 in

 e
ac

h 
ho

us
e 

be
fo

re
 a

nd
 a

fte
r t

he
 re

tro
fit

. A
fte

r t
he

 re
tro

fit
, t

he
 v

al
ue

s w
er

e 
ch

an
ge

d 
to

 Q
=1

.2
 W

/m
2 K

 
&

 C
=2

.1
 c

m
2 /m

2  in
 h

ou
se

_A
 a
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 Q

= 
1.

5W
/m

2 K
 &

 C
=1

.1
 c

m
2 /m

2  in
 h

ou
se

_B
. 

D
ur

in
g 

w
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te
r, 
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ou
se
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, t
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tu
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 d

iff
er

en
ce

s 
be

tw
ee

n 
th

e 
liv

in
g 
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om
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nd

 o
th

er
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om
s 

w
en

t u
p 
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 2

0 
�

be
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re
 th

e 
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tro
fit

. A
fte

r 
th

e 
re

tro
fit

, t
em

pe
ra

tu
re

 d
iff

er
en
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s 

w
er

e 
lim
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d 
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t 5
 �

, a
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 th
e 

in
do
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 v

er
tic

al
 

te
m

pe
ra

tu
re

 d
iff

er
en

ce
 w
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 2

.5
 �

at
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im
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.  
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 h
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se
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, c
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e 
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d 
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 d
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 b
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r 
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e 
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 T
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f c
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n 
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W
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W
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y.

 
C

om
pa

rin
g 

an
nu

al
 e

ne
rg

y 
co

ns
um

pt
io

n 
be

fo
re

 a
nd

 a
fte

r 
th
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y 
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 re
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 b
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 p
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is

tin
g 
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he

rm
al
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l r
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l l
oa

ds
 b
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 b
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 c
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 p
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 b
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Th

e 
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s 
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ve
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ro
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ce
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 d
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w
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gi
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, J
ap

an
 b

ef
or

e 
an

d 
af

te
r t

he
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su
la

tio
n 

re
tro

fit
s 

[1
]-

[4
]. 
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 p

ap
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m
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iro
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en
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y 

co
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um
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io
n,

 a
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 p
er
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an
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s 
of
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tio

n 
an
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r t
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ht
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be
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tro
fit

 w
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w
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ig
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 d
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n 
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 e
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h 

ho
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e 
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 1

.  
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 h
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se
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A
, B

 a
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 C
, t
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 w
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le
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se
 w
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en
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ed

 w
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ts
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g 
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in
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w
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m
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te
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r 
m

at
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 r
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e 
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. 

In
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, 

a 
pu
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l 

ve
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n 
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n 
w
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ta
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h 
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om

 d
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g 
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e 
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fit
. A
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s 
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n 
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m
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p 
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g 
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g 
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e 
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e 
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er
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te
d 
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 c
o-
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tio

n 
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s 
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). 
M
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ve
r, 
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e 

m
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th
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r t
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 p
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lta
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m
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ll 
ro
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w
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c 
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r c
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d 
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g 
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ne
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e 
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t 
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. I
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B
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f 
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tin
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w
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xe
s d

ue
 to

 a
dv

ec
tio

n 
ar

e 
ge

ne
ra

lly
 n

ot
 c

on
si

de
re

d.
 A

 m
or

e 
de

ta
ile

d 
de

sc
rip

tio
n 

an
d 

pr
ed

ic
tio

n 
of

 th
e 

in
flu

en
ce

 o
f t

he
 a

ir 
tra

ns
po

rt 
th

ro
ug

h 
th

e 
bu

ild
in

g 
co

m
po

ne
nt

 o
n 

th
e 

H
A

M
 c

on
di

tio
ns

 in
 th

e 
bu

ild
in

g 
co

m
po

ne
nt

 w
ou

ld
 b

e 
de

si
re

d.
 

In
 th

e 
w

or
k 

pr
es

en
te

d 
in

 th
is

 p
ap

er
, t

he
 h

yg
ro

th
er

m
al

 p
er

fo
rm

an
ce

 o
f a

n 
in

cl
in

ed
 ro

of
 is

 
an

al
yz

ed
 w

hi
le

 ta
ki

ng
 in

to
 a

cc
ou

nt
 th

e 
ai

r t
ra

ns
po

rt 
th

ro
ug

h 
th

e 
co

ns
tru

ct
io

n.
 A

n 
ai

rf
lo

w
 

m
od

el
 is

 u
se

d 
to

 d
es

cr
ib

e 
th

e 
ad

ve
ct

iv
e 

tra
ns

po
rt 

th
ro

ug
h 

th
e 

bu
ild

in
g 

co
m

po
ne

nt
. T

he
 a

irf
lo

w
 

m
od

el
 is

 in
te

gr
at

ed
 in

to
 a

n 
ex

is
tin

g 
H

A
M

 b
ui

ld
in

g 
co

m
po

ne
nt

 m
od

el
. T

he
 a

na
ly

si
s f

oc
us

es
 o

n 
a 

ca
se

 st
ud

y 
w

hi
ch

 is
 b

as
ed

 o
n 

a 
co

m
m

on
 ro

of
 d

es
ig

n 
in

 W
es

te
rn

 E
ur

op
e.

 T
hr

ee
 

co
nf

ig
ur

at
io

ns
 c

on
si

st
in

g 
of

 a
 v

ap
ou

r-
re

ta
rd

in
g 

un
de

rla
y 

fo
il

(w
hi

ch
 w

as
 a

pp
lie

d 
in

 th
e 

pa
st

),
va

po
ur

-o
pe

n 
un

de
rla

y,
 a

nd
 a

 fi
br

e 
ce

m
en

t b
oa

rd
 u

nd
er

la
y

ar
e 

in
ve

st
ig

at
ed

. 

K
E

Y
W

O
R

D
S

M
oi

st
ur

e 
co

nt
ro

l, 
hy

gr
ot

he
rm

al
 p

er
fo

rm
an

ce
, v

ap
ou

r a
dv

ec
tio

n.

IN
T

R
O

D
U

C
T

IO
N

B
ui

ld
in

g 
en

er
gy

 c
on

su
m

pt
io

n 
an

d 
su

st
ai

na
bi

lit
y 

ar
e 

cu
rr

en
tly

 o
ne

 o
f t

he
 m

os
t i

m
po

rta
nt

 is
su

es
 

w
or

ld
w

id
e.

 I
m

pr
ov

ed
en

er
gy

 p
er

fo
rm

an
ce

 o
f 

bu
ild

in
gs

 c
an

no
t 

be
 a

ch
ie

ve
d 

by
 a

dd
iti

on
al

 
in

su
la

tio
n 

an
d

m
or

e 
en

er
gy

 e
ff

ic
ie

nt
 b

ui
ld

in
g 

sy
st

em
s 

on
ly

. T
he

 a
irt

ig
ht

ne
ss

 o
f 

th
e 

bu
ild

in
g 

en
ve

lo
pe

 h
as

 a
 m

aj
or

 in
flu

en
ce

 o
n 

a 
bu

ild
in

g’
s 

en
er

gy
 p

er
fo

rm
an

ce
, t

he
rm

al
 c

om
fo

rt,
in

do
or

ai
r 

qu
al

ity
,a

nd
 m

oi
st

ur
e 

da
m

ag
es

 [
1]

.H
en

ce
, s

uf
fic

ie
nt

 a
irt

ig
ht

ne
ss

 is
 r

eq
ui

re
d 

to
 g

ua
ra

nt
ee

 
th

e 
ad

eq
ua

te
 h

yg
ro

th
er

m
al

 p
er

fo
rm

an
ce

 o
f a

 b
ui

ld
in

g 
an

d 
to

 a
vo

id
 m

oi
st

ur
e 

pr
ob

le
m

s.

In
 li

gh
t-w

ei
gh

t c
on

st
ru

ct
io

ns
, a

n 
ai

rti
gh

t b
ui

ld
in

g 
en

ve
lo

pe
 is

 u
su

al
ly

 re
al

is
ed

 b
y 

an
 in

te
rio

r 
ai

r b
ar

rie
r s

ys
te

m
. T

he
 m

os
t i

m
po

rta
nt

 p
ro

pe
rty

 o
f t

he
 a

ir 
ba

rr
ie

r i
s i

ts
 c

on
tin

ui
ty

. E
ns

ur
in

g 
co

nt
in

ui
ty

 in
 o

rd
er

 to
 p

re
ve

nt
 (a

dv
ec

tiv
e)

ai
rf

lo
w

 th
ro

ug
h 

th
e 

bu
ild

in
g 

co
m

po
ne

nt
 re

qu
ire

s 
se

al
in

g 
of

 a
ll 

th
e 

jo
in

ts
 a

nd
 in

te
rs

ec
tio

ns
 o

f t
hi

s l
ay

er
. I

n 
co

ld
 a

nd
 m

od
er

at
e 

cl
im

at
es

, s
uc

h 
as

 
in

 N
or

th
-W

es
t E

ur
op

ea
n 

ar
ea

s, 
th

e 
la

ye
r o

fte
n 

co
m

bi
ne

s t
he

 fu
nc

tio
n 

of
 a

ir 
ba

rr
ie

r w
ith

 th
e 

fu
nc

tio
n 

of
 v

ap
ou

r r
et

ar
de

r. 

In
 c

ur
re

nt
 b

ui
ld

in
g 

pr
ac

tic
e,

 it
 is

 la
bo

ur
 in

te
ns

iv
e

an
d 

of
te

n 
di

ff
ic

ul
t t

o 
co

ns
tru

ct
 a

 p
er

fe
ct

ly
 

co
nt

in
uo

us
 a

ir 
ba

rr
ie

r, 
du

e 
to

 a
 la

rg
e 

nu
m

be
r o

f i
nt

er
na

l j
oi

nt
s, 

in
te

rs
ec

tio
ns

, a
nd

 p
er

fo
ra

tio
ns

,
e.

g.
fo

r e
le

ct
ric

al
 a

nd
 p

lu
m

bi
ng

 se
rv

ic
es

. O
fte

n 
ai

r l
ea

ka
ge

s d
ue

 to
 u

ni
nt

en
de

d 
ga

ps
 a

nd
 

pe
rf

or
at

io
ns

 c
an

no
t b

e 
av

oi
de

d 
an

d 
m

oi
st

ur
e 

pr
ob

le
m

s m
ay

 d
ev

el
op

 d
ue

 to
 th

es
e 

ai
r l

ea
ka

ge
s. 

Si
nc

e 
th

e 
co

m
pl

ia
nc

e 
w

ith
 a

ir 
le

ak
ag

e 
cr

ite
ria

 in
 b

ui
ld

in
g 

pr
ac

tic
e 

is
 u

nc
er

ta
in

, i
t i

s i
m

po
rta

nt
 

to
 in

cl
ud

e 
co

nt
ro

l m
ea

su
re

s i
n 

th
e 

en
ve

lo
pe

 d
es

ig
n 

to
 p

re
ve

nt
 se

ve
re

 m
oi

st
ur

e 
pr

ob
le

m
s w

he
n 

th
e 

co
nt

in
ui

ty
 o

f a
irt

ig
ht

ne
ss

 is
 n

ot
 a

ch
ie

ve
d.

 S
uc

h 
m

ea
su

re
sc

ou
ld

 re
du

ce
 th

e 
ef

fe
ct

s o
f 

po
te

nt
ia

l a
ir 

le
ak

ag
es

 o
n 

th
e 

m
oi

st
ur

e 
pe

rf
or

m
an

ce
 o

f t
he

 b
ui

ld
in

g 
en

ve
lo

pe
.

Fo
r i

nc
lin

ed
 ro

of
s, 

se
ve

ra
l g

ui
de

lin
es

 fo
r c

on
de

ns
at

io
n 

co
nt

ro
l h

av
e 

be
en

 d
ev

el
op

ed
, m

ai
nl

y 
in

flu
en

ce
d 

by
 n

at
io

na
l r

eg
ul

at
io

ns
. G

ui
de

lin
es

 fo
r t

he
 se

le
ct

io
n 

of
 th

e 
ai

r/v
ap

ou
r b

ar
rie

r,
ar

e
ba

se
d 

on
 th

e 
va

po
ur

 d
iff

us
io

n 
re

si
st

an
ce

 fa
ct

or
 ( �

d i
) o

f t
he

 a
ir/

va
po

ur
 b

ar
rie

r, 
an

d 
of

 th
e 

ro
of

 
un

de
rla

y 
(�

d e
). 

A
 p

ro
pe

r c
om

bi
na

tio
n 

of
 th

e 
ai

r/v
ap

ou
r b

ar
rie

r a
nd

 th
e 

ro
of

 u
nd

er
la

y 
is

 
ac

hi
ev

ed
 a

s a
 fu

nc
tio

n 
of

 th
e 

in
do

or
 e

nv
iro

nm
en

ta
l c

on
di

tio
ns

. I
n 

B
el

gi
um

, s
el

ec
tio

n 
cr

ite
ria

 
ha

ve
 b

ee
n 

pu
bl

is
he

d 
by

 M
ee

rt
[2

]a
nd

 Ja
ns

se
ns

 [3
]. 

Si
m

ila
rly

, G
er

m
an

 g
ui

de
lin

es
 h

av
e 

be
en

 
re

po
rte

d 
by

 th
e 

Fr
au

nh
of

er
 In

st
itu

te
 fo

r B
ui

ld
in

g 
Ph

ys
ic

s [
4]

[5
],

an
d 

in
 th

e 
G

er
m

an
 st

an
da

rd
 

[6
].

Th
e 

gu
id

el
in

es
 a

re
 b

as
ed

 o
n 

nu
m

er
ic

al
 st

ud
ie

s w
he

re
 th

e 
in

flu
en

ce
 o

f (
ad

ve
ct

iv
e)

va
po

ur
 

flo
w

 o
n 

th
e 

in
te

rs
tit

ia
l c

on
de

ns
at

io
n 

ris
k 

in
 a

n 
in

cl
in

ed
 ro

of
 is

 in
ve

st
ig

at
ed

w
hi

le
 a

ss
um

in
g 

st
ea

dy
-s

ta
te

 b
ou

nd
ar

y 
co

nd
iti

on
s.

M
or

eo
ve

r, 
a 

m
ax

im
um

al
lo

w
ab

le
 c

on
de

ns
at

io
n 

du
e 

to
 a

ir 
tra

ns
po

rt 
of

 re
sp

ec
tiv

el
y 

20
0 

g/
m

2
ro

of
 a

re
a

[3
]a

nd
 2

50
 g

/m
2

ro
of

 a
re

a 
[5

][
6]

is
 a

ss
um

ed
. I

n 
ca

se
 th

e 
pr

ed
ic

te
d 

co
nd

en
sa

te
 is

 e
xc

ee
de

d,
 th

e 
co

m
po

ne
nt

 is
 e

xp
ec

te
d 

to
 fa

il 
an

d 
th

e 
co

ns
tru

ct
io

n 
is

 n
ot

 re
co

m
m

en
de

d.

W
hi

le
 h

yg
ro

th
er

m
al

 si
m

ul
at

io
n 

m
od

el
s n

ow
ad

ay
s u

se
 tr

an
si

en
t b

ou
nd

ar
y 

co
nd

iti
on

s f
or

 th
e 

in
do

or
 a

nd
 o

ut
do

or
 c

lim
at

ic
 c

on
di

tio
ns

, i
.e

. i
nd

oo
r a

nd
 o

ut
do

or
 a

ir 
te

m
pe

ra
tu

re
 a

nd
 re

la
tiv

e 
hu

m
id

ity
, s

ol
ar

 a
nd

 lo
ng

w
av

e 
ra

di
at

io
n,

 a
nd

 ra
in

 lo
ad

s,
ad

ve
ct

iv
e 

ai
rf

lo
w

s,
i.e

. t
he

 a
irf

lo
w

s
th

ro
ug

h 
th

e 
bu

ild
in

g 
co

m
po

ne
nt

,a
re

of
te

n 
ne

gl
ec

te
d.

 A
nd

, i
f t

he
 m

od
el

 ta
ke

s i
nt

o 
ac

co
un

t 
in

/e
xf

ilt
ra

tio
n 

th
ro

ug
h 

a 
bu

ild
in

g 
co

m
po

ne
nt

, t
he

 a
irf

lo
w

 is
 o

fte
n 

as
su

m
ed

 to
 b

e 
co

ns
ta

nt
 a

nd
 

st
ea

dy
-s

ta
te

. I
n 

re
al

ity
, h

ow
ev

er
, t

he
 a

irf
lo

w
 is

 st
ro

ng
ly

 d
ep

en
de

nt
 o

f t
he

 w
in

d 
in

du
ce

d 
pr

es
su

re
 d

iff
er

en
ce

s b
et

w
ee

n 
in

si
de

 a
nd

 o
ut

si
de

, a
nd

 th
us

 c
ha

ng
in

g 
w

ith
 ti

m
e.

 N
eg

le
ct

in
g 

th
es

e 
tra

ns
ie

nt
 in

flu
en

ce
s, 

m
ay

 le
ad

 to
 in

ac
cu

ra
ci

es
 in

 th
e 

pr
ed

ic
te

d 
hy

gr
ot

he
rm

al
 c

on
di

tio
ns

 
in

 th
e 

bu
ild

in
g 

co
m

po
ne

nt
, r

es
ul

tin
g 

in
 a

n 
un

de
r-

or
 o

ve
rp

re
di

ct
io

n 
of

 th
e 

hy
gr

ot
he

rm
al

 
co

nd
iti

on
s i

n 
th

e 
bu

ild
in

g 
co

m
po

ne
nt

, a
nd

 c
on

se
qu

en
tly

 d
am

ag
e 

an
d/

or
 d

eg
ra

da
tio

n 
of

 th
e 

co
ns

tru
ct

io
n 

m
ay

 o
cc

ur
. 
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It 
is

 th
e 

ob
je

ct
iv

e 
of

 th
is

 p
ap

er
 to

 st
ud

y 
th

e 
in

flu
en

ce
 o

f t
ra

ns
ie

nt
 (a

dv
ec

tiv
e)

ai
rf

lo
w

 th
ro

ug
h

a
ro

of
 c

on
st

ru
ct

io
n 

on
 th

e 
hy

gr
ot

he
rm

al
 c

on
di

tio
ns

 in
 th

e 
co

m
po

ne
nt

. A
ca

se
st

ud
y

w
hi

ch
 is

 
ba

se
d 

on
 a

 c
om

m
on

 ro
of

 d
es

ig
n 

in
 W

es
te

rn
 E

ur
op

e
is

 se
le

ct
ed

fo
r a

na
ly

si
s. 

Th
re

e 
co

nf
ig

ur
at

io
ns

 c
on

si
st

in
g 

of
 a

 v
ap

ou
r-

re
ta

rd
in

g 
un

de
rla

y 
fo

il,
 a

 v
ap

ou
r-

op
en

 u
nd

er
la

y,
 a

nd
 a

 
fib

re
 c

em
en

t b
oa

rd
 u

nd
er

la
y 

ar
e 

in
ve

st
ig

at
ed

. T
he

 h
yg

ro
th

er
m

al
 c

on
di

tio
ns

 in
 th

e 
ro

of
 a

re
 

si
m

ul
at

ed
 u

si
ng

 th
e 

D
el

ph
in

 5
 so

ftw
ar

e
fo

r t
ra

ns
ie

nt
 h

ea
t, 

ai
r a

nd
 m

oi
st

ur
e 

tra
ns

fe
r i

n 
bu

ild
in

g 
co

m
po

ne
nt

s[
7]

 [8
].

Th
e 

hy
gr

ot
he

rm
al

 p
er

fo
rm

an
ce

 o
f t

he
 d

iff
er

en
t c

on
fig

ur
at

io
ns

 is
 a

na
ly

ze
d 

ba
se

d 
on

 th
e 

pr
ed

ic
te

d 
co

nd
en

sa
te

 th
at

 is
 g

en
er

at
ed

du
rin

g 
a 

ye
ar

, t
he

 to
ta

l m
oi

st
ur

e 
co

nt
en

t i
n 

th
e 

co
ns

tru
ct

io
n 

ev
al

ua
te

d 
ov

er
 4

 y
ea

rs
, a

nd
 th

e 
m

ax
im

um
 m

oi
st

ur
e 

co
nt

en
t i

n 
th

e 
w

oo
d 

co
ns

tru
ct

io
n.

A
N

A
L

Y
SI

S 
A

N
D

 M
E

T
H

O
D

S

A
 c

om
m

on
 ro

of
 d

es
ig

n 
in

 W
es

te
rn

 E
ur

op
e

is
 se

le
ct

ed
 a

s a
 b

as
e 

ca
se

 fo
r a

na
ly

si
s o

f t
he

 
hy

gr
ot

he
rm

al
 c

on
di

tio
ns

. T
he

 ro
of

 c
on

ta
in

s t
he

 fo
llo

w
in

g 
la

ye
rs

 (f
ro

m
 o

ut
si

de
 to

 in
si

de
): 

co
nc

re
te

 ti
le

s o
n 

la
th

s a
nd

 b
at

te
ns

, a
n 

un
de

rla
y,

 1
20

m
m

 o
f f

ib
re

gl
as

s i
ns

ul
at

io
n 

be
tw

ee
n 

th
e 

ra
fte

rs
 (5

0x
12

0m
m

), 
a 

va
po

ur
 re

ta
rd

er
, a

nd
 p

ai
nt

ed
 g

yp
su

m
 b

oa
rd

. T
he

 a
na

ly
ze

d 
ro

of
 

co
ns

tru
ct

io
n 

is
 p

re
se

nt
ed

 in
 F

ig
ur

e 
1.

Th
e 

ro
of

 is
 1

.8
m

 w
id

e 
an

d 
4.

55
m

 lo
ng

 p
er

 p
itc

h 
an

d 
or

ie
nt

ed
 n

or
th

ea
st

 w
ith

 a
 sl

op
e 

of
 3

0o .A
dd

iti
on

al
 in

fo
rm

at
io

n 
on

 th
e 

to
po

lo
gy

 o
f t

he
 b

ui
ld

in
g 

ca
n 

be
 fo

un
d 

in
 [9

].
Th

e 
un

de
rla

y 
(F

ig
ur

e 
1)

 is
 in

st
al

le
d 

di
re

ct
ly

 o
n 

to
p 

of
 th

e 
in

su
la

tio
n,

 
co

nt
in

uo
us

ly
 fo

rm
 e

av
e 

to
 e

av
e,

 w
ith

 a
 se

al
ed

 o
ve

rla
p.

 T
he

 d
es

ig
n 

th
er

m
al

 p
ro

pe
rti

es
 o

f t
he

 
ro

of
 a

re
 c

al
cu

la
te

d 
ba

se
d 

on
 th

e 
th

er
m

al
 c

on
du

ct
iv

ity
of

 th
e 

ap
pl

ie
d 

bu
ild

in
g 

m
at

er
ia

ls
. 

M
or

eo
ve

r, 
th

e 
de

si
gn

 U
-v

al
ue

of
 th

e 
ro

of
 c

or
re

sp
on

ds
 to

 0
.2

7
W

/(m
2 K

).

A
 m

or
e 

de
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 b
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 re
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r t
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 b
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 c
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 c
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 m
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re
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s b
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s m
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at
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. c
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l b
ui

ld
in

gs
 e

m
pl

oy
 m

ec
ha

ni
ca

l v
en

til
at

io
n.

 T
he

 
si

tu
at

io
n 

is
 d
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. D
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 D
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ns
um

pt
io

n 
in

 n
ew

 a
nd

 e
xi

st
in

g 
bu

ild
in

gs
. W

or
ki

ng
 w

ith
 H

U
D

 a
nd

 v
ar

io
us

 st
at

e 
en

er
gy

 
of

fic
es

,t
he

 U
.S

. D
ep

ar
tm

en
t o

f E
ne

rg
y 

is
 u

nd
er

ta
ki

ng
 a

 m
aj

or
 e

ff
or

t t
o 

re
tro

fit
 la

rg
e 

nu
m

be
rs

 
of

 re
si

de
nc

es
 [6

]. 
A

 n
um

be
r o

f o
th

er
 e

ff
or

ts
 a

re
 u

nd
er

w
ay

 to
 in

cr
ea

se
 th

e 
en

er
gy

 e
ff

ic
ie

nc
y 

of
 

ne
w

 re
si

de
nt

ia
l b

ui
ld

in
gs

. O
ne

 k
ey

 c
om

po
ne

nt
 o

f e
ne

rg
y 

ef
fic

ie
nc

y 
in

 b
ot

h 
ne

w
 a

nd
 e

xi
st

in
g 

re
si

de
nc

es
 is

 th
e 

co
nt

ro
l o

f i
nf

ilt
ra

tio
n 

th
ro

ug
h 

tig
ht

 e
nv

el
op

e 
co

ns
tru

ct
io

n 
an

d 
th

e 
pr

ov
is

io
n 

of
 a

de
qu

at
e 

am
ou

nt
s o

f o
ut

do
or

 a
ir 

to
 m

ee
t t

he
 h

ea
lth

 a
nd

 c
om

fo
rt 

ne
ed

s o
f t

he
 o

cc
up

an
ts

. 
Ef

fo
rts

 to
 im

pr
ov

e 
bu

ild
in

g 
de

si
gn

 a
nd

 to
 im

pl
em

en
t e

ff
ec

tiv
e 

re
tro

fit
s a

re
 ra

is
in

g 
th

e 
sa

m
e 

qu
es

tio
ns

 a
s n

ot
ed

 p
re

vi
ou

sl
y 

ab
ou

t h
ow

 to
 p

ro
vi

de
 v

en
til

at
io

n 
in

 re
si

de
nt

ia
l b

ui
ld

in
gs

 a
nd

 
ho

w
 v

en
til

at
io

n 
an

d 
en

er
gy

 p
er

fo
rm

an
ce

 a
re

 im
pa

ct
ed

 b
y 

du
ct

 le
ak

ag
e,

 fa
n

op
er

at
io

n 
an

d 
ot

he
r e

ff
ec

ts
.

To
 o

bt
ai

n 
in

si
gh

t i
nt

o 
th

e
is

su
es

of
 re

si
de

nt
ia

l i
nf

ilt
ra

tio
n 

an
d 

ve
nt

ila
tio

n,
 a

 m
od

el
in

g 
st

ud
y 

w
as

 p
er

fo
rm

ed
 o

n 
a 

m
an

uf
ac

tu
re

d 
ho

m
e 

to
 in

ve
st

ig
at

e 
di

ff
er

en
t v

en
til

at
io

n 
sc

en
ar

io
s 

[7
].

Th
e 

re
su

lts
 o

f t
ha

t s
tu

dy
 sh

ow
ed

 th
at

 a
ss

um
in

g 
a 

si
ng

le
 v

al
ue

 o
f 0

.2
5 

h-1
fo

r t
he

 w
ea

th
er

-
dr

iv
en

 in
fil

tra
tio

n 
ra

te
, a

s i
s d

on
e 

in
 th

e 
H

U
D

 st
an

da
rd

, i
s i

nh
er

en
tly

 p
ro

bl
em

at
ic

 g
iv

en
 th

e 
st

ro
ng

 d
ep

en
de

nc
e 

of
 in

fil
tra

tio
n 

on
 w

ea
th

er
. T

he
 si

m
ul

at
ed

 in
fil

tra
tio

n 
ra

te
s v

ar
ie

d 
by

 a
s 

m
uc

h 
as

 5
 to

 1
 b

as
ed

 o
n 

va
ria

tio
ns

 in
 w

ea
th

er
 c

on
di

tio
ns

 a
lo

ne
. I

nc
lu

di
ng

 th
e 

im
pa

ct
s o

f 
ex

ha
us

t f
an

 a
nd

 fo
rc

ed
-a

ir 
fa

n 
op

er
at

io
n 

m
or

e 
th

an
 d

ou
bl

ed
 th

e 
ra

ng
e 

of
 v

ar
ia

tio
n 

in
 th

e 
ai

r 
ch

an
ge

 ra
te

s. 
In

 a
dd

iti
on

, t
he

 p
re

di
ct

ed
 in

fil
tra

tio
n 

ra
te

s w
er

e 
lo

w
er

 th
an

 th
is

 a
ss

um
ed

 v
al

ue
 

un
de

r m
ild

er
 w

ea
th

er
 c

on
di

tio
ns

. T
he

re
fo

re
, a

ss
um

in
g 

an
 in

fil
tra

tio
n 

ra
te

 o
f 0

.2
5 

h-1
in

 
m

od
er

n 
m

an
uf

ac
tu

re
d 

ho
m

es
 m

ay
 b

e 
to

o 
hi

gh
, b

ut
 m

or
e 

im
po

rta
nt

ly
 ig

no
re

s v
ar

ia
tio

ns
 d

ue
 to

 
w

ea
th

er
 a

nd
 fa

n 
op

er
at

io
n.

 T
he

 st
ud

y 
al

so
 sh

ow
ed

 th
at

 e
m

pl
oy

in
g 

an
 o

ut
do

or
 a

ir 
in

ta
ke

 d
uc

t 
on

 th
e 

fo
rc

ed
-a

ir 
re

tu
rn

 d
uc

t c
an

 b
e 

ef
fe

ct
iv

e 
in

 ra
is

in
g 

ai
r c

ha
ng

e 
ra

te
s a

nd
 d

is
tri

bu
tin

g 
ve

nt
ila

tio
n 

ai
r t

hr
ou

gh
ou

t t
he

 h
ou

se
. H

ow
ev

er
, t

he
 o

ve
ra

ll 
im

pa
ct

 o
n 

th
e 

bu
ild

in
g 

ai
r c

ha
ng

e 
ra

te
 is

 a
 st

ro
ng

 fu
nc

tio
n 

of
 th

e 
op

er
at

in
g 

sc
he

du
le

 o
f t

he
 fo

rc
ed

-a
ir 

sy
st

em
, w

hi
ch

 in
 tu

rn
 

de
pe

nd
s o

n 
th

e 
ex

te
nt

 o
f s

ys
te

m
 o

ve
r-

si
zi

ng
 a

nd
 th

e 
sp

ec
ifi

c 
st

ra
te

gi
es

 u
se

d 
to

 c
on

tro
l t

he
 

sy
st

em
 o

pe
ra

tio
n 

su
ch

 a
s m

an
ua

l s
w

itc
he

s a
nd

 ti
m

er
s. 

W
hi

le
 in

cr
ea

se
d 

fo
rc

ed
-a

ir 
fa

n 
op

er
at

io
n 

pr
ov

id
es

 h
ig

he
r v

en
til

at
io

n 
ra

te
s, 

th
er

e 
is

 a
n 

en
er

gy
 c

os
t a

ss
oc

ia
te

d 
w

ith
 th

e 
in

cr
ea

se
d 

fa
n 

op
er

at
io

n,
 p

ar
tic

ul
ar

ly
 w

he
n 

th
e 

fo
rc

ed
-a

ir 
fa

n 
ha

s a
 h

ig
h 

w
at

ta
ge

 ra
tin

g.
 A

ls
o,

 
gi

ve
n 

th
e 

ex
is

te
nc

e 
of

 si
gn

ifi
ca

nt
 d

uc
t l

ea
ka

ge
, t

hi
s v

en
til

at
io

n 
ap

pr
oa

ch
 w

as
 a

ss
oc

ia
te

d 
w

ith
 

ex
ce

ss
iv

e 
ai

r c
ha

ng
e 

ra
te

s (
re

la
tiv

e 
to

 th
e 

re
qu

ire
m

en
ts

 in
 st

an
da

rd
s)

 p
ar

tic
ul

ar
ly

 w
he

n 
w

ea
th

er
-d

riv
en

 in
fil

tra
tio

n 
is

 h
ig

h.
 

In
 o

rd
er

 to
 in

ve
st

ig
at

e 
th

es
e 

re
si

de
nt

ia
l v

en
til

at
io

n 
is

su
es

, a
s w

el
l a

s a
 ra

ng
e 

of
 o

th
er

 
in

do
or

 a
ir 

qu
al

ity
 is

su
es

, a
 m

an
uf

ac
tu

re
d 

ho
us

e 
w

as
 in

st
al

le
d 

on
 th

e 
N

IS
T 

ca
m

pu
s i

n 
20

02
. 

Th
e 

ho
us

e 
an

d 
its

 a
irt

ig
ht

ne
ss

, v
en

til
at

io
n 

an
d 

en
er

gy
 p

er
fo

rm
an

ce
, a

s i
ns

ta
lle

d,
 h

av
e 

be
en

 
de

sc
rib

ed
 p

re
vi

ou
sl

y 
[8

]. 
Si

nc
e 

th
at

 ti
m

e,
 th

e 
bu

ild
in

g 
w

as
 su

bj
ec

t t
o 

a 
se

rie
s o

f r
et

ro
fit

s t
o 
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im
pr

ov
e 

th
e 

ai
rti

gh
tn

es
s o

f t
he

 b
ui

ld
in

g 
en

ve
lo

pe
 a

nd
 th

e 
ai

r d
is

tri
bu

tio
n 

sy
st

em
 d

uc
tw

or
k.

 
Th

is
 p

ap
er

 su
m

m
ar

iz
es

 th
e 

re
su

lts
 o

f t
he

se
 re

tro
fit

 o
n 

th
e 

bu
ild

in
g 

ai
rti

gh
tn

es
s, 

ve
nt

ila
tio

n 
ra

te
s a

nd
 e

ne
rg

y 
co

ns
um

pt
io

n.
 

D
E

SC
R

IP
T

IO
N

 O
F 

H
O

U
SE

 A
N

D
 V

E
N

T
IL

A
T

IO
N

SY
ST

E
M

S
Th

e 
st

ud
y 

w
as

 p
er

fo
rm

ed
 in

 a
 d

ou
bl

e-
w

id
e 

m
an

uf
ac

tu
re

d 
ho

m
e 

in
st

al
le

d 
on

 th
e 

N
IS

T 
ca

m
pu

s, 
sh

ow
n 

in
 th

e 
ph

ot
og

ra
ph

 in
 F

ig
ur

e 
1.

 T
hi

s h
ou

se
 w

as
 b

ui
lt 

to
 th

e 
H

U
D

 st
an

da
rd

 th
at

 a
pp

lie
s 

na
tio

nw
id

e 
to

 m
an

uf
ac

tu
re

d 
ho

m
es

 [2
]. 

A
dd

iti
on

al
 d

et
ai

ls
 o

n 
th

e 
ho

us
e 

ca
n 

be
 fo

un
d 

in
 

N
ab

in
ge

r a
nd

 P
er

si
ly

 [8
]. 

Fi
gu

re
 2

 is
 a

 sc
he

m
at

ic
 fl

oo
r p

la
n 

of
 th

e 
te

st
 h

ou
se

, s
ho

w
in

g 
th

e 
th

re
e 

be
dr

oo
m

s, 
tw

o 
ba

th
s, 

ki
tc

he
n,

 a
nd

 th
e 

fa
m

ily
, d

in
in

g 
an

d 
liv

in
g 

ar
ea

. T
he

 h
ou

se
 h

as
 a

 
flo

or
 a

re
a 

of
 1

40
 m

2 , a
 v

ol
um

e 
of

 3
40

 m
3

an
d 

a 
ca

th
ed

ra
l c

ei
lin

g 
ov

er
 it

s f
ul

l l
en

gt
h 

th
at

 is
 

2.
7

m
 h

ig
h 

at
 th

e 
ce

nt
er

 a
nd

 sl
op

es
 d

ow
n 

to
 2

.1
 m

 a
t t

he
 fr

on
t a

nd
 b

ac
k 

w
al

ls
.

Fi
gu

re
 1

.P
ho

to
gr

ap
h 

of
 th

e 
m

an
uf

ac
tu

re
d 

ho
us

e.

Th
e 

ho
us

e’
s h

ea
tin

g,
 v

en
til

at
in

g 
an

d 
ai

r-
co

nd
iti

on
in

g 
(H

V
A

C
) s

ys
te

m
 c

on
si

st
s o

f a
 

22
kW

 g
as

 fu
rn

ac
e,

 a
 1

5 
kW

 a
ir 

co
nd

iti
on

er
, a

nd
 a

 fo
rc

ed
 a

ir 
re

-c
irc

ul
at

io
n 

fa
n 

w
ith

 a
 d

es
ig

n 
ai

rf
lo

w
 ra

te
 o

f 4
70

 L
/s

. I
n 

ad
di

tio
n 

th
er

e 
is

 a
 w

ho
le

 h
ou

se
, k

itc
he

n,
 a

nd
 tw

o 
ba

th
ro

om
 e

xh
au

st
 

fa
ns

 in
 th

e 
ho

us
e.

Th
e 

w
ho

le
 h

ou
se

 a
nd

 b
at

hr
oo

m
 v

en
til

at
io

n 
fa

ns
 h

av
e 

an
 a

irf
lo

w
 c

ap
ac

ity
 o

f 
24

 L
/s

, w
hi

le
 th

e 
ki

tc
he

n 
fa

n 
ca

pa
ci

ty
 is

 4
7 

L/
s. 

B
ot

h 
of

 th
es

e 
ai

rf
lo

w
 c

ap
ac

iti
es

 a
re

 p
er

 
m

an
uf

ac
tu

re
r c

la
im

s.

Fi
gu

re
 2

.S
ch

em
at

ic
 fl

oo
r p

la
n 

of
 m

an
uf

ac
tu

re
d 

ho
us

e.

M
E

A
SU

R
E

M
E

N
T

 M
E

T
H

O
D

S 
Th

is
 se

ct
io

n 
su

m
m

ar
iz

es
 th

e 
m

ea
su

re
m

en
t t

ec
hn

iq
ue

s a
nd

 in
st

ru
m

en
ta

tio
n 

us
ed

 in
 th

e 
te

st
 

ho
us

e,
 w

ith
 a

dd
iti

on
al

 d
et

ai
ls

 a
va

ila
bl

e 
in

 N
ab

in
ge

r a
nd

 P
er

si
ly

 [8
].

W
ho

le
 h

ou
se

 a
ir

 c
ha

ng
e 

ra
te

s 
W

ho
le

 h
ou

se
 a

ir 
ch

an
ge

 r
at

es
w

er
e 

m
ea

su
re

d 
us

in
g 

th
e 

tra
ce

r 
ga

s 
de

ca
y 

te
ch

ni
qu

e 
as

 
de

sc
rib

ed
 in

 A
ST

M
 te

st
 m

et
ho

d 
E-

74
1

[9
]. 

Th
es

e 
ra

te
s 

re
fle

ct
 th

e 
co

m
bi

na
tio

n 
of

 th
e 

ra
te

 a
t 

w
hi

ch
 o

ut
do

or
 a

ir 
en

te
rs

 th
e 

ho
us

e 
fr

om
 m

ec
ha

ni
ca

l v
en

til
at

io
n 

an
d 

du
e 

to
 in

fil
tra

tio
n 

th
ro

ug
h 

le
ak

s i
n 

th
e 

ho
us

e’
s 

en
ve

lo
pe

. T
he

 a
ir 

ch
an

ge
 ra

te
 m

ea
su

re
m

en
ts

 in
th

e 
ho

us
e 

w
er

e 
m

ad
e 

w
ith

 
an

 a
ut

om
at

ed
 tr

ac
er

 g
as

 m
on

ito
r s

ys
te

m
 e

m
pl

oy
in

g 
su

lfu
r h

ex
af

lu
or

id
e 

(S
F 6

) a
s 

th
e 

tra
ce

r g
as

 
th

at
 in

je
ct

s t
ra

ce
r g

as
 in

to
 th

e 
bu

ild
in

g 
an

d 
m

on
ito

rs
 th

e 
co

nc
en

tra
tio

n 
at

 m
ul

tip
le

 lo
ca

tio
ns

.

E
xt

er
io

r 
en

ve
lo

pe
 a

nd
 d

uc
t l

ea
ka

ge
 

Ex
te

rio
r e

nv
el

op
e 

le
ak

ag
e 

of
 th

e 
ho

us
e 

w
as

 m
ea

su
re

d 
us

in
g 

w
ho

le
 b

ui
ld

in
g 

pr
es

su
riz

at
io

n 
te

st
in

g 
pe

r A
ST

M
 E

77
9 

us
in

g 
a 

bl
ow

er
 d

oo
r [

10
]. 

Th
es

e 
w

ho
le

 b
ui

ld
in

g 
te

st
s w

er
e 

pe
rf

or
m

ed
 

w
ith

 th
e 

ai
r d

is
tri

bu
tio

n 
sy

st
em

 o
ff

 b
ut

 w
ith

 a
ll 

th
e 

ve
nt

s i
n 

th
ei

r n
or

m
al

 o
pe

ra
tin

g 
po

si
tio

ns
 

(u
ns

ea
le

d)
 a

nd
 th

en
 a

ga
in

 w
ith

 a
ll 

th
e 

su
pp

ly
 a

nd
 re

tu
rn

 a
ir 

ve
nt

s s
ea

le
d 

w
ith

 p
la

st
ic

 (s
ea

le
d)

. 
Th

e 
la

tte
r t

es
t p

ro
vi

de
s a

n 
in

di
ca

tio
n 

of
 th

e 
en

ve
lo

pe
 le

ak
ag

e 
in

de
pe

nd
en

t o
f a

ny
 le

ak
ag

e 
vi

a 
th

e 
ai

r d
is

tri
bu

tio
n 

sy
st

em
, w

hi
le

 th
e 

un
se

al
ed

 te
st

 p
ro

vi
de

s a
n 

ov
er

al
l l

ea
ka

ge
 fo

r t
he

 
en

ve
lo

pe
 a

nd
 a

ir 
di

st
rib

ut
io

n 
sy

st
em

 in
 c

om
bi

na
tio

n.
 T

he
 m

ea
su

re
m

en
ts

 o
f a

irt
ig

ht
ne

ss
 u

si
ng

 
th

e 
bl

ow
er

 d
oo

r h
av

e 
an

 a
cc

ur
ac

y 
of

 ro
ug

hl
y 

+/
-1

0
%

 o
f t

he
 m

ea
su

re
d 

va
lu

e 
ba

se
d 

on
 th

e 
ca

lib
ra

tio
ns

 p
er

fo
rm

ed
. P

re
ss

ur
iz

at
io

n 
te

st
s w

er
e 

al
so

 u
se

d 
to

 d
et

er
m

in
e 

th
e 

le
ak

ag
e 

fr
om

 th
e 

ai
r d

is
tri

bu
tio

n 
sy

st
em

 u
si

ng
 A

ST
M

 E
15

54
 [1

1]
, w

hi
ch

 a
ls

o 
ha

s a
 m

ea
su

re
m

en
t u

nc
er

ta
in

ty
 o

f 
ab

ou
t +

/-
10

%
.

E
ne

rg
y 

co
ns

um
pt

io
n 

En
er

gy
 c

on
su

m
pt

io
n 

fo
r h

ea
tin

g 
an

d 
co

ol
in

g 
w

as
 m

on
ito

re
d 

to
 d

et
er

m
in

e
an

y
re

du
ct

io
ns

 d
ue

 
to

 th
e 

ai
rti

gh
tn

es
s r

et
ro

fit
s. 

Th
e 

el
ec

tri
ca

l e
ne

rg
y 

co
ns

um
pt

io
n 

of
 th

e 
ai

r c
on

di
tio

ni
ng

 sy
st

em
 

w
as

 m
ea

su
re

d 
us

in
g 

a 
24

0 
V

 p
ow

er
 tr

an
sd

uc
er

, a
nd

 th
e 

en
er

gy
 u

se
d 

by
 th

e 
fo

rc
ed

-a
ir 

fa
n 

w
as

 
m

on
ito

re
d 

w
ith

 1
20

 V
 e

ne
rg

y 
m

et
er

s. 
Th

e 
en

er
gy

 u
se

 b
y 

ot
he

r i
te

m
s i

n 
th

e 
ho

us
e,

 a
nd

 
th

er
ef

or
e 

co
nt

rib
ut

in
g 

to
 th

e 
in

te
rio

r h
ea

t g
ai

n,
 w

er
e 

m
on

ito
re

d 
se

pa
ra

te
ly

. T
he

 2
40

 V
 p

ow
er

 
tra

ns
du

ce
rs

 h
av

e 
an

 a
cc

ur
ac

y 
of

 +
/-

0.
5

%
 o

f f
ul

l s
ca

le
 a

nd
 a

 re
so

lu
tio

n 
of

 0
.1

 W
. T

he
 1

20
 V

 
en

er
gy

 m
et

er
s h

av
e 

an
 a

cc
ur

ac
y 

of
 +

/-
0.

2
%

 o
f f

ul
l s

ca
le

 a
nd

 a
 re

so
lu

tio
n 

of
 3

.6
 W

•h
. T

he
 

he
at

in
g 

en
er

gy
 w

as
 m

ea
su

re
d 

us
in

g 
a 

ca
lib

ra
te

d 
ga

s f
lo

w
 m

et
er

 th
at

 re
co

rd
ed

 th
e 

av
er

ag
e 

va
lu

e 
of

 n
at

ur
al

 g
as

 fl
ow

 ra
te

 in
to

 th
e 

fu
rn

ac
e.

 T
he

 g
as

 m
et

er
 h

as
 a

 m
ea

su
re

m
en

t r
an

ge
 o

f 
0

L/
s t

o 
0.

94
 L

/s
 a

nd
 a

n 
ac

cu
ra

cy
 o

f 1
 %

 o
f f

ul
l s

ca
le

 a
nd

 a
 re

so
lu

tio
n 

of
 0

.0
00

2 
L/

s. 

E
nv

ir
on

m
en

ta
l a

nd
 S

ys
te

m
 P

ar
am

et
er

s
A

dd
iti

on
al

 se
ns

or
s w

er
e 

us
ed

 to
 m

on
ito

r a
ir 

te
m

pe
ra

tu
re

, r
el

at
iv

e 
hu

m
id

ity
, w

in
d 

co
nd

iti
on

s 
an

d 
op

er
at

in
g 

st
at

us
 o

f t
he

 fo
rc

ed
-a

ir 
sy

st
em

 fa
n.

 D
et

ai
ls

 o
n 

th
es

e 
m

ea
su

re
m

en
ts

 a
nd

 th
e 

as
so

ci
at

ed
 u

nc
er

ta
in

ty
 a

re
 c

on
ta

in
ed

 in
 N

ab
in

ge
r a

nd
 P

er
si

ly
 [8

].
Te

m
pe

ra
tu

re
so

f t
he

 in
do

or
 

an
d 

ou
td

oo
r a

ir 
w

er
e 

m
ea

su
re

d 
us

in
g 

ep
ox

y 
co

at
ed

 p
ol

ym
er

 th
er

m
is

to
rs

, a
nd

 th
e 

re
la

tiv
e 

hu
m

id
ity

 w
as

 m
on

ito
re

d 
w

ith
 c

ap
ac

iti
ve

 th
in

 fi
lm

 p
ol

ym
er

 se
ns

or
s. 

W
in

d 
sp

ee
d 

an
d 

di
re

ct
io

n 
w

er
e 

m
ea

su
re

d 
at

 th
e 

to
p 

of
 a

 1
0 

m
 to

w
er

 lo
ca

te
d 

ap
pr

ox
im

at
el

y 
5 

m
 so

ut
h 

of
 th

e 
so

ut
he

rn
m

os
t w

al
l o

f t
he

 h
ou

se
. F

an
 st

at
us

 sw
itc

he
s w

er
e 

w
ire

d 
in

to
 th

e 
el

ec
tri

ca
l c

irc
ui

ts
 o

f
th

e 
fo

rc
ed

 a
ir 

fa
n 

an
d 

th
e 

fo
ur

 e
xh

au
st

 fa
ns

 to
 d

et
ec

t a
nd

 re
co

rd
 w

he
th

er
 e

ac
h 

fa
n 

is
 o

n 
or

 o
ff

.

R
E

T
R

O
FI

T
S

Th
e 

re
tro

fit
s f

oc
us

ed
 o

n 
in

cr
ea

si
ng

 th
e 

ai
rti

gh
tn

es
s o

f t
he

 b
ui

ld
in

g 
en

ve
lo

pe
 a

nd
 th

e 
ai

r 
di

st
rib

ut
io

n 
sy

st
em

 su
pp

ly
 d

uc
tw

or
k.

 T
he

 e
nv

el
op

e 
re

tro
fit

s i
nc

lu
de

d 
in

st
al

la
tio

n 
of

 a
 h

ou
se

 
w

ra
p 

ov
er

 th
e 

ex
te

rio
r w

al
ls

 a
nd

 se
al

in
g 

of
 le

ak
s i

n 
th

e 
be

lly
 a

nd
 li

vi
ng

 sp
ac

e 
flo

or
. T

he
 h

ou
se

 
w

ra
p 

in
st

al
la

tio
n 

in
vo

lv
ed

 re
m

ov
in

g 
th

e 
si

di
ng

 fr
om

 th
e 

ho
us

e 
an

d 
in

st
al

lin
g 

th
e 

w
ra

p 
fr

om
 

Page 285



th
e 

to
p 

of
 th

e 
cr

aw
l s

pa
ce

 to
 th

e 
to

p 
of

 th
e 

w
al

ls
, a

nd
 th

en
 re

pl
ac

in
g 

th
e 

vi
ny

l s
id

in
g.

 T
he

 
w

ra
p 

w
as

 a
 fl

as
h 

sp
un

bo
nd

ed
 o

le
fin

, n
on

-w
ov

en
 sh

ee
t m

at
er

ia
l a

nd
 w

as
 in

st
al

le
d 

pe
r t

he
 

m
an

uf
ac

tu
re

r’
s i

ns
tru

ct
io

ns
. T

he
 se

co
nd

 p
or

tio
n 

of
 th

e 
en

ve
lo

pe
 a

irt
ig

ht
en

in
g 

ef
fo

rt 
in

vo
lv

ed
 

se
al

in
g 

th
e 

le
ak

ag
e 

si
te

s i
n 

th
e 

flo
or

in
g 

of
 th

e 
ho

us
e 

an
d 

in
 th

e 
in

su
la

te
d 

be
lly

 th
at

 e
nc

lo
se

s 
th

e 
du

ct
w

or
k.

 S
ea

lin
g 

th
e 

flo
or

in
g 

in
vo

lv
ed

 sp
ra

yi
ng

 a
 tw

o-
pa

rt 
fo

am
, w

hi
ch

 e
xp

an
de

d 
an

d 
ha

rd
en

ed
 to

 se
al

 th
e 

le
ak

s. 
Th

e 
le

ak
ag

e 
si

te
s i

nc
lu

de
d 

th
e 

ac
ce

ss
ib

le
 p

or
tio

ns
 o

f t
he

m
ar

ria
ge

 
lin

e 
be

tw
ee

n 
th

e 
fr

on
t a

nd
 b

ac
k 

se
ct

io
n 

of
 th

e 
ho

us
e;

 h
ol

es
 in

 th
e 

flo
or

 m
ad

e 
fo

r t
he

 w
at

er
 

dr
ai

na
ge

 p
ip

es
, “

P-
tra

ps
” 

in
 th

e 
ba

th
ro

om
s;

 a
nd

 g
as

 a
nd

 o
th

er
 u

til
ity

 li
ne

s. 
Fi

gu
re

 3
 sh

ow
s s

ev
er

al
 o

f t
he

se
 le

ak
ag

e 
si

te
s, 

be
fo

re
 a

nd
 a

fte
r s

ea
lin

g.
 T

he
 to

p 
tw

o 
ph

ot
og

ra
ph

s s
ho

w
 d

ra
in

 a
nd

 w
at

er
 li

ne
s i

n 
th

e 
flo

or
 o

f t
he

 li
vi

ng
 a

re
a,

 v
ie

w
ed

 fr
om

 b
el

ow
, 

sh
ow

in
g 

th
es

e 
lin

es
 p

as
si

ng
 th

ro
ug

h 
la

rg
e 

ho
le

s t
ha

t c
on

st
itu

te
 si

gn
ifi

ca
nt

 le
ak

ag
e 

si
te

s. 
Th

e 
ex

is
te

nc
e 

of
 su

ch
 le

ak
ag

e 
si

te
s i

s n
ot

 u
nu

su
al

 in
 re

si
de

nt
ia

l c
on

st
ru

ct
io

n,
 th

ou
gh

 re
ce

nt
 e

ff
or

ts
 

to
 b

ui
ld

 ti
gh

te
r h

om
es

 re
su

lt 
in

 su
ch

 a
irf

lo
w

 p
at

hs
 b

ei
ng

 se
al

ed
 d

ur
in

g 
co

ns
tru

ct
io

n.
 T

he
 

ph
ot

og
ra

ph
 o

n 
th

e 
lo

w
er

 ri
gh

t s
ho

w
s b

ot
h 

of
 th

es
e 

le
ak

ag
e 

si
te

s s
ea

le
d 

w
ith

 sp
ra

y 
fo

am
. T

he
 

ph
ot

og
ra

ph
 o

n 
th

e 
lo

w
er

 le
ft 

sh
ow

s a
su

pp
ly

 a
ir 

re
gi

st
er

 in
 th

e 
flo

or
, v

ie
w

ed
 fr

om
 a

bo
ve

, a
fte

r 
it 

w
as

 se
al

ed
 w

ith
 m

as
tic

. I
n 

th
is

 h
ou

se
, a

nd
 m

an
y 

ot
he

rs
 w

ith
 su

pp
ly

 d
uc

tw
or

k 
un

de
r t

he
 

flo
or

, s
ig

ni
fic

an
t l

ea
ka

ge
 o

cc
ur

s w
he

re
 th

e 
ve

rti
ca

l s
up

pl
y 

du
ct

 c
on

ne
ct

s w
ith

 th
e 

flo
or

 
re

gi
st

er
.

D
ra

in
 li

ne
 in

 fl
oo

r (
fr

om
 b

el
ow

), 
le

ak
ag

e 
as

so
ci

at
ed

W
at

er
 li

ne
 in

 fl
oo

r (
fr

om
 b

el
ow

)
w

ith
 la

rg
e 

ho
le

 in
 fl

oo
r r

el
at

iv
e 

to
 p

ip
e 

di
am

et
er

D
ra

in
 a

nd
 w

at
er

 li
ne

s a
fte

r s
ea

lin
g

Fl
oo

r r
eg

is
te

r (
fr

om
 a

bo
ve

) a
fte

r s
ea

lin
g

w
ith

 m
as

tic

Fi
gu

re
 3

.S
ch

em
at

ic
 fl

oo
r p

la
n 

of
 m

an
uf

ac
tu

re
d 

ho
us

e.

A
dd

iti
on

al
 a

ir 
se

al
in

g 
w

as
 p

er
fo

rm
ed

 in
 th

e 
ai

r d
is

tri
bu

tio
n 

sy
st

em
 in

 th
e 

be
lly

 sp
ac

e,
 

in
cl

ud
in

g 
la

rg
e 

le
ak

s i
n 

th
e 

fo
ur

 e
nd

s o
f t

he
 tw

o 
m

ai
n 

su
pp

ly
 d

uc
ts

 in
 th

e 
fr

on
t a

nd
 re

ar
 h

al
ve

s 
of

 th
e 

ho
us

e 
an

d 
th

e 
la

rg
e 

co
nn

ec
tio

n 
to

 th
e 

un
de

rs
id

e 
of

 th
e 

H
V

A
C

 s
ys

te
m

. F
oa

m
 w

as
 a

ls
o 

us
ed

 to
 se

al
 le

ak
s a

t t
he

 e
nd

s o
f t

he
 tw

o 
cr

os
so

ve
r d

uc
ts

 jo
in

in
g 

th
e 

tw
o 

m
ai

n 
H

V
A

C
 d

uc
ts

 a
t 

ea
ch

 e
nd

 o
f t

he
 h

ou
se

. S
uc

h 
du

ct
 le

ak
ag

e 
is

 n
ot

 u
nc

om
m

on
 in

 m
an

uf
ac

tu
re

d 
ho

m
es

 a
nd

 c
an

 
ha

ve
 a

 m
aj

or
, n

eg
at

iv
e 

ef
fe

ct
 o

n 
th

e 
ov

er
al

l s
ys

te
m

 e
ff

ic
ie

nc
y 

an
d 

th
er

eb
y 

th
e 

en
er

gy
 

co
ns

um
pt

io
n 

fo
r h

ea
tin

g 
an

d 
co

ol
in

g 
[1

2]
.

A
s n

ot
ed

 e
ls

ew
he

re
 in

 th
is

 p
ap

er
, i

t i
s m

uc
h 

ea
si

er
 a

nd
 c

os
t-e

ff
ec

tiv
e 

to
 a

ch
ie

ve
 a

 ti
gh

t 
en

ve
lo

pe
 d

ur
in

g 
co

ns
tru

ct
io

n 
th

an
 a

s p
ar

t o
f a

 re
tro

fit
 e

ff
or

t. 
Th

e 
re

tro
fit

s r
ep

or
te

d 
on

 h
er

e 
w

er
e 

th
or

ou
gh

, e
ve

n 
to

 th
e 

ex
te

nt
 o

f r
em

ov
in

g 
th

e 
si

di
ng

 to
 in

st
al

l a
 h

ou
se

 w
ra

p,
 b

ut
 so

m
e 

le
ak

ag
es

 si
te

s w
er

e 
in

ac
ce

ss
ib

le
. N

o 
le

ak
s i

n 
th

e 
ce

ili
ng

 o
f t

he
 h

ou
se

 c
ou

ld
 b

e 
ac

ce
ss

ed
 o

r 
se

al
ed

, a
nd

 th
er

e 
w

er
e 

pr
ob

ab
ly

 a
dd

iti
on

al
 le

ak
s i

n 
th

e 
flo

or
 a

nd
 th

e 
be

lly
 th

at
 c

ou
ld

 n
ot

 b
e 

re
pa

ire
d.

R
E

SU
L

T
S

Th
is

 se
ct

io
n 

pr
es

en
ts

 th
e 

re
su

lts
 o

f t
he

 m
ea

su
re

m
en

ts
 o

f t
he

 im
pa

ct
 o

f t
he

 re
tro

fit
s o

n 
th

e 
bu

ild
in

g 
an

d 
ai

r d
is

tri
bu

tio
n 

sy
st

em
 ti

gh
tn

es
s, 

th
e 

ve
nt

ila
tio

n 
sy

st
em

 a
irf

lo
w

 ra
te

s, 
th

e 
w

ho
le

 
bu

ild
in

g 
ai

r c
ha

ng
e 

ra
te

s a
nd

 th
e 

en
er

gy
 c

on
su

m
pt

io
n 

fo
r h

ea
tin

g 
an

d 
co

ol
in

g.

A
ir

tig
ht

ne
ss

A
s n

ot
ed

 a
bo

ve
, p

re
ss

ur
iz

at
io

n 
te

st
 m

et
ho

ds
 w

er
e 

us
ed

 to
 m

ea
su

re
 th

e 
ex

te
rio

r e
nv

el
op

e 
le

ak
ag

e,
 th

e 
le

ak
ag

e 
be

tw
ee

n 
th

e 
liv

in
g 

sp
ac

e 
an

d 
th

e 
cr

aw
l s

pa
ce

, a
nd

 th
e 

le
ak

ag
e 

of
 th

e
ai

r 
di

st
rib

ut
io

n 
sy

st
em

du
ct

w
or

k.
Th

e 
re

su
lts

 o
f t

he
se

 m
ea

su
re

m
en

ts
 a

re
 sh

ow
n 

in
 T

ab
le

 1
. I

n 
te

rm
s o

f t
he

 a
ir 

ch
an

ge
 ra

te
 a

t 5
0 

Pa
, t

he
 w

ho
le

 b
ui

ld
in

g 
pr

es
su

riz
at

io
n 

le
ak

ag
e 

w
as

 re
du

ce
d 

by
 2

4
%

 re
la

tiv
e 

to
 th

e 
pr

e-
re

tro
fit

 re
su

lts
 w

ith
 th

e 
sy

st
em

 u
ns

ea
le

d 
an

d 
by

 a
bo

ut
 1

1 
%

 
re

la
tiv

e 
to

 p
re

-r
et

ro
fit

 le
ak

ag
e 

w
ith

 th
e 

sy
st

em
 se

al
ed

. A
s n

ot
ed

 b
ef

or
e,

 th
e 

un
se

al
ed

 te
st

s 
w

er
e 

co
nd

uc
te

d 
w

ith
 th

e 
ai

r d
is

tri
bu

tio
n 

sy
st

em
 o

ff
 b

ut
 w

ith
 a

ll 
ve

nt
s i

n 
th

ei
r n

or
m

al
ly

 o
pe

n 
po

si
tio

ns
, w

hi
le

 th
e 

se
al

ed
 te

st
s w

er
e 

co
nd

uc
te

d 
w

ith
 a

ll 
su

pp
ly

 a
nd

 re
tu

rn
 v

en
ts

 se
al

ed
. T

he
 

le
ak

ag
e 

re
du

ct
io

n 
du

e 
to

 th
e 

re
tro

fit
 in

 te
rm

s o
f t

he
 e

ff
ec

tiv
e 

le
ak

ag
e 

ar
ea

 (E
LA

) a
t 4

Pa
 w

as
 

si
m

ila
r o

n 
a 

pe
rc

en
ta

ge
 b

as
is

. R
el

at
iv

e 
to

 th
e 

av
er

ag
e 

of
 th

e 
un

se
al

ed
 a

nd
 se

al
ed

 p
re

-r
et

ro
fit

 
va

lu
es

, t
he

 h
ou

se
 le

ak
ag

e 
w

as
 re

du
ce

d 
by

 1
8 

%
 b

y 
th

e 
ai

rti
gh

te
ni

ng
 re

tro
fit

s. 
Th

e 
du

ct
 

le
ak

ag
e 

re
du

ct
io

n 
is

 q
ui

te
 si

gn
ifi

ca
nt

, w
ith

 a
 re

du
ct

io
n 

of
 a

bo
ut

 8
2 

%
 re

la
tiv

e 
to

 th
e 

pr
e-

re
tro

fit
 v

al
ue

.

Pr
e-

re
tr
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it

Po
st

-r
et

ro
fit

W
ho

le
 b

ui
ld
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g 

pr
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tio

n
A

irf
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w
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0 

Pa
, h
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A
 a

t 4
 P
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cm
2

A
irf

lo
w

 a
t 

50
 P

a,
 h

-1
EL

A
 a

t 4
 P

a,
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2

Fo
rc

ed
-a

ir 
sy

st
em

 u
ns

ea
le

d
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ed
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ir 
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, c

m
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D
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Po
st

-r
et

ro
fit

 v
al

ue
s w

ith
 th

e 
sy

st
em

 se
al

ed
 a

nd
 u

ns
ea

le
d 

ar
e 

no
t s

ig
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fic
an

tly
 d

iff
er

en
t r

el
at

iv
e 

to
 

m
ea

su
re

m
en

t u
nc

er
ta

in
ty

.

Ta
bl
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1.

Pr
e-

an
d 

po
st

-r
et

ro
fit

 a
irt

ig
ht

ne
ss
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su

lts
.

A
ir
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ng
e 

ra
te

s
Th

e 
ai

r c
ha

ng
e 

ra
te

s i
n 

th
e 
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e 
de
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ea

se
d 

af
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Thursday 13 October 2011 
 
 
15.50 – 17.00 Closing session 
 

• Summing up of airtightness track (Willem de Gids, Expert, VentGuide, Netherlands) 
• Summing up of ventilation track (Martin Liddament, Expert, Veetech Ltd, UK) 
• Perspectives for AIVC and TightVent projects (Rémi Carrié, Senior Consultant, INIVE, France) 
• Can we meet the ventilation required in international standards in an energy efficient way? (Bjarne 

Olesen, Professor, Technical University of Denmark 
 
 
17.00 End of the conference 
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e 

zo
ne

 m
2 ,

P z
=

Zo
ne

 p
op

ul
at

io
n:

 th
e 

gr
ea

te
st

 n
um

be
ro

f p
eo

pl
e 

ex
pe

ct
ed

 to
 o

cc
up

y 
th

e 
zo

ne
 

du
rin

g 
ty

pi
ca

l u
sa

ge
. 

R
p

=
O

ut
do

or
 a

irf
lo

w
 ra

te
 re

qu
ire

d 
pe

r p
er

so
n:

 th
es

e 
va

lu
es

 a
re

 b
as

ed
 o

n 
ad

ap
te

d 
oc

cu
pa

nt
s i

n 
EN

15
25

1 
an

d 
un

-a
da

pt
ed

 in
 A

SH
R

A
E-

62
.1

.
R

a
=

O
ut

do
or

 a
irf

lo
w

 ra
te

 re
qu

ire
d 

pe
r u

ni
t a

re
a.

In
 th

e 
st

an
da

rd
sd

iff
er

en
t m

et
ho

ds
 fo

r c
al

cu
la

tin
g 

th
e 

re
co

m
m

en
de

d 
ve

nt
ila

tio
n 

ra
te

 a
re

 
in

cl
ud

ed
. A

s a
 m

in
im

um
 it

 m
us

t b
e 

ve
nt

ila
te

d 
to

 d
ilu

te
 th

e 
bi

oe
ff

lu
en

ts
 fr

om
 th

e 
oc

cu
pa

nt
s 

(p
eo

pl
e 

co
m

po
ne

nt
, R

p, 
se

e 
ta

bl
e 

1)
. T

he
se

 ra
te

s a
re

 in
 E

N
15

25
1 

sp
ec

ifi
ed

 fo
r t

hr
ee

 c
at

eg
or

ie
s 

of
 in

do
or

 a
ir 

qu
al

ity
, b

as
ed

 o
n 

th
e 

pr
ed

ic
tio

n 
th

at
 a

 c
er

ta
in

 p
er

ce
nt

ag
e 

of
 v

is
ito

rs
 w

ill
 fi

nd
 th

e 
ai

r q
ua

lit
y 

un
ac

ce
pt

ab
le

 (s
ee

 T
ab

le
 1

). 
Th

e 
de

si
gn

 le
ve

ls
 a

re
 th

us
 a

de
qu

at
e 

fo
r p

eo
pl

e 
w

ho
 

w
al

k 
in

to
 a

 sp
ac

e.
 It

 is
 d

eb
at

ab
le

 if
 th

is
 sh

ou
ld

 a
lw

ay
sb

e 
th

e 
ca

se
. P

eo
pl

e 
ad

ap
t v

er
y 

qu
ic

kl
y 

to
 th

e
od

ou
r(

bi
oe

ff
lu

en
ts

) i
n 

a 
sp

ac
e 

w
hi

le
 th

er
e 

is
 le

ss
 a

da
pt

io
n 

to
 e

m
is

si
on

s f
ro

m
 b

ui
ld

in
g 

m
at

er
ia

ls
 a

nd
 to

ba
cc

o 
sm

ok
e 

(o
do

ur
an

d 
irr

ita
nt

s, 
[5

])
. T

o 
pr

ov
id

e 
an

 a
cc

ep
ta

bl
e 

pe
rc

ei
ve

d 
ai

r 
qu

al
ity

 fo
r o

cc
up

an
ts

 (w
ho

ha
ve

 a
da

pt
ed

 to
 th

e 
ai

r q
ua

lit
y 

fo
r a

t l
ea

st
 1

5 
m

in
.) 

it 
is

 e
st

im
at

ed
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th
at

 o
ne

 th
ird

 o
f t

he
 v

en
til

at
io

n 
ra

te
 is

 su
ff

ic
ie

nt
 i.

e.
 fo

r c
at

eg
or

y 
II 

2,
 5

 in
st

ea
d 

of
 7

 l/
s p

er
 

pe
rs

on
. T

he
 A

SH
R

A
E 

St
an

da
rd

 6
2.

1 
fo

r v
en

til
at

io
n 

an
d 

in
do

or
 a

ir 
qu

al
ity

 d
ef

in
es

 v
en

til
at

io
n 

le
ve

ls
 fo

r a
da

pt
ed

 p
er

so
ns

 (o
cc

up
an

ts
). 

In
 a

dd
iti

on
, t

he
  m

in
im

um
 re

co
m

m
en

de
d 

ve
nt

ila
tio

n 
is

 in
cr

ea
se

d 
w

ith
 a

 b
ui

ld
in

g-
re

la
te

d 
ve

nt
ila

tio
n 

ra
te

, i
n 

or
de

r t
o 

ta
ke

 in
to

 a
cc

ou
nt

 th
e 

em
is

si
on

s f
ro

m
 th

e 
bu

ild
in

g 
an

d 
its

 s
ys

te
m

s 
(s

ee
 T

ab
le

 1
). 

Th
er

e 
is

,h
ow

ev
er

 n
o 

ge
ne

ra
l a

gr
ee

m
en

t o
n 

w
he

th
er

 th
e 

co
nt

rib
ut

io
n 

fr
om

 th
e 

bu
ild

in
g 

sh
ou

ld
 b

e 
ad

de
d 

in
 fu

ll.
 S

ev
er

al
 st

ud
ie

s i
nd

ic
at

e 
th

is
 is

 th
e 

be
st

 a
pp

ro
xi

m
at

io
n,

 b
ut

 it
 

m
ay

 n
ot

 b
e 

va
lid

 fo
r a

ll 
ty

pe
s o

f p
ol

lu
ta

nt
s. 

H
er

e 
it 

is
 th

e 
co

nt
rib

ut
io

n 
to

 th
e

od
ou

ra
nd

 
irr

ita
tio

n 
(p

er
ce

iv
ed

 a
ir 

qu
al

ity
) w

hi
ch

 m
us

t b
e 

ta
ke

n 
in

to
 a

cc
ou

nt
. S

o 
it 

ca
n 

be
 a

rg
ue

d 
th

ey
 a

ll 
in

flu
en

ce
 o

ne
 o

rg
an

 (t
he

 n
os

e)
 a

nd
 so

 sh
ou

ld
 b

e 
ad

de
d.

 W
he

n 
th

e 
he

al
th

 ri
sk

 is
 c

on
si

de
re

d 
a 

si
m

pl
e 

ad
di

tio
n 

ca
n 

on
ly

 b
e 

m
ad

e 
fo

r t
he

 sa
m

e 
ch

em
ic

al
 c

om
po

ne
nt

. T
he

re
fo

re
 in

 so
m

e 
co

un
tri

es
 it

 is
 re

co
m

m
en

de
d 

th
at

 th
e 

m
in

im
um

 v
en

til
at

io
n 

ra
te

 sh
ou

ld
 b

e 
sp

ec
ifi

ed
 a

s a
 v

al
ue

 
be

tw
ee

n 
th

e 
m

in
im

um
 le

ve
l f

or
 p

eo
pl

e 
(b

io
ef

flu
en

ts
) a

nd
 th

e 
hi

gh
er

 ra
te

 th
at

 ta
ke

s a
cc

ou
nt

 o
f 

bo
th

 o
cc

up
an

t a
nd

 b
ui

ld
in

g 
em

is
si

on
s.

C
at

eg
or

y
Ex

pe
ct

ed
 

Pe
rc

en
ta

ge
 

D
is

sa
tis

fie
d

Pe
op

le
 

co
m

po
ne

nt
 

l/s
 p

er
so

n

B
ui

ld
in

g 
co

m
po

ne
nt

 

V
er

y 
lo

w
 

po
llu

tin
g

l/s
 m

²

Lo
w

 
po

llu
tin

g
l/s

 m
²

N
ot

 L
ow

 
po

llu
tin

g
l/s

 m
²

I
15

1O
0,

5
1,

0
2,

0
II

20
7

0,
35

0,
7

1,
4

II
I

30
4

0,
2

0,
4

0,
8

Ta
bl

e 
1.

B
as

ic
 re

qu
ire

d 
ve

nt
ila

tio
n 

ra
te

s f
or

 d
ilu

tin
g 

em
is

si
on

s (
bi

o 
ef

flu
en

ts
) f

ro
m

 p
eo

pl
e 

an
d 

th
re

e 
ty

pe
s o

f 
bu

ild
in

gs
 fo

r d
iff

er
en

t c
at

eg
or

ie
s o

f i
nd

oo
r e

nv
iro

nm
en

ta
l q

ua
lit

y

C
rit

er
ia

 fo
r t

he
 v

en
til

at
io

n 
ra

te
 m

ay
 a

ls
o 

be
 e

xp
re

ss
ed

 a
s t

ot
al

 ra
te

s p
er

 m
2

flo
or

 a
re

a 
(l/

s p
er

 
m

2 ) o
r p

er
 o

cc
up

an
t (

l/s
 p

er
 o

cc
up

an
t).

 B
y 

ex
pr

es
si

ng
 it

 a
s a

 p
eo

pl
e 

pa
rt 

an
d 

as
 a

 b
ui

ld
in

g 
pa

rt 
it 

be
co

m
es

 e
as

ie
r t

o 
ca

lc
ul

at
e 

re
qu

ire
d 

ve
nt

ila
tio

n 
ra

te
s f

or
 n

on
-ty

pi
ca

l l
ev

el
s o

f o
cc

up
an

cy
. 

O
ne

 is
su

e 
is

 th
e 

ra
te

 fo
r t

he
 b

ui
ld

in
g 

co
m

po
ne

nt
 fo

r d
iff

er
en

t t
yp

es
 o

f b
ui

ld
in

gs
. F

or
ne

w
 

bu
ild

in
gs

 (W
ar

go
ck

i-2
00

4 
[6

])
, w

he
re

 a
tte

nt
io

n 
ha

s b
ee

n 
pa

id
 to

 th
e 

se
le

ct
io

n 
of

 b
ui

ld
in

g 
m

at
er

ia
ls

, n
o 

sm
ok

in
g 

et
c.

, l
ow

er
 le

ve
ls

 c
or

re
sp

on
di

ng
 to

 0
,1

4 
l/s

 p
er

 m
2 

ca
n 

be
 o

bt
ai

ne
d.

 A
 

ve
ry

-lo
w

 p
ol

lu
tin

g 
bu

ild
in

g 
is

 th
er

ef
or

e 
in

cl
ud

ed
 in

 T
ab

le
 1

 a
nd

 2
. T

he
re

 is
, h

ow
ev

er
, a

 n
ee

d 
to

 e
st

ab
lis

h 
pr

oc
ed

ur
es

 a
nd

 te
st

 m
et

ho
ds

 fo
r m

at
er

ia
ls

 o
n 

th
e 

ba
si

s o
f w

hi
ch

 th
e 

ty
pe

 o
f 

bu
ild

in
g 

po
llu

tio
n 

le
ve

l c
an

 b
e 

de
te

rm
in

ed
. I

n 
th

e 
an

ne
x 

to
 th

e 
st

an
da

rd
 so

m
e 

su
gg

es
te

d 
cr

ite
ria

 h
av

e 
be

en
 in

cl
ud

ed
. 

Ta
bl

e 
2 

sh
ow

s t
he

 re
qu

ire
d 

ve
nt

ila
tio

n 
ra

te
s f

ro
m

 st
an

da
rd

 E
N

15
25

1 
co

m
pa

re
d 

to
 A

SH
R

A
E 

62
.1

. T
he

re
 a

re
 q

ui
te

 b
ig

 d
iff

er
en

ce
s b

et
w

ee
n 

th
e 

Eu
ro

pe
an

 re
co

m
m

en
da

tio
ns

 a
nd

 th
os

e 
lis

te
d 

by
 A

SH
R

A
E.

 O
ne

 m
aj

or
 re

as
on

 is
 th

at
 A

SH
R

A
E 

re
qu

ire
m

en
ts

 a
re

 m
in

im
um

 c
od

e 
re

qu
ire

m
en

ts
, w

he
re

 th
e 

ba
si

s f
or

 d
es

ig
n 

is
 a

da
pt

ed
 p

eo
pl

e,
 w

hi
le

 th
e 

Eu
ro

pe
an

 
re

co
m

m
en

da
tio

ns
 a

re
 fo

r u
n-

ad
ap

te
d 

pe
op

le
 (v

is
ito

rs
).

V
en

til
at

io
n 

ef
fe

ct
iv

en
es

s
Th

e 
ve

nt
ila

tio
n 

ra
te

s 
sp

ec
ifi

ed
 in

 th
e 

st
an

da
rd

s 
(T

ab
le

 2
) 

ar
e 

th
e 

re
qu

ire
d 

ra
te

s 
at

 b
re

at
hi

ng
 

le
ve

l 
in

 t
he

 o
cc

up
ie

d 
zo

ne
. 

Th
e 

re
qu

ire
d 

ve
nt

ila
tio

n 
ra

te
 a

t 
th

e 
ro

om
 s

up
pl

y 
di

ff
us

er
s 

ar
e 

ca
lc

ul
at

ed
 a

s:
To

ta
l v

en
til

at
io

n 
ra

te
 V

   
= 

V b
z

/
v�

(2
)

W
he

re
: V b

z =
 b

re
at

hi
ng

 zo
ne

 v
en

til
at

io
n

s
i

s
e

v
C

C
C

C
��

�
�

(3
)

W
he

re
:

v�
= 

V
en

til
at

io
n 

ef
fe

ct
iv

en
es

s 

e
C

= 
Po

llu
ta

nt
 c

on
ce

nt
ra

tio
n 

in
 e

xt
ra

ct
 a

ir

s
C

= 
Po

llu
ta

nt
 c

on
ce

nt
ra

tio
n 

in
 su

pp
ly

 a
ir 

i
C

= 
Po

llu
ta

nt
 c

on
ce

nt
ra

tio
n 

at
 b

re
at

hi
ng

 le
ve

l

Th
e 

ve
nt

ila
tio

n 
ef

fe
ct

iv
en

es
s 

de
pe

nd
s 

on
 t

he
 a

ir 
di

st
rib

ut
io

n 
ef

fic
ie

nc
y 

an
d 

th
e 

ty
pe

 a
nd

 
po

si
tio

n 
of

 th
e 

po
llu

tio
n 

so
ur

ce
(s

), 
so

 th
is

 v
al

ue
 is

 n
ot

 o
nl

y 
a 

sy
st

em
 c

ha
ra

ct
er

is
tic

. I
n 

m
os

t 
ca

se
s 

it 
is

 a
ss

um
ed

 th
at

 th
e 

po
llu

ta
nt

 e
m

is
si

on
 is

 u
ni

fo
rm

, s
o 

th
e 

ve
nt

ila
tio

n 
ef

fe
ct

iv
en

es
s 

is
 

th
e 

sa
m

e 
as

 th
e 

ai
r d

is
tri

bu
tio

n 
ef

fe
ct

iv
en

es
s. 

Fo
r a

 fu
lly

-m
ix

ed
 v

en
til

at
io

n 
sy

st
em

 th
e 

va
lu

e 
is

 
1 

an
d 

th
e 

ve
nt

ila
tio

n 
ra

te
s 

in
 T

ab
le

 2
 c

an
 b

e 
us

ed
 f

or
 t

he
 d

es
ig

n 
of

 t
he

 s
up

pl
y 

gr
ill

s. 
Th

e 
ve

nt
ila

tio
n 

ef
fe

ct
iv

en
es

s 
or

 a
ir 

di
st

rib
ut

io
n 

ef
fic

ie
nc

y 
is

 a
 fu

nc
tio

n 
of

 th
e 

po
si

tio
n 

an
d 

ty
pe

 o
f 

su
pp

ly
 a

nd
 re

tu
rn

 g
ril

ls
, a

nd
 d

ep
en

ds
 o

n 
th

e 
di

ff
er

en
ce

 b
et

w
ee

n 
su

pp
ly

 a
nd

 ro
om

 te
m

pe
ra

tu
re

 
an

d 
on

 th
e 

to
ta

l a
m

ou
nt

 o
f a

irf
lo

w
 th

ro
ug

h 
th

e 
su

pp
ly

 g
ril

l. 
Th

e 
ai

r d
is

tri
bu

tio
n 

ef
fe

ct
iv

en
es

s 
ca

n 
be

 c
al

cu
la

te
d 

nu
m

er
ic

al
ly

 o
r 

m
ea

su
re

d 
ex

pe
rim

en
ta

lly
. T

yp
ic

al
 e

xa
m

pl
es

 o
f 

ve
nt

ila
tio

n 
ef

fe
ct

iv
en

es
s/

ai
r d

is
tri

bu
tio

n 
ef

fe
ct

iv
en

es
s a

re
 sh

ow
n 

in
 F

ig
ur

e 
1 

[7
]. 

Fi
gu

re
 1

. T
yp

ic
al

 e
xa

m
pl

es
 o

f v
en

til
at

io
n/

ai
r d

is
tri

bu
tio

n 
ef

fe
ct

iv
en

es
s[

8]

Th
e 

ai
r 

di
st

rib
ut

io
n

ef
fe

ct
iv

en
es

s
ta

ke
s 

in
to

 a
cc

ou
nt

 th
e 

ai
r 

di
st

rib
ut

io
n 

in
 a

 s
pa

ce
, b

ut
 d

oe
s 

no
t t

ak
e 

in
to

 a
cc

ou
nt

 h
ow

 e
ff

ec
tiv

el
y 

th
e 

ou
ts

id
e 

ai
r 

is
 tr

an
sp

or
te

d 
th

ro
ug

h 
th

e 
du

ct
s 

to
 th

e 
sp

ac
e.

 If
 th

e 
sy

st
em

 h
as

 a
ny

 a
ir 

le
ak

ag
e,

 th
e 

am
ou

nt
 o

f v
en

til
at

io
n 

ai
r m

us
t b

e 
in

cr
ea

se
d.

 T
hi

s 
is

 n
ot

 d
ea

lt 
w

ith
 in

 e
n1

52
51

, b
ut

 is
 m

en
tio

ne
d 

in
 A

SH
R

A
E

62
.1

.

A
na

ly
tic

al
 p

ro
ce

du
re

A
ll 

of
 th

e 
lis

te
d 

st
an

da
rd

s s
pe

ci
fy

 a
n 

an
al

yt
ic

al
 p

ro
ce

du
re

, e
ith

er
 in

 th
e 

st
an

da
rd

 te
xt

 o
r i

n 
an

 
in

fo
rm

at
iv

e 
ap

pe
nd

ix
. I

n 
th

is
 p

ro
ce

du
re

 th
e 

re
qu

ire
d 

ve
nt

ila
tio

n 
ra

te
 is

 c
al

cu
la

te
d 

on
 a

 c
om

fo
rt 

ba
si

s (
pe

rc
ei

ve
d 

od
ou

r a
nd

/o
r i

rr
ita

tio
n)

 a
s w

el
l a

s o
n 

a 
he

al
th

 b
as

is
. T

he
 h

ig
he

st
 c

al
cu

la
te

d 
va

lu
e,

 w
hi

ch
 in

 m
os

t c
as

es
 w

ill
 b

e 
th

e 
co

m
fo

rt 
va

lu
e,

 is
 th

en
 u

se
d 

as
 th

e 
re

qu
ire

d 
m

in
im

um
 

ve
nt

ila
tio

n 
ra

te
. T

he
 b

as
is

 fo
r t

he
 c

al
cu

la
tio

n 
is

 in
 a

ll 
st

an
da

rd
s b

as
ed

 o
n 

a 
m

as
s b

al
an

ce
 

ca
lc

ul
at

io
n.

Th
e 

re
qu

ire
d 

ve
nt

ila
tio

n 
ra

te
 is

 c
al

cu
la

te
d 

as
:

�
�

Q
G

C
C

E
i

o
v

�
�

�
l s

-1
(4

)

T 
su

pp
ly

 - 
  

T 
in

ha
l

V
en

t. 
ef

fe
ct

.
T 

su
pp

ly
 - 

  
T 

in
ha

l
V

en
t. 

ef
fe

ct
.

T 
su

pp
ly

 - 
  

T 
in

ha
l

V
en

t. 
ef

fe
ct

.
T 

su
pp

ly
 - 

  
T 

ro
om

V
en

t. 
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d 

ex
ha

us
t i

n 
ki

tc
he

n,
 b

at
hr

oo
m

s a
nd

 to
ile

ts
.  

(T
ab

le
2)

.

C
at

eg
or

y
A

ir 
ch

an
ge

 ra
te

 
1)

Li
vi

ng
 ro

om
 a

nd
 

be
dr

oo
m

s, 
m

ai
nl

y 
ou

td
oo

r 
ai

r f
lo

w
 

Ex
ha

us
t a

ir 
flo

w
, l

/s

l/s
,m

2 

(1
)

ac
h

l/s
, p

er
s2)

(2
)

l/s
/m

2

(3
)  

   
  

K
itc

he
n

(4
a)

B
at

hr
oo

m
s (4

b)

To
ile

ts
(4

)

I
0,

49
0,

7
10

1,
4

28
20

14
II

0,
42

0,
6

7
1,

0
20

15
10

II
I

0,
35

0,
5

4
0,

6
14

10
7

1)
Th

e 
ai

r c
ha

ng
e 

ra
te

s e
xp

re
ss

ed
 in

 l/
sm

2
an

d 
ac

h 
co

rr
es

po
nd

 to
 e

ac
h 

ot
he

r w
he

n 
th

e 
ce

ili
ng

 h
ei

gh
t i

s 2
,5

 m
2)

Th
e 

nu
m

be
r o

f o
cc

up
an

ts
 in

 a
 re

si
de

nc
e 

ca
n 

be
 e

st
im

at
ed

 fr
om

 th
e 

nu
m

be
r o

f b
ed

ro
om

s. 
Th

e 
as

su
m

pt
io

ns
 m

ad
e 

at
 n

at
io

na
l l

ev
el

 h
av

e 
to

 b
e 

us
ed

 w
he

n 
ex

is
tin

g,
 th

ey
 m

ay
 v

ar
y 

fo
r e

ne
rg

y 
an

d 
fo

r I
A

Q
 c

al
cu

la
tio

ns
.

Ta
bl

e 
2

V
en

til
at

io
n 

ra
te

s f
or

 re
si

de
nt

ia
l b

ui
ld

in
gs

 w
ith

 m
ec

ha
ni

ca
l v

en
til

at
io

n.
  C

on
tin

uo
us

 o
pe

ra
tio

n 
of

 
ve

nt
ila

tio
n 

du
rin

g 
oc

cu
pi

ed
 h

ou
rs

. C
om

pl
et

e 
m

ix
in

g.
 E

N
15

25
1:

 

In
 A

SH
R

A
E 

62
.2

 [5
] t

he
 re

qu
ire

m
en

ts
 a

re
 sp

ec
ify

ed
 a

s a
ba

si
c 

m
ec

ha
ni

ca
l v

en
til

at
io

n 
of

:

0.
05

l/s
*F

lo
or

A
re

a+
3.

5l
/s

*n
um

be
r o

f p
er

so
ns

(4
)

w
he

re
 it

 is
 a

ss
um

e 
th

at
 th

e 
nu

m
be

r o
f p

eo
pl

e=
1+

nu
m

be
r o

f b
ed

ro
om

s
It 

is
 a

ls
o 

as
su

m
ed

 th
at

 y
ou

 g
et

 1
0 

L/
s p

er
 1

00
 m

2
of

 fl
oo

r a
re

a 
of

 e
xt

ra
 v

en
til

at
io

n 
fr

om
 

in
fil

tra
tio

n.
Fo

r a
 U

S 
si

ze
d 

ho
us

e 
th

is
 le

ad
s t

o 
a 

to
ta

l o
f a

bo
ut

 0
.3

5 
A

C
H

 h
al

f o
f w

hi
ch

 is
 

co
m

in
g 

fr
om

 in
fil

tra
tio

n 
an

d 
ha

lf 
fr

om
 th

e 
m

ec
ha

ni
ca

l s
ys

te
m

.T
hi

s c
or

re
sp

on
ds

 to
 c

at
eg

or
y 

II
I i

n 
EN

15
25

1.

T
E

C
H

N
O

L
O

G
IE

S 
A

N
D

 M
E

T
H

O
D

S 
T

O
 IM

PR
O

V
E

 IN
D

O
O

R
 A

IR
 Q

U
A

L
IT

Y

R
em

ov
al

 o
f S

ou
rc

es
Th

e 
m

os
t e

ff
ic

ie
nt

 w
ay

 o
f r

ed
uc

in
g 

en
er

gy
 c

on
su

m
pt

io
n 

fo
r v

en
til

at
io

n 
an

d 
in

cr
ea

se
 th

e 
in

do
or

 e
nv

iro
nm

en
ta

l q
ua

lit
y 

is
 re

du
ci

ng
 th

e 
so

ur
ce

s o
f e

m
is

si
on

s i
n 

bu
ild

in
gs

. T
he

re
 is

 a
n 

ur
ge

nt
 n

ee
d 

fo
r b

et
te

r c
er

tif
ic

at
io

n 
an

d 
la

be
lin

g 
of

 th
e 

m
at

er
ia

ls
 u

se
d 

in
 b

ui
ld

in
gs

 a
nd

 th
e 

ve
nt

ila
tio

n 
st

an
da

rd
s m

us
t i

nc
lu

de
 m

et
ho

ds
 th

at
 fa

vo
r t

he
 m

an
uf

ac
tu

re
rs

 o
f “

go
od

” 
(lo

w
 

po
llu

tin
g)

 m
at

er
ia

ls
.A

 st
ar

t h
as

 b
ee

n 
m

ad
e 

by
 d

ef
in

in
g 

th
re

e 
ty

pe
s o

f b
ui

ld
in

gs
 in

 E
N

15
25

1,
 

bu
t t

he
 m

et
ho

d 
fo

r e
va

lu
at

in
g 

to
 w

hi
ch

 ty
pe

 a
n 

ex
is

tin
g 

or
 p

ro
je

ct
ed

 b
ui

ld
in

g 
sh

ou
ld

 b
el

on
g 

is
 

no
t g

oo
d 

en
ou

gh
.

In
 m

an
y 

co
un

tri
es

 a
 m

at
er

ia
l l

ab
el

lin
g 

sy
st

em
 a

nd
 c

er
tif

ic
at

io
n 

of
 e

m
is

si
on

s f
ro

m
 m

at
er

ia
l 

ha
ve

 b
ee

n 
in

tro
du

ce
d

; b
ut

 w
ith

ou
t a

ny
 d

ire
ct

 li
nk

 to
 th

e 
in

flu
en

ce
 o

n 
re

qu
ire

d 
ve

nt
ila

tio
n 

in
 a

 
sp

ac
e.

 
In

cr
ea

se
d 

ve
nt

ila
tio

n 
ef

fe
ct

iv
en

es
s

In
 m

os
t c

as
es

 it
 is

 a
ss

um
ed

 th
at

 th
e 

po
llu

ta
nt

 e
m

is
si

on
 is

 u
ni

fo
rm

, s
o 

th
e 

ve
nt

ila
tio

n 
ef

fe
ct

iv
en

es
s i

s t
he

 sa
m

e 
as

 th
e 

ai
r d

is
tri

bu
tio

n 
ef

fe
ct

iv
en

es
s. 

Th
e 

ai
r d

is
tri

bu
tio

n 
ef

fic
ie

nc
y 

is
 

a 
fu

nc
tio

n 
of

 th
e 

po
si

tio
n 

an
d 

ty
pe

 o
f s

up
pl

y 
an

d 
re

tu
rn

 g
ril

ls
, a

nd
 d

ep
en

ds
 o

n 
th

e 
di

ff
er

en
ce

 

Page 297



be
tw

ee
n 

su
pp

ly
 a

nd
 ro

om
 te

m
pe

ra
tu

re
 a

nd
 o

n 
th

e 
to

ta
l a

m
ou

nt
 o

f a
irf

lo
w

 th
ro

ug
h 

th
e 

su
pp

ly
 

gr
ill

[7
]. 

Th
e 

ai
r d

is
tri

bu
tio

n 
ef

fe
ct

iv
en

es
s c

an
 b

e 
ca

lc
ul

at
ed

 n
um

er
ic

al
ly

 o
r m

ea
su

re
d 

ex
pe

rim
en

ta
lly

. 
To

 u
se

 v
en

til
at

io
n 

ef
fe

ct
iv

en
es

s c
an

 b
e 

on
e 

w
ay

 o
f t

ak
in

g 
in

to
 a

cc
ou

nt
 p

er
so

na
liz

ed
 

ve
nt

ila
tio

n;
 b

ut
 w

e 
ne

ed
 a

ls
o 

to
 lo

ok
 a

t i
ss

ue
s l

ik
e 

ac
ce

pt
an

ce
 o

f h
ig

he
r a

ir 
ve

lo
ci

tie
s a

nd
 le

ss
 

st
ric

t r
eq

ui
re

m
en

ts
 to

 th
e 

ge
ne

ra
l e

nv
iro

nm
en

t i
f t

he
 p

er
so

n 
is

 e
qu

ip
pe

d 
w

ith
 a

 p
er

so
na

l 
sy

st
em

. 

D
em

an
d 

co
nt

ro
lle

d 
ve

nt
ila

tio
n

A
 w

el
l k

no
w

n 
m

et
ho

d 
to

 re
du

ce
 e

ne
rg

y 
us

e 
fo

r v
en

til
at

io
n 

is
 o

nl
y 

to
 v

en
til

at
e 

w
he

n 
oc

cu
pa

nt
s 

ar
e 

pr
es

en
t. 

A
s a

ls
o 

th
e 

nu
m

be
r o

f o
cc

up
na

ts
 a

re
 th

e 
so

ur
ce

 st
re

ng
th

 th
at

 v
ar

ie
s t

he
 m

os
t i

n 
a 

bu
ild

in
g 

th
e 

le
ve

l o
f v

en
til

at
io

n 
sh

ou
ld

 p
re

fe
ra

bl
y 

co
rr

es
po

nd
s t

o 
th

e 
nu

m
be

r o
f o

cc
up

an
ts

. 
Th

is
 is

 b
as

ic
ca

lly
 w

ha
t d

em
an

d 
co

nt
ro

lle
d 

ve
nt

ila
tio

n
(D

C
V

)i
s a

bo
ut

. 
In

 re
si

de
nt

ia
l b

ui
ld

in
gs

 D
C

V
 c

an
 b

e 
co

nt
ro

lle
d 

by
 ti

m
e 

sc
he

du
le

 (o
cc

up
at

io
n 

of
 th

e 
ho

us
e)

, 
hu

m
id

ity
 o

r C
O

2
se

ns
or

s. 
A

s s
om

e 
of

 th
e 

m
aj

or
 so

ur
ce

s i
n 

re
si

de
nt

ia
l b

ui
ld

in
gs

 m
ay

 n
ot

 b
e 

pe
op

le
 a

 C
O

2
se

ns
or

 is
 n

ot
 a

lw
ay

s t
he

 b
es

t c
ho

is
e.

 T
he

re
 h

as
 b

ee
n 

fo
r m

an
y 

ye
ar

s a
n 

in
te

re
st

 
in

 d
ev

el
op

pi
ng

 se
ns

or
s, 

w
hi

ch
 re

po
ns

es
 to

 m
an

y 
po

lu
ta

nt
s, 

lik
e 

a 
hu

m
an

 n
os

e
; b

ut
 u

nt
il 

no
w

 
it 

ha
s b

ee
n 

ve
ry

 d
iff

ic
ul

t t
o 

fin
d 

 a
 g

oo
d 

se
ns

or
. A

s t
he

re
 is

 a
 si

gn
ifi

ca
nt

 b
ac

kg
ro

un
d 

le
ve

l o
f 

po
llu

ta
nt

 in
 a

 re
si

de
nt

ia
l b

ui
ld

in
g 

th
e 

on
se

t o
f v

en
til

at
io

n 
m

us
t b

e 
be

fo
re

 th
e 

oc
cu

pa
nt

s a
rr

iv
e,

 
w

hi
ch

 m
ak

es
 it

 e
ve

n 
m

or
e 

di
ff

ic
ul

t. 
So

m
e 

co
un

tri
es

 re
qu

ire
 a

 v
en

til
at

io
n 

ra
te

 o
f 0

.5
 a

ch
 in

 
ev

er
y 

ro
om

 a
ll 

th
e 

tim
e.

 It
 w

ou
ld

 b
e 

m
or

e 
en

er
gy

 e
ff

ic
ie

nt
 if

 th
is

 re
qu

ire
m

en
t w

as
 o

nl
y 

va
lid

 
w

he
n 

th
e 

ro
om

 is
 o

cc
up

ie
d.

 T
hi

s w
ou

ld
 th

en
 a

ls
o 

op
en

 u
p 

fo
r t

he
 p

os
si

bi
lit

y 
to

 v
ar

y 
th

e 
ve

nt
ila

tio
n 

ra
te

 fr
om

 ro
om

 to
 ro

om
 i.

e.
ve

nt
ila

te
 in

 k
itc

he
n 

liv
in

g 
ro

om
 d

ur
in

g 
da

y 
an

d 
ev

en
in

g 
an

d 
be

dr
oo

m
s d

ur
in

g 
th

e 
ni

gh
t. 

In
 c

om
m

er
ci

al
 b

ui
ld

in
gs

 D
C

V
 c

ou
ld

 fi
rs

t o
f a

ll 
be

 b
as

ed
 o

n 
a 

sc
he

du
le

 fo
r w

or
ki

ng
 h

ou
rs

, 
se

co
nd

ly
 it

 c
ou

ld
 b

e 
ba

se
d 

on
 a

 p
er

so
n 

de
te

ct
or

 a
nd

 fi
na

lly
 w

ha
t i

s b
ec

om
in

g 
m

or
e 

co
m

m
on

 
on

 a
 C

O
2

se
ns

or
. I

n 
co

m
m

er
ci

al
 b

ui
ld

in
gs

 a
 C

O
2

se
ns

or
 is

 n
or

m
al

ly
 a

 g
oo

d 
ch

oi
se

 a
s t

he
 

do
m

in
an

t s
ou

rc
e 

is
 p

eo
pl

e.
 

A
ir

 c
le

an
in

g
G

as
eo

us
 a

ir 
cl

ea
ni

ng
is

 n
ot

 ta
ke

n 
in

to
 a

cc
ou

nt
 a

t a
ll 

in
 E

N
15

25
1,

 w
hi

le
 A

SH
R

A
E 

62
.1

 b
y 

us
in

g 
th

e 
an

al
yt

ic
al

 p
ro

ce
du

re
 c

an
 a

llo
w

 so
m

e 
cr

ed
its

 fo
r a

ir 
cl

ea
ni

ng
. T

he
re

 is
 a

n 
in

cr
ea

se
d 

in
te

re
st

 in
 th

e 
de

ve
lo

pm
en

t o
f a

ir 
pu

rif
ic

at
io

n 
eq

ui
pm

en
t. 

Th
is

 m
ay

 b
e 

an
 a

cc
ep

ta
bl

e 
w

ay
 o

f 
re

du
ci

ng
 th

e 
am

ou
nt

 o
f o

ut
si

de
 a

ir,
 sa

vi
ng

 e
ne

rg
y

an
d 

st
ill

 h
av

in
g 

an
 a

cc
ep

ta
bl

e 
in

do
or

 a
ir 

qu
al

ity
. H

ow
ev

er
, b

et
te

r t
es

t m
et

ho
ds

 fo
r a

ir 
cl

ea
ne

rs
 a

re
 re

qu
ire

d,
 b

ec
au

se
 a

t p
re

se
nt

 th
e 

te
st

 
is

 u
su

al
ly

 b
as

ed
 o

n 
ch

em
ic

al
 m

ea
su

re
m

en
ts

 a
nd

 th
e 

re
su

lti
ng

 e
ff

ec
t o

n 
od

ou
r o

r p
er

ce
iv

ed
 a

ir 
qu

al
ity

 is
 n

ot
 ta

ke
n 

in
to

 a
cc

ou
nt

[8
,9

]. 
It 

is
 a

ls
o 

ve
ry

 im
po

rta
nt

 to
 sp

ec
ify

 w
hi

ch
 k

in
d 

of
 

“p
ol

lu
ta

nt
s”

 sh
ou

ld
 b

e 
us

ed
 w

he
n 

te
st

in
g.

 S
om

e 
ai

r p
ur

ifi
ca

tio
n 

sy
st

em
s m

ay
 w

or
k 

w
el

l o
n 

V
O

C
’s

 (e
m

is
si

on
 fr

om
 m

at
er

ia
ls

) b
ut

 h
av

e 
ze

ro
 o

r e
ve

n 
a 

ne
ga

tiv
e 

ef
fe

ct
 if

 th
e 

so
ur

ce
 is

 
pe

op
le

 (b
io

 e
ff

lu
en

ts
).

A
da

pt
ed

 o
r 

N
on

-a
da

pt
ed

W
ho

 sh
ou

ld
 w

e 
ve

nt
ila

te
 fo

r?
 F

or
 p

eo
pl

e 
ju

st
 e

nt
er

in
g 

th
e 

ro
om

 (u
n-

ad
ap

te
d)

 o
r f

or
 p

eo
pl

e 
al

re
ad

y 
oc

cu
py

in
g 

a 
ro

om
 (a

da
pt

ed
)?

 H
er

e 
th

e 
ph

ilo
so

ph
y 

ad
op

te
d 

by
 A

SH
R

A
E 

62
.1

 a
nd

 
EN

15
25

1 
di

ff
er

s. 
B

ut
 sh

ou
ld

 it
 re

al
ly

 b
e 

on
e

or
 th

e 
ot

he
r?

 In
 a

 c
on

fe
re

nc
e 

ro
om

, a
ud

ito
riu

m
 

or
 le

ct
ur

e 
ro

om
 m

os
t p

eo
pl

e 
en

te
r a

t t
he

 sa
m

e 
tim

e.
 It

 th
en

 ta
ke

s s
om

e 
tim

e 
be

fo
re

 th
e 

od
ou

r 
le

ve
l h

as
 re

ac
he

d 
an

 u
na

cc
ep

ta
bl

e 
le

ve
l a

nd
 m

ea
nw

hi
le

 p
eo

pl
e 

ad
ap

t. 
In

 th
is

 c
as

e 
it 

m
ay

 b
e 

ap
pr

op
ria

te
 to

 re
qu

ire
 a

ve
nt

ila
tio

n 
ra

te
 b

as
ed

 o
n 

ad
ap

te
d 

pe
rs

on
s. 

Th
er

e 
m

ay
 b

e 
ot

he
r s

pa
ce

s 
w

he
re

 y
ou

 w
ou

ld
 d

es
ig

n 
fo

r u
n-

ad
ap

te
d 

pe
op

le
, e

.g
. i

n 
a 

fir
st

 c
la

ss
 re

st
au

ra
nt

, o
ff

ic
es

, a
nd

 
de

pa
rtm

en
t s

to
re

s. 
It 

se
em

s l
og

ic
al

 th
at

 m
or

e 
di

ff
er

en
tia

te
d 

cr
ite

ria
 c

ou
ld

 b
e 

us
ed

.

O
cc

up
an

t b
eh

av
io

ur
A

 f
ac

to
r 

th
at

 c
an

 i
nf

lu
en

ce
 t

he
 e

ne
rg

y 
co

ns
um

pt
io

n 
by

 v
en

til
at

io
n 

si
gn

ifi
ca

nt
ly

 i
s 

th
e 

oc
cu

pa
nt

 b
eh

av
io

ur
. H

ow
 o

fte
n 

do
 th

ey
 o

pe
n 

w
in

do
w

s?
  W

hy
 d

o 
th

ey
 o

pe
n 

w
in

do
w

s, 
ba

d 
ai

r 
qu

al
ity

 o
r f

ee
lin

g 
to

o 
w

ar
m

? 
D

o 
th

ey
 b

lo
ck

 th
e 

su
pp

ly
 g

ril
ls

 b
ec

au
se

 o
f d

ra
ug

ht
? 

O
r d

o 
th

ey
 

sh
ut

 o
ff

 t
he

 f
an

s 
be

ca
us

e 
of

 n
oi

se
? 

Th
is

 f
ac

to
r 

is
 o

fte
n 

th
e 

re
as

on
 w

hy
 p

re
di

ct
ed

 e
ne

rg
y 

co
ns

um
pt

io
n 

do
es

 n
ot

 m
at

ch
 w

ith
 m

ea
su

re
d 

en
er

gy
 c

on
su

m
pt

io
n.

 H
er

e 
th

e 
co

nt
ro

l 
of

 t
he

 
ve

nt
ila

tio
n,

 fe
ed

-b
ac

k 
to

 th
e 

oc
cu

pa
nt

s a
nd

 a
 g

ui
de

 fo
r o

pe
ra

tio
n 

of
 th

e 
ve

nt
ila

tio
n 

ca
n 

in
 m

os
t 

ca
se

s 
si

gn
ifi

ca
nt

ly
 i

m
pr

ov
e 

th
e 

en
er

gy
 e

ff
ic

ie
nc

y 
by

 v
en

til
at

io
n 

an
d 

at
 t

he
 s

am
e 

tim
e 

gu
ar

an
te

e 
an

 a
cc

ep
ta

bl
e 

in
do

or
 a

ir 
qu

al
ity

. 

D
IS

C
U

SS
IO

N
S

Ev
en

 if
 w

e 
to

da
y 

ha
ve

 st
an

da
rd

s a
nd

 g
ui

de
lin

es
 fo

r e
st

im
at

in
g 

th
e 

re
qu

ire
d 

m
in

im
um

 
ve

nt
ila

tio
n 

ra
te

, t
he

y 
ar

e 
fa

re
 fo

rm
 b

ei
ng

 c
om

pl
et

e.
 T

he
 g

oa
l i

s o
f c

ou
rs

e 
to

 b
e 

ab
le

 to
 

ca
lc

ul
at

e 
th

e 
re

qu
ire

d 
ve

nt
ila

tio
n 

ra
te

 a
s s

tra
ig

ht
fo

rw
ar

dl
y 

as
 in

 c
oo

lin
g 

lo
ad

 c
al

cu
la

tio
ns

. W
e 

ne
ed

 to
 k

no
w

 th
e 

re
qu

ire
m

en
ts

 fo
r a

cc
ep

ta
bl

e 
in

do
or

 a
ir 

qu
al

ity
 b

as
ed

 o
n 

he
al

th
, c

om
fo

rt 
an

d 
pe

rf
or

m
an

ce
 a

nd
 w

e 
ne

ed
 to

 k
no

w
 th

e 
em

is
si

on
 ra

te
s f

ro
m

 a
ll 

th
e 

so
ur

ce
s. 

U
nf

or
tu

na
te

ly
, t

hi
s 

is
 n

ot
 a

s e
as

y 
as

 in
 c

oo
lin

g 
lo

ad
 c

al
cu

la
tio

ns
, w

he
re

 ro
om

 a
nd

 o
ut

si
de

 te
m

pe
ra

tu
re

 (o C
),

en
er

gy
 e

m
is

si
on

 (w
at

ts
), 

he
at

 st
or

ag
e,

 so
la

r r
ad

ia
tio

n 
(w

at
ts

) a
re

 a
ll 

ev
al

ua
te

d 
w

ith
 si

m
ila

r 
un

its
 a

nd
 a

ll 
af

fe
ct

 th
e 

sa
m

e 
pa

ra
m

et
er

 o
f t

he
 h

um
an

 b
od

y 
(h

ea
t b

al
an

ce
). 

Fo
r i

nd
oo

r a
ir 

qu
al

ity
, w

e 
ha

ve
 th

ou
sa

nd
 o

f s
ub

st
an

ce
s t

ha
t a

re
 e

m
itt

ed
 fr

om
 p

eo
pl

e,
 fu

rn
is

hi
ng

, s
ys

te
m

s, 
fr

om
 o

ut
si

de
 e

tc
., 

ea
ch

 o
f w

hi
ch

 m
ay

 a
ff

ec
t o

ne
 o

r m
or

e 
or

ga
ns

 o
f t

he
 b

od
y.

W
e 

ha
ve

 g
oo

d 
kn

ow
le

dg
e 

ab
ou

t t
he

 re
qu

ire
d 

ve
nt

ila
tio

n 
fo

r t
he

 “
pe

op
le

” 
co

m
po

ne
nt

, w
hi

le
 

th
e 

“b
ui

ld
in

g”
 c

om
po

ne
nt

 is
 n

ot
 v

er
y 

w
el

l d
oc

um
en

te
d.

 T
he

re
 is

 a
n 

ur
ge

nt
 n

ee
d 

fo
r b

et
te

r 
ce

rti
fic

at
io

n 
an

d 
la

be
lin

g 
of

 th
e 

m
at

er
ia

ls
 u

se
d 

in
 b

ui
ld

in
gs

 a
nd

 w
e 

m
us

t a
ls

o 
de

ve
lo

p 
ve

nt
ila

tio
n 

st
an

da
rd

s t
ha

t f
av

ou
r t

he
 m

an
uf

ac
tu

re
rs

 o
f “

go
od

” 
(lo

w
 p

ol
lu

tin
g)

 m
at

er
ia

ls
Th

e 
ra

te
s g

iv
en

 in
 th

e 
Ta

bl
es

 a
re

 b
as

ed
 o

n 
fu

ll 
m

ix
in

g 
an

d 
in

 p
ra

ct
ic

e 
th

e 
ve

nt
ila

tio
n 

ef
fe

ct
iv

en
es

s i
s v

er
y 

se
ld

om
 ta

ke
n 

in
to

 a
cc

ou
nt

. O
ne

 c
om

pl
ic

at
io

n 
is

 th
at

 so
m

e 
sy

st
em

s m
ay

 
ha

ve
 a

 d
iff

er
en

t v
en

til
at

io
n 

ef
fe

ct
iv

en
es

s s
um

m
er

 a
nd

 w
in

te
r. 

If 
th

e 
su

pp
ly

 te
m

pe
ra

tu
re

 is
 

lo
w

er
 th

an
 ro

om
 te

m
pe

ra
tu

re
 th

e 
ve

nt
ila

tio
n 

ef
fe

ct
iv

en
es

s i
s n

or
m

al
ly

 1
 o

r h
ig

he
r, 

bu
t i

f t
he

 
ve

nt
ila

tio
n 

sy
st

em
 is

 u
se

d 
fo

r h
ea

tin
g 

in
 w

in
te

r t
he

 v
en

til
at

io
n 

ef
fe

ct
iv

en
es

s c
ou

ld
 b

e 
as

 lo
w

 
as

 0
.5

, a
nd

 th
e 

ve
nt

ila
tio

n 
ra

te
s s

ho
ul

d 
re

al
ly

 b
e 

do
ub

le
d.

 M
or

e 
in

fo
rm

at
io

n 
an

d 
a 

gr
ea

te
r 

em
ph

as
is

 o
n 

th
is

 fa
ct

or
 is

 re
qu

ire
d.

B
et

te
r t

es
t m

et
ho

ds
 fo

r g
as

eo
us

 a
ir

cl
ea

ne
rs

ar
e 

re
qu

ire
d,

 b
ec

au
se

 a
t p

re
se

nt
 th

e 
te

st
 is

 u
su

al
ly

 
ba

se
d 

on
 c

he
m

ic
al

 m
ea

su
re

m
en

ts
 a

nd
 th

e 
re

su
lti

ng
 e

ff
ec

t o
n

od
ou

ro
r p

er
ce

iv
ed

 a
ir 

qu
al

ity
 is

 
no

t t
ak

en
 in

to
 a

cc
ou

nt
O

ne
 se

rio
us

 p
ro

bl
em

 is
 h

ow
 to

 v
en

til
at

e 
if 

a 
bu

ild
in

g 
is

 lo
ca

te
d 

in
 a

n 
ar

ea
 w

ith
 p

oo
r o

ut
si

de
 

ai
r q

ua
lit

y 
or

 if
 th

er
e 

is
 a

 ti
m

e 
of

 th
e 

da
y 

(e
.g

. r
us

h 
ho

ur
) w

he
n 

th
e 

ou
ts

id
e 

ai
r q

ua
lit

y 
is

 
un

ac
ce

pt
ab

le
. I

n 
so

m
e 

ca
se

s i
t m

ig
ht

 e
ve

n 
be

 b
et

te
r t

o 
re

du
ce

 v
en

til
at

io
n 

un
de

r t
he

se
 

ci
rc

um
st

an
ce

s, 
an

d 
th

e 
us

e 
of

 a
ir 

cl
ea

ni
ng

 te
ch

no
lo

gi
es

 c
an

be
 a

 b
et

te
r s

ol
ut

io
n.

C
O

N
C

L
U

SI
O

N
R

ec
en

t r
es

ea
rc

h 
ha

s r
es

ul
te

d 
in

 im
pr

ov
ed

 p
er

so
na

liz
ed

 v
en

til
at

io
n 

an
d 

co
nd

iti
on

in
g 

sy
st

em
s, 

w
hi

ch
 c

an
 im

pr
ov

e 
th

e 
in

do
or

 e
nv

iro
nm

en
t a

t a
 w

or
k 

pl
ac

e 
in

 a
n 

en
er

gy
 e

ff
ic

ie
nt

 w
ay

.
Th

e 
re

su
lts

 o
f r

es
ea

rc
h 

on
 im

pr
ov

ed
 a

ir 
di

st
rib

ut
io

n 
in

 sp
ac

es
 d

em
an

d 
co

nt
ro

l v
en

til
at

io
n 

an
d 

th
e 

us
e 

of
 a

ir 
cl

ea
ni

ng
w

ill
 b

e 
fu

tu
re

 te
ch

no
lo

gi
es

 th
at

 re
du

ce
 e

ne
rg

y 
co

ns
um

pt
io

n 
an

d 
m

ay
 

im
pr

ov
e 

co
m

fo
rt.

 
O

cc
up

an
t b

eh
av

io
ur

 is
 a

 m
aj

or
 fa

ct
or

 fo
r t

he
 e

ne
rg

y 
pe

rf
or

m
an

ce
 o

f a
 b

ui
ld

in
g.

Page 298



R
E

FE
R

E
N

C
E

S
[1

]
K

ol
ar

ik
, J

,T
of

tu
m

, J
ør

n;
O

le
se

n,
 B

ja
rn

e 
W

.; 
Sh

itz
er

, A
vr

ah
am

 (
20

08
)“

H
um

an
 s

ub
je

ct
s’

 
pe

rc
ep

tio
n 

of
 in

do
or

 e
nv

iro
nm

en
t a

nd
 th

ei
r o

ff
ic

e 
w

or
k 

pe
rf

or
m

an
ce

 d
ur

in
g

ex
po

su
re

s 
to

 
m

od
er

at
e 

op
er

at
iv

e 
te

m
pe

ra
tu

re
 ra

m
ps

”
Pr

es
en

te
d 

at
: I

nd
oo

r A
ir.

 C
op

en
ha

ge
n,

 2
00

8
[2

]
A

SH
R

A
E 

62
.1

(2
01

0)
, 

V
en

til
at

io
n 

fo
r 

ac
ce

pt
ab

le
 i

nd
oo

r 
ai

r 
qu

al
ity

, 
A

tla
nt

a,
 G

A
, 

A
m

er
ic

an
 S

oc
ie

ty
 o

f H
ea

tin
g,

 R
ef

rig
er

at
in

g 
an

d 
A

ir-
C

on
di

tio
ni

ng
 E

ng
in

ee
rs

.
[3

]
EN

 1
52

51
 (

20
07

) 
In

do
or

 e
nv

iro
nm

en
ta

l 
in

pu
t 

pa
ra

m
et

er
s 

fo
r 

de
si

gn
 a

nd
 a

ss
es

sm
en

t 
of

 
en

er
gy

 p
er

fo
rm

an
ce

 o
f 

bu
ild

in
gs

-
ad

dr
es

si
ng

 i
nd

oo
r 

ai
r 

qu
al

ity
, 

th
er

m
al

 e
nv

iro
nm

en
t, 

lig
ht

in
g 

an
d 

ac
ou

st
ic

s.
[4

]
A

SH
R

A
E 

62
.2

-2
01

0,
V

en
til

at
io

n 
an

d 
A

cc
ep

ta
bl

e 
In

do
or

 A
ir 

Q
ua

lit
y 

in
 L

ow
-R

is
e 

R
es

id
en

tia
l B

ui
ld

in
gs

[5
]

G
un

na
rs

en
, 

L.
, 

Fa
ng

er
, 

P.
O

. 
(1

99
2)

 ”
A

da
pt

at
io

n 
to

 i
nd

oo
r 

ai
r 

po
llu

tio
n”

, 
En

vi
ro

nm
en

t 
In

te
rn

at
io

na
l, 

18
:4

3-
54

.
[6

]
W

ar
go

ck
i, 

P.
 (2

00
4)

 "
Se

ns
or

y 
po

llu
tio

n 
so

ur
ce

s 
in

 b
ui

ld
in

gs
“,

 In
do

or
A

ir,
 V

ol
.1

4 
(S

up
pl

 
7)

, 8
2-

91
[7

]
C

R
 1

75
2,

 1
99

6:
 ”

V
en

til
at

io
n 

fo
r B

ui
ld

in
gs

: D
es

ig
n 

C
rit

er
ia

 fo
r t

he
 In

do
or

 E
nv

iro
nm

en
t”

[8
]

A
SH

R
A

E 
14

5.
2 

“M
et

ho
d 

of
 T

es
tin

g 
G

as
eo

us
 C

on
ta

m
in

an
t 

A
ir 

C
le

an
in

g 
D

ev
ic

es
 f

or
 

R
em

ov
al

 E
ff

ic
ie

nc
y”

 2
nd

dr
af

t.
[9

]
pr

EN
 IS

O
 D

IS
 1

01
21

-2
: T

es
t m

et
ho

ds
 fo

r a
ss

es
si

ng
 th

e 
pe

rf
or

m
an

ce
 o

f g
as

-p
ha

se
 a

ir
cl

ea
ni

ng
 m

ed
ia

 a
nd

 d
ev

ic
es

 fo
r g

en
er

al
 v

en
til

at
io

n 
-P

ar
t 2

: G
as

 p
ha

se
 a

ir 
cl

ea
ni

ng
 d

ev
ic

es
 

(G
PA

C
D

) (
IS

O
/D

IS
 1

01
21

-2
:2

01
1)

Page 299



 

Page 300


	Binder VP Programme
	VP
	Brussels, Belgium
	Hotel Crowne Plaza Brussels
	12–13 October 2011
	Joint Conference
	32nd AIVC Conference and 1st TightVent Conference
	Towards Optimal
	Airtightness Performance
	PROCEEDINGS
	In cooperation with :

	Programme
	Joint Conference
	32nd AIVC Conference and 1st TightVent Conference
	Towards Optimal Airtightness Performance
	Programme


	Programme opening
	Programme combined
	Binder combined 18p A5 crop ok
	Programme 1
	Binder 1A 50p A5 crop ok
	Binder 1B 18p A5 crop ok
	Programme 2
	Binder 2A 42p A5 crop ok
	Binder 2B 56p A5 crop ok
	Programme 3
	Binder 3A 44p A5 crop ok
	Binder 3B 14p A5 crop ok
	Programme 4
	Binder 4A 72p A5 crop ok
	Binder 4B 30p A5 crop ok
	Programme 5
	Binder 5A 44p A5 crop ok
	Binder 5B 6p A5 crop ok
	Programme 6
	Binder 6B 28p A5 crop ok
	Programme 7
	Binder 7A 54p A5 crop ok
	Binder 7B 52p A5 crop ok
	Programme closing
	Binder Closing 10p A5 crop ok
	Binder VP Programme.pdf
	VP
	Brussels, Belgium
	Hotel Crowne Plaza Brussels
	12–13 October 2011
	Joint Conference
	32nd AIVC Conference and 1st TightVent Conference
	Towards Optimal
	Airtightness Performance
	PROCEEDINGS
	In cooperation with :

	Programme
	Joint Conference
	32nd AIVC Conference and 1st TightVent Conference
	Towards Optimal Airtightness Performance
	Programme


	Binder VP Programme for printer 6p color.pdf
	VP
	Brussels, Belgium
	Hotel Crowne Plaza Brussels
	12–13 October 2011
	Joint Conference
	32nd AIVC Conference and 1st TightVent Conference
	Towards Optimal
	Airtightness Performance
	PROCEEDINGS
	In cooperation with :

	Programme
	Joint Conference
	32nd AIVC Conference and 1st TightVent Conference
	Towards Optimal Airtightness Performance
	Programme





