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PREFACE 

lnternational Energy Agency 

In order to strengthen cooperation in the vital area of energy policy, an Agreement on an 
lnternational Energy Program was formulated among a number of industrialised countries in 
November 1974. The International Energy Agency (IEA) was established as an autonomous body 
within the Organisation for Economic Cooperation and Development (OECD) to administer that 
agreement. Twenty-one countries are currently members of the IEA, with the Commission of the 
European Communities participating under a special arrangement. 

As one element of the lnternational Energy Program, the Participants undertake cooperative 
activities in energy research, development, and demonstration. A number of new and improved 
energy technologies which have the potential of making significant contributions to our energy 
needs were identified for collaborative efforts. The IEA Committee on Energy Research and 
Development (CRD), assisted by a small Secretariat staff, coordinates the energy research, 
development, and demonstration programme. 

Energy Conservation in Buildings and Community Systems 

The lnternational Energy Agency sponsors research and development in a number of areas 
related to energy. In one of these areas, energy conservation in buildings, the IEA is sponsoring 
various exercises to  predict more accurately the energy use of buildings, including comparison 
of existing computer programs, building monitoring, comparison of calculation methods, etc. 
The difference and similarities among these comparisons have told us much about the state of 
the art in building analysis and have led to further IEA sponsored research. 

Annex V Air Infiltration Centre 

The IEA Executive Committee (Building and Community Systems) has highlighted areas where 
the level of knowledge is unsatisfactory and there was unanimous agreement that infiltration 
was the area about which least was known. An infiltration group was formed drawing experts 
from most progressive countries, their long term aim to encourage joint international research 
and to increase the world pool of knowledge on infiltration and ventilation. Much valuable but 
sporadic and uncoordinated research was already taking place and after some initial ground- 
work the experts group recommended to their executive the formation of an Air lnfiltration 
Centre. This recommendation was accepted and proposals for its establishment were invited 
internationally. 

The aims of the Centre are the standardisation of techniques, the validation of models, the 
catalogue and transfer of information, and the encouragement of research. It is intended to be a 
review body for current world research, to ensure full dissemination of this research and based 
on a knowledge of work already done to give direction and a firm basis for future research in the 
Participating Countries. 

The Participants in  this task are Belgium, Canada, Denmark, Finland, Netherlands, New Zealand, 
Norway, Sweden, Switzerland, United Kingdom and the United States. 
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SYNOPSIS 

Increased attention to  the reduction of energy consumption in 
buildings and greater awareness of the need to  maintain acceptable 
standards of indoor a i r  quality have led to  the development of new 
or revised standards of building air t ightness  and ventilation 
requirements. In th i s  review of the existing standards of twelve 
countries,  an attempt has been made t o  compare t h e i r  main features 
and c r i t e r i a .  In many cases, d i rec t  comparison i s  not possible 
because of different  ways of expressing the s ignif icant  parameters. 
However, where comparison i s  possible, some differences between 
countries areevident.  Recognition and fur ther  consideration of 
these differences may be important in the fur ther  development of 
re1 evant national and international standards. 

INTRODUCTION 

The design and construction of buildings are  governed by a broad 
range of standards, regulations, codes of practice and legal 
requirements to  ensure tha t  conditions f o r  safety,  health and 
well-being are  maintained. In some countries standards a re  
applied on a national basis, i n  others the primary enforcement i s  
through regional or  local codes with, sometimes, s ignif icant  
variations from place t o  place. 

The requirement fo r  reduced energy consumption in buildings, has 
resulted in new or  more stringent standards covering many of the 
features which af fec t  the e f f i c i en t  provision of an acceptable 
internal environment. O f  these features,  the a b i l i t y  of the 
s t ructure t o  r e s i s t  the leakage of a i r  t o  and from outdoors i s  
becoming recognised as  one of increasing importance. In t h i s  
respect, the lead has been taken by those countries which have the 
more severe climates and have been part icular ly vulnerable to  the 
e f fec ts  of increase in the price of o i l .  In others,  a i r t ightness  
standards have recently been, or are  currently being, developed. 

The specification of par t icular  a ir t ightness  qual i t ies  requires the 
formulation of sui table  t e s t  methods to  enable the leakage 
character is t ics  of component, assemblies and whole buildings to  be 
measured. Standard methods fo r  tes t ing the a i r  leakage of 
windows have been in existence for  many years, b u t  more recently 
new standards have been developed f o r  measuring the leakage of 
other components and,in two Scandinavian countries, of complete 
buildings. Further progress on the standardisation of measurement 
techniques i s  continuing. 

While i t  i s  important to  minimise extraneous a i r  leakage, i t  i s  of 
paramount importance to  maintain acceptable indoor a i r  quality.  
For t h i s ,  minimum ventilation rates  have been specified fo r  
various types of building and occupancy. Recent concern about the 
over-tightening of naturally ventilated buildings and the current 
re-assessment of the basis of the early standards of vent i la t ion,  
i s  leading to  new appraisals of the ventilation ra tes  appropriate 
to modern buildings and l i f e s ty l e s .  



As a background to consideration of these developments, this paper 
reviews the existing standards of the eleven countries participating 
in the Air Infi 1 tration Centre. In addition, relevant standards 
from West Germany, the European Committee for Standardisation and 
the International Standards Organisation have been included as 
these are used as the basis for standards in other countries. 

The main emphasis has been on mandatory standards, although i t  has 
n o t  always been easy t o  distinguish between those which are legal 
directives, models for locally enforced codes or mere recommendations. 
A t  the commencement of each section i s  a l i s t  of those standards 
included i n  this review, Although the review has been made as 
extensive as possible, there i s  no claim that i t  i s  totally 
comprehensive. 



AIRTIGHTNESS REQUIREMENTS 

Belgium: STS 52.0 
E x t e m l  joinery - general principles 
INL Draft 1983 

Canadu: Measures for energy conservation i n  new 
buildings 
Associate Committee on the National Building 
Code 
National Research CouneiZ of Canada, No. 1 6574, 
Ottawa, 1978 

Nether Zands : NEN 3 661 
Windows: A i r  pemeabitity, water tightness, 
r igidi ty and strength 
Requirements 
Nether Zands Standards Inst i tute (NNI), 2 975 

New ZeaZand: NZS 4211:2979 
specification for performance of windows 
Standards Association of N e w  ZeaZand, 19 79 

Nomay : Chapter 54. Thermal insulation and airtightness 
(revised 1980) 
Building Regulations of 1st  August 1969 
RoyaZ Ministry of Local Government and Labour 

Sweden: Chapter 33. SBN 1980. ThemaZ insuZation and 
airtightness 
Swedish Building Code with Comments 
National Swedish Board of PhysicaZ PZanning and 
Bui Zding (1 9 81 

SIS 81 81 03 
Windows. CZassification with regard to  function 
aed i sh  Standards Commission, 1977 

Switzerland: SIA 180/1 
Thermal insuZation of buildings i n  winter 
Swiss Engineering and Architectural Association, 
1980 

United BS 6375:Part 1:1983 
Kingdom Performance of windows. Part 1: CZassification 

for weathertightness 
British Standards Institution, 1983 



united ASHRAE Standard 90-80 
States of Energy conservation i n  n m  buiZding design 
America : The American Society of Heating, Refrigerating 

and Air-conditioning Engineers Inc., 1980 

West Gknnany: D I N  18055 
Windows: A i r  permeabiZity of joints and driving 
rain (water tightness) protection. Requirements 
and testing 
German Standards Inst i tute ( D I N ) ,  1981 



2.1 Whole Building 

Currently Norway and Sweden are the only countries that have 
recommendations for the airtightness of whole buildings. As 
described in other papers presented at this Conference, there are 
proposals being discussed in Canada and USA on this subject. 

Tabulated summaries of the Norwegian and Swedish requirements are 
given below: 

Norwegian Building Regulations 

The Swedish specifications are the more stringent. 

2.2 Windows 

Building type 

Single family dwellings 

Buildings up to 2 floors 
Buildings exceeding 2 floors 

Swedish Building Code 

The standards of several countries specify the maximum allowable 
leakage of windows with some grading according to application. 
In others, a leakage classification system is detailed but with 
no reference to acceptability for particular uses. 

Airchange rate/hr at 50 Pa 

4 

3 

1.5 

Building type 

Freestanding single-family houses 
and linked houses 

Other residential buildings of 
not more than 2 storeys 

Residential buildings of 3 or 
more storeys 

The following list summarises the requirements or classifications 
given in the relevant standards. 

Airchange rate/hr at 50 Pa 

3 

2 

1 
I -. 



I3319 jim: Standard STS 52.0 

Maximum r a t e  o f  leakage a t  100 Pa f o r  
d i f f e r e n t  grades o f  window 

Ca~a_d_a_ : Measures f o r  energy conservation i n  new 
bu i ld ings 

Exposure l eve l  - height  o f  
b u i l d i n g  i n  which window i s  
s i tua ted  (m) 

A i r  leakage m3/h per metre 

(dm3/s m) 
i 

A i r  leakage o f  windows i s  not  t o  exceed 0.775 
dm3/s per metre o f  j o i n t  a t  a 75 Pa pressure 
d i f f e r e n t i a l .  

Netherlands: Standard NEN 3661 ----------- 
Test pressures f o r  d i f f e r e n t  window categories 
f o r  which a i r  leakage must not  exceed 5 dm3/s m. 

: 

Window c l a s s i f i c a t i o n  

PA3 

>I8  

2 

(0.56) 

PA2 

0-10 

6 

(1.67) 

PA2B 

10-18 

3 

(0.83) 

Pressure 
d i f fe rence  a 

- 
150 

200 

250 

3 00 

3 50 

400 

Height o f  bu i l d i ng  i n  which 
window i s  s i tua ted  (m) 

15 

40 

100 

15 

40 

100 
d 

Exposure 

Normal 
11 

11 

Coast 
11 

I 1  

1 



New Zealand: Standard NZS 4211 ----------- 
The r a t e  o f  leakage a t  a l l  t e s t  pressure 
d i f ferences up t o  150 Pa sha l l  no t  exceed 
those i n  the Table below. 

Norway: - -- - - Norwegian Bu i ld ing  Regulations - Chapter 54 

Grade 

A 

B 

C 

Windows sha l l  be s u f f i c i e n t l y  a i r t i g h t  so t h a t  
a i r  leakage a t  a pressure d i f fe rence  o f  50 Pa 
does not  exceed 1.7 m3/h m2 (0.47 dm3/s m2) 

zygdgc : Standard SBN 1980 

dm3/s 
per m o f  opening j o i n t  

0.6 

2.0 

4.0 

The maximum a i r  leakage o f  windows i s  spec i f i ed  
as fo l lows: - 

dm3/s 
per m2 o f  t o t a l  window area 

2 

8 

17 
J 

Standard SIS 81 81 03 (1977) 

Pressure d i f fe rence  
Pa 

5 0 

300 

500 

Windows are c l a s s i f i e d  as A, B o r  C and the 
permissib le a i r  leakage (q)  f o r  windows i n  
each c lass i s  determined by the equation: 

where q = a i r  1 eakage i n  m3/h per m2 o f  window area. 
k = a c o e f f i c i e n t  (0.2 f o r  Class A and 

0.125 f o r  classes B and C) . 
p = pressure d i f fe rence  i n  Pa between 

inner and outer surfaces o f  window. 

Leakage r a t e  m3/h m2 (dm3/sm2) fo r  
windows i n  bu i l d i ng  he ight  (number 
o f  f l o o r s )  

The l i n e s  corresponding t o  these classes have 
been p l o t t e d  i n  Figure 2. 

1 - 2  

1.7 (0.47) 

5.6 (1.56) 
- 

The values quoted above from SBN 1980 coincide 
w i t h  classes B and C.  

3 - 8  

1.7 (0.47) 

5.6 (1.56) 
- 

>8 

1.7 (0.47) 

5.6 (1.56) 

7.9 (2.19) 



Switzerland: ----------- Standard SIA 180/1 

Maximum leakage r a t e s  f o r  t he  various c l a s s e s  of 
windows 

UK:  - - Standard BS 6375 Par t  1 

Tes t  pressure di f ference Pa 

Height of building m 
Allowable coe f f i c i en t  of 
a i r p e r m e a b i l i t y  m 3 / h m ~ a ~ / ~  

(dm3/s m ~ a ~ / ~ )  
A 

Four categor ies  a r e  speci f ied  w i t h  t h e  
following t e s t  pressure c l a s s i f i c a t i ons .  The 
acceptable r a t e s  of a i r  leakage a r e  expressed 
graphical ly  and a r e  shown on Figure I .  

Class 

The standard a l s o  spec i f i es  t h a t  t he  a i r  leakage 
through f ixed l i g h t s  sha l l  not exceed 1 m3/h (0.28 
dm3/s) per metre length of the  v i s i b l e  perimeter of 
the  g lass  when tes ted  a t  the  same pressures a s  f o r  
opening l i g h t s .  

Class 

I 

I I 

I11 

I V 
L 

USA : --- 

A 

150 
<8 

0.44 
(0.12) 

Test  pressure 

150 

200 

300 

600 

ASHRAE Standard 90-80 

C 

600 

20-100 

0.22 
(0.06) 

B 

300 

8-20 

0.22 
(0.06) 

Leakage r a t e  of windows a t  75 Pa pressure 
di f ference t o  be no more than 0.77 dm3/s per 
metre of sash j o i n t .  

D 

>600 
- 

0.22 
(0.06) 



Wgs4-Ggygany: Standard DIN 18055 

The c lass i f ica t ion  of windows i s  as follows: 

The a i r  1 eakage requirements are  presented 
graphically and these have been reproduced 
in Figure 1 .  

Test pressure (Pa) U P  

Height of building (m) u p  t o  

Most standards specify the leakages in relat ion to  uni t  length of 
the opening jo in t  while a few specify them in terms of u n i t  window 
area. Thus d i r ec t  comparison of a l l  the standards i s  not possible. 
However, comparison has been made in each of the two forms by 
plott ing the allowable leakage values on Figures 1 and 2 . The 
plot of leakages expressed per metre of jo in t  length show, 
surprisingly,  t ha t  the highest c lass i f ica t ions  a re  t o  be found in 
countries having relat ively mild climates, i . e .  Belgium, New 
Zealand and U K .  The high Scandinavian standards a re  evident in 
the other  figure where they are  compared with the New Zealand 
c lass i f ica t ions  which are  expressed i n  both forms. 

2.3 Doors 

Window c lass i f ica t ion  

Canada : ------ : "Measures for  energy conservation in new 
buildings" 

A 

150 

8 

The following maximum a i r  leakage ra tes  a t  a 
pressure different ial  of 75 Pa are  specified 
for  doors separating heated spaces from 
unheated spaces o r  the exterior:  

1 Swing doors ( res ident ia l )  1 6.35 dm3/s per m2 of door area I 

D 

{unspecified 

B 

300 

20 

Manually operated sliding 
doors 

C 

600 

1 0 0 )  

2.5 dm3/s per m2 of door area 

!OT!GY : : Norwegian Building Regulations 

0 the r types 

External doors a re  required to  comply with the 
same requirements for  a ir t ightness  as windows, 
i .e .  1.7 m3/h m2 (0.47 dm3/s m2). 

17.0 dm3/s per m2 of door crack 



Sweden : ------ Swedish Building Code SBN 1980 

Same classification is given for external doors 
and windows (see Section 2.2) 

ASHRAE Standard 90-80 

Maximum air leakage rates at a pressure 
differentia1 of 75 Pa are specified as follows: 

These criteria are similar to those of Canada. 

Sliding glass doors 
(residential ) 

Entrance swinging doors 
(residential ) 

Swinging, revolving, 
sl iding doors for other 
than residential use 

L 

2.4 Building Sections 

2.5 dm3/s per m2 of door area 

6.35 drn3/s per m2 of door area 

17.0 dm3/s 
per linear metre of door crack 

Leakage criteria for sections of buildings exposed to outdoors 
are only found in the following Scandinavian standards. 

Norway: ----- Norwegian Building Regulations 

The maximum air leakage at a pressure difference 
of 50 Pa is specified as 0.4 m3/h m2 (0.11 dm3/s 
m2) for individual external building sections, 
i,e. external walls, ceilings and floors. 

Sweden : ------ Swedish Building Code SBN 1980 

The maximum air leakage for various building 
sections is specified as follows: 

Exposed wall s 

Roof and joist 
structures 
exposed to 
outdoors next 
to ventilated 
space 

Pressure 
difference 

Pa 

5 0 

5 0 

Maximum air leakage m3/h m2 
(dm3/s m2) in building height 
(number of floors) 
1-2 

0.4(0.11) 

0.2 (0.056) 

3-8 

0.2 (0.056) 

0.1 (0.028) 

> 8 

O.Z(O.056) 

0.1 (0.028) 



3. TECHNIQUES FOR MEASURING A I R  LEAKAGE 

3.1 Whole Bui ld ings 

Canada: 1 49-GP-2 OM 
Determination of  air-tightness of buildings by 
the fan depressurization method. 
Canadian Genera2 Standards Board. Fif th Draft. 
March 1983. 

Normy : NS 8200 
Airtightness of buildings. Test method. 
Norwegian Building Standard Council, 1981 

Sweden: SS 02 15 51 
T h e m 2  insuZation - determination of 
airtightness of buildings. 
Swedish Standards Cornmission, 1980 

United States ASTM E7 79-81 
of America: Standard practice for measuring a i r  Zeakage by 

the fan pressurization method. 
American Society for Testing and MateriaZs, 1981 

ASTM E741-80 
Standard practice for measuring a i r  Zeakage 
rate by the tracer dilution method. 
American Society for Testing and Materials, 1980 

With t he  exception o f  ASTM E741-80, these standards describe a 
b a s i c a l l y  s i m i l a r  t e s t  method invo lv ing  the generation o f  
measured a i r  f l ow  ra tes t o  produce a range o f  pressure d i f ferences 
between the ins ide  and outs ide o f  a bu i ld ing .  The Canadian Standard 
i s  the  most de ta i led  bu t  i t  i s  the on ly  one which l i m i t s  the 
t e s t i n g  t o  depressurizat ion; the others spec i fy  t es t s  w i t h  both 
negative and p o s i t i v e  i n t e r n a l  pressures. The Norwegian and 
Swedish standards are almost i den t i ca l .  

There a re  no major d i f fe rences i n  the spec i f i ca t i on  o f  the 
equipment o r  the instrumentat ion except i n  respect o f  the 
measurement o f  external  pressure. The Canadian standard spec i f i es  
a t  l e a s t  fou r  pressure taps around the external  facade o f  the 
bu i ld ing .  Each pressure tap i s  connected t o  a su i t ab le  mani fo ld 
t o  enable the measurement of an average pressure value. The two 
Scandinavian standards spec i fy  an external  pressure sensing po in t  
10m from the bu i ld ing.  The external  pressure sensing pos i t i on  i s  
not c l e a r l y  defined i n  the USA standard although the diagram o f  
an acceptable t e s t  arrangement seems t o  ind ica te  t h a t  a s i ng le  
pressure tap i n  a door would be s u f f i c i e n t .  



The Canadian standard i s  unique i n  t h a t  i t  spec i f ies  a procedure 
fo r  v e r i f y i n g  the t e s t  data. I f  any one o f  f ou r  condi t ions i s  
not  met then the t e s t  i s  considered i nva l i d .  

One o f  the most s i g n i f i c a n t  va r ia t ions  i n  the prescribed methods 
i s  the d e t a i l  o f  the preparat ion required before t e s t i n g  commences. 
The Canadian procedure i s  the most de ta i led  as i t  includes a l i s t i n g  
o f  the  preparat ion required f o r  a l l  o f  the purpose-provided openings 
and vents such as f i rep laces,  exhaust fans, water traps, e tc .  The 
two Scandinavian standards spec i fy  t h a t  a l l  v e n t i l a t i o n  openings 
i n  the enveloping s t ruc tu re  should be closed, inc lud ing openings 
f o r  mechanical v e n t i l a t i o n .  The Swedish'standard a lso includes the 
requirement t o  ensure t h a t  plumbing i n s t a l l a t i o n s  connected t o  
outs ide a i r  are  sealed, e.g. water t raps must be f i l l e d  w i t h  water. 
No s p e c i f i c a t i o n  o f  preparatory seal ing i s  given i n  the USA 
standard (ASTM E779-81). I n  comparing the  r e s u l t s  o f  t e s t i n g  t o  
these standards, i t  i s  most important t o  note the degree o f  seal ing 
t ha t  has been appl ied. 

A l l  of the standards spec i fy  the presentat ion o f  the t e s t  r e s u l t s  
as a p l o t  of a i r  f l ow  r a t e  against  pressure d i f ference.  The 
Swedish standard a lso  recommends the inc lus ion  i n  the t e s t  repor t  
o f  the  value o f  a i r  leakage (expressed i n  a i r  changes per  hour) a t  
50 Pa pressure d i f f e r e n t i a l .  The mean o f  the leakage a t  +50 Pa 
and -50 Pa should be quoted. The Norwegian standard s i m i l a r l y  
requ i res  the leakage a t  50 Pa but  the value t o  be quoted i s  the 
mean o f  the values measured a t  45, 50 and 55 Pa i n  both p o s i t i v e  
and negat ive modes. The Canadian standard gives a method o f  
ca l cu la t i ng  the equivalent  leakage area and c a l l s  f o r  i t  t o  be 
quoted i n  the t e s t  repor ts .  

Summarised below are the comparative spec i f i ca t ions  o f  instrumen- 
t a t i o n  precis ion,  t e s t  pressure range and l i m i t s  o f  the outdoor 
c l imate condi t ions under which t e s t s  may be conducted. 

Although t r ace r  gas methods have been used i n  research f o r  many 
years, on ly  one standard ex i s t s  on the use of t h i s  technique t o  
measure the a i r  leakage o f  a bu i ld ing.  ASTM E741-80 (USA) 
spec i f i es  a procedure i n  which t r ace r  gas i s  introduced i n t o  the 
bu i ld ing,  i s  thoroughly mixed w i th  the a i r  w i t h i n  the bu i ld ing,  
and then sampled over a per iod of time. A l te rna t i ve  methods f o r  
analysing the decay o f  t r ace r  gas concentrat ion are presented 
from which $he a i r  change r a t e  i s  determined. Safety precautions 
are included and an appendix l i s t s  the conunon t r ace r  gases, t h e i r  
main charac te r i s t i cs  and the associated methods o f  detect ion.  



Climatic l i m i t s  

W i n d s p e e d ~ 5 . 5 m / s  

W i n d s p e e d ~ 6  m/s 

Windspeedg10 m/s 

Windspeed < 4.4 m/s 
Indoor- 
outdoor 
temperature 
d i f fe rence  < 1 1 ' ~  

Standard 

Canada 
(149-GP-10M) 

Norway 
(NS 8200) 

Sweden 
(SS O2 51) 

USA 
E779-81) 

Precision 

F l o w r a t e  + 5  % 

pressure + 2 pa 

Temperature + 1 'C 

F l o w r a t e  + 6  % 

Pressure + 2 Pa 

Overall 5 8  % 

Flow r a t e  + 6  % 

Pressure + 2.5 Pa 

Overall 6 + 8 % 

Flow r a t e  + 6 % 

Pressure + 2.5 Pa 

Temperature + 0 . 5 ' ~  

Overall a510  % 

Pressure 
range 

O t o - 5 0 P a  

O t o + 5 5 P a  

0 t o +  55 Pa 

0 t o  + 75 Pa 



3. TECHNIQUES FOR MEASURING AIR LEAKAGE - continued 

3.2 Components 

Europe : EN 42 
Methods of testing windows: a i r  permeability 
European Committee ;for Standardisation 

In t emtwnaZ:  IS0 6613 
Windows and door height windows - a i r  
pemneabiZity t e s t  
InternationaZ Organisation for Standurdisation, 
1980 

Be Zgiwn: STS 52.0 
ExternaZ joinery - genera2 principzes 
INL Draft, 1983 

Denmark: DS/EN 42 
Methods of testing windows - air  pemneabiZity 
t e s t  
Danish Standard, 19 76 

NetherZands: NEN 3660 
Windows. A i r  permeabi Z i t y ,  Inter tightness, 
r ig idi ty  and strength. Methods of t es t .  
Netherlands Standards Inst i tute ( N N I ) ,  1975 

N o m y  : NS 3206 
Methods of testing windows. A i r  tightness. 
Norwegian Standurds Inst i tute (NBF) , 19 74 

N e w  ZeaZand: NZS 421 1 : 1979 
Specification for performance of windows 
(Appendix C9J 
Standards Association of New ZeaZand, 1979 

Sweden: SS 81 81 26 
Windows and doors - airtightness - testing. 
Swedish Standards Comission ( S I S )  , 1983 



UnitedKGgdom: BS 5368:Part 1:1976 (EN421 
Methods of testing windows. Part I :  A i r  
permeability t es t .  
British Standards Institution, 1976 

BS 4315:Part 1:1968 
Methods of t e s t  for resistance t o  a i r  and 
wuter penetration. Part I:  Windows and 
structural gasket-gkzing systems. 
British Standards Institution, 1968 

mited States ASTM E283- 73 
of America: Standard t e s t  method for rate of a i r  leakage 

through exterior windows, curtain walls and 
doors. 
American Society for Testing and MateriaZs,l973 

ASTM E783-81 
Standard method for fieZd measurement of air  
Zeakage through installed exterior windows and 
doors. 
American Society for Testing and MateriaZs,l981 

3.2.1 Windows 

The two international standards EN 42 and IS0 6613 a re  v i r tua l ly  
identical and a s  most of the European member countries have 
adopted these as  the basis f o r  the i r  national standards, there i s  
a substant ial ly  common approach to  the a i r  leakage test ing of 
wi ndows . 
Specifically,  the standards of Denmark (DS/EN42), Netherlands 
(NEN 3660), Norway (NS 3206), Sweden (SS 81 81 26), U K  (BS 5368) 
and West Germany (DIN(EN42)) are  e i ther  identical t o  or  closely 
related to  the international versions. The window under t e s t  i s  
instal led over the opening of a chamber by which controlled 
pressures a re  applied across the window assembly. Before the 
main tes t ing  commences, extraneous a i r  leakage from the chamber 
i s  measured and preferably eliminated. In addition, three pressure 
pulses a re  applied - each of 3 seconds duration and u p  t o  a t  leas t  
500 Pa. The window i s  then opened and closed f ive  times and 
f i n a l l y  secured in the closed position. Pressure i s  applied in 
stages of 50, 100, 150, 200, 300 and a t  100 Pa intervals  there- 
a f t e r  u p  t o  the maximum t e s t  pressure difference. Then the 
pressure i s  reduced to the same levels  in reverse order. Of 
these standards, the Swedish version i s  unique in also specifying 
t e s t s  w i t h  pressure differences i n  the opposite direction. The 
international and other national standards include the reversal 
of pressure as an option. 



The remaining standards wh i le  no t  so c l e a r l y  ak i n  t o  the  
i n t e rna t i ona l  standards, spec i f y  a very s i m i l a r  t e s t  procedure 
though wi thout  the  i n i t i a l  pressure pu lsat ions.  The Belgian 
method spec i f i es  t e s t  pressures up t o  500 Pa and i n  both the 
p o s i t i v e  and negat ive d i rec t ions .  The New Zealand (NZS 4211), 
UK (BS 4315) and USA (ASTM E283-73) standards are  s p e c i f i c  i n  
r equ i r i ng  the extraneous leakage from the t e s t  chamber t o  be 
subtracted from the  leakage r a t e  measured w i t h  the window i n  
p l  ace. 

The maximum t e s t  pressures spec i f i ed  range from 1000 Pa i n  BS 4315 
(UK) t o  75 Pa i n  ASTM Standard E283-73 (USA) i f  no o ther  pressure 
d i f f e rence  i s  designated. 

3.2.2 Doors 

I n  general, doors do not  seem t o  have had as much a t t e n t i o n  as 
windows although some o f  the t e s t  procedures are  s p e c i f i c a l l y  
app l i cab le  t o  both types o f  component, e.g. SS 81 81 26 (Sweden) 
and ASTM Standard E283-73 (USA). 

3.2.3 Other b u i l d i n g  components and j o i n t s  

The ASTM Standard E283-73 (USA)- inc ludes i n  i t s  scope c u r t a i n  
wa l l s  as wel l  as windows and doors. 

The o n l y  standard spec i f i c  t o  j o i n t s  i n  bu i ld ings  i s  IS0 6589-1981 
which i s  based on the t e s t  method f o r  measuring the a i r  permeabi l i ty  
o f  windows ( IS0 6613). Laboratory t e s t s  are  spec i f i ed  f o r  the 
measurement o f  j o i n t  a i r  leakage w i t h  nominal, minimum and maximum 
spec i f i ed  j o i n t  widths and w i t h  the j o i n t  vary ing from minimum t o  
maximum width along i t s  length.  A method f o r  determining leakage 
a t  j unc t ions  i s  a l so  described. The app l i ca t i on  o f  pressure 
d i f fe rences i s  s i m i l a r  t o  the window t e s t  and inc ludes the  three 
i n i t i a l  pressure pulses. Tests a t  both p o s i t i v e  and negat ive 
pressure d i f fe rences are spec i f i ed  and reference i s  made t o  the 
requirement f o r  cor rec t ions t o  take account o f  extraneous a i r  
leakage from the t e s t  chamber. 

3.2.4 On-site t es t i ng  

The one standard s p e c i f i c a l l y  r e l a t ed  t o  component a i r  leakage 
t e s t i n g  on s i t e  i s  ASTM E783-81. It describes a procedure f o r  
determining the a i r  leakage cha rac te r i s t i c s  o f  e x t e r i o r  windows 
and doors but  i t  i s  s ta ted t h a t  the method may a lso  be adapted 
f o r  o t he r  leakage routes i n  the bu i l d i ng  s t ruc ture .  The t e s t  
involves seal ing a subs tan t i a l l y  a i r t i g h t  enclosure t o  cover the 
i n t e r n a l  o r  external  face o f  the  window o r  door and mainta in ing 
a spec i f i ed  pressure d i f fe rence  across the component by supplying 
a i r  to ,  o r  exhausting a i r  from, the enclosure. The requ i red a i r  
f low r a t e  i s  measured and recorded as the  leakage through the 
component. The measurement and co r rec t ion  f o r  extraneous leakage 
through the t e s t  enclosure i s  a l so  de ta i l ed .  



4. MINIMUM VENTILATION REQUIREMENTS 

Canada : ResidentiaZ Standards, Canada 
Associate Committee on the National Building 
Code 
National Research CounciZ of Canada3 1977 

The Natwnal Building Code of Canada 
Associate Committee on the Nationaz BuiZding 
Code 
National Research Council of Canada, 1980 

Denmark: The Danish Building Regulations 
Ministry of Tlousing, 1982 

Fin Zand: 02 
VentiZation i n  BuiZdings 
NationaZ Building Code of FinZand 
Ministry of the Interior, 1978 

Netherlands: NEU 2 08 7 
VentiZation i n  dwellings. Requirements. 
 etherl lands Standards Inst i tute ( N N I ) ) ,  1981 

NPR 1088 
Ventilation i n  dwellings, Indications and 
examples of construetionaL performance of 
ventilation supplies. 
NetherZands Standards Inst i tute (NNI), 1975 

N e w  .Zealand: N Z S  1900 
Model building by-laws. Part 4: Residential 
buildings 
Standards Association of New Zealand, 19 64 

Noma y : Chaptsr 47. Ventilation and installation. 
BuiZding Regulations of 1st August 2969 
RoyaZ Ministry of Local Government and Labour 

Sweden: Chapter 36. SBN 1980. A i r  Quality. 
Bedish Building Code with Comments 
NationaZ Swedish Board of PhysicaZ Planning 
and BuiZding (1 982) 

SwitxerZand: SIA 384/2 
ThemaZ load of buildings for the design of 
heating plants 
Swiss Engineering and Architectural Association 
1982. 



United Kingdom: Building Regulations (Second Amendment) 
Her Majesty ' s  Stationery Office (HMSO),  1981 

The Building Standards (Scot land) 
Her Majesty's Stationery Office IHMSO) 1981 

United States ASHRAE Standard 62-81 
of America: Ventilation for acceptable indoor air  quality 

The American Society of Heating, Refrigerating 
and Air-Conditioning Engineers Ine. 1981 

West Germany: D I N  1946 P a r t  2 
A i r  conditioning. Health requ i~ments .  
German Standards Ins t i tu te  ( D I N ) ,  1983 

Considerable attention is currently being paid to the specification 
of the rates of ventilation required in occupied buildings. 
Pressures to avoid excessive energy consumption have resulted in 
a tendency to reduce ventilation rates while increasing concern 
over indoor air pollution is producing a reverse trend. As a 
result of these two opposing influences the minimum ventilation 
rate requirement often becomes the maximum as well. 

A summary of the required ventilation rates specified in the 
various countries is presented in Table 1. The rates are variously 
expressed in terms of flow rate per person, per room and per unit 
floor area so comprehensive comparison is impossible. Some 
variations between countries and between types of rooms are evident. 

For dwellings, Denmark, Finland and Sweden have a general require- 
ment which corresponds to 0.5 air changes/hour in rooms of normal 
height, whereas double that requirement is specified in Canada for 
mechanical ventilation. 

Comparing the requirements for offices reveals that the minimum 
ventilation rate now specified in the USA (ASHRAE Standard 62-1981) 
is 2.5 dm3/s per person whereas the West German equivalent is over 
three times higher at 8.3 dm3/s (DIN 1946 Part 2 1983), It is also 
interesting to compare the increase in the ventilation rates 
required when smoking is allowed. In West Germany, ventilation 
has to be increased by a factor of 1.7, in Finland by a factor of 
2 and in the USA by a factor of 4. 

In most countries, mechanical ventilation is not mandatory in 
dwellings and so ventilation requirements are also specified in 
terms of the minimum area of ventilation opening, at least for 
the more critical rooms, Table 2 shows considerable variation 
between countries. 

The latest version of ASHRAE Standard 62 (1981) reveals an 
interesting development. It contains two procedural options. 



One is a prescriptive method in which, as in most other relevant 
standards, minimum ventilation rates for a number of building 
types and usage are specified. The alternative approach is based 
on specifications of limits of concentration of the most common 
contaminants but it does not prescribe the method for maintaining 
the concentrations below the specified levels. Both objective 
measurement and subjective evaluation of the resulting environment 
are incorporated though not clearly prescribed. While this 
approach allows the innovation of alternative methods of contaminant 
control, it is recognised that insufficient or incompatible data 
exists on the acceptable limits of concentration of many contaminants 
and that objective measurement techniques for some of the 
contaminants are either non-existent or expensive. 



FIGURE 1 : Window a i r  leakage rates  - per m jo in t  length 

Pressure 
d i f ference 
(Pa 

l OoO 1 

USA 

DE(B,C,D) UK(l) 
DE(A) 

BE = Belgium 
CA = Canada 
CH = Switzerland 
DE = Germany 
NL = Netherlands 
NZ = New Zealand 
UK = United Kingdom 
USA= United States o f  America 

A i r  leandye \am4/s per m) 



FIGURE 2: Window air leakage rates - per m2 window area 

Pressure 
difference 
(Pa> 

NZ = New Zealand 
SE = Sweden 

Air leakage (dm3/s per m2) 
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SY NOPSIS 

To establish uidelines for minimum ventilation rates which are 
sufficiently 9 arge to meet the demand for outdoor a i r  in buil- 
din s without unnecessarily wasting energy, in Annex IX "Minimum 
Ven ? i lat ion Rates" of the IEA Program "Energy Conservation in 
Buildings and Community Systems" eleven countries are co-opera- 
ting. The participants had in a f i r s t  step summarized existing 
knowledge, national standards and current and required research. 

The IEA provides with the Annexes IX and V a highly suitable me- 
chanism for coordinating the research in such diverse f ields as 
e.g. hygiene, medicine, engineering etc. and for encouraging the 
necessary contributions from the various countries. 

As indoor pollutants being of most importance have been identi- 
fied: Carbon dioxide, tobacco smoke, formaldehyde, radon, mois- 
ture, body odour, organic vapours and gases, combustion products 
and particul ates . 
To a certain degree some of the substances which had been under 
investigation can be used as an indicator for acceptable a i r  qua- 
l i t y  with respect to establish recommendable ventilation rates. 

The paper gives a general view of the objectives of Annex IX, the 
f i r s t  results and of the relation to the subject area of Annex V .  
I t  additionally gives an outlook on the future co-operation of 
the participating countries. - 

INTRODUCTION 

From the viewpoint of energy conservation a i r  infi l t rat ion and 
ventilation have t o  be minimized. A certain amount of outdoor 
a i r ,  however, has to be supplied to a building in order to main- 
tain healthy, safe and comfortable conditions for the occupants 
and to  avoid damage to the building fabric. The optimization of 
these confl icting requirements will result in guide1 ines for m i -  
nimum ventilation rates that are sufficiently large to meet the 
demand for outdoor a i r  without unnecessarily wasting energy. 

The work that was and i s  required to define such minimum venti- 
lation rates covers a wide range of disciplines, from hygiene and 
medicine on one hand to engineering and building science on the 
other. Therefore i n  1980 the Annex IX "Minimum Ventilation Rates" 
within the International Energy Agency's (IEA) programme 

ItEner i?  Conservation in Buildings and Community Systems' has been esta 
lished in which experts in the various f ields and from different 
countries decided to co-operate for identifying objective cri-  
t e r ia  and other background data needed to establish ventilation 
standards including minimum ventialion rates. 

In the l a s t  years the international interest in indoor a i r  qua- 
I i t y  (IAQ) problems has increased clearly. The reason for this 



increase may be tha t  e f fo r t s  t o  conserve energy by reducin in- 9 door-outdoor a i r  exchange have worsened the problem of pol utant 
buildup from indoor sources. On the other s ide many construc- 
t ions materials as  well as furnishing and household appliances 
have been shown t o  emit pollutants. 

Considering the AIC Technical Note lZ1 i t  appears tha t  about one 
third of r and d projects*l in the f i e l d  of energy conservation 
i n  buildings re fer  now to a i r  quality problems as  against a few 
per cent some years ago. Only a s  an example i t  should be pointed 
out here tha t  the l a t e s t  Annex IX participant Finland has ju s t  
s tar ted the extensive r and d programme "The Quality of Indoor 
Climate and Ventilation Requirements". 

ANNEX IX OBJECTIVES AND PARTICIPANTS - 

Since January 1984 phase I1 of Annex IX is in progress. As re- 
ported i n  the AIR2 nine countries have co-operated on a task sha- 
ring basis to  complete phase I involving a review of exis t ing 
know1 edge, national standards and current and required research 
fo r  a number of s ecified pollutants. A detailed report of t h i s  
work i s  published ? 
The objectives of the phase I1 are:  

- t o  quantify more closely the factors  which determine the con- 
centrations of the pollutants identified in the f i r s t  phase 
and t o  determine the inter-relationships between these fac- 
to r s  

- t o  establ ish minimum ventilation ra tes  and a l l  other sui table  
methods fo r  ensuring tha t  these pollutants a re  kept a t  ac- 
ceptabl e 1 eve1 s 

- to  summarize the information tha t  i s  available about various 
techniques and the i r  merits f o r  controlling a i r  qual i ty  and 
conserving energy 

- t o  catalogue and assess pollutant measurement and sampling 
techniques tha t  may be useful in solving the problems connect- 
ed w i t h  maintaining acceptable a i r  quality i n  buildings. 

Over the next two years, the participating countries will each 
be conducting research to  meet these objectives in relat ion t o  
specif ic  pollutants o r  t o  some more general aspect of pollution 
control. The pollutants under consideration include formaldehyde, 
tobacco smoke products, radon, moi s ture ,  body odour and carbon 
dioxide, and combustion products. 

"'recorded 187 projects in 23 countries 



The working points  within t h e  running working programme a r e  a s  
fo l  1 ows : 

( i )  Emission r a t e s  and time dependence f o r  d i f f e r e n t  ma te r i a l s  
and sources and t h e i r  dependence on: 

- composition and processing 
- i n s t a l l a t i o n  and handling 
- human behavi our 
- indoor cl imate.  

( i i )  Indoor t r a n s f e r  and i n t e r a c t i o n s :  
- ad-, ab-, and desorption 
- d i l u t i o n  
- chemical reac t ions  and o the r  i n t e r a c t i o n s  

( i  i i ) Control 

- po l lu t ion  measurement, sampl ing and i d e n t i f i c a t i o n  - v e n t i l a t i o n  
- a i r  c leaning and dehumification 
- separa t ion  and recovery 
- reduction of emission r a t e s .  

( i v )  Modelling indoor po l lu t ion  including economic and soc ia l  
f a c t o r s ,  hea l th  aspects .  

(v) S t r a t e g i e s  f o r  indoor a i r  pol lu t ion  control  under t h e  re- 
s t r a i n t s  of  energy conservation. 

The fol lowing coun t r i e s  a r e  p a r t i c i p a n t s  i n  phase I 1  of Annex IX: 
Canada, Denmark, European Community , Fi nl and, W .  Germany, I t a l y  , 
The Nether1 ands , Sweden, Swi t z e r l  and, United Kingdom, Uni ted  
S t a t e s  of America. 

CONNECTION WITH FURTHER INTERNATIONAL PROGRAMMES -- 

There a r e  some aspects  i n  w h i c h  t h e  work of Annex IX and Annex V 
"Air In f  i 1  t r a t i o n  Centre" a r e  c l o s e l y  re1 a ted .  As explained by 
D. curtis4 i n  t h e  AIR, Annex IX is  inves t iga t ing  t h e  o l l u t a n t s  
which a f f e c t  indoor a i r  q u a l i t y  w i t h  t he  aim of e s t a b  ! i sh ing  ac- 
cep tab le  concentrat ion l e v e l s  and def in ing corresponding m i n i m u m  
v e n t i l a t i o h  r a t e s  whereas Annex V i s  concerned w i t h  a i r  i n f i l t r a -  
t i o n  and i t s  e f f e c t s  on v e n t i l a t i o n .  There a r e  no over laps  and t o  
ensure t h a t  a s u i t a b l e  level  o f  l i a i s o n  i s  maintained these  two 
Annexes a r e  co-operating very c l o s e l y  by an information exchange. 

To a c e r t a i n  ex ten t  the re  a r e  connections w i t h  Annex VIII "Inha- 
b i t a n t s  Behaviour" too. Convection and, i n  p a r t i c u l a r ,  i n f i l t r a -  
t i o n  i s  l e a s t  understood and most a f fec ted  by the  individual  be- 
haviour of  t h e  inhabi tants .  Therefore one o f  the main objec- 
t i v e s 5  of Annex VIII wil l  be: 

To determine t h e  actual  behaviour of inhabi t a n t s  regar- 
d ing v e n t i l a t i o n  and t o  c o r r e l a t e  i t  t o  outdoor and in-  
door cl imate,  and fac ing problems of minimum v e n t i l a t i o n .  



Germany, the Operating Agent o f  Annex I X ,  i s  a lso pa r t i c i pan t  o f  
Annex V I I I  and thus a su i tab le  t r ans fe r  o f  knowledge i s  ensured. 

It should be noted here t h a t  Working Groups convened by the WHO 
Regional O f f i ce  f o r  Europe are f o r  years ac t i ve  i n  the f i e l d  of 
indoor o l l u t a n t s  and heal th  e f fec ts .  The informat ion exchange 
i n  the  7 a s t  t ime showed t h a t  a f u r t h e r  co-operation could be o f  
advantage f o r  our Annex I X  work. 

4. - FIRST RESULTS OF THE ANNEX I X  WORK 

The r e s u l t s  o f  the f i r s t  phase can be summarized as fo l lows:  

If the generation r a t e  o f  CARBON DIOXIDE i s  known, the  quan t i t y  
o f  outdoor a i r  requ i red to-maintain carbon d iox ide concentrat ion 
below an acceptable l eve l  can be calculated. I n  some standards a 
minimum supply of outdoor a i r  i s  spec i f i ed  based on the maximum 
acceptable concentrat ion o f  carbon d iox ide f o r  phys io log ica l  re-  
quirements. Other standards spec i fy  h igher minimum outdoor a i r  
requirements t o  con t ro l  odour and other  a i r  contaminants. 

Measurements i n  schools showed t h a t  CO was the on ly  measured 
contaminant t h a t  increased s i g n i f  icant?y when outdoor a i r  supply 
was reduced* maximum C02 l eve l s  were found t o  be general ly  
below 2500 ppm, a recommended l i m i t  i n  North America. I n  these 
studies, the l eve l s  o f  carbon d iox ide and other contaminants were 
measured a t  reduced ra tes  o f  mechanical supply o f  outdoor a i r .  
S im i l a r  measurements i n  an o f f i c e  bu i l d i ng  and e i g h t  energy e f -  
f i c i e n t  houses ind icated C02 l e v e l s  below 2500 ppm. From these 
measurements i t  seems t h a t  carbon d iox ide i s  not  a serious,pol- 
l u t a n t  i n  bu i ld ings wi thout  unvented indoor combustion appl lan- 
ces. The leve l  of C02, however, i s  an i nd i ca to r  o f  the amount of 
outdoor a i r  supplied. More f i e l d  studies are required t o  deter- 
mine t he  re l a t i onsh ip  between C02 and other  a i r  contaminants i n  
bu i ld ings  o f  various occupancies. 

The con t ro l  o f  a i r  q u a l i t y  based on the con t ro l led  d i l u t i o n  o f  
n a t u r a l l y  produced C02 appears t o  be sa t i s f ac to r y  as long as 
there a re  no o ther  contaminants t h a t  exceed t h e i r  respect ive li- 
mits. Continual sensing of the C02 concentrat ion t o  con t ro l  the 
outdoor a i r  supply can r e s u l t  i n  s i g n i f i c a n t  reductions i n  the 
energy required f o r  condi t ion ing the v e n t i l a t i o n  a i r .  Experimen- 
t a l  i n s t a l l a t i o n  of C02-control l e d  outdoor suppl a i r  i n  a school, i department s tore  and an o f f i c e  bu i l d i ng  v e r i f y  t a t  substant ia l  
saving i n  energy can be obtained compared w i t h  convent ional ly  
con t ro l l ed  v e n t i l a t i o n  systems. Further studies are  required t o  
demonstrate the p r a c t i c a l i t y  o f  CO - con t ro l led  outdoor supply a i r  

ness. 
f i n  terms o f  indoor a i r  qua l i ty ,  r e  i a b i l i t y  and cost  e f f ec t i ve -  

TOBACCO SMOKE i s  one of the most important po l lu tan ts  o f  indoor 
a i r .  Ihe concentrations o f  indoor a i r  po l lu tan ts  and t h e i r  ef- 
fects have been studied i n  various invest igat ions i n  recent years. 
Smoke concentrat ions usua l l y  p reva i l  i ng  i n  smoking rooms could 



cause i r r i t a t i o n s  of eyes and respiratory organs for  a short  while 
and could a1 so cause annoyance. Epidemiological studies on long- 
term ef fec ts  indicate tha t  passive smoking may increase the sus- 
c e p t i b i l i t y  of the respiratory i l lnesses ,  especially fo r  children 
?nd s ick  ptrsons. The question of increased r i sk  to  lung cancer 
1s not s a t ~ s f a c t o r i l y  answered. 

The i r r i t a t i o n s  a re  caused primarily by the par t ic le  phase while 
annoying odours mostly come from the gas phase of smoke. The an- 
noyance caused by smoke corresponding t o  carbon monoxide concen- 
t r a t ions  of 1 to  2 ppm is an acceptable level fo r  heal thy persons. 
Air vent i la t ion rates  should be adjusted accordingly so tha t  t h i s  
level i s  not exceeded i n  smoking rooms. For the protection of non- 
smokers, specially fo r  children, sick and elderly,  nonsmoking 
rooms should be provided so f a r  as possible. 

FORMALDEHYDE i s  a chemical substance widely used as a component 
of insulation material (Urea-Formaldehyde-Foam), and fo r  glue 
special ly  i n  wood products, such as par t ic le  boards, paneling, 
plywood etc .  I t  i s  also used on a large scale i n  dis infectants  
and household cleaning materials. 

Due t o  the f a c t  t ha t  formaldehyde evaporates from the above men- 
tioned material s i t  becomes an unnegl ig i  bl e component of indoor- 
a i r .  

Only i n  recent years gaseous formaldehyde has been incriminated 
to  cause short/long terme i r r i t a t i o n s  t o  the eye, nose, throat  
and other  respiratory organs. 

I t  has therefore become necessary to  agree upon regulations con- 
cerning safe  levels for  formaldehyde concentrations i n  homes. Some 
European countries have suggested the maximum tolerable level to  
be 0 , l  ppm as an indoor standard. In this connection i t  i s  indis- 
pensable to  formulate regulations regarding the tolerable  amount 
and/or emission r a t e  of formaldehyde containing products. 

The investigation on BIOCIDES s ta r ted  from the question if  i t  i s  
possible to  reduce ve7ifZXEn ra tes  without creating health pro- 
blems from indoor a i r  pollution. No def in i te  answer is possible 
f o r  the  present. 

In order to  p u t  the problem in perspective one should know the 
future trend of biocide application i n  households. Due to  the 
lack of s t a t i s t i c s  no extrapolations a re  available. We can only 
presume tha t  the Chemical Industry even in the future will con- 
tinue t o  expand w i t h  new products and we know tha t  up  t o  now 
there a r e  few - i f  any - administrative regulations fo r  these mar- 
kets. I f  we therefore pressimistically assume an increasing trend 
of indoor biocide application th i s  could certainly 1 imi t the fur- 
ther  reductions of ventilation rates.  

The RADIATION in dwellings has t radi t ional ly been regarded as 
p a r t o f  the natural radiation, as for  example the cosmic radia- 
t ion and the radiation we a l l  get from our body burden of natural 
potassium and thus not been subject t o  any international regula- 
tions. During recent years there has been discussions w i t h i n  d i f -  
ferent  international bodies on how to deal with the part  of na- 



tural  radiation tha t  i s  increased by technical ac t iv i t i e s .  This 
radiation has been referred t o  as Technologically Enhanced Natu- 
ral  Radiation (TENR). These discussions, however, have not yet  re- 
sul ted i n  adoption of any international guidel ines. 

Sweden i s  the only country f o r  the moment where the authori t ies  
has adopted nation wide guidel i nes fo r  both existing buildings 
and fu ture  constructions. 

The chapter gives an overview of the s ta tus  of the present know- 
ledge and t o  some selected references where more exhaustive infor- 
mat~on may be found. I t  a lso t r i e s  t o  give information about i n -  
door radon i n  re lat ion to  other sources of radiation and i t s  i m -  
p l icat ion on public health. I t  presents a brief overview of the 
three major sources of indoor radon: building materials, soi l  un- 
der the building and ground water. Further the guidelines i n  Swe- 
den a re  out1 ined, and the need fo r  research and exchange of ex- 
perience on measures to  avoid i n f i l t r a t i o n  of soilgas and epede- 
miological studies of possible health e f fec ts  i s  presented, 

I t  is  important t o  emphasize tha t  there is  no general conf l ic t  
between energy conservation and radon i f  inf i 1 t r a t i  on rates  are 
only s l i g h t l y  reduced. In untight buildings the major par t  of the 
possible reduction of inf i 1 t r a t ion  r a t e  and energy conservation 
can be used w i t h  a moderate increase i n  radon concentration. One 
fur ther  s tep to  extremely low i n f i l t r a t i o n  ra te  of course reduces 
the energy demand t o  a s l igh t ly  lower level ,  b u t  a t  the cost  of 
a d ramat~c  increase i n  radon. In a small f ract ion of the building 
stock, where the bui  1 ding material s show a very strong emanation 
of radon, a mechanical ventilation system has to  be used and i t s  
net energy consumption migh t  cause some increase in the energy 
consumption of these buildings. Those buildings, however, con- 
s t i t u t e  a very small f ract ion of the building stock i n  any coun- 
t r y  and have l i t t l e  impact on the average potential f o r  energy 
conservation. I t  is very important to  notice tha t  the highest ra- 
don concentration will be found in untight houses bu i l t  on strong- 
l y  radon emissing grounds on gravel and sol i d  rocks, i .e. granite. 

The assumed relat ion between inhalation of radon i n  dwellin s and 1 increased r i sk  f o r  lung cancer i s  very uncertain. The only ata  
tha t  can reduce this uncertaini t y  would be resu l t s  of epidemiolo- 
gical s tudies ,  which by s t a t i s t i c a l  s ignif icat ion indicate a cer- 
ta in  risk factor  o r  an upper l imi t  f o r  the r isk factor.  Such stu- 
dies a r e  very complicated. The Radon Commission in Sweden has 
avaluated the possibi l i ty  of such studies on exposed populations 
in Sweden. 

The most common sources of microbial contamination of indoor a i r  
by MICROORGANISMS a re  the aerosol generators, a i r  humidifiers, 
a i r v e n t i l a t i o n  uni ts ,  wet surfaces and the human being. In most 
cases such contamination does not have any heal t h  consequences. 
B u t  ce r ta in  bacteria,  fungi mites and t h e i r  dissociation products 
could cause a l le rg ies  or  infections in respiratory organs. A high- 
e r  r i sk  does ex i s t  in the operating theaters and intensive care 
units of hospitals and in the s t e r i l e  production of drugs. 



By taking appropriate preventive measures the microbial contami- 
nation of indoor a i r  can pract ical ly  be avoided. Special care 
should be taken t o  keep the water of the spraying units used fo r  
humidifying a i r  clean and to  prevent the water condensation on 
wet surfaces by having a suf f ic ien t  supply of a i r  by keeping the 
r e l a t ive  humidity below about 40 %, thus the rowth of dust mites 
i n  dwell i ngs can be control 1 ed to  acceptable 9 eve1 s .  Hospital s ,  
pharmaceutical laboratories and food industries request an extra 
attention. Additional desinfection as well as a suf f ic ien t  f i l t r a -  
t ion of the a i r  can be necessary. However, desinfection of a i r  by 
chemicals and/or UV-radiation i s  e.g. not allowed by the Health 
Counci 1 i n  the Nether1 ands within hospital s .  

The outgassing from building materials, furnishing, households 
and consumer products resu l t s  i n  an a i r  contamination by ORGANIC 
SUBSTANCES. From these substances especially the following have 
been investigated and considered: HYDROCARBONS, halogenated hy- 
drocarbons and some other compound-s as  e.g. methanol, ethanol 
acetone and higher aldehydes and f a t t y  acids. 

L i t t l e  i s  known of the e f fec ts  upon the human organism of the com- 
pounds a t  concentrations observed in indoor a i r .  For t h i s  reason, 
only br ief  references can be made to  the general e f fec ts  of these 
compounds which, however, in most cases will occur only a t  con- 
siderably higher concentrations. 

Skin e f f e c t s  including eczematous contact dermatitis and s k i n  
paresthesia a re  common to  many gaseous organic substances. In 
par t icular ,  water-soluble gaseous compounds will exert  a general 
i r r i t a n t  action on the mucosae. A number of solvents and haloge- 
nated hydrocarbons may a t  high concentrations cause kidney and 
l ive r  damage. Highmolecular halogenated compounds such as poly- 
chlorinated biphenyls a re  mostly deposited i n  body f a t .  They re- 
duce c e l l  growth and lessen enzyme ac t iv i ty .  A number of polycyc- 
l i c  aromatic hydrocarbons have been ident i f ied as the cause of 
various types of cancers in animals. 

Further and more detailed investigations have to  show how these 
compounds and t h e i r  e f fec ts  will influece the need f o r  a i r  ex- 
change and ventilation ra tes  i n  non-industrial buildings. 

The review of COMBUSTION PRODUCTS is  principally concerned w i t h  
f lue less  appl i inces as e. g. cooking ranges and ovens, small port- 
able space heaters and water heaters. 

Inadequate a i r  supply t o  openflued appliances, which may include 
gas and o i l - f i red  central heating and hot water boilers (furna- 
ces) ,  sol id fuel f i red  boilers and open f i r e s ,  may re su l t  both in 
incomplete combustion and the "spillage" of the f lue  gases. They 
then become par t ia l ly  f lueless  appliances, a lbe i t  with a higher 
total  (indoor and outdoor) emission r a t e  of combustion products 
since they generally have a much higher rating. 

Prevention of mal-operation of open-flued appliances has been the 
subject of a number of studies and requirements fo r  a i r  supply are  
contained within Building Regulations, Codes of Practice and pro- 
fessional guides in many countries. 



The report3 covers the roducts of the main fuels used in buil- 
dings including both t g ose which result from com lete  combustion e and those wh~ch occur when combustion i s  incomple e. This i s  fol- 
lowed by a brief review of health effects and then a section dea- 
ling w i t h  field studies which covers the data available on indoor 
concentrations found in practice and the limited number of epi- 
demiological investigations specifically related to combustion 
appl i ances. 

I t  has become conventional to describe the degree of vitiation in 
terms of the carbon dioxide. This can be misleading, because the 
relative quantities of water and vapour and carbon dioxide vary 
with fuel. The same percentage C02 will correspond to different 
oxygen concentrations for different fuels. 

The HUMIDITY of ambient a i r  varies considerably with time and lo- 
catibn, being determined by geographical and cl imatic factors. In 
the centre of a land mass in winher, with temperatures perhaps 
reaching typically as low as -40 C ,  moisture content my be only 
0.08 g/kg dry a i r ,  whereas in the warm moist climat of a maritime 
region moisture content may be above 10.0 g/kg dry air .  In any 
given locality annual variations of this magnitude are unlikely 
b u t  even in the mild climate of the British Isles a ten-fold 
range between winter and summer i s  not  uncommon. 

In the Annex IX report3 the factors which affect indoor humidity 
are discussed, followed by a brief review of the possible effects 
of humidity on occupants and the fabric of buildings, with par- 
ticular reference in the la t te r  case to condensation. Finally 
possible methods of control are considered and topics for research 
suggested. 

Further and more detailed investigations will contribute to state- 
ments about the influence of the humidity t o  the need for a i r  ex- 
change and ventil ation rates. 

BODY ODOUR i s  the main reason for ventilation of many densely 
bccupied spaces. I t  i s  therefore surprising that so l i t t l e  re- 
search has taken place in this area. The review3 presents the 
principal findings of two major studies on body odour and venti- 
lation requirements. Shortcomings of the studies are discussed 
and reasons for the large differences in the results obtained in 
the two investigations are discussed. 

None of the two studies provide completely satisfying data for 
fixing a required ventilation rate. One used an arbitrary "mo- 
derate" mean vote of test  persons on his psycho-physical scale as 
criterion. Another based his recommendation of 4 l / s  person on 
75 % acceptability of his judges. B u t  the situation for the 
judges may have been a l i t t l e  unrealistic. After having entered 
their head in the sniffing box for a moment the tes t  persons were 
supposed t o  vote whether the odour was acceptable or not. The 
meaning of "acceptable" may be quite different when entering a 
real space than for a judge under these rather ar t i f ic ial  condi- 
tions. This may also explain the small influence of ventilation 
rate on acceptability in some experiments. Field validation of 
the observations would be essential. 



The Annex IX repor t3  on PARTICULATES AND FIBERS gives ,  beginning 
with some general d e f i n i t i o n s ,  a review of sources of indoor par- 
t i c u l  a t e s  and f i b r e s  po l lu t ion ,  of measurement techniques,  of e f  - 
fects o f  p a r t i c u l a t e  and f i b r e s  inha la t ion  on human hea l th  and 
f i n a l l y  l i s t s  open ques t ions  and f u t u r e  research f i e l d s .  Inves t i -  
ga t ions  on t h e  e f f e c t  o f  v e n t i l a t i o n  r a t e  on indoor p a r t i c u l a t e  
and f i b r e s  pol lu t ion  a r e  needed. 

The d i l u t i o n  of indoor a i r  contaminants with outdoor a i r  requi res  
a cons iderable  amount of  energy t o  condi t ion  t h a t  a i r .  The amount 
of  outdoor a i r ,  and consequently t h e  energy f o r  i ts  condit ioning,  
can be reduced through t h e  use of a i r  cleaning devices f o r  
TREATMENT OF RECIRCULATED ROOM AIR. 

There are commercial a i r  cleaning devices t h a t  provide f i  1 t e r i n g  
t o  remove a i rborne  p a r t i c l e s ,  d i s i n f e c t i o n  t o  control  a i rborne  
contagion, and sorpt ion  mate r i a l s  t o  control  some odour and 
gaseous contaminants. These devices a r e  not  used ex tens ive ly  be- 
cause the most common control  s t r a t e g y ,  d i l u t i o n ,  involves low 
c a p i t a l  and maintenance c o s t s  and gives a s a f t y  margin t o  a l s o  
the  many non-identified a i r  contaminants i n  buildings.  The concept 
of using a i r  cleaning devices t o  permit reduction of  outdoor supp- 
l y  a i r  r a t e  is r e l a t i v e l y  new. Hence, da ta  a r e  required on the 
performance o f  v e n t i l a t i o n  systems using such devices t o  control  
a l l  t h e  re levant  indoor a i r  contaminants involved, 

Fur ther ,  t o  permit t h e  proper design o f  contaminant removal sys- 
tems, the e f f i c i e n c i e s  of  various devices must be expressed on a 
common basis .  Standard test methods a r e  a v a i l a b l e  f o r  evaluat ing  
p a r t i c u l a t e  removal devices and a r e  required f o r  gaseous contami- 
nant removal devi ces. 

The RELATIONSHIP BETWEEN OUTDOOR AND INDOOR AIR POLLUTION depends 
s u b s ~ a n t i a l l y  upon whether the major sources of  p o l l u t a n t s  of con- 
cern  a r e  indoor o r  outdoors. Major indoor po l lu tan t s  a r e  radon, 
formaldehyde, and combustion products pr inc ipal  1y carbon monoxi de , 
s u l f u r  dioxide, ni trogen dioxide and suspended p a r t i c l e s .  

In many cases radon and formaldehyde have lower concentra t ions  
outdoors than indoors, and the indoor pol 1 u tan t  concentra t ions  
a r e  n o t  s i g n i f i c a n t l y  a f fec ted  by outdoor concentrat ions.  This 
i s  a l s o  sometimes t r u e  f o r  some combustion p o l l u t a n t s ,  when an 
unvented appliance is  used indoors and t h e  outdoor p o l l u t a n t  l e -  
vel s a r e  low. Indoor/outdoor r e l a t i o n s h i p  may be considered most 
simply i n  the  context  of  a single-chamber (well-mixed) mass-ba- 
lance model t h a t  u t i l i z e s  f i r s t - o r d e r  indoor p o l l u t a n t  r e a c t i v i -  
t y  r a t e s  and building shell po l lu tan t  penet ra t ion  f a c t o r s .  

In considering v e n t i l a t i o n  requirements f o r  various bui ld ing 
types,  t h e  indoor/outdoor r a t i o  i t s e l f  i s  not o f t e n  the parameter 
of  i n t e r e s t .  For indoor-generated po l lu tan t s ,  t h e  r a t i o  i s  o f t en  
l a r g e  and not r e l evan t  t o  v e n t i l a t i o n  requirements, which a r e  de- 
termi ned d i r e c t l y  from pol 1 u tan t  generat ion r a t e s .  For pol 1 u tan t s  
t h a t  a r e  generated only outdoors, concentrat ions a r e  genera l ly  
the  same o r  l e s s  indoors, a s  a r e s u l t  of  which app l i cab le  outdoor 
s tandards  could o r d i n a r i l y  provide s u i t a b l e  p ro tec t ion  of  the  ge- 
neral publ ic  (except  when outdoor a i r  conta ins  unusually high pol- 
1 u t a n t  l eve1 s, e i t h e r  average o r  peak). When pol l u t a n t s  can a r i  s e  



from e i t h e r  indoor o r  outdoor sources to  a comparable degree, the 
s t ructure a f fec ts  indoor concentrations i n  two offset t ing ways of 
comparable importance. The s t ructure reduces the indoor concentra- 
t ions of outdoor-generated pollutants while confining indoor-ge- 
nerated pollutants. However, ordinarily the indoor pollutant ge- 
neration ra tes  themselves a re  the principle guide t o  ventilation 
requirements. 

5. CONCLUDING WORDS 

Annex IX is  a highly sui table  means f o r  coordinating the research 
i n  the above outlined wide-ranging topics and f o r  stimulating the 
necessary cooperation from participating countries. The r e su l t  of 
t h i s  international programme wi 11 be as fol lows : 

A document identifying more closely the factors  which deter- 
mine the  concentrations of the pollutants and the in te r re la -  
t ionships between them, minimum ventilation rates  and a1 1 other 
su i tab le  methods fo r  acceptable a i r  quality levels ,  fur ther  a 
document summarizing information about ventilation techni ues 
fo r  control1 ing a i r  ual i t y  and conserving energy, and a lo- 

techniques. 
a cument ca ta log~ng an assessing measurement and sampling 

- A f ina l  report integrating the resu l t s  of th i s  task and contai- 
ning recommendations for  such additional research a c t i v i t i e s  
as may be appropriate. 
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The a i r  i n f i l t r a t i o n  associa ted  with v e n t i l a t i o n  i n  b u i l d i n g s  is 
recognized i n  ASHRAE Standard 62-1981, V e n t i l a t i o n  f o r  Acceptable 
Indoor A i r  Qua l i ty .  E s p e c i a l l y  i n  the  r e s i d e n t i a l  s e c t o r ,  and 
p a r t i c u l a r l y  i n  houses, i n f i l t r a t i o n  is assumed t o  supply  most o f  
the  requi red  v e n t i l a t i o n .  I n  t h e  l i g h t  of  recent  t r e n d s  toward 
i n c r e a s i n g l y  t i g h t  housing, which l i m i t s  a i r  i n f i l t r a t i o n ,  
dependence on t h i s  source of  ou t s ide  a i r  is one point  t h a t  must be 
c a r e f u l l y  considered i n  the  Revised Standard. 

Giving c r e d i t  t o  e i t h e r  a i r  i n f i l t r a t i o n  o r  v e n t i l a t i o n  a i r  a s  t h e  
means t o  d i l u t e  sources o f  indoor p o l l u t i o n ,  and thereby maintain 
accep tab le  indoor a i r  q u a l i t y ,  depends upon t h e  degree of mixing 
with the i n t e r i o r  air. The mixing e f f i c i ency  is  an important 
ques t ion  t h a t  must be p roper ly  eva lua ted  i n  t h e  Revised Standard. 
Recent s t u d i e s  have pointed ou t  how widely t h i s  f t v e n t i l a t i o n  
e f f i c i e n c y n  can vary from bui ld ing t o  building.  

A c t i v i t i e s  wi th in  t h e  l i v i n g  space such a s  smoking have prompted 
t h e  p rev ious  standard committee t o  c a r e f u l l y  d iscr iminate  between 
smoking and nonsmoking areas. V e n t i l a t i o n  r a t e s  f o r  smoking a r e a s  
were r a i s e d  a s  much a s  a f a c t o r  o f  f i v e  times t h a t  o f  nonsmoking 
areas. Are these  r a t i o s  s u f f i c i e n t  i n  t h e  l i g h t  o f  r ecen t  s t u d i e s  
i n v o l v i n g  necessary d i l u t i o n  of  p a r t i c u l a t e s ?  Flows between 
smoking and nonsmoking zones a l s o  requ i re  f u r t h e r  cons idera t ion  i n  
the  Revised Standard. 

A s  with any p o l l u t a n t ,  maintaining s u i t a b l e  i n t e r i o r  environments 
means understanding the  s ign i f i cance  of bu i ld ing  opera t ion ,  the  
systems t h a t  move t h e  a i r  (such a s  v a r i a b l e  a i r  volume systems) and 
t h e  e f f e c t s  of both i n t e r i o r  and e x t e r i o r  environments. Changes i n  
humidity, a i r  temperature and l o c a l  heat ing  may a 1  ter po 1 l u t a n t  
l e v e l s  i n  bu i ld ings  due t o  t h e  bu i ld ing  m a t e r i a l s  and must be 
considered i n  r e v i s i n g  t h e  Standard. 





INTRODUCTION AND HISTORY 

The need f o r  v e n t i l a t i o n  o f  inhabited,  enclosed spaces was 
undoubtedly recognized by e a r l y  cave  men when they brought t h e i r  
campfire i n t o  t h e  cave. The first recorded e f f o r t  t o  quant i fy  
v e n t i l a t i o n  needs appears t o  be t h e  work of  Tredgold i n  1836.1 He 
determined t h a t  four  cubic feet per  min (2 L/s) of  outdoor a i r  per 
person was needed t o  d i l u t e  t h e  carbon dioxide  exhaled by the  
occupants o f  a space. A s  s t o v e s  and contro led  heat ing  systems 
d i s p l a c e d  open f i r e p l a c e s  during t h e  l a s t  century, and bu i ld ing  
technology improved, t h e  recommended v e n t i l a t i n g  r a t e s  had 
increased t o  30 cfm (15 L/s) per  person by t h e  beginning of  t h e  20th 
century. These higher v e n t i l a t i n g  r a t e s  were found necessary t o  
c o n t r o l  body odors. Personal  hygene began t o  improve about t h a t  
t i m e ,  and recommended v e n t i l a t i o n  dropped t o  10 cfm (5  Lls)  of 
outdoor a i r  per  person when Yaglou published h i s  work i n  1 9 3 6 , ~  

1.1 F i r s t  U.S. Standard -- 
The first v e n t i l a t i o n  standard was published by the  American 
Standards Association i n  1946.3 It included recommendations f o r  
both l i g h t i n g  and v e n t i l a t i o n .  ASHRAE up-dated t h e  ASA Standard 
when it published Standard 62-73 i n  1973 .~  Both ASA A53.1 and 
ASHRAE 62-73 recommended bas ic  r a t e s  of  10 cfm (5  L/S) of  outdoor 
a i r  p e r  person based on Yaglou9s work. The ASHRAE Standard 
s p e c i f i e d  an abso lu te  minimum of  5 cfm (2 1/2 L / s )  per  person t o  
c o n t r o l  t h e  carbon dioxide  l e v e l .  This  was i n  agreement with 
Tredgoldls o r i g i n a l  recommendation. A t  5 cfm (2 1/2 L/s) per 
person sedentary occupants can r a i s e  t h e  s teady s t a t e  C02 l e v e l  t o  
about  2500 ppm (0.25%). This  is considered t o  be an accep tab le  
upper l i m i t  f o r  norma 1 l y  h e a l  thy  people. Nuclear-powered 
submarines, and spacec ra f t  opera te  a t  C02 l e v e l s  a s  high a s  I%, 
however, odors a r e  sometimes n o t i c a b l e  a t  those high C02 l e v e l s .  

Energy Considerations 

The 1973 o i l  embargo suddenly crea ted  a s t rong  emphasis on energy 
conservat ion  i n  buildings.  While Standard 62-73 presented both 
minimum and recommended outdoor a i r  v e n t i l a t i n g  r a t e s ,  the  ASHRAE 
Energy Standard 90-75 first published i n  1975, spec i f i ed  use of 
t h e  minimum rates.5 Thus, one o b j e c t i v e  o f  t h e  review of Standard 
62-73, begun i n  1978, was t o  r e c t i f y  d i f fe rences  between Standard 
90 and Standard 62. The r e s u l t  was Standard 62-1981.6 

1.3 Standard 62-1981 

The 1981 Standard addressed a i r  q u a l i t y  much more d i r e c t l y  than 
e a r l i e r  Standards. The bas ic  outdoor a i r  v e n t i l a t i n g  r a t e  was 
reduced t o  5 cfm (2 1/2 L/s). Only minimum r a t e s  were presented 
f o r  va r ious  appl ica t ions .  Tobacco smoke was recognized a s  a s p e c i a l  
problem t h a t  could not be handled with an outdoor a i r  f low r a t e  of  
o n l y  5 cfm (2 1/2 L / s )  per  person. Thus the  I tperscr ip t ive  par t"  



of Standard 62-1981, the  v e n t i l a t i o n  r a t e  procedure, s p e c i f i e s  
s u b s t a n t i a l l y  h igher  rates when smoking is permitted. The 
recommended r a t e s ,  based on t h e  d i l u t i o n  o f  p a r t i c u l a t e s ,  assumes 
t h a t  one t h i r d  of  t h e  popula t ion  smokes a t  a r a t e  o f  two c i g a r e t t e s  
per hour. The recommended minimum outdoor a i r  f low r a t e  f o r  t h i s  
case is 20 cfm (10 L/s) per  person, four  times t h e  non-smoking 
rate.  (This r a t e  is spec i f i ed  f o r  a l l  occupants, both smokers and 
non-smokers when t h e  smokers a r e  not  segregated). The recommended 
r a t e  is increased t o  35 cfm (17 1/2 L/s) f o r  a p p l i c a t i o n s  such a s  
bars  where t h e  inc idence  of smoking is g e n e r a l l y  higher. Standard 
62-1 98 1 a l s o  defined accep tab le  contaminant l e v e l s  f o r  t h e  outdoor 
a i r  used f o r  v e n t i l a t i o n .  

1.4 - A i r  Q u a l i t y  Procedure 

A new f e a t u r e  o f  Standard 62-1981 was t h e  inc lus ion  o f  an 
a l t e r n a t e ,  " A i r  Q u a l i t y  Procedure." This  procedure s p e c i f i e s  
recommended l i m i t s  f o r  t h e  most common contaminants and a l l o w s  the  
des igner  t o  use whatever amount o f  outdoor a i r  he f i n d s  necessary 
t o  d i l u t e  the  conta inants  t o  the  recommended l e v e l .  Under t h i s  
procedure it i s  p o s s i b l e  t o  use  a high e f f i c i e n c y  f i l t e r  t o  remove 
p a r t i c u l a t e s  from t h e  r e c i r c u l a t e d  a i r  and thus  reduce t h e  outdoor 
air requirements t o  n e a r l y  equa l  t h e  non-smoking r a t e  even when 
smoking is  permitted. The committee t h a t  wrote Standard 62-1981 
f e l t  it w a s  d e s i r a b l e  t o  inc lude  t h e  a i r  q u a l i t y  procedure s o  t h a t  
i n n o v a t i v e  methods t o  achieve  energy e f f i c i e n t  v e n t i l a t i o n  could be 
permitted. 

One p o l l u t a n t  l e v e l ,  t h e  recommended l i m i t  o f  0.1 ppm f o r  
formaldehyde (based on comfort criteria r a t h e r  than h e a l t h  r i s k )  
crea ted  a problem with the  manufactured housing industry. Although 
t h a t  i n d u s t r y  can e x e r c i s e  c o n t r o l s  o v e r  emissions from widely used 
urea-formaldehyde-bonded plywood and chipboard (through low 
emissions s p e c i f i c a t i o n s  o r  s u b s t i t u t e  ma te r i a l s ) ,  and from choices 
made wi th  regard t o  urea-formaldehyde foam i n s u l a t i o n ,  they have no 
c o n t r o l  over  carpet ing ,  drapery, and f u r n i t u r e  a l l  o f  which a l s o  
emit formaldehyde vapors. Thus the  pub l i ca t ion  o f  a low 
recommended formaldehyde l i m i t  i n  t h e  v e n t i l a t i o n  standard,  even 
though it was p a r t  o f  an a l t e r n a t e  procedure, was perceived a s  a 
t h r e a t  t o  the  industry. Since s ingle- family  res idences  do not  
u s u a l l y  have  mechanical v e n t i l a t i o n  systems, which can be eva lua ted  
by b u i l d i n g  inspectors ,  it was feared  t h a t  t h e  a i r  q u a l i t y  
procedure would be adopted a s  the  on ly  choice i n  b u i l d i n g  codes. 
This s i t u a t i o n  has served t o  emphasize t h e  r e s i d e n t i a l  problem: i f  
the re  is no mechanical v e n t i l a t i o n  system, now can we d e a l  with 
i n f i l t r a t i o n  which approaches zero  f low under mild weather 
condi t ions?  

2. HOUSES AND M I N I M U M  VENTILATION 

Past  A I C  conferences have revea led  t h e  v a r i a t i o n  i n  v e n t i l a t i o n  
r a t e s  between t h e  d i f f e r e n t  rooms i n  European residences.7 Such 
room-to-room v a r i a t i o n s ,  a s  l a r g e  as 10 t o  1, most c e r t a i n l y  take  



p l a c e  i n  US homes as w e l l ,  but  because of  r e s t r i c t e d  constant-  
concentra t ion  t r a c e r  gas t e s t i n g  t o  document such v a r i a t i o n s ,  t h e  
da ta  base has been very l imited.  Except f o r  t h e  mechsnica l ly  
v e n t i l a t e d ,  ve ry  t i g h t  home which is  almost  weather independent, 
t h e  convent ional  U S  home experiences major v a r i a t i o n s  i n  
v e n t i l a t i o n  r a t e  over  the  seasons and during any one season. This  
has been d ramat ica l ly  pointed ou t  i n  ecent  t e s t i n g  i n  two side-by- 
s i d e  homes i n  Gaithersburg, Maryland. The t e s t i n g  program has  
extended over  t h e  e n t i r e  weather year  which is a r a r i t y  i n  
i n f i l t r a t i o n  t e s t ing .  Typical  seasonal  da ta  a r e  shown i n  Fig. 1 
and i l l u s t r a t e  t h a t  these  two houses with no t i ceab ly  d i f f e r e n t  
t i g h t n e s s ,  approximately 6 and 10 a i r  changes per  hour a t  50 PA 
based on fan  p ressur i za t ion  tests, e x h i b i t  a  marked v a r i a t i o n  i n  
i n f i l t r a t i o n  r a t e s  over t h e  year  and d i f f e r  by about 25%. Only i n  
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Fig. 1 Effect of Retrofit, by Season, on Infiltration Rates 10 

t he  most seve re  w l r l c s r  c l ima te  do t h e  a i r  i n f i l t r a t i o n  r a t e s  
measured by the  t r a c e r  gas method approach the  same v e n t i l a t i o n  
d i f f e r e n c e s  between these  houses a s  measured by t h e  p ressur i za t ion  
t e s t s  (i.e., 40%). Throughout t h e  t e s t i n g ,  the  a i r  i n f i l t r a t i o n  
f l u c t u a t e s  day-to-day, o r  even hour-to-hour due t o  weather 
v a r i a t i o n s  and c l e a r l y  causes s i g n i f i c a n t  v a r i a t i o n s  i n  t h e  
v e n t i l a t i o n  r a t e  a s  shown i n  Fig. 2. 

One technique t h a t  has been employed i n  these  two house tests is t o  
genera te  a "synthet icq y e a r l y  v e n t i l a t i o n  r a t e  profi le . '0  It 
provides  an improved approach t o  quant i fy ing average v e n t i l a t i o n  
r a t e s  b u t  quest ions o f  meeting a t l v e n t i l a t i o n  standardw during a 1 1 
periods o f  house opera t ion  remain. This y e a r l y  v e n t i l a t i o n  r a t e  
p r o f i l e  i s  shown i n  Fig. 3 and po in t s  out  t h e  average i n f i l t r a t i o n  
r a t e  is o n l y  0.25 ACH f o r  the  t i g h t e r ,  r e t r o f i t t e d  house and 0.34 
ACH f o r  t h e  c o n t r o l  house (compared t o  0.5 ACH which has o f t e n  been 
viewed as a d e s i r a b l e  lower v e n t i l a t i o n  l i m i t ) .  
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Standard 62-1981, a s  now cons t i tu ted ,  s t a t e s  ( i n  Sect ion  5.1) t h a t  
adequancy of  v e n t i l a t i o n  v i a  n a t u r a l  v e n t i l a t i o n  and a i r  
i n f i l t r a t i o n  " s h a l l  be demonstrablew. Have t h e  d e t a i l e d  tests ( j u s t  
discussed) on ly  proved what w e  have a11 suspected, namely a s  our 
housing becomes t i g h t e r  t h e r e  w i l l  be periods - sometimes extended 
periods - when a i r  i n f i l t r a t i o n  w i l l  be inadequate t o  supply  the  
v e n t i l a t i o n  requirements o f  our  homes? How adequate was t h e  a c t u a l  
v e n t i l a t i o n  i n  t h e  pas t?  How can we t r e a t  t h i s  problem i n  the  
Revised Standard is a quest ion t h a t  must be r e so lved  wi th in  the  
committee. Should we move away from statements t h a t  " v e n t i l a t i o n  



r a t e  s h a l l  be demonstrated" t o  a s tatement t h a t  s p e c i f i e s  an 
improved method of measurement? How c a u t i o u s l y  should w e  proceed 
t o  improved t i g h t n e s s  s tandards  i n  our  r e s i d e n t i a l  housing, such a s  
i n  ASHRAE SPC-119, I3  i n  l i g h t  of  our  present  knowledge? These a r e  
j u s t  some o f  t h e  ques t ions  t h a t  must be answered i n  t h e  months 
ahead. 

MEASUREMENT OF A I R  EXCHANGE RATES 

Since ASHRAE 62-1981 was wr i t t en ,  marked improvements i n  our 
a b i l i t y  t o  measure a i r  exchange r a t e s  have taken p l a c e  and our  
knowledge of  a i r  exchange i n  bu i ld ings  both l a r g e  and small has 
been considerably  advanced. I n  our  l a r g e r  bu i ld ings  w e  a r e  now 
a b l e  t o  document t h e  amounts o f  outdoor a i r  en te r ing  t h e  bu i ld ings  
under va r ious  seasonal  conditions. Differences between f l o o r s  are 
a l s o  evident.11s12 What is s t i l l  missing i s  how t h e  amount of  
ou t s ide  a i r  changes with t h e  d i f f e r e n t  s e t t i n g s  o f  t h e  v e n t i l a t i o n  
systems, e s p e c i a l l y  t h e  v a r i a b l e  a i r  volume systems. Since VAV 
systems are today's standard method o f  providing v e n t i l a t i o n  a i r  i n  
our l a r g e r  bui ld ings ,  it is important t h a t  t h e  Revised Standard 
address  ques t ions  t h a t  d e a l  with t h e  VAV opera t ions  t h a t  a f f e c t  
v e n t i l a t i o n .  The f r e s h  a i r  o r  r e c i r c u l a t e d  cleaned a i r  
requirements i n  t h e  Standard a r e  a funct ion  of t h e  occupancy 
l e v e l s ,  and/or f l o o r  space. Thus, it is important t h a t  t h e r e  be no 
reduct ion  i n  these  a i r  f low l e v e l s  when t h e  t o t a l  amount of a i r  
f low is reduced t o  a g iven zone based upon comfort considerat ions.  
Measurements o f  these  a i r  q u a n t i t i e s  a r e  now being undertaken by 
such groups a s  t h e  National Bureau o f  Standards and h o p e f u l l y  w i l l  
impact t h e  Standard a s  it is being revised.  

POLLUTANT LEVELS AND LARGER BUILDINGS 

Viewing the  v e n t i l a t i o n  quest ion from t h e  standpoint  t h a t  
p o l l u t a n t s  must n o t  exceed a prescr ibed l e v e l ,  t h e  Indoor A i r  
Q u a l i t y  Procedure o f  ASHRAE Standard 62-1981, one would l i k e  t o  
f ind  a s imple  t e s t i n g  approach. Some have proposed C02 and 
p a r t i c u l a t e  l e v e l s  a s  surrogate  measures of  t h i s  adequacy. C02 
l e v e l s  have  been t h e  b a s i s  f o r  determining v e n t i l a t i o n  r a t e s  
incorporated i n  t h e  ASHRAE 62 Standard over  the  years. Although 
maximum C02 l e v e l s  have been s e t  a t  2500 ppm (0.25%), r ecen t  da ta  
have ind ica ted  t h a t  l e v e l  may be too  high. Canadian s t u d i e s  point  
t o  1,000 ppm a s  a l e v e l  t h a t  e l i m i n a t e s  occupant problems such a s  
mild headaches. Japanese da ta  would appear t o  confirm those  v a l u e s  
p lac ing  t h e  des i red  maximum i n  a s i m i l a r  range. This adjustment i n  
C02 l e v e l  would have a profound in f luence  on Standard 62. To meet 
the  Canadian and Japanese recommendations would mean t h a t  t h e  
minimum v e n t i l a t i o n  r a t e  would be 12.5 cfm (6.3 L/S) not t h e  2.5L/s 
5 cfm (2.5 L/s) a s  i n  Standard 62-1981. Before d iscuss ing t h i s  
ques t ion  o f  minimum v e n t i l a t i o n  r a t e  f u r t h e r  l e t  us  tu rn  our  
a t t e n t i o n  t o  p a r t i c u l a t e s .  



P a r t i c u l a t e s  

I n  t h e  d i scuss ions  t h a t  have taken p l a c e  i n  At lan ta  and Kansas C i ty  
( s i t e s  of ASHRAE semiannual and annual mee t ings l the  t o p i c  t h a t  has 
rece ived t h e  most a t t e n t i o n  i n  t h e  62-1981R Subcommittee on Bui ld ing 
Performance has been p a r t i c u l a t e s .  Even before these  
d e l i b e r a t i o n s ,  t h e r e  has  been a high degree of  i n t e r e s t  i n  
p a r t i c u l a t e s  t h a t  a r e  a r e s u l t  o f  smoking. Representa t ives  i n  t h e  
tobacco indus t ry  ques t ion  t h e  concept of  smoking ve r sus  non- 
smoking v e n t i l a t i o n  r a t e s  where the  v e n t i l a t i o n  r a t e s  have  o f t e n  
been s p e c i f i e d  t o  be f i v e  times t h a t  i n  t h e  non-smoking zones, i n  
Table 3 o f  t h e  62-1981 Standard. The d iscuss ions  i n  t h e  
subcommittee covered more than the  smoking i s s u e  and a r e  looking a t  
p a r t i c u l a t e s  i n  t h e  0.3-1, 1-3, and 3-5 micron s i z e s ,  cover ing  a 
range t h a t  inc ludes  and exceeds those p a r t i c l e s  t h a t  cou ld  be 
a t t r i b u t e d  t o  smoking alone. One explanat ion  was t h a t  t h e  
p a r t i c l e s  l a r g e r  than 1 micron (i.e., l a r g e r  than those  as soc ia ted  
with smoking), were o f t e n  "people generated." By t h i s  w e  a r e  
speaking o f  s k i n  shedding and o the r  occupant r e l a t e d  a c t i v i t i e s .  
New monitoring techniques have al lowed these  d i f f e r e n t  s i z e s  of  
p a r t i c u l a t e s  t o  be measured and the  r e s u l t s  i n t e r p r e t e d  i n  terms o f  
v e n t i l a t i o n  ef f ic iency.  The e a r l y  r e s u l t s  a r e  r e v e a l i n g  t h a t  
cons tant  volume and v a r i a b l e  a i r  volume systems perform d i f f e r e n t l y  
using these p a r t i c u l a t e s  a s  "tracersw. Quest ions have been r a i s e d  
a s  t o  whether t h e  'b ix ing ef f ic iency"  is t h e  same over  t h i s  range 
of  p a r t i c l e  s i z e s ,  i.e., t h a t  t h e  p o s s i b i l i t y  e x i s t s  t h a t  some 
p a r t i c l e s  may concentra te  i n  t h e  occupied zones o f  a building.  

4.2 Ven t i l a t ion  Ef f i c i encx  

The whole ques t ion  o f  v e n t i l a t i o n  e f f i c i e n c y  is a key t o  t h e  
a p p l i c a t i o n  of  Standard 62. The pioneering works of sandberg14 and 
skare t15 point  ou t  t h e  key elements of  v e n t i l a t i o n  e f f i c i ency .  If 
the  v e n t i l a t i o n  a i r ,  whether i t  be ou t s ide  a i r  o r  cleaned and 
f i l t e r e d  r e c i r c u l a t e d  air, is not  reaching the  occupants of t h e  
b u i l d i n g  because a i r  mixing is inadequate i n  t h e  rooms i n  which 
they are located ,  then t h e  purpose of t h e  Standard has  been 
compromised. The achievement o f  s u i t a b l e  v e n t i l a t i o n  e f f i c i e n c i e s  
must be a key element i n  s a t i s f y i n g  the  g o a l s  of  t h e  Revised 
Standard. 

D i l u t i o n  o f  contaminated indoor a i r  with less contaminated 
outdoor a i r  i s  the  main method used f o r  c o n t r o l l i n g  indoor a i r  
contaminants. Commercial bu i ld ings  use mechanical a i r  handl ing  
systems t o  condi t ion  and d i s t r i b u t e  t h e  v e n t i l a t i o n  air. The 
amount of outdoor a i r  required is defined by bu i ld ing  codes which 
u s u a l l y  depend on ASHRAE Standard 62. System designs a r e  approved 
on t h e  b a s i s  of t h e  bu i ld ing  p l a n s  and spec i f i ca t ions .  Af ter  the  
systems a r e  i n s t a l l e d  they a r e  balanced by measuring t h e  volume of 
a i r  discharged from each supply d i f fuse r .  This, however, does not  
a s su re  a proper d i s t r i b u t i o n  of  t h e  outdoor a i r  wi th in  t h e  occupied 
space. Incomplete mixing o f  outdoor a i r  with r e t u r n  a i r  can r e s u l t  
i n  a non-uniform d i s t r i b u t i o n  o f  t h e  outdoor a i r .  Further ,  the  
common p r a c t i c e  o f  l o c a t i n g  both the  supply o u t l e t s  and r e t u r n  



i n l e t s  on o r  near  t h e  c e i l i n g  can permit s h o r t  c i r c u i t i n g  o f  some 
of t h e  supply  a i r  d i r e c t l y  t o  the  r e tu rns  without complete mixing 
a t  t h e  occupied l e v e l  i n  a room. When t h i s  happens e f f e c t i v e  
d i l u t i o n  i s  compromised. 

Fig. 4.  Typical Air Distribution System. 

16,17 
Consider a t y p i c a l  d i s t r i b u t i o n  system a s  shown i n  Fig. 4. 
Outdoor a i r ,  Q01 is mixed with r e c i r c u l a t e d  a i r  and supp l i ed  t o  the  
space. A f r a c t i o n ,  s, of  t h e  supply a i r ,  SQs may f low a long  t h e  
c e i l i n g  t o  the  r e t u r n  i n l e t  o r  otherwise bypass t h e  occupied p a r t  
of t h e  room. A f r a c t i o n ,  r, o f  t h e  r e t u r n  air  may be r e c i r c u l a t e d  
t o  be mixed with t h e  outdoor a i r .  The remainder, I-r, w i l l  be 
exhausted. The amount o f  t h i s  outdoor a i r  t h a t  bypasses t h e  
occupied space and is  exhausted is Q10-s and t h e  r e l a t i o n s h i p  is: 

The v e n t i l a t i o n  e f f i c i ency ,  ?l, can be defined as: 

Eqn. 3 def ines  t h e  e f f i c i e n c y  with which t h e  outdoor a i r  is 
c i r c u l a t e d  t o  the  occupied space i n  terms of  a s t r a t i f i c a t i o n  o r  
mixing fac to r ,  s, and t h e  r e c i r c u l a t i o n  fac to r ,  r. I f  t h e r e  is no 
exhaust flow, r=l and t h e  e f f i c i e n c y  is 100%. I f  the re  is no 
s t r a t i f i e d  o r  bypass flow, s = O ,  and t h e  e f f i c i e n c y  i s  a l s o  100%. 
I f ,  however, the re  is both s t r a t i f i e d  f low and r e c i r c u l a t i o n ,  
outdoor a i r  can pass through t h e  system without e v e r  being used t o  
d i l u t e  contaminants a t  t h e  occupied l e v e l .  This  v e n t i l a t i o n  l o s s  
a l s o  rep resen t s  an  energy loss .  Fig. 5 p resen t s  a set of  cu rves  
descr ib ing Eqn. 3. 

It has  been shoun17 a l s o  t h a t  t r a c e r  gas decay measurements can be 
used under the  proper condi t ions  t o  measure v e n t i l a t i o n  ef f ic iency.  
A s u i t a b l e  t r a c e r  gas such a s  methane o r  s u l f u r  hexaf luor ide  can be 



RECIRCULATION, R, (PERCENT) 

Fig. 5 Ventilation Efficiency 

added t o  t h e  supply a i r  a t  a  s u f f i c i e n t l y  rapid  r a t e  t o  b u i l d  up a 
measureable concentra t ion  a t  the  r e t u r n  i n l e t  before t h e r e  is a  
s i g n i f i c a n t  rise i n  concentra t ion  a t  t h e  occupied l e v e l .  The semi- 
l o g  p l o t  o f  t h e  tracer gas  concentra t ion  decay o v e r  t i m e  may r e v e a l  
two curves  s i m i l a r  t o  Fig. 6. The s l o p e s  o f  t h e  l i n e s  are 
propor t ional  t o  t h e  outdoor a i r  f low r a t e  i n  volumetr ic  a i r  changes 
per  u n i t  time. I n  t h i s  case, Volume 1 refers t o  t h e  supply  and 

ELAPSED TIME (MINUTES) 

Fig. 6 Tracer Gas Decay in Volume L in a Two Chamber Study 16 



r e t u r n  d u c t  volumes and the  upper p a r t  o f  t h e  room as shown i n  Fig.4 
Volume 2 i s  t h e  lower o r  occupied p a r t  o f  t h e  room. 

The apparent  change i n  i n f i l t r a t i o n  o r  v e n t i l a t i o n  r a t e  is caused 
by t h e  i n i t i a l  l o s s  o f  t r a c e r  gas both t o  Volume 2 and t o  t h e  
exhaust f low p l u s  t h e  i n f i l t r a t i o n  loss .  The f i n a l  o r  equ i l ib r ium 
decay l i n e  is r e v e a l e d  when mixing between t h e  two volumes is 
complete. This  r ep resen t s  t h e  a c t u a l  outdoor a i r  p l u s  i n f i l t r a t i o n  
a i r  f l o w  ra tes .  It can be shown l 7  t h a t  t h e  e f f i c i e n c y  wi th  which 
the  outdoor a i r  is  used t o  d i l u t e  contaminants i n  Volume 2 (i.e., 
t h e  occupied p a r t  o f  the  room) i s  approximated by: 

where = i n i t i a l  apparent  i n f i l t r a t i o n  rate 

1 = f i n a l  i n f i l t r a t i o n  r a t e .  

For t h e  case represented i n  Fig. 6, 

This low v e n t i l a t i o n  e f f i c i e n c y  was approximately confirmed by 
energy balance ca lcula t ions .  

The v e n t i l a t i o n  e f f i c i ency  obtained wi th  t r a c e r  gas tests and 
c a l c u l a t e d  from Eqn. 5 can be equated t o  Eqn. 3 t o  ob ta in  t h e  
s t r a t i f i c a t i o n  f a c t o r ,  s : 

The r e c i r c u l a t i o n  r a t e  during the  t r a c e r  decay measurements must be 
s p e c i f i e d  s ince  t h i s  w i l l  in f luence  t h e  v e n t i l a t i o n  e f f i c i ency .  

Duct systems similar t o  Fig. 4 can be expected t o  have a 
s u b s t a n t i a l  reduction i n  v e n t i l a t i o n  e f f i c i e n c y  a s  shown i n  Fig. 5. 
However, i f  the  r e t u r n  i n l e t  is loca ted  near  the  occupied l e v e l  o r  
i f  t h e  exhaust  is separated from t h e  r e t u r n  system and is loca ted  
i n  t h e  occupied l e v e l ,  t h e  v e n t i l a t i o n  e f f i c i ency  can be high. 
ASHRAE Standard 62-1981 does not  recognize t h i s  problem, but  the  
r ev i s ion  t o  62-1981 must address the  i ssue .  

Var iab le  a i r  volume systems tend t o  exacerbate t h i s  problem. Under 
heat ing  condi t ions ,  the  body hea t - loss  from a group o f  people  i n  a 
room w i l l  o f f s e t  some of  t h e  hea t  requirement f o r  the  room. This  
w i l l  reduce t h e  a i r  f low and v e n t i l a t i o n  a i r  a t  the  very  t i m e  when 



i t  is most needed. The lower a i r  v e l o c i t i e s  a l s o  reduce mixing 
ef f ic iency.  Such a system should be designed t o  inc rease  t h e  
f r a c t i o n  o f  outdoor a i r  i n  t h e  supp ly  a i r  under these  conditions. 
Use o f  a carbon dioxide sensor t o  measure the  a c t u a l  outdoor a i r  
requirement would be one way t o  c o r r e c t  t h i s  problem. 

4.3 Smoking 

Tobacco smoke p resen t s  t h e  HVAC system designer and b u i l d i n g  
opera tor  wi th  p a r t i c u l a r  chal lenges .  Approximately 30% of t h e  U S  
popula t ion  smokes. The 70% non-smoking populat ion has demanded 
s p e c i a l  cons idera t ion  i n  r ecen t  years. Standard 62-1973 recognized 
the  requirements i n  a very  s u p e r f i c i a l  and i n d i r e c t  manner, The 
recommended outdoor a i r  supply r a t e s , f o r  a p p l i c a t i o n s  where the  
incidence of smoking could be expected t o  be high,was therefore 
increased t o  c o n t r o l  t h e  smoke and assoc ia ted  odors. I n  con t ras t ,  
Standard 62-1981 addressed smoking d i r e c t l y .  Outdoor air  supply  
rates are spec i f i ed  f o r  e i t h e r  smoking o r  non-smoking app l i ca t ions .  

The ave rage  generat ion r a t e  f o r  t o t a l  suspended p a r t i c u l a t e s  is 
31 -9 mg/cigaret teq8.  The National  Ambient A i r  Q u a l i t y  Standard 
s p e c i f i e s  0.260 mg/m3 a s  the  concentra t ion  l i m i t  f o r  t o t a l  
suspended p a r t i c u l a t e s  f o r  24 hour exposure6, A mass balance  f o r  
the  p a r t i c u l a t e s  i n  indoor a i r  is  Eqn. E-1, Appendix E, Standard 62- 
1981 : 

V0 ( C s - C o )  = N (7) . 
where Vo = Flow r a t e  o f  outdoor a i r  

cS = P a r t i c u l a t e  concentrat ion i n  space 

C0 = P a r t i c u l a t e  concentra t ion  outdoors 

N = P a r t i c u l a t e  generat ion rate 

The f low rate of outdoor a i r  needed t o  achieve  a g iven indoor 
p a r t i c u l a t e  concentrat ion is given by: 

I f  we assume the  outdoor p a r t i c u l a t e  concentrat ion is zero,  Co= 0: 

. 31-9 
V = - = 150 m3/hr per  c i g f i r e t t e  (g) 

0.260 



If we assume 25% of t h e  occupants i n  a room smoke two c i g a r e t t e s  
per hour, t h e  outdoor a i r  flow r a t e  needed is: 

Vo = (1.25) (16.67) = 20.8 L/s o r  41.7 cfrn (10) 

The f low r a t e s  recommended i n  Table 3 o f  Standard 62-1981 were 
adjus ted  up and down from t h i s  bas ic  ra te .  Smoking i n  a r e a s  such 
a s  b a r s  tends  t o  be g r e a t e r  than t h e  assumed r a t e ,  bu t  t h e  dura t ion  
of  exposure is s u b s t a n t i a l l y  l e s s  than 24 hours. There a r e  always 
some p a r t i c u l a t e s  i n  outdoor a i r  which would inc rease  t h e  amount of  
outdoor air  needed. The National  Ambient A i r  Q u a l i t y  Standard 
s p e c i f i e s  0.075 mg/m3 a s  the  maximum p a r t i c u l a t e  concentra t ion  f o r  
continuous (1 year)  exposure. 

Appendix E of  Standard 62-1981 a l s o  shows how f i l t e r s  can g r e a t l y  
reduce t h e  amount o f  outdoor a i r  needed. The t o t a l  c i r c u l a t i o n  
r a t e  must be increased,  however. This may present  a problem i n  
v a r i a b l e  v e n t i l a t i o n  systems. Recent work by ~ e ~ a c e l  has  
confirmed the  bas ic  recommendation o f  20 cfm (10 L/S) of outdoor 
a i r  pe r  person ( i n  an  o f f i c e  where smoking is permit ted)  a s  a 
p r a c t i c a l  v e n t i l a t i o n  l e v e l .  Repace c a l c u l a t e d  the  l i f e t i m e  lung 
cancer r i s k  a s  a funct ion  o f  t h e  c i g a r e t t e  smoke concentra t ion  
assoc ia ted  with va r ious  d i l u t i o n  ra tes .  H e  found t h a t  a t  a minimum 
v e n t i l a t i o n  r a t e  of  5 cfrn (2 1/2 L/s) t h e r e  would be t e n  e x t r a  
cases  o f  lung cancer per  1000 people over  a lifetime. Increas ing 
t h e  outdoor a i r  f low r a t e  t o  20 cfrn (10 L/s) per  occupant reduces 
the  r i s k  t o  about two e x t r a  lung cancer cases  per 1000 people. 
Beyond t h i s  point  t h e  curve  is q u i t e  f l a t ;  o v e r  50 cfrn (25 L/s) of 
outdoor a i r  is needed t o  reduce the  r i s k  t o  one lung cancer case 
per  1000 people. 

Odor research  o f  Leaderer, Cain 'O and Fanger, Berg-Munch hqs 
shown t h a t  an outdoor a i r  supply  rate of  20 cfrn (10 L/s) per  person 
t o  a space where smoking is permitted w i l l  s a t i s f y  on ly  about 50% 
of the  v i s i t o r s  t o  t h e  space. Acceptance inc reases  a f t e r  a minute 
o r  two due t o  s a t u r a t i o n  of  t h e  o l f a c t o r y  senses. Outdoor a i r  f low 
r a t e s  o f  about 40 cfrn (20 L/s) a r e  needed t o  s a t i s f y  80% o f  the  
v i s i t o r s .  

Although more than 2000 d i f f e r e n t  spec ies  have been i d e n t i f i e d  i n  
tobacco smoke, p a r t i c u l a t e s  are the  dominant contaminant. These 
can be e f f e c t i v e l y  removed with e l e c t r o s t a t i c  f i l ters  o r  high 
q u a l i t y  media filters. It can be shown (see Ref. 6 , Appendix E) 
t h a t  t h e  outdoor a i r  f low r a t e  can be reduced from 35 cfm (17 1/2 
L/s) p e r  p e r s o n  t o  7 cfrn ( 3  1 / 2  L /S )  i n  a b a r  i f  a 90% e f f i c i e n t  
f i l t e r  is used and a c i r c u l a t i o n  r a t e  of  31 cfm (16.5 L/s) per 
person i s  achieved. Thus e f f i c i e n t  f i l t e r s  can g r e a t l y  reduce t h e  
amount o f  outdoor a i r  required. 



A second method f o r  reducing t h e  amount-_of outdoor a i r  needed t o  
d i l u t e  tobacco smoke is t o  segregate  smokers from non-smokers. 
ASHRAE Standard 62-1981 permits the  outdoor a i r  f low r a t e  t o  be 
c a l c u l a t e d  s e p a r a t e l y  f o r  each group when they a r e  segregated, and 
a i r  from t h e  smoking sec t ion  does not  f low i n t o  t h e  non-smoking 
sect ion.  Location of  smokers c l o s e  t o  t h e  exhaust i n l e t  permits  
the  supp ly  air  t o  sweep the  smoke i n t o  the  exhaust, then 
l i m i t a t i o n s  imposed by d i f f u s i o n  and mixing no longer  apply. 

Based upon the  latest  f indings  on p a r t i c u l a t e  l e v e l s  i n  
r e p r e s e n t a t i v e  bui ld ing,  and measurements o f  v e n t i l a t i o n  adequancy, 
the  62-1981~ Subcommittee on Bui ld ing Performance w i l l  pursue these  
po in t s  and make c e r t a i n  t h a t  t h e  most r e l e v a n t  performance c r i t e r i a  
a r e  emphasized i n  t h e  Revised Standard. A t  present  t h e  
subcommittee is rewr i t ing  the  m a t e r i a l  i n  Appendix E - Rat ionale  
f o r  Use of  Cleaned, Reci rcula ted  A i r .  This  Appendix d e a l s  with t h e  
problem o f  removing p a r t i c u l a t e  matter ,  and depending upon t h e  
removal e f f i c i ency ,  s t a t e s  how much the  f low of ou t s ide  a i r  can be 
reduced. To ta l  suspended p a r t i c u l a t e  concentra t ions  o f  t h e  ou t s ide  
a i r  a r e  p a r t  of  t h e  v e n t i l a t i o n  r a t e  determination. The quest ion 
of v e n t i l a t i o n  e f f i c i e n c y  descr ib ing how e f f e c t i v e l y  t h e  
v e n t i l a t i o n  a i r  is reaching t h e  occupants must be e i t h e r  
incorporated i n t o  t h e  c a l c u l a t i o n  procedure a t  t h i s  po in t  o r  a 
sepa ra te  appendix must be addressed t o  t h e  in f luence  o f  v e n t i l a t i o n  
ef f ic iency.  I n  t h e  subcommittee discussions,  s u i t a b l e  minimum 
v e n t i l a t i o n  r a t e s  were suggested a s  20 cf'm (10 L/s) based upon the  
mixing e f f i c i e n c y  information r e s u l t i n g  from p a r t i c u l a t e  
measurements. This  matter  is of  h ighes t  p r i o r i t y  i n  s e t t i n g  the  
Revised Standard. 

BUILDING ENVIRONMENT AND EMISSIONS 

How t h e  b u i l d i n g  maintains temperature, r e l a t i v e  humidity and a i r  
f low can d i r e c t l y  in f luence  t h e  bu i ld ing  indoor air  qua l i ty .  One 
example i s  formaldehyde outgassing, which is a f f e c t e d  by both 
temperature and humidity. Formaldehyde compounds a r e  ve ry  common 
i n  b u i l d i n g s  and thus  from a b u i l d i n g  performance s tandpoint  the  
way i n  which we maintain the  i n t e r i o r  bu i ld ing  environment can 
d i r e c t l y  i n f l u e n c e  source s t r e n g t h s  and thus  d i c t a t e  t h e  required 
v e n t i l a t i o n .  This  example o n l y  po in t s  ou t  t h a t  we must be 
concerned with b u i l d i n g  m a t e r i a l s  and t h e i r  associa ted  v e n t i l a t i o n  
requirements a s  w e l l  a s  t h e  needs o f  t h e  occupants. 

In  Standard 62-1981, under t h e  heading of Var iable  Occupancy 
(Section 6.1.5 and associa ted  Fig. 21, t he  Standard d e a l s  with 
t r a n s i e n t  o r  v a r i a b l e  occupancy and a l l o w s  the  bu i ld ing  opera tor  t o  
a d j u s t  dampers o r  even tu rn  o f f  the  v e n t i l a t i o n  system dur ing 
s p e c i f i e d  periods. These system adjustments may l a g  o r  l e a d  
occupancy depending upon whether occupant v e n t i l a t i o n  needs o r  
p o l l u t a n t s  associa ted  with b u i l d i n g  m a t e r i a l s  a r e  t h e  p r i n c i p a l  
concern. The 62-1981~ Subcommittee on Building Performance is 
looking more deeply i n t o  these  matters t o  determine i n  t h e  l i g h t  o f  
more r e c e n t  information whether o r  no t  t h i s  por t ion  o f  t h e  Standard 
should be a 1  tered. 



6. SUMMARY 

The d i scuss ions  i n  t h i s  paper have t raced t h e  h i s t o r y  o f  ASHRAE 
Standard 62, and point  ou t  t h e  important cu r ren t  ques t ions  t h a t  
a r e  be ing addressed during t h e  present  revis ion .  Bui ld ing 
performance aspec t s  o f  t h e  s tandard  have been emphasized i n  t h i s  
paper wi th  p r i n c i p a l  concerns f o r  v e n t i l a t i o n  e f f i c i ency ,  handl ing  
s p e c i a l  problems such a s  p a r t i c u l a t e s  e s p e c i a l l y  those  as soc ia ted  
with smoking, and the  v a r i a b i l i t y  o f  r e s i d e n t i a l  v e n t i l a t i o n  which 
has been h igh l igh ted  by modern instrumentation. 

This is a consensus standard and t h e  va r ious  subcommittees and t h e  
committee a s  a whole w i l l  be seeking t o  provide  t h e  most r e a l i s t i c  
and up-to-date v e n t i l a t i o n  standard when t h e  r e v i s i o n  process is 
completed. What should  be c l e a r  from t h i s  paper is  t h a t  t h e  
standard r e v i s i o n  is an ungoing process i n  t h e  l i g h t  o f  new 
information such a s  t h a t  supp l i ed  i n  abundance from t h e  A i r  
I n f i l t r a t i o n  Centre's prime funct ion  of promoting information ' 
exchange. 
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SYNOPSIS 

The s i t u a t i o n  i n  Canada w i t h  regard t o  bui ld ing regu la t ions  
a f f e c t i n g  the a i r t i g h t n e s s  of bui ld ings  is  reviewed w i t h  
emphasis on a new standard t e s t  method f o r  measuring a i r t i g h t -  
ness which depar ts  somewhat from methods used i n  o the r  coun- 
tries. The purpose of this test  i s  held t o  be primari ly t o  
determine an important a spec t  of buil  ding envel ope qua1 i t y  , 
namely t h e  degree t o  which unintentional  openings have been 
avoi ded, r a t h e r  than t o  determine energy conservation potent i  a1 . 
The procedures used i n  t h e  method, the r a t i o n a l e  behind those  
procedures and the experience t o  da te  i n  using the method a r e  
summarized. The reasons why t h e r e  i s  very 1 i t t l e  r egu la t ion  of 
bui ld ing a i r t i g h t n e s s  i n  Canada a t  present  and the  prospects  f o r  
increased regula t ion  a r e  given. I t  i s  concluded t h a t  i t  i s  
unl ike ly  there w i l l  be widespread regula t ion  i n  this a rea  i n  the 
near f u t u r e .  

1. INTRODUCTION 

The purpose of this paper i s  t o  present  the c u r r e n t  s t a t u s  of 
Canadian bui 1 d i  ng standards re1 a t i  ng t o  a i  rti ghtness and t o  
specu la te  on how the  s i t u a t i o n  might change i n  the fu ture .  

I w i l l  f i rst  e s t a b l i s h  the con tex t  w i t h  a b r i e f  synopsis of the 
s tandards  wr i t ing  and impl ementati on process i n  Canada and then 
concen t ra te  p r inc ipa l ly  on t h e  Canadian General Standards Board 
Standard 149.10, "Determination of Air t ightness  of Buildings by 
the Fan Depressurization ~ e t h o d " 1 .  I will review i t s  main 
f e a t u r e s ,  giving the r a t i o n a l e  f o r  each, and re1 a t e  some of the 
results of i t s  use t o  date.  I will c l o s e  by suggest ing how this 
s tandard  and o the r s  might be used t o  a g r e a t e r  ex ten t  i n  the  
future t o  improve the  a i r t i g h t n e s s  of  Canadian buildings.  

THE CANADIAN STANDARDS WRITING AND IMPLEMENTATION PROCESS 

To understand the cur ren t  s i t u a t i o n  regarding standards a f f e c t -  
i n g  a i r t i g h t n e s s  and o the r  bui ld ing c h a r a c t e r i s t i c s  r e l a t e d  t o  
energy conservation, i t  i s  f i r s t  necessary t o  have an apprecia- 
t i o n  o f  the the process by which standards a r e  developed and 
impl emented i n  Canada. 



V i r t u a l l y  a l l  our s tandards a f f e c t i n g  bui ld ings ,  and most o the r  
products,  a r e  devel oped by the consensus process. Even govern- 
ment agencies  with the mandate t o  do s o  a r e  r e l u c t a n t  t o  simply 
impose s tandards  on the bui ld ing indust ry  without f a i r l y  
thorough p r i o r  consul ta t ion .  The consul ta t ion  process i s  f a c i l -  
i t a t e d  by t h e  exis tence  of f i v e  "Standards Writing Organiza- 
t ions"  recognized by the Standards Council of Canada. The 
Canadian Standards Association (CSA) i s  one of these "Standard 
Writing Organizations" (SWO' s )  you might be famil i a r  w i t h .  The 
Canadian General Standards Board i s  another. 

When t h e  need f o r  a new standard is  i d e n t i f i e d ,  the SWO i n  whose 
area  o f  e x p e r t i s e  o r  experience the  standard is  recognized t o  
f a l l  forms a committee and at tempts t o  e s t a b l i s h  membership on 
t h a t  committee t h a t  will have a balanced matrix of "producers", 
"users" and neutral  t h i r d  p a r t i e s .  The terms "producers" and 
"users" a r e  of ten  not  very appropr ia te ;  but  t h e  general concept 
of balancing those who m i g h t  be expected t o  argue f o r  a less 
s t r i n g e n t  s tandard w i t h  those who m i g h t  be expected t o  argue f o r  
a more s t r i n g e n t  one is  t h e  guiding pr inc ip le .  Usually several  
d r a f t s  a r e  required before a s tandard i s  developed which may 
represen t  a reasonable compromise between these two groups. 

Once developed, the standard has no force  u n t i l  referenced,  
usual ly  i n  a bui ld ing code, by some government agency, normally 
a provincia l  government. The process provides such agencies 
w i t h  some degree of assurance t h a t  t h e  standards they thus  
invoke a r e  not  l i k e l y  t o  be unreasonably s t r i n g e n t  o r  unreason- 
ably l e n i e n t ,  because they know t h e r e  has been some inpu t  by 
those l i k e l y  t o  be a f fec ted  by the s tandard ' s  being imple- 
mented. 

Even our  National Building code2 is developed and updated by a 
s i m i l a r  consensus process and i t  too  has no fo rce  u n t i l  adopted 
o r  adapted by a provincial  government, s ince  our Const i tu t ion  
gives the provinces the  mandate t o  regul a t e  buil  ding. A1 though 
the  National Building Code i s  only a model code, i t  never the less  
has a g r e a t  deal of inf luence  a s  most of the provincial  codes 
a r e  model 1 ed q u i t e  c lose ly  on i t .  

3 .  THE CURRENT SITUATION 

There a r e  cu r ren t ly  two s tandards  i n  Canada r e l a t i n g  t o  the a i r -  
tightness of buildings - t h e  above-mentioned CGSB Standard 
149.10, "Determi nat ion of Ai r t igh tness  of Buildings by the Fan 
nepressur i  z a t i  on Method'' and "Measures f o r  Energy Conservation 
i n  New Buildings", a supplement t o  the F.!ational Building Code. 



3.1 CGSB Standard 149.10 

The CGSB Committee on Ai r t igh tness  and Air Leakage Tes t ing  of 
B u i l  d ings  was formed i n  A p r i l  1982. The committee be1 ieved i t  
had completed work on th is  standard i n  September 1983 bu t  t h e  
f i n a l  d r a f t  was not  approved by the necessary majori t y  on the  
l a s t  b a l l o t  due t o  some l a s t  minute concerns regarding tempera- 
ture c o r r e c t i o n s  and curve f i t t i n g  procedures. Even though i t  
has no t  been publ ished i n  f i n a l  form, t h e  standard i s  being 
f a i r l y  widely used a s  a t e s t i n g  protocol t o  ensure uniformity of 
approach i n  research p ro jec t s  on a i r t i g h t n e s s  of houses and ways 
of improving t h a t  a i r t i g h t n e s s .  An a i r t i g h t n e s s  t e s t i n g  proce- 
dure more-or-less along t h e  1 i n e s  described i n  t h e  CGSB d r a f t  i s  
a1 so being used by the  small bu t  growing number of  a i r  sea l ing  
con t rac to r s ,  who use the before and a f t e r  r e s u l t s  t o  demonstrate 
t o  homeowners what t h e i r  work has accomplished. F i n a l l y ,  this 
t e s t  procedure i s  used i n  a federa l  government program of subsi- 
d i e s  f o r  the const ruct ion  of low energy houses. Among o t h e r  
c r i t e r i a  i n  th is  program, a house m u s t  be demonstrated t o  
experience no more than 1.5 a i r  changes per  hour a t  50 Pa test  
pressure  t o  be e l i g i b l e  f o r  the subsidy. 

I should emphasize t h a t  this standard is  a s tandard test  
procedure only - i t  includes no p a s s l f a i l  c r i t e r i o n  f o r  a i r -  
t i g h t n e s s  nor does i t  even provide any guidance a s  t o  what 
c o n s t i t u t e s  high o r  low, good o r  bad a i r t i g h t n e s s .  I t  merely 
e s t a b l i s h e s  a d e f i n i t i o n  f o r  a i r t i g h t n e s s  (which I will look a t  
more c l o s e l y  below) and a method of t e s t i n g  t o  determine the 
a i r t i g h t n e s s  of a p a r t i c u l a r  building.  I t  i s  l e f t  t o  o the r s  t o  
es tabl  i s h  c r i t e r i a .  

3.2 Fleasures f o r  Energy Conservation i n  New 6ui ld ings3 

T h i s  supplement t o  the hlational Building Code i s  one p lace  where 
one might reasonably expect t o  f i n d  such a c r i t e r i o n .  However, 
the  energy "Measures" (the verbal shorthand name adopted by most 
people who have occasion t o  t a l k  about this  document) was f i r s t  
publ  i shed i n  1978 and revised i n  e a r l y  1983. The committee 
responsi bl e f o r  devel oping and rnaintai n i  ng the  "Measures" was 
r e l u c t a n t  t o  speci fy  such a c r i t e r i o n  u n t i l  a s tandard test  
method was es tabl  i shed - something of a "chicken-and-egg" si tua- 
t ion .  Thus  this  document's only requirements regarding a i r -  
tightness, t h u s  f a r ,  a r e  some r a t h e r  vague statements about the  
need t o  caulk o r  seal l i k e l y  points  of a i r  leakage and i n f i l  t r a -  
t i o n  test  c r i t e r i a  f o r  windows and doors. 



L ike  the  document i t  supplements, the "Measures" i s  another 
model document w i t h  no force unless adopted by some au thor i t y  
w i t h  a mandate t o  regulate bu i ld ings,  such as a p rov inc ia l  
government. Thus f a r  only one province - Quebec - has seen f i t  
t o  do so. However, the federal government's housing agency, 
Canada Mortgage and Housing Corporati  on, appl i e s  the 1978 
e d i t i o n  o f  the "Measures' t o  houses bu i  1 t under i t s  mortgage 
insurance and subsidized housing programs - about one t h i r d  o f  
new housing s tar ts .  

4. A CLOSER LOOK AT CGSB STANDARD 149.10, "DETERMINATION OF AIR-  

TIGHTNESS OF BUILDINGS BY THE FAN DEPRESSURIZATION METHOD" 

Le t  us now look i n  more d e t a i l  a t  the t es t i ng  and repor t ing  
procedure described i n  Standard 149.10. 

4.1 What Does the Test Set Out t o  Measure? 

I n  con t ras t  t o  the pract ice used i n  several other countr ies, i t  
was decided a t  the outset  t h a t  the r e s u l t  o f  the t e s t  should be 
expressed as an "equivalent leakage area" ra ther  than as a i r  
changes per hour a t  some t e s t  pressure. There were two 
p r i nc ipa l  reasons f o r  t h i s  decis ion - 

o One reason was the committee's concern t h a t  an a i r  change per 
hour f i g u r e  would be i nadvertantly o r  del i berate ly  confused 
w i t h  the  natural  a i r  change r a t e  o f  the house under wind and 
buoyancy forces. I mention "del iberately '  because there had 
a1 ready been reports o f  seal ing contractors using the  a i r  
change a t  50 Pa f igures, d iv ided by some unsubstantiated 
f ac to r  (o f ten  f anc i f u l  and sometimes equal t o  1)  t o  exagger- 
a te  claims about the bene f i t s  o f  t h e i r  service. Even the  
honest contractors were look ing f o r  such a f ac to r  t h a t  could 
be used w i th  confidence. Many members o f  the committee were 
skept ica l  t h a t  such a f ac to r  o r  even a more complicated 
co r re la t i on  could be found and wished t o  choose a method o f  
expressing the resul t s  o f  an a i r t i  ghtness t e s t  t h a t  woul d 
discourage t h i s  d i r ec t i on  o f  thinking. 

o The other p r inc ipa l  reason for  avoiding the a i r  change per 
hour approach was t h a t  an a i r t i gh tness  t e s t  was seen as being 
p r ima r i l y  a t e s t  o f  the general q u a l i t y  o f  const ruct ion o f  



t he  bu i ld ing  envelope and not  just a test  of  po ten t i a l  energy 
conservation qual i ti  e s  . Indeed, i t  is  bei ng increas ingly  
recognized t h a t ,  i n  new const ruct ion  a t  l e a s t ,  avoidance of 
i n t e r s t i t i a l  condensation is  probably a more compelling 
i n c e n t i v e  f o r  improved a i r t i g h t n e s s  than energy conservation.  
A r e c e n t  study4 has shown t h a t  the level  of a i r t i g h t n e s s  
a1 ready achieved i n  ordinary new Canadian housing i s  o f t e n  
high enough t h a t  f u r t h e r  improvements will r e s u l t  i n  t h e  need 
f o r  i n s t a l l a t i o n  of mechanical ven t i l a t ion .  T h i s ,  of course,  
i s  n o t  necessar i ly  undesi reabl  e s ince  a pe r fec t ly  a i r t i g h t  
house w i t h  a re1 iabl  e contro l  l e d  v e n t i l a t i o n  system would be 
f r e e  of the risks of both i n t e r s t i t i a l  condensation and poor 
a i r  qua l i ty .  The point  is ,  however, t h a t ,  i f  one s t a r t s  w i t h  
one o f  our ordinary new houses, improving i t s  a i r t i g h t n e s s ,  
on i t s  own, will save 1 i t t l e  i f  any energy s ince  the reduc- 
t i o n  i n  a i r  leakage w i l l  have t o  be replaced by ven t i l a t ion .  
I t  i s  only when hea t  recovery i s  added t o  the v e n t i l a t i o n  
system t h a t  energy i s  saved and this  i s  an addi t ional  c o s t  
wh ich  m u s t  be weighed a g a i n s t  the value of the energy saved. 

Thus, i f  an a i r t i g h t n e s s  test  i s  conducted pr imar i ly  t o  measure 
the qual i t y  of t h e  buil  ding envelope, "equi val e n t  1 eakage area" 
is  a way of  expressing the results of the t e s t  which seems t o  
r e l a t e  more c lose ly  t o  this way of  th inking of  the t e s t .  

Equivalent  leakage area  a1 so  r e l a t e s  b e t t e r  than a i r  change r a t e  
t o  the d e f i n i t i o n  of  a i r t i g h t n e s s  used i n  the standard - 

" t h e  degree t o  which unintent ional  openings i n  the bui ld ing 
envel ope have been avoided" . 

T h i s  i s  an appropr ia te  po in t  t o  emphasize t h e  t i t l e  chosen f o r  
the  standard.  P lease  note t h a t  i t  i s  an " a i r t i g h t n e s s "  tes t  and 
not  an " a i r  leakage" test. The committee chose t o  regard a i r  
leakage a s  the normal acc identa l  exchange of  a i r  between t h e  
i n t e r i o r  and e x t e r i o r  under the ac t ion  of wind and buoyancy 
forces  - the phenomenon which ASHRAE and AIC r e f e r  t o ,  incor- 
r e c t l y  o r  a t  l e a s t  incompletely, a s  " i n f i l t r a t i o n " .  T h i s  is  not 
what the fan depressur iza t ion  test  measures. 

To summarize this point  then,  CGSB Standard 149.10 seeks t o  
measure " the  degree t o  which unintentional  openings i n  the 
b u i l  d i  ng envelope have been avoided" and the resul ts  a r e  
expressed a s  an equivalent  1 eakage area  ( E L A )  . 



4.2 TheTestProcedure 

In establishing a tes t  procedure and a procedure f o r  processing 
the t e s t  data, the committee has strived for precision and 
reproducibility, envisioning the standard being used in a 
context where failure t o  get below some target ELA will have 
negative consequences, such as denial of an occupancy permit or 
withholding of a low energy housing program subsidy. I t  i s  too 
early to  te l l  whether these objectives have been achieved. 

Briefly, the process involves the following steps: 

o All intentional openings i n  the building envelope, such as 
windows or chimney flues, are closed o r  sealed. 

o A variable speed fan w i t h  a t o p  speed flow capacity of from 
1000 t o  3000 L/s i s  sealed into a window or door opening so 
that i t  will blow outwards. The fan will have been previ- 
ously calibrated to obtain a correlation between i t s  speed 
and flow or between the pressure drop a t  i t s  inlet  orifice 
and flow. Sometimes a cal ibrated inlet nozzle i s  used t o  
measure flow through the fan. 

o The fan speed i s  then varied t o  create a number of interior/ 
exterior pressure differences ranging from 10 Pa t o  50 Pa. 
The fan flow required to create each pressure difference i s  
recorded. 

o The flow readings are corrected for differences between the 
atmospheric pressure and interior temperature of the house 
and the pressure and temperature a t  which the fan was cali- 
brated, and for the difference between interior and exterior 
temperatures. This la t te r  correction i s  required because 
interior a i r  flow through the fan i s  being measured b u t  i t  i s  
really exterior a ir  flow through the envelope that we are 
interested i n .  

o To the corrected flow and pressure difference readings, a 
curve i s  fitted t o  the form - 



where: 0 = f low (L/s) ,  
C = a constant, and 

P = i n t e r i  o r /ex te r i  o r  pressure d i f ference (Pa). 
n i s  an exponent between 0.5 and 1.0 

The curve f i t t i n g  i s  done us ing the l e a s t  squares method 
modi f ied t o  g ive less  weight t o  the low pressure d i f ference 
values because these are the most d i f f i c u l t  t o  make accurat- 
e ly .  S t a t i s t i c a l  analysis t es t s  are appl i e d  which i nva l  i da te  
the t e s t  i f  the f i t  o f  the curve i s  no t  w i t h i n  prescribed 
l i m i t s .  

o The regression coe f f i c i en t s  C and n are then used i n  the  
f o l l ow ing  formula t o  ca lcu la te  the equivalent  leakaqe area: 

ELA = 0.001157 o . C . 10n-0.5 

where: ELA = equivalent  leakage area (m2)  
= densi ty o f  the e x t e r i o r  a i r  lkg/m3) 

Committee member Wi l l iam Jones o f  Ontar io Hydro der ived t h i s  
formula5 by equating the f low a t  10 Pa from the f i t t e d  
curve t o  the f low through a sharp-edged o r i f i c e  a t  10 Pa. 10 
Pa i s  used because i t  i s  the t e s t  pressure c loses t  t o  the 
pressures the house w i l l  actual 1 y experience. 

Figure 1 shows a t yp ica l  t e s t  set-up and Figures 2 and 3 show 
t y p i c a l  processed t e s t  resul  ts .  

4 .3  Experience i n  Using the Standard So Far 

Achieving re1 i a b l e  ELA values has been a problem, I n  some cases 
where the  t e s t  i s  being used t o  monitor the resu l t s  o f  sea l ing 
work, the ELA has appeared t o  increase a f t e r  sea l ing even though 
the f l ow  a t  50 Pa has decreased. This i s  a t t r i b u t e d  t o  the f a c t  
t h a t  the  ELA value derived from the above fomu lae  i s  s t rong ly  
in f luenced by the resu l t s  a t  1 ow t e s t  pressures and these, i n  
turn, are  s t rong ly  inf luenced by the wind. Thus ELA' s derived 
from t e s t  r e s u l t s  taken on other than calm days must be regarded 
w i t h  some suspicion even i f  the r e s u l t s  have passed a1 1 the 
requ i red s t a t i s t i c a l  tests.  Often i t  i s  no t  poss ib le  t o  delay 
t e s t i n g  t o  w a i t  f o r  calm condit ions. The committee may have t o  
consider rev is ions t o  the procedure t o  make the r e s u l t s  less  



sensitive to wind influence on 1 ow pressure difference readings. 
Perhaps dropping some of the lower pressure readings would 
accompl i sh thi s. 

Another issue has been the aforementioned quest for a correla- 
tion between the results of an airtightness tes t  and the normal 
air  leakage experienced by the house. While some research- 
e rs6~7 claim t o  have found such a correlation, we are not 
aware of any research into this issue which was both rigor- 
ous, i n  terns of the method and length of time of a i r  leakage 
measurements, and broad-based, i n  terms of the number and 
variety of houses studied. Indeed, we have reason t o  be skep- 
tical about  the derivation of any generalized correlation since, 
in using the fan depressurization test  t o  track the results of 
a i r  sealing work, we have become aware of one shortcoming of the 
method, which seems obvious i n  retrospect. The fan depressur- 
ization t e s t  tests all of the leaks in the envelope i n  parallel ; 
b u t  many of those leaks will act in series under normal wind and 
buoyancy forces. Once one of the leaks in a series i s  sealed, 
seal i n g  the others will have no effect on normal a i r  leakage; 
b u t  each sealing effort shows up as an improvement i n  an air- 
tightness tes t ,  whether or not i t  i s  redundant i n  i t s  effect on 
normal a i r  leakage. Since the arrangement of parallel and 
series leakage paths i s  likely to vary from house to house quite 
randomly, i s  i t  1 ikely that a genera1 ized correlation exists? 

I hasten to add that this la t te r  point does not negate the value 
of the fan depressurization t e s t  as long as one bears i n  mind 
i t s  primary purpose, which i s  to act as a quality control check 
on the envelope. 

POSSIBLE FUTURE APPLICATION OF CGSB STANDARD 149.10 

I mentioned earlier t h a t  improvements in the airtightness of our 
new houses would not likely yield substantial direct reductions 
in energy consumption. This does n o t  mean t h a t  such improve- 
ments should not be strived for. The most important reason t o  
do so i s  to reduce the incidence of intersti t ial  condensation in 
the building envelope - a significant and apparently increasing 
problem, as we increasingly tend t o  operate our houses in a 
"fl uel ess" mode without an active chimney flue to depressurize 
the house and reduce exfiltration. Another i s  t o  make heat 
recovery capabil i t ies  in venti 1 ation systems more effective when 
and i f  i t  becomes economic to incorporate such facil i t ies  on a 
widespread basis. 



There a r e  two ways t o  encourage t h e  bui ld ing indust ry  t o  adopt 
b e t t e r  p r a c t i c e s  i n  opera t ions  a f f e c t i n g  a i r t i g h t n e s s  - t h e  
"ca r ro t "  approach and the " s t i c k "  approach. Both can make use 
of CGSB Standard 149.10. 

The "ca r ro t "  approach i s  a1 ready being used i n  t h e  federa l  
government subsidy program f o r  low energy houses 1 mentioned 
e a r l i e r .  This  is t h e  "R2000" Program, operated by the Depart- 
ment o f  Energy, Mines and Resources, i n  which a bu i lde r  qual i -  
f i e s  f o r  a g r a n t  i f  h i s  house meets c e r t a i n  c r i t e r i a  including 
an a i r t i g h t n e s s  c r i t e r i o n .  However, t h i s  program t h u s  f a r  has 
a f f e c t e d  only a small number of  houses. 

The " s t i c k "  approach - incorporat ion of a i r t i g h t n e s s  require-  
ments i n  bui ld ing regula t ions  - has not  been used y e t  and may 
not be f o r  some time. There i s  re luctance  on the p a r t  of 
provincial  bui ld ing code a u t h o r i t i e s  t o  imp1 ement requirements 
perceived a s  being r e l a t e d  t o  energy conservation and not  t o  t h e  
t r a d i t i o n a l  ob jec t ives  of bui ld ing regula t ions  - hea l th  and 
sa fe ty .  The f a c t  t h a t ,  i n  the s i x  y e a r s  s ince  i t  was pub1 ished, 
only one province i n  t en  has implemented the "Measures f o r  
Energy Conservation i n New B u i  1 dings" i s el oquent testimony t o  
this observation.  Thus, a1 though the "Measures" c o m i  ttee i s  
contemplating incorpora t ing  a requirement f o r  an a i r t i g h t n e s s  
test  according t o  the CGSB Standard ( w i t h  an appropr ia t e  c r i t e r -  
ion) i n  t h e  next  e d i t i o n  of  the "Measures", i t  will have 1 i t t l e  
immediate e f f e c t .  

On the o t h e r  hand, i t  is  being increas ingly  recognized t h a t  the 
vapour b a r r i e r  requirements i n  the National Building Code and 
i t s  provincia l  o f f sp r ing ,  w i t h  t h e i r  emphasis on preventing 
vapour d i f fus ion  and their f a i l u r e  t o  e f f e c t i v e l y  address the  
real  cause of i n t e r s t i t i a l  condensation ( i  .e. outward a i r  1 eak- 
age) ,  a r e  no t  very re1 evant  i n  terms of p ro tec t ing  t h e  s t r u c t u r e  
from this growing menace. Perhaps, therefore ,  we can hope t h a t  
a i r t i g h t n e s s  test  requirements and c r i t e r i a  might be incorpor- 
a t ed  i n  bui ld ing codes proper r a t h e r  than i n  energy conservation 
supplements. I know of no such p lans  a t  present;  bu t  these  
th ings  take  time. Our  consensus approach t o  s tandards  wr i t ing  
and implementation has many advantages; bu t  speed i s  no t  one of 
them. 

6. SUMMARY 

My summary can be q u i t e  b r i e f .  We a r e  very c l o s e  t o  having i n  
p lace  a s tandard method f o r  measuring the  a i r t i g h t n e s s  of  houses 
which we be l i eve  addresses the re levant  issues i n  t h i s  a rea  and, 



wi th  a few refinements, w i l l  y i e l d  accurate, reproducible -.-- 

resu l ts ;  b u t  i t  i s  un l i ke l y  t h a t  t h i s  standard method w i l l  be 
used i n  any broad regu la tory  way i n  the near future.  

The author g r a t e f u l l y  acknowledges the con t r i bu t i on  o f  Energy, 
Mines and Resources Canada towards the cos t  o f  prepar ing and 
del i v e r i n g  t h i s  paper. 
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FIGURE 1 

Depressurization fan i n s t a l  l e d  i n  an ex te r io r  doorway; speed 
control  and gauge u n i t  on l e f t .  Disk i n  fan o r i f i c e  reduces 
flow f o r  t i g h t e r  houses. 



AIRTTGHTNESS TEST RESULTS (as per CGSB D r a f t  6 )  
_______-_---___-------------------------------- 
85 K I N G  ST. 
AUG. 16,1783 Ext.Temp.= 23.8 C 
B a r ,  Press. = 102 KPa Wind Speed = 4 km/h 

PRESS. 
(PA) 

-------------------------------------------- 
T I  FLOW CLJS) RELATIVE  
CC) MEAS'D. ADJ'D. FITTED ERROR (%  1 __________-__-_--------_------------------- 

24.0 675-00 678.11 670.18 1.17 
24.2 850.00 853.63 865.42 1.38 
24-2 1050.00 1054.49 1037.56 % - & I  
24-2 1300.00 1305.55 1339.83 2.63 
24,2 1625.00 1631.94 1606.32 1,57 
24.2 1835.00 1842.84 1849.02 0-34 

E,L.A. = 0,2682 mA2 Volume = 4&1 m"3 

A i r  Change per  Hour @ 50Pa = 14.439 

Carrel ati an Coef f ic ient=  .9P8588337 

He1 ati ve  Standard E r r o r  = 2.16% 

FIGURE 2 

Processed data from a typical  a i r t igh tness  t e s t  of a 
2-storey, pre-war house. 



FIGURE 3 

Plots  o f  typical  resul ts  from an air t ightness t e s t  o f  a  
2-storey, pre-war house. 
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SYNOPSIS 

In Finland there are not yet any regulations or standards con- 
cerning the airtightness of buildings. Drafts have caused dis- 
cussions: would a controlled airtightness increase the building 
costs too mch, and would improved airtightness worsen the in- 
door air quality? 

In nnodern Finnish buildings, a good or satisfactory airtight- 
ness can be achieved with a normal careful workmanship. To se- 
cure a good indoor air quality, a functioning ventilation sys- 
tem is also necessary. There seems to be no return to 
traditional "breathing" structures and natural ventilation. 

Airtightness standards are still being discussed in Finland. A 
draft one, including also proposed requirements for a function- 
ing ventilation system and its operation, is reported here. 

This paper is mainly based on several research and experimental 
projects carried out by the Technical Research Centre of Fin- 
land ~V'IT).  

Airtightness standards have been discussed in Finland since 
about 1976. At that tim sonu3 calculations were presented show- 
ing significant energy losses due to air infiltration, Since 
then, the airtightness of hildings has been improved, without 
standards, and withpracticallyno extra costs, though leaky 
houses are still being built due to bad workmanship. 

Traditionally, detached houses and raw houses have been gene- 
rally provided with natural ventilation plus (recently) a kitc- 
hen hood fan, h t  mhanical systems are gaining in poplarity. 
In blocks of flats mhanical exhaust systems are dominant, 
with only a few exceptions with also a mhanical supply. Non- 
residential buildings are generally provided with a mhanical 
supply and exhaust ventilation system. 

In natural or exhaust ventilation systems, as a rule, no atten- 
tion has been paid to the supply air intake. In new airtight 
buildings, many air quality problems have been reported, espe- 
cially in bedrooms. 



Thus if any airtightness standards were given, they should al- 
so include guidelines for ventilation arrangmts. Attitude 
among builders and designers should also be developed: the tra- 
ditionally separate structural and HVAC designs are interrela- 
ted, The main aspects to be considered in developing the stan- 
dards are: first, health and air quality, second, thermal com- 
fort, third, energy effectiveness. 

2. REPORTED RISKS ON AIR QUALITY 

Several factors may affect the indoor air quality. Risks have 
been increased because of m y  reasons: 

- improved airtightness 
- increased energy prices - 

reduced ventilation rates - declining outdoor air quality 
especially in cities - new bilding and furnishing 
mterials - no internal fireplaces providing 
a good air change. 

Carbon dioxide concentrations can beams high - even up to a 
hazardous level - in bedrooms not provided with any ventilation 
arrang-ts . 
Hiqh humidity seldom occurs in the ~innish clhte with a few 
exceptions in extrely poorly ventilated occupied rooms. Mois- 
ture problems, e.g. condensation and muld growth have been re- 
ported. 

The spreading of cookinq fums can be prevented with a properly 
used kitchen hood plus fan. Dusty exhaust air terminal devices 
are still very canmn and cause complaints especially in older 
buildings. 

Tobacco smoke is considered one of the mzst c m n  and harmful 
impurities. The official guidelines give higher design air 
flows for rooms where smoking is allowed. 



Radon is a local problem in Finland. In certain smaller regions 
the soil is exceptionally radioactive. In underground spaces 
with low ventilation rates, radon can still cause health risks 
in other regions as well. 

Foddehyde may be the mst canmn reason for complaints con- 
cerning air quality. It can be smelled in almst every new hou- 
se expecially if ventilation is minimized. In m y  cases harm- 
ful, irritative concentrations ramin even after the first one 
or two years. 

2.3 The "bedroom problem" 

At the time when the airtightness was not good, the natural 
ventilation and lrrxhanical eXhaust system worked well with no 
severe problem in air supply - there were enough leakage rou- 
tes. New buildings are airtight, but they seldom have any supp- 
ly air arrang-nts in the building envelope. The risks for the 
"bedroom problem" are evident. 

This problem can be prevented, of course. Wit it requires a new 
way of thinking, a cooperation between the structural and ven- 
tilation consultants and the builders. 

'The bedroom problem" has been presented at m y  occasions /1/. 
In table 1, experimtal results are presented showing low ma- 
sured air change rates in rooarrs without any ventilation arran- 
genats. An extreme "energy-saving1' effort can thus cause dis- 
comfort and even health problem! 



The breakdown of outdoor air flows and air change rates 
measured in various ventilation systents. (The PIKO 
experiment project, Helsinki, winter 1983-84) 

u = upper floor, g = ground floor 

Test flat no. 

Ventilation 
system 

% of outdoor 
air into: 
bedroom 1 (u) 
bedroom 2 (u) 
bedroom 3 (u) 
-living ;ogn-(2)-, 
kitchen (g) 
corridor (u 
hall (9) 
sauna, bathroom 
Total 

Air change rates 
in bedroom 
bedroom 1 
bedroom 2 
bedro~m 3 

Total air 
change rate 

1 

Mechanical 
( plus 
warm-air 
heatinq) 

20 
12 
12 
16 
15 
2 
10 
13 
100 % 

0,80 
Or 42 
Of61 

0,5 h-I 

2 

Mechanical 
exhaust 

11 
12 
11 
15 - - - - - - . - - - - - - . - - - - - - - - - -  
28 
3 
9 
11 
100 % 

0,58 
0,55 
Or73 

0,66h-l 

Average pressure 
difference 
(-=internal 
underpressure ) 

upper floor 
qround floor 

Airtightness 

Weather during 
measurmts : 

Outdoor tenp. 

Wind velocity 

-9 Pa 
-6 Pa 

satis- 
factory 

0 @€! 

4 d s  

0 Pa 
-3 Pa 

Poor 

0 OC 

6 d s  

3 

Mechanical 
exhaust 

4 
4 - 
6 
18 
16 
12 
40 
100 % 

0,23 
Or23 

0,72h-l 
--- 

0 Pa 
-5 Pa 

9 d  

3 06 

6 d s  

> 

4 

Natural 
exhaust 

1 
18 
8 
7 
34 
0 
20 
12 
100 % 

0,07 
Of68 
0,34 

0,61h-l 

-28 Pa 
-24 Pa 

good 

0 SC 

4 m/s 



2.4 Problems caused by the use of s ~ l l  local fan 

A kitchen hood fan is very camnon in detached houses, and also 
in renovated flats provided with a natural ventilation. In 
airtight Ixlildings, While the kitchen hood fan is on, the 
supply air flows in through the natural exhaust ducts from 
bathrooms and toilets. In winter the walls of these (generally 
msonry) ducts turn cold and it becomes difficult to change the 
air flow direction even after the fan is turned off. 

3. PRINCIPLES OF AIRTIGRINESS AND VEWTILATION REQUIREBEME 

3.1 Wstinq regulations and quidelines for ventilation 

Part "D2" (ventilation requiremnts and guidelines) of the 
Finnish Building Code, was published in 1978. /2/ 

The m t  essential part (in practice, i.e. anvsng consultants 
and inspecting authorities) has been the table giving guideli- 
nes for airflows into (and in sare cases £ram) various types of 
spaces. Parts of that airflow table are presented in table 2 
(Residental buldings, offices), Corresponding values are inclu- 
ded in e.g. ASHRAE Standard 62-1981 and British Standard BS 
5720:1979. 

It is also stated that an assurd infiltration of 0,l or 0,2 
ac/h can be included in minim autdoor airflows. This detail 
has been widely criti~ised: in new airtight residential buil- 
dings the exhaust air ventilation is very often adjusted to gi- 
ve a mhanical ventilation rate of mrely 0,3 ac/h, 



R e c m d e d  supply and return air volums in different areas 
(Accordinq to the National Buildinq Code) 

i I 

kitchen 
kitchenettes 
mini-kitchens 

Ventilation 
quantities 

utility room 
bathroorrr; 

R m k s  

toilets 

walk-in 
cupbo~ds(>l 3illi 

I 
OFFICZ BUILDINGS I 

The units are dm3/s(m3/h), 
if not otherwise stated 
1 

12(43) is sufficient, if venti- 
lation can be rendered mre 
effective during food prepara- 
tion or if the total ventila- 
tion rate in a small dwelling 
exceeds 1.5 air change per hour 

8( 29) is sufficient, if venting 
is possible through an easily 
openable windaw or ventilation 
can be rendered mre effective 
after bathing. 
2(14) is sufficient, if venti- 
lation can be rendered mre 
effective after use. Toilet 
mst be subjected to less 
pressure than the adjacent 
areas. 
An easily openable window or 
sash window replaces venti- 
lation 

The units are dm3/sm2, if not 
stated otherwise 

off ice rooms 
- smking 
- non--king 
toilets 

1,6(5,8) 
0,8(2,9) 
16(58) dm3/s(m3/h) per seat 

conference room 
- smkirig 
- non-smking 
corridors and 
hallways. 
storage areas 
and archives. 
areas for the 

lO(36) 
5(18) 

0,8(2,9) 

0,33(1,25) 
3(11) 

storage of clean- 
ing equipmnt 
and materials. 
c o m n  areas for 
smkinq 1 16(58) 



3.2 Revising the requirmts 

A proposal for revised ventilation requirexrents have been wor- 
ked on since September 1983. The prpose has been to develop 
requirmnts based on the best knowledge of today concerning 
principles rather than means. 

Because the proposal is still being prepared for the Minist- 
r y  of the Environment, no details can be pblished yet. The ge- 
neral contents are: 

- definitions 
- indoor climate 
- principles for ventilation 
- design, construction, cdssioning 
- operation and maintenance 

Existing foreign standards are applied as reference rrraterial, 
e.g. ASHRAE 62-1981, BS 5920:1979 and the Nordic guidelines NKB 
40(1981). 

In the "Principles of Ventilation", a controlled supply air in- 
take will probaly be required in buildings without mchanical 
supply air ventilation. Sene guiding values for pressure condi- 
tions may be also given. Airtightness, as a structural proper- 
ty, is not determined in the ventilation requirents, and no 
numerical values would yet be stated for air infiltration, which 
in fact is a complicated result of structural and'ventilation 
parameters. 

3.3 Draft - proposal for airtightness requirmts 

This preliminary proposal is reported in ref. /3/. It is mainly 
based on air quality and thermal comfort criteria rather than 
on energy aspects. 

Entire buildings: a certain maxim air change is allowed to be 
verified in the building inspection with a pressure test. The 
main purpose is to secure the owner a certain quality of wrk- 
manship. 



Parts of buildinss: a certain airtightness should be achieved 
between flats etc. Nueraus cases of leakage between flats, 
floors etc. via e.g. penetration and cracks have been reported 
lately -complaints about neighbaurs' tobacco o k e  or cooking 
f w s  are corrmon. 

Buildinq elements: as in mst countries airtightness standards 
are given for windows, in Finland as well. If the required air- 
tightness is achieved, air leakages through the structures will 
remain a minor problem canpared to those through structural 
joints. 

Joints between structures: for comfort, cold leakage flows 
shauld be rather strictly limited. A suggested value will be 
about 0,2 litres per second and a mter of crack width. The 
airtightness of certain joints should be masured at the 
owner's request (see point 4.2). 

Supply air intake: because of the reasons stated previously, 
this belongs to ventilation requirerrrents in which it will pro- 
bably be included (see 3.2). Reccmnended airflw -pressure dif- 
ference characteristics shall, however, be included in the 
develo-t of design guides and product standards. 

The future developznt of airtightness standards - official and 
unofficial - is still an open question, because even nmderate 
values raise a certain opposition. 

Measurenents are necessary to verify the function of the venti- 
lating system, including the tightness of the building envelo- 
pe. In fact, infiltration itself is difficult to masure but 
the operating efficiency of the ventilating system can be ma- 
sured with tracer gas n~thods. 

4.1 Measurexwnt of airtiqhtness using the existinq ventilation .- --- 
system for pressurization 

There has been a lack of suitable methods for measuring the 
airtightness of large high-rise buildings. A new version of the 
pressure mthod has been developed in which the building's own 
mechanical ventilating system creates a suitable underpressure 
inside. In high-rise buildings, this method has proved success- 
ful. 



Airflaws in each supply or exhaust terminal device and pres- 
sure difference between outdoors and indoors as well as between 
apartments and stairwells are masured. Generally, the msu- 
ring procedure is quick and easy. The accuracy of the mthod is 
not high but adequate for practical purposes. It shows whether 
the building envelope is airtight enough (pressure differences 
high, 30 - 100 Pa, small deviation) or too leaky (difficult to 
create a measurable pressure difference). Simltaneously, the 
test can show whether the ventilating system is properly 
adjusted or not. 

4.2 A statistical procedure in masuring local airtightness 

Figure 1 indicates the equipment for measuring local air leaka- 
ges by the collector chamber mthod /4/. The mthod is used for 
field masurements and it is the only way to get quantitative 
information about infiltration through structures,and especial- 
ly structural joints. The method is highly accurate if the out- 
door conditions are steady during the masurenrants. It is al- 
mst impossible to obtain the sam pressure in the chamber and 
in the room if the wind is fluctuating. 

The collector chamber method has been successfully utilized for 
quality control testing in actual buildings. This procedure was 
found necessary for testing the results of an experimental win- 
dow sealing project ordered by the National Board of Public 
Buildings. Thirty-three similar openable double-paned windows 
were chosen for test objects. Nine window-sealing companies 
were then given the opportunity to show the quality of their 
workmanship by re-sealing a few windows each. High deviations 
in the airtightness were observed both between various test 
groups and within each group. 

Because of the high number of structural joints in a high-rise 
building, it has been necessary for practical purposes, such as 
inspecting, to develop a statistical analysis for evaluating 
the local leakages (or the quality of wrkrrranship in structural 
joints) with a minim of msurements, see table 3. The msu- 
ring pr~edure is likely to remin very slow, and the practi- 
cal applications of the mthod m y  be limited to case of comp 
laint or for testing roans in which an almost absolute air- 
tightriess is recpired. Even so, the existence of the method is 
inportant for the user of the building. 



Measurements of the total air leakage of a window with collec- 
tor chamber method 
1. Adjusted fan 
2. Air flow meter (orifice plate) 
3. Pressure difference between collector chamber and indoor air 

( eletric manameter 
4. Auxiliary fan (adjustable) 
5. Pressure difference across the structure 



p5sG-q 

Sampling plan for inspection of local tightness in building / 4 /  

lot sample 
size size 
N n 

< 15 - 3 
16 - 25 4 
26 - 50 5 
51 - 90 7 
91 - 150 10 
151 - 280 15 
281 - 400 20 
401 - 500 25 
501 - 1200 35 
1201 - 3200 50 
3201 - 10000 75 

This statistical analysis has been applied also in estimating 
the airtightness of a new plblic building. 

The building consisted of about 1000 office rooms; of these we- 
re about 70 chosen at random for msurements. The-measurements 
were carried out in about three man-days (incl. preparations), 
the fans were run at both full capacity - giving about 1 ac/h 
at 150 Pa pressure difference - and half capacity, when the ac- 
tual leakage factor at 50 Pa was about 0,5 ac/h, with only mi- 
nor deviations between individual rooms. 

5. D~~ IN CONTROLLED SUPPLY AIR INTAKE THROUGH THE 
WILDING ENVEIXlPE 

To avoid the problems of uncontrolled air supply, there have 
been m y  efforts to develop systems and devices to control the 
supply air intake through the building envelope, both for new 
and existing buildings. The problems can be solved easily in 
new construction as various devices can be installed in walls, 
etc. In existing buildings, the installation of new equipnt 
in the walls can usually be done only as part of a mjor retro- 
fit project. One such possibility is to replace the windows 
with a better quality product. 



Supply Air Windaws /5/. Among the several alternatives for the 
intake of outdoor air to a ventilated space is the supply air 
window which provides a designed path for the airflow. The win- 
dow itself m y  be double or triple pane casemnt type windw 
with various weatherstripping possibilities. The air m y  be ta- 
ken in through the airspace between the window panes or through 
designed holes in the sash. Airflow through the window has in 
principle an opposite direction to the heatflow and the inco- 
ming air is heated by that heatflow in transmission at the win- 
dow. This phenomenon is known in heat transfer text books as 
flow in porous mterial. The amxxnt of heat transfer depends on 
the pattern of flow, The overall effect is an improv-t in 
the energy balance of the indoor space. If the heat transfer 
from the roam to the window is increased, that heatflow is used 
to warm up the incoming (ventilation) air and the heatflow £ran 
the exterior pane of the window is decreased. 

The critical paramter in the operation of a supply air window 
is the pressure difference at the window. It should be high 
enough to decrease the effects of the wind and outdoor tempera- 
ture on the ventilation and low enough not to cause difficul- 
ties in the operation of doors and windows. The optimun pressu- 
re difference determined through practical experience seems to 
be 10 - 20 Pa. Another important paramter is the airflow 
through the window. It affects all the properties of the win- 
dm. Airflow through the window is critical because of the 
thermal conditions in the indoor space. The min concern in 
practice is to find the mximum airflow through the window 
that does not cause th-1 discomfort to the occupants. The 
mst critical thermal d o r t  parameter is the draught. Labora- 
tory tests has been IMde to find out the influences of the 
supply air window on therml corrdort. Previously, laboratory 
tests were carried out also to find temperature conditions, 
overall heat transfer coefficients and condensation risks for 
various types of supply air windows. 

On the basis of these tests it seems that the mst efficient 
airflow pattern is the one with outdoor air flowing to the win- 
dow space through the bottom edge of the outer pane and to the 
rooms from the upper edge of the inner pane. The surface tempe- 
rature of the inner pane is iqrtant in respect of condensati- 
on and thermal comfort. Reduced surface temperature is a draw- 
back of the supply air window system. 

The supply air windows, as described above mst be considered 
as a "not good but mch better than nothing" -solution. Its 
properties in use cannot be controlled as those of the supply 
air devices especially designed for the intake and diffucion of 
outdoor air. Such devices can, of course, be integrated into a 
window element, as shown in fig . 2. 



Various types of air flow arrangemnts for a supply air 
window. Alternative e represents a mre controlled air 
diffusion arrangemn't . 

6. INFORMATION FOR OCCUPANTS AND MAIl5!ENANCE PEBSONNEC IS ALSO 
NECESSARY 

Standards for infiltration and airtightness, as well as for 
ventilation, will remain too theoretical if they are only cont- 
rolled randcsnly and in new buildings only. Unfortunately, in 
Finland (and probably also in mny other countries) many 
problems are caused by incorrect operation and mintenance of 
structures and HVAC systems. 

Keeping structures and building services in good condition is 
often assumed to be unnecessary and expensive. People forget 
that the building must som day be totally renovated. High re- 
novation costs are generally related to poor maintenance. 



Concerning the airtightness, it is easy to find out if comp 
hints about draught have increased; the condition of windm 
and window sealing can be seen with bare eyes. The mintenance 
must, of caurae, be done by skilled operators, especially in 
ventilation, but with a proper schedule many unnecessary repair 
costs can be avoided. 

User information and training, including service instructions 
in product information are mans for improving the quality of 
maintenance. The quality of information is continuously being 
developed in Finland. 

For an ordinary inhabitant (=for everyone) we must pint aut 
the following: 

- kitchen terminal devices, and kitchen hood 
filters should be cleaned according to the 
instructions. Request instructions if you 
do not have any. - avoid unnecessary airing in wintertim. You 
are of course allowed to open your window - 
but please keep it open for a few minutes 
only at a tim. - report on difficulties in opening/closing 
windows - report on problems with the ventilation 
system 

Standards for airtightness and/or air infiltration will have a 
great importance in securing a good building practice. But they 
alone are not enough, because ventilation is also necessary. 
Good standards or regulations should thus be a canbination of 

- requirements for airtightness for the whole 
building envelope (excl. ventilation arran- 
gements) for building details and structu- 
ral joints 

- requirements for sufficient and controlled 
ventilation, both supply and exhaust - guidelines for airtightness, infiltration 
and ventilation measurements (in building 
inspection etc.) - instructions for use and maintenance 
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SYNOPSIS 

The Swiss performance standard for  energy conservation in buildings 
SIA* 380/1 i s  explained. This standard leaves a i r  in f i l t r a t ion  and 
other de ta i l  decisions to  planners i f  minimum performance levels 
are met. Calculation procedures for  heat balances based on a 
standard-occupancy are described. Tools to  achieve optimum space 
heating and ventilation rates are explained. Instrumentation for  
checking the thermal performance of the house in operation i s  
defined. 

*SIA: Swiss Society of Engineers and Architects 





1 .  PERFORMANCE STANDARDS VS COMPONENT STANDARDS 

Different countries have chosen different  ways so f a r  t o  l imit  
building energy consumption. Most countries have s tar ted w i t h  
component standards, established as a means to  protect the consumer 
against deficient products. The large number of DIN-Standards in 
Germany [ref .  I ]  and the Californian Energy Conservation Standards 
[ref.  21 are typical examples for  se t s  of building component 
standards. As fo r  quality standards in complex systems as cars,  
bui 1 dings or some industrial products ( tv-sets  e tc .  ) another method 
i s  equally established: the performance standard of an en t i r e  
system which i s  treated as a black box. Standards fo r  the fuel 
consumption of cars are a good example of th i s  method where c lear  
test ing s i tuat ions have been established. The advantage of th i s  
l a t t e r  approach i s  a larger freedom f o r  designers and producers to  
come up with solutions they find best under given economical and 
technical conditions. The standard serves only as a precisely 
stated goal, where the solution can be freely chosen among a 
multitude of always changing paths. Switzerland has chosen with 
SIA 380/1 [ref.  31 th i s  l a t t e r  method to  l imit  energy consumption 
of buildings a f t e r  a period of increasing numbers of component 
standards and responding t o  a growing concern of the professional 
community not t o  be completly regulated by detailed s t a t e  legis la-  
tion. Heating i n  the system "HOUSE" i s  devided into two subsystems: 

- net heat consumption 

- annual coefficient of performance 

Both have to comply w i t h  the respective se ts  of standards. Electric 
consumption, the use of ventilation, a i r  conditioning and cooling 
equipment are defined separately. 

The SIA standard 38011 (1984) gives a calculation procedure to 
compute the two se ts  of standards and also allows the use of an 
easier method fo r  small buildings below 500 m2 gross f loor  area 
which i s  based on the older component standards w i t h  more stringent 
val ues. 

Air in f i l t r a t ion  i s  therefore not treated in detail  in t h i s  
standard. B u t  i t  i s  included in the calculation procedures for  
heat loss ,  i t  i s  specified in the standard-occupancy and i t  i s  
also treated in the component standards for  small buildings 
(window joints etc .  ). According to  a s e t  of recent simulations on 
t e s t  houses the a i r  in f i l t r a t ion  share amounts to  some 20 - 40 % 
of the net heat loss [ref. 41, with well insulated houses tending 
to the upper value. 



2. TOOLS TO ACHIEVE OPTIMAL ENERGY PERFORMANCE 

I t  i s  obvious tha t  an optimisation of the heat balance of a building 
including losses and gains places great concern on the "optimum" 
ventilation. This means tha t  i n  order to  comply with a legal 
standard you may not design a i r t i g h t  buildings and prevent people 
from getting a suff icient  amount of fresh a i r .  Therefore, the 
standard i s  divided into three information sets :  

- construction de ta i l s  to  improve air t ightness ,  avoid unnecessary 
hvac equipment, orland to  u t i l i z e  heat recuperation ( t ab le  1 )  

- standard-occupancy defined as  a s e t  of a i r  change rates  depend- 
ing on use; these values have to  be applied i n  the calculation 
procedures (tab1 e 2) 

- user related a i r  in f i l t r a t ion  of a well designed house should not 
be t o t a l l y  dependent on everyday compliance of a l l  occupants. 
Advice and training has to  be given to  the normal user because 
most s t i l l  open windows in wintertime to  "moistenn the dry room 
a i r !  

As for  meeting the performance standard of a project i n  the  design 
stage only th i s  standard-occupancy i s  relevant; construction de ta i l s  
can be freely chosen according to  local practice*. 

Table 1 :  Cri ter ia  for  use of mechanical ventilation and a i r  
conditioning 

b 

- External influences . noise 
. a i r  pollution 
. safety 
. extreme alpine conditions 

- Building parameters . offices with deep spaces (<  6 m 2 )  
. offices with large spaces (>  200 m 2 )  

internally located and underground areas 
. high r i se  (>  12 s tor ies)  

- Use conditions . high occupant concentration (< 3 m2/per- 
. toxic fumes and smells (smoking) son) . high internal heat production (>45 W/m2) 

* 

Note: the Swiss climate i s  relat ively moderate with an average out- 
door temperature in Zurich in January of -1°C and in July of +18OC; 
of course there are  southern zones with some 3 K higher average 
temperatures and extreme temperatures in the mean summer day of 33°C. 

* Many of the de ta i l s  in the AIC-handbook of 1983 will probably be 
rejected by the average Swiss craftsmen because the de ta i l s  
involve elaborate f i t t i n g ,  which are  infeasible as on-site work. 



Air change r a t e s  i n  t ab l e  2 i n  the  standard-occupancy a r e  defined 
a s  minimum - and maximum values. T h i s  means t h a t  without spec i f i c  
technical  i n s t a l l a t i o n s  they cannot be reduced and they should not  
be increased. Of course the  a i r  change r a t e s  can be reduced during 
non-occupied times (n igh t s ,  weekends, hol idays) t o  a minimum of 
some 0.2 h'l according t o  necessary humidity l eve l s  ( f i gu re  1 ) . 
With t h e  introduction of heat-recuperators and control led  vent i -  
l a t i on  t h e  net  a i r  change r a t e  can be reduced. Due t o  the  minimum 
a i r  flow and addit ional  r es i s t ance  of f i l t e r s  in  used condi t ions ,  
the  a i r  change r a t e s  cannot be very f a r  below the  r a t e s  s t i pu l a t ed  
in the  standard-occupancy. 

Table 2: Standard-occupancy: a i  r change r a t e s  (annual mean 
values)  

#. 

One family housing 0.4 h-1 

Mu1 t i  family housing 0.6 

Offices , commerci a1 0.8 

Air t igh tness  of e n t i r e  building* 0.2 
t 

* With a l l  doors, windows and o ther  openings closed. 

Figure 1 : Air change r a t e  (one day cycle)  

(Example f o r  mu1 t y  family housing) 
A i r  Change Rate 



The main issue i s  t o  achieve superior indoor temperature control 
in order to  use the available f ree  heat from solar  and indoor 
sources t o  the maximum. This will prevent ill-advised users from 
opening windows excessively t o  control overheating (f igure 2) .  
Therefore, i t  i s  not only a question of educating users, but of 
giving them the proper tools to  get the amount of heat they really 
want [ref .  51. An additional feedback to users i s  cost-sharing 
according t o  the amount of heat consumed. This will of course 
dramatize th i s  e f fec t  in a positive way. 

Figure 2: Room temperature (one day cycle) [ref .  61 

(Example f o r  one family housing) 

Room Air Temperature 
25O 
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On the other hand i t  should be emphasized, that  any quick change 
during the day in the desired room a i r  temperature will n o t  bring 
large heat savings due to  the iner t ia  involved in well insulated 
and t ight ly  f i t t e d  houses (f igure 3 ) .  This i s  especially t rue in 
the relat ively heavy structures (over 600 kilograms per square 
meter) common in Switzerland and Central Europe. Such houses have 
a time constant of 150 to  250 hours, which leads to a temperature 
reduction due to night setback in normal winter conditions of only 
1 K during night hours. 



Figure 3: Night setback: cooling effect of a i r  temperature 

[ref. 61 
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Any heating system depending solely on north oriented external 
temperature sensors and a fixed linear relationsship with heating 
system-temperatures cannot satisfy the stated objective of superior 
i nternal temperature control s . 
The other central issue i s  to minimize heat loss due t o  infi l tra- 
tion which i s  generally not  synonimous to minimal a i r  change rates. 
Good room temperature controls of the heating system invite users 
naturally t o  a energy conscious behavior. The "synergetic link" 
[ref. 51 increases the effect of energy savings: good insulation 
and tight joints plus indoor sensitive room a i r  temperature controls 
improves comfort conditions for the user and reduces energy consump- - 
tion a t  the same time. 



MEASURING ENERGY CONSUMPTION 

In  order t o  assess the process of designing, building and occupy- 
ing an energy efficient building the ultimate performance check 
i s  only possible with measuring techniques. Therefore, a minimum 
set of measuring instruments i s  defined for a heating system 
(table 3 ) .  With these instruments every owner or control 1 ing board 
can check, after a starting period of 2 years, the actual energy 
consumption and compare i t  to the design values according t o  the 
following formula: 

N E h  = - h (MJ/mZSa) 
eta 

Eh : annual specific end-heat use (MJ/mZSa) 

N h :  computed annual specific net heating demand (MJ/mZ.a) 

eta: mean annual COP (-)  

Table 3: Measuring instruments 

'I 

- Counter of operation hours 

- Start impulse counter 

- Fuel consumption measurement (o i l ,  gas, electricity etc. ) 

- Thermometer for temperatures of the exhaust stack 

- Meter for domestic h o t  water 

There i s  a tendency t o  include all  these instruments in a package 
in the standard heating p l a n t  and t o  install performance meters 
t h a t  show an annual mean COP on a LCD. 

Of course there will be a large band of deviations between calcu- 
lated and measured values that can be divided into the following 
four categories: 

- design changes (macro of detail) after the energy calculations 
have been made 

- bad in situ details due t o  bad s i te  supervision 

- unnormal cl imate conditions (severe winter etc. ) 

- unnormal user behaviour (higher temperatures or ventilation 
rates etc.) 

Initial drying-out and wood-shrinking periods have to be monitored 
and can generally be excluded from an analysis after the f i r s t  two 
years of normal operation. First year of operation problems with 
regulation and optimisation efforts have t o  be taken into account, 



also. The band of deviation tha t  generally is  accepted with 
standard climate data a re  deviations of -10 % t o  +20 % of the 
annual energy consumption. Larger deviations have to  be investi-  
gated and causes identified.  

For t h i s  procedure i t  i s  necessary to  s t ipula te  the duty of house 
owners t o  keep energy consumption records and to  of fer  them f o r  
public checks annually. For larger  buildings monthly records a re  
recommended. For the safe hand1 ing of possibly pol 1 uting fuel s 
t h i s  ru le  has long been established in Switzerland. The data of 
gas, e l e c t r i c i t y  and d i s t r i c t  heat consumption on the other hand 
are  readi ly stored in suf f ic ien t ly  accessible data bases. 

Such a measuring procedure i s  the new and f inal  check of the build- 
ing qua1 i t y  tha t  should be included in every bui lder 's  contract. 

4. POLITICAL AND ADMINISTRATIVE IMPLICATIONS 

The administrative boards can control one s e t  of standards tha t  
characterize the en t i r e  energy system or  can go back and t r y  t o  
check a l l  the detai l  components tha t  have been regulated so f a r .  
A cer ta in  resistance to  change from component to  performance 
standard exis t s  also in Switzerland, even i f  the new system seems 
easier  t o  handle and less  time consuming with limited manpower. 
Due t o  intervention of the local s t a t e s  the formal legal introduc- 
tion of SIA 380/1 will be granted only a f t e r  an i n i t i a l  tes t ing  
period of some 2 years wherein a1 1 pub1 i c  buildings will have to  
comply a1 ready with the new standard. 

The Swiss building stock has tended towards more e f f i c i en t  energy 
use since 1975 as can be shown in f igure 4. This i n i t i a l  success 
will continue in the future w i t h  the introduction of SIA 380/1. 



Figure 4: Specific heat consumption in housing [ref.  7 ,  8) 
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SYNOPSIS 

Because t h e  load due to a i r  i n f i l t r a t i o n  t y p i c a l l y  accounts f o r  
one-third o f  space condi t ioning loads ,  ASHRAE (American Society 
o f  Heating , Refr igera t ing and Air-conditioning Ehgineer s) is i n  
t h e  process o f  w r i t i n g  a standard which addresses t h e  maximum 
leakage associated with good construct 'on.  This standard IlgP, 
is a l i n k  between ASHRAE Standard which addresses energ 
conservation i n  new r e s i d e n t i a l  const ruct ion,  and Standard 62, 3 
which s p e c i f i e s  t h e  minimum acceptable v e n t i l a t i o n  t o  achieve 
a d e q u a t e  i n d o o r  a i r  q u a l i t y .  Wi th in  S tandard  119P t h e r e  is 
c u r r e n t l y  a c l a s s i f i c a t i o n  scheme t h a t  groups bui ld ing t i g h t n e s s  
i n t o  c a t e g o r i e s  depending on envelope leakage, f l o o r  a rea  and 
bu i ld ing  height.  In addi t ion  t o  being used f o r  t h i s  r e s i d e n t i a l  
leakage standard,  t h i s  c l a s s i f i c a t i o n  scheme is intended t o  be 
used t o  l a b e l  t h e  t i g h t n e s s  o f  any b u i l d i n g  r e s i d e n t i a l  o r  
c o m m e r c i a l ,  new o r  e x i s t i n g .  T h i s  r e p o r t  w i l l  p r e s e n t  t h e  
background around Standard 119P, ind ica te  a proposed form t h a t  
t h e  standard may take ,  and present  some o f  t h e  r a t i o n a l e  behind 
it. 

Keywords: A i r  Leakage, S t a n d a r d s ,  A i r  I n f i l t r a t i o n ,  Leakage 
Area. 



SYMBOL TABLE 

ACH 

Hbase 

Hin 

b u t  
HDD 

kn 
I D D  

Tin 

Tmax 

Floor Area [m2] 

A i r  Exchange Rate [hr'l] 

Volumetric Heat Capacity o f  Air [I234 J/~-rn3] 
I n f i l t r a t i o n  Load [J/hr] 

Effec t ive  Leakage Area [cm2] 

Building Height [m] 

Height o f  a Single  Story  [2.5m] 

Enthalpy [ J / ~ ~ I  
Base value  of enthalpy [82,000 J/m31 

Ins ide  Enthalpy [ J/rn3] 

Outside Enthalpy [ J/m3] 
Heating Degree-Days ( a s  ca lcu la ted  by ASHRAE) [O~-days] 

n the  cons tan t  ( a r b i t r a r y )  

I n f i l t r a t i o n  Degree-Days [K-days] 

A spec i f i ed  number of I D D  [ 4 5 0 ~ ~ - d a ~ s ]  

Normalized Leakage 

I n f i l t r a t i o n  [m3/hr] 

Spec i f i c  I n f i l t r a t i o n  [m3/hr-cm2] 

Average s p e c i f i c  i n f i l t r a t i o n  f o r  North America 

A i r  Temperature [OC] 

Average Annual Temperature [OC] 

Base value of a i r  temperature [ 1 8 . 3 ~ ~ ]  
Average Indoor Temperature [22OC] 

Maximum no cool  temperature [25. ~ O C ]  

Minimum no hea t  temperature [ 1 5 . 5 ~ ~ ]  

Meteorological ( 10 m . ) wind speed [m/s] 

Annual sum o f  t h e  hourly va lues  o f  x 



1. INTRODUCTION 

In  t h i s  r e p o r t  w i l l  be discussed t h e  d e t a i l s  o f  a gener ic  
leakage standard f o r  r e s i d e n t i a l  buildings.  While based on t h e  
same o b j e c t i v e s ,  p r i n c i p l e s ,  and methods t h a t  a r e  being used i n  
t h e  p roposed  ASHRAE s t a n d a r d  ( I l g ) ,  t h e  s t a n d a r d  d i s c u s s e d  
here in  need no t  be  the  same a s  the  proposed ASHRAE standard.  

2. BACKGROUND 

P r i o r  t o  t h e  1973/74 o i l  embargo, t h e  primary i n f i l t r a t i o n  
c o n c e r n  i n  t h e  h e a t i n g  and v e n t i l a t i n g  p r o f e s s i o n  was t h e  
e s t ima t ion  o f  peak loads  f o r  t h e  s i z i n g  o f  HVAC equipment. In 
t h e  in tervening decade, however, it has  become c l e a r  t h a t  t h e  
energy l o s s  due t o  i n f i l t r a t i o n  rep resen t s  a s i g n i f i c a n t  energy 
l o s s  t h a t  can  no l o n g e r  go  unchecked. To p u t  t h i s  i n  
perspect ive ,  bu i ld ings  use over one-third o f  t h e  t o t a l  resource  
energy consumed i n  t h e  U.S. wi th  r e s i d e n t i a l  bui ld ing accounting 
f o r  about two-thirds o f  t h a t  share. Space condi t ioning (i.e. 
hea t ing  and cooling) account for over h a l f  o f  t h e  energy used i n  
b u i l d i n g s  and i n f i l t r a t i o n  a c c o u n t s  f o r  a t  l e a s t  a t h i r d  o f  
t h a t .  P u t t i n g  t h i s  a l l  t o g e t h e r  i n f i l t r a t i o n  e n e r g y  l o s s e s  
account f o r  approximately one-f i f teenth  o f  t h e  resource  energy 
used i n  t h i s  c o u n t r y  -- o v e r  5 Quads (120 m i l l i o n  t o n  o i l  
equivalent) .  [See reference  3.1 

The enormous expense  (on t h e  o r d e r  o f  $50 b i l l i o n )  o f  
h e a t i n g  and c o o l i n g  a i r  t h a t  h a s  l e a k e d  i n t o  a b u i l d i n g  h a s  
caused t h e  profess ional  s o c i e t i e s  involved, p r i m a r i l y  ASHRAE, 
and government  a g e n c i e s ,  p r i m a r i l y  DOE, t o  re-examine  t h e i r  
p r i o r i t i e s  r e g a r d i n g  i n f i l t r a t i o n .  The t e c h n i c a l  c o m m i t t e e  
responsib le  fo r  i n f i l t r a t i o n  and v e n t i l a t i o n  i n  ASHRAE (TC4.3) 
has been an extremely a c t i v e  one; they a r e  responsib le  f o r  t h e  
revamping o f  t h e  i n f i l t r a t i o n  and v e n t i l a t i o n  chapter  i n  t h e  
Handbook o f  Fundamentals and f o r  adminis ter ing  severa l  research  
p r o p o s a l s .  Government sponsored  r e s e a r c h  i n  t h e  a r e a  o f  
i n f i l t r a t i o n  and v e n t i l a t i o n  h a s  i n c r e a s e d  d u r i n g  t h e  l a s t  
decade and reflects t h e  importance o f  t h e  topic.  

As t echn ica l  research  : e f f o r t s  mature and a consensus forms 
among t h e  research  and profess ional  community regarding what can 
and what should be done, t h e  time is r i p e  f o r  t h e  adoption o f  
standards. The purpose o f  such consensus s tandards  is to guide 
t h e  p r a c t i t i o n e r  i n  proper methods and t o  a s su re  t h e  u l t i m a t e  
consumer t h a t  he  i s  p u r c h a s i n g  someth ing  t h a t  m e e t s  some 
g e n e r a l l y  a c c e p t e d  c r i t e r i a .  I n  t h e  f i e l d  o f  e n e r g y  
conservation it is ASHRAE standard 90, llEnergy Conservation i n  
New Wlilding Designt1, t h a t  is most widely used. This standard 
d e a l s  w i t h  b o t h  l o a d s  and s y s t e m s ,  b u t  refers l i t t l e  t o  a i r  
i n f i l t r a t i o n .  Although it does not  address  t h e  i s s u e  o f  o v e r a l l  
i n f i l t r a t i o n  performance d i r e c t l y ,  s tandard 90 does s t a t e  t h a t  



doors, windows, and c u r t a i n  wa l l s  must meet c e r t a i n  performance 
s p e c i f i c a t i o n s  and t h a t  a l l  j o i n t s  must be sealed.  

A s  t h e  r e a l i z a t i o n  spread t h a t  plugging l eaks  was a c o s t  
e f f e c t i v e  method o f  s a v i n g  energy ,  a concern  a r o s e  t h a t  t h e  
indoor a i r  q u a l i t y  o f  t ightened bui ld ings  was being threatened 
a s  houses grew t i g h t e r .  Many research programs have been and a r e  
be ing  done on t h e  s o u r c e s  and s i n k s  o f  p o l l u t a n t s  and on t h e  
i n t e r a c t  ion be t  ween v e n t i l a t i o n  and indoor a i r  qual i ty .  One 
outcome o f  t h i s  research is ASHRAE standard 62, I fvent i la t ion  f o r  
Accep tab le  Indoor Air Q u a l i t y n ;  t h i s  s t a n d a r d  h a s  b o t h  a 
performance p a r t ,  which s p e c i f i e s  maximum acceptable l e v e l s  o f  
c e r t a i n  po l lu tan t s ,  and a p r e s c r i p t i v e  p a r t ,  which s p e c i f i e s  
minimum v e n t i l a t i o n  ra tes .  

Current ly  t h e r e  is an area  t h a t  is not  covered by e i t h e r  
s t a n d a r d  90 (which is an e n e r g y  c o n s e r v a t i o n  s t a n d a r d )  and 
standard 62 (which is a h e a l t h  and s a f e t y  standard) -- namely 
t h a t  o f  o v e r a l l  envelope t ightness .  Standard 90 d e a l s  with t h e  
thermal r e s i s t a n c e  of  t h e  envelope and standard 62 d e a l s  with 
minimum v e n t i l a t i o n  r e q u i r e m e n t s ,  b u t  n o t  where is  t h e  
acceptable t igh tness  o f  t h e  envelope f o r  energy conservation 
addressed. It is f o r  t h i s  reason t h a t  ASHRAE has  convened a new 
standard committee, Standard IIgP, t o  determine t h e  minimum 
t i g h t n e s s  l e v e l s  t h a t  should be required. 

This  standard is l i m i t e d  i n  scope to those s t r u c t u r e s  t h a t  
can r e a s o n a b l y  be  expec ted  t o  e c o n o m i c a l l y  b e n e f i t  from t h e  
app l i ca t ion  o f  t h e  standard and t o  those types  o f  s t r u c t u r e s  i n  
which t h e r e  is a s i g n i f i c a n t  body o f  knowledge. Spec i f i ca l ly ,  
t h e  standard app l i es  only  t o  detached single-fam il y r e s i d e n t i a l  
s t r u c t u r e s  and d o e s  n o t  a p p l y  t o  t h o s e  s t r u c t u r e s  t h a t  a r e  
conditioned fo r  only  a smal l  f r a c t i o n  o f  t h e  year. 

T h i s  s t a n d a r d  h a s  two  purposes :  c l a s s i f i c a t i o n  and 
l i m i t a t i o n .  Tne standard introduces a c l a s s i f i c a t i o n  scheme 
t h a t  a l lows  each s t r u c t u r e  t o  be ranked and categorized by its 
a i r  t i g h t n e s s  from c l a s s  A ( t h e  t i g h t e s t  c l ass )  t o  c l a s s  J ( the  
l e a k i e s t  c l a s s ) .  These c l a s s e s  span t h e  r a n g e  from t h e  v e r y  
t i g h t e s t  measured houses  t o  some o f  t h e  l e a k i e s t  measured 
houses. This c l a s s i f i c a t i o n  scheme can stand alone a s  a method 
f o r  compar ing o r  l a b e l i n g  houses  a s  t o  t h e i r  a i r  t i g h t n e s s .  
Even though  t h e  scope  e x c l u d e s  b u i l d i n g s  o t h e r  t h a n  s i n g l e -  
family  r e s i d e n t i a l  ones, it is reasonable to expect t h a t  t h i s  
c l a s s i f i c a t i o n  method could be used on some o f  these  excluded 
s t r u c t u r e s  a s  soon a s  t h e  measurement procedures warrant it. 

The l i m i t a t i o n  sec t ion  o f  t h e  standard uses a new measure 
o f  t h e  s e v e r i t y  o f  c l ima te ,  I n f i l t r a t i o n  Degree-Days (IDD), t o  



set a maximum leakage c l a s s ,  a s  defined i n  t h e  c l a s s i f i c a t i o n  
sect ion.  I n f i l t r a t i o n  degree-days a r e  discussed i n  d e t a i l  i n  a 
f o l l o w i n g  s e c t i o n ,  b u t ,  s i m p l y ,  t h e y  a r e  a measure  o f  t h e  
s e v e r i t y  o f  t h e  c l i m a t e  i n  r e l a t i o n  to i n f i l t r a t i o n  i n  t h e  same 
way t h a t  common degree-days a r e  a measure o f  t h e  s e v e r i t y  o f  t h e  
c l i m a t e  i n  r e l a t i o n  t o  thermal conduction through t h e  envelope. 
Thus, f o r  each s i t e  t h e  number o f  I D D  c a n  b e  c a l c u l a t e d  from 
t y p i c a l  weather  d a t a  and from t h a t  t h e  a c c e p t a b l e  l e a k a g e  
c l a s s e s  can b e  d e t e r m i n e d .  In  a d d i t i o n  t o  t h e  c a l c u l a t i o n  
methods t h e  standard has a list o f  over one hundred c i t ies  f o r  
which I D D  and acceptable leakage c l a s s e s  have been determined. 

The standard conta ins  two informational  s e c t i o n s  which, 
while n o t  p a r t  o f  t h e  standard proper, contain information t h a t  
may be  useful  to  t h e  intended user. The first one concerns t h e  
es t ima t ion  o f  t y p i c a l  annual a i r  change r a t e s  f o r  houses i n  each 
o f  t h e  leakage c lasses .  Although t h e  purpose o f  t h e  standard is 
t o  l i m i t  i n f i l t r a t i o n ,  nowhere i n  t h e  s t a n d a r d  p roper  is 
i n f i l t r a t i o n  d i s c u s s e d .  T h i s  is due t o  t h e  f a c t  t h a t  t h e  
d e t a i l s  o f  t h e  house ,  i ts env i ronment  and t h e  m i c r o c l i m a t e  
around may have a s u b s t a n t i a l  effect on t h e  i n f i l t r a t i o n ,  b u t  
t h e  a i r  t i g h t n e s s  can s t i l l  be  unambiguously measured.  An 
a t t e m p t ,  however,  is made t o  g i v e  an e s t i m a t e  o f  t h e  l o w e r  
l i m i t  o f  t h e  a v e r a g e  i n f i l t r a t i o n .  It is expec ted  t h a t  t h e  
use r s  o f  standard 62 might wish t o  have some sort o f  method f o r  
e s t i m a t i n g  t h e  con t r ibu t ion  i n f i l t r a t i o n  may make t o  t h e  t o t a l  
v e n t i l a t i o n .  

'Ihe second informational  sec t ion  con ta ins  a map o f  t h e  U.S. 
and s o u t h e r n  Canada and on it a r e  marked t h e  c i t i e s  t h a t  a r e  
contained in  t h e  standard. From t h e  I D D  values  o f  each c i t y  an 
i n t e r p o l a t i o n  i s  made t o  cover  t h e  map w i t h  t h e  d i f f e r e n t  
a c c e p t a b l e  l e a k a g e  zones. Because t h e  v a l u e s  f a r  away from 
measured ci t ies  and near t h e  zone borders  a r e  s e n s i t i v e  t o  t h e  
d e t a i l s  o f  t h e  in te rpo la t ion ,  t h i s  map cannot be used a s  p a r t  o f  
the  standard. It is, however, very informative i n  t h a t  it g ives  
one an idea  of  t h e  s e v e r i t y  o f  c l i m a t e  over t h e  e n t i r e  area. 

4. THEORETICAL CONSIDERATIONS 

In order t o  come up with a standard,  one must use a model 
o f  t h e  physical  processes involved and manipulate t h e  r e s u l t s  t o  
come up with expressions f o r  quan t i ty  o f  i n t e r e s t  i n  terms o f  
m e a s u r a b l e  q u a n t i t i e s .  For example,  an energy  c o n s e r v a t i o n  
s t a n d a r d  may set  l i m i t s  on R-values because  t h e  s t a n d a r d s  
committee understood how R-values a f fec ted  energy loss .  In our 
case ,  we want t o  con t ro l  i n f i l t r a t i o n  and i n f i l t r a t i o n  energy 
l o s s  by s e t t i n g  s tandards  f o r  a i r  t ightness .  

In der iv ing t h e  expressions f o r  t h i s  standard many s p e c i f i c  
d e t a i l s  o f  individual  bui ld ings  a r e  averaged out. Therefore, 



the  model t h a t  w e  use to connect a i r  t i g h t n e s s  t o  i n f i l t r a t i o n  
can, i n  genera l ,  be a gener ic  one, r a t h e r  than a s p e c i f i c  one. 
For those  few times when it is necessary t o  use a s p e c i f i c  mod 1 4, $jo c a l c u l a t e  a number we have used t h e  LBL i n f i l t r a t i o n  model. 

General ly speaking t h e  i n f i l t r a t i o n  can be thought o f  a s  a 
product o f  t h e  leakage o f  t h e  envelope and a d r iv ing  term. We 
can write the  expression f o r  t h e  i n f i l t r a t i o n  f o r  a s ingle-s tory  
house a s  follows: 

Q = ELA * s (1)  

Tne c a l c u l a t i o n  o f  t h e  d r iv ing  term, s, need not  concern us 
yet  a s  long a s  we r e a l i z e  t h a t  it is some combination o f  t h e  
wind and s t ack  pressures  and may contain o the r  d e t a i l s  about t h e  
s t r u c t u r e .  ?he expression above is fo r  a s ingle-story house; w e  
may genera l i ze  t h i s  t o  any height  with t h e  addi t ion  o f  a term to 
account fo r  t h e  f a c t  t h a t  both t h e  wind and the  s t a c k  e f f e c t s  
increase  with increas ing height  : 

Q =  (h /h1)003 * ELA* s (2 )  

The exponen t  o f  0.3 is chosen t o  approx imate  t h e  h e i g h t  
dependence o f  t h e  s t a c k  effect  (0.5) and wind e f f e c t  (0.1 - 
0.25). 

?his expression gives  t h e  instantaneous i n f i l t r a t i o n  a s  a 
funct ion o f  t h e  d r iv ing  forces ,  leakage, and bui ld ing height;  
b u t ,  i f  we wish t o  compare houses ,  w e  must  have a way o f  
normalizing t h e  i n f i l t r a t i o n  to account for  house s i zes .  We 
have e lec ted  to use the  f l o o r  area  a s  t h e  normalizat ion;  we do 
so fo r  two reasons: 1) t h e  leakage is measured by an a rea  and so  
some o t h e r  area  is an appropriate normalizat ion,  and 2) f loor  
a r e a  is u s u a l l y  e a s i l y  o b t a i n a b l e  f o r  a l m o s t  any house. The 
normalized expression then becomes t h e  following: 

We now d e f i n e  a dimensionless quant i ty  ca l l ed  t h e  normalized 
leakage, NL, t h a t  is a quan t i f i ca t ion  o f  t h e  a i r  t i g h t n e s s  o f  
the  envelope : 

I f  we s u b s t i t u t e  t h i s  d e f i n i t i o n  i n t o  e q u a t i o n  3 we g e t  t h e  



fo l lowing  : 

In a d d i t i o n  to t h e  i n f i l t r a t i o n  we a r e  a l s o  i n t e r e s t e d  i n  
t h e  i n f i l t r a t i o n - i n d u c e d  load. Ihe load can be c a l c u l a t e d  from 
t h e  i n f i l t r a t i o n  b y  m u l t i p l y i n g  t h e  a i r  i n f i l t r a t i o n  b y  t h e  
amount o f  energy requi red  to b r i n g  the i n f i l t r a t i n g  to indoor 
c o n d i t i o n s  ( i . e .  t h e  e n t h a l p y  d i f f e r e n c e  b e t  ween i n d o o r  and 
outdoor  a i r )  : 

We can f i n d  t h e  i n f i l t r a t i o n  load  normalized by f l o o r  a r e a  by 
combining t h e  two previous equat ions :  

4.1 S e l e c t i o n  C r i t e r i a  

In  c o n s t r u c t i n g  an  a i r  t i g h t n e s s  s t a n d a r d  two p r o s p e c t i v e  
criteria come t o  mind: 1) s e t t i n g  t h e  maximum i n f i l t r a t i o n  t o  be 
a c o n s t a n t ,  and 2) s e t t i n g  t h e  maximum i n f i l t r a t i o n  load to be  a  
cons tan t .  The former concept  would set t h e  annual i n f i l t r a t i o n  
to be  less than a  s p e c i f i c  number: 

where k l  is a cons t an t  

I n s e r t i n g  equat ion 5 i n t o  t h i s  l i m i t  y i e l d s  t h e  fo l lowing:  

If we u s e  t h e  LBL model  t o  f i n d  t h e  a n n u a l  a v e r a g e  o f  t h e  
s p e c i f i c  i n f i l t r a t i o n ,  <s>, we d i s c o v e r  t h a t  it o n l y  v a r i e s  
about  20% throughout North America. Thus f o r  our  purposes we 
can treat it a s  a  cons tan t .  We then  f ind  t h a t  t h e  normalized 
leakage  is cons t ra ined  t o  be  below a c o n s t a n t  va lue :  

where k2 = k , / (  10n<s>) 

An a l t e r n a t i v e  t o  c o n s t a n t  i n f i l t r a t i o n  i s  c o n s t a n t  
i n f i l t r a t i o n  load. This  can b e  represented  a s  fo l lows:  



<WA> < k3 

where k3 is a spec i f i ed  constant .  

S u b s t i t u t i n g  t h e  d e f i n i t i o n  f o r  t h e  i n f i l t r a t i o n  load ,  equation 
7, y i e l d s  t h e  fol lowing r e s u l t s :  

The a v e r a g e  q u a n t i t y  ( i n  b r a c k e t s )  is a m e a s u r e  o f  t h e  
s e v e r i t y  o f  t h e  c l ima te .  Because the  concept o f  degree-days is 
r e l a t i v e l y  well understood i n  t h e  bu i ld ings  community, w e  wish 
t o  make o u r  c l i m a t e  s e v e r i t y  term i n  a s i m i l a r  form. We, 
t h e r e f o r e ,  d e f i n e  i n f i l t r a t i o n  degree days t o  be propor t ional  to 
t h e  bracketed term: 

Combining t h e  d e f i n i t i o n  o f  i n f i l t r a t i o n  degree-days (eq. 
13) w i t h  t h e  l i m i t a t i o n  on t h e  i n f i l t r a t i o n  load (eq. 12) we g e t  
t h e  fol lowing l i m i t  f o r  t h e  normalized leakage: 

where k4 = k3/(240*Cp*saVe) is a constant .  

4.2 Choosing a Form -- 

We have derived two poss ib le  funct ional  forms f o r  t h e  b a s i s  
o f  our  standard: 1) cons tant  normalized leakage (i.e. cons tant  
i n f i l t r a t i o n ) ,  and 2) normalized leakage inverse ly  propor t ional  
t o  i n f i l t r a t i o n  degree-days (i.e. cons tant  i n f i l t r a t i o n  load). 
Unfortunately, both  these  funct ional  forms have se r ious  draw- 
backs. If we choose constant  i n f i l t r a t i o n ,  then t h e  houses i n  
t h e  mi ld  c l i m a t e s  must meet t h e  same t i g h t n e s s  c r i t e r i o n  a s  t h e  
severe  c l imates .  Since it would c o s t  about t h e  same f o r  them t o  
t i g h t e n  t h e i r  h o u s e s  t o  t h i s  l e v e l ,  it would p u t  an u n f a i r  
burden on t h e  mild c l imates .  

Conversely, i f  we choose constant  i n f i l t r a t i o n  load,  then 
both c l i m a t e s  a r e  paying about t h e  same f o r  t h e i r  energy, b u t  
t h e  severe  c l i m a t e s  had to t igh ten  t h e i r  houses more and thus  it 
c o s t  them s i g n i f i c a n t l y  more. The law o f  decreasing marginal 



r e t u r n s  i m p l i e s  t h a t  t h e  s e v e r e  c l i m a t e s  a r e  then a t  a 
disadvantage r e l a t i v e  to the  mild ones. 

A 1  though bo th  sugges t ions  have d isadvantages ,  w e  have 
delineated the  two extremes; t h e  optimum must l i e  in  between. 
?he exact optimum depends on many d e t a i l s  of  both the model and 
the s t ruc tu re  -- ones w e  do not wish t o  deal with. Therefore, 
we choose a f u n c t i o n a l  form which is approximate ly  h a l f  way 
between the  two posit ions and assume t h a t  there  is no need to 
improve it further.  Specif ical ly ,  w e  assume t h a t  the  normalized 
leakage decreases a s  the  square-root of  IDD: 

Like t h e  prev ious  two c r i t e r i a ,  t h i s  form c o n t a i n s  a s i n g l e  
adjustable  parameter (IDDO) to specify the standard, but it must 
l i e  c loser  t o  the  t rue  economic optimum than do they. 

4.3 Classi f icat ion 

'Ihe previous section completely def ines  a standard once the 
value of IDDO has been chosen. It would be possible t o  measure 
the normalized leakage and determine the IDD f o r  each site and 
ver i fy  if the standard is met. It was felt ,  however, t h a t  t h i s  
method o f  using the standard could lead to ambiguity and abuse. 
Small changes i n  l o c a l  weather would change t h e  a p p r o p r i a t e  
value o f  NL; changes i n  the  way in  which NL is measured could 
have a s i g n i f i c a n t  e f f e c t .  F i n a l l y ,  a p p l i c a t i o n  o f  t h i s  
standard woUld require repeated calculat ions  t o  be made, and 
might not be appropriate for  many users. 

In o rde r  t o  so lve  most o f  t h e s e  problems a system o f  
c l a s s i f i ca t ions  was developed, based on the  equations above. 
For each measured NL there  is a unique leakage c l a s s  (A-J) and 
cer ta in  c lasses  a r e  acceptable for ce r t a in  I D D  zones. Because 
of  t h e  square- root  i n  t h e  prev ious  equa t ion ,  t h e  t o p  o f  each 
leakage c l a s s  is root two times the  bottom of the  c l a s s  and the 
top of  each I D D  zone is twice the bottom of t h a t  zone. Thus, 
an easy-to-apply set of  leakage c lasses  and I D D  zones replace 
a l l  the  equations a s  a means for meeting the standard. 

5. OPERATIONAL DEFINITIONS 

The sections above give an overview of  the standard and the 
theore t ica l  background behind it. A standard, however, is a s e t  
o f  o p e r a t i o n a l  d e f i n i t i o n s  and i n s t r u c t i o n s  t h a t  must be 



followed. In t h i s  sec t ion  we summarize these  i n s t r u c t i o n s  a s  
they c u r r e n t l y  exist within t h e  standard. 

5.1 Measurement Procedures 

There  a r e  two t y p e s  o f  d a t a  r e q u i r e d  by t h e  s t a n d a r d :  
weather d a t a  and bui ld ing data.  Unless t h e  site o f  i n t e r e s t  is 
one i n  t h e  t a b l e  contained wi th in  the standard,  hour ly  weather 
d a t a  is necessary to c a l c u l a t e  t h e  i n f i l t r a t i o n  degree-days. 
Weather t apes  from t h e  National Ckeanographic and Atmospheric 
Administrat ion (NOAA) may be used fbr t h i s  purpose; e i t h e r  TMY 
o r  TRY t y p e  t a p e s  a r e  a d e q u a t e  b u t  t h e y  mus t  c o n t a i n  h o u r l y  
temperature,  humidity and wind speed. For those  few si tes  t h a t  
n e i t h e r  a r e  c l o s e  enough t o  a l i s t e d  s i t e  n o r  have  h o u r l y  
weather d a t a ,  t h e  standard provides a a l t e r n a t e  method. To use 
t h i s  standard it is always necessary t o  make a measurement o f  
t h e  a i r  t i g h t n e s s  o f  t he  enve lope ,  a s  well a s  r e l a t e d  
q u a n t i t i e s .  lhis standard uses  t h e  concept o f  e f f e c t i v e  leakage 
a r e a  (ELA) to quant i fy  t h e  leakage o f  the envelope. 

?he ELA is defined a s  the equivalent  amount o f  open area  
(of  u n i t y  d ischarge  c o e f f i c i e n t )  t h a t  would pass t h e  same amount 
o f  a i r  under a s p e c i f i e d  r e f e r e n c e  p r e s s u r e .  The ELA can  b e  
ca lcu la ted  from fan p ressur i za t ion  measurements by ex t rapo la t ing  
t h e  measured f lows t o  t h e  r e fe rence  pressure  which is taken to 
be four pascals. The o the r  q u a n t i t i e s  t h a t  a r e  required f o r  t h e  
s t a n d a r d  a r e  f l o o r  a r e a  and b u i l d i n g  h e i g h t .  A l l  t h e s e  
q u a n t i t i e s  a s  w e l l  a s  t h e  fan p ress  r i z a t i o n  test method a r e  a s  

requi red  a s  p a r t  o f  t h i s  standard. 
Y s p e c i f i e d  in  ASTM standard E779-84 and, accordingly,  E779 is 

lhere a r e  two q u a n t i t i e s  t h a t  a r e  used in  the  standard and 
c a l c u l a t e d  from t h e  measured d a t a :  normal ized  l e a k a g e  and 
i n f i l t r a t i o n  degree-days. Normalized leakage is ca lcu la ted  from 
t h e  measured s t r u c t u r e  d a t a  and i n f i l t r a t i o n  degree-days a r e  
ca lcu la ted  from the  weather. 

Leakage C l a s s i f i c a t i o n  

Leakage c l a s s i f i c a t i o n  is quant i f ied  by t h e  leakage c l a s s ,  
which i n  t u r n  i s  c a l c u l a t e d  from t h e  n o r m a l i z e d  l e a k a g e .  
Normalized l e a k a g e  is a q u a n t i t y  t h a t  depends  o n l y  on t h e  
s t r u c t u r e  and not  on t h e  surrounding environment; a s  such it can 
b e  used t o  compare t h e  a i r  t i g h t n e s s  o f  h o u s e s  i n  d i f f e r e n t  
environments. It is a dimensionless quan t i ty  t h a t  uses t h e  ELA 



normalized by f l o o r  a r e a  and c o n t a i n s  a he igh t  c o r r e c t i o n  term. 
A 1 1  measured q u a n t i t i e s  can be found i n  t h e  r e p o r t  s e c t i o n  o f  
ASTM E779-84. ?he numerical  form of  t h e  normalized leakage  ( a s  
presented  i n  a prev ious  s e c t i o n )  is a s  fo l lows:  

The normalized leakage  is used t o  de t e rmine  t h e  leakage  class o f  
t h e  b u i l d i n g  from table 1: 

TABLE 1: CLASSIFICATION OF LEAKAGE 

Noma1 ized 
kakage 

Leakage 
Qass 

Leakage 
category 

(The c a t e g o r y  l a b e l s  a r e  i n c l u d e d  f o r  c o n v e n i e n c e  o n l y ,  and 
correspond to  t h e  q u a l i t a t i v e  d e s c r i p t i o n s  t i g h t ,  medium, and 
l o o s e .  

Leakage L i m i t a t i o n s  

The s tandard  limits t h e  amount o f  leakage t h a t  a bu i ld ing  
envelope may have depending on t h e  s e v e r i t y  o f  t h e  c l i m a t e  of 
t h e  b u i l d i n g  site. I n f i l t r a t i o n  degree-days a r e  a measure o f  t h e  
s e v e r i t y  o f  t h e  c l i m a t e  a s  it a f f e c t s  i n f i l t r a t i o n  l o a d s  i n  much 
t h e  s a m e  way t h a t  h e a t i n g  deg ree -days  a r e  a m e a s u r e  o f  t h e  
s e v e r i t y  o f  t h e  hea t ing  season a s  it a f f e c t s  conduction through 
t h e  b u i l d i n g  envelope. In t h e  s tandard  i n f i l t r a t i o n  degree-days 
must be  c a l c u l a t e d  by one o f  t h e  two methods below o r  taken from 
a b c a t i o n s  Table. 

The pr imary c a l c u l a t i o n  method r e q u i r e s  t h e  fo l lowing  
hourly d a t a  f o r  a t y p i c a l  year:  outdoor  dry-bulb tempera ture ,  
humidi ty  and wind speed. For every  hour i n  which t h e  dry-bulb 



hour ly  d a t a  f o r  a t y p i c a l  year: outdoor dry-bulb temperature,  
humidity and wind speed. For every hour i n  which t h e  dry-bulb 
temperature is below Tm o r  is above Tmax i n f i l t r a t i o n  degree- 
days a r e  accumulated a s  %llows: 

I D D  = I /(  24*save) * 
[ <st(Tbase-T)> + <d(H-I#,a,)>/Cp ] 

fo r  T<Tmi, for  T>Tma, 

We use t h e  fol lowing d e f i n i t i o n s  fo r  t h e  s p e c i f i c  i n f i l t r a t i o n  : 

This expression is derived us in  t h e  concept o f  a standard house 
and t h e  LBL i n f i l t r a t i o n  model. f 

The secondary c a l c u l a t i o n  method, which may only  be used i f  
it can be demonstrated t h a t  hourly d a t a  a r e  no t  a v a i l a b l e  and 
t h a t  no pre-calculated site is c l o s e  enough, r e q u i r e s  only  two 
values:  t h e  "base 65" degree-days a s  ca lcula ted  i n  t h e  ASHRAE 
Handbook o f  Fund amen t a l s  , and" t h e  aver age annual temperature. 
Using t h e  same d e f i n i t i o n s  a s  above t h e  t o t a l  i n f i l t r a t i o n  
degree-days can be expressed a s  follows: 

IDD = 2"HDD + 365*( Tave - Tbase 1 

Having defined t h e  s e v e r i t y  o f  c l ima te  through IDD,  w e  may now 
go on to  de f ine  the  l i m i t a t i o n s  imposed by t h e  standard. For 
each range o f  I D D  t h e r e  a r e  a set o f  acceptable leakage c lasses .  
The fol lowing t a b l e  d i s p l a y s  those  c lasses :  

TABLE 2: ACCEPTABLE LEAKAGE CLASS 

I n f i l t r a t i o n  DegreeDays Acceptable 
C ~ C - ~ ~ Y ~ I  Classes 

A-H 
A-G 
A-F 
A-E 
A-D 
A-C 

Compliance is d e m o n s t r a t e d  if t h e  measured l e a k a g e  c l a s s  is  
acceptable fo r  t h e  ca lcu la ted  number o f  i n f i l t r a t i o n  degree- 
days. (This t a b l e  was generated assuming 1 D ~ ~ = 4 5 0 ~ ~ - d a ~ s . )  



ESTIMATION TECHNIQUES 

Because t h i s  standard govern - a i r  t ightness  for  i n f i l t r a t i o n  
reduction, estimation of  actual  i n f i l t r a t i o n  r a t e s  do appear 
within t he  body o f  the standard. As we show below, i n  order to 
est imate  i n f i l t r a t i o n  from leakage and climate it is necessary 
t o  make more detai led assumptions about the  house (i.e. use a 
spec i f ic  model) than was necessary for the  t ightness  standard 
i t s e l f .  Furthermore, i f  an estimation o f  a i r  change r a t e  were 
p a r t  o f  t h e  s t anda rd ,  l i a b i l i t y  q u e s t i o n s  could a r i s e  i f  a 
problem occurred because of  actual  i n f i l t r a t i o n  r a t e s  below the 
estimated ones in  the  standard. 

?his section gives a technique for  the estimation of  a i r  
exchange r a t e s  from normalized l eakage  v a l u e s  and c l i m a t e .  
Tnese a i r  change r a t e s  a r e  seasonal average ones based on the 
average climate;  instantaneous values of  a i r  exchange may d i f f e r  
q u i t e  r a d i c a l l y  from t h e  averages  c a l c u l a t e d  he re in .  The 
r e s u l t s  in  t h i s  section assume a typical  s t ruc ture  t h a t  is typi- 
c a l l y  shielded from a typical  wind; these fac tors  can eas i ly  
vary by a factor  of  two. 

In order to estimate the a i r  change r a t e  we can begin with 
equation 5, dividing through by the height of  a s ingle  story: 

We recognize t h a t  the  l e f t  hand s ide of  t h i s  equation is t h e  a i r  
change ra te .  Averaging over the  year we g e t  t h a t  

ACH = 10 * NL * <s> / hl ( 22) 

Che should take care  when applying a formula l i k e  t h i s  because 
o f  the  in-buil t  assumptions. This a i r  change r a t e  is the annual 
average assuming t h a t  t h e r e  is no mechanical  v e n t i l a t i o n ,  
natural  ven t i la t ion  (e.g. open windows) and no occupant e f f e c t s  
(eg .  door openings). 

I f  w e  choose a p a r t i c u l a r  model, we may e v a l u a t e  t h e  
spec i f ic  i n f i l t r a t i o n  and thus find a numerical r e s u l t  for  the  
a i r  change rate. We therefore use the LBL model to evaluate <s> 
for the  average conditions in  North America. To within the  20% 
spread in  specif ic  i n f i l t r a t i o n  values we can use the following 
expression a s  a tlrule-of-thumblv: 

ACH = NL (23) 

The most important assumption t h a t  has gone into t h i s  evaluation 
i s  t h a t  t h e  s t r u c t u r e  is t y p i c a l l y  (moderately)  sh i e lded .  
Variations in the shielding can cause e r ro r s  of up t o  50% in the 
a i r  change ra te .  



Table 3 gives the range of  seasonal i n f i l t r a t i o n  r a t e s  for 
houses  o f  d i f f e r e n t  l eakage  c l a s s .  The minimum va lue  is  
calculated assuming a reasonable lower bound of <s>=0.1 m3/hr- S cm2 and a reasonable  upper bound o f  <s>=0.36m3/hr-cm . The 
standard value is calculated assuming tha t  the  s t ruc ture  exactly 
meets the  a i r  t ightness  standard. 

TABLE 3: TYPICAL SEASONAL INFILTRATION RATES 

Leakage ACH YGE 
Class Ck- 1 

Min Standard Max 

0.00 0.14 0.14 
Category I 0.07 0.20 0.20 

C 0.10 0.28 0.29 ................................................................ 
D 0.14 0.36 0.40 

Category I1 E 0.20 0.48 0.58 
F 0.29 0.62 0.80 

G 
Category 111 H* 

I* 
J 

* - Leakage c lasses  above H, do not meet the  requirements for  any 
c l imate  and, therefore,  do not have a standard value; c l a s s  J 
has no. maximum value because it has no upper l i m i t  on leakage. 
Leakage c lasses  A and B a r e  more than su f f i c i en t  t o  meet any 
cl imate  and therefore t h e i r  standard e n t r i e s  and equal t o  t h e i r  
maximums . 

6.1 EstimationofAverageLoads - 

In the same way t h a t  we derived the average a i r  change r a t e  
from equation 5, we may derived the average load per uni t  f loor  
a r e a  from equat ion 7. I f  we combine equa t ion  7 w i t h  t h e  
def in i t ion  of I D D  and using the LBL model to  evaluate it, we g e t  
the following : 

<UO = 240 * Cp * NL * save * I D D  

which, upon subst i tut ing for s ve and evaluating numerically, 
l eads  t o  the following numerics?. (i.e., dimensioned) expression: 

<E/O = 80,000 * NL * IDD (25) 



DISCUSSION 

The concepts presented in t h i s  report  allow us t o  def ine a 
standard for a i r  t ightness  t h a t  is based on the economic goal of  
minimizing the l i f e  cycle cos t  of i n f i l t r a t i o n .  We may now use 
these concepts to predict  some o f  the  e f f e c t s  t h a t  the  standard 
w i l l  have on North American housing. 

We begin by compiling a Locations Table (Table 4). This 
tab le  w i l l  have a s e t  o f  representat ive c i t i e s  for  which good 
weather da ta  was available. We then use the hourly weather data  
t o  c a l c u l a t e  t h e  s p e c i f i c  i n f i l t r a t i o n ,  t h e  number o f  
i n f i l t r a t i o n  degree-days, and the acceptable leakage c lasses  
accord ing  t o  t h e  s tandard .  This  t a b l e ,  combined wi th  a 
measurement o f  l eakage ,  becomes t h e  e n t i r e  s tandard  f o r  t h e  
s i t e s  t h a t  can be represented by the  included c i t i e s .  

While the  locat ions  tab le  is the  best  way t o  determine what 
the standard requirements a r e  a t  a par t icu la r  s i t e ,  it does not 
give one a very good overview of what the standard requires  for 
North America in  general. In f igure  1 we present a map o f  North 
America t h a t  c o n t a i n s  v a l u e s  from t h e  l o c a t i o n s  t a b l e ,  
interpolated to cover the e n t i r e  map. The crosses indicate  the 
posit ion of  a c i t y  from the locat ions  tab le ;  the  contour l i n e s  
a r e  of i n f i l t r a t i o n  degree-days; and the shaded areas represent 
d i f f e r e n t  areas  o f  acceptable leakage classes. The dashed l i n e s  
indicate  the mid-point of  each class .  Note t h a t  occasionally a 
s i t e  i n  t h e  middle  o f  a shaded r eg ion  may be  o f  a d i f f e r e n t  
range than the shading indicates;  t h i s  is done to avoid the map 
looking  s p o t t y  -- t h e  l o c a t i o n s  t a b l e  c o n t a i n s  t h e  c o r r e c t  
values. 

A s  i nd i ca t ed  in f i g u r e  1, t h e  m a j o r i t y  o f  t h e  southern  
p l a i n  o f  Canada and t h e  no r the rn  p l a i n s  o f  t h e  U.S. a r e  i n  
acceptable c lasses  A-D. Although not on the map, but ref lected 
in t he  locat ions  tab le ,  the  north of Canada (including .Alaska) 
has some extreme cl imates  in the A-C range. The majority of the 



U.S. (conta ined  i n  a broad band from t h e  nor thwes t  t o  t h e  
southern plain to the ea s t  and northeast) is in the A-E range. 
?his band extends northward on the  coas t s  in to  to Canada, but in 
t he  case of  eastern IW-itish Columbia may be an a r t i f i c i a l  r e s u l t  
caused by t h e  pauc i ty  o f  weather sites. The southwes t  and 
s o u t h e a s t  o f  t h e  U.S. a r e  i n  t h e  r e l a t i v e l y  mi ld  A-F c l a s s ;  
southern California is the  only section of North America t o  be 
i n  the  A-G c lass .  

We may use the equations developed in  the  previous sect ion 
t o  make an es t imate  of  annual i n f i l t r a t i o n  r a t e  for  houses t h a t  
exac t ly  meet the  standard. Combining eqs. 18 and 22, with the 
d a t a  from t h e  l o c a t i o n s  t a b l e ,  we c a l c u l a t e  an average 
i n f i l t r a t i o n  r a t e .  Care must be  taken i n  i n t e r p r e t i n g  t h i s  
number ,  however ,  a s  t h i s  v a l u e  r e p r e s e n t s  t h e  a n n u a l  
contribution neglecting occupant and mechanical e f f e c t s  and only 
for  t h e  period i n  which the  building is conditioned. The t o t a l  --- 
vent i la t ion  r a t e  w i l l ,  i n  general ,  b e x i g h e r  than t h i s  es t imate  
and monthly values could e a s i l y  vary b y  a factor  o f  two from 
these estimates,  hourly values by a factor  o f  f i v e  o r  more. 

With the above caveats i n  mind f igure  2 gives  an es t imate  
o f  t h e  i n f i l t r a t i o n  r a t e  f o r  a house t h a t  e x a c t l y  meets  t h e  
standard. Most of Canada would have seasonal i n f i l t r a t i o n  r a t e s  
o f  approximately 0.3 a i r  changes per hour -- the  temperate pa r t s  
s l i g h t l y  higher and the  f a r  north (including Alaska) s l i g h t l y  
lower .  The no r the rn  h a l f  o f  t h e  U.S. would have a i r  change 
r a t e s  between 0.3 and 0.4 a c h -  wi th  t h e  P a c i f i c  no r thwes t  and 
eastern seaboard a t  or  above 0.4 ach. The southern th i rd  of the  
U.S. would v i r t u a l l y  a l l  have i n f i l t r a t i o n  r a t e s  above 0.4 with 
the  populated regions of  California lying between 0.5 and 0.7 
ach . 

In a s imi la r  manner to the a i r  change p lo t  of  f igure  2, we  
may combine eqs.  19 and 24 t o  e s t i m a t e  t h e  average seasona l  
i n f i l t r a t i o n  load (per un i t  f loor  area). While t h i s  procedure 
may give a reasonable es t imate  o f  t he  annual energy cos t  ( i n  
un i t s  o f  resource energy) associated w i t h r  i n f i l t r a t i o n ,  it 
is only a crude predictor o f  instantaneous i n f i l t r a t i o n  load. 
Like the a i r  change es t imate ,  the  load estimate is subject  to 
l a rge  hourly var ia t ions ,  in addition it is subject  to systematic 
monthly var ia t ion -- in the same way t h a t  conduction losses  vary 
with the  seasons. 

F igu re  3 i s  a p l o t  o f  t h e  average i n f i l t r a t i o n  load f o r  
North America f o r  a house t h a t  e x a c t l y  meets  t h e  s tandard .  
Because the standard requires t i gh t e r  houses for  more extreme 
cl imates ,  the  range o f  values is not large;  the  load goes from 
j u s t  under 50 ~ J / m ~ - ~ r  for  southern California to almost 150 
~ J / m ~ - ~ r  for  the  Canadian plains. With the  exception o f  t he  
mild southwest and cold northern plains,  the U.S. appears t o  l i e  
in t h e  range of  75-125 M J / ~ ~  for annual i n f i l t r a t i o n  resource 
energy. 



In t h i s  r e p o r t  w e  have presen ted  t h e  d e r i v a t i o n  o f  and 
thoughts behind a generic standard on a i r  leakage which should 
be very s imi la r  to the proposed ASHRAE Standard 119P on the  a i r  
t igh tness  o f  res ident ia l  buildings. A s  t h i s  standard progresses 
through the  consensus process it w i l l  undoubtly change, but the 
physical underpinnings presented here w i l l  most l i k e l y  remain. 
?his physical bas i s  on which the  model was developed allows an 
e s t i m a t i o n  o f  t h e  impacts  t h a t  such a s tandard w i l l  have on 
a v e r a g e  i n f i l t r a t i o n  r a t e s  and b u i l d i n g  l o a d s .  The 
c l a s s i f i ca t ion  scheme inherent in t he  model gives the  standard 
f l e x i b i l i t y  so t h a t  should it become necessary t o  quant i ta t ive ly  
change t h e  s t anda rd ,  t h e  r equ i r emen t s  could be t i gh t ened  
(loosened) by simply adjusting the value of  the  constant within 
the standard, IDDO, and hence the IDD ranges for  each leakage 
c l a s s .  
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INFILTRATION DEGREE DAY ZONES 

IDD ("C Days) 

Figure 1: Zones of in f i l t r a t ion  degree days tha t  correspond to 
unique acceptable leakage classes for north merica.  
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TABLE 4: LOCATIONS TABLE 

CITY 

BIRMINGHAM,AL 
MOBILE , AL 

PHOENIX,AZ 
PRESCCYTT, AZ 
TUCSON, AZ 
WINSLOW, AZ 
YUMA, AZ 

ARCATA , CA 
CHINA LAKE,CA 
DAGGETT , CA 
FRESNO, CA 
LONG BEACH, CA 
L O S  ANGELES,CA 
MOUNT SHASTA , CA 
OAKLAND, CA 
P O I N T  MUGU,CA 
RED BLUFF,CA 
SACRAMENT0,CA 
SAN DIEGO, CA 
SAM FRANCISC0,CA 
SANTA MARIA, CA 

COLORADO S P R I N G S , C O  
DENVER, CO 
EAGLE, CO 
GRAND JUNCTION,CO 
PUEBLO, CO 

WASHINGTON, DC 

APAWICHICOLA , F L  
JACKSONVILLE,FL 
MIAMI,  F L  
TAMPA, F L  

ATLANTA, GA 

B O I S E ,  I D  
IDAHO FALLS,  I D  
LEWISTON,ID 
POCATELLO, I D  

Infiltration Degree-Days<s> Acceptable 
Heating Cooling Total Classes 

1424 606 203 1 -22 A-F 
875 1124 1999 .24 A-F 

709 682 1390 -18 A-F 
2690 52 2742 .26 A-E 
946 371 1316 -24 A-F 

2678 64 2742 -26 A-E 
472 1244 1717 -24 A-F 

-20 A-F 
.22 A-G 
-29 A-F 
a20 A-F 
-20 A-G 
-20 A-G 
-24 A-E 
.23 A-F 
19 A-G 

a26 A-F 
-23 A-F 
.18 A-H 
-26 A-F 
-20 A-F 

3992 18 4010 -30 A-E 
3550 5 3555 *28 A-E 
4624 2 4627 .24 A-E 
3124 12 3136 -25 A-E 
3049 31 3079 '25 A-E 

21 80 444 2624 .24 A-E 

643 2036 19 A-F 
652 1392 1212 1864 .25 A-F 
72 2446 2517 -23 A-E 

249 1407 1657 -23 A-F 

3226 13 3238 $26 A-E 
6329 29 6358 -33 A-D 
2929 11 294 1 a24 A-E 
4747 6 4752 -31 A-E 

CHICAGO, I L  3709 204 3914 -28 A-E 



TABLE 4: LEATIONS TABLE (Cont.) 

Infiltration Degree-Days <s> Acceptable 
Heating Cooling Total Classes 

DES MOINES, I A  41 44 267 441 I -28 A-E 

DODGE C I T Y ,  I(S 3920 459 4379 .34 A-E 

LOUISVILLE, KY 271 3 409 31 22 .27 A-E 

LAKE CHARLES, LA 
NEW ORLEANS, LA 

949 1280 2229 .23 A-F 
1022 1222 2244 e24 A-F 

BOSTON, MA 4358 267 4624 -36 A-E 

CARIBOU,ME 
PORTLAND, ME 

6481 20 6501 -31 A-D 
4302 86 4387 -26 A-E 

DETROIT, M I  
SAULT S T E  MARIE,MI 

41 93 320 4513 .29 A-E 
5967 34 600 1 .29 A-D 

DULUTH , MN 
INTERNATIONAL FALLS,MN 
MINNEAPOLIS,MN 

6873 55 6927 -32 A-D 
6867 29 6896 030 A-D 
5573 353 5926 931 A-D 

1328 1062 2390 -24 A-F 

COLUMBIA,MO 
KANSAS C I T Y  , MO 
S T  LOUIS,MO 

31 46 458 3604 .27 A-E 
30 93 843 3937 -28 A-E 
3276 609 3884 .28 A-E 

CUTBANK, MT 
GREAT FALLS,MT 
MISSOULA,MT 

6520 1 6521 -34 A-D 
5744 1 5745 .36 A-D 
3928 4 3932 .23 A-E 

CNAHA , NE 
SCOTTSBLUFF , NE 

.23 A-E 

.2g A-E 

.25 A-F 

.25 A-E 
-23 A-E 
.2g A-E 
.26 A-E 
.25 A-E 

ELK0 , NV 
ELY, NV 
LAS VEGAS, NV 
LOVELOCK,NV 
RENO, NV 
TONOPAH, NV 
WINNEMUCCA, NV 
YUCCA FLATS, NV 

ALBUQUERQUE, NM 35 2388 -24 A-F 



TmLE 4: LOCATIONS TABLE( Cont .I 

CITY 

ALBANY, NY 
BINGHAMPTON, NY 
BUFFALO, NY 
NEW YORK, NY 

CAPE HATTERAS,NC 
GREENSBORO, NC 
RALEIGH,NC 

AKRON, OH 
CINCINNATI,  OH 
CLEVELAND,OH 
DAYTON, OH 

OKLAHOMA C I T Y ,  OK 
TULSA, OK 

ASTORIA,OR 
MEDFORD, OR 
NORTH BEND, OR 
PORTLAND, OR 
REDMOND, OR 

PHILADELPHIA, PA 
PITTSBURGH, PA 

CHARLESTON, S C  

RAPID CITY, S D  
FALLS, SD 

CHATTANOOGA, TN 
MEMPHIS, TN 
NASHVILLE, TN 

AMARILL0,TX 
AUSTIN, TX 
BROWNSVILLE,TX 
EL PASO, TX 
FORT WORTH, TX 
HOUSTON, TX 
LUBBOCK, TX 
SAN ANTONIO, TX 

CEDAR CITY,  UT 
SALT LAKE C I T Y  , UT 

InfiltrationDegree-Days<s> Acceptable 
Heating Cooling Total Qasses 

4487 161 4648 .28 A-E 
4 904 92 4996 -30 A-E 
4740 65 4805 -32 A-E 
31 28 201 3329 -31 A-E 

171 4 90 I 2616 .29 A-E 
2074 381 2454 .24 A-F 
2028 418 2446 .25 A-F 

6552 167 6719 .31 A-D 

3978 193 4171 .29 A-E 
278 1 280 3061 .26 A-E 
41 87 238 4426 .29 A-E 
4067 469 4537 .30 A-E 

3049 1162 421 1 .33 A-E 
220 1 1088 3289 -28 A-E 

2629 6 2636 .25 A-E 
21 53 20 2172 -20 A-F 
2492 .. 0 2492 -26 A-F 
2843 14 2857 -26 A-E 
344 1 3 3443 -24 A-E 

3383 377 3760 .29 A-E 
361 9 184 3804 .29 A-E 

1178 883 206 1 -25 A-F 

51 99 117 5315 .32 A-D 
5544 375 5919 -33 A-D 

2048 31 3 2362 -23 A-F 
1752 1001 2754 .24 A-E 
201 3 543 2556 .25 A-E 

.34 A-E 

.25 A-E 

.2g A-E 

.24 A-F 

.26 A-E 

.26 A-E 

.31 A-E 

.25 A-F 

3334 5 3339 -26 A-E 
3446 12 3458 .26 A-E 



TABLE 4 : LOCATIONS TABLE ( 6ont. ) 

CITY Infiltration Degree-Daysts> Acceptable 
Heating Gooling 'il,tal Classes 

4885 106 4992 -28 A-E 

NORFOLK, VA 
RICHMOND, VA 

2111 521 2632 -29 A-E 
2464 453 2918 -24 A-E 

OLYMPIA, WA 
SEATTLE, WA 
SPOKANE, WA 

2850 7 2857 -24 A-E 
31 46 11 31 57 * 27 A-E 
4047 2 4049 -27 A-E 

2385 23 1 2616 -22 A-E 

MADISON ,WI 4487 161 4647 -28 A-E 

CHEYENE , WY 
CASPER, WY 
ROCK SPRINGS,WY 
SHERIDAN, WY 

5076 1 5077 .32 A-D 
6068 3 6071 -37 A-D 
6039 0 6039 -32 A-D 
4449 12 4461 -27 A-E 

CALGARY, ALTA 
EDMONTON,ALTA 

5708 0 5708 -27 A-D 
6080 4 6084 -25 A-D 

VANCOUVER, BC 2455 0 2455 .21 A-F 

CHURCHILL ,MAN 
WINNEPEG,MAN 

12375 5 12380 -33 A-C 
7233 72 7305 -30 A-D 

SAINT JOHNS,NF -36 A-D 

FORT SMITH, NWT 
FROBISHER BAY,NWT 

-26 A-D 
-31 A-C 

HALIFAX, NS .27 A-E 

OTTAWA, ONT 
TORONTO, ONT 

-27 A-D 
-27 A-E 

MONTREAL, QUE -25 A-E 

PRINCE ALBERT, SASK 
REGINA, SASK 
SASKATOON , SASK 

a27 $-D 
.33 A-D 
.29 A-D 

WHITEHORSE, YT .27 A-D 
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SYNOPSIS 

Ven t i l a t ion  standards i n  bui ld ings  a r e  rece iv ing increased a t t en -  
t i o n  because of energy conservation and indoor a i r  qua l i ty .  An 
important example of t h i s  i s  t h e  c u r r e n t  ASHRAE Standard 62-1981, 
"Vent i la t ion  f o r  Acceptable Indoor A i r  Quality." This  s tandard 
conta ins  two d i s t i n c t  procedures t h a t  can be used t o  set ven t i l a -  
t i o n  rates. The f i r s t  i s  a p r e s c r i p t i v e  s p e c i f i c a t i o n  t h a t  man- 
da tes  v e n t i l a t i o n  rates f o r  p a r t i c u l a r  building types. The second 
i s  a performance s p e c i f i c a t i o n  t h a t  uses  t a r g e t  concentra t ions  of 
indoor contaminants as t h e  b a s i s  f o r  deciding t h e  adequacy of ven- 
t i l a t i o n  ra t e s .  This  paper comments on t h e  l a t t e r  procedure. 
Several  i s s u e s  a r e  discussed: (1) t h e  l ack  of a cons i s t en t  b a s i s  
f o r  choosing concentra t ion  l i m i t s  f o r  indoor p o l l u t a n t s  (2) t h e  
p o t e n t i a l  f o r  adverse a i r  q u a l i t y  i f  the  performance s p e c i f i c a t i o n  
is  adopted i n  a bui ld ing,  and (3) t h e  p r a c t i c a l  d i f f i c u l t i e s  i n  
implementing the  second option. Severa l  suggest ions f o r  improving 
the  Standard are made. 

1. INTRODUCTION 

There are many quest ions and i s s u e s  t h a t  must be considered when 
discuss ing v e n t i l a t i o n  standards.  These range from t h e  philosoph- 
i c a l  i s s u e  of r egu la t ing  a i r  q u a l i t y  i n  individuals '  homes t o  t h e  
p r a c t i c a l  problem of measuring v e n t i l a t i o n  r a t e s .  This  paper 
examines v e n t i l a t i o n  standards from t h e  perspect ive  of present  
knowledge of and cur ren t  research  e f f o r t s  on indoor a i r  qua l i ty .  
To focus  on p a r t i c u l a r  i s s u e s  i t  examines a v e n t i l a t i o n  s tandard  
t h a t  i s  cur ren t ly  under review, Standard 62-1981 "Vent i la t ion  f o r  
Acceptable A i r  Quality", of the  American Society of Heating, 
Refr igera t ing ,  and Air-Conditioning Engineers, Inc. (ASHRAE) [ I ] .  
This Standard is the  f i r s t  North American v e n t i l a t i o n  standard 
t h a t  has attempted t o  address  the  indoor a i r  q u a l i t y  problem i n  
any genera l  way. While w e  do not  agree  with por t ions  of 62-1981, 
w e  do recognize the  importance of i t s  at tempt t o  t r e a t  indoor a i r  
q u a l i t y  e x p l i c i t l y  i n  a v e n t i l a t i o n  standard. 



Vent i l a t ion  o r  indoor a i r  q u a l i t y  s tandards f o r  buildings can take  
many forms. The most s t ra ight forward  i s  a standard t h a t  d i r e c t l y  
s p e c i f i e s  required v e n t i l a t i o n  r a t e s  f o r  p a r t i c u l a r  bui ld ing 
spaces, based on assumptions about occupant dens i ty  and p o l l u t a n t  
sources wi th in  the  space. A second type,  having t h e  form more of 
an indoor a i r  q u a l i t y  s tandard than a v e n t i l a t i o n  s tandard ,  speci- 
f i e s  maximum concentrat ions of p a r t i c u l a r  p o l l u t a n t s  i n  a space,  
but does not  mandate the  c o n t r o l  processes t o  be used t o  maintain 
concentra t ions  below these  t a rge t s .  It may include a l s o  a base l ine  
v e n t i l a t i o n  ra te .  Th i s  form a l lows innovation i n  indoor a i r  qual- 
i t y  c o n t r o l  techniques. A t h i r d  type of s tandard focuses d i r e c t l y  
on sources.  Its form s p e c i f i e s  the  maximum emission r a t e s  of pol- 
l u t a n t  sources w i t h i n  t h e  space. It assumes a nominal v e n t i l a t i o n  
r a t e  and standard environmental condi t ions  i n  t h e  space t o  a s su re  
t h a t  p o l l u t a n t  concentra t ions  remain below some t a r g e t  value.  

The p resen t  form of Standard 62 provides two options f o r  a s su r ing  
acceptable  indoor a i r  q u a l i t y .  The f i r s t ,  c a l l e d  t h e  "Vent i la t ion  
Rate Procedure", s p e c i f i e s  minimum v e n t i l a t i o n  r a t e s  appropr ia t e  
t o  a v a r i e t y  of bui ld ing environments. The second type, c a l l e d  t h e  
"Indoor A i r  Quali ty Procedure", does not speci fy  v e n t i l a t i o n  
r a t e s ,  bu t  assures  the  a c c e p t a b i l i t y  of the  indoor a i r  d i r e c t l y  
based on measurements demonstrating t h a t  the  a i r  meets the  l i m i t s  
s p e c i f i e d  f o r  acceptable outdoor a i r ,  as w e l l  a s  a d d i t i o n a l  l i m i t s  
a s soc ia ted  with s p e c i f i c  indoor-generated po l lu tan t s .  

2. THE FORM OF ASHRAE STANDARD 62-1981 

A u s e f u l  summary of Standard 62-1981 and a desc r ip t ion  of the  
th inking t h a t  was used t o  c a s t  i t  i n  i ts  cur ren t  form i s  presented 
by McNall[2]. The Ven t i l a t ion  Rate Procedure, r e fe r red  t o  a s  t h e  
"Presc r ip t ive  Option" by McNall, has the  following requirements: 

a )  The supply a i r  must meet National Ambient A i r  Qual i ty  Stan- 
dards  [3] ;  i f  outdoor a i r ,  t h e  source of supply a i r ,  does not 
meet these  s tandards ,  i t  must be t r e a t e d  using a s u i t a b l e  a i r  
c l eaner .  

b) The a i r  must be de l ivered  a t  r a t e s  l i s t e d  i n  the  Standard's 
Table I11 which covers a mult i tude of types of i n t e r i o r  occu- 
pied spaces. 



McNall f u r t h e r  notes t h a t  when t h e  i n t e r i o r  contamination i s  
caused by human a c t i v i t y  (cooking, smoking, exe rc i se ,  e t c . ) ,  t h e  
v e n t i l a t i o n  r a t e s  a r e  s p e c i f i e d  per  person, not  per  u n i t  of f l o o r  
area. A minimum of 2.5 L/s per  person i s  necessary t o  d i l u t e  car- 
bon d ioxide  produced by metabolism. On the  o ther  hand, when the  
~ n t e r i o r  contamination i s  produced by the  building o r  i t s  furnish-  
ings ,  v e n t i l a t i o n  per  u n i t  f l o o r  a rea ,  not  per person, i s  used. 

A r e c i r c u l a t i o n  opt ion ,  t o  save energy, i s  allowed i f  a i r  cleaning 
equipment i s  c e r t i f i e d  by t h e  des igner  t o  opera te  a t  a  spec i f i ed  
e f f i c i e n c y  on the  important contaminants. The air-volume capaci ty  
of t h e  space ( t h e a t e r s ,  o f f i c e  buildings,  e t c . )  which can d i l u t e  
contaminants i s  recognized f o r  i n t e r m i t t e n t  occupancy. This  
allows delayed s t a r t  of v e n t i l a t i o n  f o r  a d d i t i o n a l  energy savings 
f o r  human-generated po l lu tan t s  b u t  r equ i res  a  lead  t i m e  before 
occupancy i n  the  case  of space-generated contaminants. 

By c o n t r a s t ,  McNall r e f e r s  t o  t h e  Indoor A i r  Quali ty Option a s  t h e  
"Performance Option". I n  t h i s  option: 

a )  The designer would meet t h e  requirements of the  Standard by 
c e r t i f y i n g  t h a t  the  system provides an i n t e r i o r  environment 
t h a t  meets o r  exceeds the  air q u a l i t y  l i m i t s  a s  spec i f i ed  i n  
Tables I, 11, and I V  of t h e  Standard. Table I i s  a summary of 
t h e  National Ambient A i r  Quali ty Standards[3] ,  while Table I1 
i nc ludes  a d d i t i o n a l  ambient air guidel ines  t h a t  have been 
adopted by var ious  s t a t e s ,  provinces, and fo re ign  countr ies .  
Table I V  i s  a l i s t  of gu ide l ines  of po l lu tan t s  of s t r i c t l y  
indoor o r ig in .  

b) I n  add i t ion ,  t h e  a i r  q u a l i t y  must be found acceptable by 80% 
o r  more of a  panel of 20 untrained observers on t h e  bas i s  of 
odors o r  o the r  sub jec t ive  sensat ions.  

S u b s t a n t i a l  d i f f e rences  of opinion e x i s t  on the  s u i t a b i l i t y  of the  
Indoor A i r  Quality Option a s  p resen t ly  cons t i tu ted .  The option was 
developed f o r  62-1981 t o  al low innovative v e n t i l a t i o n  con t ro l  
s t r a t e g i e s  and because of the  perceived importance of indoor a i r  
p o l l u t a n t s  t h a t  were not  necessa r i ly  those associa ted  with e a r l i e r  
formulat ions of minimum v e n t i l a t i o n  r a t e s .  D i f f i c u l t i e s  with t h i s  
formulat ion range from concerns about the  inadequate knowledge of 
hea l th  r i s k s  associa ted  with some of these  po l lu tan t s  t o  the  prac- 
t i c a l  d i f f i c u l t i e s  of applying t h i s  form of the  Standard. 



This paper w i l l  d i scuss  t h r e e  major d i f f i c u l t i e s  wi th  t h e  present  
form of t h e  indoor a i r  q u a l i t y  o r  performance procedure and make 
recommendations f o r  revis ions  t h a t  se rve  t o  c o r r e c t  these  prob- 
lems. 

3. DIFFICULTIES WITH THE "INDOOR A I R  QUALITY PROCEDURE". 

The most genera l  i s s u e s  a r i s i n g  from t h e  current  form of Standard 
62, p r imar i ly  i n  connection wi th  t h e  second opt ion ,  are (1) the  
lack of a cons i s t en t  b a s i s  f o r  choosing concentra t ion  l i m i t s  t h a t  
apply indoors,  (2 )  t h e  p o t e n t i a l  t h a t  the  second opt ion ,  i f  used 
indiscr iminate ly ,  may lead t o  poorer air q u a l i t y  than t h e  ven t i l a -  
t i o n  opt ion ,  and (3) t h e  p r a c t i c a l  d i f f i c u l t y  of us ing t h e  second 
option,  e s p e c i a l l y  when i n t e r p r e t e d  t o  inc lude  a l a r g e  number of 
measurements o r  even an odor panel.  

The va lue  of using a cons i s t en t  b a s i s  f o r  s e t t i n g  l i m i t s  f o r  a 
wide v a r i e t y  of p o l l u t a n t s  i s  c l e a r .  I n  the  absence of such con- 
s i s t ency  trade-offs  can r e s u l t  t h a t  lead  t o  t h e  detr iment  of occu- 
pants o r  owners, r a t h e r  than t h e  converse. For example, by avoid- 
ing a n  exposure t h a t  is given too  much weight ( i .e . ,  f o r  which t h e  
spec i f i ed  l i m i t  is  lower than it ought t o  be) ,  one may cause some 
other  exposure t h a t  i s  more harmful but t h a t ,  r e l a t i v e l y  speaking, 
i s  not  given enough weight (has too high a l i m i t ) .  An example i s  
c o n t r o l  of t h e  concentra t ion  of p o l l u t a n t  A by removing i t s  
source. The guidel ines  f o r  both p o l l u t a n t s  A and B may now be m e t  
with reduced ven t i l a t ion .  However, i f  t he  gu ide l ine  associa ted  
with p o l l u t a n t  B i s  too  high,  removing t h e  source of p o l l u t a n t  A 
coupled wi th  the  v e n t i l a t i o n  reduct ion ,  w i l l  have caused a n  excess 
exposure t o  p o l l u t a n t  B. One simple c r i t e r i o n  f o r  consistency,  
then, i s  t h a t  numerical l i m i t s  f o r  t h e  var ious  p o l l u t a n t s  
correspond t o  equal  hea l th  r i s k s .  Even t h i s  simple c r i t e r i o n  i s  
not m e t  i n  t h e  present  formulation. Nor i s  i t  c l e a r  t h a t  t h i s  is  
the  proper c r i t e r i o n  i n  any case: t h e  a c c e p t a b i l i t y  of s p e c i f i c  
r i s k s  might be weighted by t h e  value  of ( o r  by t h e  d i f f i c u l t y  of 
avoiding) the  exposure(s) i n  quest ion.  The genera l  d i f f i c u l t y  
with t h e  present  Standard i s  t h a t  i t  i s  not based on a cons i s t en t  
philosophical  bas i s  and r e l a t e d  criteria f o r  development of 
s p e c i f i c  s tandards.  The concentra t ion  l i m i t s  were not  developed 
i n  t h e  context  of even a t e n t a t i v e  set of c r i t e r i a .  It i s  c e r t a i n  
t h a t  the  present  numerical l i m i t s  a r e  not  c o n s i s t e n t ,  derived a s  
they are from s e v e r a l  contexts ,  each of which had d i f f e r e n t  c r i -  
t e r i a .  An example of the  kind of cons idera t ion  t h a t  is necessary 
i s  given below, i n  the  br ief  d iscuss ion of est imated h e a l t h  r i s k  
a s  one c r i t e r i o n  f o r  development of indoor s tandards.  



4. ESTIMATED HEALTH RISK AS ONE CRITERION FOR INDOOR A I R  QUALITY 

Severa l  aspects  of the  u s e  of r i s k  as a c r i t e r i o n  have already 
been mentioned, e s p e c i a l l y  t h e  d i f f i c u l t y  of using even t h i s  cri- 
t e r i o n  i n  a cons i s t en t  way. Another perspect ive  on t h e  u s e  of r i s k  
a s  a c r i t e r i o n  i s  ind ica ted  by t h e  fol lowing nominal (and very 
approximate) l e v e l s  of r i s k  a s soc ia ted  with var ious  s i t u a t i o n s .  
I n  each case ,  w e  c i t e  approximate l i f e t i m e  r i s k s  of m s r t a l i t y  --  
assoc ia ted  with the  ind ica ted  s i t u a t i o n s  and exposures. Risk of 
death is ,  of course,  not  t h e  only r i s k  c r i t e r i o n  t h a t  could be 
used. 

- Pergonal c r i t e r i a  f o r  r i s k  avers ion  tend t o  be i n  t h e  range of 
10  A t o  10'~ l i f e t i m e  r i s k  f o r  r i s k s  under t h e  c o n t r o l  of the  
i n d i v i d u a l  ( a s  opposed t o  those  imposed e x t e r n a l l y  and d is -  
cussed below). The l a r g e r  number (10% o r  more) i s  assoc ia ted  
w i t h  c i g a r e t t e  smoking and t h e  smaller (about 1%) wi th  automo- 
b i l e  accidents .  One percent  l i f e t i m e  r i s k  appears, approxi- 
mately,  t o  be the  l e v e l  a t  which people begin t o  worry about 
ch ron ic  r i s k  over which they have some con t ro l  (and even a t  
t h i s  l e v e l  many people w i l l  not  do anything about  t h e  
corresponding exposure). 

- Occupational criteria f o r  exposures (over which individua  
workers have l i t t l e  con t ro l )  tend t o  l i e  i n  t h e  range of 10- 4 
t o  10-' f o r  exposures t h a t  a r e  s p e c i f i c a l l y  r e l a t e d  t o  t h e  
type  of work (e.g., exposures t o  a substance t h a t  a r i s e s  from 
an  i n d u s t r i a l  process).  These must be d is t inguished from 
exposures t h a t  occur merely because a worker i s  i n  a n  indoor 
space (e.g., an  o f f i c e  discussed below). 

- F i n a l l y ,  environmental c r i t e r i a  f o r  r i s k s  t h a t  a r i s e  exter-  
n a l l y  t o  t h e  people exposed, over which they have no con t ro l ,  
and which are no t  d i r e c t l y  r e l a t e d  t o  a benef i t  t o  them, are 
t y p i c a l l y  less than loe3 and of t e n  i n  t h e  range of lom5 ( a  
number t h a t  the  Environmental P ro tec t ion  Agency appears t o  use  
commonly a s  a c r i t e r i o n  f o r  such r i s k s  [ 4 ] ) .  

Environmental r i s k s  a r e  t o  be d i s t ingu i shed  from t h e  r i s k s  t h a t  
ind iv idua l s  s u f f e r  i n  connection wi th  s i t u a t i o n s  of d i r e c t  b e n e f i t  
t o  themselves, s p e c i f i c a l l y  i n  t h e i r  own home and places  of work. 
The c u r r e n t  l e v e l  of r i s k  i n  homes appear t o  be i n  t h e  range of 
loW2 t o  low3. ( S z ~ e  homes a r e  a s  low a s  lo-', while a s i g n i f i c a n t  
number exceed 10 ) [5 ] .  This  i s  the  range a r i s i n g  from radon expo- 
su res  a lone ,  with o the r  exposures adding t o  t h i s .  And, although 
i t  i s  poss ib le  i n  p r i n c i p l e  t o  reduce t y p i c a l  r i s k s  t o  lower 
va lues ,  i t  i s  p r o b x l y  not  p r a c t i c a l  - again  thinking e v j n  of 
radon a lone  - t o  reduce t h e  l e v e l  of r i s k  much below 10- a s  a 
common matter. 



A second d i f f i c u l t y  with t h e  indoor a i r  q u a l i t y  op t ion  i s  the  
p o t e n t i a l  t h a t ,  by meeting l i m i t s  f o r  spec i f i ed  p o l l u t a n t s ,  con- 
c e n t r a t i o n s  of unspecif ied (and unmeasured) p o l l u t a n t s  might r i s e  
t o  l e v e l s  t h a t  would be unacceptable i f  they were i d e n t i f i e d .  A s  
an example, suppose t h a t  i n  a res idence ,  i n s t e a d  of providing t h e  
0.3 t o  0.6 ach t h a t  corresponds t o  t h e  v e n t i l a t i o n  r a t e  opt ion ,  
the  des igner  reduced t h e  v e n t i l a t i o n  r a t e  s u b s t a n t i a l l y  and pro- 
vided assurance t h a t  C02,  radon, and formaldehyde l e v e l s  were not 
excessive. I f  t h a t  residence had normal sources of o t h e r  pollu- 
t a n t s ,  then ,  i n  f i r s t  o rde r ,  t h e  lower than normal v e n t i l a t i o n  
r a t e s  would r e s u l t  i n  higher than normal concentrat ions of these  
po l lu tan t s .  It would appear t h a t  t h i s  option ought t o  have a base- 
l i n e  v e n t i l a t i o n  r a t e ,  which depends on the  s i z e  of t h e  space 
r a t h e r  than the  occupancy, t o  provide f o r  t h e  p o s s i b i l i t y  of 
unknown o r  uncharacterized indoor sources. (This same d i f f i c u l t y  
a r i s e s  i n  connection wi th  t h e  s p e c i f i c a t i o n  of v e n t i l a t i o n  r a t e s  
on an occupancy b a s i s  when t h e  occupancy i s  low. Thus, i n  t h i s  
sense,  t h e  v e n t i l a t i o n  r a t e  op t ion ,  except f o r  spec ia l i zed  build- 
ings ,  does not  take  account of p o l l u t a n t  sources t h a t  e x i s t  
independent of the  occupants. Th i s  would seem t o  suggest  t h e  pro- 
v i s i o n  of a lower l i m i t  f o r  t h e  v e n t i l a t i o n  r a t e  per  u n i t  volume, 
even i n  t h e  v e n t i l a t i o n  r a t e  option.  However, the  n e e d . i s  more 
acute  i n  t h e  second opt ion ,  where the  e n t i r e  o r i e n t a t i o n  of the  
approach i s  t o  a s s u r e  adequate air q u a l i t y  d i r e c t l y ,  permi t t ing  a 
reduct ion  of v e n t i l a t i o n  r a t e s . )  

A t h i r d  broad d i f f i c u l t y  i s  t h a t  of implementation, s p e c i f i c a l l y  
how a v e n t i l a t i o n  engineer i s  t o  a s c e r t a i n  what measurements ought 
t o  be performed under t h e  Standard and i n  wha.t way they a r e  t o  be 
c a r r i e d  out.  A t  the  extreme, i.e., t h e  i n t e r p r e t a t i o n  t h a t  meas- 
urements are made of a l l  t h e  p o l l u t a n t s  found i n  t h e  th ree  t a b l e s  
of t h e  Standard ( a  l i t e r a l  reading of the  Standard),  t h e  d i f f i -  
cu l ty  is c l e a r l y  prohibi t ive .  But even with a s o f t e r  reading,  how 
can the  engineer  know which p o l l u t a n t s  t o  measure and how they a r e  
t o  be measured? The Standard provides no guidance on es t imat ing  
po l lu tan t  l e v e l s  o r  on measurement techniques and protocols ,  nor 
does i t  i n d i c a t e  where t h e  engineer  might go f o r  help. Thus from a 
p r a c t i c a l  po in t  of view, t h e  p resen t  formulat ion merely r a i s e s  t h e  
i s sue  of indoor a i r  q u a l i t y  i n  a way t h a t  the  designer and t h e  
code writer cannot handle e f f e c t i v e l y .  

The c r i t e r i o n  f o r  commercial bui ld ings ,  inc luding o f f i c e  build- 
ings ,  ought t o  take  account of t h i s  genera l  p ic tu re .  A s  a possi- 
ble ex t rapo la t ion  from t h e  s i t u a t i o n  i n  employees' ho es, where 
the  r i s k  w i l l  probably remain i n  the  v i c i n t y  of lo-', one might 
use t h i s  as a c r i t e r i o n  app l i cab le  t o  o f f i c e s  and o t h e r  work- 
.laces. I f  a s t r i c t e r  c r i t e r i o n  were adopted, t h i s  would mean 
pushing employers o r  building owners beyond t h e  usua l  concept t h a t  
"excessive" r i s k  should be avoided i n  connection with work s i t u a -  
t ions .  What i s  acceptable ( o r  unavoidable) i n  homes might be a 
reasonable c r i t e r i o n  f o r  what i s  acceptable i n  t h e  workplace. 



This d iscuss ion only suggests  one of t h e  perspect ives  t h a t  has t o  
be developed i n  t ry ing  t o  formulate the  r i s k  aspect  of an  o v e r a l l  
bas i s  f o r  choosing indoor a i r  q u a l i t y  s tandards.  Closely r e l a t e d  
i s  t h e  development of a cons i s t en t  b a s i s  f o r  a c t u a l l y  es t imat ing  
the  r i s k s  associa ted  wi th  the  var ious  po l lu tan t s  appearing 
indoors. This ,  too ,  i s  a complex and d i f f i c u l t  ques t ion ,  both 
from t h e  point  of view of t h e  dose-response data  base and from t h e  
d i f f i c u l t y  of deciding what populat ion groups ought t o  be con- 
s ide red  i n  evaluat ing r i s k s .  

5- PROPOSED CHANGES TO ASHRAE STANDARD 62-1981. 

On t h e  whole, considerat ions such a s  those given above suggest 
t h a t  an  approach t o  r ev i s ing  62-1981 ought t o  1 )  r e t a i n  t h e  venti-  
l a t i o n  r a t e  procedure much as i t  is and 2) modify t h e  second pro- 
cedure t o  co r rec t  the  d i f f i c u l t i e s  wi th  i t s  present  form, prefer-  
ably whi le  s t i l l  providing e f f e c t i v e  guidance on the  ques t ion  of 
indoor a i r  qua l i ty .  An approach cons i s t en t  with these  ob jec t ives  
i s  given below. Undoubtedly i t  is  not  the  only p o s s i b i l i t y ,  but  
most o t h e r  suggestions have e i t h e r  neglected indoor a i r  q u a l i t y ,  
s p e c i f i c a l l y  by dropping t h e  second opt ion  e n t i r e l y ,  o r  have 
re t a ined  t h e  present  d i f f i c u l t i e s ,  by r e t a i n i n g  t h e  bas ic  formula- 
t i o n  of t h e  second option and modifying i t  only i n  d e t a i l  ( r a t h e r  
than concept).  The formulat ion given below i s  an in termedia te  
p o s s i b i l i t y  t h a t  does not inc lude  indoor a i r  q u a l i t y  a s  a second 
option but ,  f o r  t h e  present ,  adds such considera t ions  a s  a 
s p e c i f i c  form of guidance a s  p a r t  of the  more t r a d i t i o n a l  pro- 
cedure. It asks the  v e n t i l a t i o n  engineer f o r  a statement of 
design assumptions t h a t  would continue t o  be associa ted  with the  
building a f t e r  i t s  const ruct ion  and occupancy. The assumptions 
would have severa l  p r a c t i c a l  impl ica t ions  f o r  the  designer of the  
bui ld ing,  including providing a way of handling t h e  ques t ion  of 
indoor a i r  pol lu tants .  

The proposal  is: 

1. RETAIN the  bulk of the  62-1981 language, p a r t i c u l a r l y  t h e  sec- 
t i o n  on the  v e n t i l a t i o n  r a t e  procedure, with modest changes - 

'e.g., re-examining s p e c i f i c  v e n t i l a t i o n  r a t e s  on t h e  b a s i s  of 
new information, and perhaps speci fy ing a minimum v e n t i l a t i o n  
rate per u n i t  volume, thereby coping with low occupancy s i tua -  
t i o n s  and the  presence of un iden t i f i ed  sources. 



2. REPLACE the  second procedure wi th  a cont inuat ion  of t h e  vent i -  
l a t i o n  rate procedure tha t :  

a. notes  t h a t  innovative v e n t i l a t i o n  techniques may be 
employed (e.g., c o n t r o l l i n g  on C02), provided t h a t :  

- makeup a i r  continues t o  m e e t  the  usual  condit ions;  

- a minimum v e n t i l a t i o n  r a t e  i s  provided t o  avoid d i f f i c u l -  
ties wi th  unspecif iced p o l l u t a n t s  t h a t  a r e  building- 
r a t h e r  than occupant- r e l a t e d ;  

- e x p l i c i t  cons idera t ion  is given t o  t h e  p o l l u t a n t  c l a s s e s  
spec i f i ed  as p a r t  of the  standard ( a s  ind ica ted  below). 

b. s p e c i f i e s  t h a t  c e r t a i n  p o l l u t a n t s  t h a t  do not o r i g i n a t e  
wi th  occupants can be of concern. Th i s  s e c t i o n  would be 
f o r  t h e  information of t h e  u s e r  and would s p e c i f y  pollu- 
t a n t  c l a s s e s  t h a t  are reasonably w e l l  defined (e-g. ,  radon 
and i t s  decay products ,  formaldehyde, combustion e m i s -  
s i o n s ) ,  i n d i c a t i n g  s i t u a t i o n s  when they could be a prob- 
l e m ,  a s  judged by provis ional  indoor a i r  q u a l i t y  guide- 
l i n e s .  The following s e c t i o n  would i n d i c a t e  e x p l i c i t l y  a n  
approach f o r  t h e  des igner  t o  handle these  p o s s i b i l i t i e s ,  
as they occur f o r  each of t h e  p o l l u t a n t  c l a s s e s  speci f ied .  

3. ADD s p e c i f i c a t i o n s  f o r  a one-page statement of source assump- 
t i o n s  used i n  the  design.. Th i s  would inc lude  assumptions 
r e l a t e d  t o  t h e  occupants, a s  w e l l  as aspec t s  of t h e  bui ld ing 
s t r u c t u r e  t h a t  a r e  r e l a t e d  t o  indoor pol lu tants .  A s  elements 
i n  t h i s  s tatement,  examples are :  

a. The number of occupants assumed i n  a r e a  is . 
b. The percentage of smokers assumed i n  a rea  i s  

c. The l i m i t  on the  area of material emit t ing  gm of for-  
maldehyde per  h u r  t o  yeet t h e  t e n t a t i v e  IAQ gu ide l ine  of 
( c i t e )  i s  m 2 per  m of volume. 

d.  The l i m i t  on radon e n t r y  r a t e  needed t o  meet t h e  (e.g., 
NCRP l i m i t  of 8 pCi / l )  i s  pCi 1-I h". 

There may be some vers ion  of the  source statement f o r  combustion 
emissions. However, a s tatement of t h i s  kind would probably only 
be appropr ia t e  f o r  building p r o j e c t s  of a c e r t a i n  s c a l e ,  i.e., 
l a r g e l y  t o  commercial bui ld ings ,  which tend not  t o  have combustion 
sources i n  the  occupied spaces. On t he  o the r  hand, most 
residences a r e  now b u i l t  a s  large-scale p ro jec t s  - c a l l e d  develop- 
ments, apartments, e t c .  



Eventually,  o ther  c l a s s e s  than those  mentioned might be added. For 
example, a s p e c i f i c a t i o n  might be added f o r  organics  a s  a c l a s s ,  
with t h e  p r a c t i c a l  impl ica t ion  t h a t  some s tandard  must be 
developed. However, l i k e  t h e  formaldehyde formulat ion given, t h i s  
might be  source-oriented, a l b e i t  d i f f e r e n t  i n  concept. For exam- 
p le ,  a n  i n i t i a l  material-oriented measure might be odor a s  per- 
ceived i n  a test chamber. (This  might be a more p r a c t i c a l  u t i l i z a -  
t i o n  of the  odor-panel approach than t h a t  p resen t ly  spec i f i ed  i n  
the  indoor a i r  q u a l i t y  procedure.) Hence, t h e  ASHRAE language 
might u l t ima te ly  simply state t h e  assumption t h a t  ma te r i a l s  
employed i n  the  i n t e r i o r  meet a mate r i a l s  s tandard ,  which might be 
developed separa te ly .  

Note t h a t  t h i s  source statement would tend t o  so lve  another  impor- 
t a n t  d i f f i c u l t y  wi th  t h e  v e n t i l a t i o n  rate procedure. That  is, 
although t h e  designer may s i z e  systems f o r  a c e r t a i n  number of 
occupants wi th  a c e r t a i n  propor t ion  of smokers, t h i s  information 
does not  necessa r i ly  a f f e c t  how the  bui ld ing i s  used o r  occupied. 
I n  t h i s  suggested approach, t h e  bu i lde r  and designer can choose 
design assumptions on ocupancy and smoking, complete t h e  design,  
then inc lude  t h e  assumptions i n  the  source statement -- which 
would cont inue  t o  be avai lable .  

ASHRAE could recommend t h a t  t h i s  "statement of source assumptions" 
be incorporated w i t h  t h e  l e g a l  documents conveying ownership of 
the  s t r u c t u r e ,  s o  t h a t  i t  could always be r e f e r r e d  t o  i f  neces- 
sary; t h e  knowledge t h a t  t h i s  i s  a v a i l a b l e  would provide a n  incen- 
t i v e  f o r  t h e  bui ld ing t o  be operated i n  a manner t h a t  i s  con- 
s i s t e n t  wi th  the  design assumptions. And regardless  of t h e  asso- 
c i a t i o n  wi th  deeds of ownership, t h e  statement of source assump- 
t ions ,  i f  completed, so lves  t h e  present  d i f f i c u l t y  of conveying 
basic information t o ,  a t  a minimum, t h e  i n i t i a l  opera tors  of t h e  
buildings.  Moreover, i t  provides t h e  v e n t i l a t i o n  system des igner  
with an  easy  and p r a c t i c a l  way of handling t h e  IAQ ques t ion  and of 
conveying e s s e n t i a l  information t o  those  who design t h e  furnish-  
ings and have inf luence  over o the r  p o t e n t i a l  sources. ( I t  would 
a l s o  be appropr ia te  f o r  s i m i l a r l y  s t ra ight forward  procedures t o  be 
included i n  the  v e n t i l a t i o n  rate procedures, i n d i c a t i n g  how t h e  
v e n t i l a t i o n  engineer  ought t o  handle t h e  p o l l u t a n t  l i m i t s  speci- 
f i e d  i n  t h e  f i r s t  two t a b l e s  of concentra t ion  l i m i t s .  A s  a gen- 
e r a l  r u l e ,  whenever a number i s  given, even i f  i t  i s  a na t iona l  
outdoor a i r  q u a l i t y  s tandard,  a way of using i t  ought t o  be speci- 
f ied . )  



6 e CONCLUSION 

The t h r e e  elements given above c o n s t i t u t e  an approach t o  revis ing  
Standard 62-1981 t o  meet t h e  ob jec t ives  indica ted  earlier. 
Although t h i s  i s  c e r t a i n l y  not  the  only approach, i t  i s  s t r a i g h t -  
forward and gives examples of some considera t ions  i n  formulating a 
revised approach t o  t h e  ques t ion  of c o n t r o l l i n g  p o l l u t a n t  concen- 
t r a t i o n s .  

A s  a f i n a l  note ,  t h e s e  b r i e f  comments cannot adequately explore 
the  v a r i e t y  of cons idera t ions  pe r t a in ing  t o  r ev i s ing  t h e  Standard, 
nor can they i n d i c a t e  a p r a c t i c a l  approach i n  any d e t a i l .  They 
may provide some u s e f u l  thoughts on some of t h e  cons idera t ions  
and, i f  developed more f u l l y ,  could lead t o  a s p e c i f i c  and gen- 
e r a l l y  s a t i s f a c t o r y  r e s u l t .  To a s i g n i f i c a n t  degree, t h e  approach 
suggested avoids t h e  overwhelming d i f f i c u l t y  inherent  i n  ASHRAE 
formulat ing a cons i s t en t  r a t i o n a l e  f o r  indoor a i r  q u a l i t y  stan- 
dards. Ins tead ,  w e  suggest  t h a t  a simple approach be adopted t h a t  
r e t a i n s  t h e  Standard's present  emphasis on v e n t i l a t i o n  r a t e s ,  
while g iv ing  t h e  des igner  p r a c t i c a l  means t o  handle the  ques t ion  
of indoor a i r  qua l i ty .  
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SYNOPSIS 

This  paper  compares t h e  convent ional  exhaust  system 
with a supply-exhaust system concerning which degree 
of c o n t r o l  of t h e  a i r  exchange i n  t h e  i n d i v i d u a l  rooms 
i s  p o s s i b l e .  

V e n t i l a t i o n  e f f i c i e n c y  and a i r  exchange e f f i c i e n c y  a r e  
def ined .  Some examples snow t h e  l o c a l  concen t ra t ion ,  
mean v e n t i l a t i o n  e f f i c i e n c y  and mean a i r  exchange 
e f f i c i e n c y  f o r  some simple v e n t i l a t i o n  schemes. Ex- 
haus t  systemsrequire  a very  t i g h t  bu i ld ing  wi th  small  
make up  a i r  openings.  

The d i f f e r e n t  systems' a b i l i t y  t o  avoid leakage o u t  
from t h e  bu i ld ing  of  indoor a i r  i s  compared too .  The 
c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  exhaust  system can 
g ive  s m a l l  d u r a t i o n  of indoor a i r .  The supply-exhaust 
system g i v e s  a g r e a t e r  d u r a t i o n ,  b u t  t h e  flow can be 
considerably reduced i f  t h e  supply a i r  f low r a t e  i s  re-.. 
duced, An extremely low v e l o c i t y  exhaust  system w i l l  
a l s o  reduce t h e  unwanted outflow. 





INTRODUCTION 

V e n t i l a t i o n  comes from the latin word "ventilare" which 
means "expose to the wind1'. In Rome, where the climate 
is nice, people then probably thought of a gentle, coo- 
ling breeze. In Sweden a more natural association is 
draught. The art of ventilation, as it is practiced in 
Sweden of today consequently aims at not being noticed. 
~t is typical that the increased interest in ventila- 
tion the last few years originatedfrom damage in buil- 
dings, especially in small detached houses used as fa- 
mily dwellings. The damages are due to moisture. They 
have to a great extent been attributed to lack of air 
exchange due to the tightness of many new buildings. 

For a ventilation engineer it is natural to supply the 
required flow rate of ventilation air in a controlled 
way, matching the degree of control of the building it- 
self. The answer for him is a mechanical supply and ex- 
haust system with heat recovery from the exhaust air. 
The recovered heat can be used for preheating the 
supply air. However, in order to avoid overpressure in- 
side the building, which couldcause condensation of 
moisture from humid indoor air in the walls, it is cus- 
tomary to supply only 70 - 90% of the exhaust flow rate. 
This somewhat decreases the efficiency of the heat re- 
covery, but more important is that in summertime no pre- 
heating of the supply air is needed. In order to make 
use of heat from the exhaust air the whole year the use 
of heat pumps is gaining popularity. The heat is then 
used for the preparation of hot water or for heating. 

Ventilation ail flow rates are low. The Swedish Building 
Code requixes a Plow rate corresponding to about 0,5 air 
changes. But the Code also recommends that when there 
is a heating demand the flow shall not exceed this mi- 
nimum flow rate. In offices, for instance, this small 
flow rate is not sufficient for clhatisation summer- 
time. Consequently recirculation air is used during 
the heating season, which gives a better mixing. Re- 
turn air is also used in other types of building some- 
times, in order to increase total flow and avoid stag- 
nation zones. One example is children's service homes. 

For the building engineer, on the other hand, mechani- 
cal ventilation is not a natural choice. He will pro- 
bably accept mechanical exhaust ventilation though, 
even if it is not required by the Building Code. But 
the supply system is often considered as "double" un- 
neccessary ducting. (Also the official regulations of 
loans for building have this attitude). Often refe- 
rence is given to the risk for overpressure and cony 



densation in the walls, although there are very fewindi- 
cations that there really should exist such a risk when 
the ventilation air flow rate is the stipulated one, 
controlling air humidity. Another argument is of course 
the possibilities to use a heat pump for heat recovery. 

In his Keynote Address to the 3rd AIC Conference, Mr. 
Billington pointed out that ventilation historically 
has been associated with heating : it aimed at removing 
smoke produced by fires. The fact that the smoke could 
be seen focused interest on its effective removal. The 
supply air, on the other hand, can not be seen. Also 
today removal of moisture and odours from kitchen and 
bathroom often are considered as the real purpose of 
the ventilation of dwellings neglecting other air qua- 
lity and air distribution aspects. The consequence of 
this is that the exhaust air is taken only in the kit- 
chen and the bathroom (in order to get as big removal 
flow rates as possible there) but also that the total 
exhaust air flow rate is controlled, not really the 
air exchange in the dwelling. Also this tradition is 
an argument for using only exhaust systems. 

If a tight house is provided with a mechanical exhaust 
ventflation system, special make up air openings are 
made in the walls. Of course these artificial air 
leakage openings mean better control than "naturalw 
leakage openings but they also give problems, especi- 
ally for comfort. A concentrated cold air flow en- 
tering a room is more likely to cause draught problems 
than the diffuse flow from many small openings. The 
make up air can be heated, by for instance placing the 
opening behind a radiator, but then the risk for freez- 
ing has to be dealt with. 

Another aspect is the quality of the air. It is easier 
to filter supply air than make up air, especially as 
effective filtering of make up air means that the in- 
door air pressure has to be decreased because of the 
necessary pressure loss. A supply system also means 
possibilities for cooling the supplied air, for in- 
stance. 

In practice make up air normally is not treated in any 
way, neither heated nor cleaned, which then is a sig- 
nificant difference in quality compared with supply 
air. Draught problems often cause th,e make up air 
opening to be closed, which of caurse considerally 
changes the planned ventilation, especially as. they 
are reopened only after long time. 



But which degree of control of the air exchange in the 
individual rooms in a dwelling is possible with a con- 
ventional exhaust system? This will be discussed in 
this paper and illustrated by means of simple examples. 
First, however, the means of expressing differences in 
the efficiency of systems to distribute air and remove 
contaminants will be defined. 

VENTILATION EFFICIENCY AND AIR EXCHANGE EFFICIENCY 

As mentioned in the introducticn ventilation has tra- 
ditionally been associated with removal of contaminants. 
The customary definition of v e n t i z a t i o n  e f f i c i e n c y  re- 
flects this fact as it is a measure of the systems abi- 
lity to remove contaminants emitted in the room. 

Figure 1 illustrates what happens when a contaminant 
is emitted. The mean ventilation efficiency < E >  for 
the room is defined as 

where Ce(m) = Steady state concentration of contami- 3 
nant in the exhaust air (kg/m ) 

<C(W)> = Steady state mean concentration of 
contaminant in the room (kg/m3 ) 

Cs = Concentration of contaminant in the 
supply or make up air (kg/m3) . 

<E> = 1 can be used as a reference value. Then the 
exhaust air has the same concentration of contaminants 
as the mean concentration in the room. This can hap- 
pen for instance if the contaminants and the room air 
are well mixed. < & >  < 1 indicates changes in 4C(m)> 
as C ( m )  has a fix value, due to mass continuity. 
<E> gigger than 1 indicates cjood function, clean room 
air. 

It can be noticed that the size of the room has no di- 
rect influence on the ventilation efficiency, but on 
the length of the transient period before steady state 
is reached. It is natural to relate the air flow rate 
q to room value V. 

v 

where n = the specific air flow rate 

3 q = ventilation air flow rate(m /s) 

v = room volume (m3) 



3 The specific flow is often expressed in m /h/m3 or h-l 
and is then called "air changes per hour". The value 
n-l obviously indicates the time for one "air change", 
which time is called T ~ .  

C = q-0 
q aA 

T is a measure of the average residence time in the 
r8om of the air leaving the room that is the time bet- 
ween passing the supply device and passing the exhaust 
device. The average residence tige in-the room of the 
contaminants leaving the room T t '  can also be defined, see Sandberg (1983) . As r is the time in which an 
amount of contaminants cogresponding to the total con- 
tent in the room (corrected for Cs) is eshausted from 
the room, mass balances give (compare fig. 1): 

This gives 

supposed to be zero. 
Conc. 
C V is the volume of 

,, - Ca(0) the room (m3) in the 
emission rate of con- 

<C('> taminant (kg/s) and 
q the ventilation air 
flow rate (m3/s) ,Den- 
sity of air is sup- 
posed to be constant. 

0 
* t  

time 

Figure 1. Emission of 
a contaminant in a 

The mean ventilation efficiency <E> for the room 
can also be expressed as the ratio between thelmean 
residence times in the room of the exhaust air'and of 
the contaminant in the exhausted air. Big ventilation 
efficiency indicates rapid removal of contaminants. 

C = < C >  

v 
L 

room. The emission 
starts at time t=O. 
The concentrations 
are then zero because 
the concentration in 
the supplied air is 



Obviously the ventilation efficiency depends not only 
on the ventilation of the room but also on the loca- 
tion of the contaminant source. 

*n is the time it takes to remove an amount of air cor- responding to the volume V of the room. If in the time 
T all the air in the room shall be exchanged too the 
a h  must flow as a piston through the room, see fig. 2. 
This of course is impossible. 

Fig. 2. Piston flow of air 
through a room, with nomixing 
of "old air" and "new air". 
The "new air" is thought to 
be marked by means of tracer 
gas, starting at time t=O. 
At t=T all the "old air" is 
remove3. 

Piston flow is the upper limit, the most effective way 
of exchanging the air in the room. The concentration of 
"old air" is the maximal, loo%, until there is no more. 
Another popular reference case is "complete mixing". 
Then the concentration of "old air" is the same in all 
the room. This means that the location of the exhaust 
terminal device in this special case is unimportant. 
~t means also that the exchange of air is less effec- 
tive than for "piston flow" because all the t2me also 
some new air is exhausted. For "complete mixing" the 
exchange of air is described by the well-known equation: 

where <C(t) > is the concentration of "new 
air" in the room (and in the 
exhaust air) at the time t. 

In fig. 3 a graph of this equation is plotted and also 
a straight line showing how air is exchanged in the 
piston flow case. The curves also show the distribu- 
tions of residence time (in the room), that is the 
time from passing the supply device,for the room air 
in the two cases. For instance, after a time 
of the room air has a.residence time shorter t % an loo" T n 
for the piston flow case but only 63% for the "per- 
fect mixing" case. The area above the curves is a mea- 
sure of the mean residence time in the room <r> .For 
the case piston flow this area is A in Fig. 3 which 
gives 

Tn < >  = T ("Piston flow") 



F r a c t i o n  
" n e w  a i r "  

t i m e  

Fig .  3 .  Graphs i l l u -  
s t r a t i n g  t h e  exchange 
of  a i r  i n  a room f o r  
t h e  two c a s e s  " p i s t o n  
flow" and " p e r f e c t  
mixing".  

For " p e r f e c t  mixing" t h e  a r e a  i s  A + B i n  f i g .  3 .  This  
a r e a  can  be c a l c u l a t e d  by i n t e g r a t i n g  t h e  b a s i c  equa- 
t i o n  g i v e n  above: 

<T> = -c ( " p e r f e c t  mixing")  
n  

The smallest p o s s i b l e  v a l u e  f o r  t h e  mean r e s i d e n c e  
t ime f o r  t h e  room a i r  i s  ~ d 2 ,  which i s  v a l i d  f o r  p i s -  
t o n  f low,  The a i r  exchange e f f i c i e n c y ,  E , i s  d e f i n e d  
a s  t h e  r a t i o  between t h i s  minimum v a l u e  8nd t h e  v a l u e  
<T> f o r  t h e  case i n  c o n s i d e r a t i o n :  

" P e r f e c t  mixing" obvious ly  g i v e s  E = 0 , 5 .  
E < 0 , 5  means s h o r t - c i r c u l a t i n g  v s n t i l a t i o n  a i r  from 
t a e  supp ly  d e v i c e  t o  t h e  exhaus t  d e v i c e  and consequent  
s t a g n a t i o n  zones .ga > 0,5 rrteans tha t  there is a tendency 
towards p i s t o n  f low which i s  good. 

I f  'rn i s  known, t h a t  i s  t h e  v e n t i l a t i o n  f low r a t e  q  
and t h e  volume V ,  both  < E >  and E can be c a l c u l a t e d  
from c o n c e n t r a t i o n  measurements f n  t h e  t o t a l  exhaus t  
a i r  on ly .  

DIFFERENT VENTILATION SCHEMES 

I n  o r d e r  t o  compare some d i f f e r e n t  t y p e s  of v e n t i l a -  
t i o n  schemes, c a l c u l a t i o n s  of l o c a l  c o n c e n t r a t i o n s ,  
v e n t i l a t i o n  e f f i c i e n c y  and a i r  exchange e f f i c i e n c y  
have been made f o r  t h e  s imple  combinat ions  o f  t w o  
rooms shown i n  f i g .  4 .  " P e r f e c t  mixing" o f  a i r  and 
contaminant  has  been assumed w i t h i n  each room and 
t h e r e  i s  no c i r c u l a t i o n  of  a i r  between t h e  rooms. 
The e f f i c i e n c y  v a l u e s  a r e  v a l i d  f o r  t h e  t o t a l  sys -  
tem. The r e s u l t s  a r e  shown i n  f i g .  4 ,  t oo .  



Fig.4. Local concen- 
q / 2  q/2 trations, mean ven-- 

c,=o tilation efficiency 
C, =2C0 C~'c~ 

< E >  and mean air ex- 
C2=Co cZ'2Co change efficiency E, 

<c>=l <c>=l <c>=l for four different, 
ca=0.5 ~ ~ ~ 0 . 5  simple ventilation 

schemes and three 

C1=Co/2 c 1 = o  different contamina- 
C~'Co tion sources. "Per- 
C2=Co C2=3C~'Z C ~ = Z C ~  fect mixing" in each 

< c > =  1 <C>=l <C>=l room. fi - = Co, Cs=O. 
ca=O. 5 ca=O . 5  ta=0.5 q 

The two extreme cases are that the rooms are ventilated 
separately or in series. With the assumption made the 
first case will have efficiencies as a single room with 
perfect mixing. The other extreme case, the connection 
in series, has a tendency towards piston flow and gives 
better efficiency values. Also the maximum local con- 
centration that occurs is lower for this case. 

The two intermediate cases both have the same air ex- 
change efficiency as the first case, separate ventila- 
tion, and also the same maximum local concentration. 

The case with only one exhaust point has different 
ventilation efficiencies, though. when the contamina- 
tion emission is in one room only, illustrating the 
improved removal function when the exhaust air flow is 
big and close to the contamination source but also the 
deterioration when the contamination source is located 
so that the contamination is diluted by only part of the 
flow and the ventilation distributes the contamination 
to other rooms. 



The example indicates the wellknown and obvious rules 
for ventilation lay-out: 

o as much air as possible shall flow through 
each room, 

o all rooms shall have a supply or an exhaust 
air terminal device or be connected in series 
between rooms with such devices, 

o exhaust air terminal devices shall be located 
as close to the main contamination sources as 
possible. 

The limiting factors are 

- can contamination from one room be allowed to 
flow through another, 

- leakage for the outside, between rooms and 
circulation of air between rooms, 

- draught problems and noise. 

Other important functions are of course economy and 
practical construction problems. 

Fig ..S . Ventilation ef- 
ficiency < E > ,  air ex- 
change efficiency E a and local concentration 
for three ventilation 
schemes. Each room has 
a volume V/6 (V=total 
volume) .Contamination 

qf  4 
9 

< E > = 7 = 1  .29  emission ni/6 in each 
room. m/q = Co. 

q / 4  
2 7 c a S ~ = O  .64 



Another example i s  shown i n  f i g .  5 .  I t  i s  a c a s e  a l s o  
appea r ing  i n  t h e  nex t  s e c t i o n  of t h i s  paper .  

A s  t h e  t o t a l  volume i n  t h i s  example i s  d i v i d e d  i n t o  
six roamsinstead o f  two, t h e  "connec t ion  i n  s e r i e s "  
ca se ,  used  o n l y  f o r  r e f e r e n c e ,  r e s u l t s  i n  a b i g g e r  
va lue  o f  t h e  v e n t i l a t i o n  e f f i c i e n c y  <€>and  t h e  a i r  
exchange e f f i c i e n c y  E,. The r ea son  i s  t h a t  t h i s  c a s e  
is c l o s e r  t o  " p i s t o n  f low" as " p e r f e c t  mixing" i s  
assumed i n  each  room. I t  can a l s o  be  n o t i c e d  t h a t  f o r  
a l l  t h r e e  c a s e s  i n  f i g .  5 <E> i s  2 E,. This is a conse- 
quence o f  t h e  f a c t  t h a t  t h e  contamina t ion  s o u r c e s  
a r e  d i s t r i b u t e d  evenly  i n  t h e  b u i l d i n g ,  i n  t h i s  ex- 
ample. 

The case wi th  f o u r  supply  a i r  d e v i c e s  and one ex- 
h a u s t  a i r  d e v i c e  is  a normal scheme, f o r  i n s t a n c e  f o r  
mechanical  exhaus t  system. I t  has  a good e f f i c i e n c y  
i n  t h e  example, = 0,64. The r e s e r v e d ,  t h i r d ,  c a s e  
has t h e  same efficiencies b u t  a less f a v o u r a b l e  d i s -  
t r i b u t i o n  o f  l o c a l  c o n c e n t r a t i o n s .  

The examples i n d i c a t e  t h a t  schemes l i k e  t h e  second 
c a s e  i n  f i g .  5,  which are normal f o r  mechanical  ex- 
h a u s t  sys tems among o t h e r s  are good. I n  t h e  n e x t  sec-  
t i o n  t h e i r  p o s s i b i l i t i e s  t o  work as planned w i l l  be 
d i s c u s s e d .  

INFLUENCE OF STACK EFFECT AND WIND 

Cons ider  a b u i l d i n g  w i t h  a mechanical  exhaus t  system, 
f i g .  6 .  

F ig .  6 .  V e n t i l a t i o n  scheme 
f o r  a b u i l d i n g .  The exhaus t  
a i r  f low isfixed,qe. The 
wind v e l o c i t y  i s  u ( m / s )  
and t h e  h e i g h t  d i f g e r e n c e  
between t h e  openings  h ( m )  . 

The openings  i n  t h e  w a l l  i n d i c a t e d  i n  t h e  f i g u r e  a r e  
assumed t o  r e p r e s e n t  bo th  make up a i r  openings  and t h e  
l eakages .  Flow r e s i s t a n c e s  w i t h i n  t h e  b u i l d i n g  are neg- 
l e c t e d .  The exhaus t  a i r  f low isfixed. The a i r  f low when 
t h e  system i s  in f luenced  by wind p r e s s u r e  and s t a c k  e f -  
f e c t  h a s  been c a l c u l a t e d  by E the r idge  and Sandberg 
(1984) .  According t o  them t h e  f low depends on t h e  num- 
be r  



where 
3 

Po = density of outside air (kg/m ) 

Ap = difference of densit between outdoor 3 and indoor air (kg/m ) 

2 
g = acceleration due to gravity (m/s ) 

h = height difference between openings (m) 

u = wind speed at reference point (m/s) 
R 

A is a measure of the ratio between buoyant forces 
afid wind forces. But the pressure difference acting 
across the building also depends on the form of the 
building and of the surroundings. This can be express- 
ed by means of the difference between the pressure 
coefficients on the wind side and on the leeward side, 
ACp. Etheridgeand Sandberg consequently have expressed 
the flow as a function of 

AC normally has values in the interval 
P 

In table 1 values are given'for ACp/Ar for different 
wind speeds u for an indoor temperature of 21°c and R an outdoor temperature of ~ O C  which is the yearly mean 
temperaturefor Stockholm. The height h is 3 m. 

Table 1: Values of ACp/A, for an outdoor temperature 
of 60CI h = 3 m. 

The flow through each opening is first supposed to 
vary as 

q = 0,009 " Sl?r7 
P (rn3/s 

where A = pressure difference across the opening 
P (Pa). 



This gives a total flow through the four openings of 
900m3/h when Ap = 50 Pa, which is the standard for 
leakage tests. If the volume of the building is 300 m 
this flow corresponds to 3 air changes per hour, which 
is the maximum value stipulated for small buildings in 
the Swedish Building Code for leakage. As this value 
in our example includes also the flow through the make 
up air openings, the building is tighter than required. 

In this example it is assumed that the openings dis- 
charge coefficients are 1. 

Fig. 7 shows different flow configurations and the 
values of AC /A, when the change occurs for a f i x e d  
exhaust air Plow rate corresponding to 0,5 air changes 
per hour. When the change occurs the resulting air 
flow in the room, where the flow changes direction, 
obviously is zero. A comparison with table 1 shows 
that the firstchange is at a low value of bCp/Ar valid 
for small wind velocities, which are normal and fre- 
quent. Compare fig. 8. If AC is big also the second 
change occurs at low and f retuent wind velocities. 
Note that table 1 is valid for the yearly mean out- 
door temperature, +60C, and not for an extreme case, 

Fig. 7. Different flcw configurations for a mechanical 
exhaust system. The total volume of the build- 
ing is 300 m3 and the f i x e d  exhaust air flow 

qe = 150 m3/h. 



.oI ',,ka~ a r e a ,  4. 

Fig. 8. Wind velocity 
in Stockholm at a 
height of 10 m in a 
free field and reduced 
to 4 m and rural area. 

If the building is tighter , say corresponding to a 
total flow at 50 Pa of 2 air changes instead of three 
(including the flow through the make up air openings), 
the first change will occur at AC /Ar z 6. Also this 
value corresponds to frequent wing velocities, if AC 
is not small. A total tightness value of 1 air chang& 
per hour at A = 50 Pa gives the first change at 
A C ~ / A ~  - 20. !?t is evident from table 1 and fig. 8 
that also this value is within the normal intervals 
although it will not occur frequently. 

Consider again the first discussed case, corresponding 
to a total air change of 3 air changes per hour at 
50 Pa. At an outdoor temperature of about -200C and no 
wind all the exhaust air will enter through the two 
lower openings. This is because of the buoyant force. 
This does not only give bad ventilation but also 
draught problems. 

The example indicates that in order to control the ex- 
haust ventilation very tight buildings with small make 
up air openings are required. In reality for instance 
the turbulent nature of the pressure fluctuations and 
thermal connection improves the exchange of air. The 
tendency is correct, however. Experiments made at the 
National Swedish Institute for Building Research indi- 
cate that mechanical exhaust systems start to function 
properly only when the leakage at a pressure difference 
of 50 is smaller than 1 air change per hour (with the 
make up air openings closed), that is the building 
must be very tight. 



LEAKAGE OF INDOOR AIR 

AS mentioned in the introduction, there is in Sweden 
much consideration about the risk for condensation in 
the walls. Mechanical exhaust systems are considered 
safer, from this point of view, than supply and ex- 
haust systems. In this section a comparison between 
different systems will be made concerning their abili- 
ty to avoid leakage out from the building of indoor 
air. 

As an example consider the simple scheme according to 
fig, 9. 

Fig. 9. The ventilation 
M scheme for mechanical 

-b exhaust. 

The volume of each room is 36 m', The exhaust air 
flow rate is f i x e d  and 36 m3/h, that is 0,01 m3/s. In 
order to get the room connected in series the make up 
air opening M, the transfer air opening T (including 
leakage) and the leakages a and b, are concen- 
trated only to the walls according to fig. 9. The to- 
tal leakage a + b corresponds to 1 airchange per 
hour at Ap = 50 Pa. The flow rates are calculated from 
the appropriate.pressure difference (in Pa) as shown 
below. At a pressure difference of 50 Pa 2 q~ is equal 
to 1 air change per hour and qa + qb is also equal to 
1 air change. 

The wind pressure coefficient for the building is 
AC = 0,7 which is in the middle of the interval men- 
tiBned in the preceding section. 

Fig.. 10 shows the leakage flow. Note that it is defined 
positive inward and that it is given in m3/h. The flows 
have been calculated for different wind velocities and 



the durations have been calculated from fig, 8, the 
lower curve. As can be seen from fig, 10, there will 
be a flow out of indoor air 12 % of the time. This is 
of course a little misleading as the wind is not blow- 
ing perpendicular to the building all the time. How- 
ever for a detached house there will always be one 
windside and one leeward side. What the graph indi- 
cates is that there is a risk for outflow somewhere 
in the building 12 % (or s little bit less) of the 
time. 

Fig. 11 shows results when there also is a f i x e d  supply 
air flow, 90 % or 70 % of the exhaust air flow. For 
this case there are not make up air openings in the 
walls, only leaks. As can be seen there is a con- 
siderable reduction of outflow when the supply air 
rate is reduced. For the reduced air flow rate outflow 
has a duration of 30 % which is about three times the 
time compared with the example for the exhaust system, 
see fig. 10. 

( % I  Duration 
l o o  1 

y a i r  
'0% 

Fig. 10. Leakage air 
flow on the leeward 
side for a mechanical 
exhaust system. 

Fig. 11. Leakage air 
flow on the leeward 
side for a mechanical 
supply and exhaust 
system. The supplied 
air flow is f i xed ,  as 
is the exhaust air 
flow. Calculations 
are made for two 
cases, supplied air 
flow rate 90 3 and 
70 % of the exhaust 
air flow rate. 



Fig. 12. Leakage air flows on the leeward side for 
a mechanical supply and exhaust air system. 
The supply air flow rate is fixedbut the ex- 
haust air system is of low pressure type. 

Fig. 12 shown only for discussion. It is calculated 
for an extreme low velocity and low pressure exhaust 
system, which is supposed always to work against the 
leeward side pressure at its outside opening. The 
pressure loss in the exhaust ducting is 

A = 40 000 - q 
P 

(Pa) 

The pressure loss at nominal flow is 10 Pa. The para- 
meter Ap in fig. 12 refers to the fan pressure which 
is very low. When the fan pressure is increased from 
10 Pa to 15 Pa a negative pressure is created inside 
the building which counteracts outflow (the fan curve 
is supposed to be straight, giving the same pressure 
independent of the flow). If for instance a heat re- 
covery system is used the pressure loss in the duct 
system will be too big. A similar effect could then 
be achieved by using a variable fan and control the 
pressure difference. 

Fig. 11 shows that a considerable reduction of outflow 
can be achieved by using a supply air flow rate lower 
than the exhaust air flow rate. In order to maintain 
this advantage it is necessary to clean the exhaust 
ductwork regularly. Swedish experience is that reduc- 
tions of about 50 % (of the flow) may happen within 
one year. 



The example indicates that the exhaust system in a 
tight house and with small make up air openings can 
give a small duration of outflow of indoor air. The 
supply and exhaust system have a bigger outflow al- 
though a considerable reduction is achieved by re- 
ducing the supply air flow rate which is customary to 
do in Sweden. 

CONCLUSIONS 

In order to have good ventilation each room in a 
dwelling must have a controlled air exchange. This is 
not possible to get with a mechanical exhaust system 
unless the building is very tight. The outflow of in- 
door air is bigger with a supply and exhaust system 
than with an exhaust system. A considerable reduction 
is achieved, however, if the supply air flow rate is 
reduced 
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A microprocessor system is being developed fo r  occupancy related 
vent i la t ion  control of mechanical vent i la t ion i n  Brunel 
University Library. The objective is t o  reduce space-heating 
costs by decreasing the input of (cold) fresh-air t o  the  b d l d i n g  
below exis t ing (heat ing-season) leve ls ,  when the number of 
occupants i n  the building is suf f ic ien t ly  s m a l l  t o  allow th is .  
The occupancy leve ls  can be measured i n  terms of C02 l eve l  i n  the 
exhaust duct. 

The microprocessor control system is operational when linked t o  
a CO monitor. The control system senses the O2 level  and the 

2 computer sends an appropriate signal t o  reset  the fresh air,  
exhaust and recirculat ion dampers, t o  maintain a preset C02 level.  

A previous study has indicated fuel  cost savings of about &I500 
per annum. 

ImRODU@TION: THE PROBLEM 

2 Previous studies (windsor' and Buchanan ) l ed  t o  the  concept of 
vent i la t ion control re lated t o  occupancy of the l ib ra ry  a t  Brunel 
University. The objective is t o  reduce space-heating costs by 
decreasing the input of (cold) fresh-air t o  the building below 
exis t ing  (heating season) leve ls  when the number of occupants i n  
the building is suf f ic ien t ly  small t o  allow th is .  The l ib ra ry  
is a 4 storey building with a t o t a l  f loo r  area of approximately 
6,400 m . It has a mechanical vent i la t ion system which, during 
the heating season, e jec ts  w a r m  air t o  the atmosphere a t  the 
equivalent of about 16 kW per O C  temperature difference between 
the i n t e r i o r  and exter ior  of the building, 

Buchananls s tud3of  heat recovery systems indicated tha t  improved 
vent i la t ion  control was l i k e l y  t o  have a shorter  pay-back time 
(6.3 than various 'run-around c o i l s t  (6.6 t o  8.9 years) 
designed to  recover heat from exhaust a i r ,  It compared even more 
f avourably with cavity wall insulation (14.7 years pay-back time) 
in s t a l l ed  where possihle, Present worth and internal  r a t e  of 
return analyses yielded similar comparisons, Actual fue l  cost 
savings were estimated a t  about £1,500 per annum f o r  the ccupancy 
relate$ control system. Other s tudies  by Ogasawara e t  a13 and 
Warren have also given estimates of substant ial  fue l  savings 
which should be ossible (e.g. i n  departmental s tores)  by using 
similar systems.7 The system under development has been designed 
t o  be f lex ib le  e.g. with more computer memory and input/output 
channels than required fo r  vent i la t ion control as  such. The 
authors are  aware of commercial systems based on the detection of 
C02 o r  O2 levels  which are  already available. 



EXISTINS HEATING SYSTEK AND CONTROL I N  BRUNEL UNIVERSITY LIBRARY 

The ove ra l l  Brunel heating system is of t he  d i s t r i c t  heat ing type 
with a cen t ra l i sed  bo i l e r  and heat  d i s t r&but ion  t o  buildings v i a  
high pressure hot water mains ( a t  fu 160 C,  10 bar  pressure).  
Heat exchangers t r a n s f e r  heat t o  'low pressureq heat ing systems 
i n  buildin@, W a r m  a i r  is the  main heat d i s t r i bu t i on  medium i n  
the  l i b r a r y  building. There a r e  fans ( - 3 r d  ra t ing)  t o  dr ive  
the  f r e s h  air  and exhaust air-streams with provision f o r  r ec i r -  
cula t ion of air extracted from the  l i b r a ry .   h he f resh-ai r  r a t e  
and percentage rec i rcu la t ion  being s e t  by t h e  in take,  exhaust and 
r ec i r cu l a t i on  dampers indicated og gig. 1). Typical opera i n  3 '3 :?nditions i n  t he  spr ing  a r e  17 m s of f r e sh  .jr fnd 8 m s 
of rec i rcu la ted  air  with :-n e ~ h a u s t  r a t e  of 16 m s- . The 
exhaust r a t e  is s l i g h t l y  lower than t he  intake r a t e  t o  maintain 
a small pos i t ive  pressure i n  t he  l i b r a r y  and so t o  minimise air  
i n f i l t r a t i o n  through doors and windows. There a r e  two hea te r  
b a t t e r i e s  i n  t he  f r e sh  air stream. The hot water supply r a t e  
t o  t he  heater  b a t t e r i e s  is modulated t o  achieve the  desi red s e t  
temperature of a i r  input t o  t he  l i b r a ry ,  The above system is 
duplicated i n  East and West p lant  rooms located on t h e  l i b r a r y  
roof.  h here a r e  a l s o  some addi t ional  'booster1 hea te r  b a t t e r i e s  
located at various points  i n  l i b r a r y  duct work t o  t h e  c e i l i n g  
wa.nn-air d i f fusers  . ) The ex i s t i ng  ( ~ o n e ~ w e l l )  control  system 
works i n  two regimes, i . e e thea t i ng  season' and 'non-heating 
season ' . The proposed modifications w i l l  only be e f f ec t i ve  
during t h e  heating season. During t h i s  time t h e  system is at 
present run on what is termed 'minimum fresh-ai r t .  This 
corresponds t o  f ixed damper s e t t i n g s  giving a f ixed proportion 
of rec i rcu la ted  air. 

Ekcessive f r e sh  a i r  input r a t e s  t o  t he  li ra can occur with t h e  S -r dampers f ixed ,  e.g. t ak ing  a r a t e  of 17 m s of f resh  a i r  t o  t h e  
l i b r a r y  with s y 300 ;people i n  the  l i b r a r y  y i e ld s  an average 
r a t e  of 57 s-' (per person) which is 7 times the  r a t e  recommen- 5 ded by CIBS f o r  open-plan of f ices ,  There is therefore  scope f o r  
reducing t h e  f resh-ai r  input and exhaust r a t e  of w a r m  a i r  t o  t he  
atmosphere. Conversely surveys have shown tha t  some users  
complain of t s t u f f i n e s s l  i n  reading a reas  i n  the  afternoon. 

3.  SYSTE3Vi UNDER DEV%LOFIWNT FOR OCCUFANCY RELATED VENTILATIOK CONTROL 

3 1  General Considerations 

The o r i g i n a l  proposal wa.s t o  use t u r n s t i l e  counters ( i n  and out)  
t o  provide a measure of the  number of occupa.nts i n  t he  l i b r a r y ,  
Turn s t i l e s  a r e  already i n s t a l l ed  with a counter on t he  ex i t  
only. However, t h i s  system has now been re jec ted  i n  favour of 
using C02 leve l  i n  t he  exhaust duct t o  provide a s igna l  r e l a t ed  
t o  l i b r a r y  occupancy. (!Phis is based og gn Tverage C02 exhala- 
t i o n  r a t e  per person of about 4.7 x 10- m s- .) Reasons f o r  
choosing t h i s  system are: 



(a)  more compact equipment - though t h e  cost of C02 monitor 
(at l e a s t  ~ 1 , 0 0 0 )  is an addi t ional  cost  balancing reduced 
wir ing costs ;  

(b) wider app l i cab i l i t y  f o r  r e t r o f i t  t o  e x i s t i n g  bui ldings  
which i n  general do not have t u rn s t i l e s .  

Ther a r e  no standards f o r  CO l e v e l s  i n  UK buildings and 
Z -7 CISS5 indicates  G .5, as accep able. however, some cont inenta l  

countr ies  specify  O 0 l i  by volume a s  an upper limit.   ent ti la- 
t i o n  r a t e s  t o  remove body odours a r e  i n  any case of ten higher 
thzn those  required t o  provide acceptable C02 levels) .  

3.2 Venti la t ion Control System 

A schematic d iae~am of t he  control  system under development 
is shown i n  Fig. 1. A Horiba CO analyser is connected t o  

2 the  l i b r a r y  exhaust duct air  v i a  a p l a s t i c  tube. The analog 
s i , ~ a l  from the  CC analyser is connected t o  t h e  con t ro l le r /  

2 
logger equipment (see appendix f o r  de t a i l s )  which r e g i s t e r s  
the  CO l eve l  and gives a p r i n t  out of t h i s  together  with t he  
time. 2~ servo motor ad jus t s  a potentiometer connected t o  the  
Hone~well control  system t o  give the  necessary s e t t i n g  of  
danper angle. 

Software has been wr i t t en  such t ha t  t h e  f resh-ai r  in take 
(?AI) and exhaust dampers a r e  nominally f u l l y  closed i f  t he  
CO concentration i n  t he  exhaust air is l e s s  than 500ppm. 

2 
(1n p r ac t i c e  there  would s t i l l  be su f f i c i en t  air flow f o r  
sampling purposes). The r ec i r cu l a t i on  dampers would be 
f u l l y  open i n  t h i s  mode. Tae FA1 dampers a r e  e f fec t ive ly  
f u l l y  opened i f  t h e  CO concentration r i s e s  t o  1300ppm. A 

2 
l i n e a r  r e l z t i on  between damper an,rle and CG2 concentration 
is assumed. 

4 0 ?fiASURF;Yl?,?JT O F  r,O CctN2EUTFMTIOYj: I?: EXfX'LT3T A I R  2 

CO con en t ra t ions  i n  the  l i b r a r y  exhaust duct i ave  been monitored 
2 i5 

by Runt on a number of days (as shown i n  t a b l e  1). On Febmary 
7th 1983 t i e  recorded peak CO concentration w a s  600ppm. This 
is r e l a t i v e l y  low compared wish an acceptable value of 1000 p?m 
even though recorded a t  a time when t he  use of t he  l i b r a r y  is 
usua l ly  f a i r l y  intensive.  On April 26th (when only f i n a l  year 
and postgraduate s tudents  a r e  on the  campus) CO concentrat ions 2 
are  even lower. The occupancy numbers general ly  show reasonable 



co r r e l a t i on  with he CO concentrations. Assuming a f r e s h  air 4 2 input  ate of  l 7 m  /s the  C02 concentrations a r e  c n i s t e n t  with -s 7 a CO exhala t ion r a t e  per  person of about 6 x 10 m /s per  person. 
2 

Table 1 Library C02 Concentrations 

Time 7 February 

C02 Occupancy 

Hours PPm 

5 SYSTEM TESTS 

I n  a q u a l i t a t i v e  sense it has been shown t h a t  increase  of CO 
l eve l  i n  t h e  exhaust duct w i l l  l e a d  t o  increased opening of $he 
f resh  air  dampers i n  t h e  l i b r a r y  building. However long term 
t e s t s  have not yet  been made. The ex i s t i ng  dampers and damper 
motors together  with mechanical l inkages a r e  more su i t ed  t o  
occasional manual readjustment r a t h e r  than continuous modulation. 
These need upgrading before long term t e s t s  can be made i n  t h i s  
p a r t i c u l a r  building, 

6. CONCLUSIONS 

Observations suggest t h a t  t he  Brunel l i b r a r y  is  overvent i la ted 
as the  CO l eve l s  which e x i s t  i n  the  exhaust air  a r e  well  below 
1000ppm. 'kowever t h e  problem of undervent i l a t  ion  of c e r t a in  
areas  reported by some users  suggests t ha t  C02 analysers  should 
be i n s t a l l e d  on every f l o o r  of t h e  l i b r a ry .  

The logger  con t ro l l e r  could then be prog-rammed t o  respond t o  the  
maximum GO2 level .  An a l t e rna t i ve  transducer would be air  
qua l i t y  monitors based on O2 content of t he  a i r  which a r e  
cheaper than CO analysers and can a l s o  de tec t  smoke, 2 

It would a l s o  be des i rab le  t o  monitor energy savings by heat  
metering of the  hot  water supply of t he  f resh-ai r  heater  battery.  
This could e i t h e r  be done by a separate  heat  meter o r  by us ing 
spare capaci ty  of the  con t ro l l e r  logger together  with su i t ab l e  
transducers. It is known tha t  a number of i n s t a l l a t ' o n s  of 3 commercial equipment have l e d  t o  subs t an t i a l  savings . 



VEhTILAT I O N  LOGGER CONTROLLJB 

The ven t i l a t i on  c ~ n t r o l l e r  is constructed i n  a box with 
commercially ava i lab le  microprocessor and analog input  cards, 
plus memory and clock cards. The con t ro l l e r  is thus v e r s a t i l e  
and can be read i ly  re-programmed during development. It can 
indeed be used f o r  o ther  applications.  The programs were 
developea using Motorola's version of Basic, This is part icu- 
l a r l y  su i t ed  t o  hardware control  appl icat ions ,  and allows 
fu tu r e  development by workers who could not be expected t o  
work with low-level assembler programs, 

Fig. A 1  shows t h e  components of t he  control ler .  The blocks 
make up a powerful general purpose computer with &nud@; input 
and provision f o r  an analog output card t o  be includes. m2 l e v e l s  a r e  read i n  at pre-defined i n t e rva l s ,  t yp i ca l l y  10 minutes, 
and used t o  update t h e  p o t e n t i o ~ e t e r  pos i t ion  t o  s e t  t h e  dampers. 
This is achieved with t imer chip programmed t o  provide var iab le  
length  pulses t o  a r o t a t i n g  servo u n i t ,  A pulse of 0,8m sec  
s e t s  t h e  servo t o  f u l l y  anti-clockwise. A pulse of 1 . 4 m  sec  
r o t a t e s  it clockwise t o  90'. The pulse length depends on t he  
CO reading. The servo is mechanically l inked t o  t h e  shaf t  of 

2 
t he  potentiometer i n  the  damper dr ive  c i r c u i t .  

The C02 l eve l  is logged u s i n s  a p r i n t e r  which can be switched of f .  
Al ternat ively ,  t h e  pr inted message ma:: he t ransmitted t o  a remote 
computer f o r  f n r the r  analysis  ,md recording on disc.  

The clock is used t o  i n i t i a t e  the  C02 read operations,  and 
is used a l so  t o  p r in t  t h e  date and time alongside C02 values. 
It can a l so  be used t o  i n i t i a t e  d i f f e r en t  control  regimes at 
d i f f e r en t  times of t he  day o r  year. 

T?,e control  program is out l ined i n  Fig. A2. Each block i n  the  
flow char t  represents  a c a l l  t o  an appropriate sub-routine. 
The program w a s  developed i n  modular form both f o r  c l a r i t y  and 
t o  allow ease of f u tu r e  development. 

Development of a specia l ised compact con t ro l l e r  is possible by 
replacing t he  program and its sub-routines with equivalent 
assembler-code routines.  The s t ruc tu r e  of t h e  software remains 
the  same but uses much l e s s  memory, A s ing le  chip microcomputer 
would thus  support input/output channels us ing a s ing l e  card,  
possibly i n s t a l l e d  i n  t he  CO analyser box i t s e l f .  2 
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A i r  change r a t e s  were measured i n  one two-storey detached house 
with f i v e  b a s i c  types  of pass ive  v e n t i l a t i o n  systems: an i n t a k e  
vent i n  t h e  basement wall ;  an outdoor a i r  supply ducted t o  t h e  
e x i s t i n g  forced a i r  heat ing  system; an exhaust s t a c k  extending 
from t h e  basement t o  the  roof;  and two combinations of t h e  supply 
systems and t h e  exhaust  s tack .  An expression was developed f o r  
es t imat ing  house a i r  change rate from house a i r t i g h t n e s s ,  n e u t r a l  
p ressu re  l e v e l  and indoor-outdoor a i r  temperature d i f fe rence .  
Good agreement w a s  obtained f o r  t h e  test house between t h e  
p red ic ted  and t h e  measured a i r  change r a t e s .  The e f f e c t s  of 
furnace f a n  opera t ion ,  a i r  d i s t r i b u t i o n  system, and s i z e  and 
l o c a t i o n  of ven t  openings on house a i r  change r a t e s  a r e  a l s o  
discussed. 

1. INTRODUCTION 

The a i r  leakage c h a r a c t e r i s t i c  of a house has a major e f f e c t  on 
energy consumption, indoor a i r  q u a l i t y  and moisture problems. To 
i n v e s t i g a t e  t h e  e f f e c t  of weather, a i r t i g h t n e s s ,  and hea t ing  and 
v e n t i l a t i o n  systems on t h e  a i r  change and a i r  p ressure  
d i s t r i b u t i o n  of a house, seve ra l  s t u d i e s  were undertaken on four  
detached two-storey houses. These s t u d i e s  were p a r t  of t h e  Mark 
X I  Energy Research Projec t  co-sponsored by t h e  Division of 
Building Research and t h e  Housing and Urban Development 
Association of Canada (HUDAC). The a i r  change r a t e s  and t h e  
a i r t i g h t n e s s  va lues  measured f o r  t h e  four  houses, and a d iscuss ion 
on the  r e l a t i o n s h i p  between house air  change r a t e  and 
a i r t i g h t n e s s ,  wind and s t a c k  a c t i o n ,  and t h e  opera t ion  of  a 
natural-draf  t g a s  furnace,  have a l ready been reported. 2, 3, 
The r e s u l t s  of a s tudy on mechanical v e n t i l a t i o n  systems have a l s o  
been r e p o r t e d S 5  This  paper p resen t s  t h e  results of a s tudy on 
passive v e n t i l a t i o n  systems. 

I n t e r e s t  i n  pass ive  v e n t i l a t i o n  techniques has been inc reas ing  a s  
more a i r t i g h t  houses a r e  cons t ructed  and more moisture problem a r e  
reported.  Passive v e n t i l a t i o n  usua l ly  takes  t h e  form of an a i r  
i n l e t  i n  t h e  e x t e r i o r  wal l  o r  an  exhaust  s t a c k ,  o r  a combination 
of the  two. Since the  amount of outdoor a i r  supplied by t h e s e  
means v a r i e s  wi th  outdoor weather condi t ions ,  pass ive  v e n t i l a t i o n  
has never been considered a s  a s a t i s f a c t o r y  means of providing 
v e n t i l a t i o n  air i n  t i g h t  houses. However, f o r  houses i n  which a i r  
leakage provides most of t h e  v e n t i l a t i o n ,  a well-designed passive 
v e n t i l a t i o n  system can be a p r a c t i c a l  means of supplying t h e  
a d d i t i o n a l  outdoor a i r  required f o r  c o n t r o l l i n g  indoor humidity 
and improving indoor a i r  q u a l i t y .  



The main ob jec t ive  of t h i s  s tudy was t o  check expressions 
developed f o r  p red ic t ing  t h e  a i r  change r a t e  of houses wi th  
passive v e n t i l a t i o n  systems. 

2. EFFECT OF VENT OPENINGS ON HOUSE AIR CHANGE AND PRESSURE 

In  a previous study, the  air change r a t e s  of one of t h e  f o u r  
houses (H3) were measured t o  determine t h e  e f f e c t  of ven t ing  
through a chimney on t h e  house a i r  leakage c h a r a c t e r i s t i c .  The 
r e s u l t s  are summarized i n  Fig. 1. 

Figure la shows t h e  temperature-induced air  flow and p ressure  
d i f fe rence  p a t t e r n s  f o r  t h i s  house wi th  t h e  chimney capped. 
Because t h e  a i r  i n s i d e  t h e  house is w a r m e r ,  and hence less dense 
than t h a t  outs ide ,  i t  tends t o  r i s e  and l e a k  o u t  through t h e  upper 
p a r t s  of the  house; colder outdoor a i r  l e a k s  i n  through t h e  lower 
p a r t s  of t h e  house t o  rep lace  it. The pressure  d i f f e r e n c e  ac ross  
the  e x t e r i o r  wal l  decreases l i n e a r l y  from a p o s i t i v e  va lue  a t  t h e  
grade l e v e l  t o  a negat ive  va lue  a t  t h e  c e i l i n g  l eve l .  Near 
mid-height, t h e r e  i s  a l e v e l  where t h e  pressure  d i f f e r e n c e  i s  
zero. This  i s  c a l l e d  t h e  n e u t r a l  pressure  level .  

When a ven t ,  such a s  a chimney o r  an exhaust s t ack ,  i s  i n s t a l l e d  
i n  t h e  house, t h e  a i r  change r a t e  inc reases  due t o  t h e  a i r  flow 
through t h e  vent (Fig. lb). The air flow through t h e  ven t  depends 
upon t h e  temperature d i f fe rence  between i n s i d e  and ou t s ide ,  and 
the  s i z e  and loca t ion  of t h e  vent. A s  a resuJ t ,  t h e  p ressure  
d i f f e r e n c e  ac ross  t h e  e x t e r i d r  w a l l  i s  r e d i s t r i b u t e d  s o  t h a t  a 
mass flow balance is maintained. 

The air change r a t e  caused by s t ack  ac t ion  alone depends on t h e  
a i r t i g h t n e s s  of t h e  envelope and t h e  indoorto-outdoor a i r  
temperature d i f ference .  Figure l c  shows t h e  a i r  change rates f o r  
t h e  house wi th  and without a chimney. Without a chimney, t h e  
measured a i r  change r a t e s  f o r  wind speeds lower than 12 km/h 
agreed c lose ly  wi th  t h e  values  predic ted  by Eq. 1 (der ived 
previously f o r  t h e  o ther  two chimneyless houses, H 1  and H4, 
included i n  t h e  Mark X I  p r ~ j e c t ) . ~  

where : 

I = house a i r  change r a t e ,  a c l h ,  
A = a r e a  of bui ld ing envelope ( a r e a  of e x t e r i o r  w a l l  above 

grade and c e i l i n g  a r e a  of top f l o o r )  m2, 
V = volume of bui ld ing including basement, m3, 
C = flow coef f i c ien t ,  L/ ( s  *m2*pan), 
n = flow exponent, 

A t  = indoor-to-outdoor temperature d i f ference ,  K ,  
0.32 = dimensional constant ,  m 3*s .pan/ (L *K" *h) . 



With a chimney, t h e  measured a i r  change r a t e s  could be  expressed 
by an equation s imi la r  t o  Eq. 1: 

where: 

Cv = flow c o e f f i c i e n t  with vent ,  L/(S -rn2*pan), 
nv = flow exponent wi th  vent ,  

n n 
B = 0.43, a dimensional constant ,  m3es*pa V / ( ~ * ~  V*h).  

A s  the  r a t i o  of t h e  constants  i n  Eqs. 1 and 2 w a s  approximately 
equal t o  t h e  r a t i o  of t h e  two n e u t r a l  p ressu re  l e v e l s ,  a genera l  
expression f o r  the  two equations was: 

and 

where : 

"v Cv = flow c o e f f i c i e n t  with vent,  L/(s*m2*pa ), 
nv = flow exponent wi th  vent ,  
hv = n e u t r a l  pressure  l e v e l  wi th  vent ,  m, 

h = n e u t r a l  pressure  l e v e l  without vent ,  m. 

I f  both an in take  vent and an exhaust vent a r e  i n s t a l l e d ,  t h e  
changes i n  n e u t r a l  pressure  l e v e l  caused by t h e  vents  tend t o  
cancel each other .  When t h e r e  a r e  mul t ip le  vents ,  t h e  expression 
f o r  r is: 

where J i s  the  number of vents  and hv is t h e  n e u t r a l  pressure  
l e v e l  corresponding t o  the  j t h  vent 14 i t  were t h e  only one. 

Equation 3 r equ i res  values of t h e  flow c o e f f i c i e n t  (C) and 
exponent (n)  and t h e  n e u t r a l  pressure  l e v e l  of t h e  house w i t h  
v e n t i l a t i o n  system. These values can be measured d i r e c t l y  o r  
est imated us ing t h e  methods described i n  Appendix A. 

Although Eq. 3 was derived f o r  s t a c k  a c t i o n  alone,  i t  a p p l i e s  
equally w e l l  where t h e r e  i s  t h e  combined e f f e c t  of s t a c k  a c t i o n  
and wind (Fig. Id).  The a i r  change r a t e s  were measured i n  a test 
house and compared wi th  t h e  values predic ted  by Eq. 3 t o  check t h e  
v a l i d i t y  of t h i s  equation. 
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Figure 1. Temperature-induced air flow and pressure patterns, and air infiltration rates (from 
Reference 4) 



3. TEST HOUSE AND PASSIVE VENTILATION SYSTEMS 

3.1 Test House 

The test house (H4) is a two-storey detached house with a f u l l  
basement, loca ted  i n  a developed r e s i d e n t i a l  a r e a  i n  t h e  c i t y  of 
Gloucester,  Ontario. The house has a forced-air  heat ing  system 
with a n  electric furnace. It a l s o  h a s  a 12.7 c m  diameter chimney, 
which w a s  capped when t h e  e l e c t r i c  furnace  was i n  use. The volume 
of t h e  house, inc lud ing  basement, i s  386 m 3  and t h e  area of t h e  
house envelope, inc luding t h e  a r e a  of t h e  second f l o o r  c e i l i n g  i s  
227.7 m2. The second-storey c e i l i n g  i s  5.4 m above grade  l eve l .  

3.2 Vent Openings 

Each of the  two basement windows i n  t h e  south  wall  was replaced by 
a plywood panel wi th  a 10 cm diameter p ipe  i n s t a l l e d  a t  t h e  c e n t r e  
(Fig. 2) .  One of t h e  p ipes  could be connected t o  t h e  r e t u r n  air  
duct  of t h e  hea t ing  system. The e x i s t i n g  12.7 cm diameter chimney 
was used t o  s imulate an exhaust s tack.  Provision was made f o r  
indoor a i r  t o  exhaust  through t h e  s t a c k  from e i t h e r  t h e  basement 
or  t h e  second s torey .  
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VENT STACK 

SOUTH E L E V A T I O N  

Figure 2. Test house with loca t ion  of vent  openings 
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Plywood panels  wi th  a 12.7 cm diameter c i r c u l a r  opening w e r e  
i n s t a l l e d  i n  the  opening of one south window and one n o r t h  window 
on t h e  f i r s t  s to rey ,  and one n o r t h  window and one e a s t  window on 
the  second storey.  These openings could be closed by merely 
c los ing t h e  casement windows. 

The vent  openings and exhaust s t a c k  w e r e  combined t o  s imula te  t h e  
f i v e  b a s i c  pass ive  v e n t i l a t i o n  configurat ions shown i n  Fig. 3a, 
and t h e  s i x  add i t iona l  configurat ions shown i n  Fig. 3b. The f i v e  
bas ic  conf igura t ions  were: 

( I )  10-cm diameter opening i n  south  basement wal l  de l ive r ing  a i r  
t o  t h e  basement a t  grade l eve l ;  
(11) 10-cm diameter p ipe  supplying outdoor a i r  t o  t h e  r e t u r n  duct  
of the  forced-air heat ing system; in take  opening a t  grade l e v e l ;  
(111) 12.7-cm diameter exhaust s t ack  extending from basement t o  
above t h e  roof; 
(IV) combination of I and 111; 
(V) combination of I1 and 111. 

Six more configurat ions were t e s t e d  t o  demonstrate t h e  v e n t i l a t i o n  
c a p a b i l i t y  of t h e  d i f f e r e n t  pass ive  v e n t i l a t i o n  techniques i n  
houses wi th  and without an a i r  d i s t r i b u t i o n  system. They were 
a l s o  intended t o  show how w e l l  t h e  v e n t i l a t i o n  air  (outdoor a i r )  
mixed wi th  indoor a i r ,  and how t h e  loca t ion  of t h e  vent  openings 
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Figure 3. Test v e n t i l a t i o n  configurat ions 



af fec ted  t h e  v e n t i l a t i o n  ra te .  The s i x  add i t iona l  conf igura t ions  
were: 

(VI) 12.7-cm diameter exhaust s t a c k  extending from second s t o r e y  
t o  above t h e  roof; 
(VII) two 10-cm diameter openings about 5.3 m a p a r t  i n  t h e  
basement wal l ,  a t  grade l eve l ;  
(VIII) 12.7-cm diameter opening i n  f i r s t  s to rey  nor th  window, 
1.2 m above grade; 
(IX) 12.7-cm diameter opening i n  second s t o r e y  nor th  window, 5 m 
above grade; 
(X) 12.7-cm diameter opening i n  f i r s t  s t o r e y  south  window, 1.8 m 
above grade; 
(XI) 12.7-cm diameter opening i n  second s t o r e y  e a s t  window, 5 m 
above grade. 

A l l  of these  configurat ions were t e s ted  with t h e  a i r  c i r c u l a t i n g  
f a n  of t h e  fo rced-a i r  heat ing system opera t ing continuously. 
Configurations 11 t o  V were a l s o  t e s t e d  with t h e  fan  o f f .  

4. TESTS AND MEASUREMENTS 

For each weather condit ion,  t h e  var ious  configurat ions w e r e  
t e s t ed ,  one a f t e r  another and t h e  fol lowing parameters w e r e  
measured: 

(1) indoor and outdoor a i r  temperatures, measured and recorded on 
a computerbased d a t a  logging system; 
(2) l o c a l  wind speed and d i rec t ion ,  measured 10 m south  of t h e  
house and 18 m above grade, and recorded on t h e  same d a t a  logging 
system; 
(3)  a i r  change r a t e ( s ) ,  (whole house, o r  l i v i n g  space and basement 
separa te ly )  ; and 
(4) air  flow r a t e s  through ven t  openings and exhaust s tack.  

A i r  pressure  d i f fe rences  across  t h e  house envelope were only 
measured under calm condit ions (wind speed less than 8 h / h )  and 
only f o r  some configurat ions (no vents ,  and configurat ions I t o  V 
and IX) . Fan p ressur iza t ion  tests t o  determine t h e  a i r t i g h t n e s s  
of t h e  house, with and without vent openings, were performed once 
i n  e a r l y  summer under calm condit ions and only f o r  select 
configurat ions (no vents ,  and configurat ions I, 11, IIa, 111, I V ,  
V, V I I ,  I X  and X). 

4.1 A i r  Change Rate 

A i r  change r a t e  was measured using t h e  t r a c e r  gas decay method 
with N 2 0  (n i t rous  oxide) a s  the  t r a c e r  g a s a 6  The door t o  t h e  



basement w a s  kept  c losed during t h e  measurement. For each 
measurement, the  tracer gas was in jec ted  i n t o ,  and a i r  samples 
were c o l l e c t e d  from, t h e  forced a i r  hea t ing  system wi th  separa te  
i n j e c t i o n  and sampling tubes. The furnace fan  was operated 
continuously t o  mix t h e  t r a c e r  g a s  wi th  t h e  indoor a i r .  

For those spec ia l  tests with t h e  furnace fan  o f f ,  t h e  fan  was only 
shu t  down a f t e r  t h e  t r a c e r  gas  was thoroughly mixed (about 30 min. 
a f t e r  an i n j e c t i o n ) .  During t h e  t r a c e r  gas sampling period,  
mixing w a s  handled by severa l  por tab le  f a n s  loca ted  throughout t h e  
house. For these  tests with furnace fan  o f f ,  a i r  samples were 
taken d i r e c t l y  from t h e  basement and from t h e  main l i v i n g  area.  

The N20 concentrat ions w e r e  measured on s i t e  with an i n f r a r e d  
analyzer. The analyzer  w a s  c a l i b r a t e d  pe r iod ica l ly  us ing 
c e r t i f i e d  c a l i b r a t i o n  gas. 

4.2 A i r  Flow Rate 

The a i r  flow through t h e  vent opening and t h e  s t a c k  was measured 
using e i t h e r  a p a i r  of t o t a l  pressure  averaging tubes  o r  an  
o r i f i c e  p l a t e ,  wi th  a diaphragm-type pressure  transducer ( s t a t i c  
e r r o r  band of 5% f u l l  sca le) .  

4 . 3  Ver t i ca l  Pressure Difference P r o f i l e  

Values of indoor-outdoor pressure d i f fe rence  across  t h e  house 
envelope were measured under calm condi t ions  a t  four  l o c a t i o n s  
along t h e  nor th  wa l l  with a diaphragm-type pressure transducer 
( s t a t i c  e r r o r  band of 5% f u l l  sca le ) .  Pressure  probes were 
i n s t a l l e d  a t  the  s i l l  and head of a f i r s t  f l o o r  window, and a t  t h e  
s i l l  and head l e v e l  of a second f l o o r  window d i r e c t l y  above t h e  
f i r s t .  The probes were located  1.1, 2.6, 3.9 and 5 . 2  m above 
grade, r e spec t ive ly .  

5 e RESULTS AND DISCUSSION 

The r e s u l t s  of the  fan  pressur iza t ion tests conducted i n  e a r l y  
summer, wi th  t i g h t n e s s  expressed i n  terms of C and n ,  a r e  given i n  
Table 1. Also given i n  Table 1 a r e  t h e  height  of n e u t r a l  pressure  
l e v e l s  and t h e  pressure  d i f fe rences  a t  grade l e v e l  measured under 
calm condit ions with an indoor-to-outdoor temperature d i f fe rence  
of 34 K. 



The a i r  change r a t e s  of t h e  house and t h e  a i r  flow r a t e s  through 
the ven t s  were measured during the  1982-83 heat ing season under a 
v a r i e t y  of weather conditions; a i r  temperature d i f fe rence  ranged 
from 10 t o  40 K ,  and wind speed var ied  up t o  30 h / h .  The r e s u l t s  
f o r  t h e  f i v e  b a s i c  conf igura t ions  a r e  shown i n  Figs. 5 t o  9 ,  and 
a r e  discussed i n  t h e  following sect ions .  

To determine the  e f fec t iveness  of these  v e n t i l a t i o n  techniques,  
t h e  measured a i r  change r a t e s  w e r e  compared wi th  those measured 
fo r  t h e  house without passive v e n t i l a t i o n  (measured i n  a previous 
study3), For a wind speed lower than 1 2  h / h ,  t h e  a i r  change r a t e  
increased with inside-outside temperature d i f fe rence  a s  defined by 
Eq. 1 (Fig. 4). For h igher  wind speeds, t h e  a i r  change rate 
exceeded t h e  values t h a t  would apply f o r  t h e  same A t  with low wind 
speed. However, f o r  temperature d i f fe rences  g r e a t e r  than 20 K and 
wind speed ranging from 12 t o  40 km/h, t y p i c a l  winter condit ions 
f o r  t h i s  region of Canada, t h e  a i r  change r a t e  was approximately 
constant  a t  0.2 ac/h. Thus, 0.2 ac /h  was chosen a s  t h e  seasonal  
average a i r  change r a t e  f o r  t h e  test  house without pass ive  
ven t i l a t ion .  
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Figures 5 t o  9 ind ica te  t h a t  t h e  house a i r  change r a t e  increased 
with t h e  indoor-to-outdoor a i r  temperature d i f fe rence  bu t  was 
r e l a t i v e l y  insens i t ive  t o  wind f o r  a l l  systems. However, a t  a 
constant  A t ,  t h e  inf luence  of wind on house a i r  change could be 
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detected  (5a t o  9a) .  Likewise, f o r  a constant  wind speed, t h e  
s c a t t e r  i n  the  air change d a t a  was mainly caused by s t a c k  ac t ion  
(5b t o  9b). 

The measured air change r a t e s  f o r  t h e  f i v e  configurat ions a r e  
compared wi th  those  predic ted  by Eq. 3 i n  Figs. 5a t o  9a. In 
general ,  the  ca lcula ted  a i r  change rates w e r e  within 20% of t h e  
measured values. 

A comparison between Eqs. 2 and 3 i n d i c a t e s  t h a t  t h e  r a t i o  
B/0.32 should be equal  t o  r ,  i f  t h e  va lues  of n a r e  about t h e  
same. Since the  value of B can be est imated independently by 
f i t t i n g  t h e  measured air change r a t e s  t o  Eq. 2, another check on 
the  accuracy of Eq. 3 was made by comparing the  r a t i o  ~ / 0 . 3 2  
with r. The r e s u l t s ,  l i s t e d  i n  Table 1, i n d i c a t e  t h a t  t h e  maximum 
d i f fe rence  between ~ / 0 . 3 2  and r is about 10% of r f o r  t h e  f i v e  
configurat ions.  

5.1.1 Configuration I -- One basement in take  vent  

This configurat ion is s imi la r  t o  a house with a preponderance of 
leakage openings i n  t h e  lower ha l f  of t h e  house envelope, such a s  
a window vent. The v e n t i l a t i o n  system became e f f e c t i v e  (i.e., a i r  
change r a t e  exceeded t h a t  of t h e  house wi th  no vent ,  0.2 ac/h) 
when t h e  temperature d i f ference  was g r e a t e r  than 20 K, a s  shown i n  
Fig. 5a. This f i g u r e  a l s o  shows t h a t  Eq. 3 overpredic ts  t h e  a i r  
change rate by about 6% i n  comparison with t h e  bes t  f i t  t o  t h e  
measured data.  

Figure 5c shows t h a t  t h e  a i r  flow through t h e  vent  opening a l s o  
increased wi th  temperature difference.  The a i r  flow r a t e  through 
t h e  vent  was a l s o  influenced by both wind speed and d i rec t ion .  

5.1.2 Configuration 11 -- Basement supply t o  forced-air heat ing system 

This conf igura t ion is s imi la r  t o  configurat ion I, except t h a t  t h e  
venting a c t i o n  i s  now augmented by t h e  operat ion of t h e  furnace  
fan. The house a i r  change r a t e  exceeded t h a t  of t h e  house with no  
vent (0.2 ac/h) f o r  a temperature d i f fe rence  a s  small  a s  10 K 
(Fig. 6a). This suggests t h a t  the  furnace fan  i s  e f f e c t i v e  i n  
increas ing t h e  supply of outdoor a i r  t o  t h e  house. This 
suggestion is  reinforced s ince  the  a i r  flow through t h e  supply 
vent  remained near ly  constant  a t  a value  of about 18 L/s o r  
0.17 ac/h regardless  of temperature d i f ference  (Fig. 6c);  t h a t  is ,  
t h e  supply of outdoor a i r  was con t ro l l ed  by t h e  furnace f a n  r a t h e r  
than by s t ack  act ion.  A s  t h e  outdoor supply a i r  r a t e  w a s  
constant ,  t h e  house a i r  change r a t e  should always exceed 
0.17 ac/h. The temperature d i f ference  corresponding t o  0.17 ac /h  



is  12.5 K (Fig. 6a) ,  suggest ing t h a t  Eq. 3 should be used only 
when A t  i s  g rea te r  than 12.5 K. Figure 6a a l s o  ind ica tes  t h a t  
Eq. 3 underpredic ts  t h e  a i r  change r a t e  by about 10% i n  comparison 
with t h e  bes t  f i t  t o  the  measured values. 

5.1.3 Configuration 111 -- Basement exhaust s t a c k  

This conf igura t ion i s  s imi la r  t o  a house with a preponderance of 
leakage openings i n  t h e  upper hal f  of t h e  house envelope. As 
Fig. 7a i n d i c a t e s ,  t h e  house a i r  change r a t e  was g r e a t e r  than 
0.2 ac/h when t h e  temperature d i f fe rence  was g r e a t e r  than 20 K. 
Compared with t h e  previous two systems, t h i s  system is more 
e f f e c t i v e  than conf igura t ion I (probably due t o  a l a r g e r  s i z e  
vent)  but  i s  less e f f e c t i v e  than configurat ion 11, e s p e c i a l l y  
under mild weather conditions. Figure 7a a l s o  ind ica tes  t h a t  
Eq. 3 coincides with t h e  bes t  f i t  t o  t h e  measured data .  

The a i r  exhaust rate through t h e  s t ack  was more s t rong ly  
influenced by s t a c k  a c t i o n  than i n  t h e  two previous conf igura t ions  
(Fig. 7c). Under mild weather condit ions,  t h e  exhaust r a t e s  were 
a l s o  inf luenced by wind. The wind influence,  however, diminished 
a s  the  temperature d i f ference  increased. 

5.1.4 Configuration I V  -- Combination of I and 111 

This conf igura t ion can be found i n  houses with a forced-air  
heat ing system when t h e  outdoor a i r  supply i s  disconnected from 
the hea t ing  duct. A s  shown i n  Fig. 8a, t h i s  system suppl ied  more 
v e n t i l a t i o n  a i r  t o  t h e  house than any of t h e  foregoing systems, 
and Eq. 3 overpredicts  the  a i r  change r a t e  by about 7% i n  
comparison with t h e  b e s t  f i t  t o  t h e  measured data.  

Data presented i n  Fig. 8c show t h a t  t h e  air supply and exhaust 
flows through t h e  in take  vent  and t h e  exhaust s t ack  were 
influenced s t rongly  by s t ack  act ion.  Also t h e  a i r  flow through 
t h e  exhaust  s t ack  was almost i d e n t i c a l  t o  t h a t  of conf igura t ion 
111, and t h e  a i r  flow through t h e  in take  vent was about t h e  same 
a s  t h a t  of configurat ion I. This suggests  t h a t  t h e  house 
pressure,  and hence t h e  a i r  flows through t h e  in take  vent and 
exhaust s t a c k ,  were unaffected by t h e  presence of t h e  o t h e r  vent. 



Figure 7. House a i r  change r a t e  and a i r  flow r a t e  through exhaust  
vent  - configurat ion 111 
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5.1.5 Configuration V -- Combination of I1 and 111 

This configuraton can be found i n  houses with a forced-air  heat ing 
system having an outdoor a i r  supply connected t o  i t s  r e t u r n  duct. 
The temperature d i f fe rence  corresponding t o  0.17 ac/h,  t h e  outdoor 
a i r  supply r a t e ,  i s  10 K (Fig. 9a). A s  t h i s  was t h e  minimum a i r  
change rate f o r  t h i s  house, Eq. 3 is  appl icable  f o r  A t  g r e a t e r  
than 10 K. The a i r  change rates predic ted  by Eq. 3 a r e  almost 
i d e n t i c a l  t o  those given by t h e  bes t  f i t  t o  t h e  measured d a t a .  

A s  was t h e  case with configurat ion I V ,  t h e  air flows through t h e  
in take  v e n t  and exhaust s t a c k  were unaffected by t h e  presence of 
the  o the r  vent  (Fig. 9c). 

Figure 10 shows t h e  temperature-induced a i r  flow and p ressure  
d i f f e r e n t i a l  p a t t e r n s  f o r  t h e  house wi th  and without a pass ive  
v e n t i l a t i o n  system. The air change r a t e s  and t h e  a i r  flow rate 
through t h e  ven t s  were obtained from Figso 4 t o  9 f o r  A t  = 34 K. 
Configuration V induced t h e  h ighes t  air change r a t e  a t  0.42 ac /h ,  
followed by conf igura t ions  I V ,  11, 111 and I a t  0-35, 0.33, 0.3 
and 0.26 ac/h,  respect ively ,  The a i r  leakage r a t e  through t h e  
house enclosure  f o r  con£ igura t ion  V i s  g r e a t e r  than t h a t  f o r  t h e  
house without vents ,  even though t h e i r  n e u t r a l  pressure  l e v e l s  a r e  
iden t i ca l .  This discrepancy may be  caused by e r r o r s  a ssoc ia ted  
with n e u t r a l  pressure  l e v e l  measurement and a poss ib le  change i n  
t h e  a i r  leakage c h a r a c t e r i s t i c  of t h e  house enclosure, 

The n e u t r a l  pressure  l e v e l s  of configurat ions 111, I V ,  and V, a l l  
wi th  an exhaust  s t a c k ,  were higher than t h a t  of t h e  house wi th  no 
passive v e n t i l a t i o n ,  as Fig. 10 shows. Further,  t h e  n e u t r a l  
pressure  l e v e l s  of configurat ions I and 11, a l l  without an  exhaust  
s tack,  were lower than t h a t  of t h e  house without passive 
ven t i l a t ion .  Thus i t  i s  n o t  d e s i r a b l e  t o  i n s t a l l  a pass ive  
v e n t i l a t i o n  system s imi la r  t o  configurat ions I and I1 i n  houses. 
Such a system can lower t h e  n e u t r a l  pressure  l e v e l  of t h e  house, 
which i n  t u r n ,  increases  t h e  amount of humid a i r  leaking ou t  
through t h e  upper wa l l s  and ce i l ing .  Thus, i t  inc reases  t h e  
p o t e n t i a l  f o r  developing moisture problem. 

6 . EFFECT OF FURNACE FAN AND AIR DISTRIBUTION SYSTEM 

Configurations 11, 111, I V ,  and V were r e t e s t e d  with t h e  furnace 
f a n  s h u t  down t o  determine t h e  e f f e c t  of t h e  furnace  f a n  and air  
d i s t r i b u t i o n  system on v e n t i l a t i o n  e f f i c iency  and capacity,  In 
t h i s  series of t e s t s ,  t r a c e r  gas  concentrat ions were measured i n  
the basement and i n  the  f i r s t  s to rey  l i v i n g  area.  The door t o  t h e  
basement was kept  closed, but  t h e  r e g i s t e r s  and g r i l l e s  of t h e  a i r  
d i s t r i b u t i o n  system remained unsealed, 
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Figure 11, Sample p l o t s  of N20 concentrat ion versus t i m e  f o r  a i r  
samples co l l ec ted  from r e t u r n  a i r  duct ,  basement and 
main l i v i n g  a r e a  

Figure 11 shows t h r e e  sample p l o t s  of N20 concentrat ion ve rsus  
t i m e ;  one f o r  con£ igura t ion  V (with furnace f a n  on) and two f o r  
conf igura t ion Va (furnace fan  o f f ) ,  obtained under s i m i l a r  weather 
condit ions.  The r e s u l t s  i n d i c a t e  a s t r a i g h t  l i n e  r e l a t i o n s h i p  
between t h e  logarithm of t r a c e r  gas concentrat ion and t i m e  f o r  a l l  
th ree  cases. This suggests  t h a t  adequate t r a c e r  gas  mixing was 
achieved i n  t h e  test spaces. With t h e  furnace f a n  o f f ,  t h e  t r a c e r  
gas decay r a t e  f o r  t h e  basement i s  much g r e a t e r  than t h a t  f o r  t h e  
f i r s t  s t o r e y  l i v i n g  area;  t h a t  is, t h e  l o c a l  a i r  change r a t e  w a s  
g r e a t e r  i n  t h e  basement than i n  t h e  l i v i n g  area. The e f f e c t  of 
furnace f a n  operat ion on l o c a l  air change i s  shown i n  Figs. 12 
and 13 f o r  t h e  f o u r  configurat ions.  

Configurations IIa and Va, shown i n  Fig. 12, have t h e  outdoor a i r  
supply ducted t o  t h e  heat ing system, a s  i n  houses wi th  g a s h e a t e d ,  
forced-air heating systems. Configuration I1 represents  t h e  
off -cycle candit ion with high o r  medium ef f i c fency  gas  furnaces.  
Configuration Va represents  t h e  off-cycle condit ion wi th  a 
natural-draught g a s  furnace. The a i r  change r a t e s  measured i n  t h e  
basement and i n  t h e  l i v i n g  space with configurat ion 11, (Fig,  12a) 
were almost i d e n t i c a l ,  ind ica t ing  reasonable mixing of a i r  i n  t h e  
house even wi th  t h e  furnace f a n  o f f .  This i s  because t h e  a i r  
d i s t r i b u t i o n  duct of the  heat ing system permits a i r  en te r ing  
through t h e  vent  opening t o  reach t h e  l i v i n g  area. The a i r  change 
r a t e  wi th  the  furnace fan  off  was up t o  15% lower than t h a t  with 
the  furnace  f a n  opera t ing continuously. This  i s  r e f l e c t e d  i n  
Fig. 12c; t h e  a i r  flow through the  outdoor a i r  duct with t h e  
furnace f a n  o f f  was near ly  constant  a t  6 L/s and about o n e t h i r d  
of the f low with the  fan on. 



Figure 12. Effec t  of furnace f a n  on a i r  flow r a t e  through in take  
vent and house a i r  change r a t e  

With an exhaust s t a c k  i n  t h e  basement (configurat ion V a  - 
Fig. 12b), the  air change r a t e  i n  t h e  basement w a s  c o n s i s t e n t l y  
higher than t h a t  measured i n  t h e  l i v i n g  space above. This  
suggests t h a t  much of t h e  a i r  leaking i n t o  t h e  basement escaped 
d i r e c t l y  through t h e  exhaust s tack.  The a i r  change r a t e  i n  t h e  
l i v i n g  space,  ( the  e f f e c t i v e  v e n t i l a t i o n  r a t e )  wi th  t h e  f a n  off  
was about 25% lower than t h a t  wi th  t h e  f a n  on. This i s  a l s o  shown 
i n  Fig. 12c; t h e  supply a i r  flow with fan  o f f ,  although s t rong ly  
a f f e c t e d  by s t a c k  ac t ion,  remained lower than t h e  flow w i t h  t h e  
fan on. 
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In Fig. 13, configurat ions 111, and I V a ,  with t h e  ven t s  
disconnected from the  a i r  d i s t r i b u t i o n  system, had a s u b s t a n t i a l l y  
higher a i r  change r a t e  i n  t h e  basement than i n  t h e  l i v i n g  space, 
The d i f f e r e n c e  i n  a i r  change rate was g rea te r  with configurat ion 
I V a  (Fig. 13b). With both i n t a k e  vent  and exhaust s t a c k  loca ted  
i n  t h e  basement, outdoor a i r  en te r ing  through t h e  vent  opening i n  
the  basement bypassed the  l i v i n g  a r e a  and went d i r e c t l y  ou t  
through t h e  exhaust s tack, Consequently, outdoor a ir  e n t e r i n g  
through t h e  vent was not  v e n t i l a t i n g  t h e  l i v i n g  space. Moreover, 
t h e  a i r  i n f i l t r a t i o n  through t h e  basement wal l  was a l s o  bypassing 
the  l i v i n g  space. 
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Figure 13. Effect of air distribution system on house air change 
rate 
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7. EFFECT OF EXHAUST STACK CONFIGURATION 

Figure 14 compares t h e  house a i r  change r a t e  and t h e  exhaust s t a c k  
flow of configurat ions I11 and V I ,  which d i f f e r e d  only i n  t h e  
loca t ion  of t h e  i n l e t  t o  t h e  exhaust s tack.  Both t h e  house a i r  
change rate and t h e  exhaust s t a c k  flow remained r e l a t i v e l y  
unchanged regardless  of whether t h e  indoor a i r  exhausted from t h e  
basement o r  from t h e  second s torey.  The loca t ion  of s t a c k  i n l e t  
has very l i t t l e  e f f e c t  on t h e  venting performance of an exhaust 
s t ack  when t h e  furnace f a n  i s  on. However, when t h e  furnace f a n  
i s  o f f ,  o r  when t h e r e  is no air d i s t r i b u t i o n  system, t h e  p re fe r red  
l o c a t i o n  of t h e  i n l e t  t o  t h e  exhaust s t ack  i s  i n  t h e  l i v i n g  space. 
Thts l o c a t i o n  w i l l  ensure t h a t  outdoor a i r  en te r ing  t h e  basement, 
e i t h e r  through t h e  wa l l  o r  through a v e n t i l a t i o n  i n l e t ,  w i l l  pass  
through t h e  l i v i n g  space. 

8. EFFECT OF VENT OPENING LOCATION 

House air change rates were measured with a 12.7 c m  diameter vent  
i n s t a l l e d  a t  var ious  loca t ions  i n  t h e  house enclosure 
(configurat ions I,  and V I I I  t o  X I ) .  The vent was located  near t h e  
s i l l  of a f i r s t  s t o r e y  window, o r  near  t h e  head of a second s t o r e y  
window (Fig. 15). 
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Figure 15. Effect  of vent loca t ion  on house a i r  change f o r  wind 
speeds up t o  25 km/h 



The house a i r  change r a t e  w a s  n o t  s t rongly  a f f e c t e d  by an  
e leva t iona l  change of t h e  vent  opening, nor by whether t h e  vent 
opening was a c t i n g  as an i n t a k e  vent  (VIII) o r  a s  a n  exhaust 
vent (IX) (Fig. 15a). There was no apparent d i f fe rence  (Fig. 15b) 
i n  house a i r  change r a t e  between a basement vent  l o c a t i o n  (I) and 
a f i r s t - s t o r e y  loca t ion  (XI, even though t h e  a r e a  of t h e  basement 
vent was 38% less than t h a t  of t h e  f i r s t  s t o r e y  vent. The 
d i r e c t i o n a l  o r i en ta t ion  of t h e  vent opening had no no t i ceab le  
e f f e c t  (Figs. 15c,d) on house a i r  change f o r  wind speeds up t o  
27 km/h. These r e s u l t s  again support t h e  conclusion t h a t  s t ack  
ac t ion  i s  t h e  dominant d r iv ing  p o t e n t i a l  f o r  pass ive  ven t i l a t ion .  

9.  EFFECT OF VENT SIZE 

Figure 16 shows t h e  measured house air change r a t e s  with two 10 con 
vents (5.3 m apar t )  i n  t h e  same wal l  (VII). The house a i r  change 
r a t e s  with two vents were only s l i g h t l y  g r e a t e r  than those with 
one vent ,  probably because t h e  a i r  flow through t h e  ven t s  (on 
average 7.5 L/s per vent)  d id  not  have a s i g n i f i c a n t  inf luence  on 
house a i r  change. The a i r  change r a t e  ca lcu la ted  from Eq. 3 f o r  
two vents  overpredicted t h e  measured values. 

A t ,  TEMPERATURE DIFFERENCE,  K 

Figure 16. House a i r  change r a t e  - configurat ion V I I  

10. SUMMARY 

10.1 All t h e  passive ven t i l a t ion  systems t e s t e d  increased t h e  house a i r  
change r a t e  over t h a t  of t h e  house wi th  no vents  (Table 1). Of 
the f i v e  bas ic  systems, configurat ion V produced t h e  h ighes t  house 
a i r  change r a t e ,  followed by configurat ions I V ,  11, 111, and 1. 
For example, a t  A t  = 34K,  the  measured house a i r  change r a t e s  were 



about 0.42 and 0.35 ac/h f o r  V and I V ,  and they were about 0.33, 
0.3 and 0.26 f o r  11, 111 and I, respect ive ly .  

10.2 Stack a c t i o n  was t h e  dominant d r iv ing  p o t e n t i a l  f o r  pass ive  
v e n t i l a t i o n  wi th  wind speeds less than 30 km/h. However, 
s i g n i f i c a n t  flow augmentation was provided by t h e  a i r  c i r c u l a t i n g  
fan  of t h e  forced-air  heat ing  system when t h e  vent  was connected 
d i r e c t l y  t o  the  hea t ing  system. 

10.3 The o r i e n t a t i o n  and e leva t ion  of t h e  vent  opening appeared t o  have 
very l i t t l e  e f f e c t  on house a i r  change wi th  wind speeds less than 
27 km/h. 

10.4 The l o c a t i o n  where t h e  exhaust s t a c k  withdraws indoor air had very  
l i t t l e  e f f e c t  on house a i r  change r a t e  wi th  t h e  furnace  f a n  
operat ing,  but  could have a s i g n i f i c a n t  e f f e c t  on t h e  e f f i c i e n t  
mixing of outdoor air wi th  t h e  a i r  i n  t h e  l i v i n g  space. 

10.5 An a i r  d i s t r i b u t i o n  system s i g n i f i c a n t l y  improves t h e  d i s t r i b u t i o n  
and mixing of outdoor a i r  t h a t  e n t e r s  through ven t  openings and 
i n f i l t r a t e s  through openings and cracks i n  t h e  basement wa l l  wi th  
t h e  indoor a i r ,  

10.6 Methods f o r  es t imat ing  t h e  a i r t i g h t n e s s  c h a r a c t e r i s t i c  of a house 
with v e n t  openings and t h e  e f f e c t  of t h e s e  openings on t h e  n e u t r a l  
p ressu re  l e v e l  have been presented. The der ived c h a r a c t e r i s t i c s  
and Eq. 3 provide a reasonable e s t ima te  of house a i r  change 
r e s u l t i n g  from pass ive  v e n t i l a t i o n  systems f o r  temperature 
d i f f e r e n c e s  g r e a t e r  than 15 K. 
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12. APPENDIX A ESTIMATION OF C, n AND NEUTRAL PRESSURE LEVEL FOR 

HOUSES WITH VENTS 

12.1 Flow Coeff ic ient  and Exponent 

The a i r  leakage c h a r a c t e r i s t i c  of a house before i n s t a l l a t i o n  of a 
v e n t i l a t i o n  system can be defined by t h e  equation, 

where : 

Q = a i r  leakage r a t e ,  L/S,  
C = flow coef f i c ien t ,  ~ / ( s * m ~ . ~ a ~ ) ,  
A = a r e a  of building envelope, m2,  

D9 = pressure d i f ference ,  Pa, 
n = flow exponent. 



After t h e  i n s t a l l a t i o n  of a  pass ive  v e n t i l a t i o n  system, t h e  t o t a l  
a i r  leakage of t h e  house a s  determined by a f an  p ressur i za t ion  
test, would be t h e  sum of t h e  a i r  leakage through t h e  bui ld ing 
envelope and t h e  a i r  flow through t h e  vent.  Thus, 

where : 

Q' = air leakage r a t e  with ven t ,  L/s , 
Qv = a i r  flow r a t e  through t h e  ven t ,  L/s. 

To es t ima te  t h e  va lue  of Q,, t h e  fol lowing two cases  a r e  
considered: 

( a )  I f  t h e  vent i s  connected t o  t h e  forced a i r  hea t ing  system wi th  
t h e  furnace  f a n  opera t ing  continuously, then  Qv can b e  assumed t o  
be cons tant  because of t h e  l a r g e  suc t ion  i n  t h e  supply duc t  
induced by t h e  furnace  fan. Measurements conducted on t h e  t e s t  
house having a 10 cm supply duct  i n d i c a t e  t h a t  Qv was about 18 L/s  
under t y p i c a l  winter  conditions. For s i m i l a r  o r  less a i r t i g h t  
houses, Qv would be propor t ional  t o  t h e  s i z e  of t h e  supply duc t ,  

where D is  t h e  diameter of t h e  supply duct  i n  cm. 

( b )  I f  t h e  vent is  j u s t  an opening i n  t h e  bui ld ing envelope, Qv 
would be a funct ion  of the  pressure  d i f fe rence  induced by t h e  
p ressur i za t ion  fan ,  AP. Thus, Qv could be  approximated by t h e  
o r i f i c e  equation,  

Let t h e  o r i f i c e  d ischarge  c o e f f i c i e n t  Cd = 0.6, t h e  above equat ion  
becomes 

where: 

p = dens i ty  of indoor a i r ,  kg/m3, 
= a r e a  of t h e  vent ,  m2, 

AJ? = pressure  d i f fe rence  across  house envelope a s  induced 
by a p ressu r i za t ion  fan ,  Pa. 

Subs t i tu t ing  Eq. A3 o r  A4 i n t o  Eq. A2, va lues  of Q' can b e  
ca lcu la ted  f o r  t h e  range of AP normally used i n  a  p ressu r i za t ion  
t e s t .  By f i t t i n g  these  data  t o  the  a i r  f low equation (Al),  t he  
values of C and n f o r  t h e  house with vents  can b e  derived. 

Values of C and n were ca lcula ted  f o r  conf igura t ions  I, 11, 111, 
I V ,  V and V I I .  Because t h e  ca lcu la ted  and t h e  measured va lues  of 
n were very c lose ,  t h e  values of C were r eca lcu la ted  us ing Eq, A1 
and t h e  measured values  of n,  t o  f a c i l i t a t e  comparison of t h e  



measured and t h e  ca lcu la ted  C. The ca lcu la ted  and measured 
of C, presented i n  Table A l ,  show good agreement. 
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Figure A l .  D i s t r ibu t ion  of leakage openings and p ressure  
d i f fe rence  p r o f i l e  caused by s t a c k  a c t i o n  

12.2 Neutral Pressure  Level 

I f  vent openings a r e  i n s t a l l e d  i n  a  house envelope a s  shown i n  
Fig. A1 , t h e  n e u t r a l  p ressu re  l e v e l  (NPL) w i l l  s h i f t  t o  h' from h 
and the  p ressure  d i f fe rence  ac ross  t h e  house envelope due t o  s t a c k  
a c t i o n  w i l l  change accordingly. Assuming tha t :  (1) t h e  a i r  
leakage c h a r a c t e r i s t i c  of the  house without vents  can be 
represented  by two openings: one loca ted  a t  grade l e v e l  and t h e  
other  a t  t h e  c e i l i n g  l e v e l  of t h e  top  s t o r e y ,  and t h a t  (2)  t h e  
v e r t i c a l  d i s t r i b u t i o n  of p ressu re  d i f f e r e n c e  of t h e  house without  
vents  is  known, t h e  new n e u t r a l  p ressu re  l e v e l  (h ' )  can be 
est imated from t h e  mass flow balance equation: 

where: 

CAb = o v e r a l l  flow c o e f f i c i e n t  below n e u t r a l  pressure l e v e l ,  
L/ (S  *pan), 

CAt = o v e r a l l  flow c o e f f i c i e n t  above n e u t r a l  pressure  l e v e l ,  
L/ ( s  .pan), 

AP' = i n s ide -ou t s ide  pressure  d i f f e r e n c e  due t o  s t a c k  a c t i o n  wi th  
ven t s ,  Pa, 

n = flow exponent, 
p = a i r  dens i ty ,  kg/m3 



and s u b s c r i p t s  b = grade l e v e l ,  t = c e i l i n g  l e v e l ,  o = outdoor, 
i =indoor. 

In  the  above equation, t h e  terms, CAb and CAt de f ine  t h e  a i r  
leakage c h a r a c t e r i s t i c  of t h e  house before t h e  i n s t a l l a t i o n  of t h e  
vents. They can be est imated from t h e  m a s s  flaw equation: 

where AP i s  t h e  pressure  d i f fe rence  across  t h e  house envelope due 
t o  s t a c k  act ion.  

Since, 

hPt = [(H - h)/h]*Apb 

and ( P ~ / P , >  ' ( T , / T ~ )  

the re fo re ,  Eq. A6 can be rewr i t t en  as:  

and, 

where : 

h = n e u t r a l  pressure l e v e l  without vent ,  m, 
H = c e i l i n g  height ,  m. 

Equation A5 can be used t o  es t imate  t h e  n e u t r a l  pressure  l e v e l  f o r  
a house wi th  a pass ive  v e n t i l a t i o n  system. It can be s impl i f i ed  
fo r  t h e  fol lowing t h r e e  b a s i c  venting arrangements: 

(1) One vent  below NPL, (Qv)t = 0 

The mass flow balance equation s i m p l i f i e s  t o ,  

cAb (h~/,)" po + Qvp0 = CAt (DL)"  pi 

However , 

Hence, t h e  mass flow balance equation can be rewr i t t en  a s  



(2) One ven t  above NPL, (Qv)b = 0 

The mass f low balance equation s i m p l i f i e s  t o ,  

Po Subs t i tu t ing  f o r  APi), QV, and AP;, we have 

An exhaust  s t ack  would be t r e a t e d  a s  a vent  opening loca ted  a t  t h e  
c e i l i n g  l e v e l  of t h e  top  s to rey .  

(3 )  Outdoor a i r  supply t o  forced a i r  hea t ing  system, 
Qv = constant  

I f  an outdoor a i r  supply duct is connected d i r e c t l y  t o  a fo rced  
a i r  h e a t i n g  system wi th  t h e  furnace  f a n  opera t ing  continuously,  
the  a i r  f low r a t e  supplied by t h e  system could be assumed as 
constant .  Thus, 

For comparison, t h e  n e u t r a l  pressure  l e v e l s  f o r  conf igura t ions  I ,  
11, 111, I V  and V w e r e  ca lcu la ted  us ing t h e s e  equations.  The 
r e s u l t s  (Table Al) show good agreement between t h e  ca lcu la ted  and 
t h e  measured n e u t r a l  pressure  l eve l .  

Table A1 Measured and Estimated Flow Coefficients,  Exponents and Neutral 
Pressure Levels 

Flow Coefficient and Exponent 
Neutral Pressure Level 

Estimate Measurement 
Configu- C C Es tima t e  Measurement 
rations L/(S *m2pan) n L/(S .m2pan) n m m 

I 0.106 0.7 1 0.103 0.71 2.4 2.6 

I1 0.119 0.66 0.126 0.66 2 .O 2.1 

111 0.113 0.71 0.101 0.71 4.1 4.2 

IV 0.150 0.66 0.134 0.66 3.4 3.6 

V 0.144 0.66 0 .I39 0.66 3.2 3.2 



Table 1 Measured Flow Coeff ic ients ;  Exponent; Neutral  Pressure  Levels; House Air Change Rates; and Comparison of Measured 
and Calculated r 

Pressure d i f f e r ence  under 
Fan p re s su r i za t ion  no wind condi t ions  

test House 
Appr ox. a i r  

Vent S i ze  C n e u t r a l  LP s t ack  r change 
m2 Flow n pressure  a t  grade f o r  r a t e  

J h -h 
Conf igu- c o e f f i c i e n t  Flow l e v e l  above At=34K 

B'0*32 1+81+' At=34K 
r a t i o n  In take  Exhaust L/ (s *m2pan) exponent grade, m Pa (Measured) (Ca culated) ac/h Remarks 

0 0 0 0.092 0.71 3.2 5.3 1 1 0.2 House a s  i s  

I 0.0081 0 0.103 0.7 1 2.6 4.3 1.13 1.19 0.26 Vent i n  south  
basement wal l  

I1 0.0081 0 0.126 0.66 2.1 3 .5 1.22 1.34 0.33 Supply t o  forced 
a i r  hea t ing  
system 

I I a  0.0081 0 0 .lo2 0.7 1 - - - - 0.26 Furnace f a n  of E 

111 - 0.0127 0.101 0.71 4.2 6.9 1.31 1.31 0.3 Stack i n l e t  i n  
basement 

I V  0.0081 0.0127 0.134 0.66 3.6 6 1.4 1 1.5 0.35 I and I Z I  

V 0.0081 0.0127 0.139 0.66 3.2 5.3 1.63 1.66 0.44 I I a n d  I11 

V I I  2~0 .0081 0 0.141 0.66 - - 1.16 1.38 0.32 Two ven t s  i n  
south  basement 
wal l  

I X  0.0127 0 0.132 0.66 4.2 6.9 - - 0.34 Vent i n  second 
s t o r e y  window 

X 0.0127 0 0.135 0.66 - - - - 0.32 Vent i n  f i r s t  
s t o rey  window 
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SYNOPSIS 

Airtightness and ventilation standards a re  forming an increasingly 
important role i n  building energy conservation s t ra teg ies .  Such 
standards were f i r s t  introduced in Sweden where limited indigenous 
energy resources, coupled with a severe climate and a s teadi ly 
increasing reliance on imported energy resources, resulted in a 
thorough appraisal by the Swedish government of future energy 
policy. The cornerstone of t h i s  policy i s  building energy 
conservation w i t h  a par t icular  emphasis on the control of fresh a i r  
exchange rates .  Subsequently, other countries have focussed 
at tent ion on air t ightness  and ventilation standards as a method of 
minimising heat loss  from buildings. 

The purpose of this paper i s  t o  explore the implications and cos t  
effectiveness of these requirements, par t icular ly i n  re lat ion to  
climate and ventilation needs. The objective i s  t o  show tha t  
universal standards may not necessarily be appropriate and tha t  i t  
i s  necessary fo r  each country to  pay careful a t tent ion t o  i t s  own 
individual requirements. In par t icular ,  two fundamentally different  
approaches to  the problem a re  considered. The f i r s t  re la tes  to  a 
total  a i r t ightness  policy, i n  which a l l  f resh a i r  needs a re  met by 
mechanical ventilation. While this method can provide ideal control, 
and can be a t t r ac t ive  in terms of national energy conservation, 
i t  i s  not so easy to  jus t i fy  in terms of cost effectiveness 
especially i n  mild climates. Thus, where many competing demands 
are  being placed on energy conservation budgets, t h i s  approach i s  
unlikely t o  be adopted. The second method i s  to  introduce 1 imited 
air t ightness  measures to  r e s t r i c t  excessive a i r  i n f i l t r a t i o n  rates .  
Again, i t  i s  shown tha t  the value of t h i s  approach i s  governed by 
climate but, i f  properly introduced, has an important role  to  play 
in both new building design and r e t r o f i t  programmes. 

1 .  INTRODUCTION 

Heat lo s s  from buildings continues to  represent a substantial 
proportion of the prime energy consumed in many countries. As 
measures to  upgrade the thermal performance of buildings proceed, 
so a i r  i n f i l t r a t i o n  and ventilation account fo r  an increasing 
segment of the space heating (or cooling) load. I t  i s  primarily 
for  t h i s  reason tha t  a i r t ightness  controls a re  beginning to  form 
part of the building codes and recommendations in a number of 
countries. Such measures a re  already a feature of Swedish1 and 
Norwegian2 building regulations, while plans to  incorporate them 
into North American and Australian standards a r e  well advanced, 

In addition to  increasing the potential for  energy conservation, 
a i r t ightness  construction or  r e t r o f i t  techniques can a lso  
contribute to a comfortable, draught-free environment. On the 
debit s ide ,  however, excessive levels of a ir t ightness  may resu l t  
in a serious deterioration in indoor a i r  quality.  Consequently, 
i t  i s  of paramount importance tha t  these measures a re  introduced 
with the  utmost caution. 



In formulating air t ightness  standards many factors  need to  be 
considered. These include climate, the sources and severity of 
indoor pollution, ventilation requirements, existing practices,  
cost and the overall impact of such controls on energy conservation. 
Requirements also vary according t o  building use. Airtightness and 
ventilation needs are therefore extremely diverse and hence 
solutions appropriate to  one particular building o r  climatic 
region may not necessarily be sat isfactory elsewhere. I t  i s  
therefore essential  tha t  the concepts and implications of building 
air t ightness  a re  thoroughly explored before the introduction of 
such standards. Most importantly, a ir t ightness  and ventilation 
should not be approached in isolation b u t  need, instead, to  be 
considered in context w i t h  other energy conservation measures.The 
durabi l i ty  of components used to  achieve the desired standard also 
needs t o  be verified, since any deterioration in the product will 
resul t  i n  a long-term fa i lu re  to  achieve the desired level of 
energy conservation. 

I t  i s  the  intention of t h i s  paper to  highlight the various 
parameters and d i f f i cu l t i e s  which need to be considered in the 
preparation of airt ightness and ventilation standards. The 
rat ionale behind existing approaches. is  if lustrated and guide1 i nes 
for the  preparation of possible future standards are  discussed. 

CLIMATE 

The primary purpose of building air t ightness  i s  to  minimise 
excessive heat loss due to  a i r  in f i l t r a t ion .  However, the amount 
of energy conserved depends not only on an overall a i r  change ra t e  
b u t  a l so  on the severity of the climate. Thus climate has a 
s ignif icant  influence on the choice of an appropriate level of 
air t ightness .  In particularly severe climatic zones, f o r  example, 
there i s  a much greater scope for  conserving energy than in less  
severe locations; consequently f a i r l y  elaborate design solutions 
can be contemplated. 

For energy investigations, the severity of climate i s  frequently 
quantified in terms of degree days, where a degree day is  the 
number of degrees of temperature difference on any one day between 
a given base temperature and the corresponding daily mean outside 
a i r  temperature. Unfortunately there i s  no international agreement 
on base temperature, although i t  i s  normally regarded as  the 
external temperature below which space heating i s  required. 
Typical values of both base temperature and design indoor 
temperature for  dwellings, taken from the AIC Handbook3 and other 
sources, are  summarised i n  Table 1. The table also highlights 
divergencies from base temperatures a t  which space heating i s  
required. Differences between design room temperature and the 
temperature a t  which heating i s  needed are assumed to  be 
sa t i s f i ed  by incidental gains from solar radiation, building 
occupants and powered appliances, e tc .  In the United States  the 
concept of degree days i s  a lso used for cooling load calculations 
where the cooling degree day i s  given by the number of degrees 
above a base temperature of 25.5OC. The heating and cooling load 



degree days are summed algebraically to give an "infiltration" 
degree day (IDD) for use in air infiltration calculations'+. 

Typical degree day ranges for several countries are reproduced in 
Table 2. This shows values ranging from below 1000 in parts of 
New Zealand to above 12000 in the North of Canada. Despite the 
lack of uniformity regarding the definition of degree days, this 
concept nevertheless provides a convenient method for defining an 
approximate "climatic threshold" at which specific airtightness 
and ventilation approaches become cost effective options. 

AIR INFILTRATION 

Air infiltration is the uncontrolled ingress of air through 
adventitious openings in the building envelope and is caused by 
pressure differences generated by the actions of temperature and 
wind. In the past, this natural mechanism has been harnessed 
throughout the world to satisfy the ventilation needs of many 
buildings. However, this approach suffers from several 
disadvantages which often conflict with energy conservation 
requirements. In particular, the nature of the driving forces is 
such that a constant air change rate cannot be maintained. Thus 
a natural ventilation system designed to satisfy minimum fresh 
air requirements wi 11 frequently provide excess ventilation, with 
a consequential waste of energy. The variation in air infiltration 
rate throughout the year can be at least an order of magnitude. 
For a given building location and fixed leakage parameters, the 
rate of air infiltration is a function of climatic severity. 
Therefore high infiltration rates can be expected to coincide with 
periods when space heating is most required; The influence of 
climate on air infiltration rates can be readily assessed by using 
an appropriate mathematical model 5. A typical example of the 
projected distribution in air change rates throughout a winter 
period for a single family dwelling situated in the United 
Kingdom is illustrated in Figure 1. Natural air movement within 
buildings is also subject to the vagaries of climate, with the 
result that internally generated pollution can linger within the 
building rather than being dispersed. This problem becomes 
especially significant if measures have been introduced to increase 
building airtightness without regard for the need to satisfy the 
demands of indoor air quality. 

Although purpose provided vents, stacks and windows have all been 
used to improve the performance of natural ventilation, the 
inherent limitations of this approach has resulted in a trend 
towards the use of mechanical methods of ventilation in some 
countries. 

AIRTIGHTNESS 

The airtightness of a building may be determined by artificially 
pressurizing or depressurizing the structure and measuring the 



volume a i r  f l ow  r a t e  necessary t o  maintain a given pressure 
di f ference. Measurements are  normally made a t  several pressures 
so t h a t  the  re l a t i onsh ip  between f low r a t e  and pressure d i f fe rence  
can be establ ished. 

The f low charac te r i s t i cs  are approximated by the empir ical  f l ow  
equation 

where K = leakage c o e f f i c i e n t  
n = f l ow  exponent 

and AP = pressure d i f fe rence  

Although i n  theory the f low exponent, n, can have a value between 
0.5 ( f u l l y  turbu lent  f low)  and 1.0 ( laminar flow), i n  p rac t i ce  i t  
usual ly  l i e s  between 0.6 and 0.7. 

It has become common t o  express the a i r t i gh tness  o f  a bu i l d i ng  i n  
terms o f  the measured f low r a t e  a t  a pressure d i f fe rence  o f  50 Pa. 
This reference pressure thus acts  as a datum against  which the 
a i r t i gh tness  performance o f  bu i ld ings can be compared. Extreme 
caut ion i s  necessary, however, because there i s  l i t t l e  
in te rna t iona l  un i fo rm i ty  governing pressur izat ion tes t ing .  It i s  
therefore  not  always s t ra ight forward t o  use t h i s  method t o  make 
val i d  comparisons between the a i r  leakage performance o f  bu i ld ings 
i n  d i f f e r e n t  countr ies.  It i s  a lso usual t o  d i v i de  the f low r a t e  
by the heated volume o f  the bu i l d i ng  t o  der ive the a i r  leakage a t  
50 Pa i n  terms o f  a i r  changes per hour (ach). This again can lead 
t o  confusion and uncer ta in ty  since d i f f e r i n g  in te rp re ta t ions  o f  
"heated volume" are common. 

I n  North America i t  has become popular t o  express a i r t i gh tness  i n  
terms o f  "equivalent leakage area" (ELA) where ELA i s  defined as 
the s i ze  o f  an o r i f i c e  opening t h a t  would pass the same f l ow  r a t e  
a t  a spec i f i ed  pressure as would the e n t i r e  bu i l d i ng  subjected t o  
the same pressure d i f f e r e n t i a l .  The spec i f i ed  pressure has y e t  
t o  be standardised and a t  the present time 10 Pa i s  favoured i n  
Canada wh i le  4 Pa i s  pre fer red i n  some par ts  o f  the United States. 
Figure 2 i l l u s t r a t e s  an approximate comparison between each o f  the 
leakage d e f i n i t i o n s  f o r  a range o f  f l ow rates. The example 
i l l u s t r a t e d  compares the a i r  leakage o f  a 250 m3 dwell  i ng  conforming 
t o  Swedish a i r t i gh tness  standards o f  3 ach a t  50 Pa1 w i t h  ELAs a t  
4 Pa and 10 Pa. The corresponding ELAs vary between 138 - 177 cm2 
and 165 - 194 cm2 respect ively,  the spread i n  r e s u l t s  being 
dependent on the f low exponent, n. 

Neither o f  these a i r t i gh tness  d e f i n i t i o n s  can be regarded as 
pe r f ec t l y  sa t i s f ac to r y  since the e f f e c t i v e  leakage area i s  
widely inf luenced by both the choice o f  pressure and the value o f  



the flow exponent, while the leakage at 50 Pa need not be 
indicative of conditions in the pressure regime between 0-10 Pa at 
which air infiltration most often takes place. Nevertheless these 
have proved very useful concepts to incorporate into airtightness 
standards because the necessary measurement methods are fairly 
straightforward to perform and the results provide some indication 
of the relative airtightness performance of buildings. 

5. VENTILATION NEEDS 

The minimum fresh air supply necessary to meet respiratory needs 
is estimated to vary between 0.1 - 0.9 x 10'3m3/sec/person 
depending on the intensity of activity6. Much higher rates of 
ventilation are required to maintain adequate indoor air quality 
and it is this problem which normally dictates overall ventilation 
needs. There is a direct link between modern airtightness 
practices and poor indoor air quality with the result that minimum 
ventilation studies have become inextricably linked to air 
infiltration and airtightness investigations. It is important 
therefore that standards introduced to mi nimi se venti 1 ati on heat 
loss should not conflict with the need to supply sufficient fresh 
air to dilute and disperse internally generated pollution. 

Common pollutants to be found within homes and commercial buildings 
include odour, moisture, the products of combustion, radon and 
formaldehyde. In rooms in which fuel burning appliances are 
installed, adequate air to supply combusti on needs is a1 so necessary. 
The ventilation requirements for other types of buildings are 
frequently more specialised, for example to prevent industrial 
pollution or to remove process heat in factories and to prevent 
bacteriological contamination in hospitals. These requirements 
must be expected to take precedence over energy conservation 
considerations. 

In general, each pollutant requires a different ventilation rate 
to ensure sufficient dilution and removal. These rates are 
primarily dependent on the source and strength of the pollutant, 
external concentrations, disoomfort effects and toxicity. The 
minimum ventilation rate must at all times exceed the rate 
necessary to disperse the pollutant requiring most ventilation. 

In common with airtightness testing, ventilation rates are 
frequently expressed in terms of air changes/hour. Typical 
ventilation rates necessary to dilute some common pollutants are 
illustrated in Figure 3 and are based on data published in British 
Standards 59256. The ventilation rate has been expressed in terms 
of both volume flow rate and air changes/hour for an enclosed 
volume of 250m3. When more than one source contributes to the 
emission of a single pollutant (as occurs in the example with 
moisture and carbon dioxide) the ventilation needed to satisfy 
the requirement of each source is summed to obtain the total rate. 
Very often the pollutant source lies within a single room inside 
the building. Thus, while it is possible to translate the 
ventilation need in terms of a whole building air change rate, it 



does not necessarily follow that an overall air change rate of this 
value will provide adequate ventilation in the proximity of the 
pollutant source. Only if the entire air flow passes through the 
room in question will this be achieved. 

Figure 3 also illustrates the significance of moisture as a 
dominant pollutant. The capacity for air to contain moisture is 
highly sensitive to air temperature and consequently a reduction 
in internal temperatures as a means of conserving energy can result 
in serious condensation problems. In addition, the use of 
unvented space heaters and warm air clothes dryers can further 
exacerbate the situation. Climatic differences also impart 
important regional differences to the moisture problem. Figure 4 
indicates the average moisture content of outside air throughout 
the winter months for locations in Canada, New Zealand and the 
United Kingdom. This shows the average mid-winter water content 
of the atmosphere in London to be almost 33 times greater than 
that in Ottawa, while in Wellington the water content exceeds the 
Canadian value by a factor of almost 5. Thus for a given rate of 
moisture generation within a building, a much higher rate of 
ventilation is necessary in some regions than in others. 

Climatic conditions, as well as the occupants' choice of 
appliances, therefore have an important influence on ventilation 
requirements. Both problems need to be carefully addressed during 
the preparation of ventilation standards. 

INFLUENCE OF AIRTIGHTNESS ON VENTILATION STRATEGY 

The fundamental design criteria for energy efficient ventilation 
is to minimise space heating and cooling loads yet maintain 
adequate indoor air quality. The selected approach must also be 
cost effective. The efficient performance of ventilation systems 
is dependent on the level of building airtightness, thus the 
choice of airtightness standard has a significant effect on 
ventilation strategy. 

There are essentially two approaches to building airtightness. 
The first is to follow an almost total airtightness policy in 
which separate provision is made to satisfy ventilation needs by 
mechanical means. The second method is to introduce limited 
airtightness measures such that passive ventilation is sufficient 
to meet most needs. The former technique offers good control 
over air change rates, so providing an opportunity to benefit 
from the full value of air infiltration reduction techniques. 
Its main disadvantage is that system expense and additional 
construction costs are high. Furthermore it is essential that the 
design airtightness is maintained throughout the life of the 
building. By comparison, the partial airtightness approach, 
incorporating natural ventilation involves a much smaller increase 
in expenditure. In addition, a margin of natural leakage ensures 
a certain degree of safety, while at the same time excessive rates 
of air infiltration are minimised. However, the latter technique 
does not offer the same degree of energy conservation as the former. 



Nevertheless i t  s t i  11 has important appl ications,  especi a1 ly  i n 
mild climatic regions where the cost  of providing mechanical 
vent i la t ion stands l i t t l e  chance of being recovered. This 
approach also provides a yardstick against which the energy 
efficiency and cost performance of mechanical ventilation systems 
can be compared. 

A policy towards high levels of a ir t ightness  has been introduced 
for  a1 1 new dwell ings in Sweden1 and Norway2. The introduction 
of these standards has therefore encouraged a substantial increase 
in the use of mechanical ventilation. On the other hand, proposed 
Uni ted States  ASHRAE standards4 consider a combination of 
techniques, with the level of a ir t ightness  being fixed according 
to  i n f i l t r a t i o n  degree days. In the severest climatic areas of 
the country a high degree of a ir t ightness  i s  proposed w i t h  a 
consequential need for  mechanical ventilation. Elsewhere, 
progressively l e s s  stringent requirements a re  envisaged. 

COST EFFECTIVENESS OF AIRTIGHTNESS MEASURES 

For countries in which degree day base temperatures correspond to  
the threshold a t  which space heating i s  required, the annual 
vent i la t ion space heating demand in given by 

where Q = venti la t ion/ inf i l  t ra t ion  flow ra te  (m3/sec) 
DD = number of degree days 

p = a i r  density = 1.29 kg/m3 
S = specific heat of incoming a i r  = 1012 J/kg 

In terms of hourly a i r  change rate ,  t h i s  equation becomes 

ACR x V x DD x .I128 
3600 

where ACR = hourly a i r  change r a t e  (h- l )  
V = volume of heated space (m3) 

Elsewhere degree days need to  be recalculated to the heating 
threshold temperature prior to  performing energy calculations.  
These energy equations enable degree day data to  be used to  
determine the cost effectiveness of a ir t ightness  and ventilation 
measures. 



To achieve the Swedish recommended air change rate for single 
family dwellings of 0.5 achl by natural ventilation, it has been 
shown-that the air leakage of the building should not be much 
below 10 ach at 50 pa7. Furthermore, to ensure the removal of 
pollutants at source, the intermittent use of local extract fans 
and cooker hoods may be necessary, adding a further 0.2 ach to the 
air change rate8. Thus an overall ventilation rate averaging 
0.7 ach may be needed to satisfy the above ventilation requirement 
by natural means, It should also be noted that further airtightness 
of the building could be counter-productive, since it is probable 
that more use of window opening will take place to overcome 
noticeable indoor air qua1 i ty problems. 

In theory, mechanical ventilation can provide complete control 
with the result that the desired air change rate should be 
possible at an energy advantage over natural ventilation. 
Mechanical ventilation a1 so provides the opportunity for heat 
recovery, either by incorporating a heat pump into the exhaust air 
duct or by using the exhaust air to pre-heat incoming air. 
Typically, these methods permit a heat recovery of approximately 
70% (see Figure 5a). In practice, the degree of airtight.ness 
necessary to achieve this level of control is neither possible 
nor desirable, and measurements made in dwellings constructed to 
Swedish airtightness standards of 3 ach at 50 Pa reveal residual 
infiltration rates of up to 0.2 achg. Thus the total air change 
rate will be closer to 0.7 ach, corresponding to the value 
estimated for natural ventilation. Therefore, for mechanical 
ventilation to be energy efficient, heat recovery is essential . 
However, because heat cannot be recovered from the infiltration 
loss, the net heat recovery reduces to 50% (see Figure 5b). 
Furthermore, to be cost effective, the annual saving in energy 
charges must outweigh the combined yearly operating and payback 
cost of the ventilation system. This can be expressed in the form 

where A = combined yearly operating and payback cost. 
= annual cost of heat lost through mechanical 

'('1 ventilation system. 

annual cost of heat lost through residual air 
'('1 infiltration. 

C annual cost of heat lost through natural 
(N) ventilation. 

By combining equation (4) with equation (2), the number of degree 
days at which mechanical ventilation with heat recovery becomes 
cost effective is given by 



where Ec = cost  o f  each GJ o f  useful  energy 

H e f f  = e f f i c iency  o f  heat recovery (%) 

QN = natura l  v e n t i l a t i o n  r a t e  (ach) 

QM = mechanical v e n t i l a t i o n  r a t e  (ach) 

IM = residual  i n f i l t r a t i o n  r a t e  (ach) 

Using the example c i ted,  equation (5)  reduces t o  

where QN = 0.2 ach, QM = 0.5 ach, IM = 0.2 ach and Heff = 70% 

Harrysonlo ind icates t h a t  the add i t i ona l  cost  of i nc lud ing  balanced 
v e n t i l a t i o n  w i t h  heat recovery i n  a new bu i l d i ng  i n  Sweden i s  as 
low as 8000 SEK. Thus, assuming a system 1 i f e  o f  20 years, the 
annual "payback" i s  400 SEK. Running costs (Q 600 kwh) w i l l  add 
another 150 SEK t o  the annual operat ing expense making a t o t a l  o f  
550 SEK. A t  an approximate charge f o r  useful  energy o f  66 SEK/GJ, 
the r e s u l t i n g  economic degree day value i s  3039. Based on these 
f igures,  a i r - t o - a i r  heat recovery can be regarded as cos t  e f f e c t i v e  
throughout Sweden. Comparable costs i n  the UK y i e l d  a less 
o p t i m i s t i c  degree day value o f  approximately 4500 and t h i s  
approach could not  therefore  be j u s t i f i e d  on economic grounds f o r  
t h i s  s i z e  o f  bu i ld ing.  The nomogram presented i n  Figure 6 enables 
approximate so lu t ions t o  be found f o r  a whole range o f  p r i ces  and 
condi t ions.  General ly i t  can be expected t ha t  the threshold 
degree day value w i l l  be somewhere between 3000 and 5000. For 
1 arger bu i  1 dings , proport ional  l y  1 ower degree day val  ues may be 
expected. It i s  a lso possib le t o  reduce the threshold value by a 
f u r t h e r  17% by lowering the mechanical v e n t i l a t i o n  r a t e  t o  0.3 ach. 
Combined w i th  the residual  a i r  i n f i l t r a t i o n ,  i t  should s t i l l  be 
poss ib le  t o  s a t i s f y  the Swedish v e n t i l a t i o n  requirement o f  0.5 ach. 

These ca lcu la t ions  thus provide an approximate method o f  assessing 
the cos t  ef fect iveness o f  v e n t i l a t i o n  approaches and are appl i cab le  
t o  a wide range o f  bu i ld ings.  They a lso i l l u s t r a t e  tha t ,  although 
heat recovery approaches can r e s u l t  i n  considerable energy savings 
on a nat iona l  scale, "pay back" and operating costs must be low t o  be 
a t t r a c t i v e  t o  the bu i ld ing  user. 



CONCLUSIONS 

Energy conservation cannot be achieved simply by reducing air 
change rates. Airtightness and ventilation standards must be 
introduced in conjunction with good building design to ensure 
that indoor air quality problems are avoided. Actual ventilation 
needs are dependent on building use, the source and strength of 
pollutants and local climate. Where stringent airtightness measures 
have been introduced, purpose provided ventilation is essential. 
Conversely if mechanical ventilation is installed, airtight 
construction is essential, otherwise the potential for energy 
conservation wi 11 not be achieved. 

Ventilation standards must not be concerned solely with overall 
air change rates. The performance of ventilation in dispersing 
pollution at source also needs to be considered. 

It is unlikely that mechanical ventilation alone will offer an 
energy advantage over a comparable natural ventilation system. 
Only by combining mechanical ventilation with heat recovery will 
a reduction in energy usage be possible. However, while heat 
recovery can be shown to be energy effective, i.e. can offer a 
considerable reduction in energy demand on a national scale, it 
is often difficult to justify this approach in terms of cost 
effectiveness to the consumer. It is possible to make an 
assessment of the viability of heat recovery by consideration of 
degree days. Typical instal lation and operating costs indicate 
that such a system is viable for single family dwellings over a 
20 year payback period for degree days in excess of about 3K - 5K. 
More precise figures can be readily calculated given details of 
energy costs, ventilation needs, etc. For larger buildings where 
the relative cost of the ventilation system is lower in relation 
to the volume of air handled, this approach is more likely to be 
a cost effective proposition. 

Unless the relative cost of mechanical ventilation can be 
considerably reduced, natural ventilation will continue to have a 
dominant role to play in mild climatic areas. By careful design 
and control over airtightness, a satisfactory balance between 
costs and energy conservation is possible. 
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TABLE 1: Variat ions i n  degree day d e f i n i t i o n  

TABLE 2: Degree day data  

Country 

Belgium 

Canada 

Nether1 ands 

New Zealand 

Norway 

Sweden 

Switzerland 

United Kingdom 

United S t a t e s  

sX Average for 80% populated area 3600 

Indoor design 
temperature 
(1 iving a reas )  

20.0 

21.1 

20.0 

20.0 

20.0 

20.0 

20.0 

18.3 

20.0 

Base 
temperature 

15.0 

18.0 

18.0 

18.0 

17.0 

17.0 

20.0 

15.5 

18.3 

Country 

Belgium 

Canada 

Netherlands 

New Zea 1 and 

Norway 

Sweden 

Switzerland 

United Kingdom 

United S t a t e s  (IDD) 

External temperature 
be1 ow which heating 
is required 

15.0 

18.0 

15.5 

12.0 

15.5 

18.3 
1 

1 

Degree day da ta  (range f o r  country) 

2021 - 2087 

3200 - 12600 

2714 - 3145 

500 - 1400 

4647 - 6402 

3006 - 5930 

2620 - 5700' 

1835 - 2613 

630 - 9363 
A 



FIGURE 1: Typical variation in air infiltration 
rate throughout heating season for a 
small dwelling. 
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FIGURE 3 :  Ventilation requirements to dilute some common domestic pollutants 
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FIGURE 6: Calculation of deqree day threshold at which mechanical 
ventilation becomes cost effective (0.5 ach) 
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INTRODUCTION 

Air infiltration typically accounts for a third of the 
energy loss in a heated building. The driving forces 
for natural air infiltration are wind and temperature 
differences. For a given combination of weather condi- 
tions the amount of air infiltration is determined by 
the character of the building envelope, mainly its 
airtightness. A useful technique in characterizing 
this housing quality is to measure air leakage. An air 
leakage standard for new construction has been in ef- 
fect in Sweden since 1975. Pressurization, using a fan 
to measure air leakage, is performed routinely in 
checking new Swedish dwellings. 

In addition to these shorter tests, long-term measure- 
ments of air infiltration have been made possible with 
the constant concentration tracer gas technique. An 
automated system working on that principle has been 
developed at the National Testing Institute. Results 
from constant concentration tracer gas measurements 
and fan pressurization measurements in three houses 
were used to study the influence of climate and venti- 
lation system on airtightness requirements. A period 
of one year was examined using an air infiltration mo- 
del developed at Lawrence Berkeley Laboratory. 

2. TEST METHODS 

In order to perform the measurements necessary for 
this paper, two methods were used: the pressurization 
technique and the tracer gas technique (1.2). 

The pressurization technique was used to test envelope 
airtightness of the three houses. The procedure was 
the following: 

A fan was mounted into the building envelope. The en- 
tire house was first pressurized and then depressuri- 
zed (i.e. a differential pressure was established be- 
tween the inside and the outside of the house). All 
vents that were part of the mechanical ventilation 
system were sealed off during the test and all other 
vents were measured separately. Using a flow meter. 
the air flow through the fan was determined. It can be 
assumed that this rate was equal to the air flow 
through the building envelope at the same time. A 
pressure flow rate profile was established for the 
house. 



The tracer gas technique was used for measuring air 
infiltration for natural running conditions in the 
tested houses. Tracer gas, a gas normally not present 
in buildings, was injected into the house and the 
amount injected and the concentration were measured. A 
completely automated constant concentration tracer gas 
technique (3) was used. 

The measurement system maintains a constant concentra- 
tion of a tracer gas in nine rooms simultaneously. 
Tracer gas is injected into each room and the concen- 
tration is measured in each room. A target concentra- 
tion is maintained. The system measures the supply of 
fresh air to each room, i.e. air that comes directly 
to the room from the outside without passing through 
another room. The result is given in m3/h directly 
without any estimation of the effective volume. 

3. MODEL 

The results were further examined using a mathematical 
model of air infiltration developed at Lawrence Berke- 
ley Laboratory (1). The primary input to this model is 
the air leakage of the entire building envelope, which 
is given as an effective leakage area: 

where Q is the airflow lm3/s 1 ,  
AP is the pressure drop across the building 

envelope IPal. 
L is the effective leakage area Im21 and 
P is the density of air Ikg/m31 

Because the pressures driving infiltration are normal- 
ly within a limited range (1 to 10 Pa), the effective 
leakage area is calculated for a pressure difference 
of 4 Pa. 

The forces that drive infiltration are pressure diffe- 
rences across the building envelope caused by wind 
forces and by indoor-outdoor temperature differences. 
The stack-induced infiltration is calculated as fol- 
lows : 

where Qs is the stack-induced infiltration lm3/sl, 
f ,  is the stack parameter ~m/(s~l/~) 1 and 
AT is the inside-outside temperature difference 

IKI 



The stack parameter is given by the following 
expression: 

where R = 
Lfloor + Lceilinn 

Ltot 

g is the acceleration of gravity lm/s21, 
H is the inside height of the structure /m( 

and 
T is the inside temperature IKI. 

The wind-induced infiltration is calculated as follows: 

where Qw is the wind-induced infiltration lm3/sJ 
fw is the wind parameter ldimensionlessl and 
v is the wind speed lm/s). 

The wind parameter is given by the following expression: 

where C s  is the generalized shielding coef- 
ficient, 

a, Y are terrain parameters at the 
structure. 

a'. Y '  are terrain parameters at the site 
of the wind measurements, 

H is the inside height of the struc- 
ture Im) and 

HI is the height of the wind measure- 
ment Iml. 

The air flow resulting from the two driving forces 
must be combined to arrive at the total infiltration. 
If the expressions for wind- and stack-induced infil- 
tration are interpreted as effective pressure diffe- 
rences across the leakage area of the structure, the 



total infiltration can be determined by adding these 
pressures. If the flow is proportional to the square- 
root of the pressure, then two flows acting indepen- 
dently must add as follows: 

Qtot = y- 
This equation is useful for a structure without any 
specially designed ventilation system. Most Swedish 
one-family houses do however have unpowered vents or a 
mechanical ventilation system. Unpowered vents protru- 
de beyond the envelope and should therefore not be in- 
cluded into the total leakage area. Their ventilation 
should be calculated separately ( 4 ) .  

The ventilation through the vents should be combined 
with the other flows using superposition: 

Qtot = 

where Qvent is the ventilation through the unpowe- 
red vents lm3/s 1 . 

If the house is equipped with an exhaust fan the same 
discussion as for an unpowered vent applies, i.e. 

Qvent = Qexhaust fan 

where Qexhaust fan is the rating of the fan lma/sl. 

A balanced ventilation system should not affect the 
pressure drop across the envelope caused by natural 
driving forces. The fan flow can therefore simply be 
added to the natural ventilation: 

-  tot - Qfan + Vm 
where Qfan is the rating of the fan lm3/s). 

4 .  BUILDINGS 

Three houses were tested. Each represents common resi- 
dential constructions and ventilation systems. 



Svaneholm: a one-family house built during the early 
sixties. It is a one-storey, 135 m2 building with 
full basement. The external walls are made of pre-fab- 
ricated elements (0.3 m 1.2 m wide, 2.4 m high) each 
of which is a wood frame filled with cellulose fila- 
ment. This kind of structure has a large number of 
vertical joints. The facade is brick with a vapour 
barrier consisting of tar-impregnated board. Heating 
is a hydronic system with an oil fired boiler. The 
furnace room was sealed off from the rest of the house 
during the tests. The house is ventilated without 
fans: air is exhausted through simple vertical ducts. 

Bords: a 1 1/2-storey. 140 m2 one family house 
with crawlspace. Built in 1977. It has a well insula- 
ted timber frame and a plastic air/vapour barrier. 
Heat is supplied by electric baseboard heaters. The 
ventilation system has an exhaust fan and air inlets 
in the exterior walls. 

Skultor~: a one-storey house, 108 m2 built in 
1982. It has no basement but a crawl-space. It has a 
heavily insulated timber frame structure with a plas- 
tic air/vapour barrier. The ventilation system has 
both supply and exhaust fans. The house is heated by a 
warm air system. 

5. RESULTS 

The airtightness of the three houses are shown in 
table 1. 

Table 1. Comparison of airtightness, number of air 
changes. with all vents sealed. 

Swedish Built Built Built 
Building 1972 1977 1982 
Code Svane- Bergs Skultorp 

holm 

Pressurization 
at 50 Pa, hr-l: 3.0 5.0 4.8 1.1 

For all three houses the ventilation rate of each in- 
dividual room was monitored. There is quite a varia- 
tion between different rooms for the Svaneholm house 
(5) i.e. fresh air coming directly into the room with- 



out passing through another room.This is a function of 
the ventilation system and the distribution of the en- 
velope airtightness. 

In the Bords house most rooms are adequately ventila- 
ted. The kitchen seem to be very poorly ventilated. 
i.e. hardly any fresh air comes directly into the kit- 
chen. One of the bedrooms also has a very low ventila- 
tion rate, probably caused by too tight an exterior 
wall. 

The Skultorp house has a ventilation rate which is al- 
most constant with time (5). This is due to the fact 
that the ventilation system is coupled with a very 
tight building envelope. The ventilation rates of in- 
dividual rooms depend on how well the ventilation sys- 
tem is adjusted. 

In order to further examine these three houses during 
a complete year they were modelled using the LBL- 
model, as the measurements were taken only for a few 
days. The model was first applied to the houses for 
the same weather conditions as during the tracer gas 
measurements. 

The results for the Svaneholm house showed a very 
close correlation between measurements and predictions 
(see fig. 1). The average measured value was 70.7 
m3/h and the predicted value 71.5 m3/h. For the 
test period the model tracks the measured ventila- 
tion rate very well. 

The results for the Borss house showed a discrepancy 
between model and real life. The model overpredicted 
by about 20 % (see table 2). 

Table 2. Ventilation rates for the Borss house (air 
infiltration + exhaust fan ventilation) in 
m3/h. 

Measured 153 145 
Predicted 176 181 

For the Skultorp house the LBL-model overpredicts with 
15 % (see fig. 2). 

The size of the discrepancy between model and measure- 
ment is to be expected, when considering that the mo- 
del is rather simple and that there are inaccuracies 
in the measurements as well. 



Table 3. Parameter values used in the LBL-model. 

House Svaneholm Bords Skultorp 

125 69 30 

0 72 30 

250 360 89 

300/2 0 0 

0.85 0.67 1.0 

0.20 0.25 0.15 

Hv (m) is the height 4.0 0 0 
of the vent 

T (OC) is the indoor 22 20 20 
temperature 

Qexhaust fan (m3/h) 

The model was used to predict the ventilation rates 
for each of the houses during one sample/year in the 
same city. Hourly weather data for Stockholm was used. 
With all windows closed, the Svaneholm house (unpowe- 
red vents) never reached the required minimum ventila- 
tion rate of 0.5 ach (155 m3/h). Its monthly ave- 
rage ventilation rate varies very much (see fig. 3). 
The lowest values were for July and August (0.14 ach) ; 
the highest were for November and January (0.26 ach). 

The Bords house (exhaust fan) had an almost constant 
ventilation rate of 0.52 ach (see fig. 4). Its lowest 
monthly average value was 0.48 ach and; highest was 
0.56 ach. 

The Skultorp house (balanced ventilation) had a con- 
stant ventilation rate of 0.60 ach (see fig. 5). The 
lowest monthly average value was 0.59 ach; the highest 
was 0.62 ach. 



6. DISCUSSION 

To evaluate the performance of the tested houses the 
ventilation rates were analyzed and the energy losses 
caused by air infiltration calculated using weather 
data from Stockholm. All changes in air tightness were 
proposed, based on calculations using the LBL-model. 

The Swedish building code specifies a required minimum 
ventilation rate of 0.5 ach. The Svaneholm house with 
unpowered vents, never reaches this level unless win- 
dows are opened. The energy loss caused by ventilation 
is 2550 kwh for one heating season. If the house is to 
reach the minimum required ventilation rate during the 
heating season the effective leakage area must be in- 
creased from 250 cm2 to 650 cm2 (from 5.0 ach 
to 13.0 ach at 50 Pa). This would increase the energy 
loss to 5350 kwh, an energy loss which is hard to re- 
cover. 

The Boras house meets the required minimum ventilation 
rate during most of the year. The energy loss caused 
by ventilation is 6350 kwh for one heating season. An 
exhaust air heat pump could be installed which would 
reduce the heat loss to only the loss due to the natu- 
ral air infiltration. i.e. 1050 kwh. If we assume that 
this number should be below 500 kwh, the effective 
leakage area should be reduced from 360 cm2 to 200 
cm2 (4.8 ach to 2.7 ach at 50 Pa). 

The Skultorp house exceeds the minimum required venti- 
lation. The natural air infiltration is very small. 
With no heat recovery the energy loss from ventilation 
is 5250 kwh. If heat from the exhaust air could 
be recovered the heat loss from ventilation i.e. from 
natural air infiltration would be 400 kwh. The venti- 
lation system should be optimized and adjusted to 0.5 
ach. 

CONCLUS IONS 

Three typical   we dish one-family houses were examined, 
each with a different type of ventilation. If doors 
and windows were closed the one-family house with un- 
powered vents (airtightness of 5.0 ach at 50 Pa) would 
be inadequately ventilated all year around, although 
the house was not as tight as required by the Swedish 
Building Code. The ventilation rate for the summer was 
also very low. Airing during most of the year is hard 



to control, and means additional energy consumption. 
In summer it presents less of a problem, for people 
can easily be expected to open their windows to get 
fresh air. 

The one-family house with an exhaust fan ventilation 
system (airtightness of 4.8 ach at 50 Pa) was adequa- 
tely ventilated during most of the year. The heat loss 
caused by air infiltration could be reduced by making 
the house tighter. i.e. bringing it below the required 
level of 3.0 ach at 50 Pa. 

The one-family house with a balanced ventilation sys- 
tem (airtightness of 1.1 ach at 50 Pa) was adequately 
ventilated all year although it is tighter than requi- 
red. The heat loss from natural air infiltration was 
sufficiently low. The ventilation rate could be lowe- 
red to 0.5 ach by adjusting the fans. 

In different climates,the above total ventilation ra- 
tes and heat loss rates caused by air infiltration 
would be different, requiring different air tightness 
levels. 

The best way of both supplying adequate ventilation 
and conserving energy is to insure that the building 
envelope is sufficiently tight and then install a 
mechanical ventilation system. To control the year 
round conditions the system should either be a balan- 
ced type or the exhaust air type with special vents to 
the outside for supplying fresh air. 
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Fig. 1 Measured ventilation rate vs. predicted ven- 
tilation rates for the Svaneholm house (air 
infiltration + unpowered vent ventilation) 

------- prediction 

measurement 



Fig. 2 Measured ventilation rate vs. predicted ven- 
tilation rate for the Skultorp house (air 
infiltration + balanced ventilation) 

-.-*--.- prediction 

measurement 

0.5 ach 

Fig. 3 Predicted ventilation rates for the Svane- 
holm house (air infiltration + unpowered 
vent ventilation) 



Fig. 4 predicted ventilation rates for the Boras 
house (air infiltration + exhaust fan venti- 
lation) 

m3/h 200.0 

160.0 

0.5 ach 
100.0 

60.0  

0.0 

Fig. 5 Predicted ventilation rates for the Skultorp 
house (air infiltration + balanced ventila- 
tion) 
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SYNOPSIS 

I n  1981 Norwegian b u i l d i n g  r e g u l a t i o n s  in t roduced  q u a n t i t a t i v e  r e q u i r e -  
ments t o  a i r  l e akages  i n  d i f f e r e n t  t y p e s  of bu i ld ings .  The requi rements  
were formed a s  maximum al lowed a i r  changes per  hour a t  50 Pa p r e s s u r e  
d i f f e r e n c e  acco rd ing  t o  t h e  p r e s s u r i z a t i o n  method. 

To e v a l u a t e  t h e  consequences of t h e s e  new requirementsimposed t o  
Norwegian b u i l d i n g  i n d u s t r y  a  model proposed by t h e  Nordic Committee f o r  
Bui ld ing  Regula t ions  (NKB) was used. 

The average  a i r  l eakages  of r e s i d e n t i a l  b u i l d i n g s , b u i l t  b e f o r e  t h e  new 
requ i r emen t s , a r e  known through a  r e sea rch  p r o j e c t  performed i n  1979. 
Average a i r  l e akages  of o t h e r  b u i l d i n g s  a r e  n o t  known. 

Energy l o s s e s  due  t o  a i r  i n f i l t r a t i o n  a r e  c a l c u l a t e d  wi th  t h e  computer 
program ENCORE. 

E x t r a  c o s t s  f o r  ach i ev ing  necessary  t i g h t n e s s  i n  de tached  houses a r e  
e s t ima ted  t o  b e  NOK 1000,- i n  average  p e r  house, and t h e  r e s u l t i n g  
energy sav ing  i s  e s t ima ted  t o  be  1200 kWh/year corresponding t o  NOK 
360,- pe r  year .  

For block f l a t s  t h e  new requirements  a r e  supposed t o  have none o r  l i t t l e  
p r a c t i c a l  i n f l u e n c e .  For o t h e r  b u i l d i n g s  t h e  i n f l u e n c e  i s  n o t  known. 

The most e v i d e n t  n e g a t i v e  consequence is  t h e  p o s s i b i l i t y  of reduced and 
t o o  low a i r  change r a t e  i n  de tached  one s t o r e y  houses wi th  n a t u r a l  v e n t i -  
l a t i o n  systems. I n  some of t h e s e  houses it may be  necessary  t o  i n t r o -  
duce mechanical v e n t i l a t i o n  systems t o  ach ieve  a i r  q u a l i t y  c o n t r o l .  

DEFINITIONS 

A i r  change rate: 
- A i r  supply t o  a  room/building d i v i d e d  by t h e  volume of t h e  room/ 

b u i l d i n g  (m3/m3h). 

A i r  leakage c o e f f i c i e n t  n  
50 : - Measured a i r  changes of  a b u i l d i n g  a t  50 Pa p r e s s u r e  d i f f e r e n c e s  

(m3/m3h . 

0. INTRODUCTION 

This  consequence a n a l y s i s  u se s  a  model proposed by t h e  Nordic 
Committee f o r  Bui ld ing  Regula t ions  (NKB)  i n  1983~ . The model i s  
g e n e r a l l y  used f o r  a l l  k inds  of b u i l d ~ n g  r e g u l a t i o n  proposa ls ,  
and may perhaps seem t o o  e x t e n s i v e  i n  t h i s  connect ion.  The 
s t r i n g e n t  system of t h e  NKB-method may be of va lue  a l s o  f o r  
o t h e r s ,  and t h e  c h a p t e r s  i n  t h i s  p a p e r a r e t h e r e f o r e  i n  c o r r e -  
spondance wi th  t h i s  method. 



1. GOAL 

In January 1981 the Norwegian building regulations2 got a new 
chapter 54 dealing with heat insulation and air tightness of 
buildings. The main purpose of the new chapter 54 was to give a 
technical background for energy saving in buildings. Therefore 
increased requirements were introduced with regard both to heat 
insulation and air infiltration. The part goal as to air infil- 
tration is to reduce heat losses from buildings due to air 
leakages. 

2. FULFILLMENT OF GOAL 

To fulfill the above mentioned goal, the Norwegian building 
regulations have introduced quantitative and controllable require- 
ments to air tightness of building components and buildings. 
Earlier regulations contained only qualitative and hardly con- 
trollable requirements. 

3. SPECIFICATION OF REQUIREMENTS 

Qualitative and quantitative requirements regarding air tight- 
ness are assembled in chapter 54 of the building regulations, 
but some qualitative requirements are also found in chapters 
dealing with e.g. external walls, roofs and floors. The 
superior requirement says that buildings which are meant to be 
heated, should be insulated against heat loss and should be air 
tight in a way that maintains a good indoor climate without 
unnecessary energy consumption and risk of moisture damage . 
Connections and joints should be air tight to prevent annoying 
draughts and moisture problems. 

The maximum allowed specific air leakages measured according to 
NS 3206 at 50 Pa pressure difference are: 

Wall-, roof- and floor constructions: 0,4 m3/m3h 
Windows (and doors in detached houses): 1,7 m3/m3h 

The maximum allowed air leakage coefficients n of buildings 
50 

measured according to NS 8200 at 50 Pa pressure difference are: 

Buildings, more than 2 storeys 1,5 m3/m3h 
Buildings, until 2 storeys 3,O m3/m3h 
Detached houses 4,O m3/m3h 

For detached houses the volume for air changecalculationshould 
be the volume of primary parts of the house (according to NS 
3940) and for other buildings the heated volume. 



PERFORMANCE ANALYSIS 

The air barriers of walls, roofs and floors have two energy 
related functions. The prevention or reduction of air infil- 
tration is taken care of in the new building regulation require- 
ments. The prevention or reduction of cold air streams from the 
outside into the insulation is, however, not taken care of. 

Laboratorymeasurementof air leakage through windows is done in 
accordance to Norwegian Standard (NS 3206). This method is 
originally developed and valid for windows, but is also used for 
doors, walls and roof constructions. At the Norwegian Building 
Research Institute (NBI) it is possible to perform measurements on 
building components up to 3,O x 3,O m. 

Adequate equipment for testing air tightness of buildingcomponents 
in situ is not available in Norway. This kind of testing is 
therefore very comprehensive, expensive and is hardly done. 

Total allowed air leakages through the individual building compo- 
nents amounts to only 10-15 % of the allowed over all leakages 
through the building. The situation may then easily arise, that 
a building fulfills the over all requirement while e.g. the 
external walls have unacceptable air leakages. This could give 
someinterpretation problems about which of the joints and con- 
nections that should be included in the building component, 

The Norwegian Standard NS 8200 gives the instructions for the 
testing of a complete building. The capacity of available 
equipment in Norway gives a practical limit to the size of 
buildings that could be tested. Detached houses with floor area 
until 450 m2 and larger buildings until 1000 m2 may be tested 
within standard procedures. Larger buildings may be tested by 
extrapolation from low pressure differences or by using the 
ventilation system. These are not, however, standard procedures, 
and are therefore only seldom used. Air tightness control is in 
practice performed mainly on detached houses. 

The definition "volume of primary parts'' of detached houses 
gives interpretation problems, while e.g. the basements in new 
Norwegian houses very often are left uncompleted but heated, 
until the owner gets economy to fit up a second living room, 
trim room or similar. We have seen cases where different 
testing people have come todifferentresults, which have given 
unnecessary juridical disagreement. 

EXISTING PRACTICE 

Most Norwegian producers of windows and doors have already 
adapted to the new requirements through their participation in a 
voluntary control organization driven by NBI. The most common 



wall- and roof- constructions also fulfill the new require- 
ments, on the assumption of reasonable good craftmanship. 
Experiences through moisture damages, complaint cases and thermo- 
graphy show that the main part of the air leakages is found in 
connections between different building parts and components. 

In 1979 NBI examined 61 detached houses and 34 block flats 
between 1 and 5 years old at that time3. Their air leakage 
coefficients are shown in figures 1 and 2. 40 % of the detached 
houses had an air leakage coefficient lower than 4 m3/m3h and 
20 % more than 6 m3/m3h. 70 % of the block flats were already 
more air tight than prescribed in the new building regulations. 

For larger buildings we have no statistical material. A few 
single control tests indicate that the deviaton in air tightness 
may be considerable. 

Air  leakages 
(m3/m3 h )  

f i g m e  I .  Air leakage coefficient n of 64 detached houses on 50 
different places in Norway. The measurements were per- 
formed by NBI on 1 to 5 years old houses in 1979. 

A i r  leakages nS0 

(m3/rn3 h l  

6 

5 

4 
Norwegian building regulation 
from 1.1.1981 

Figurte 2. Air leakage coefficient n of 34 block flats on 
different places in  orw wag? The measurements were per- 
formed by NBI on 1 to 5 years old buildings in 1979. 



6. NEW PRACTICE 

The new air tightness requirements will scarcely have any effect 
on the basic construction principles for windows, doors and the 
common wall-, floor- and roof constructions. 

A change of polyethylene film thickness from 0,04 mm or 0,06 mm 
to 0,15 mm is partly due to the new air tightness requirements. 
The thickerpolyethylenefilm is less exposed to damages during 
the building period . 
Some constructions with no separate water vapor barrier, like 
some metal wall systems, are not likely to fulfill the new 
requirements unless the jointing problems could be better solved. 

The traditional Norwegian apartment building with in situ con- 
crete and timber framework facades has sufficient air tightness, 
and no changes are necessary. 

Detached houses must in general have a slight improvement of the 
air tightness, but no dramatic changes in building practice is 
necessary. A reasonable good craftmanship and avoidance of 
severe faults is of most importance. Several research projects 
have shown that thorough clamping of all joints and edges of 
the wind- and water vapour barriers gives an over all air 
tightness far below the new requirements. 

We have no statistical material showing the air tightness level 
or the occurance of very leaky houses built after 1.1. 1981. A 
survey on new dwellings is planned, and will probably give the 
answer to this question. 

A similar survey on larger buildings should be very comprehensive 
and is therefore not possible with the available resources. 

IDENTIFICATION OF NEGATIVE AND POSITIVE CONSEQUENCES 

Consequence field Example Influence 

Planning . Freedom of choice 
. Routines 

Building process . Wages 
. Materials 
. Capital 

Building materials . Limitations 
. Product development 

Control . Building authorities 
. Production control 
. Testing procedures 



Consequence field Example Influence 

Administration and . Energy costs + 
maintenance . Running + . Maintenance + . Damages + 
Use of building . Quality + . Health ? . Safety 0 . Fire hazards 0 
Community . Social costs 0 

. Employment 0 . Balance of payments 0 

. Environment 0 

. Diversion of production + 

DIRECT MEASURABLE CONSEQUENCES 

8.1 Building costs 

The cost increase for simple detached houses will be very mode- 
rate. For more complex houses there will be some cost increase. 
These houses are, however, also the most leaky ones, and con- 
siderable energy savings should be expected. We have no Norwegian 
experiences where extra costs are related to air tightness 
level. Figure 3 shows some Swedish experiences. 

Extra costs 
(Skr 1977-80) 

4 

0  1 2 3 . 4 5 6 7 8 9 1 0  

A i r  leakages n5,, (m3/m3hl  

Figme 3 .  Extra costs related to air tightness level for Swedish 
detached houses. 



The following table is based on figure 3 supplemented with some 
Norwegian experiences from field and laboratory measurements, 
Within these extra costs we assume that most dwellings could be 
built within the new air tightness requirements: 

Extra costs per dwelling (NOK) 

Plan- Con- Windows Materi- Total 
ning structing and doors als sum 

Block flat 0 0 0 200 200 
Simple detached- 
and row house 0 0-600 0 400 400-1000 
Complex detached- 
and row house 0-1000 0-2000 0 400-1000 400-4000 

8.2 Energy costs 

If we assume that figure 1 gives a representative picture of the 
air tightnesslevel of new Norwegian detachedhousesbefore 1.1. 
1981, it will be necessary with an average reduction of the air 
leakage coefficient by 1,O m3/m3h to make most new houses 
fulfill the requirement. This corresponds to a certain 
reduction in the air infiltration heat loss depending on: 

- air leakage coefficient n 
- ventilation system 

50 

- number of storeys 
- outside temperatures 
- wind 

By means of the computer program ENCORE, following energy 
savings are calculated under the above mentioned conditions. 
The table is valid for houses with natural ventilation, which is 
the most common system in Norway, and a building size of 120 m2 
floor area: 

Calculated air infiltration heat loss reduction 
(kwh/year) by reducing n50 from 5,O to 4,o m3/m3h 

1 storey 2 storey 3 storey 

Oslo 700 1000 1200 
Trondheim 900 1300 1500 
Troms 0 1200 1700 2000 

The energy price in Norway (electricity) is approximately 0,30 
~o~/kWh. If we assume that the average heat loss reduction per 
detached- and row house is 1200 kwh, the corresponding cost 
reduction is 360 N O K / Y ~ ~ ~ .  



9. OTHER CONSEQUENSES 

The new air tightness requirements could cause f i n a n c i a l  imp l i ca t ions  

other than building costs and energy savings. We have not 
sufficient information to take these aspects into account, and 
the most important other consequences are therefore only shortly 
described in the following: 

9.1 Ventilation system 

Most Norwegian detached houses from the 70's have natural 
ventilation system with an extract fan over the stove. 
Increasing attention to air tightness and ventilation problems 
will probably lead to more mechanical ventilation systems in the 
future, like the trends of e.g. Sweden. This means extra costs, 
but also the possibility of installing heat recovery systems. In 
very air tight houses (n50 < 2 m3/m3h) heat recovery systems are 
normally profitable. 

9.2 Control activities 

To day only approximately 0,5 % of the total annual production of 
dwellings is controlled, A higher control rate would probably 
influence the building quality and thus be profitable for the 
nation. A control rate of 5 % would give an extra cost per 
dwelling of NOK 100-200. 

Energy costs 

Reduced air infiltration could lead to secondary energy saving 
effects, through e.g. better possibilities of reducing indoor 
temperatures and the reduction of cold air streams into the 
insulation. 

9.4 Building faults 

Air leakages have caused condensation and lots of moisture 
damages, especially in roof constructions. The costs of such 
damages may be considerable in single cases, but the frequency is 
not known. Better air tightness would undoubtedly bring savings 
for the country. 

Reduced air leakages could on the other hand give reduced venti- 
lation and an increased risk of condensation and mould growth. 



10. QUALITATIVE AND SOCIAL CONSEQUENCES 

10.1 Comfort 

Reduced air leakages lead to less draught problems and thus a 
better thermal indoor climate. 

Airtight houses may lead to problems in connection with open 
fireplaces, which are very common in Norway. During the last 
years we have had an increasing number of cases where smoke has 
come into the room. The problem may, however, be solved at some 
extra cost, e.g. by means of separate air ducts to the fireplace. 

10.2 Air quality 

The indoor air quality is dependent on the air change rate of the 
single rooms and of the building. In older leaky houses air 
leakages must be considered as an integral part of the venti- 
lation system, and the risk of having a too low air change rate 
has been minimal. In new airtight houses planning and construc- 
tion of an adequate ventilation system and the use of the 
building is of vital importance for the indoor air quality. At 
the same time we have an increasing number of new materials 
involving volatile and hazardous gases in building components 
and furniture. 

In buildings with a balanced ventilation system all extra air 
infiltration is undesirable, and air leakages should be kept as 
low as possible. An air outlet or inlet should be placed in each 
room. 

In buildings with extract ventilation an air tightness level 
lower than building regulation requirements would have little 
influence on the average air change rate. 

In buildings with only natural ventilation the air change rate 
will vary with outside temperatures and wind. To achieve a good 
ventilation it will be necessary to extensive open and 
close vents according to the weather conditions. At 
times one must expect that outlets function as inlets. In 
summer and partly also spring and autumn it will be necessary to 
ventilate through windows and doors in order to achieve the 
generalTy recommended air change rate of 0,5 m3/m3h. In these 
buildings air leakages may be considered as desirable, but even 
very leaky houses will have too low air change rates during most 
of the year if windows and doors are closed. 



Ventilation ra te  

(rn3/rn3 h) 

0#9 1 Norwegian building regulat [on 

0 1 2 3 L 5 6 7 8 9 1 0  
A i r  leakages nsO (rn3/rn3h) 

FLcjWLf2 4 .  Calculated air change rates in a 2 storey detached 
house by + 10 OC outside temperature and no wind. 

A: Balanced ventilation 
B: Extract ventilation with open air inlets 
C: Natural ventilation with open outlets and inlets 

according to building regulations minimum 
requirements. 

D: Air infiltration only, all vents closed. 

11. COMPARISON OF POSITIVE AND NEGATIVE CONSEQUENCES 

Due to the lack of reliable information, only building costs and 
energy savings as a result of air infiltration reduction are 
compared. Costs are based on mean values from chapter 8 and the 
following assumptions: 

. investment 1000 NOK 

. life time of construction 30 years 

. interest 7 % 

. annual energy saving 1200 kWh 

. energy price 0,30 ~ O ~ / k w h  

. detached or row house, floor area 120 m2 



Annual Years Dis- Now-value (NOK! 
amount counting Positive Negative 
( NOK ) factor 

Direct consequences: 
1. Investment 1000 1 1 1000 
2. Energy 360 3 0 12,34 4450 

Indirect consequences: 
Information not available 

Balance 1-3450 

Because of Norwegian tax rules in connection with bank loans and 
interests, the private profitability of investments should be 
better than shown above, If other indirect consequences also 
were taken into account, the result would probably be even more 
positive. 

12. COMPARATIVE ANALYSIS 

The consequence of alternative building regulation requirements 
is not evaluated. 

13. ERROR ANALYSIS 

There are involved large areas of uncertainty in the 
assumptions. The table below indicates the amount of uncertain- 
ties and their consequences for the calculations. The limits of 
the total balance is calculated for each parameter, while the 
other parameters are left constant. 

Parameter Assumption Uncertainty Limits Now-value 
Balance 
( NOK ) 

Extra cost -1000 NOK +lo00 NOK 0 NOK +4500 
-1000 NOK -2000 NOK +2500 

Energy cost 360 N~~/year + 100 NOK/year 460 NoK/~ear +4700 
- 100 N~K/year 260 NOK/year +2200 

Energy price 0,30 NOK/year +0,05 ~OK/kwh 0,35 NOK/kwh +4200 
-0,05 NOK/kwh 0,25 N O K / ~ W ~  +2700 

Life time 30 years +10 years 40 years +3800 
- 5 years 25 years C3200 

Interest 7 % 



14. CONCLUSION 

New building regulation requirements from 1.1. 1981 concerning 
air leakages are quantifiedand in principle controllable. 
Because of limitations in testing methods and available testing 
equipment it is possible to control only small buildings in situ 
and building components only in laboratories. 

The economical consequences are calculated only for dwellings. 
The new air tightness requirements should give insignificant 
change inbuildingpractice for new apartment buildings, and thus 
modest economical consequences. For new detached and row houses 
extra costs are estimated to less than NOK 1000 per dwelling in 
average. This extra cost is compensated by a wide margin by 
energy savings estimated to a now value of NOK 4350 in average. 

Better air tightness will lead to less complaints due to draught 
problems, less moisture damages and a tendency to increasing 
numbers of mechanical ventilation systems. 

The risk of getting low air change rates and reduced indoor air 
quality in certain periods of the year will increase with better 
air tightness of the buildings. One storey houses with natural 
ventilation only will be especially vulnerable. Appropriate 
mechanical ventilation systems will eliminate these problems. 
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SYNOPSIS 

Since 1970 measurements of air change rate have been carried out 
in about one thousand buildings by the Swedish Institute for 
Building Research (SIB). In this paper we present results from 
these measurements. 

The studied buildings are of various design and have ventilation 
systems of different types, natural as well as mechanical. The 
buildings include single family houses, row houses, and multi 
family residential buildings, erected between 1900 and 1982. 

The measurements have then been carried out using tracer gas 
(decay) techniques to determine the rate of air exchange. Other 
collected data include building geometry, building design, and 
meteorological conditions at the time of the measurement. The 
outdoor conditions have varied. 

In the analysis the buildings have been divided into groups 
according to the year of construction, building design, and type 
of ventilation system. The measured rate of air change is 
compared to that required by the Code for each group of buildings. 

In many cases measurements have been carried out before and after 
retrofits aiming at saving energy. For a lot of buildings 
pressurization measurements as well as tracer gas measurements 
have been done simultaneously. In these cases we have also 
estimated the airtightness of different building categories. 

1. INTRODUCTION 

In this paper we report results from an analysis of data on the 
rate of air change in residential buildings. The data have been 
collected by the field measurement unit of the Swedish Institute 
for Building Research (SIB) between 1974 and to 1983. These data 
have been collected for various research projects, having 
different purposes, like determination of the energy status of 
buildings, assessment of the indoor air quality in buildings, 
investigation of buildings with radon content in the air, 
diagnosis of building damages caused by moisture, etc. 

The results given here are based on data from 600 buildings, 
representing one- and two storey detached homes, two storey row- 
houses, and multi storey apartment buildings, situated in 
different parts of Sweden. However, it should be noted that the 
collection of buildings does not constitute a true statistical 
sample from the Swedish building stock. Buildings from Mideastern 
and Northern Sweden are overrepresented. 



D u r i n g  t h e  measurements c l i m a t e  v a r i a b l e s  l i k e  t h e  i n d o o r  and 
o u t d o o r  a i r  t empera tu re ,  t h e  w ind  speed and d i r e c t i o n  a t  t h e  
b u i l d i n g  s i t e ,  e t c . ,  have been r e c o r d e d .  The measurements have 
been r a t h e r  e q u a l l y  d i s t r i b u t e d  t h r o u g h o u t  t h e  h e a t i n g  season.  

The r a t e  o f  a i r  change has been de te rm ined ,  i n  acco rdance  w i t h  
common Swedish p r a c t i c e ,  b y  measurement o f  t h e  decay o f  t r a c e r  gas 
(N,O) c o n c e n t r a t i o n  i n  t h e  a i r 1 ,  f rom an i n i t i a l  c o n c e n t r a t i o n  of  
30-  100 ppm. Fans have been p l a c e d  i n  e v e r y  room o f  t h e  house,  o r  
t h e  apar tmen t ,  t o  ensu re  m i x i n g  o f  t h e  a i r .  

The measured a i r  change r a t e  can be compared t o  t h a t  r e q u i r e d  b y  
t h e  Swedish B u i l d i n g  Code. F o r  many yea rs  t h i s  Code has 
p r e s c r i b e d  a  m i n i m a l  v e n t i l a t i o n  r a t e  o f  0 . 5  ACH ( a i r  changes p e r  
h o u r )  f o r  h y g i e n i c  resons .  I n  p r a c t i c e  t h i s  l i m i t  has a l s o  become 
an upper  l i m i t ,  w h i c h  s h o u l d  n o t  be exceeded i n  new b u i l d i n g s  and 
i n  r e t r o f i t t e d  o l d  b u i l d i n g s  i n  o r d e r  t o  save energy .  

RESULTS 

Some p r e l i m i n a r y  r e s u l t s  o f  t h e  a n a l y s i s  o f  t h e  d a t a  c o n s i d e r e d  
here ,  i n c l u d i n g  a  d e t e r m i n a t i o n  o f  t h e  e f f e c t i v e  l e a k a g e  area o f  
b u i l d i n g s ,  have a l r e a d y  been p r e s e n t e d  2. 

I n  F i g .  1- 4  we p r e s e n t  t h e  measured r a t e  o f  a i r  change f o r  f l a t s  
i n  m u l t i -  f a m i l y  r e s i d e n t i a l  b u i l d i n g s ,  de tached  houses,  and row- 
houses equ ipped  w i t h  an exhaus t  a i r  v e n t i l a t i o n  sys tem o r  w i t h  a  
n a t u r a l  v e n t i l a t i o n  system. 

Fo r  apa r tmen ts  w i t h  an exhaus t  a i r  system, t h e  average a i r  change 
r a t e  i s  n o t  t o o  f a r  f r o m  0 . 5  ACH, b u t  t h e  s c a t t e r  a round t h i s  
average i s  30 o r  40 % ( F i g .  1 and 2 ) .  

For  apa r tmen ts  w i t h  a  n a t u r a l  v e n t i l a t i o n  system, t h e  r a t e  o f  a i r  
change seldom exceeds 0 . 5  ACH, f o r  new detached houses and row- 
houses i t  i s  i n  most  cases s u b s t a n t i a l l y  l o w e r  t h a n  0 . 5  ACH. The 
s c a t t e r  a round t h e  average v a l u e  i s  between 40 and 5 0  Z ( s e e  F i g .  
3 ) .  

F o r  de tached  houses and row- houses t h e r e  i s  a  d i f f e r e n c e  between 
houses b u i l t  b e f o r e  and a f t e r  1 9 7 0 ,  t h e  average r a t e  o f  a i r  
exchange b e i n g  0 . 3 3  and 0 . 2 3  ACH, r e s p e c t i v e l y  ( s e e  F i g .  4 ) .  
Th is  r e f l e c t s  t h e  f a c t  t h a t  b u i l d i n g s  were  made more a i r t i g h t  
a f t e r  t h e  energy  c r i s i s ,  b u t  o n l y  seldom measures were  t a k e n  t o  
c o u n t e r a c t  t h e  r e s u l t i n g  dec rease  o f  t h e  a i r  change r a t e .  T h i s  
was t h e  case a l s o  f o r  houses equ ipped  w i t h  an exhaus t  a i r  system. 
When t h i s  e f f e c t  was n o t e d ,  i t  became more common t o  s u p p l y  houses 
w i t h  i n l e t s .  

H a l f  t h e  sample o f  de tached houses and row- houses e r e c t e d  b e f o r e  
1970 i s  f r o m  M i d e a s t e r n  and N o r t h e r n  Sweden, wh ich  means t h a t  t h i s  
b u i l d i n g  c a t e g o r y  i s  o v e r r e p r e s e n t e d  i n  t h e  sample. Another  
i n v e s t i g a t i o n 3  i n d i c a t e s  an average v a l u e  c l o s e r  t o  0 . 5  ACH t h a n  



t h e  v a l u e  o f  0.33 ACH found  i n  t h i s  i n v e s t i g a t i o n .  T h i s  may 
r e f l e c t  d i f f e r e n t  l o c a l  b u i l d i n g  t r a d i t i o n s  f o r  o l d e r  b u i l d i n g s .  

We have a l s o  i n v e s t i g a t e d  t h e  s c a t t e r  o f  t h e  a i r  change r a t e  
between apar tmen ts  i n  t h e  same b u i l d i n g ,  r e l a t i v e  t o  t h e  average 
a i r  change r a t e  f o r  t h a t  b u i l d i n g ,  f o r  some b u i l d i n g s  equ ipped 
w i t h  an exhaus t  a i r  v e n t i l a t i o n  system. I n  F i g .  5 we g i v e  t h e  
r e s u l t s  f r o m  t h r e e  b u i l d i n g s ,  where t h e  r a t e  o f  a i r  change has 
been measured i n  abou t  t w e n t y  apa r tmen ts  i n  each b u i l d i n g .  The 
s c a t t e r  a round t h e  average i s  about  20 1 .  Tak ing  i n t o  accoun t  a 
measurement e r r o r  o f  abou t  10 1 ,  t h e  r e a l  s c a t t e r  shouLd t h e n  be 
abou t  15  %. 
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F ig  1 The d i s t r i b u t i o n  f u n c t i o n  o f  t h e  r a t e  o f  a i r  
changes, n, f o r  f l a t s  i n  3-8 s torey  mu l t i - f am i l y  
r e s i d e n t i a l  b u i l d i n g s  w i t h  an exhaust a i r  v e n t i -  
l a t i o n  system 
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MECHANICAL VENTILATION 
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F ig  2 The d i s t r i b u t i o n  f u n c t i o n  o f  t h e  r a t e  o f  a i r  
changes, n, f o r  one and two s torey  detached 
houses and row-houses w i t h  an exhaust a i r  v e n t i -  
l a t i o n  system 
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Fig  3 The d i s t r i b u t i o n  f u n c t i o n  o f  t he  r a t e  o f  a i r  
change, n, f o r  f l a t s  i n  3-storey mu l t i - f am i l y  
r e s i d e n t i a l  b u i l d i n g s  w i t h  a  n a t u r a l  v e n t i l a t i o n  
system 
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DETACHED HOUSES AND ROW- 
HOUSES WITH NATURAL 
VENT1 LATlON 
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RATE OF AIR CHANGE n [ h - I  ] 
Fig 4 The d i s t r i b u t i o n  funct ion o f  the r a t e  o f  a i r  

change, n, f o r  1- and 2-storey detached houses 
and row-houses with a  na tura l  v e n t i l a t i o n  system. 
The houses have been divided i n t o  two groups 
according t o  the year o f  construction 



RATE OF AIR CHANGE RELATIVE TO THE 
AVERAGE FOR THE BUILDING 

Fig 5 The d i s t r i b u t i o n  o f  the  r a t e  o f  a i r  change f o r  
apartments i n  the same bui ld ing f o r  bui ldings 
wi th  an exhaust a i r  v e n t i l a t i o n  system (average 
value = 1.0). Data from 3 apartment bui ldings.  
The scatter  i s  22 % 
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SYNOPSIS 

I n  a  pre-project  the a i r  t ightness of 15 detached houses has 
been measured f i r s t l y  immediately a f te r  erect ion, secondly a f t e r  
a  per iod  o f  1.5 t o  4.5 years. A l l  the houses were timberframed 
ones, equipped w i t h  mechanical v e n t i l a t i o n  system. Only two 
houses ou t  of the 15 tested show c l ea r  changes i n  a i r  t ightness.  
Thus, the a i r  t ightness behaviour of the houses seems t o  be 
f a i r l y  constant. 





BACKGROUND 

The aim o f  the p r o j e c t  - the f i r s t  p a r t  o f  which i s  reported i n  
t h i s  paper - i s  t o  determine whether there are any considerable 
changes i n  the a i r  t ightness o f  newer onefamily houses during 
the f i r s t  years a f t e r  erect ion.  

The degree o f  change o f  the a i r  t ightness i s  invest igated by 
means o f  the pressurization/depressurization technique. 

I n  t h i s  pre- invest igat ion 15 houses were tested 1.5-4.5 years 
a f t e r  e rec t ion  (and f i r s t  pressur i  zat ion/depressur izat ion t es t )  . 

2. FIELD INVESTIGATION 

2.1 Inves t iga t ion  objects 

The ob jects  were chosen from a t o t a l  number o f  some hundreds o f  
ear l  i e r  t e s t  resu l t s .  It was s e t t l e d  t h a t  the houses should f u l -  
f i l  l the  fo l low ing  demands: 

- The houses should have been pressurized/depressurized i n  
accordance w i t h  a  standardized procedure (SS 02 15 51). 

- Not more than f i v e  years should have elapsed s ince the f i r s t  
measurements. 

- The f i r s t  measurement should have been done immediately a f t e r  
the  e rec t ion  o f  the house. 

- A low value o f  n50 ( 5 3 . 0  ac/h) a t  the f i r s t  measurement. 

- No a i r - t i gh ten ing  o r  o ther  measures should have been under- 
taken a f t e r  the f i r s t  measurement. 

- The houses should be detached ones. 

The 15 houses tested h i t h e r t o  are a l l  timber framed and equipped 
w i th  exhaust fan v e n t i l a t i o n  system. 7 of the houses (no. 1, 2, 
8, 11, 12, 13, 14) were pre fabr icated as volume elements, whi le  
the others were s i t e - b u i l t  o r  prefabricated as surface elements. 
6 o f  the houses are 1 1 / 2  f l o o r  houses (no. 4, 5, 6, 7, 8, 10); 
the o thers  are 1  f l o o r  houses. 

2.2 Method 

The i nves t i ga t i on  i s  a  t yp i ca l  comparative one. This involves 
some s t a t i s t i c a l  approach t o  determine whether two measurement 
values w i t h  ce r t a i n  inaccuracies d i f f e r  from each other  t o  a  



s t a t i s t i c a l l y  s ignif icant  degree or not. 

The inaccuracy of the measurement procedure was estimated to  
*5% in "50, ( ~ r o n v a l l l ) .  Using the assumption tha t  a single 
measurement value has a normal dis t r ibut ion round the mean, s t a t i -  
s t ica l  theory, e.g. sachs2, gives the degree of difference in n50 
between the two measurement values needed f o r  s t a t i s t i c a l  signi- 
ficance. Figure 1. 

DEGREE OF SIGNIFICBNCE 

Figure 1.  Required difference in n50 between two measurement 
values f o r  d i f fe rent  degrees of significance. 

2.3 Results 

The resul t s  are  summarized in table 1 . 
The leakage character is t ics  of the houses tested a r e  shown in 
figure 6. (Pressurization/depressurization data a t  10, 20, 30, 40, 
45, 50, 55 Pa f i t t e d  to  a power-expression). 

The coefficent,  A ,  and the exponent B in the power expression 

are  given in table 1. 





For comparative reasons the equivalent  leakage area a t  a pressure 
di f ference of 4 Pa (bpref) was calculated too. 

Aeq = 1 q,(Apref) 

VKf 

Cd ( coe f f i c i en t  of discharge) = 0.6 

= densi t y  of a i r ,  kg/m 
3 

The re la t ionsh ip  between n50 and Aeq a t  4 Pa i s  shown i n  f i gu re  2. 

Figure 2. The equivalent  leakage area,  Aeq, a t  4 Pa vs. n . The 
curve or ig ins  from data f i t t e d  by means of the  l e a s t  squa?? 
method: 

Aeq = O . 6 6 0 n ~ ~  1*699  r2 = 0.72 

The r e s u l t s  of the  f i r s t  and the  second measurement a re  shown i n  
f igure  3 ,  ( ~ 5 ~ ) '  and f igure  4, (Aeq). 

The r e s u l t  of a curve f i t  t o  a s t r a i g h t  l i n e  i s :  

2nd = 0.063 + 0.995 ,:it, r2 = 0.78. n50 



Figure 3. n5 a t  the f i r s t  and the second measurement. The area 
between the 7 ines symmetric around the line y = x i.1 lustrates the 
field within which there i s  no significant (95% level) difference 
be tween the two measurement val ues . 



In f i gu re  4 the r e su l t s  of the  measurements expressed a s  equiva- 
l e n t  leakage area a t  4 Pa a re  shown. 

The r e s u l t  of a curve f i t  to  a s t r a i g h t  l i n e  i s :  

~ e 4 ~ ~  = 0.430 + 0.775 AeAst, r2 = 0.44. 

Figure 4. Aeq a t  4 Pa a t  the f i r s t  and the second measurement. 



The a l t e ra t i ons  i n  nS0 and Aeq are p l o t t e d  versus each o ther  i n  
f i g u r e  5. 

Figure 5. A l te ra t ions  i n  n5 and Aeq. Negative values stand f o r  
deter iora ted a i r  t ightness 9 higher n50 and Aeq a t  the second 
measurement compared t o  the f i r s t  one). 

2.4 Discussion 

I f  r ~ ~ ~ - v a l u e s  from two measurements are compared t o  each other 
( f i g u r e  3), on ly  fou r  ob jects  ou t  o f  the invest igated 15 ones 
show s i g n i f i c a n t  d i f ferences . The a i r  t ightness according t o  n50 
has deter iora ted i n  three cases ( c l e a r l y  i n  one case), and im-  
proved i n  one case. 

The r e s u l t s  ind ica te  t h a t  the a i r  t ightness behaviour o f  the 
houses seems t o  be f a i r l y  constant. 
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SYNOPSIS 

Reduction of fresh air ventilation is becoming the major means of 
energy conservation in office buildings, Simultaneously, health 
and comfort problems experienced by occupants are often suspected 
to be a direct result of reduced fresh air ventilation. How- 
ever, there is little data available on health and comfort 
problems experienced by occupants of buildings operated under 
normal ventilation rates. 

Baseline data needed to compare occupant health and comfort com- 
plaints in buildings with reduced ventilation to complaints in 
"normal buildings" was provided by a survey of 1106 members of 
the New York local of the Office and Professional Employees In- 
ternational Union in nine office buildings with no prior history 
of complaints from occupants of health and comfort problems. 
Buildings were screened for energy conserving retrofits and ar- 
chitectural and ventilation factors. 

1. INTRODUCTION 

New modes of design, construction, ventilation and energy manage- 
ment have had profound effects on the manner in which pollutants 
are generated, entrapped or eliminated in buildings. A number 
of extensive reviews have now documented that sealed, air con- 
ditioned buildings, especially modern office buildings, contain 
a wide variety of pollutants often exceeding levels found out- 
doors. Occupants of these same buildings often also 
suffer from a complex of symptoms including headaches, burning 
eyes, irritation of the respiratory system, drowsiness, fatigue 
and general malaise, now termed Building Illness or Tight 
Building Syndrome. Many public health authorities believe 
building illness may be reaching epidemic proportions in sealed, 
air conditioned buildings. 

The acceleration of fuel costs in the 1970's placed immediate 
pressures to conserve energy on the building sector. Building 
construction, maintenance and service practices and standards 
were altered to allow energy reduction. Ventilation was dras- 
tically decreased and occupant control over ventilation and 
lighting was reduced. New ventilation standards proposed by the 
American Society of Heating, Refrigeration and Air Conditioning 
Engineers (ASHUE) and the U.S. Department of Energy recommend 
and permit a reduction of ventilation air by up to 9 0 % ~ ~  For 
example, the previous ASHRAE "Standard for Natural and Mechanical 
Ventilation" recommended 25 cubic feet per minute (CFM) per per- 
son of fresh air ventilation in general office areas of air con- 
ditioned off ice buildings .' ' However, the new ASHRAE standard , 
"Ventilation for Acceptable Indoor Air Quality" requires only 5 
CFM per person of fresh outside air providing smoking is either 
not allowed or restricted to designated areas. Similar decreased 
ventilation standards are also being adopted in other countries. 



Problems experienced by occupants are often suspected to be a 
direct result of reduced fresh air ventilation. Without com- 
parative data it is difficult to determine whether the situation 
experienced by occupants under reduced ventilation conditions is 
better or worse than under previous conditions. However, 
baseline data needed to compare occupant health and comfort com- 
plaints in buildings with reduced ventilation to complaints in 
11 normal buildings" is now available from a detailed survey of 
1106 members of the New York local of the Office and Professional 
Employees International Union in 9 "normal" office buildings. 

2. METHOD 

A self-administered Work Environment Survey questionnaire designed 
to collect perceptions of environmental conditions and prevalence 
of Building Illness symptoms among office occupants was adminis- 
tered to 1106 office workers in greater New York City (45% men 
and 55% women). As far as was determined, there was no prior 
history of health and comfort complaints among the study group, 
no prior investigations of the office environment, and no major 
energy conservation retrofits. 

The work environment survey questionnaire requested information 
about : 

Environmental conditions: air movement, air quality, lighting, 
glare, unpleasant odors, temperature, humidity, seating. 

Lighting type: fluorescent ceiling light, fluorescent table 
light, incandescent ceiling light, incandescent table light, 
natural window light. 

Health related symptoms: headache, dizziness, fatigue, sleepi- 
ness, nausea, skin rashes, ringing in ears, nose irritation, 
breathing difficulty, chest pain or tightness, blurred vision, 
eye irritation, sore throat or cold symptoms. 

Control over environmental conditions: windows, illumination, 
heating, ventilation, air conditioning, smoking. 

Questions were so constructed that they could be scored on a 3 
point scale, with a 1 indicating a favorable, 2 an intermediate 
and 3 an unfavorable response. The distribution of responses for 
health and environment related questions were evaluated by con- 
structing comprehensive indices which combined related and non- 
conflicting questions. 

Table 1 shows the indices used to assess overall effects of 
working conditions on health related symptoms (visual, cardio- 
respiratory, musculoskeletal and neurophysiological systems, 
symptoms common among outbreaks of Building Illness in general, 
absenteeism and the use of medication) and environmental condi- 
tions (lighting, ventilation, temperature, humidity and odor), 



Health and environment indices were cross tabulated with respon- 
ses to individual questions about control of environment (such as 
opening windows). Cross tabulations were also tested for inde- 
pendence by use of Chi Square statistics. 

3 .  RESULTS 

Table 2 presents the percent distribution of complaints about 
environmental conditions. Seventy-five percent of office workers 
reported too little air movement as opposed to only 35% re- 
porting too much air movement "Sometime or Often". Unpleasant 
odor, often used as an indicator of inadequate ventilation, was 
reported by 40% of respondents as occurring at least "Sometimes" 
and by 14% as occurring "Often or Always". Temperature was a 
consistent problem with 77% reporting conditions too cold and 
72% reporting conditions too hot "Sometimes or Often". Although 
44% of respondents complained of smoky air in the workplace, 
74% reported stuffy conditions. These results seem to indicate 
a need for more appropriate regulations or control by office 
workers of conditions affecting temperature and air quality. 
Current air quality regulations8 are based on restriction of 
tobacco smoke, however from the survey results it would appear 
that "stuffy air" rather than "smoky air" would be a better in- 
dicator of overall air quality. 

Lighting conditions were considered satisfactory. However, re- 
sponses indicated that brightness and glare could be improved. 
Fourty-three percent reported that lighting was too dim and 45% 
reported glare on work surfaces "Sometimes or Often". Lighting 
conditions are not now a significant problem among office workers, 
however, with illumination levels and window area being reduced 
to conserve energy, future problems could result. 

Table 3 presents the distribution of Building Illness symptoms 
commonly reported in the indoor air pollution literature. Head- 
ache, fatigue, nose irritation and eye irritation (symptoms 
indicating general discomfort with environmental conditions) were 
reported most frequently. Thirty-seven percent of office workers 
reported headaches, 52% reported fatigue, 32% reported nasal 
irritation and 37% reported eye irritation more than once a 
week. Twenty-one percent of respondents reported sore throat 
or cold symptoms once a week or more. 

3.1 Ventilation 

Results of the cross tabulation between answers to the question, 
"In your primary work area do you feel that there is too little 
air movement?" and the Building Illness Index are shown in Table 
4 and the association between "Too Much Air Movement" and 
Building Illness is shown in Table 5. Table 4 demonstrates a 
highly significant relation between Building Illness symptoms 



and insufficient air movement. (x2 = 52.72 and p5 .001). This 
is also shown by the approximately four times as many respondents 
in the insufficient as in the sufficient air movement group 
who scored "poor" on Building Illness. On the other hand, the 
responses of "Too much air movement" do not show a significant 
association to Building Illness (Table 5,x2 = 7.41, the value of 
p is omitted in all tables when the test falls short of reason- 
able statistical significance). Again this lack of relationship 
is made obvious by the comparison of the almost equal proportion 
of respondents in the group that scored low and high on this 
question. While movement of air by itself does not ensure better 
fresh air ventilation, it seems to be so perceived and in fact 
may be the case in buildings that are better ventilated. 

Table 6 shows the association between conditions of ventilation 
in the work place and Building Illness symptoms. There is a 
highly significant relation between poor ventilation and building 
illness (x2 = 44.72 and p5 .001). Fourty-four point six percent 
of office workers with good ventilation as compared to 32.9% with 
poor ventilation did - not complain of Building Illness (i.e. ranked 
as "good"). As fewer occupants of well ventilated buildings 
complain of Building Illness symptoms, air movement and quality 
of ventilation appear to be major determinants of health and 
comfort among office workers. 

3.2 Lighting 

Table 7 shows the association between office lighting conditions 
and Building Illness symptoms. There is a highly significant 
relation between poor lighting and Building Illness (X2 = 45.63 
and p1.001). Twenty-five point two percent of office workers 
with poor lighting ranked "poor" on Building Illness while only 
10.3% with good lighting did so. Table 8 shows the association 
between lighting conditions and visual health. Again, the re- 
lationship is significant and substantial (x2 = 74.82 and p5.001) . 
Eighteen point four percent of office workers with poor lighting 
also had poor visual health while only 6.4% with good lighting 
did so. 

3.3 Effects Of Smoking 

Some of the workers surveyed smoked (57%) and some of them did 
not (43%). Some of them worked in places where smoking was 
permitted, some in places where smoking was prohibited, and some 
in places where smoking was restricted. 

Thus a number of groups were constructed for comparison: 

Nonsmokers working in places where smoking was permitted. . Nonsmokers working in places where smoking was restricted. . Nonsmokers working in places where smoking was prohibited. 



. Smokers working in places where smoking was permitted. . Smokers working in places where smoking was restricted, . Smokers working in places where smoking was prohibited. 
As responses to questions were almost identical for places where 
smoking was restricted and where it was prohibited, we combined 
workplaces where smoking was restricted or prohibited into a 
single category. 

The effect of smoking on nonsmoking office workers is reviewed 
in the next two tables. Tables 9 and 10 show that there is no 
significant association between smoking at work and either 
Building Illness or Visual Health among office workers who 
either smoke or do not smoke. 

Table 11 shows the association between Smoking at Work and the 
Odor Index. There is no significant difference in the percap- 
tion of unpleasant odors among nonsmokers or smokers regardless 
of whether smoking was or was not permitted. 

3.4 Control Over Envirom&nt 

In most modern office buildings, but not in all of them, control 
of air conditioning and lighting is centralized and thus removed 
from office occupants. Tables 12 and 13 show the association 
between control by occupants of air conditioning and lighting on 
the Building Illness Index. Air conditioning is used here as a 
generic term referring to the heating, ventilation and air con- 
ditioning (HVAC) system. Table 12 shows a significant relation- 
ship between control of air conditioning and incidence of 
Building Illness ( x ~  = 12,17 and pS .005). Fifteen point nine 
percent of office workers with no control of air conditioning 
scored on the Building Illness Index compared to 4.8% 
of office workers with control of air conditioning. Table 13 
shows a significant relationship between control of lighting and 
incidence of Building Illness (X2 = 8,80 and pS .05). Fifteen 
point nine percent of office workers who had no control of 
lighting scored poor on the %'Building Illness Index" compared to 
6,7% who had control of lighting conditions. In both cases 
(Tables 12 and 13) respondents who had control over conditions 
were approximately three times less likely to suffer symptoms 
of building illness than those with no control. 

4.  DISCUSSION 

The results indicate that even among occupants of buildings 
operated under normal ventilation and lighting conditions, there 
exist problems with environmental conditions as well as a rela- 
tively high level of health and comfort complaints. There is a 
consistent pattern of association of factors relating both ven- 
tilation and lighting with frequency of reported illness symp- 



toms. Office workers judging their ventilation and lighting en- 
vironments as poor were more likely to have health complaints 
than those who considered ventilation and lighting to be good. 
Office workers with control over environmental and lifestyle fac- 
tors such as controlling air conditioning, opening and closing 
windows, switching on and off lighting and smoking had fewer 
complaints about health and stress symptoms than did office 
workers with no control over environmental and lifestyle factors. 

Very interesting is the lack of significant association between 
Building Illness, Visual Health and Odor indices and either ac- 
tive or passive smoking. That passive smoking is a known irri- 
tant for many nonsmokers is well known. The findings here how- 
ever do not relate to irritation due to smoking but to the as- 
sociation of smoking to perceived health and/or comfort levels. 
This lack of association probably is due to two reasons. -9 First 
pollutant patterns depend heavily on ventilation factors while, 
at the same time, byproducts of combustion infiltrate or are 
generated and entrapped in a buildin5 from many sources. In fact, 
exhaustive reviews of the literature and review of pollutants 
levels reported in 143 buildings by NIOSH, CDC and other in- 
vestigatorsll fail to find differences in pollution concentration 
or patterns in offices with and without smoking restrictions, 
Second, the manner of administering the questionnaire avoided 
calling attention to smoking (or any other) factors, besides 
including questions pertaining to them. It is especially inter- 
esting that there were no differences in perception of odors 
between locations with and without smoking rules (Table 11). 

This Work Environment Survey, though limited to office workers 
in greater New York City, provides some measure of human health 
and comfort with environmental conditions provided by contem- 
porary office buildings. However, the majority of office 
buildings may now be designed and built to reduced environmenhal 
standards in order to achieve energy conservation goals. Also, 
many existing contemporary office buildings are being renovated 
and operated to reduce the amount of energy used. The human 
costs that may result from reduced environmental standards for 
energy conservation in office buildings are still unclear. 
This study presents baseline data showing the relation of en- 
vironmental parameters to health and comfort of office workers 
in buildings prior to energy conserving adjustments or modifi- 
cations. These questionnaire survey results can be used for com- 
parison with similar data collected from occupants of energy 
conserving office buildings to provide background for prudent 
standards to ensure that energy efficient buildings are designed, 
built and operated to provide conditions acceptable for human 
occupation. 
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Table 1 - Groups of questions used to construct 
health and environmental indices 

r- Health .Indices Environment Indicea 

I v i s u a l  Lighting 
1 . blur red  v i a i o n  . l i g h t i n g  too b r i g h t  

I 
. eye i r r i t a t i o n  . l i g h t i n g  too dim . s p l i t  o r  double v i s i o n  . g l a r e  on work sur face  . t rouble  focusing eyes 

i Vent i la t ion  
1 Cardiorespiratory . too l i t t l e  a i r  movement 

! . nose i r r i t a t i o n  . too much a i r  movement . breathing d i f f i c u l t y  . a i r  too s t u f f y  
, chea t  pain o r  t i g h t n e s s  . racing h e a r t  ! Temperature 

, too cold I Musculoskeletr) . too hot 

I . neck ache . s o r e  arms, hands, w r i s t s  Humidity 

\ . backache . too dry 
. too moist 

I Neurophysiological 1 . headache Odor 
1 . dizziness  . unpleasant odor 

. fa t igue  . too smoky 1 . s leep iness  
I . moodiness j 
. . depression . l ightheadedness . confusion 

Building I l l n e s s  
, headache 
. fa t igue  . noae i r r i t a t i o n  . eye i r r i t a t i o n  . sore  throat  o r  cold symptoms 

Abeenteeism 
. days absent dur ing  past  s i x  

monthr . days l e f t  vork due t o  
i l l n e e s  i n  pas t  a i x  months 

~ e d i c a t ' i o n  . a s p i r i n  . stomach o r  d i g e s t i v e  a i d s  . cough, cold o r  s i n u s  
medication . st imulants  (pep p i l l s )  . prescr ip t ion  medicine . l axa t ives  . depressants  . s l e e p  inducing a i d s  

7- 



Table 2 - Percent distribution of complaints about environmental 
conditions 

1 

Environmental Condition 

Too Little Air Movement 

Too Much Air Movement 

Table 3 - Percent distribution of symptoms commonly associated with 
building illness 

Never 
or Rarely 

2 5 

6 5 

Symp toins 

Headache 

Fatigue 

Nose Irritation 

Eye Irritation 

Sore Throat or Cold 

Once 
a Month 
or Less 

6 3 

4 9 

68 

6 3 

79 

Once 
a Week 

16 

2 4 

13 

20 

13 

Sometimes 

39 

29 

Lighting Too Bright 7 7 

* error due to rounding 
L 

L 

15 

28 

30 

40 

5 4 

5 6 

4 3 

25 

3 1 

4 7 

Lighting Too Dim - 
Glare on Work Surfaces 

Unpleasant Odors 

Temperature Too Cold -- 
Temperature Too Hot - 
Air Too Dry 

Air Too Moist 
- 

A i r  Too Smoky 

Air Too Stuffy 

Once 
a Week 
or More 

2 1 

28 

19 

17 

8 

Of ten 
or Always 

36 

6 

57 

5 5 

4 6 

23 

28 

35 

73 

5 6 

2 6 

Total % 

100 

100 

100 

100 

100 

1 

Total X 

100 

100 

8 

15 

15 

14 

23 

16 

2 1 

3 

13 

27 
, 

100 

100 

100 

100 

100 

100 

100 

loo* 

100 

100 



Table 4 - Too l i t t l e  a i r  movement 

Table 5 - Too much a i r  movement 

Total 100% loo%* 100% 

Number 
of Cases 272 4 19 383 -- 
X2 - 52.72 p 2 .001 

Never 

52.9 

40.8 

6.3 

Sometimes 

45.3 

42.2 

12.4 

cn 
3 z 
5 '  - a 
P!2 
5 
&4 

V) 

2 
3 
cl 

+i 3 
P B 
r u 

5 .  
u 
3 
a 

- 

Good - 
Average 

Table 6 - Vent i la t ion index 

Of ten 

31.1 

46.2 

22.7 3 . Poor 
m 1 

Total loo%* 100% loo%* 

Number L ; :a;;: 664 300 64 

Good 

Average 

Poor 

t - 

Number 
of Cares 

453 

465 

156 

Never 

42.8 

41.3 

16.0 

rn 
cn 
W z 

2 x  

P 
H C 

5 
Y 
3 
m 

Total 100% 100% 1 00% 

Numb er 
of Cases 195 4 30 434 

x 2  = 44.72 p -1. .001 
i 

Good 

44.6 

44.6 

10.6 

Good 

Average 

Poor 

I 

Number 
of Casea 

4 40 

4 39 

149 

Sometimes 

42.7 

47.0 

10.3 

Average 

50.0 

41.4 

8.6 

Of ten 

43.8 

37.5 

18.8 

Poor 

32.9 

45.2 

21.9 

Number 
of Cases 

445 

46 1 

153 



Table 7 - Lighting index 

V) 
V) rn 

2 
H 4 '' 
5 
H 

P m 

'fatal l O Q X *  l O ( l i .  100% 

Nurbmr 
of Cases 687 6 6 305 

x 2  - 45.63 p - 5  .001 

Average 

43.9 

43.9 

12.1 

P w 

1 Poor I 6.4 12.1 18.4 
V) 

108 

I 
I 

if Good 78.0 

T o t a l  I 100% 100% loox* 

Poor 

30.5 , 

44.3 

25.2 

Good 

, Average 

- P o o r  

Good 

62.1 51.5 734 

I Number 
of Caaes 687 6 6 305 

Number 
of Caeca 

443 

459 

156 

Good 

46.7 

42.9 

10.3 

d I I I 

I x 2  - 74.82 p 5 .001 

Table 8 - Light ing index 

Average 

Table 9 - Smoking a t  work 

Poor 

V) 
.n 
! . . - 
2 
Y X  W 

i2 E 
Y Y  

5 
C 
3 
P 

Numb a r 
of Cases 

To ta l  100% 100% 100% 100% 

Number 
of Cases 6 6 137 15 1 419 

x 2  - 5.30 
i 

Good 

Average 

Poor , 

Non Smoker 
No Smoking 
Work Zone 

37.9 
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Table 12 - Control a i r  conditioning 
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Table 13 - Control lighting 
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ABSTRACT 

Poss ib le  h e a l t h  e f f e c t s  and changes in sensa t ion  of comfort among 
t e n a n t s  a f t e r  replacement of s i n g l e  g l a s s  windows in leaky frames 
with double g l a s s  windows in a i r t i g h t  frames have been s t u d i e d .  The 
s tudy design was obse rva t iona l ,  and included a  s tudy group and a  
corresponding cont ro l  group. The r e s u l t s  i n d i c a t e  e s s e n t i a l  improve- 
ments of t h e  indoor c l ima te  and of t h e  hea l th  s t a t u s  of t h e  t e n a n t s  
a f t e r  replacement of t h e  windows ( i . e .  p o s i t i v e  e f f e c t s  on tempera- 
t u r e  c o n d i t i o n s ,  lowering of noise ,  fewer symptoms r e l a t e d  t o  
mucosal s u r f a c e s ,  fewer rheumatic symptoms, and poss ib ly  fewer 
headaches).  S i g n i f i c a n t  changes in  complaints or  hea l th  e f f e c t s  
which could be r e l a t e d  t o  reduced a i r  q u a l i t y  caused by t h e  a i r -  
t i g h t e n i n g  were not found. This s tudy cannot give any evidence of 
inconveniences t h a t  may occur l a t e r  i f  t h e  apartments become too  
a i r t i g h t .  





INTRODUCTION 

I n c r e a s e d  e n e r g y  c o s t s  have b r o u g h t  e f f o r t s  t o  reduce  v e n t i l a t i o n  
and i n f i l t r a t i o n  i n  i n d o o r  spaces. 

The a i r  q u a l i t y  i n  an i n d o o r  space, and more s p e c i f i c a l l y  t h e  concen- 
t r a t i o n  o f  a  g i v e n  i n h a l e d  p o l l u t a n t  i n d o o r s ,  depends on t h e  o u t d o o r  
a i r  q u a l i t y ,  on t h e  presence and s t r e n g t h  o f  em iss ions  f r o m  i n d o o r  
sources ,  on t h e  v e n t i l a t i o n  r a t e  and v e n t i l a t i o n  e f f i c i e n c y ,  and 
t h e  presence and e f f e c t i v e n e s s  o f  o t h e r  e l i m i n a t i o n  p rocedures  such 
as a d s o r p t i o n ,  s e d i m e n t a t i o n ,  o r  n e u t r a l i z a t i o n .  

The p o l l u t a n t s  t o  be c o n s i d e r e d  w i l l  g e n e r a l l y  be tobacco  smoke 
( p a s s i v e  smok ing) ,  NO2, C02, CO ( f r o m  combus t ion ) ,  fo rmaldehyde,  
asbestos ,  m i n e r a l  f i b r e s ,  o r g a n i c s ,  and r a d o n  ( f  rom m a t e r i  a1 s  and 
consumer p r o d u c t s ) ,  odours,  m o i s t u r e ,  and m ic roo rgan isms  ( f r o m  
occupancy) .  Some p o l l u t a n t s  can more s p e c i f i c a l l y  be 1  i s t e d  as 
a1 1  ergens.  

It has been r e a l i z e d  t h a t  t h e  knowledge o f  exposure  e f f e c t  r e l a t i o n -  
s h i p ,  e s p e c i a l l y  w i t h  r e g a r d  t o  d e l a y e d  e f f e c t s  o f  c h r o n i c  exposure  
i s  i nadeqva te ,  w h i l e  t h e  knowledge o f  c o m p l a i n t s  on a c u t e  d i s c o m f o r t  
b y  occupants  i n  some b u i l d i n g s  i s  w e l l  e s t a b l i s h e d  (1). 

The aim o f  t h i s  s t u d y  was t o  measure t h e  p o s s i b l e  h e a l t h  e f f e c t s  
among t e n a n t s  a f t e r  c e r t a i n  energy  c o n s e r v a t i o n  measures had been 
t a k e n  i n  t h e i r  d w e l l i n g s  i . e .  rep lacement  o f  windows i n  l e a k y  f rames 
w i t h  doub le  g l a s s  windows i n  a i r t i g h t  f rames.  

I n  a d d i t i o n  t o  h e a l t h  e f f e c t s ,  changes i n  s e n s a t i o n  o f  c o m f o r t / -  
d i s c o m f o r t  r e l a t e d  t o  i n d o o r  c l i m a t e ,  i n c l u d i n g  t h e  t h e r m a l  and 
a c o u s t i c  e n v i  ronment , were a1 so i n c l  uded . 
The s t u d y  has been des igned  as an o b s e r v a t i o n a l  s t u d y  w i t h  two 
groups;  a  s t u d y  group and a  c o r r e s p o n d i n g  c o n t r o l  g roup n o t  exposed 
t o  e n v i r o n m e n t a l  changes i n  t h e i r  homes. 



MATERIALS AND METHODS 

The m a j o r i t y  o f  apar tment  houses i n  c e n t r a l  u rban  areas,  wh ich  have 
been w e a t h e r p r o o f e d  i n  r e c e n t  y e a r s ,  a r e  owned b y  b u i l d i n g  s o c i e t i e s .  
T h i r t y - t h r e e  of t h e  1  a r g e s t  b u i l d i n g  s o c i e t i e s  i n  Denmark were 
i n v i t e d  t o  p a r t i c i p a t e  i n  t h e  s t u d y .  Twenty- four  b u i l d i n g  s o c i e t i e s  
accepted,  and 8 o f  t h e s e  owned apar tment  houses t h a t  f u l f i l l e d  t h e  
c r i t e r i a  f o r  p a r t i c i p a t i o n :  

S tudy  group:  Houses 2-5 s t o r i e s  h i g h ,  w i t h  u n t i g h t  windows 
h a v i n g  one l a y e r  of g l a s s .  Windows were r e p l a c e d  
d u r i n g  t h e  p e r i o d  from September 1981 t o  November 
1981. 

C o n t r o l  g roup:  Houses 2-5 s t o r i e s  h i g h  w i t h  u n t i g h t  windows t h a t  
were n o t  r e p 1  aced i n  t h e  s t u d y  p e r i o d .  

Pe rsona l  d a t a  (name, address,  age and sex )  were c o l l e c t e d  f r o m  t h e  
C e n t r a l  Person R e g i s t e r  u s i n g  t h e  addresses s u p p l i e d  b y  t h e  b u i l d i n g  
s o c i e t i e s .  

A l l  r e s i d e n t s  o v e r  18 y e a r s  o f  age r e c e i v e d  a  q u e s t i o n n a i r e  i n  
August  1981 b e f o r e  rep lacement  ( i f  any) o f  windows. The persons who 
answered t h e  q u e s t i o n n a i r e  and t h e r e b y  i n d i c a t e d  t h a t  t h e y  were 
w i l l i n g  t o  p a r t i c i p a t e  i n  t h e  s t u d y  r e c e i v e d  new q u e s t i o n n a i r e s  i n  
December, January  and Februa ry .  I n  t h e  s t u d y  group t h e  rep lacement  
o f  windows t o o k  p l a c e  i n  t h e  p e r i o d  between t h e  f i r s t  and t h e  second 
q u e s t i o n n a i r e .  The w i n t e r  p e r i o d  was chosen because changes i n  
i n d o o r  c l i m a t e  a r e  maximal a t  t h i s  t i m e  o f  y e a r  (Korsgaard ,  2 ) .  

Q u e s t i o n n a i r e s  were each month s e n t  t o  a l l  persons who had answered 
t h e  p r e v i o u s  q u e s t i o n n a i r e .  The response r a t e s  a r e  g i v e n  i n  Tab le  1, 
i .e .  t h e  number o f  v a l i d  answers i n  p e r c e n t  of t h e  number o f  d i s t r i -  
b u t e d  q u e s t i o n n a i r e s ,  b u t  c o r r e c t e d  f o r  t h e  number o f  persons who 
had moved. 

T a b l e  1 shows t h a t  a  l a r g e  number d i d  n o t  respond i n  August .  T h i s  
number was smal l e r  i n  December and v e r y  sma l l  i n  January  and 
F e b r u a r y  , t h u s  i n d i c a t i n g  t h a t  t h e  group of persons t h a t  p a r t i c i -  
p a t e d  i n  t h e  s t u d y  g r a d u a l l y  s t a b i l i z e d .  

The persons who had answered a l l  f o u r  t i m e s  and whose apar tments  f i t  
t h e  c r i t e r i a  f o r  p a r t i c i p a t i o n  a r e  i n c l u d e d  i n  t h e  a n a l y s i s  o f  d a t a .  



T h i s  group c o n s i s t s  of 641 persons,  where 106 a r e  i n  t h e  s t u d y  group 
and 535 a r e  i n  t h e  c o n t r o l  group,  see t a b l e  2. The r e d u c t i o n  f r o m  
1013 t o  641  was caused b y  t h e  b u i l d i n g  s o c i e t i e s '  change o f  p l a n s  
f o r  t h e  rep lacement  o f  windows. 

The age d i s t r i b u t i o n  i n  t h e  g roup  of persons who were i n v i t e d  t o  
p a r t i c i p a t e  i n  t h e  s t u d y  was: 28% 18-40 y e a r s ,  51% 41-70 y e a r s  and 
21% o v e r  70 y e a r s .  The age d i s t r i b u t i o n  i n  t h e  g roup  o f  persons who 
responded was, 30% 18-40 years ,  52% 41-70 y e a r s  and 18% o v e r  70 
y e a r s .  Women c o n s t i t u t e d  59% of t h e  o r i g i n a l  g roup and 60% o f  t h e  
g r o u p  o f  r e s p o n d e r s .  Thus, t h e  response  r a t e  was n o t  r e l a t e d  t o  age 
o r  sex.  

The q u e s t i o n n a i r e s  c o n s i s t e d  o f  t h e  same q u e s t i o n s  on a l l  f o u r  
o c c a s i o n s ,  e x c e p t  t h e  q u e s t i o n s  r e g a r d i n g  t h e  c h a r a c t e r i s t i c s  o f  t h e  
apar tmen t  (number o f  rooms e t c . )  wh ich  were o n l y  i n c l u d e d  i n  t h e  
f i r s t  q u e s t i o n n a i r e .  

The q u e s t i o n n a i r e  i n c l u d e d  q u e s t i o n s  about  number o f  rooms, number 
o f  persons under  and o v e r  18 y e a r s  i n  t h e  househo ld ,  number o f  
smokers i n  t h e  househo ld  and t y p e  o f  windows. 

I n  a d d i t i o n  t o  t h e  q u e s t i o n s  r e l a t e d  t o  t h e  c h a r a c t e r i s t i c s  o f  t h e  
apar tment ,  t h e  q u e s t i o n n a i r e  i n c l u d e d  a  number o f  q u e s t i o n s  concer -  
n i n g  t h e  pe rson ' s  w e l l b e i n g  and h e a l t h  s t a t u s .  There  were q u e s t i o n s  
about  t h e  number o f  days w i t h  i nconven ience  i n  t h e  p r e v i o u s  month 
( 0 ,  1-2, 3-8 and more t h a n  8  days p e r  mon th ) .  

The q u e s t i o n s  r e l a t e d  t o  w e l l - b e i n g  and inconven ience  c o u l d  be 
d i v i d e d  i n t o  f i v e  groups:  Temperature,  Noise,  Symptoms r e l a t e d  t o  
mucos a1 s u r f  aces, Rheumatic symptoms, and General  symptoms. 

The s t u d y  was c a r r i e d  o u t  i n  a  p e r i o d  w i t h  t e m p e r a t u r e s  be low 
no rma l .  The average t e m p e r a t u r e  i n  December 1981 was - 4 , 3 ' ~  - t h e  
l o w e s t  average t e m p e r a t u r e  i n  Denmark e v e r  measured. 

STATISTICAL METHODS 

I n  t h e  s t a t i s t i c a l  a n a l y s i s  was used c o n t i n g e n c y  t a b l e s .  C o r r e l a t i o n  
between r e t r o f i t t i n g  and symptoms was expressed w i t h  o d d s - r a t i o s .  



E x a m p l e ,  o d d s - r a t i o s  i n  A u g u s t :  

S t u d y  g r o u p :  a  p e r s o n s  w i t h  symptom X i n  A u g u s t  
b  p e r s o n s  w i t h o u t  symptom X i n  A u g u s t  

O d d s  f o r  X i n  t h e  s t u d y  g r o u p :  a / b  

C o n t r o l  g r o u p :  c p e r s o n s  w i t h  symptom X i n  A u g u s t  
d p e r s o n s  w i t h o u t  symptom X i n  A u g u s t  

O d d s  f o r  X i n  t h e  c o n t r o l  g r o u p :  c / d  

O d d s - r a t i o  f o r  X = a / b  = a .  d  ?7'a- b . c  

O d d s - r a t i o s  w e r e  c a l c u l a t e d  s e p a r a t e l y  f o r  e a c h  m o n t h  and  n o r m a l i z e d  
w i t h  r e s p e c t  t o  A u g u s t  ( o d d s - r a t i o  f o r  A u g u s t  = 1) .  T h e  o d d s - r a t i o s  
f o r  D e c e m b e r ,  J a n u a r y  a n d  F e b r u a r y  were t h u s  c o m p a r e d  w i t h  t h e  

2 o d d s - r a t i o s  f o r  A u g u s t .  A x  - t e s t  i n  a  l o g - l i n e a r  m o d e l  i s  u s e d  f o r  
s i g n i f i c a n c e  t e s t i n g .  T h e  p - v a l u e s  i n d i c a t e  t h e  p r o b a b i l i t i e s  t h a t  
t h e  o d d s - r a t i o s  i n  A u g u s t ,  D e c e m b e r ,  J a n u a r y  a n d  F e b r u a r y  are e q u a l .  

RESULTS 

A p a r t  f r o m  t h e  r e p l a c e m e n t  o f  t h e  w i n d o w s ,  t h e r e  e x i s t  c e r t a i n  
b a c k g r o u n d  v a r i  a b l e s  w h i c h  a f f ec t  t h e  r e g i s t e r e d  i n c o n v e n i e n c i e s ,  
e . g .  t h e  time p e r  d a y  s p e n t  i n  t h e  a p a r t m e n t  a n d  t h e  p a r t i c i p a n t s '  
a g e .  

A b o u t  40% o f  t h e  r e s i d e n t s  e i t h e r  l i v e  b y  h e r l h i m s e l f  , o r  o n l y  o n e  
p e r s o n  f r o m  t h e  a p a r t m e n t  a n s w e r e d .  T h i s  a p p l i e s  t o  t h e  s t u d y  g r o u p  
a s  well a s  t o  t h e  c o n t r o l  g r o u p .  

T h e  p e r s o n s  i n  t h e  c o n t r o l  g r o u p  t e n d  t o  b e  away f r o m  t h e  a p a r t m e n t  
f o r  a  l o n g e r  time t h a n  t h e  p e r s o n s  i n  t h e  s t u d y  g r o u p .  T h i s  i s  
r e l a t e d  t o  t h e  f a c t  t h a t  t h e r e  a r e  m o r e  p e r s o n s  o v e r  6 0  y e a r s  i n  t h e  
s t u d y  g r o u p :  56% i n  t h e  c o n t r o l  g r o u p  a n d  41% i n  t h e  s t u d y  g r o u p .  
S m o k i n g  h a b i t s  a r e  s i m i l a r  i n  t h e  t w o  g r o u p s ,  see t a b l e  2 .  



The ques t ions  r e l a t e d  t o  well-being and inconvenience were o r i g i n a l l y  
divided i n t o  f o u r  c a t e g o r i e s .  However, t h e  r e s u l t s  show t h a t  t h e  
answers were concentrated in  ca tegory  1 ( 0  days per month) and 
ca tegory  4  (more than 8 days per month). Taking t h i s  i n t o  account,  
t h e  c a t e g o r i e s  were combined so t h a t  only two c a t e g o r i e s  of answers 
a r e  cons idered:  0-2 days and more than two days per month. I t  was 
t e s t e d  f o r  a1 1  r e s u l t s  whether age had any e f f e c t  on t h e  r e s u l t s .  
Resul t s  on symptoms on which age had e f f e c t  a re  descr ibed in t h e  
t e x t .  The frequency of symptoms was not observed t o  be r e l a t e d  t o  
t h e  person's sex .  

Information r e l a t e d  t o  temperature i s  c o l l e c t e d  from f o u r  ques t ions .  
The ques t ions  concerned draught ,  cold f l o o r ,  too  low temperatures  
and too  high temperatures ,  see  Fig.  1. In August, 22% of t h e  p a r t i -  
c i p a n t s  in  t h e  cont ro l  group and 33% i n  t h e  s tudy group repor ted  
t h a t  t hey  experienced inconvenience from draught in  t h e  apartments.  
In a l l  t h r e e  months during t h e  winter  season more p a r t i c i p a n t s  in 
t h e  cont ro l  group and l e s s  in t h e  s tudy group repor ted  draught 
inconvenience. The same p a t t e r n  was observed with regard t o  cold 
f l o o r ,  which bothered 20% of t h e  p a r t i c i p a n t s  i n  August and with 
regard t o  low temperature which bothered 10% of t h e  p a r t i c i p a n t s  in 
August. 

Table 3  shows t h e  r e s u l t s  of t h e  normalized odds- ra t ios  on tempera- 
t u r e .  The e f f e c t s  of weatherproofing on draught ,  cold f l o o r ,  and low 
temperature a r e  s i g n i f i c a n t  ( p  = 0.000, p = 0.000 and p = 0.007 
r e s p e c t i v e l y ) .  Weatherproofing had no e f f e c t  on inconveniences from 
high temperatures .  

Almost 40% of t h e  p a r t i c i p a n t s  were bothered by outdoor noise and 
about 20% of t h e  p a r t i c i p a n t s  were bothered by noise  o r i g i n a t i n g  
from ins ide  t h e  bui ld ing ,  s ee  Fig 1. The frequency of noise  nuisance 
i s  apparent ly  cons tant  in  t h e  fol lowing months in t h e  cont ro l  group, 
whereas t h e r e  i s  a  dramatic drop in  t h e  s tudy group. Outdoor noise 
almost d isappears  a f t e r  weather proofing (p  = 0.000) but with regard 
t o  t h e  noise  from t h e  bui lding t h e  e f f e c t  i s  l e s s  pronounced ( p  = 

0.06) ,  see Table 3. 

Smarting or  i r r i t a t i o n  of t h e  eyes i s  reported by more than 10% of 
t h e  r e s i d e n t s  in August, b u t  t h e  frequency of d is turbances  drops 
d ramat i ca l ly  i n  t h e  fol lowing months in both groups,  see  Fig. 2. 
Throat complaints were repor ted  by 8% of t h e  p a r t i c i p a n t s  in  August, 
see  F ig .  2. In t h e  fol lowing months t h r o a t  complaints were reported 
by 20% of t h e  p a r t i c i p a n t s  in t h e  con t ro l  group and by 10-15% in  t h e  



s t u d y  group.  F o r  b o t h  o f  t h e s e  symptoms r e l a t e d  t o  mucosal  s u r f a c e s  
i t  i s  n o t e d  t h a t  t h e  t e n d e n c i e s  towards  improvements i n  t h e  s t u d y  
g roup  observed i n  F i g .  2 a r e  n o t  s i g n i f i c a n t  ( p  = 0.2 and p  = 0.4, 
r e s p e c t i v e l y ) .  

F u r t h e r  a n a l y s i s  o f  t h e  impact  o f  f l u  and c o l d ,  age and smoking 
h a b i t s  showed t h a t  c o r r e c t i o n  f o r  t h e s e  background v a r i a b l e s  d i d  n o t  
change t h e  c a l c u l a t e d  o d d s - r a t i o s  s u b s t a n t i a l l y .  

Rheumat ic  symptoms a re  i n c l u d e d  i n  q u e s t i o n s  c o n c e r n i n g  knee and h i p  
j o i n t s ,  p a i n s  i n  t h e  neck and upper p a r t  o f  t h e  back and i n t a k e  o f  
a n a l g e s i c s  f o r  each o f  t h e s e  two c o n d i t i o n s  ( s a l i c y l i c  a c i d  and l i k e  
subs tances ) .  The f r e q u e n c y  o f  p a i n s  a re  seen i n  F i g  2. 

The c a l c u l a t i o n  o f  o d d s - r a t i o s  f o r  r h e u m a t i c  symptoms shows t h a t  
w e a t h e r p r o o f i n g  had a  pronounced e f f e c t .  However, t h i s  e f f e c t  i s  n o t  
m a n i f e s t  u n t i  1  January  and Februa ry .  The e f f e c t  on j o i n t  p a i n s  and 
n e c k l b a c k  p a i n s  i s  s i g n i f i c a n t  ( p  = 0.04 and p  = 0.000). The e f f e c t s  
on i n t a k e  o f  a n a l g e s i c s  a r e  a l s o  s i g n i f i c a n t  ( p  = 0.02 and p  = 

0.001), see T a b l e  3. 

The r h e u m a t i c  symptoms ment ioned p r e v i o u s l y  i n c r e a s e  i n  f r e q u e n c y  
w i t h  age, e s p e c i a l l y  f o r  persons o v e r  60. The r e s u l t s  were t h e r e f o r e  
d i v i d e d  i n t o  t w o  age groups:  l e s s  t h a n  60 y e a r s l o v e r  60 y e a r s .  

T h i s  a n a l y s i s  showed t h a t  t h e  e f f e c t  on j o i n t  p a i n s  was most  p r o -  
nounced f o r  persons o v e r  60 y e a r s .  The neck and back p a i n s  were 
a f f e c t e d  i n  b o t h  age groups b u t  t h e  e f f e c t  was most pronounced i n  
t h e  age g roup  o v e r  60 y e a r s .  The same t e n d e n c i e s  were observed f o r  
t h e  i n t a k e  o f  a n a l g e s i c s  f o r  b o t h  age groups f o r  j o i n t  p a i n s  and 
neck and back p a i n s ,  r e s p e c t i v e l y .  

F i g .  2  i n d i c a t e s  t h a t  weather  p r o o f i n g  a p p a r e n t l y  had a  p o s i t i v e  
e f f e c t  on t h e  f r e q u e n c y  o f  headaches and t h e  f r e q u e n c y  o f  t h e  i n t a k e  
o f  a n a l g e s i c s  f o r  headaches. However, t h i s  e f f e c t  i s  n o t  s i g n i f i c a n t  
( p  = 0 .5) .  

A p p a r e n t l y  t h e r e  was a  m ino r  e f f e c t  o f  w e a t h e r p r o o f i n g  on t h e  
symptoms "one's head f e e l s  heavy".  However, t h i s  e f f e c t  was n o t  
s i g n i f i c a n t  ( p  = 0.096).  

A d d i t i o n a l  ana lyses  were c a r r i e d  o u t  f o r  t h e s e  symptoms i n  o r d e r  t o  
make c o r r e c t i o n s  f o r  age and sex, b u t  t h e s e  c o r r e c t i o n s  had o n l y  
m i  n o r  i n f  1  uence on p-v a1 ues and o d d s - r a t  i 0s.  



Cases o f  f l u  and c o l d  had a l s o  a  v e r y  l i m i t e d  i n f l u e n c e  on t h e  
f r e q u e n c y  o f  symptoms. 

H a b i t s  w i t h  r e g a r d  t o  a i r i n g  were i n v e s t i g a t e d  i n  o r d e r  t o  t e s t  any 
r e l a t i o n s h i p  t o  w e a t h e r p r o o f i n g  and age. However, t h e r e  was n o t  
f o u n d  any r e l a t i o n s h i p  between t h e s e  two v a r i a b l e s .  Smoking was t h e  
o n l y  v a r i a b l e  wh ich  had pronounced e f f e c t  on a i r i n g :  smokers a i r e d  
more t h a n  non-smokers. 

I n  a d d i t i o n ,  i t  was i n v e s t i g a t e d  whether  mould  g rowth  and damages 
due t o  m o i s t u r e  i n  t h e  apar tment  were r e l a t e d  t o  a i r i n g  h a b i t s  and 
d r y i n g  o f  c l o t h e s  i n  t h e  apar tment .  O n l y  d r y i n g  o f  c l o t h e s  was f o u n d  
t o  be r e l a t e d  t o  s i g n s  o f  mould. 

DISCUSSION 

The response r a t e  f r o m  t h e  f i r s t  q u e s t i o n n a i r e  was 54% wh ich  m i g h t  
seem low.  The persons who p a r t i c i p a t e  i n  an e p i d e m i o l o g i c a l  s t u d y  
l i k e  t h i s  w i l l  n o t  b e n e f i t  d i r e c t l y  o r  p e r s o n a l l y .  Thus t h e y  a r e  n o t  
g r e a t l y  m o t i v a t e d  t o  p a r t i c i p a t e .  I n  a d d i t i o n ,  we assume t h a t  t h e  
l ow  response  r a t e  t o  some e x t e n t  i s  due t o  t h e  f a c t  t h a t  t h e  
q u e s t i o n n a i r e  had a  r a t h e r  c o m p u t e r - l i k e  des ign ,  - i n  o r d e r  t o  
f a c i l i t a t e  a n a l y s i s  o f  da ta .  Fur thermore,  t h e  p a r t i c i p a n t s  have f e l t  
o b l i g e d  t o  answer t h e  f o l l o w i n g  t h r e e  q u e s t i o n n a i r e s  i f  t h e y  had 
answered t h e  f i r s t  one. 

The o n l y  i n f o r m a t i o n  a v a i l a b l e  f o r  a l l  p a r t i c i p a t i n g  persons 
i n c l u d e d  sex, age and address ( C a p i t  a1 , P r o v i  n c i  a1 towns) .  There  was 
a p p a r e n t l y  no s e l e c t i o n  w i t h  r e g a r d  t o  t h e s e  t h r e e  f a c t o r s .  

O r i g i n a l l y  t h e  s t u d y  group was supposed t o  be as l a r g e  as t h e  
c o n t r o l  g roup .  The observed r e d u c t i o n  i s  n o t  due t o  l o s s  o f  
p a r t i c i p a n t s  o n l y ,  b u t  i s  m a i n l y  t h e  r e s u l t  o f  t h e  b u i l d i n g  
s o c i e t i e s '  change o f  p l a n s  f o r  t h e  rep lacement  o f  windows. 

The r e s u l t s  o f  t h i s  s t u d y  a r e  r a t h e r  c l e a r c u t .  Even though  t h e  
r e d u c t i o n  i n  p a r t i c i p a n t s  was l a r g e ,  t h e  n o n p a r t i c i p a n t s  had t o  be 
v e r y  d i f f e r e n t  f r o m  t h e  p a r t i c i p a n t s  t o  i n f l u e n c e  t h e  r e s u l t s  i n  an 
o p p o s i t e  d i r e c t i o n .  The e f f e c t s  a r e  r e g i s t e r e d  f o r  t h e  same 
p a r t i c i p a n t s  b e f o r e  and a f t e r  t h e  " e x p e r i m e n t "  i . e .  t h e  r e s u l t s  a re  
i n t r a p e r s o n n e l  v a r i a t i o n s .  We t h e r e f o r e  conc lude  t h a t  t h e  magni tude 
o f  t h e  e f f e c t s  must be i n t e r p r e t e d  w i t h  some c a u t i o n  whereas t h e  
t r e n d s  a re  v e r y  c l e a r .  



Fur the rmore ,  i t  s h o u l d  be emphasized t h a t  a l l  t h e  measured e f f e c t s  
a r e  a c u t e  o r  subacu te  e f f e c t s .  T h i s  s t u d y  cannot  g i v e  any e v i d e n c e  
o f  i n c o n v e n i e n c e s  t h a t  may o c c u r  1  a t e r  i f  t h e  apar tments  become t o o  
a i r t i g h t .  

The d r a m a t i c  improvement i n  t h e  i n d o o r  c l i m a t e  w i t h  r e g a r d  t o  
t e m p e r a t u r e  and n o i s e  may have i n f l u e n c e d  t h e  answers t o  t h e  
q u e s t i o n s  about  symptoms, which a r e  n o t  d i r e c t l y  r e l a t e d  t o  l o w  
t e m p e r a t u r e s  and d r a u g h t .  

The r e s u l t s  o f  t h i s  s t u d y  t h e r e f o r e  show t h a t  i t  would  be  d e s i r a b l e  
t o  conduc t  s i m i l a r  s t u d i e s  under d i f f e r e n t  c l i m a t i c  c o n d i t i o n s  and 
f o r  o t h e r  t y p e s  o f  b u i l d i n g s ,  b u t  w i t h  t h e  same methodo logy so t h a t  
t h e  s t u d i e s  wou ld  be comparable.  

T h i s  s t u d y  has been p a r t  o f  a  number o f  p r o j e c t s ,  wh ich  t h e  
Department  o f  Energy,  Copenhagen has g i v e n  t h e  I n s t i t u t e  o f  Hygiene,  
U n i v e r s i t y  o f  Aarhus, c o m p r i s i n g  i n d o o r  p o l l u t a n t  s o u r c e  c o n t r o l  ( 3 )  
as w e l l  as changes i n  housedust  m i t e  p o p u l a t i o n s  r e l a t e d  t o  m o i s t u r e  
changes i n  r e t r o f i t t e d  d w e l l i n g s  (2,4).  

The concep t  o f  comb in ing  d i f f e r e n t  m e t h o d o l o g i c a l  s t u d i e s  l i k e  t h i s  
i s  based on t h e  e x p e r i e n c e  f r o m  o t h e r  f i e l d s  o f  e n v i r o n m e n t a l  h e a l t h  
s t u d i e s  i n  t h a t  t h e y  g e n e r a l l y  s h o u l d  i n c l u d e  b o t h  f i e l d  measure- 
ments and o b s e r v a t i o n a l  h e a l t h  s t u d i e s ,  as w e l l  as c o n t r o l l e d  
exposure  s t u d i e s ,  t o  be c o n c l u s i v e .  

The c o n c l u s i o n  so f a r  has been t h a t  i n s u l a t i o n  and r e t r o f i t t i n g  i n  
f l a t s  seems t o  have p r e d o m i n a n t l y  p o s i t i v e  a c u t e  e f f e c t s  r e g a r d i n g  
t o  v o t e s  on c o m f o r t  and w e l l - b e i n g .  P o s s i b l e  l o n g  t e r m  consequenses, 
o f  a  v e r y  l ow  v e n t i l a t i o n  r a t e ,  w i t h  n e g a t i v e  h e a l t h  e f f e c t s  canno t  
be e x c l u d e d  f r o m  t h i s  s t u d y  and w i l l  have t o  be observed  i n  t h e  
f u t u r e .  

The e n v i r o n m e n t a l  changes wh ich  t o o k  p l a c e  i n  t h e  b u i l d i n g s  
concerned i n  t h i s  s t u d y  were n o t  p h y s i c a l l y  m o n i t o r e d .  T h i s  has t o  
be done i n  s t u d i e s  i n  c o n t i n u a t i o n .  
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Table 1 Number of reponses and response r a t e s  

August December January February 

Number of d i s t r i bu t ed  
quest i onnai r e s  3309 1739 1268 1112 

Number of answered 
questionnaires 1922 1306 1148 1043 

Number of val id  answers 1739 1268 1112 1013 

Response r a t e  53.6 73.9 88.5 92.8 

Table 2 Follow-up group: Distr ibution of 
background vari  ables in  percent 

August December January I-ebruary 

Periods away 
from apartment control group 18.3 57.1 61.5 57.5 
< 4 hours - study group 24.2 69.5 67.9 67.0 

Smokers control  group 51.8 52.0 51.1 51.7 
study group 51.7 51.8 53.6 54.1 

Tot a1 number control group 535 5 35 535 5 35 
of answers study group 141 141 141 141 



Table 3. Normalized odds-rat ios fo r  disturbances and symptoms 

August December January February 

Temperature 

Draught 
Cold f l o o r  
High temperatures 
Low temper a t  ures 

-- - 

Noise 

Outdoor no ise  
Noise f rom t h e  b u i l d i n g  

Symptoms re1 a ted t o  mucos a1 s u r f  aces 

Smarting o r  i r r i t a t i o n  o f  t h e  eyes 1 0.33 0.00 0.00 
Dryness o f  t h e  t h r o a t  1 0.44 0.52 0.67 

Rheumatic symptoms 

J o i n t  pains 1 0.79 0.41 0.28 
Analgesics f o r  j o i n t  pains 1 1.30 0.37 0.32 
Necklback pa ins  1 0.38 0.11 0.18 
Analgesics f o r  back pains 1 0.73 0.11 0.19 

General symptoms 

Heaviness o f  t h e  head 
Headache 



Fig. 1 Frequencies of disturbances 

C = control group 
S = study group 

too, DRAUGHT 

: sol 

August December January February 

roo HIGH TEMPERATURES 

90 

80 

0 
I-' E 

Y 40 
d 

10 

0 

August December January February 

- ,  
August December January February 

100 COLD FLOOR 

901 

August December January February 

August December January February 

100 NOISE FROM THE BUILOING 

70 

August Oecember January February 



Fig. 2 Frequencies of symptoms 

C = control group 
S = study group 
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The r e l a t i o n  between a i r  i n f i l t r a t i o n  r a t e  and indoor 
concentra t ions  of radon gas ,  radon daughters, and formaldehyde has  
been inves t iga ted  f o r  both summer and winter condit ions i n  a 
number of Toronto houses w i t h  low r a t e s  of n a t u r a l  v e n t i l a t i o n .  
Air i n f i l t r a t i o n  r a t e s  obtained by t h e  fan depressur iza t ion method 
and t h e  s u l f u r  hexafluoride t r a c e r  gas  d i l u t i o n  method a r e  
compared, Formaldehyde l e v e l s  were monitored using both t h e  
revised NIOSH impinger sampling method and badge dosimeters. 
Levels of radon gas and daughters were determined by a grab 
sampling technique and by f i l m  dosimeter as w e l l  f o r  radon 
daughters. 

Average a i r  change rates i n  air-conditioned houses were lower over 
t h e  summer months (0.12 - 0.40 ach) than over t h e  winter  period 
(0.21 - 0.66 ach). The average summer indoor formaldehyde 
concentra t ion f o r  air-conditioned houses was 0.076 ppm a s  compared 
with an average of 0.038 ppm i n  winter.  The average radon and 
radon daughter concentrat ions f o r  air-conditioned houses were 
higher by 44% and 32%, respect ively ,  during the  summer months than 
during t h e  winter  months . 

INTRODUCTION 

Prolonged exposure t o  low concentrat ions of indoor a i r  
contaminants can under c e r t a i n  circumstances be a s e r i o u s  t h r e a t  
t o  the  h e a l t h  of building occupants. I n  recent  years  considerable 
a t t e n t i o n  has  been focussed on formaldehyde g a s  emissions from 
urea formaldehyde foam insu la t ion  and, i n  a reas  of high n a t u r a l  
r a d i o a c t i v i t y ,  on p a r t i c u l a t e  a i rborne  r a d i o a c t i v i t y  (radon 
daughters) r e s u l t i n g  from rad ioac t ive  decay of radon gas,  With 
the  inc reas ing  demand f o r  improvement i n  a i r t i g h t n e s s  of t h e  
bullding envelope a s  an energy conservation measure, t h e  p o t e n t i a l  
f o r  such contaminants t o  be present  a t  an unacceptable l e v e l ,  even 
i n  the  absence of s i g n i f i c a n t  sources, has increased. 
Formaldehyde gas ,  f o r  example, can be t raced t o  sources such a s  
s y n t h e t i c  f a b r i c s ,  wood products, and products of combustion. 
Radon gas ,  a decay product of natural ly-occurring nuc l ide  radium- 
226, can be found t o  some ex ten t  i n  most s o i l s  throughout t h e  
world. Radon emanates from earth-derived bui ld ing mate r i a l s  and 
can e n t e r  a building by t ranspor t  from surrounding s o i l  through 
cracks and openings i n  foundations. 

This paper presents  a summary of the  r e s u l t s  of a monitoring 
program designed t o  examine t h e  r e l a t i o n  between i n f i l t r a t i o n  r a t e  
and indoor concentrat ions of radon, radon daughters and 
formaldehyde i n  houses having r e l a t i v e l y  low r a t e s  of n a t u r a l  
v e n t i l a t i o n .  It a l s o  compares a i r  i n f i l t r a t i o n  d a t a  obtained by 
the  f a n  depressur iza t ion and t r a c e r  gas  d i l u t i o n  methods. Twelve 
houses i n  Metropolitan Toronto were t e s t e d  weekly during t h e  
winter  heat ing season from November t o  March 1982. Ten of them 



were t e s t e d  a l s o  dur ing t h e  summer from Ju ly  t o  September 1982; 
e igh t  of t h e  ten  used t h e i r  c e n t r a l  air-condit ioning systems 
extens ively .  

DESCRIPTION OF TEST HOUSES 

E l e c t r i c a l l y  heated houses with forced warm-air systems w e r e  
s e l e c t e d  f o r  t h e  test program because t h e i r  a i r  exchange i s  n o t  
augmented by a furnace chimney. Two-storey, single-family 
dwellings wi th  basements and no  u r e a  formaldehyde foam i n s u l a t i o n  
were s tudied;  t h e i r  volumes, including basements, ranged from 555 
t o  948 m3. A l l  were frame const ruct ion wi th  b r i ck  s id ing ,  t e n  
years o l d  or  l e s s ,  with c e n t r a l  air-condit ioning and f i r e p l a c e s .  

Select ion of the  twelve test houses from a pool of e ighteen was 
based on low n a t u r a l  v e n t i l a t i o n  r a t e ,  character ized by t h e  
overa l l  air leakage p roper t i e s  assessed by t h e  fan  
depressur iza t ion method (CGSB Inter im Standard 149-GP-10, 
"Determination of A i r  Tightness of Buildings by t h e  Fan 
Depressurizat ion Method"). It g ives  t h e  t i g h t n e s s  of a bui ld ing 
enclosure by exhausting a i r  from t h e  s t r u c t u r e  and measuring t h e  
a i r f low r a t e  and corresponding pressure  d i f fe rence  a c r o s s  t h e  
enclosure. A por table  commercial exhaust fan  u n i t  developed by 
Orr and Figleyl  was used. 

3.  MONITORING AND ANALYTICAL TECHNIQUES 

Weekly air sampling consisted of taking grab samples f o r  
r adon/r adon daughters and formaldehyde ana lys i s  and concurrent  
measurements of a i r  exchange r a t e  using the  t r a c e r  gas  d i l u t i o n  
method. Thermohygrographs w e r e  i n s t a l l e d  i n  t h e  l i v i n g  room t o  
measure indoor temperature and r e l a t i v e  humidity. Outdoor 
environmental condit ions,  inc luding temperature, r e l a t i v e  
humidity, wind speed and d i rec t ion ,  and atmospheric pressure  were 
recorded a t  t h e  t i m e  of sampling. Door and window openings and 
occupant a c t i v i t i e s  (vacuuming, smoking, e t c . )  were noted f o r  each 
sampling period. 

3.1 A i r  I n f i l t r a t i o n  

In the t r a c e r  gas d i l u t i o n  method t h e  i n f i l t r a t i o n  r a t e  can be 
determined from t h e  exponential  decay r a t e  of t h e  t r a c e r  g a s  
concentrat ion with respect  t o  t i m e .  I f  the  n a t u r a l  logari thm of 
t h e  concentra t ion i s  p lo t t ed  aga ins t  t i m e ,  t h e  measurements should 
f a l l  on a s t r a i g h t  l i n e  provided the a i r  change r a t e  remains 
constant .  A s c a t t e r  of po in t s  i s  expected and a s t r a i g h t  l i n e  
bes t  f i t  can be ca lcula ted  using the  l e a s t  squares method. 



The a i r  change r a t e  i s  given by 

where 

C1 = concentrat ion of t r a c e r  gas a t  t i m e  t l  
C2 = concentra t ion  of tracer gas  a t  t i m e  t 2  
S = a i r  change rate per u n i t  t i m e .  

I n  each of the  test houses 50 cc  of SF6 ( a s  a t r a c e r  gas)  was 
i n j e c t e d  upstream of t h e  f a n  i n t o  t h e  r e t u r r r a i r  plenum of t h e  
forced-air  heat ing  system. Samples were drawn a t  t h e  same 
l o c a t i o n  f o r  subsequent a n a l y s i s  of SF6 concentrat ion 30, 45, 60 
and 75 min a f t e r  in jec t ion .  During the  sampling period t h e  
furnace  f a n  w a s  switched t o  manual mode i n  order  t o  achieve 
thorough and continuous mixing of air wi th in  t h e  s t r u c t u r e .  
Connecting doors,  c l o s e t  doors,  r e g i s t e r s ,  e t c .  , w e r e  opened t o  
allow f r e e  c i r c u l a t i o n  of a i r .  Windows, e x t e r i o r  doors and 
f i r e p l a c e  dampers were closed. 

Tracer gas  i n j e c t i o n  and sample ex t rac t ion  from t h e  re turn-a i r  
pleneum was achieved us ing a hypodermic syringe.  The t r a n s f e r  of 
SF6 from a gas cyl inder  t o  the  50-cc syr inge  w a s  accomplished 
ou t s ide  and downwind of t h e  test house. A c lean  50-cc sy r inge  and 
needle w e r e  used t o  draw sample a i r  from the  re tu rn -a i r  plenum f o r  
i n j e c t i o n  i n t o  a 20-mL evacuated g l a s s  tube f o r  temporary s to rage  
and subsequent a n a l y s i s  i n  the  labora tory  wi th  an electron-capture 
dectector/chromatograph. 

Formaldehyde 

Formaldehyde l e v e l s  were monitored following t h e  r ev i sed  NIOSH 
(National  I n s t i t u t e  f o r  Occupational Sa fe ty  and Health) impinger 
sampling method developed by R.R. Miksch a t  the  Universi ty of 
Ca l i fo rn ia ,  and us ing a 1-h sampling period. Samples were taken 
i n  the  l i v i n g  room or  dining room of each house, wi th  the  sampling 
t r a i n  l o c a t e d  approximately 1 m above f l o o r  l eve l .  A c a l i b r a t e d  
constant-flow pump was used t o  draw air a t  1 L/min through a 
midget impinger conta in ing sodium b i su l f  i t e  absorbing s o l u t i o n  f o r  
subsequent ana lys i s  i n  a spectrophotometer. 

For comparison, formaldehyde badge dosimeters containing sodium 
b i s u l f i t e  s o l u t i o n  were used t o  c o l l e c t  samples over a seven-day 
period. Badges were suspended approximately 1 m above t h e  f l o o r  
i n  t h e  l t v i n g  room and i n  one of t h e  bedrooms i n  each house. 



3.3 Radon /Radon Daughter s 

Simultaneous radonlradon daughter samples were c o l l e c t e d  from t h e  
basement a r e a  of each house us ing a g rab  sampling technique. A l l  
measurements were taken approximately 1 m above t h e  f l o o r .  For 
radon g a s  sampling, s e v e r a l  changes of basement room a i r  were 
drawn through a z inc  sulphide-coated flow-through s c i n t i l l a t i o n  
c e l l  a f t e r  pass ing a g l a s s  f i b r e  f i l t e r  t o  exclude daughter  
p a r t i c l e s .  The radon gas co l l ec ted  i n s i d e  t h e  cel l  was allowed t o  
decay f o r  approximately 4 h (seven ha l f - l ives  of short-1 ived 
daughter chain) ,  a t  which t i m e  the  daughters were v i r t u a l l y  a t  
equi l ibr ium wi th  t h e  parent  radon. The c e l l  w a s  then placed 
i n s i d e  a l i g h t - t i g h t  c a s t l e  containing a photomult ipl ier  tube 
connected t o  a sca ler /counter .  The a lpha  p a r t i c l e s  r e s u l t i n g  from 
rad ioac t ive  decay i n t e r a c t  with the  z i n c  sulphide coa t ing  of the  
c e l l  t o  produce t h e  s c i n t i l l a t i o n s  observed by t h e  counting 
system, Cal ibra t ion  of each cell  counter system aga ins t  a known 
radon source  y i e l d s  a count per  minute t o  p ic0  c u r i e  per  l i t r e  
(pCi/L) conversion a f t e r  sub t rac t ing  the  predetermined background 
count f o r  t h e  c e l l .  

Radon daughter concentrat ions were determined by means of t h e  
modified Kusnetz method. A high-volume a i r  pump w i t h  a capac i ty  
of 30 L/min w a s  used t o  draw a i r  through a g l a s s  f i b r e  f i l t e r  f o r  
10 min. The p a r t i c u l a t e  radon daughters  c o l l e c t e d  on t h e  f i l t e r  
were then counted with a por tab le  alpha counter incorpora t ing  a 
photomult ipl ier  tube  detec tor .  

For comparison with grab sampling da ta ,  t h r e e  radon dosimeters  
were exposed i n  each house (two i n  t h e  basement, one on t h e  main 
f l o o r )  over a four-month sampling period. Alpha p a r t i c l e s  from 
the  decay of radon gas  and daughters  bombarding an a lpha-sens i t ive  
plast-ic f i l m  de tec to r  (mounted on a card)  l eave  r a d i a t i o n  t racks .  
Analysis  of t h e  dosimeters w a s  c a r r i e d  o u t  by t h e  manufacturer. 

4. DATA ANALYSIS 

4.1 A i r  I n f i l t r a t i o n  

Figure 1 shows t h e  average a i r  change of each house f o r  both  
winter  and summer months, obtained by t h e  t r a c e r  gas  d i l u t i o n  
method and the  a i r  change r a t e  f o r  each house; t h i s  ranged from 
3.9 t o  7.9 a i r  changes per  hour (ach), obtained by t h e  f a n  
depressur iza t ion  method a t  a pressure d i f fe rence  ac ross  t h e  
bui ld ing envelope of 50 Pa. From a b e s t  f i t  l i n e  drawn through 
the po in t s ,  t he  r a t i o  of a i r  i n f i l t r a t i o n  r a t e s  measured by the  
t r a c e r  g a s  method and f a n  depressur iza t ion  method was 1/14 f o r  
winter and 1/20 f o r  summer. 

Figure 2 shows the  average i n f i l t r a t i o n  r a t e  of each house, 
determined by t h e  SF6 t r a c e r  g a s  method f o r  both periods of  



I N F I L T R A T I O N  A T  5 0  P a .  A I R  C H A N G E S l h  
( F A N  D E P R E S S U R I Z A T I O N  M E T H O D )  

Figure 1 Comparison of a i r  i n f i l t r a t i o n  rates determined by t h e  
t r a c e r  g a s  d i l u t i o n  and t h e  f a n  d e p r e s s u r i z a t i o n  
methods 

H O U S E  N U M B E R  

Figure 2 Average air  i n f i l t r a t i o n  rates ( t r a c e r  gas  d i l u t i o n  
method) (w i th  range  of two s t anda rd  d e v i a t i o n s )  



tes t ing .  I n f i l t r a t i o n  r a t e s  f o r  air-conditioned houses over t h e  
summer months (0.12 - 0.40 ach) w e r e  lower than those over t h e  
winter  per iod (0.21 - 0.66 ach). In two houses i n  which a i r  
condit ioners were not  used and windows were open the  a i r  change 
r a t e s  w e r e  much higher (1.75 ach f o r  House No. 7, and 2.78 ach f o r  
House No. 4). The apparent r e l a t i v e l y  high a i r  change r a t e  i n  
House No. 10 i n  summer may be r e l a t e d  t o  a i r  c i r c u l a t i o n ,  inasmuch 
a s  only one of two furnace fans  is  used f o r  c i r c u l a t i o n  of cooling 
a i r  i n  summer. The gradual  d i f fus ion  of SF6 i n t o  unci rcula ted  
areas  would give  the  e f f e c t  of more rap id  decay of t r a c e r  gas  
concentrat ion,  r e s u l t i n g  i n  an  incor rec t ly  high apparent a i r  
exchange r a t e .  

Figure 3 presents  average a i r  changes, wind speeds, and 
heating/cooling degree-days f o r  e i g h t  air-conditioned houses i n  
the summer months and f o r  twelve houses i n  t h e  previous winter.  
A i r  change r a t e s  were s i g n i f i c a n t l y  less i n  t h e  summer months than 
i n  the winter  months when the re  a r e  g rea te r  indoor/outdoor 
temperature d i f f e r e n t i a l s .  
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It i s  expected t h a t  during t h e  summer when t h e  temperature 
d i f f e r e n t i a l s  a r e  low the  a i r  change r a t e  w i l l  be due mainly t o  
wind. There appears t o  be a p o s i t i v e  c o r r e l a t i o n  between a i r  
change r a t e  and wind speed fo r  severa l  of t h e  e i g h t  a i r -  
condit ioned houses. Increased indoor r e l a t i v e  humidity causes 
increased a i r  t igh tness  during the  summer months and may a l s o  be a 
f a c t o r  i n  t h e  decreased a i r  change ra te4 ;  winter  averages of 
r e l a t i v e  humidity ranged from 34 t o  47%, and summer averages 
ranged from 56 t o  65%. 

4.2 Formaldehyde 

The mean indoor formaldehyde concentrat ions obtained from 1-h 
NIOSH measurements i n  each of t h e  houses a r e  shown on Figure  4. 
In genera l ,  there  was good agreement between the  weekly dosimeter 
( 7 d a y  exposure) and 1-h NIOSH r e s u l t s  over t h e  winter  sampling 
period, as shown graphical ly  i n  Figure 5. Agreement was poor when 
they were compared on a weekly b a s i s  f o r  each house. The higher 
indoor formaldehyde l e v e l s  i n  air-conditioned houses appear t o  be  
r e l a t e d  t o  a lower a i r  change r a t e  during t h e  summer months. The 
average indoor concentrat ion f o r  the  air-conditioned houses w a s  
0.076 ppm, which i s  twice t h e  winter  average of 0.038 ppm. The 
l e v e l s  of formaldehyde concentration indoors appear t o  be 
a f fec ted ,  a s  well ,  by those  outdoors. Measurements during t h e  
summer tests indicated  t h a t  outdoor l e v e l s  near a highway and a 
major road (d i s t ance  of 25 t o  120 m) var ied  from 0.014 t o  
0.022 ppm, and near minor roads from 0.006 t o  0.008 ppm, Outdoor 
l e v e l s  are a f fec ted  by t r a f f i c  dens i ty  s i n c e  automobile exhaust 
contains s i g n i f i c a n t  concentrat ions of formaldehyde and other  
aldehydes. 

A t  present  the  accepted indoor l e v e l  of formaldehyde i s  0.10 ppm 
(ASHRAE Standard 6 2-81, Vent i la t ion  f o r  Acceptable Indoor Air 
Quality).  In three  of the  t e s t  houses t h i s  l e v e l  w a s  exceeded i n  
70% of t h e  indoor measurements made during t h e  summer months. 
Over t h e  winter months the  same th ree  houses a l s o  had the  h ighes t  
formaldehyde concentrat ions,  bu t  t h e  maximum acceptable 
concentrat ion was exceeded i n  less than 10% of the  measurements. 

4.3 ~adon/Radon Daughters 

Figure 6 shows averaged radon concentrat ions and Figure 7 averaged 
radon daughter concentrat ions f o r  t h e  two measurement periods. 
Average radon concentrat ions over the  winter period ranged from 
0.3 t o  2.2 pCi/L; over t h e  summer per iod they ranged from 0.37 t o  
2.26 pCi/L. Average radon daughter concentrat ions over t h e  winter  
period ranged from 0.0007 t o  0.0065 working l e v e l  (WL); 
corresponding summer da ta  ranged from 0.0011 t o  0.007 WL. 
Comparison of summer and winter  d a t a  f o r  t h e  e i g h t  air-conditioned 
houses shows t h a t ,  on average, the  radon gas and radon daughter 
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Figure 4 Average 1-h NIOSH formaldehyde concentrat ions 
( i n t e r i o r )  (wi th  range of two s tandard  deviat ions)  
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Figure 5 Comparison of average 1-h NIOSH and 7 d a y  dosimeter 
formaldehyde measurements 



1 2  3 4 5 6  7  8  9 1 0 1 1 1 2  

HOUSE NUMBER 

Figure 6 Average d a i l y  radon concent ra t ion  (with range of two 
s tandard  dev ia t ions )  

Figure 7 Average d a i l y  radon daughter concent ra t ions  (wi th  range  
of two s t anda rd  dev ia t ions )  
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concentra t ions  were g r e a t e r  f o r  t h e  summer months than f o r  t h e  
winter months by 44 and 32%, respec t ive ly .  The acceptable  l i m i t  
f o r  radon daughters is 0.01 WL (ASHRAE Standard 62-81). The 
radonlradon daughter d a t a  showed expected v a r i a t i o n s  i n  ind iv idua l  
samples taken a t  t h e  same house on d i f f e r e n t  sampling days. It 
can be explained,  a t  l e a s t  i n  p a r t ,  by the  e f f e c t s  of var ious  
meteorological  f a c t o r s  shown i n  o the r  s t u d i e s  t o  be s t a t i s t i c a l l y  
s i g n i f i c a n t  i n  a f f e c t i n g  t h e  emission r a t e  of radon gas  from s o i l .  
These inc lude  barometric pressure ,  a i r  and s o i l  temperature, 
r e l a t i v e  humidity, and wind speed. 

The average equil ibrium f a c t o r  ( t h e  r a t i o  of measured radon 
daughters t o  t h e  p o t e n t i a l  radon daughter concentrat ion t h a t  could 
occur when i n  complete equil ibrium with the  parent  radon) d i d  n o t  
change s i g n i f i c a n t l y  from winter  (0.33) t o  summer (0.30) i n  t h e  
e igh t  air-condit ioned houses. Figure 8 provides a comparison of 
average radon and radon daughter measurements f o r  each house, 
using a grab  sampling technique with d a t a  obtained from t h e  f i l m  
dosimeters exposed over t h e  winter  sampling period. Agreement 
between t h e  two sets of da ta  can be considered f a i r l y  good. 
Figure 9 sugges ts  t h a t  concentra t ions  of both  formaldehyde. and 
radon gas tend t o  decrease as the  a i r  change r a t e  inc reases  and 
v i c e  versa .  
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Figure 8 Comparison of grab sample and f i lm dosimeter 
measurements of radon and radon daughter 
concentrat ions 
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Figure 9 Average monthly a i r  i n f i l t r a t i o n  r a t e  and formaldehyde 
and radon concentra t ions  

5. SUMMARY 

The p o s s i b l e  c o r r e l a t i o n  between a i r  i n f i l t r a t i o n  rate and indoor 
concentra t ions  of radon, radon daughters ,  and formaldehyde i n  
houses having r e l a t i v e l y  low r a t e s  of n a t u r a l  v e n t i l a t i o n  has been 
examined. 

1. A i r  change r a t e s  measured by the  fan  depressur iza t ion  method 
v a r i e d  from 3.9 t o  7.9 a i r  changes per  hour a t  a pressure  
d i f f e r e n c e  of 5 0 P a .  Averaged i n f i l t r a t i o n  r a t e s  obtained by 
tracer gas  measurements over t h e  summer study period ( f o r  a i r  
condit ioned houses) ranged from 0.12 t o  0.40 a i r  changes per  
hour; over t h e  winter  months t h e  r a t e s  were higher a t  0.21 t o  
0.66 a i r  changes per hour. These measurements represent  1/20 
and 1/14, r e spec t ive ly ,  of t h e  a i r  change r a t e s  a s  measured by 
t h e  f an  depressur iza t ion  method a t  a  pressure d i f fe rence  of 
50 Pa. 

2. The averaged indoor concentrat ion of formaldehyde f o r  a l l  
air-condit ioned houses, a s  measured by t h e  1-h NIOSH method, 
was 0.076 ppm (ranging from 0.019 t o  0.136 ppm) during the  
summer months, and 0.038 ppm (ranging from 0.015 t o  0.059 ppm) 
f o r  the  winter months, 



3. The averaged radon gas  concentrat ions f o r  a l l  air-conditioned 
houses during the summer months ranged from 0.37 t o  
2.26 pCi/L; f o r  t h e  winter  months they ranged from 0.30 t o  
2.2 p C i / ~ .  The averaged radon daughter concentrat ions f o r  a l l  
air-conditioned houses during t h e  summer months ranged from 
0.0011 t o  0.007 WL; f o r  the  winter months they ranged from 
0.0007 t o  0.0065 WL. 

4, Measurements i n d i c a t e  t h a t  concentrat ions of formaldehyde, 
radon, and radon daughters a r e  a f f e c t e d  by i n f i l t r a t i o n  r a t e ,  
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I n  o rde r  t o  v e r i f y  t h e  c a l c u l a t i o n  models o f  a i r  i n f i l t r a t i o n  
us ing  th ree  wooden t e s t  houses which have t h e  same type o f  
cons t ruc t i on  b u t  have d i f f e r e n t  leakage d i s t r i b u t i o n s ,  
a i r t i g h t n e s s  o f  b u i l d i n g  components o f  these th ree  houses were 
measured by means o f  t h e  fan p ressu r i za t i on  method, and then a i r  
i n f i l t r a t i o n  was measured twenty-two times by C02 concent ra t ion  
decay technique. Some o f  t h e  leaks were sealed so t h a t  t o t a l  
leakage of each of t h e  th ree houses was equal, b u t  t h e  leakage 
d i s t r i b u t i o n  was d i f f e r e n t  between House A and House B, and t h e  
amount o f  t o t a l  leakage o f  House C was tw ice  t h a t  o f  House A and 
o f  House B. 

Secondly, a i r  i n f i l t r a t i o n  was ca lcu la ted  by means o f  t he  LBL 
model and t h e  BRE model. The values as ca l cu la ted  by t h e  LBL 
model were unexpectedly two t o  th ree  t imes t h e  values o f  
measurement. The values as ca l cu la ted  by the  BRE model were i n  
the  range o f  one t o  two times t h e  values o f  measurement. 

Th i rd l y ,  c a l c u l a t i o n  by means o f  t h e  JCV model w ide ly  used i n  
Japan was done under t h e  assumption o f  t he re  being f i v e  types o f  
leakage d i s t r i b u t i o n  i n  order  t o  c l a r i f y  t h e  e f f e c t  o f  leakage 
d i s t r i b u t i o n  on t h e  accuracy o f  est imation. With t h e  JCV model 
t h e  i n t e r n a l  pressure and the  a i r  i n f i l t r a t i o n  are  ca l cu la ted  by 
the  Newton Raphson method us ing an equation i n  which t h e  t o t a l  
i n f i l t r a t i o n  i s  zero. Before t h i s  ca l cu la t i on ,  t he  pressure 
d i f f e r e n c e  due t o  t h e  combination o f  t he  wind and stack e f f e c t s  
i s  in t roduced i n t o  t h e  leakage equat ion f o r  each leak. 

As a  r e s u l t ,  t h e  bes t  es t ima t ion  i s  y ie lded  by t h e  uni form 
d i s t r i b u t i o n  as opposed t o  t h e  o the r  d i s t r i b u t i o n s .  So, i t  can be 
sa id  t h a t  t h e  assumption o f  un i fo rm d i s t r i b u t i o n  o f  leakage can 
be accepted i n  t h e  case o f  a  house which i s  n o t  so much a i r t i g h t .  



LIST OF SYMBOLS 

n' : Predicted value of air infiltration ratio, l/h 

n : Measured value of air infiltration ratio, l/h 
or flow exponent used in leakage air flow equation 

v : Wind velocity, m/s 

AT : Indoor-outdoor temperature di fference, "C 

T : Indoor temperature, OC 

g : Gravity acceleration, m/s2 

Pr : Indoor air density, kg/m3 

Po : Outdoor air density, kg/m3 
Ap : Pressure difference across a leakage, Pa 

Apo : Indoor-outdoor base pressure difference, Pa 

pr : Indoor pressure at the floor level, Pa 

A,, Ac, Af: Equivalent leakage area of the envelope, the 
cei 1 ing, and the floor, respectively, cm2 

Ai : Wall area of i, m2 

H : Ceiling height, m 

h : Height from the floor level, m 

Q : Air infiltration rate or leakage flow rate, m3/h 

Qo : Leakage flow rate for Ap=Apo. m3/h 

Qi, Qc, Qf: Leakage flow rates through wall i, ceiling and 
floor, respectively, m3/h 

Q, : Air infiltration rate due to the wind effect, m3/h 

Qs : Air infiltration rate due to the stack effect, m3/h 

Ci : Wind pressure coefficient on wall i 

Cr : Indoor pressure coefficient 

ai, a,, af: Wind pressure coefficients of wall i, ceiling and 
floor as based on indoor pressure, respectively 

Ar = T* g*~/((t+273)* v2) 

Z = h/H 

B = 2.Ar 

(b : Wind direction 

a, b ,c : Regression coefficients 



1. INTRODUCTION 

It i s  very  important  t o  p r e c i s e l y  p r e d i c t  t h e  a i r  i n f i l t r a t i o n  
of a  house f o r  t h e  purpose o f  es t imat ing  the  heat ing  load and t h e  
indoor a i r  qua l i t y .  As more a t t e n t i o n  i s  being p a i d  t o  thermal 
i n s u l a t i o n  and a i r t i g h t n e s s  o f  r e s i d e n t i a l  b u i l d i n g s  from t h e  
v iewpoin t  o f  energy conservat ion, t h i s  sub jec t  i s  becoming more 
and more important. One reason i s  t h a t  t h e  r a t i o  o f  heat ing  l o s s  
due t o  a i r  i n f i l t r a t i o n  increases w i t h  thermal i n s u l a t i n g  o f  a  
house, i n  comparison t o  the  r a t i o  o f  heat  l oss  through t h e  wal ls .  
Another reason i s  t h a t  t he  indoor a i r  i s  e a s i l y  p o l l u t e d  w i t h  
var ious contaminants when a  house i s  made a i r t i g h t ;  f u r t h e r  study 
o f  t h i s  contaminat ion i s  becoming necessary due t o  t h e  above 
mentioned improvement. 

However, t h e  method f o r  p r e c i s e l y  p r e d i c t i n g  a i r  i n f i l t r a t i o n  has 
no t  been developed because o f  t h e  f o l l o w i n g  reasons: 

a) A i r  leakage o f  a  b u i l d i n g  can be found n o t  o n l y  around doors 
and windows b u t  a l s o  a t  t h e  f o l l o w i n g  p a r t s  o f  t h e  bu i l d ing :  

1) holes f o r  w a l l  pipes, 
2) e l e c t r i c  ou t l e t s ,  
3) j o i n t s  between the  w a l l  and the  window frames, 
4) i n t e r f a c e s  between t h e  c e i l i n g  and wal ls,  
5)  i n t e r f a c e s  between the  f l o o r  and wal ls,  
6)  w a l l  surfaces and c e i l i n g  surfaces themselves. 

These leakages cannot be i d e n t i f i e d  a t  t he  p lann ing stage. 

b) The a i r t i g h t n e s s  o f  windows i n s t a l l e d  i n  w a l l s  i s  o f t e n  
d i f f e r e n t  from t h e  ca ta log  data. Th is  i s  a f fec ted  by the  q u a l i t y  
o f  const ruc t ion .  The measured values are  genera l ly  g rea te r  than 
those da ta  l i s t e d  i n  a  catalog. 

c )  As the re  i s  l i t t l e  data on wind pressure c o e f f i c i e n t s ,  i t  i s  
d i f f i c u l t  t o  est imate t h e  appropr ia te  c o e f f i c i e n t  f o r  each house. 

d) Wind v e l o c i t y  and wind d i r e c t i o n  i s  always f l u c t u a t i n g .  
Eva luat ion  o f  t he  e f f e c t  o f  t h i s  f l u c t u a t i o n  on a i r  i n f i l t r a t i o n  
has n o t  been poss ib le  up t o  now. 

e) I t  i s  d i f f i c u l t  t o  est imate a i r  i n f i l t r a t i o n  when window and 
doors a r e  opened and closed. 

Problems a) and b) mentioned above are  dependent on t h e  q u a l i t y  
o f  const ruc t ion ;  therefore,  a i r t i g h t n e s s  should be measured. 
Items c), d )  and e)  a re  major areas needing f u r t h e r  research. 

I n  t h i s  paper, as the  f i r s t  stage i n  t h e  development o f  a  method 
f o r  p r e d i c t i n g  a i r  i n f i l t r a t i o n ,  a t t e n t i o n  i s  focused on 
v e r i f i c a t i o n  o f  a i r  i n f i l t r a t i o n  i n  single-room-calculat ion 
models. Wind pressure on the  envelope and indoor-outdoor 
temperature d i f f e rences  were measured f o r  th ree types o f  t e s t  



houses f o r  which a i r t i g h t n e s s  data had a l ready been obtained, 

Three p r e d i c t i o n  models, t h e  LBL model ' , the  BRE model and t h e  
JCV model were evaluated. The JCV model, which i s  expla ined 
l a t e r ,  i s  t he  model w ide ly  used i n  Japan f o r  c a l c u l a t i o n  o f  
v e n t i l a t i o n .  

Some o f  leaks o f  t h ree  t e s t  houses were sealed so t h a t  t h e  t o t a l  
leakage o f  House A and o f  House B was equal, b u t  t h e  leakage 
d i s t r i b u t i o n  o f  House A and House B d i f f e red ,  and t h e  t o t a l  
leakage o f  Iiouse C was tw ice  t h a t  o f  House A and o f  House B. 

2. MEASUREMENT OF AIRTIGHTNESS AND AIR INFILTRATION OF TEST 
HOUSES 

2.1 Test houses and t h e i r  surroundings 

The photograph o f  t h e  th ree  t e s t  houses and t h e i r  p lan  a r e  shown 
i n  Fig.? and Fig.2, respect ive ly .  Each of these wooden houses has 
a s i n g l e  room w i t h  windows i n  a l l  f o u r  w a l l s  and a l s o  have a t t i c  
space and crawl space except f o r  House C which has no crawl 
space, because t h e  wooden f l o o r  i s  constructed d i r e c t l y  on t h e  
concrete s l a b  which i s  d i r e c t l y  on top  o f  t he  ground. The a t t i c  
space and t h e  crawl space have v e n t i l a t i o n  i n l e t s .  F loo r  area i s  
23.7 m2. Room a i r  volume i s  60 m3. 

The t e s t  houses were constructed i n  t h e  cour tyard  o f  a f a c t o r y  i n  
Yamagata Prefecture.  The surroundings o f  t h e  houses are  shown i n  
Fig.3. The main fac tory  b u i l d i n g  i s  northwest o f  t h e  houses. On 
the  southeast i s  an orchard. There i s  no obstac le  b lock ing  t h e  
wind f rom t h e  south. Wind d i r e c t i o n  va r ied  between ENE and ESE 
dur ing  t h e  f i r s t  year o f  measurement, During t h e  measurement 
per iod  i n  t h e  second year, wind was from t h e  east  and a l s o  from 
other  d i rec t i ons ;  however t h e  measured data was o n l y  analysed 
w i t h  regard  t o  wind from the  east. 

2.2 A i r t i g h t n e s s  o f  houses 

2.2.1 Method f o r  ob ta in ing  a i r t i g h t n e s s  

A f t e r  a duc t  w i t h  an attached fan was i n s t a l l e d  i n  the  ho le  
p rev ious l y  opened f o r  t h e  v e n t i l a t i o n  fan, a i r t i g h t n e s s  o f  t h e  
houses was measured by means o f  t he  fan  p ressu r i za t i on  method. 
The range o f  indoor-outdoor pressure d i f f e r e n c e  was 3 t o  50 Pa. 
Pressure was measured by a capacitance manometer. Speed o f  f l o w  
a t  t h e  center  o f  t he  duct  was measured using a the rm is to r  
anemometer, and a i r f l o w  r a t e  was est imated based on p rev ious l y  
obta ined data as t o  the  r e l a t i o n s h i p  between t h e  wind speed a t  
the  center  and the  a i r f l o w  rate.  



Fig.1 View o f  t he  t e s t  houses from t h e  west 
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Fig.3 S i t e  p lan  o f  t he  t e s t  houses 



2.2.2 Measured r e s u l t s  

The measured r e s u l t s  o f  a i r t i g h t n e s s  of t he  b u i l d i n g  elements are  
shown i n  Fig.4. I f  the  r e l a t i o n s h i p  between the  indoor-outdoor 
pressure d i f fe rence,  Ap, and t h e  f low rate,  Q, i s  shown by 
equation (I), t h e  f low ra te ,  Qo, f o r  Apo=lO Pa and t h e  f l o w  
component, n, o f  each leakage can be ind i ca ted  as i n  Table 1. 

I n  House A, t he  i n te r face  between t h e  f l o o r  and w a l l s  and t h e  
southern window were sealed w i t h  v i n y l  sheeting. I n  House B, t h e  
eastern window, t h e  southern windows and t h e  nor thern  windows 
except f o r  one o f  t h e  nor thern  windows were sealed. But i n  House 
C no leaks  were sealed. The equ iva lent  leakage area pe r  f l o o r  
area ( s p e c i f i c  leakage area) of a  whole house can be c a l c u l a t e d  
by 

Spec i f i c  leakage areas o f  House A, B and C a re  7.6, 8.1 and 14.7 
cm2/m2, respect ive ly .  These values fa1 1  between A i r t i g h t n e s s  Rank 
4  and 5 as shown i n  Ref.4. Th is  means t h a t  t he  a i r t i g h t n e s s  o f  
t he  t e s t  houses i s  equ iva lent  t o  t h a t  o f  popular p re fab r i ca ted  
houses i n  Japan. 

As a  r e s u l t  o f  sea l i ng  some leaks, t h e  t o t a l  leakage o f  House A 
and House B was equal, b u t  t h e  leakage o f  t he  western window o f  
House A and the  i n t e r f a c e  between f l o o r  and w a l l s  o f  House B were 
comparat ively great.  The t o t a l  leakage o f  House C was 1.9 and 1.8 
t imes g r e a t e r  than t h a t  of House A and o f  House B, respect ive ly .  
The western window o f  House C was e s p e c i a l l y  leaky. 

A t  t h e  beginning o f  t h e  second year, t he  a i r t i g h t n e s s  o f  t h e  
th ree houses was tes ted  by t h e  fan p ressu r i za t i on  method a f t e r  
the  same leaks as had been sealed i n  t h e  f i r s t  year were once 
again sealed. The r e s u l t s  are shown i n  the  lower p a r t  o f  Table 1. 
Qo o f  House A i n  t h e  second year was near l y  equal t o  t h a t  of 
House A measured i n  t h e  f i r s t  year. However, t he  values o f  Qo o f  
House B and House C were 19 % and 13% smaller, respect ive ly ,  
than t h e  values obta ined i n  the  f i r s t  year. These d i f f e r e n c e s  may 
be due t o  changes i n  outdoor temperature and humidity,  changes o f  
b u i l d i n g  ma te r ia l  cha rac te r i s t i cs ,  d i f f e rences  i n  t h e  method o f  
seal ing, etc.  The average outdoor temperature and humid i ty  du r ing  
the p e r i o d  o f  measurement, i n c l u d i n g  the  5 days before  
measurement, were 26.5"C and 80.4 % i n  the  f i r s t  year and 25.Z°C 
and 61.8 % i n  t h e  second year. The humid i ty  i n  t h e  f i r s t  year was 
more than t h a t  i n  second year. If humid i ty  a f f e c t s  a i r t i g h t n e s s ,  
then a  d i f f e r e n c e  i n  a i r t i g h t n e s s  of House A should have been 
obserbed between t h e  f i r s t  year and t h e  second year, and also, 
Houses B and C should have been more a i r t i g h t  du r ing  t h e  more 
humid f i r s t  year. Therefore, t he  d i f ference does n o t  seem t o  be 
due t o  t h e  e f f e c t  o f  humidity. Other poss ib le  reasons were n o t  
inves t iga ted.  
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Table 1 Effective leakage areas of building elements 

E n t r a n c e  
Eastern  window 
Southern window 
Western window 
Flcor/wall interface 
Other obscure leakages 

First  year 
Second year 

1) The values i n  parentheses were obtained by measurement. 
Because the  f l o w  component n va r i es  between 1 and 2, 
n=l when n t l ,  n=2 when n>2 i n  l a t e r  c a l c u l a t i o n .  

2) The values o f  Q and Q a re  f o r  c e i l i n g l w a l l  i n t e r f a c e s  
and "o ther  obscure leakages", respect ive1 y. 

House A I House B I House C ! 

Qo(m3/h) 

51.2 
9.6 

107.0 

94.9 

262.7 
252.5 

n 

1.34 1)  
l.O(O.97) 
- 
1.43 
- 
1.5 

1.31 
1.37 

n 

1.09 
1.08 
1.29 
1.67 

2.0(2.14) 
1.22 
1.36 

1.36 
1.47 

~o(m~/h) 

52.6 

35.3 
92.7 
99.6 

280.2 
226.8 

n 

1.21 
- 
- 
1.13 
1.93 
1.57 

1.47 
149 

Qo(m3/h) 

74.6 
24.4 
74.2 
177.5 
24.8 

0 113.6') 
Q 86.5 

505.6 
438.9 



2.2.3 Height o f  t h e  n e u t r a l  l e v e l  

A f t e r  t h e  indoor-outdoor temperature d i f f e r e n c e  was s t a b i l i z e d  a t  
around 20°C by means o f  t he  method described l a t e r ,  t h e  indoor- 
outdoor pressure d i f f e r e n c e  a t  a p o i n t  2.1 m above the  f l o o r ,  was 
measured under calm outdoor condi t ions.  I n  Houses A, B and C, 
t he  measured pressure d i f f e rences  were 0.9, 0.8 and 0.4 Pa, and 
the  n e u t r a l  l e v e l s  were ca l cu la ted  t o  be 1.21, 1.30 and 1.69 m 
above t h e  f l o o r ,  respect ive ly .  The c e i l i n g  he igh t  was 2.42 m. The 
neu t ra l  l e v e l  was near l y  equal between House A and House B, wh i l e  
t h a t  o f  House C was s l i g h t l y  higher. 

2.3 Measurement o f  a i r  i n f i l t r a t i o ~  

2.3.1 Methods o f  measurement 

Methods o f  measurement o f  a i r  i n f i l t r a t i o n  r a t i o ,  pressure, 
temperature, etc. i s  o u t l i n e d  i n  Table 2. 

(1) A i r  i n f i l t r a t i o n  r a t i o  

The i n f i l t r a t i o n  r a t i o  was measured by the  CO2 concent ra t ion  
decay technique. While t h e  a i r  i n  t h e  room was being c i r c u l a t e d  
by two fans, t h e  a i r  a t  t h e  center  o f  t he  room was absorbed 
through rubber p i p e  i n t o  a CO2 i n t e r f e r e n t i a l  concent ra t ion  
meter. The i n t e r v a l  between measurements was 10 minutes f o r  
Houses A and B, and 5 minutes i n  t h e  case o f  House C. 

(2) Pressure and temperature 

During t h e  f i r s t  year, t he  pressures were measured o n l y  on t h e  
b u i l d i n g  envelope o f  House A. On t h e  bas is  o f  t h e  pressure a t  
t he  l e v e l  o f  2.1 m above the  f l o o r ,  t h e  sur face pressures on t h e  
f o u r  o u t e r  w a l l s  a t  t h e  same l e v e l  and t h e  pressures i n  t h e  
a t t i c  and crawl spaces were measured by means of two pressure 
transducers which were switched every two minutes. During the  
second year, i n  o rder  t o  f i n d  t h e  pressure d i s t r i b u t i o n  among t h e  
th ree t e s t  houses, t h e  sur face pressure on the  ou te r  w a l l s  o f  
House B ahd C were measured w i t h  t h e  corresponding sur face 
pressure o f  House A being used as a reference po in t .  

Indoor temperatures were measured 1 m above f l o o r  l e v e l  a t  t he  
center  o f  the  room by a thermocouple and a m u l t i  d i g i t a l  
recorder  a f t e r  ace r ta in ing  t h a t  there  was no v e r t i c a l  
temperature d i f fe rence.  

(3)  Outdoor env i  ronment 

Wind v e l o c i t y  was measured by a the rm is to r  anemometer s tanding 
7.5 m above ground leve l ,  and the  wind d i r e c t i o n  was measured by 
the  p r o p e l l e r  type o f  t he  anemometer 5.8 m above ground level .  



Table 2 Techniques f o r  measurement o f  i n f i l t r a t i o n  rates,etc. 
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Fig.5 Experimental c o n d i t i o n  (Re la t i onsh ip  
between wind speed and indoor-outdoor 
temperature d i f f e r e n c e )  
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sure on the  ou te r  w a l l s  
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those o f  t he  o t h e r  houses.) 

Measured a t  t he  center  o f  
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f l o o r .  
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7.5m and wind d i r e c t i o n  
a t  a he igh t  o f  5.5m. 
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e l e c t r i c  d e g i t a l  
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& p r o p e l l e r  type o f  
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Outdoor temperature was measured by a  thermocouple mounted i n  a  
screen. 

2.3.2 Condi t ions o f  measurement 

Indoor temperature was c o n t r o l l e d  i n  the  range o f  + l ° C  by heaters 
which au tomat i ca l l y  switched on and o f f .  Re la t ionsh ip  of t he  
indoor-outdoor temperature d i f f e rence  and t h e  wind speed i s  shown 
i n  Fig.5. Wind v e l o c i t y  was d i s t r i b u t e d  het.ween I) and 8 m/s, and 
temperature d i f f e r e n c e  was 0  t o  21°C. Wind d l r b e c t i o n  was ENE t o  
ESE. 

2.3.3 Measurement r e s u l t s  

(1 )  Re la t ionsh ip  o f  a i r  i n f i l t r a t i o n  r a t i o  between th ree  t e s t  houses 

Table 3  shows the  measured r e s u l t s .  No.21 and No.22 were measured 
dur ing  t h e  second year. The average i n f i l t r a t i o n  r a t i o s  exc lud ing 
No.6 o f  House A, B and C were 0.30, 0.31 and 0.76 l /h ,  
respect ive ly .  The d i f f e rence  o f  leakage d i s t r i b u t i o n  between 
House A and House B had no in f l uence  on the  i n f i l t r a t i o n  r a t i o .  
While t h e  leakage area o f  House C was tw ice  t h a t  o f  bo th  House A 
and House B, the  i n f i l t r a t i o n  r a t i o  o f  House C was about 2.5 
t imes t h a t  o f  House A and House B. This means t h a t  t h e  
i n f i l t r a t i o n  r a t i o  d i d n ' t  r i s e  i n  p ropor t i on  t o  t h e  increase o f  
t he  t o t a l  leakage. 

Fig.6 shows the  r e l a t i o n s h i p  o f  a i r  i n f i l t r a t i o n  between House A 
and House B o r  between House A and House C. The r e l a t i o n s h i p  
var ied  according t o  t h e  d i r e c t i o n  of wind. I n  t h e  cases o f  Houses 
6 and C, t h e  a i r  i n f i l t r a t i o n  r a t i o s  were r e l a t i v e l y  g rea t  when 
the  wind d i r e c t i o n  was ESE. When wind d i r e c t i o n  was ENE o r  
E, these r a t i o s  were r e l a t i v e l y  small. Th is  may be because Houses 
A and B  prevented Houses B and C from exposure t o  wind from the  E  
and ENE. 

(2) Factors i n f l u e n c i n g  a i r  i n f i l t r a t i o n  r a t i o  

Fig.7 shows the  r e l a t i o n s h i p  between the  wind v e l o c i t y  and t h e  
i n f i l t r a t i o n  r a t i o .  The i n f i l t r a t i o n  r a t i o  rose w i t h  an increase 
i n  wind ve loc i t y .  Th is  tendency i s  espec ia l l y  ev ident  i n  t h e  case 
o f  House C. The i n f i l t r a t i o n  r a t i o  increased s l i g h t l y  when t h e  
indoor-outdoor temperature d i f f e r e n c e  became g rea te r  under a  
constant  wind ve loc i t y .  

( 3 )  Regression ana lys is  o f  t h e  r e l a t i o n s h i p  between i n f i l t r a t i o n  
r a t i o  and f a c t o r s  a f f e c t i n g  t h i s  r a t i o  

Bahnf leth e t  show t h a t  t h e  i n f i l t r a t i o n  r a t i o ,  Q, can be 
expressed by a  l i n e a r  equation (3) which inc ludes the  indoor- 
outdoor temperature d i f fe rence,  T, and the  wind ve loc i t y ,  v, as 
var iables.  



Tab le  3 Exper imenta l  r e s u l t s  
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No.21 and No.22 were measured in the  second year. 
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On t h e  bas is  o f  t h e  measured resu l t s ,  t h e  regression equations 
obta ined which p r e d i c t  t h e  i n f i  1  t r a t i o n  r a t i o ,  n '  , are: 

House A: n '  = -0.0904 + 0.0087 AT + 0.0831 v 
House B: n '  = -0.0490 + 0.0096 AT + 0.0729 v ------ (4)  
House C: n  ' = -0.0987 + 0.01 62 AT + 0.1873 v 

The c o r r e l a t i o n  c o e f f i c i e n t s  o f  t h e  p red ic ted  value, n '  , obta ined 
by Eq.(4) and t h e  measured value, n, a re  as h igh  as 0.95, 0.92 
and 0.93 i n  cases o f  Houses A, B and C, respect ive ly .  The p a r t i a l  
regression c o e f f i c i e n t  o f  AT i s  remarkably smal ler  than t h a t  o f  
v. I n  t h e  case o f  C, t h e  c o e f f i c i e n t s  o f  AT and v are  l a r g e r  than 
those o f  Houses A and B, corresponding t o  the  r e l a t i v e l y  h i g h  
l e v e l  o f  t o t a l  leakage o f  House C. 

Pressure d i s t r i b u t i o n  around t h e  b u i l d i n g  envelope 

Table 3 inc ludes t h e  wind pressure c o e f f i c i e n t  o f  House A based 
on wind v e l o c i t y  7.5 m above ground l e v e l  as obta ined by Eq.(5). 
The s tack  e f f e c t  due t o  indoor-outdoor temperature d i f f e r e n c e  i s  
no t  included. 

As t h e  wind was main ly  from t h e  east, t h e  pressure on t h e  sur face 
o f  t h e  e a s t  w a l l  was u s u a l l y  p l u s  and t h a t  on t h e  west w a l l  was 
minus. Table 4 shows t h e  mean wind pressure c o e f f i c i e n t  f o r  each 
wind d i r e c t i o n .  

I n  t h e  second year, t he  d i s t r i b u t i o n  of t he  wind pressure 
c o e f f i c e n t s  f o r  Houses A, B and C were measured when t h e  wind was 
from t h e  east. Fig.8 shows t h e  wind pressure c o e f f i c i e n t s  o f  
var ious p o i n t s  as based on t h e  indoor pressure i n  House A. The 
values f o r  t h e  n o r t h  w a l l  o f  House B and C were smal ler  than t h a t  
f o r  House A due t o  wind being blocked by the  adjacent  t e s t  
houses. Th is  i s  r e l a t e d  t o  t h e  r e s u l t s  shown i n  Fig.6 i n  t h a t  
the  i n f i l t r a t i o n  r a t i o  i s  r a t h e r  small  i n  the  case o f  wind from 
the  east. 

The wind pressure c o e f f i c i e n t  o f  t h e  w a l l  surface 1 m above 
ground l e v e l  i s  much smal ler  f o r  t h e  east  and n o r t h  w a l l s  and 
l a r g e r  f o r  t h e  west wal l ,  which i s  t o  be expected. 

The wind pressure c o e f f i c i e n t  o f  Houses B and C used i n  Chapter 3 
f o r  t h e  eva lua t ion  o f  t h e  c a l c u l a t i o n  model i s  t h e  same value as 
t h a t  o f  House A f o r  a wind d i r e c t i o n  o f  ESE. C o e f f i c i e n t s  i n  the  
case o f  wind from t h e  E o r  ENE are a l s o  g iven as based on t h e  
pressure c o e f f i c i e n t  o f  House A i n  view o f  t h e  d i f f e r e n c e  as 
shown i n  Fig.8. The pressure d i f f e rence  between t h e  upper and 
lower p a r t s  o f  t h e  w a l l  as measured f o r  House A was taken i n t o  



cons ide ra t i on  t o  c a l c u l a t e  t h e  mean pressure f o r  each wa l l .  The 
pressure c o e f f i c i e n t s  o f  t h e  a t t i c  space and the  c rawl  space a re  
g iven as t h e  mean value o f  t e s t s  No.21 and No.22. 

3. VERIFICATION OF CALCULATION MODELS 

3.1 LBL model 

3.1.1 Model - 
A i r  f l o w  r a t e  through leakage i s  assumed t o  be g iven by Eq.(6) i n  
t he  range o f  Ap=2 t o  10 Pa. 

Based on the  r e s u l t  of t h e  p ressu r i za t i on  tes t ,  t h e  e f f e c t i v e  
leakage area, Ao, i s  c a l c u l a t e d  f o r  Ap= 4 Pa. A i r  i n f i l t r a t i o n  
rates,  Qw and Qs, which depend on the  wind e f f e c t  and t h e  s tack  
e f f e c t  a r e  r e s p e c t i v e l y  expressed b y  

where 

and 

When t h e  wind e f fec t  and t h e  s tack  e f f e c t  a c t  simultaneously, 
these two e f f e c t s  can be combined as: 

These equat ions are  based on t h e  f o l l o w i n g  assumptions: 

a) leakage i s  un i fo rmly  d i s t r i b u t e d  on each wal l ,  c e i l i n g  and 
f l oor; 

b ) the  a i r  f l o w  through leakage i s  tu rbu len t ;  

c)wind pressure c o e f f i c i e n t s  o f  the  c e i l i n g  and the  f l o o r  
a r e  zero, and 

d ) p r e v a i l i n g  wind d i r e c t i o n  can no t  be ascertained. 
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3.1.2 Calculated r e s u l t  

Fig.9 shows the  r e l a t i o n s h i p  between t h e  pred ic ted values and t h e  
measured values. The c o e f f i c i e n t  C '  i s  g iven by 

where a i  i s  est imated using the  measured pressures o f  House A 
based on t h e  pressure d i s t r i b u t i o n  as shown i n  Fig.8. Fig.9-(I)  
i s  an example o f  leakage un i fo rm ly  d i s t r i b u t e d  over t h e  b u i l d i n g  
envelope, wh i l e  Fig.9-(2) i s  an example of t h e  leakage un i fo rm ly  
d i s t r i b u t e d  on each wa l l ,  c e i l i n g  and f l o o r .  

The ca lcu la ted  i n f i l t r a t i o n  ra tes  are  overest imated i n  bo th  
cases. The p red ic ted  values o f  Houses A and B are  tw ice  t h e  
measured values, wh i l e  those of House C are one t o  two times t h e  
measured values. Th is  i s  probably because w i t h  t h e  LBL model 
i n f i l t r a t i o n  r a t e  i s  ca l cu la ted  under the  assumption t h a t  t h e  
wind e f f e c t  and t h e  stack e f f e c t  a c t  independently, when i n  fac t ,  
these two d i f f e r e n t  e f f e c t s  a r e  o f ten  re lated.  

3.2 BRE Model 

3.2.1 Model - 
The values Qo and n  are  ca l cu la ted  by means o f  Eq.(l) us ing t h e  
r e s u l t  o f  t h e  p ressu r i za t i on  t e s t .  The indoor-outdoor pressure 
d i f f e rence ,  Apj, a c t i n g  on t h e  w a l l  i a t  a  he ight  above t h e  f l o o r  
o f  Z i s  g iven by Eq.(16) which combines t h e  wind and stack 
e f fec ts .  

where 

Under t h e  assumption t h a t  leakage i s  un i fo rm ly  d i s t r i b u t e d  on 
each wa l l ,  t he  a i r  f l ow  rate,  AQj, through the  p a r t  j o f  wa l l  i 
i s  g iven by 

A f t e r  Eq.(16) i s  incorporated i n t o  Eq.(18), t h e  a i r  f l o w  rate, 
Qi, can be obtained by i n t e g r a t i n g  Eq. (18) by Z between 0 and 1. 
The f l o w  ra tes  through the  c e i l i n g  and the  f l o o r  a re  obta ined 
i n  the  same manner. The indoor pressure, C , i s  d i te rmined by t h e  
i t e r a t i v e  c a l c u l a t i o n  method us ing the  f o l l o w i n g  equation. 



Consequently, the air infiltration rate is expressed as 

where, 

F(Ar.6) = [1/{2~(l/n+l))] z[(Q~/Q~) { (  la-1 )'Insign(ai) 

-( lai-B I )  l/nsign(ail~)l] +(Qf/Qo)( l ai 1 1 In +(Qc/Qo)(lac-BI )1/n(21) 

If the wind effect or the stack effect acts independently, the 
infiltration rate can be determined by an equation similar to 
Eq.(21), after slight modification of Eq.(15). 

3.2.2 ,Calculated results 

Fig.10-(1) shows the results in the case of uniform leakage 
distribution over the envelope, while Fig. 10-(2) shows results 
for the case of uniform distribution on each wall. The predicted 
values of Houses A and B are slightly overestimated, one to two 
times the measured values. The predicted values of House C are 
plotted in the range from 0.8 to 1.5 times the measured values. 
The predicted result for House C under the assumption of uniform 
distribution, yields a good estimation. 

3.3 JCVmodel 

3.3.1 Method of Calculating air infiltration 

The indoor-outdoor pressure difference through leakage j at a 
height h above the floor is expressed by Eq.(22), which 
combines the wind effect and the stack effect. 

The air flow rate, Qj, through leakage j is determined by 

Eq.(22) is introduced into Eq.(23), and then Qj is introduced 
into Eq. (24). Consequently, the total infi 1 tration rate or air 
exfiltration rate is equal to zero. 

The indoor pressure and the air flow rate of each leakage can be 
obtained by means of Eq.(24) using the Newton-Raphson iterative 
calculation method. 



Although Eq.(16) and Eq.(22) are expressed differently, they 
yield the same result. 

Leakage distributions for calculation 

Air infiltration was calculated under the assumption of there 
being five types of leakage distributions as shown in Table 5 as 
estimated by the fan pressurization test. No.1 to No.3 are cases 
in which leakage characteristics of each building element as 
shown in Table 1 are used for calculation. However, in the cases 
of No.2 and No.3, the flow exponent, n, for each element is 
assumed to be equal to the value obtained by the fan 
pressurization test for a whole house. This is because the flow 
exponent of each leakage, as shown in Table 1, is scattered. 

The other leakage is assumed to be uniformly distributed over 
the envelope in the cases of No.1 and No.2, and is also uniformly 
distributed along the interfaces between the ceiling and the 
walls and between the walls. In the case of No.4, the leakage is 
uniformly distributed over the building envelope only. In the 
case of No.5, the leakage is concentrated at the entrance and the 
window. 

The longitudinal leakage and the uniformly distributed leakage 
are divided into ten parts. It is assumed that the divided 
leakage is concentrated at the center of each part. In House C, 
there is no leakage through the floor because the floor is 
constructed on a concrete slab which is directly on the 
ground. 

The neutral level of the house having varied leakage distribution 
can be calculated as shown in Table 6. No.4 is similar to the 
measured value. 

3.3.3 Comparison between calculation and measurement 

Fig.11 shows the relationship between the predicted values and 
the measured values. Table 7 indicates the standard deviation of 
errors of the predicted values from the measured values divided 
by the mean of the measured values. This table includes the 
results calculated by means of the LBL model and the BRE model. 

The values predicted under the condition of different leakage 
distributions differ greatly. But the predicted infiltration 
rates under the leakage distributions of No.1, No.2 and No.3 have 
almost equal values, because these three leakage distributions 
are similar. The scattering of the predicted values under 
distribution No.4 is smallest, while that calculated under 
distribution No.5 is largest. 

In the case of House A, all of the predicted values overestimate 
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Table 5 Leakage distribution and contents 

Table 6 Variation of distribution 
and height of neutral level 
(height above the floor: rn) 

Variation j Contents 
I 
I 

No. 1 1 Leakage of each building element is distributed I according to the measured result(Tab1e l).Other 
I obscure leakages are uniformly distributed over 

No. 2 

No. 3 

No. 4 

No. 5 

I 

Table 7 The ratio of the standard 
deviation of error to the 
average of measured values 

the envelope. 

Same as No.1 but the flow component n at each 
building element is equal to that for a whole 
house. 

Same as No.2 but other obscure leaks are un1- 
formly distributed along ceiling/wall and wall/ 
wall interfaces. 

The total leakage is distributed over the 
envelope(House C has no leakage in the floor). 

Total leakage is concentrated at the entrance 
and the windows. 

House A 

1-21 

1.42 
1.42 
1.42 
1.22 
1.37 

House 6 

1.30 

0.72 
0-72 
0 . n  
1.22 
1.04 

Peasured height 
of neutral level 

HouseC 

1.69 

1.67 
1.67 
1.67 
1.71 
1.43 

Leakage 
distri- 
b ~ t i o n  

No.1 
NO. 2 
No. 3 
No. 4 
No.5 



t he  measured values. Among t h e  th ree  houses, t h e  degree o f  e r r o r  
from t h e  measured values i s  g rea tes t  f o r  House A except f o r  
d i s t r i b u t i o n  No.4. I n  t h e  case o f  House B, almost a l l  o f  t h e  
p red ic ted  values a l s o  overest imate t h e  measured values except f o r  
d i s t r i b u t i o n  No.5. I n  t h e  case o f  House C, t h e  ca l cu la ted  r e s u l t s  
g i ve  r e l a t i v e l y  good es t imat ions  under a l l  f i v e  d i s t r i b u t i o n s .  
This i s  probably because t h e  leakage area o f  House C i s  g rea t  and 
the  leaks  are  d i s t r i b u t e d  over t h e  envelope. 

The reason t h a t  uni form d i s t r i b u t i o n  No.4 g ives  a  good es t ima t ion  
f o r  a l l  t h r e e  houses, i s  t h a t  t h e  obscure leaks o the r  than t h e  
leaks found around t h e  windows and t h e  entrance make up 36%, 69% 
and 31% o f  the  t o t a l  leakage of House A, B  and C, r espec t i ve l y ;  
these leaks  p l a y  an important  r o l e  i n  a i r  i n f i l t r a t i o n  by 
connect ing t h e  outdoors and indoors. 

The r e s u l t  obtained by d i s t r i b u t i o n  No.4 i s  the  same as t h e  
r e s u l t  o f  t he  BRE model, assuming uni form d i s t r i b u t i o n  over  t h e  
envelope. The d i f f e r e n c e  between t h e  two methods i s  e i t h e r  due 
t o  i n t e g r a t i o n  o f  t h e  a i r  f l o w  along t h e  l o n g i t u d i n a l  leak  o r  
summation o f  t he  a i r  f l o w  through t h e  d i v ided  leaks. 

4. CONCLUSIONS 

Ca lcu la t i on  models o f  a i r  i n f i l t r a t i o n  i n  a  s i n g l e  room were 
v e r i f i e d  by measuring t h e  a i r t i g h t n e s s  and t h e  a i r  i n f i l t r a t i o n  
i n  th ree  t e s t  houses. The r e s u l t s  can be summarized as fo l lows:  

1) While t h e  r a t i o  o f  t h e  t o t a l  leakage o f  House A, B and C was 
1 :1 .1 :9 ,  t h e  r e l a t i o n  o f  t h e  mean a i r  i n f i l t r a t i o n  r a t i o  o f  
t he  t h r e e  houses was 1:1:.5. Therefore, t he  i n f i l t r a t i o n  
r a t i o  i s  no t  p ropor t i ona te  t o  t h e  t o t a l  leakage. 

2) The a i r  i n f i l t r a t i o n  r a t i o  was expressed by the  indoor-outdoor 
temperature d i f f e r e n c e  and t h e  wind v e l o c i t y  us ing  t h e  l i n e a r  
equat ion by Bahnfleth, e t  a l .  The c o r r e l a t i o n  c o e f f i c i e n t  
between t h e  p red ic ted  values obta ined by t h i s  equat ion and t h e  
measured values was more than 0.9. 

3) The p red ic ted  values found w i t h  the  LBL model were two t imes 
the  measured values i n  the  cases of House A and B, and one t o  
two t imes i n  t h e  case o f  House C. Th is  overes t imat ion  i s  
probably due t o  t h e  c a l c u l a t i o n  method under t h e  assumption 
t h a t  t h e  wind e f fec t  and t h e  stack e f fec t  a c t  independently. 

4) The p red ic ted  values found w i t h  the  BRE model were one t o  two 
t imes t h e  measured values. However, t he  c a l c u l a t i o n  f o r  House 
C under cond i t ions  of un i fo rm d i s t r i b u t i o n  over t h e  envelope 
gave a  good est imat ion.  

5)  The accuracy o f  p r e d i c t i o n  o f  t he  c a l c u l a t i o n  method wide ly  
used i n  Japan, was inves t iga ted  as t o  t h e  e f f e c t s  o f  f i v e  
types o f  leakage d i s t r i b u t i o n s  assumed on t h e  bas is  o f  t h e  fan  



pressu r i za t i on  tes t .  It was found t h a t  t he  assumption o f  
uniform d i s t r i b u t i o n  aver t h e  envelope gave t h e  best  
es t imat ion .  Th is  was as expected because the  obscure leaks 
p layed an important  r o l e  i n  a i r  i n f i l t r a t i o n  by connect ing t h e  
indoors and outdoors. 

Therefore, i t  can be sa id  t h a t  i n  the  case o f  a wooden house 
which i s  n o t  p a r t i c u l a r l y  a i r t i g h t ,  a i r  i n f i l t r a t i o n  can be 
est imated by the  usual c a l c u l a t i o n  method bascd on t h e  r e s u l t  
o f  t h e  a i r t i g h t n e s s  t e s t  f o r  a  whole house w i thou t  measuring 
t h e  a i r t i g h t n e s s  o f  pvcry  b u i l d i n g  element. 
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SYNOPSIS 

Whole building pressurization devices, or blower doors, have been 
used t o  quantify building a i r t i gh tnes s  and t o  determine compliance 
with a i r t i gh tnes s  standards. Using pressurization t e s t i n g  i n  
a i r t i gh tnes s  standards requires  knowledge of the  accuracy of the  
a i r  flow r a t e  measurement techniques employed by blower doors. 
The quant i ta t ive  accuracy of ex is t ing  a i r  flow ca l ibra t ions  a r e  
not known and have been questioned. The blower doors considered 
i n  t h i s  report  employ ca l ib ra t ion  formula r e l a t i ng  the  a i r  flow 
r a t e  through the door t o  the  fan speed and the pressure difference 
across the  door. Such fan speed ca l ib ra t ions  must be done 
accurately over a wide range of fan speed/pressure difference 
combinations and i n  a physical s e t t i n g  t h a t  closely approximates 
the  manner i n  which the blower doors a r e  used i n  the  f ie ld .  

In order to  obtain an accurate and well-documented ca l ib ra t ion  of 
pressurization devices, a f a c i l i t y  was designed and constructed a t  
t he  U.S. National Bureau of Standards. The ca l ib ra t ion  f a c i l i t y  
discussed i n  t h i s  work was b u i l t  t o  accurately determine the flow 
r a t e  through the fan a s  a function of fan speed, a i r  density and 
pressure difference across  t he  fan. This report  describes the  
ca l ib ra t ion  f a c i l i t y  and the  ra t iona le  f o r  its par t icu la r  design. 
Results from the ca l ib ra t ion  of one blower door a r e  presented. 
The effect of the  form of the  ca l ib ra t ion  equation on t h e  accuracy 
of t he  a i r  flow r a t e  determination is a l s o  discussed. 

INTRODUCTION 

There a r e  two basic uses of whole-house pressurization devices, 
diagnostics fo r  t he  locat ion of a i r  leakage paths and 
quantification of the  a i r t i gh tnes s  of buildings. When used a s  a 
diagnostic tool, the  pressure differences induced by blower doors 
accentuate the a i r  f l oy  through leakage paths, thereby making 
t h e i r  detection eas i e r  . Such leakage detection is fur ther  
enhanced by using smoke and/or infrared thermography i n  
conjunction with pressurization. Blower doors can a l so  be used t o  
quantify the  a i r t igh tness  of buildings by measuring the  a i r  flow 
r a t e  required t o  i n  u e and susta in  a given inside-outside 

9 9 9  pressure difference . It is t h i s  second use of pressurization 
which concerns us  here. 

Quant i f icat ion of building a i r t igh tness  is useful fo r  the  
determination of space conditioning loads and the  maintainance of 
indoor a i r  quality. While actual  i n f i l t r a t i o n  measurement can 
f u l f i l l  these needs a s  well as, or  perhaps be t te r  than, 
pressurization tes t ing,  the  characterization of a building's 
a i r t i gh tnes s  requires i n f i l t r a t i o n  measurements over a wide range 
of weather conditions, and is an expensive and t ime consuming 
procedure. Pressurization t e s t i ng  requires only a s ing le  
measurement which takes roughly one hour and is r e l a t i ve ly  
inexpensive. Airt ightness measurement through pressurization can 
be used for  measuring the effectiveness of she l l  t ightening 
r e t r o f i t s ,  comparing homes t o  each other and determining 
compliance with building t ightness  standards. Sweden, i n  fac t ,  



requires new homes t o  achi ve a spec i f ic  t igh tness  l eve l  a s  4 measured by pressurization , and the  American Society of Heating, 
Refrigerating and A i r  Conditioning Engineers is formulating an 
a i r t i gh tnes s  standard f o r  U.S. homes. The use of pressurization 
t e s t i ng  f o r  a i r t igh tness  evaluation implies  a re la t ion  between 
pressurization and weather i d ed in f i l t r a t i on .  This r e l a t i on  
has been studied however the  a b i l i t y  t o  predict  
i n f i l t r a t i o n  from pressurization is limited. 

In order t o  use blower doors a s  quant i ta t ive  tools,  one must know 
the  accuracy of the  measurements. Previous work has shown 
pressurization test r e s u l t s  o be reproducible within about 2% 
over periods of a few weeks1!. The absolute accuracy of a i r  flow 
r a t e  measurement of many pressurization devices has not been well 
established, especial ly  f o r  devices which employ fan speed 
ca l ib ra t ions  for  determining the  a i r  flow rate. Some device 9Pe been cal ibrated by t h e i r  manufacturers and other researchers , 
but t he  accuracy of these ca l ib ra t ions  has not been carefu l ly  
examined. In  t h i s  report, pressurization equipment is discussed 
br ief ly ,  along with general ca l ib ra t ion  requirements. Several 
ca l ib ra t ion  s t r a t eg i e s  a r e  reviewed and the par t icular  technique 
used a t  NBS is described i n  detai l .  The formulation of these flow 
ca l ibra t ions  a r e  a l so  discussed. Finally, preliminary r e s u l t s  
obtained a t  the  NBS f a c i l i t y  a r e  presented. 

2. PRESSURIZATION EQUIPMENT 

There a r e  basical ly  two types of blower doors, those which measure 
a i r  flow d i r ec t ly  using nozzle o r  o r i f i c e  meters, and those which 
use a ca l ib ra t ion  formula t o  r e l a t e  t h e  a i r  flow r a t e  t o  t h e  fan 
speed and the  inside-outside pressure difference. Direct flow 
measurement techniques a r e  based on r e l a t i ons  between the  a i r  flow 
r a t e  through a nozzle o r  o r i f i c e  and the  pressure drop across such 
a constrict ion.  Flow r a t e  mea r en t  with  o r i f i c e s  and nozzles 
is a w e l l  documented technique 79-(ig, but the  existence of these 
cons t r ic t ions  decreases t he  flow capacity of a fan. In  addition, 
o r i f i c e  and nozzle meters require ducting and flow st ra ighteners  
t o  condition the flow before it passes through the constrict ion,  
and t h i s  fur ther  decreases the  flow capacity and makes the device 
more bulky. For reasons of por tab i l i ty  and expense, many 
designers have developed Itcalibratedtt blower doors i n  which the  
a i r  flow r a t e  is given by a general function 

where 

q = a i r  flow r a t e  mJ/s  
w = fan speed, S- 1 

ap = inside-outside pressure difference, Pa. 



The fan speed w is the number of revolutions per second of the fan 
blade and not the blade t i p  speed. Calibrated blower doors w i l l  
be the topic of discussion in  the remainder of t h i s  report, 
however the material on calibration also applies t o  blower doors 
which employ direct  a i r  flow ra te  measurement. 

3 CALIBRATION TECHNIQUES &Q FORMULATONS 

The technique of pressurization test ing leads t o  specific 
requirements on the calibration of blower doors. When pressure 
test ing a building, one induces several inside-outside pressure 
differences enerally ranging from 10 to  70 Pa i n  increments of 

I 4 about 10 Pa . One notes the fan speed required t o  induce each 
pressure difference, and using calibration formula, calculates the 
a i r  flow ra te  a t  tha t  pressure difference. 

Blower doors must be able t o  induce a wide range of a i r  flow ra tes  
t o  enable test ing of homes ranging from small and t igh t  t o  large 
and leaky. A t  each pressure difference, one must be able t o  
induce and measure reliably a wide range of a i r  flow rates. One 
may determine a desirable range of a i r  flow r a t  for  a blower 

4 T door by considering a small, t igh t  house 180 m , 2.5 exchangedhr 
a t  50 Pa) and a large, leaky house (600 m , 15 exchanges/hr a t  50 
Pa). By considering pressurization t e s t  data t h a t  would 
correspond t o  these l imit ing cases, we calculated the maximum and 
minimum a i r  flow ra tes  for  several pressure differences. Table 1 
shows the resul ts  of these calculations. A t  each pressure 
difference the maximum flow r a t e  is twenty times the minimum, 
with the maximum flow ra te  a t  75 Pa about 64 times the minimum 
flow r a t e  a t  12.5 Pa. This  table gives desirable a i r  flow ra te  
capacities for  a blower door, however not a l l  doors a re  able t o  
cover t h i s  range of flow rates. 

Table 1. Range of Blower Door Flow Rates 

Inside-Outside Small, Tight House* Large, Leaky House* 
Pressure Difference Flo Rate 9 Flo Rate 

(Pa) (m /s) ( m  7 /s) 

* The flow exponent for  both houses is assuned t o  be 0.65. 



In  addition, blower door ca l ib ra t ion  formulas must deal with the 
e f fec t s  of a i r  density on the  a i r  flow rate. A i r  density var ies  
with a i r  pressure, temperature and r e l a t i v e  humidity , and 
therefore blower door tests a r e  conducted a t  d i f f e r en t  a i r  
densi t ies ,  depending on the ambient conditions. A t  constant a i r  
pressure and r e l a t i v e  humidity, a i r  density changes by about 7% 
for  a 20% change i n  temperature. A change i n  a i r  pressure 
corresponding t o  a 500 m change i n  a l t i t u d e  changes the a i r  
density by about 6%. Changes i n  a i r  temperature and pressure can 
combine t o  cause 10% varia t ions  i n  a i r  density. Blower doors re 
generally cal ibrated a t  a s ing le  a i r  density of about 1.2 kg/m 3 
(corresponding t o  an a i r  temperature of  20°c and atmospheric a i r  
pressure), and the  question e x i s t s  of how t o  adjust  the  
ca l ib ra t ion  t o  account f o r  measurements a t  other a i r  densit ies.  
We know the  a i r  flow r a t e  fo r  a given density, fan speed and 
pressure difference, and want t o  know the  a i r  flow r a t e  for  the  
same values of fan speed and pressure difference but d i f f e r en t  a i r  
density. While fan laws e x i s t  t o  deal with some analogous 
s i t u  ions, these par t icu la r  circumstances a r e  not amenable t o  fan cr k laws . 
Standards e x i s t  f o r  t e s t i n g  t h e  performance of fans1 59 6. ASHRAE 
standard 51 -75 describes several  physic arrangements for  t h e  

?t i  fans and flow r a t e  measuring equipment . I n  general, the  fans  
a r e  e i t h e r  mounted i n  a duct of a diameter s imi la r  t o  t h a t  of the  
fan o r  i n s t a l l ed  i n  a la rge  plenum (see fig. 1). In  most cases an 
exhaust system is required t o  control  the  back pressure against  
which the  fan blows. The ca l ib ra t ion  of blower doors should be 
carr ied ou t  i n  a physical s e t t i n g  tha t  closely approximates the  
manner i n  which such devices a r e  used i n  t he  f ie ld .  When blower 
doors a r e  used t o  test a house, they a r e  i n s t a l l ed  i n  a doorway. 
The fan, i n  effect, is mounted i n  a ve r t i ca l  plane. Having a fan 
mounted i n  a duct w i l l  a f f e c t  t he  charac te r i s t ics  of the  a i r  flow 
through it, and therefore  a ca l ib ra t ion  obtained wi th  a fan i n  a 
duct w i l l  not apply t o  the  same fan used i n  a blower door. Thus, 
blower doors should be cal ibrated with  the device mounted i n  a 
la rge  chamber i n t o  which the  fan blows a i r .  Such a chamber allows 
the a i r  t o  llsettlelt o r  reach an approximately s t a t i c  condition. A 
simple schematic of such a chamber is shown i n  f i gu re  1. The a i r  
flow r a t e  measurement device must be appropriate t o  the  magnitude 
of the  a i r  flow r a t e s  and the a i r  flow/pressure difference 
combinations i n  t ab l e  1. Several measurement techniques a r e  
discussed i n  the  following section. 

3.2 & Flow Rate Measurement 

There a r e  several options fo r  measuring the  a i r  flow r a t e  out of 
the ca l ib ra t ion  chamber including devices such a s  o r i f i c e  plates,  
nozzles, and p i t o t  tube arrays. Each a l te rna t ive  has advantages 
and disadvantages, and several  options a re  discussed below, 
concluding with t he  flow r a t e  measurement technique used i n  the  
NBS ca l ibra t ion  f ac i l i t y .  The use of o r i f i c e  p l a t e s  and nozzles 
i n s t a l l ed  i n  pip a well documented procedure f o r  measuring 

Tne references 1 i s t ed  provide f lu id  flow r a t e s  
specif icat ions  f o r  o r i f i c e  design, lengths of pipe upstream and 
downstream from the  metering section, flow st ra ighteners  and other 



aspects of design, i n s t a l l a t i on  and use. When the appropriate 
specif icat ions  a r e  followed, t h e  uncertainty of t he  a i r  flow r a t e  
measurement is w e l l  determined. The basic problem with such 
meters is the s ign i f ican t  pressure drop caused by the  pipe 
lengths, flow st ra ighteners  and the  o r i f i c e  o r  nozzle. The 
pressure drop is generally too  la rge  t o  obtain the a i r  
flow/pressure difference combinations i n  t ab l e  1. Therefore, one 
requires  a large capacity, var iable  exhaust system t o  control  t he  
back pressure. Also, several d i f f e r en t  sized o r i f i c e s  and nozzles 
a r e  required t o  cover the  wide range of flow r a t e s  of in te res t .  

To avoid the  la rge  pressure drops associated with o r i f i c e s  i n  
pipes, several  researchers have e o r i f i c e s  mounted i n  t he  wa l l s  
of plenums or s e t t l i n g  chambers E8. This technique is indeed 
much simpler than using o r i f i c e s  i n  pipes, but it is not w e l l  
documented, nor is there  a statement of uncertainty associated 
with t h e  measurements. No discussion of t h i s  technique is found 

basic handbooks of o r i f i c e  metering re fe r red  t o  
in the wti%. A t e x t  on a i r  flow measurement by Ower and e a r l i e r  
~ a n k h u r s t ~ ~  does mention the  technique, but not i n  detai l .  The 
authors refer t o  reference 18 a s  a source of discharge 
coeff ic ients  fo r  such or i f ices ,  but O w e r  and Pankhurst appear t o  
have derived these coef f ic ien ts  from extrapolating data fo r  
o r i f i ce s  i n  arge pipes. A prac t ica l  handbook of fan 
engineering2' a l so  provides discharge coeff ic ients  f o r  such a 
s i t ua t ion  but does not provide the source of the  values. This 
lack of documentation of discharge coef f ic ien ts  is one problem 
with t h i s  technique. The value of the  discharge coef f ic ien t  may 
not be a s  s ign i f ican t  a source of e r ro r  a s  the  cha rac t e r i s t i c s  of 
the  flow impinging on the  or i f ice .  The theory of o r i f i c e  meters 
is based on conditions of f u l l y  develop% turbulent  flow upstream 
of the  constrict ion.  Ower  and Pankhurst mention t h a t  these 
conditions may not be met f o r  flow discharging from a chamber 
through an o r i f i c e  and r e fe r  t o  t h e  need t o  el iminate  flow 
disturbances such a s  drafts.  The existence of such d r a f t s  and the  
lack of f u l l y  developed flow impinging on the constr ic t ion may 
induce unknown measurement e r r o r s  when using t h i s  flow measurement 
technique. The indeterminant accuracy and t h e  lack of 
documentation of the  technique lead us not t o  use it nor t o  
recommend its use. 

Several commercial flow measurement devices exist, such a s  a 
multi-point p i t o t  tube t raverse  s t a t i on  combined wi th  a flow 
straightener.  The flow measurement is based on the difference 
between the  t o t a l  and s t a t i c  pressures of the  flow. Based on the  
magnitude of the flow r a t e s  of i n t e r e s t  and the  s i z e  of t he  
devices, the  pressure differences ( t o t a l  minus s t a t i c )  which must 
be measured a r e  q u i t e  small, i n  some cases on the order of 1 Pa. 
It is d i f f i c u l t  and expensive t o  measure such small pressure 
dif ferences  accurately. Also, p i t o t  tubes a r e  generally 
inaccurate fo r  the small flow r a t e s  of i n t e r e s t  here. In  
addition, these p i t o t  tube arrays  should be calibrated,  and t h i s  
presents the same problem we a r e  t ry ing  t o  solve. Another 
commercially avai lable  device is referred t o  a s  a laminar flow 
element which channels the  a i r  flow through a la rge  number of 
narrow, para l le l  passages. These channels a r e  su f f i c i en t ly  narrow 



t h a t  the  flow through them is laminar, and the  magnitude of the  
a i r  flow r a t e  is re la ted  straightforwardly t o  the  pressure drop 
across t h e  channels. These devices a r e  expensive and several  
would be required t o  cover the  range of flow r a t e s  of in te res t .  
In addition, the  pressure drop through the  devices is extremely 
large. Other devices e x i s t  but none sa t i s f ac to r i l y  combine cost, 
minimal pressure drop and accuracy. 

The flow measurement technique used i n  t he  NBS ca l ib ra t io  & f a c i l i t y  is a constant flow, t r ace r  gas in jec t ion  scheme . 
Tracer gas (sulfur  hexafluoride, SF6) is injected a t  a constant 
and known r a t e  i n to  the a i r  stream, and the  concentration is 
measured a s  f a r  downstream from the  inject ion point a s  possible 
(see fig. 2). Under conditions of good mixing of the  t r ace r  and 
the a i r  flow, the  a i r  flow r a t e  can be determined from the  SF6 
inject ion r a t e  and the  measured concentration according t o  

where 

i =  SF^ in jec t ion  ra te ,  m j / s  
c = SF6 concentration, ppm. 

The SF in jec t ion  r a t e  is measured and controlled with  8 indivi  ua l ly  cal ibrated variable-area float-type rotameters. The 
accuracy of these devices is 21% of f u l l  s ca l e  and four d i f f e r en t  
meters a r e  used, providing inject ion flow r a t e s  from 10 t o  2500 
ml/min. The SF6 concentration downstream of the  inject ion is 
measured wi th  an infrared gas analyzer with  a 1.5 m path length 
operating a t  10.7 u m. The t racer  gas in jec t ion  r a t e  is adjusted 
such t h a t  the  downstream concentration is 25 ppm. The gas 
analyzer is cal ibrated with  a 25 ppm gas mixture prepared by a gas 
d i s t r ibu tor  t o  an accuracy of $I%. This a i r  flow r a t e  measurement 
system has a minimal pressure drop through it. To obtain the  
desired a i r  flow/pressure difference combinations, w e  still must 
use constr ic t ions  and a var iable  exhaust fan i n  t h e  e x i t  duct. 

A schematic of the  NBS cal ibrat ion chamber is shown i n  f i gu re  2. 
The chamber is used i n  the  la rge  environmental test f a c i l i t y  a t  
the Center f o r  Building Technology a t  M)S, which enables control  
of a i r  temperature and humidity, and therefore a i r  density. The 
cal ibrat ion chamber has a square base with  3.66 m s ides  and is 
1.83 m high. Air is drawn i n t o  the  cal ibrat ion chamber from the 
larger  environmental enclosure through the  blower door being 
tested. The a i r  is exhausted t o  the  outside of t he  large 
enclosure through a 4.88 m long exit duct. The SF6 is injected a t  
the  upstream end of the  e x i t  duct and the  concentration measured 
a t  the downstream end. The exhaust fan and constr ic t ion locat ions  
a r e  shown i n  f igure  2. The d e t a i l s  of data recording and 
preliminary r e s u l t s  a r e  discussed l a t e r  i n  t h i s  report. 



3.3 Calibration Form- 

Calibrations of blower doors have generally been expressed a s  
l i nea r  r e l a t i ons  between a i r  flow r t and fan speed f o r  each 
inside-outside pressure difference I','~. ~hese l i n e a r  r e l a t i ons  
a r e  t he  r e s u l t  of applying l i n e a r  regressions t o  the  ca l ib ra t ion  
data. While such formulas a r e  straightforward t o  use, they a r e  
not physically cor rec t  and no indication is given of how t o  
account f o r  density effects. In addition, a s  w i l l  be shown l a t e r ,  
such a l i n e a r  approximation breaks down a t  low fan speeds. A 
physically correct  ca l ib ra t ion  formulation has been presented 
previously which involves nondimension 1 at ion  of t he  a i r  flow 8, +7 r a t e  q and the  pressure difference b p . The nondimensional 
a i r  flow r a t e  is expressed a s  

and t h e  nondimensional pressure difference a s  

where 

P = a i r  density, kg/m3 
d = fan diameter, m. 

A fan's charac te r i s t ics  a r e  described by a r e l a t i on  between a and 
6 ,  expressed i n  general a s  

The da ta  we collected, and t values of a and 6 derived from 
4 j e  other ca l ib ra t ion  formulas , f i t  wel l  t o  an equation of the  

f o m  

where A1 and A2 a r e  constants. By subs t i tu t ing  eq (3) and (4) 
in to  eq (6) one obtains the  following expression f o r  q, 

where A; and A; a r e  constants obtained by absorbing t h e  constant 
fan diameter d i n t o  A1 and A*. Thus, f o r  Ap=O a l i n e a r  



re la t ionsh ip  between q and w is appropriate. For nonzero pressure 
differences, the  exponential f ac to r  causes a deviation from a 
s t r a igh t  l ine ,  par t icu la r ly  a t  low fan speeds. This deviation 
from l i n e a r i t y  and its signif icance w i l l  be discussed i n  the  next 
section. 

This nondimensional ca l ib ra t ion  formulation leads  t o  a 
straightforward correction f o r  a i r  density, and exp i n s  t he  

I l l  inappropriateness of fan laws f o r  such a correction . Fan 
laws a r e  obtained by holding 8 ,  and therefore a, constant. A 
constant value of these nondimensional quan t i t i e s  implies  cer ta in  
r e l a t i ons  between the  physical quan t i t i e s  from which they a r e  
constituted. For our s i t ua t ion  i n  which ap and w a r e  constant, 
but the  density P is variable, one sees t h a t  a and B change and 
therefore  fan laws a r e  not appropriate. 

TEST RESULTS - 
This sec t ion  describes preliminary r e s u l t s  obtained i n  t he  NBS 
blower door ca l ib ra t ion  f ac i l i t y .  Only one door, referred t o  a s  
Blower Door A, was t e s t ed  i n  t h e  counter-clockwise d i rec t ion  of 
fan rotation.  Blower Door A cons is t s  of a 0.46 m diameter a x i a l  
fan coupled by a b e l t  dr ive system t o  an e l e c t r i c a l l y  reversible,  
variable speed constant-torque DC motor. 

4.1 Ex~erimental  Procedure 

The most important f ac to r  i n  t he  t racer  gas flow r a t e  measurement 
technique is the  mixing of the  t r ace r  gas with  the  a i r  i n  t he  exit 
duct. The t racer  gas must be well-mixed f o r  eq (2) t o  apply. 
Good mixing is obtained by in jec t ing  SF6 a t  several  v e r t i c a l l y  
coplanar points immediately upstream of the  exhaust fan shown i n  
f igure  2. Under t h i s  inject ion scheme the  downstream SF6 
concentration is constant i n  time and locat ion i n  t he  duct within 
about 50.25 ppm of t h e  25 ppm concentration sett ing.  In  addit ion 
t o  good mixing, t h i s  flow r a t e  measurement technique assumes t h a t  
the  SF concentration i n  the  a i r  flowing through the  blower door 
i n to  t k e ca l ibra t ion  chamber is 0 ppm. This assumption is checked 
a f t e r  every other flow r a t e  measurement by turning off  t h e  SF6 
inject ion and making sure  the  SF6 concentration i n  the  exit duct 
re turns  t o  0 ppm. If the  SF6 concentration i n  the  outgoing flow 
returns  t o  0 ppm, then there  is no SF6 i n  the  a i r  flowing through 
the blower door i n t o  the cal ibrat ion chamber. 

The desired a i r  flow/pressure difference combinations a r e  obtained 
by using the exhaust fan or i n s t a l l i n g  constr ic t ions  i n  t he  e x i t  
duct. A h igh  speed s e t t i n g  on t h e  exhaust  f a n  corresponds t o  
t e s t i n g  l a r g e ,  l eaky  homes, i.e. low r e s i s t a n c e  t o  a i r  flow. 
C o n s t r i c t i o n s  i n  t h e  e x i t  duc t  correspond t o  s m a l l e r ,  t i g h t e r  
homes wi th  a higher res is tance t o  a i r  flow. The measured ranges 
of fan speed and a i r  flow r a t e  f o r  each pressure difference arfi i n  
t a b l e  2. The a i r  f low r a t e s  range from about  0.05 t o  1.10 rn /s. 
This i s  smaller than the range of interest given i n  t a b l e  1, due 
primarily t o  the  l imi ted  flow capacity of our exhaust fan. 



Table 2. Range of NBS Calibration 

Inside-Outside 
Pressure Difference Fan S ed 

( Pa> ( 5-5 A i r  Flaw 
(m3/s) 

For each cal ibrat ion point, t he  fan speed, pressure difference 
across t h e  chamber wal l  and t h e  a i r  density a r e  a l s o  measured. 
The fan speed f o r  t h i s  blower door is measured i n  t he  f i e l d  with a 
d i g i t a l  tachometer employing a magnetic transducer and a toothed 
gear in te r rup te r  which was found t o  agree within 0.02 s'l w ' t h  a 
d i g i t a l  stroboscope/tachometer with  an accuracy of 20.02 s-I. The 
pressure difference across the  cal ibrat ion chamber wal l  was 
measured i n  four locat ions  with  magnetic linkage type pressure 
gauges individually cal ibrated against  an inclined manometer. The 
four measured pressure dif ferences  agree within the  range of 
uncertainty of the  pressure gauge calibration,  and the  average 
pressure difference across  t he  chamber wal l s  is known within + 0.6 
Pa. The a i r  density was determined by measuring the  a i r  
temperature, r e l a t i ve  humidity and barometric pressure, and 
ca lcu la t ing  the density using the  appropriate formulas. Based on 
the  uncer ta in t ies  i n  the  measurements of temperature, humidity and 
pressure, the  a i r  density determination has an uncertainty of f 
0.02 kg/m3. We then calculated a and B using eq (3) and (4). 
Based on the uncer ta int ies  i n  q, Ap, w ,  and p ,  a and 6 a r e  
determined within about 26%. 

4.2 Presentation of Results 

Figure 3 is a p lo t  of a versus B f o r  counter-clockwise fan  
ro ta t ion  f o r  Blower Door A a s  determined i n  the  NBS cal ibrat ion 
f ac i l i t y .  F i t t i ng  a curve of t he  form of eq (6) t o  the  data  
y ie lds  

The coef f ic ien t  of determination r2 has a value of 0.9928, and the 
standard e r ro r  of the  es t imate  of a is roughly 24% of its mean 
value. 

Equation (8) can be expressed a s  a re la t ion  between flow r a t e  q 
and fan speed w, pressure difference Ap and a i r  density p a s  



A s  discussed earl ier ,  eq (9) is not a l inear  relat ion between flow 
ra te  and fan speed, however the deviation from l inear i ty  is small 
except a t  low fan speeds. Figure 4 shows several l i ne s  relat ing 
flow r a t e  t o  fan speed derived from eq (91, each for  a different  
pressure difference. Ihe sol id portion of each l i n e  corresponds 
t o  the fan speed range for  which calibration data was actually 
collected. Ihe dashed portions extend beyond the measured range. 
The measured range of fan speed for  each value of pressure 
difference are given i n  table 2. The dotted l i ne s  extending t o  
the lower left  in  figure 4 a r e  s traight  l i ne  fits t o  the 
calibration data. The s t ra ight  l i n e  f i t s  a re  indistinguishable 
from the actual calibration l i ne s  except a t  low fan speeds where 
the deviation can be significant. Past calibration formulations 

p@yed s t ra ight  l ines, corresponding t o  these dotted 
have l ines  ' 9 9  . We see tha t  the use of such s t ra ight  l ines  w i l l  lead 
t o  erroneously low estimates of a i r  flow ra tes  a t  low fan speeds. 
Table 3 shows a i r  flow ra tes  a t  Ap = 50 Pa for  a range of fan 
speeds derived from eq (9) and from a straight  l i n e  f i t  to. the 
calibration data, The errors  a re  large for  the lower fan speeds, 
which implies tha t  i f  s t ra ight  l i ne  fits are  used, then t igh t  or 
small houses w i l l  be reported a s  t ighter  than they actually are. 

Table 3. Comparison of 50 Pa Flows from Equation (9) and a 
Straight Line F i t  t o  the Calibration Data 

Fan Speed Air F ow Rate 3 % Error of 
(s'l) ( /s) Straight Line 

Eq (9) Straight Line 

Table 4 shows the resul ts  of applying both eq (9) and s t ra ight  
l ine  calibration formulas t o  a sample of pressurization data for a 
small, t i gh t  house. The fan speed is given for each pressure 
difference, along with the corresponding a i r  flow ra tes  a s  
calculated using eq (9) and a s t ra ight  l i ne  f i t  t o  the calibration 
data. The a i r  flow rates  determined using the  s t ra ight  l i ne  are 
a l l  lower than the flow ra tes  calculated from eq (9). Curves are  



fit t o  the data, a s  is often done i n  analyzing pressurization t e s t  
resul ts  from the f ield,  and two common building tightness measures 
are  calculated, the flow ra tes  a t  4 and 50 Pa. The 4 Pa a i r  flow 
ra te  from the s t ra ight  l i ne  f i t  is 24% lower than the 4 Pa ra te  
from eq (9). The 50 Pa flow r a t e  from the s t ra ight  l ines  is 10% 
lower. Thus, we see the potential for  error  when using s t ra ight  
l i ne  calibration formulas t o  analyze blower door data. 

Table 4. Comparison of Pressurization Test Resu l t s  Using Equation 
(9) and Straight Line F i t s  t o  Calibration Data 

Pressure Fan Speed % Error of 
Difference (s-1) Straight Line 

(Pa) Eq (9) Straight Line 

Curve F i t s  

Equation (9) Q = 0.0104 ~ p ~ * ~ ~ ~  Q(4) = 0.025 Q(50) = 0.126 
Straight Line Q = 0.0070 A ~ ~ * ~ ~ ~  Q(4) = 0.019 Q(50) = 0.113 
% Error of Straight Line Q(4): -24% Q(50): -10% 

4.3 Com~arison t o  Other Calibrations and Discussion 

Figures 5 and 6 show calibration data for Blower Door B, which was 
bui l t  by the same manufacturer a s  the door tested in  the NBS 
faci l i ty.  The data on Blower Door B were obtained by the 
manufacturer by measuring a i r  flow ra tes  with an or i f ice  plate i n  
the wall of a se t t l ing  chamber a s  described earl ier .  The 
individual "bunchestt of points correspond t o  the different  
or i f ices  used i n  the a i r  flow r a t e  measurements. There a re  fewer 
data points and more sca t ter  than in  the NBS calibrations shown i n  
figure 3. The manufacturer f i t  the counter-clockwise fan rotation 
calibration data t o  the following expression 

Q is a i r  flow in  m3/hr. Besides being physically incorrect, eq 
(10) predicts a nonzero a i r  flow ra te  for  zero Ap and a. Fit+.ing 



the NBS calibration data t o  a curve of the same form yields 

While eq (11) still leads t o  errors  a t  low fan speeds, it does 
predict essential ly zero a i r  flow for Ap and w equal t o  zero. 
While eq (9) is physically correct and more accurate than the 
l inear  formulations i n  eq (10) and (1 11, it is also more complex 
and quest' ns have been raised concerning misuse by f i e l d  $3 personnel . Equation (11) could be used a s  a subst i tute  
without much loss  of accuracy, but only for a limited range of fan 
speed. 

Figure 7 shows a comparison of the curve f i t  t o  our calibration of 
Blower Door A and the measurements made on Blower Door A by the 
manufacturer (counter-clockw i s e  fan rotation). The manuf acturer's 
calibration data for  Blower Door B a re  also included i n  the 
figure. The manufacturer tested Blower Door A using only a single 
orifice, and therefore a l l  the points are close together. ,These 
data a re  about 25% greater than the curve f i t  t o  our calibration 
of the same door. The manufacturer obtained more data on Blower 
Door B, and these data a re  above our curve f i t  t o  Blower Door A, 
about 0.02 higher on the a scale. This difference corresponds t o  
about 50% of or for high values of 13 and 6% for low values. There 
are a few manufacturer's points, with a equal t o  about 0.45, which 
l i e  much farther  from our line. These points are very different  
from a curve f i t  t o  the other manufacturer's points, and t h i s  
difference is obvious i n  the nondimensional presentation of the 
data, The reason fo r  the otherwise consistant difference between 
the manufacturer's calibration of Blower Door B and our 
calibration of Blower Door A is not clear. The difference could 
be due t o  s ight  differences i n  the blower doors. 

5. CONCLUSIONS 

This report has presented the problem of calibrating blower doors 
and the techniques used in  the NBS calibration faci l i ty.  'Ihe NBS 
fac i l i ty  was used t o  cal ibrate one blower door, and a physically 
appropriate calibration formula tion was applied t o  the data. 
Previous calibrations have used l inear  relat ions between a i r  flow 
ra te  and fan speed which can lead t o  errors  i n  flow determination 
a t  low fan speeds. It is pointed out tha t  such errors  can lead t o  
t ight  or small houses being reported a s  more a i r t i gh t  than they 
actually are  if  the s t ra ight  l i n e  fits a re  used. Such s t ra ight  
l i ne  calibrations can be used i f  the range of fan speed is 
appropriately limited. In addition, our calibration formulation 
allows fo r  straightforward density corrections. Other blower 
doors, including those which employ direct  a i r  flow ra te  
measurement, may be tested i n  the f ac i l i t y  i n  the future. 
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Figure 7 Comparison of Calibrations of Blower Doors A and B 
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Figure 4 Air Flow Rate v s  Fan Speed a t  Several Pressure 
Differences 
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Figure 1 Simple Schematic of General Calibration Chamber 
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Figure 2 Schematic of MIS Calibration Faci l i ty  
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