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SYNOPSIS 

Measurements o f  n a t u r a l  v e n t i l a t i o n  rates i n  bedrooms during 
n ight t ime has  been c a r r i e d  o u t  i n  r e t r o f i t t e d  apartments  as p a r t  of 
a s tudy  i n v e s t i g a t i n g  environmental d a t a  i n  r e l a t i o n  t o  t h e  r e s u l t s  
o f  preceeding ep idemiologica l  s t u d i e s .  

The meaurements i n d i c a t e  c l e a r l y  t h a t  indoor  a i r  q u a l i t y  i n  
bedrooms may be unacceptable  i n  dwel l ings  w i t h  a energy-ef f ic ien t  
minimal v e n t i l a t i o n  rate. The a i r  supply rates may be as low a s  1 

l / s / p e r s o n  i n  t h e  median ca se  o f  bedroom s i z e ,  v e n t i l a t i o n  rate and 
two occupants.  The carbon d i o x i d e  concen t r a t i on  w i l l  r each  a l e v e l  
o f  4000-4500 ppm i n  t h e  morning depending on t h e  l e n g t h  o f  t h e  
s l eep ing  time i n  a c losed  room. The a i r  humidity w i l l  be increased  
too ,  but  depending on t h e  accumulation and condensat ion of  moisture  
i n  t h e  room. However, u s e r s  h a b i t s  o f  l i v i n g  and housekeeping 
can i n c r e a s e  v e n t i l a t i o n  rates i n  p r a c t i c e .  The need o f  publ ic  
in format ion  about  indoor  a i r  q u a l i t y  and v e n t i l a t i o n  p r a c t i c e  is 
t h e r e f o r e  under l ined .  

INTRODUCTION 

Regulatory requirements  t o  thermal  i n s u l a t i o n  i n  new bu i ld ings  
has been i n  f o r c e  i n  Denmark s i n c e  1960, when s p e c i f i c a t i o n s  on 
maximal a l lowable  k-values were given.  These va lues  have later on 
been upgraded, and t h e  c u r r e n t  demand is a k-value between 0.2 - 0.4 
w/m2 O C f o r  va r ious  components o f  t h e  bu i ld ing  envelope.Windows 
have t o  be thermal  windows and t h e  t o t a l  a r e a  of  g l a s s  may not  

1 exceed 15 percent  o f  t h e  g r o s s  a r e a  o f  t h e  b u i l d i n g  . A i r t i g h t n e s s  
s t anda rds  similar t o  those  i n  o t h e r  I E A / A I C  a f f i l i a t e d  c o u n t r i e s  a s  

2 reviewed by Jackman have no t  y e t  been in t roduced  i n  Denmark. 

However new a i r t i g h t  window types ,  c au lk ing  and o t h e r  measures 
designed t o  reduce hea t  l o s s  by n a t u r a l  i n f i l t r a t i o n  have bes ides  
been introduced i n  both e x i s t i n g  and t h e  new bu i ld ings ,  bu t  normally 
without  a t t e n t i o n  t o  ensure  any lower h e a l t h  v e n t i l a t i o n  s a f e  l i m i t  
t o  be maintained. A s a f e  l i m i t  is no t  only a minimal supply o f  oxygen 
f o r  b r ea th ing ,  bu t  a s u f f i c i e n t  v e n t i l a t i o n  r a t e  f o r  d i l u t i o n  of  
a i rbo rne  contaminants  o f  any short- term o r  long-term s i g n i f i c a n c e  
t o  h e a l t h  and well-being. 

A d e c r i p t i o n  o f  t h e  adverse h e a l t h  e f f e c t s  which can be a s soc i a t ed  
wi th  indoor  non-occupational exposure are r e c e n t l y  l i s t e d  with 
r e f e r ence  t o  combustion sources  and indoor  a i r  q u a l i t y  by t h e  U.S. 

3 Department of  Energy . The knowledge a v a i l a b l e  i s  based on c l i n i c a l  
a s  wel l  a s  ep idemiologica l  research .  



The aim o f  t h e  p re sen t  s t udy  has  been t o  i n v e s t i g a t e  i f  such 
lower l i m i t s  a r e  v i o l a t e d  i n  bedrooms i n  dwel l ings  a f t e r  change t o  
t i g h t  thermal  windows and r e t r o f i t t i n g  was c a r r i e d  out .  The bedroom 
i n  t h e  dwel l ings  was chosen f o r  f i e l d  measurements and parametr ic  
c a l c u l a t i o n s  because t h i s  room i s  considered t o  be t h e  most loaded 
indoor  space  w i th  regard  t o  cont inuous occupancy t i m e  and minimal 

4 volume r a t i o  pe r  person compared t o  t h e  l i v i n g  rooms. Railio has 
descr ibed  t h i s  i n  p a r t i c u l a r  as Ifthe bedroom problemn. 

The e x h a l a t i o n  o f  carbon d i o x i d e  and wa te rvapourhas  been used a s  
an ind ica to ro fhuman  load of  t h e  indoor  environment. This  means t h a t  
v e n t i l a t i o n  requirements  t o  a i r b o r n e  contaminants  from m a t e r i a l s ,  
household products ,  tobacco smoking, g a s  burning devices ,  cooking 
and unvented space  h e a t e r s  was n o t  considered pr imar i ly ,  

MATERIAL AW) WTHODS 

The measurements took p l ace  i n  t h e  w in t e r  1984-1985 i n  apar tments  
which p rev ious ly  had been included i n  t h e  s tudy  group of a prospec- 
t i v e  ep idemiologica l  s tudy  o f  t h e  h e a l t h  and comfort changes among 
t enan t s  af ter  change t o  new a i r t i g h t  thermal windows and r e t r o f i t -  

5 t i n g  o f  t h e i r  apar tments  . The changes t o  t h e  new windows o f  PVC- 
frames had been executed i n  t h e  f a l l  o f  1981. The v e n t i l a t i o n  r a t e  
i n  t h e  dwe l l i ngs  be fo re  t h a t  time i s  no t  known, as environmental 
measurements were n o t  performed i n  t h e  bu i ld ings  before  t h e  energy 
conse rva t ion  measures took p lace .  

The b u i l d i n g  types  were medium rise b r i c k  bu i ld ings  3-4 s t o r e y s  
high b u i l t  about  1950. A l l  apar tments  were c e n t r a l  heated and had a 
good maintenance s tandard .  The k i t chens  had e l e c t r i c  cooking, and 
laundry was supposed t o  take  p l a c e  i n  a s e p a r a t e  common f a c i l i t y .  
Kitchens and bathrooms had openings t o  a pas s ive  exhaust  v e n t i l a t i o n  
s t a c k  t o  t h e  roof .  No homes had a i r  cond i t i on ing  u n i t s  i n s t a l l e d ,  
as such u n i t s  do  n o t  e x i s t  i n  p r i v a t e  homes i n  Denmark. Living 
rooms and bedrooms were suppl ied  w i t h  windows which could be opened 
f o r  escape i n  c a s e  o f  f i r e  and f o r  a i r i n g .  A l l  measurements were 
performed wi th  c losed  windows and doors  i n  o r d e r  t o  have t h e  most 
reproducable  c o n d i t i o n  and t h e  worst  c o n d i t i o n  i n  a contaminant 
build-up s i t u a t i o n .  

Outdoor weather  cond i t i ons  i n  terms o f  a i r  temperature,  humidity, 
wind v e l o c i t y  and wind d i r e c t i o n  were recorded from the  meteorologi- 
cal s t a t i o n  of  Aalborg a i r p o r t ,  l oca t ed  i n  a about 10 km d i s t a n c e  
from t h e  housing a r e a s .  

The 29 i n v e s t i g a t e d  dwel l ings  were of medium s i z e ,  having s e p a r a t e  
k i t c h e n  and wc, one l a r g e r  l i v i n g  room and one o r  two sma l l e r  
bedrooms. The bedrooms were most ly  used by 1 o r  2 persons,  but by 



t h r e e  persons i n  a f e w  cases .  The s i z e  o f  t h e  bedrooms was between 
18-43 m3 wi th  a  median va lue  o f  32 m3 ( I Q R  28-34). 

V e n t i l a t i o n  r a t e s  were detecmined wi th  carbon d ioxide  as a t r a c e r  
gas ,  and t h e  decay from a i n i t i a l  l e v e l  o f  6-8000 ppm was measured 
cont inuous ly  wi th  a Leybold Heraeus/Binos 1 i n f r a r e d  gas  ana lyzer .  
Uniform mixing was obtained by a  t a b l e  v e n t i l a t o r .  

The room was unoccupied under  t h e  measurement, and t h e  carbon 
d ioxide  concen t r a t i ons  i n  a d j a c e n t  rooms were measured as w e l l .  The 
decreas ing  t r a c e r  concen t r a t i on  was measured wi th in  a  90 minutes 
per iod i n  o r d e r  t o  o b t a i n  a 95% confidence l e v e l  i n  t h e  s lope  

6 
determina t ion  o f  t h e  v e n t i l a t i o n  rate as s t a t e d  by Kronvall  . 

The t o t a l  v e n t i l a t i o n  rate of  t h e  dwel l ing  as well as t h e  room- 
to-room a i r  t r a n s f e r  w i th in  t h e  dwel l ing  was measured i n  some cases .  

Build-up o f  carbon d ioxide  and water  vapour pe r  kg d r y  a i r  i n  
t h e  bedrooms du r ing  t h e  n igh t t ime has been ca l cu l a t ed  based on 
t h e  va lues  o f  a i r  change r a t e s  and corresponding volume flow of 
outdoor a i r  determined. The f i n d i n g s  i n  f i e l d  measurements w i l l  be 
descr ibed  l a t e r  on. 

RESULTS 

The v e n t i l a t i o n  rates i n  t h e  29 bedrooms were found t o  vary between 
0.1-0.5 ach  having a  d i s t r i b u t i o n  wi th  a  a  median va lue  of  0.23 
( I Q R  0.17-0.31) a n d a n a r i t h m e t i c m e a n  va lue  o f  0.25 ach (SD= 0.1). 
The r e l a t e d  a i r  volumes suppl ied  from t h e  o u t s i d e  depended on t h e  
room volume i n  each  case  and werefound t o  vary between 1,O-3,7 

l i t e r s / s e c o n d ,  w i t h  a  median va lue  of  2.0 ( I Q R  1.5-2.8) l/s. 

The d i s t r i b u t i o n  o f  a i r  change r a t e s  and a i r  supply rates is  
shown i n  t a b l e  1. 

Outdoor temperatures  were between 1.5 t o  9.8 C with  a  median 
va lue  of  5.0 C ( I Q R  3,4-7.6) and t h e  wind v e l o c i t i e s  between 1.6- 
7.8 m / s  w i th  a  median va lue  o f  6.2 m / s  ( I Q R  2.6-8.2) on t h e  days 
when measurements took p lace .  Indoor  temperatures  var ied  between 
16-22 C .  Mul t ip l e  l i n e a r  r e g r e s s i o n  a n a l y s i s  d i d  n o t  show any 
s i g n i f i c a n t  c o r r e l a t i o n  between a i r  change r a t e s ,  wind v e l o c i t y  
and tempera turer  c e r t a i n l y  because a i r  i n f i l t r a t i o n  through t h e  
new window c o n s t r u c t i o n s  are n o t  t h a t  much inf luenced by outdoor 

7 weather c o n d i t i o n s  (Har r j e  and M i l l s  ). 

Analysis  o f  means and moments o f  a i r  change r a t e  and a i r  volume 
flows shows a  tendency t o  a p o s i t i v e l y  skewed d i s t r i b u t i o n  with 
r e s p e c t i v e  skewness c o e f f i c i e n t s  of 1.05 and 0.57. The d i f f e r e n c e  
between t h e  two v e n t i l a t i o n  parameters  is  because of t h e  tendency 



t o  a lower a i r  change rate i n  t h e  l a r g e r  bedrooms and a  r e l a t i v e l y  
h igher  a i r  change r a t e  i n  t h e  smaller bedrooms. 

Assumingan8 hour cont inuous occupat ion o f  t h e  bedroom o f  two 
r e s t i n g  persons exha l ing  30 l i ters  o f  carbon d ioxide  pe r  hour,  
carbon d iox ide  concen t r a t i ons  i n  t h e  morning a r e  c a l c u l a t e d  i n  
t a b l e  2  f o r  t h e  lowes t ,  t h e  mean and t h e  h i g h e s t  a i r  supply rates 
measured. The s t e a d y  s t a t e  concen t r a t i ons  o f  which 95% is reached 
wi th in  6-30 hours a t  v e n t i l a t i o n  r a t e s  between 0.1-0.5 ach  are 
shown a s  w e l l .  

These concen t r a t i ons  w i l l  exceed t h e  recommended va lues  o f  l i m i t s  
f o r  carbon d ioxide  exposure i n  non-occupational environments which 

8 vary between 1000-2500 ppm (WHO Meeting Report 1. The Threshold 
Limit Value of  5000 ppm f o r  occupat iona l  exposure may even be 
exceeded i n  t h e  wors t  cases. 

The corresponding i n c r e a s e  i n  indoor  a i r  humidity w i l l  depend on 
t h e  adso rp t ion  o f  wa te r  vapour i n  t h e  bedroom i n t e r i o r  ma te r i a l s .  
The requi red  volume o f  v e n t i l a t i n g  a i r  t o  keep t h e  a i r  humidity 
below a c e r t a i n  l e v e l  w i l l ,  moreover, vary  according t o  t h e  
humidity i n  t h e  outdoor  a i r ,  and t h e r e f o r e  depend on t h e  c l i m a t i c  
cond i t i ons  o f  t h e  y e a r  round. 

DISCUSSION 

Apartment r e s i d e n t s ' e v a l u a t i o n  o f  t h e i r  h e a l t h  s t a t u s  and indoor  
c l ima te  pe rcep t ion  r e l a t e d  t o  t h e  implementation of  energy conser- 

5  v a t i o n  measures i n  Danish housing has  p rev ious ly  been descr ibed  . 
This  showed t h e  b e n e f i t s  of  b e t t e r  i n s u l a t i o n  and a  less draughty 

dwel l ing  e s p e c i a l l y  t o  t h e  e l d e r l y ,  spending most o f  t h e i r  time a t  
home. Any immediate d i sadvantages  of  reduced n a t u r a l  v e n t i l a t i o n  
on indoor  a i r  q u a l i t y  could no t  be  demonstrated. This  might be 
because i t  is less pronounced i n  30-40 y e a r  o ld  bu i ld ings  where 
of f -gass ing  from m a t e r i a l s  is  neg l ib l e .  I n  a d d i t i o n  t h e  households 
were u s u a l l y  small and d id  no t  i nc lude  overpopulated dwel l ings ,  
which i n  Denmark i s  s t i p u l a t e d  t o  be more t han  two i n d i v i d u a l s  
o l d e r  t han  two y e a r s  pe r  room. 

The s i z e  o f  t h e  popula t ion  i n  t h e  s tudy  was i n  a d d i t i o n  no t  
l a r g e  enough t o  a t  random inc lude  a  s u f f i c i e n t  number of  s u b j e c t s  
s u f f e r i n g  from a l l e r g i c  d i s e a s e s .  Those i n d i v i d u a l s  should be first 
t o  respond on changes i n  indoor  a l l e r g e n s  caused by house d u s t  
mites, favoured by increased  a i r  humidity a f t e r  s e a l i n g  o f  t h e  
houses ( ~ o r s ~ a a r d '  ' O . 

Therefore  requirements  f o r  v e n t i l a t i o n  r a t e s  a f t e r  r e t r o f i t -  
t i n g  of  t h e  dwel l ings  should s t i l l  be considered from a h e a l t h  po in t  



of  view. It is  most obvious t o  propose t h a t  t h e  v e n t i l a t i o n  
r a t e s  should f u l f i l  t h e  e x i s t i n g  bu i ld ing  code f o r  new houses. 
T h i s s p e c i f i a s a n  a i r  change rate o f  0.5 p e r  hour t o  be obtained 
by t h e  presence  of a user -operab le  f r e s h  a i r  valve i n  each  room 
wi th  a 30 c m 2  free square  I .  Even b e t t e r  would be t o  a g r e e  wi th  
The Guide l ines  f o r  Nordic b u i l d i n g  r e g u l a t i o n s  regard ing  indoor  a i r  
which has  s p e c i f i e d  a f r e s h  a i r  supply o f  4 l /s  pe r  person  i n  
bedrooms1 ' . This  e q u a l s  a 0.9 ach  i n  a average  bedroom o f  30-35 m 3 

occupied by two persons ,  which is  almost  twice t h e  prescr ibed  value 
o f  0.5 ach.  

The p re sen t  s t udy  has  shown, t h a t  t h e  a i r  supply r a t e s  may be a s  
low a s  1 l / s / p e r s o n  i n  t h e  median ca se  o f  bedroom s i z e ,  v e n t i l a t i o n  
r a t e  and two occupants.  The carbon d iox ide  concen t r a t i on  w i l l  reach 
a l e v e l  o f  4000-4500 ppm i n  t h e  morning depending on t h e  l eng th  
o f  t h e  s l e e p i n g  t i m e .  The a i r  humidity w i l l  be  increased  t o o ,  but 
depend on t h e  accumulation and condensat ion o f  moisture  i n  t he  
room. ~ e c k e r ' ~  has  descr ibed  t h e  problem o f  i n v i s i b l e  condensat ion 
and mould growth i n  p a r t i c u l a r  f o r  housing i n  a r e a s  wi th  h igh  tem- 
p e r a t u r e  d i f f e r e n c e s  between minimum n igh t  temperature  and maximum 
day temperature  w i t h  r e l a t e d  v a r i a t i o n s  i n  a i r  humidity. 

It is  obvious t h a t  t h e  user-operated v e n t i l a t i o n  is  a most impor- 
t a n t  parameter i n  p r a c t i c e .  It has  r e c e n t l y  been shown by cont inuous 
measurement o f  v e n t i l a t i o n  r a t e s  i n  occupied homes, t h a t  t h e  bas ic  
v e n t i l a t i o n  r a t e  may be increased  wi th  a f a c t o r  of  3-4 a t  t h e  average 
(Kvisgaard, C o l l e t  and ~ u r e ' ~ )  . The need f o r  u s e r  a c t i v e  v e n t i l a t i o n  
p recau t ions  has t o  be underl ined i n  t he  c a s e  of bedrooms i n  energy 
efficienttightenedbuilding envelopes wi thout  c o n t r o l l e d  mechanical 
v e n t i l a t i o n  systems by pub l i c  information.  F i e l d  measurements i n  
c o n t i n u a t i o n  inc lud ing  ep idemiologica l  s t u d i e s  can emphasize t h i s  
need i n  f u r t h e r  d e t a i l .  

This  paper  i s  based on p a r t  o f  a r e s e a r c h  p r o j e c t  under  t h e  
Min i s t ry  o f  Energy, Copenhagen, R e f . :  SBI J.nr.22411-304-01-01. and 
accomplished i n  Aalborg, Denmark dur ing  t h e  w i n t e r  o f  1984-1985. 
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I n s t i t u t  f o r  bygningsteknik,  AUC, Aalborg, f o r  h i s  coopera t ive  
a s s i s t a n c e ,  and t o  thank t h e  s t u d e n t s  Morten Egedorf,  Arne Fmrland, 
P e t e r  Graubau, Mikael Haugaard Jensen and Hans K r i s t i a n  Pedersen 
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TABLES 

- 1 Table 1. Air change rates (h ) in bedrooms and corresponding 
3 air supply rates (l/s) according to room volume(m ) .  

air change rate number of dwellings range of room range of air 
( 3 )  Volumes supply rates 

Table 2. Carbon dioxide concentration levels in bedrooms at 

air supply rates as measured. Background 3 5 0  ppm. 

air supply l/s & p number of carbondioxide concentration levels 
cases PPm 

after 8 hours steady-state 
interval occupation 


