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PREFACE 

International Energy Agency 

In order to strengthen cooperation in the vital area of energy policy, 
an Agreement on an International Energy Programme was formulatad among a 
number of industrialised countries in November 197.4. 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 International Energy Programme, 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 International 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 differences 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 and Ventilation 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 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 
groundwork the experts group recommended to their executive the 
formation of an Air Infiltration and Ventilation 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 firm 
basis for future research in the Participating Countries. 

The Participants in this task are Belgium, Canada, Denmark, Federal 
Republic of Germany, Finland, Netherlands, New Zealand, Norway, Sweden, 
Switzerland, United Kingdom and the United States of America, 

(iii) 
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SYNOPSIS 

Before 1970 t h e  v e n t i l a t i o n  o f  dwel l ings was considered a 
t h i n g  ha rd l y  worth t h i n k i n g  o f ,  because i t  took p lace more- 
o r  l e s s  s a t i s f a c t o r i l y  i n  t h e  then genera l ly  r a t h e r  un- 
t i g h t  bu i l d ings .  Besides, f a r  lower numbers and q u a n t i t i e s  
o f  hazardous chemicals were employed i n  b u i l d i n g  mate- 
r i a l s  and households then than they are today, and measu- 
r i n g  techniques were n o t  developed. 

A f t e r  t h e  o i l  c r i s i s  o f  1973, v e n t i l a t i o n  was discovered 
as a main source o f  energy losses. Consequently, s t rong  
e f f o r t s  were made and successes cou ld  be claimed i n  r e -  
ducing the  v e n t i l a t i o n  losses through a i r t i g h t e n i n g  o f  t h e  
b u i  1 dings. 

The next  phase i n  t h e  v e n t i l a t i o n  scene - t h e  one i n  which 
we s t i l l  f i n d  ourselves today - brought up t h e  a d d i t i o n a l  
t o p i c s  o f  hyg ien ic  indoor a i r  q u a l i t y  and condensation 
problems. Contro l  o f  bo th  problem areas requ i res  a c t i o n  
on two f r o n t s :  on one s ide  against any avoidable i n s i d e  
p o l l u t i o n  sources and on t h e  o ther  s ide  against  
excessively low v e n t i l a t i o n  ra tes .  

A f t e r  years o f  i n tens i ve  s tud ies  on indoor a i r  p o l l u t i o n  
sources, p o l l u t i o n  l eve ls ,  condensation e f f e c t s ,  b u i l d i n g  
a i r t i gh tness ,  and a i r  change ra tes ,  we are now a t  t h e  
p o i n t  t o  d iscover t h a t  no s o l u t i o n  whatsoever t o  t h e  ven- 
t i l a t i o n  problem i s  poss ib le  i f  compati b i  1 i ty  w i t h  user 
comfor t  and user hab i t s  are not  p roper l y  taken i n t o  ac- 
count. User c o m p a t i b i l i t y  o f  a v e n t i l a t i o n  s t ra tegy  under 
todays cond i t ions  i n  dwel l ings  must i n  f a c t  be understood 
as a requirement equ iva lent  t o  the  p u r e l y  func t i ona l  ones 
o f  po l  1 u tan t  removal and o f  economy. 

It i s  t r i e d  i n  t h i s  paper t o  summarize on t h e  general r e -  
quirements f o r  user c o m p a t i b i l i t y ,  t h e  l a t t e r  having been 
wide ly  neglected so f a r .  Features o f  improved systems are  
given. 

1 a FUNCTIONAL ADEQUACY 

A v e n t i l a t i o n  system - be i t  o f  t h e  na tu ra l  o r  o f  t h e  me- 
chanical  k i n d  -must be f u n c t i o n a l ,  t h a t  means i t  should 
f u l f i l l  i t s  d u t i e s  proper ly .  Some of t h e  du t ies  are i n  
compet i t ion  w i t h  each o ther ,  so t h a t  compromises are t o  be 
made. 



First of all there are the requirements which are the very - 
justification for ventilation at all: 

1. fresh air supply to occupants 
2. removal of pollutants 
3. dehumidification 
4. combustion air supply (if applicable) 
5. odour removal. 

Then there are "secondary" functional requirements, aimed 
at making ventilation affordable and feasible: 

6. energy conservation 
7. cost effectiveness 
8. retrofit ability. 

The first group of requirements is satisfied all the bet- 
ter of course, the higher an air change rate is estab- 
lished. For the second group the contrary is true. 

But the air change rate is only one parameter of influence 
on the removal of harmful or unwanted components in the 
room air. The second parameter is the air circulation pat- 
tern in a ventilated space. In the mechanically ventilated 
space of fig. la for instance, rather good mixing of the 
space air is obtained, providing equal pol 1 utant di stri - 
bution at any point in the space. With pattern b, and the 
same flow rate, most of the ventilation air bypasses the 
lower part of the space, failing to remove pollutants ori- 
ginating from there. In fig. lc, a displacement-like ven- 
tilation pattern is obtained resulting in very good pollu- 
tant removal effectiveness for all locations in the space 
which are not lying downstream of a pollution source, a 
point which is to be elaborated on an individual basis in 
the particular case. 

The common definition for the pollutant removal effective- 
ness is illustrated e.g. by Sandberg (1): 

E = overconcentration exhaust air - - 'e - '0 
overconcentration entering air Cri- Co 

The indices of C mean: 

e exhaust air 
o outside air 

ri room air at location i in the 
space. 

For case a (complete mixing) E = 1 is obtained: 
Ventilation schemes today in use show a rather poor effec- 





tiveness (this holds true not only for window venti la- 
tion), ranging often around 1 or below. 

Ventilation effectiveness is the key to systems compatible 
with both requirements 1 ... 5 (pollutant removal and 
fresh air supply) and 6 . . . 7 (energy and cost economy). 
It deserves far more attention than it is generally paid 
today, and offers ample room for the development of more 
effective systems. AIC Technical Note 17 ( 2 )  gives a good 
resume6 and bibliography on ventilation strategies though 
it does not include publications after 1983 such as e.g. 
(3) or (5). 

Another important point with any improved ventilation 
system is retrofitability. In Germany for instance, the 
average age of a residential building is about 70 years. 
Therefore if real progress is to be made in the ventila- 
tion scenario within a foreseeable future, high priority 
must be given to retrofits. 

In dwellings equipped with flued combustion appliances 
(fireplaces, stoves, gas boilers etc. ) compati bil i ty of 
those appliances with the ventilation system is to be 
established. No extract-only ventilation is then allowed 
(not even a range hood!) and the building envelope un- 
tightness should be at least in the order of 15 m3/h at 50 
Pa per kW heating load of a stove (open fireplaces require 
a considerably higher untightness) . 
A particular case are radon emissions from the soil. No 
mechanical extract-only ventilation systems are allowed in 
such cases. Instead, slightly overpressured combined ex- 
haust and supply systems will perform best and prevent 
radon from entering the ventilated space. 

USER COMPATIBILITY 

Functional adequacy of a ventilation system is one requi- - 
rement, but as already outlined, user compatibility is a 
necessary completion. Experiences within the German re- 
search programm "Ventilation in Residential Buildings" 
("Luftung im Wohnungsbau") ( 4 )  and with other investiga- 
tions have shown, that there is indeed a high probability 
of inhabitants rejecting or of conteracting ventilation 
systems which do not comply with users expectations. 



Regarding user compatibility, rather low marks had t o  be 
given t o  most natural and mechanical ventilation systems. 
Natural ventilation requires t o  much attendance and of fers  
poor control options. Main complaints of nearly every me- 
chanical system concerned noi se and draught. 

The following requirements are t o  be sa t i s f i ed  i n  order t o  
comply w i t h  users expectations: 

9. avoidance of draught e f fec ts  
10. tolerance of ill-attendance 
11.  minimal maintenance requirements 
12. low noise level 
13. freedom t o  in te r fere  
14. f ami 1 i ari  s a t i  on w i t h  a system 

Requirements 13 and 14 refer  t o  psychological rather than 
t o  physical sensations of a user, which nevertheless a re  
often decisive f o r  acceptance or rejection of a system: 

- the user should never feel oppressed by a 
venti 1 ation system, b u t  always have the 
feeling of freedom of interference 

- the great majority of people are rather con- 
servative i n  t h e i r  habits, thus appropriate 
instruction and motivation i s  a must w i t h  any 
new techniques. 

Requirements particularly c r i t i c a l  with natural venti 1 a- 
t ion systems are ( in  the order of importance) 10, 9, l l ,  
whilst w i t h  mechanical systems 9, 12, 14, 13, 11 have 
pr ior i ty .  

3. FEATURES OF IMPROVED NATURAL VENTILATION SYSTEMS 

In the previous section on functional adequacy i t  was 
shown that  maximizing ventilation effectiveness i s  the 
most promising option t o  reconcile the contradictory re-  
quirements of pollutant removal and economy. Because ma- 
ximizing ventilation effectiveness allows a i r  exchange 
ra tes  t o  be reduced, and because draught and noise e f fec ts  
have a strong correlation w i t h  flow rates ,  user compatibi- 
l i t y  too benefits from improved ventilation effectiveness. 
Indeed: for the design of any ventilation system its 
effectiveness is of ultimate significance under almost 
every aspect and should be given f i r s t  p r ior i ty .  



Tolerance of ill-attendance is a hard task to fulfill with 
natural ventilation systems, if energy economy is to be 
observed. Some kind of automatic control of the opening 
cross sections seems unavoidable (control 1 ed natural ven- 
tilation). In its simplest form this could mean windows or 
ventilation openings controlled by the outside tempera- 
ture. Probably better would be a feedback control system 
with the humidity (in dwellings) or carbon dioxide (C02) 
(in pub1 ic buildings) as control led variables. 

If automatic control is considered too much an expense but 
users proper attendance expected to be a thing one can 
count on (previous experience does not prove that), con- 
siderable improvement on the opening mechanisms of present 
natural ventilation devices and intensive instruction cam- 
paigns to the public on adequate ventilation behaviour 
will be a prerequisite. 

Improved natural ventilation systems should have the fol- 
1 owing features : 

- windows or ventilation openings should be lo- 
cated so that displacement ventilation is sup- 
ported and no draught felt in the main occu- 
pational zone of rooms 

preferably automatic control of the opening 
cross section of at least one ventilation de- 
vice should be provided; outside temperature 
or (better) humidity or C02 should be the 
control 1 ed variable 

manual control of the opening cross section to 
be provided in discrete .steps with markers 
specifying the room size ventilatable under 
reference conditions in the respective po- 
sition 

ventilation openings to be arranged always in 
pairs, with maximum vertical distance (one 
above floor, one under cei 1 ing) to exploit 
the stack effect in the absence of wind as 
driving force 

contamination effects of ventilation openings 
should be minimized, easy cleaning made possi- 
ble by suitable design 



- in spaces with flued combustion appliances, a 
defined building untightness should be estab- 
1 ished as specified above. 

4. FEATURES OF IMPROVED MECHANICAL VENTILATION SYSTEMS 

What had been said about ventilation effectiveness with 
natural systems holds also true for mechanical systems: 
the higher the effectiveness, the lower the flow rates al- 
lowed, diminishing the problems of draught, noise, heating 
and auxiliary power demand, and equipment size (cost!). 

In spite of the fact that with mechanical systems a good 
ventilation effectiveness can be established much more 
easily than with natural systems, most systems investi- 
gated in (4 )  and in other research works had severe 
shortcomings. Main complaints were with regard to: 

- draught effects 
- noise level 
- odour transmission from kitchen/bathrooms 
- equipment contamination and no regular service 

provi si ons - design ratings not established 
- high auxi 1 i ary energy consumption 
- user has no interference option (feels 

oppressed) - interference with combustion equipment. 

In general, solutions with single fans for individual 
rooms should be avoided with mechanical ventilation sys- 
tems and central systems be provided instead integrated 
into the entity of all hydraulically coupled rooms. Other- 
wise low ventilation effectiveness, poor economy and lack 
of comfort are programmed. 

Two risk situations deserve particular attention: if 
either radon problems exist or if flued combustion appli- 
ances are used in the space under consideration, no ex- 
haust-only ventilation is allowed. Combined supply-and-ex- 
haust systems are then to be used instead working with 
small supply air excess, providing an overpressure of a 
few Pa in the ventilated space. 

From the point of view of ventilation effectiveness (dis- 
placement ventilation to be aimed at) as well as from 



physiological e f fec ts  (overheated a i r  i s  f e l t  "s ta le"  and 
"not f resh")  i t  seems necessary t o  avoid overheating of 
the supply a i r  with ventilation systems. 

In order t o  obtain an effect ive,  economical, and comfor- 
table  (and thus user-accepted) ventilation system, the 
following points should be considered w i t h  system and 
equipment design: 

System Design 

- r e s t r i c t  design ratings t o  base requirement 
(windows f o r  peak 1 oad) - supply a i r  i n l e t s  a t  low level (out of 
direct  occupational zone) - large cross section of in l e t s  for  low a i r  
velocity 

- avoid occupational zones downstream of 
pol 1 uti on sources 

- supply a i r  temperature s l ight ly  below average 
room temperature - exhaust-only systems require properly located 
supply a i r  i n l e t s  

- exhaust a i r  ou t le t s  a t  cei l ing of rooms and 
close t o  contamination source 

- f i 1 t e r s  required for  every ai r i ntake 
- system should work properly without attendance - offer  manual interference option ( acceptance ! ) 
- compatibi 1 i ty  heating/venti 1 ation system t o  be 

evaluated 
- acceptance t e s t  for  every ins ta l la t ion  

Equipment Design 

- sat isfactory efficiency of ventilators/motors 
- available uni ts  not be overrated fo r  average 

dwell i ngs (100 m3/h and below required) 
- use a i r  ducts and a i r  i n l e t s  w i t h  low 

hydraulic 1 osses (noise, power) - warning l igh t  fo r  f i l t e r  contamination - f i l t e r  cleaning procedure t o  accommodatc user - complete module for  simple and low cost 
instal  1 ation 

- units f o r  r e t r o f i t s  required 
- design f o r  more cost effective production. 



5. CONCLUSIONS 

With new building materials and with todays often exces- 
sive use of household chemicals pollution sources in dwel- 
lings have multiplied. New construction standards and res- 
trictive ventilation habits of the occupants as a conse- 
quence of energy conservation efforts on the other side 
have reduced natural ventilation rates in buildings, some- 
times below a level sufficient for pollutant or water 
vapour removal . 
As a consequence, mechanical ventilation systems have 
found widespread introduction in a number of countries, 
whilst little effort has been spent on the improvement of 
natural ventilation devices. It is obvious, that occupants 
comfort and acceptance has so far not found appropriate 
consideration with the design of ventilation systems of 
any kind. 

If real progress is to be made regarding indoor air 
quality the following points must be given much more 
weight in future: 

- ventilation effectiveness 
- integrated system approach: 

o pollution removal 
o energy conservation 
o comfort 

improved natural ventilation devices 
retrofit abi 1 i ty. 
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SYNOPSIS 

The role of the occupant in buildings energy use has been evident 
in studies in many countries. Our experience since the early 
1970's has indicated that energy use can vary by at least a factor 
of two solely on how the occupant operates the house or 
apartment. This often involves window use. For example, window 
and door openings, to cool an overheated dwelling, can take place 
at any time of the year. This paper describes work at Princeton 
which measured occupant ventilation behavior, and which provided 
feedback in an attempt to modify behavior. 

Experiments have been conducted about the effect of informing the 
occupant as to when outdoor temperature is low enough that window 
opening would be the better choice than employing mechanical 
cooling methods. A small blue light visible to the occupants 
was used to supply this guidance, in conjunction with feedback to 
the occupants about cost. 

In a large multifamily building, regular visual inspection of 
window openings, sometimes supplemented with infrared scanning, 
were used to identify the prevalence of these actions. Fan 
pressurization tests in the apartments indicated very tight 
construction with the windows closed. When comfort and perceived 
ventilation needs conflict with energy conservation, poor 
temperature regulation can be the culprit. 

In another study, data were collected through open-ended 
interviews and a survey in the same multifamily building. 
Interviews asked about beliefs concerning need for fresh air, 
stuffiness, and perceived thermal comfort. In this building, 
which most residents considered too warm in the wintertime, window 
or door opening was typically used to reduce indoor temperature. 
Blower door tests were used to estimate infiltration in a single 
apartment at differing window apertures while energy balance 
calculations based on measured energy consumption and temperatures 
were used to estimate infiltration for the entire building. 
Tenants' reports of their perceptions are used to interpret the 
observed and reported ventilation behavior. Tenant perceptions 
are also related to measurement-based estimates of air 
infiltration rates. 

INTRODUCTION 

From the beginning of our studies of energy conservation in 
buildings in the early 1970's at the Center for Energy and 
Environmental Studies, it was very evident that the occupant 
played a major role in energy use in the home by the way in which 
the home was operated. Our initial research into energy use was 
based on the analysis of monthly utility billing data, where 
clearly there was at least two-to-one variation in energy use for 



the total sample of 209 townhouses as well as for the 28 with 
identical orientation and design.l In a later series of 
measurements, even after 25% energy savings retrofits, there was 
still a wide spread in the energy appetite over the group of 30 
houses that were being constantly monitored (hourly data from 
twelve channels of energy-related sensors) as shown in Figure 1. 
It was at that point in our monitoring effort that the highest 
energy user moved, (number 1 in the figure), and the new occupant 
promptly caused the home energy use to drop to the low end of our 
30-house sample. 

NUMBER LABELS HOUSE 
x AVERAGE EXCLUDING HOUSE I 

(CHANGE F OWNER IN 1975 
SUMMERPANO HOUSE 9 

4 4 (INCOMPLETE DATA) 

W 
G 
2 
0 
a 0 X- 

OST WINTER 
76 

ENERGY CRISIS PRINCETON RETROFIT 

Figure 1. Occupant effects on the consumption of energy in the 
home during an energy retrofit study. These are nine 
identical townhouses from our monitored sample of 
thirty. 

As our research extended from the Twin Rivers townhouses to older 
homes, and now to multi-family buildings, the role of the occupant 
continues to be an important part of the energy use research. To 
further substantiate that major energy consequences result from 
occupant effects, Figure 2 illustrates the repeated two-to-one 
type influence of occupants in a number of housing developments 
throughout the State of New ~ersey.~ In each neighborhood the 



same house construction was compared, building tightness was 
checked with blower doors, and heating system efficiency was 
checked using the latest instrumented auditing  technique^.^ ~ ven 
with these items "controlled", occupant effects proved important. 
Occupant influence on energy use are not only an American 
phenomenon as shown by the review of occupant effects in the IEA 
Annex I11 handbook Guiding Principles Concerning Design of 
Experiments, Instrumentation, and Measuring Techniques. 

' O r  FREEHOLD 

NJ AVERAGE 

AVERAGE ANNUAL GAS USE (CCF) 

Figure 2. Histograms of estimated annual gas consumption for the 
six New Jersey Modules before the retrofits. Estimates 
predict the gas consumption during a year of "typical" 
weather (that is, a nine-year average temperature 
profile) based on the actual meter readings during 1978 
and 1979. 



2. OCCUPANT AWARENESS 

One of the ways to attempt to reduce the energy waste associated 
with inappropriate occupant energy-related actions would be 
through an information campaign. Although we are often more prone 
to think of the heating season as a time when window habits can 
cause large increases in energy consumption in a dwelling, summer 
and the cooling season is another major opportunity for energy 
savings. However, the strategies differ sharply. Realizing there 
are periods, especially in the Southeastern United States, when 
windows should remain closed 24 hours a day, since the temperature 
never drops below 2S0c and relative humidities of 70% or greater 
are the norm - -  in many other areas there are extended periods 
when cooling would be more efficient if the wfndows were opened. 
When windows remain closed with complete reliance on air 
conditioning, heat generated within the building and residuals 
from solar radiation can cause the air conditioning system to run 
far into the night. Instrumented observations of ten heat pump 
homes5 pointed out that air conditioning was still evident at 
outside temperatures of ~ O C !  Long before such nighttime 
temperatures were reached, it would have made sense to open 
windows . 
In order to inform the occupant when window openings made sense 
and running the air conditioner did not, experiments were 
conducted by Seligman et a16 using a "small blue light". The 
approach was as follows: an outside thermostat was placed in a 
location where it could measure temperature free from solar 
effects; the thermostat was connected to a blue light located in 
the kitchen near the telephone; the electrical connection was such 
that only when the air conditioner was operating would it be 
possible to activate the blue light, provided that the thermostat 
setting was exceeded. 

The system interaction with the homeowner was that if the outside 
temperature was less than 20°c, and the air conditioner was still 
operating, the blue light would flash. In order to stop the light 
from flashing the occupant needed to turn off the air 
conditioner. The occupant was then anticipated to open the 
windows if additional cooling were required. When the outside 
temperature was above 20°c the light would not flash, no matter 
whether the air conditioning was on or off. 

The study also involved feedback as a means of transmitting 
information to the homeowner as to whether they were consuming too 
much energy. Thermostat control was emphasized as the best way to 
reach energy conserving goals. Waste-indicating feedback from the 
research team about the total household energy use was a way to 
urge the homeowners to modify their thermostat settings to reduce 
energy consumption. 



Forty residents were chosen to be part of the study which included 
four conditions: blue light, feedback, blue light plus feedback, 
and control. The feedback was given three times each week by 
reading electric meters and then displaying the updated energy 
use graph on a 15 by 23 centimeter card attached to the kitchen 
window. Consumption per cooling degree hour was computed for each 
house prior to the study, and predicted consumption was based only 
on the consumption per degree hour index. Feedback information 
was based only upon the most recent days. The experiment was 
conducted in late summer, mid-August to mid-September, when air 
conditioning use is prevalent in New Jersey. 

Prior to the experiment there were no significant differences 
between the groups. During the test period, only those days in 
which the outside temperature dropped below 20°c were included in 
the analysis, since this was the operational point for the blue 
light. 

The results from these tests are summarized in Table 1 and point 
out 15.7% less electrical use for the blue light homeowners. The 
feedback alone had less effect on saving energy. Attitudes of the 
blue light homeowners ranged from enthusiastic to feeling that the 
flashing light was an intruder in their home. Certainly when one 
considers the heat pump study, mentioned previously, an indicator 
of what outside conditions are present and how they can reduce 
energy use is clearly needed. 

Table 1 
Mean Daily Electric Consumption (kwh) 

Feedback and Blue Light signaling Device 

Blue Light Feedback Blue Light 
Feedback Alone Alone Control 

Sample 
size 

During 18.30 20.61 18.24 22.76 
treatment* (2.96) (5.69) (4.50) (6.02) 

Note: Standard deviations are given in parentheses. 
*Adjusted for pretreatment differences by analysis of 
covariance. 



MULTIFAMILY STUDIES 

What is often lost when one moves to a multifamily building is the 
degree of occupant control over room temperatures. In even a 
preliminary study of multifamily buildings, one discovers that in 
the middle of the heating season many buildings have a significant 
number of windows at least partly open. If there was any doubt 
that heat was being lost, and energy wasted, one only need to use 
outside infrared thermography to document the 10sses.~ The 
thermograms shown in Figure 3 pointed out how the warm room air 
exits and cold air enters individual windows in two apartment 
buildings; and depends upon relative location from the neutral 
plane for the relative flow rates. 

Although window replacement is often a popular energy retrofit 
from a window tightness standpoint, it could not be justified 
in the building being tested. The blower door tests in individual 
apartments indicated air exchange rates of less than 3 ACH for the 
existing casement  window^.^ With the windows closed, the 
ventilation level from air infiltration would be marginal. 

To look at what are the actual infiltration rates taking place 
with the occupants controlling window openings .requires 
sophisticated instrumentation. Bohac et a18 have just completed a 
preliminary survey using constant concentration tracer gas (CCTG) 
equipments-l1 to measure a test apartment and those apartments 
above and below and on either side. The study points out that 
although a seasonal-average air infiltration rate for an entire 
multifamily building may be estimated from a calculation of 
transmission losses and analysis of building data, such estimates 
usually suffer from regression parameters that are not well 
determined.l2 For the particular multifamily building under study 
an air infiltration rate of 1.6 ACH was estimated, with an 
uncertainty almost as large, as shown in Figure 4. 

lopening upper windows tends to exhaust air, while opening 
lower windows tends to supply air to the building via the stack 
effect. Of course, unsteady effects and wind pressures can modify 
conditions for any given window. The higher the building, the 
greater the stack effect if good air flow communication exists 
between floors . 



Figure 3. Thermograms of two multifamily buildings pointing out 
air infiltration related energy loss and variations in 
window flow pattern with building height. 
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Matching transmission loss energy use in a multifamily 
building to the heating system efficiency to provide 
ranges of possible air infiltration. The lower air 
infiltration bound was established with fan 
pressurization. 

These measurements were based on normalized annual consumption, 
NAC, and a building energy loss coefficient, B. Direct 
measurement with the CCTG system shows air infiltration in the 
0.1-0.2 range, with windows closed, but increasing rapidly to 
2.5-3.8 ACH with a 5 cm. window openings. The variation over time 
was very dynamic as occupants in the surrounding apartments opened 
and closed windows as shown in Figure 5. 

To evaluate the flow of air in the stairwells, Bohac et a18 found 
constant injection of tracer gas to be a very useful technique. 
Again window openings were the key parameter, increasing the air 
infiltration rates by a factor of about 20. 



Lumley Air Flow Data 

Figure 5. Air infiltration variations due to occupant and 
weather effects in three apartments monitored with 
constant concentration tracer gas equipment. 



INTERVIEWING THE TENANTS 

To obtain a better idea of why the residents were opening windows 
in mid-winter and in general, their reasons for the heating and 
cooling management within the apartments, two sets of interviews 
were conducted. First was a set of twelve open-ended ethnographic 
interviews, designed to orient us to the ways which tenants 
thought about ventilation, window opening, and heating their 
apartments during the winter. Based on that information, a 
survey questionnaire was written up which was then used to 
interview all the residents (53 of the 57 occupied apartments). 
The results of those interviews are presented both as percentage 
answers from the survey, and as quotations when we feel that they 
are representative and assist in an understanding of the tenants' 
perceptions and motivations. Both are drawn from more complete 
reports of these investigations. l 3  * l 4  As we describe below, the 
large amount of window opening behavior is due to overheating of 
the building, tenants desire for "fresh air" lack of other 
effective control mechanisms, and the tenants' interaction with 
the boiler operator. 

Based on measured indoor air temperature of 26'~ (79F) we 
suspected that more heat was being provided to the apartments than 
most residents wanted. This was confirmed in the survey, where 
61% said they were sometimes too hot, while only 22% said they 
were sometimes too cold. 

In these apartments, the control mechanism designed for tenant 
operation is the radiator valve. However, this was not the 
control mechanism favored by the tenants. First, some did not 
know about it or thought they were not supposed to use it - -  in 
the 12 ethnographic interviews, two did not know there was a valve 
which controlled the heat, and four more did not think it was 
something which they could control Thus, half did not even 
consider the radiator valve as a control mechanism available to 
them. Also in the survey we asked about several strategies for 
controlling the environment. Percentages saying they used each 
strategy are : 

Use of windows 
Use of radiator valves 
Calling maintenance 
Use stove for heating 

When we asked the reasons for leaving the windows open, we used 
the questions based on reasons which had been given frequently 
during the ethnographic interviews: 

Leave windows open for fresh air 90% 
Have to open a window because too tight or stuffy 51% 
Have to open a window because there is too much heat 53% 



Thus, while overheating is one important reason for opening 
windows, "fresh air" is an even more important one in frequency 
(although the aperture for fresh air is reported to be smaller 
than the aperture used to relieve overheating). 

Most tenants described "fresh air" as being healthy, and as being 
important for a comfortable environment in their apartments. A 
few were specific about the opening needed for fresh air, one 
describing it as 4 to 6 inches (10-15 cm) and another as about 
half a foot (15 cm), others less specifically saying they left it 
"cracked". The amount of aperture for fresh air is not described 
as being something they varied through the heating season or in 
response to environmental conditions. Such aperture related 
ventilation rates have been measured and are shown in Figure 6. 

Although we see that tenant-perceived need for "fresh air" was 
very important in this building, it may be a greater factor here 
than in other buildings. The first reason for this is the 
previously-mentioned low measured infiltration rates with all the 
windows closed. Since the measured rate is below the currently 
proposed American ventilation standard of 0.35 ACH applicable to 
this building, the residents' intuition that they need fresh air 
corresponds to the best engineering analysis available today. The 
second reason that "fresh air" may be more important in this 
building than average dwellings is that the residents are elderly, 
and many of the families of their childhood heated with wood or 
coal. Given the emissions levels of the traditional American wood 
and coal stoves, these people would have been correct in believing 
that some window opening was important for good health. We 
believe that there is not as much emphasis on fresh air by younger 
Americans, though we have not surveyed young people to verify 
this. 

A final question is, why is the building overheated? To 
understand the high ventilation rates, it is crucial to understand 
overheating, since the combination of overheating and poor 
apartment-level controls are primary causes of the open windows 
and thus the high ventilation rate. Reports from other 
researchers studying US multifamily buildings also report large 
amounts of window opening, and thus it may be of general interest 
beyond the particular building we are studying. 

Overheating seems to be due to the functioning of the boiler 
operator and the tenants, in which they interact and each work to 
optimize only relative to their local controls and feedback 

' sources. The boiler operator responds to tenant complaints. He 
could respond by going up to the apartment to check for blocked 
pipes or nonfunctioning radiator valves, etc. However, since this 
would require a trip and interaction with an annoyed tenant, it 
seems that he more commonly adjusts a zone valve in the boiler 
room. The zone valve will raise the temperatures in from 10 to 20 
apartments (depending on the zone), but it is a very easy 



adjustment to make. This zone adjustment is an inefficient 
response to a single complaint, since many or most of the tenants 
affected would have already been comfortable (or already too 
hot). However, the boiler operator is not provided any financial 
disincentive, nor does he even have any record or report showing 
him the energy consequence of this action. 

Blower Door Flow Rate vs. Window Area 
for a partially open casement window 

5000 3 I 

Window Opening Area (rnA2) 

Figure 6. Ventilation rate measured at four window apertures, 
with pressure held constant.15 (Inferred coefficient 
of discharge is 0.73, in comparison to theoretical 
flow of 0.61 for a sharp-edged orifice.) 



For their part, the tenants whose apartments are too hot can 
either complain, shut the radiator valves, or open the windows. 
Many residents do not want to be labeled a "complainer" and the 
maintenance staff may discourage complaints, which mean extra 
work. Further, many of the low-income elderly do not want to 
complain for fear of being "put out". Some residents do use the 
radiator valves, but, as mentioned previously, many either cannot 
turn the radiator valves or do not consider them as an option. 
Even with the valves off, the rooms are surrounded by overheated 
apartments, and may still be too hot. This leaves the windows as 
an option which is attractive in the residents terms. Windows are 
easy to use, cool the apartment quickly, don't require complaints, 
and additionally provide "fresh air". 

In short, the boiler operator operates the system on the basis of 
avoiding complaints and minimizing effort, in the absence of 
financial feedback. The tenants operate on the basis of local 
adjustment (the windows to reduce temperature) and complaints only 
when absolutely necessary (when it is too cold, not when it is too 
hot). 

Two further areas of research are planned or ongoing: quantifi- 
cation of number and amount of window openings, and study of the 
interactions between the boiler operator and the housing authority 
which runs the building. Window openings have been measured 
throughout the heating season in a visual window survey. This is 
performed by marking a pair of mimeographed sheets as shown in 
Figure 7, which show each side of the building, with all windows 
drawn. The researcher visually scans each row of windows, marking 
on the sheet the ones which are open and the approximate apertures 
of each. These data will be analyzed to determined seasonal 
patterns and their relationship to boiler operation and possible 
estimates of air infiltration/ventilation levels and to assess any 
changes which occur as a result of retrofits to the system or 
changes in operation. 

The second area for continued research concerns the relationship 
between the boiler operator and the housing authority. Some of 
the management decisions of the operator can have serious 
financial effects on the management, but there seems to be no 
feedback mechanism, much less incentive to maintain efficient 
operation. We plan further interviews with the boiler operator 
and interviews with management, to determine the reasons for this 
and potential solutions. 



P r i n c e t o n  l l n l v e r s i t y  
C e n t e r  f o r  Energy and t n v l r o n m e n r n l  S t u d i e s  

Wli4DOII SllRVEY 
I.umley Homes 
Asbury P a r k ,  N . . J .  

o u t e r  I s t o l m  window s u r v e y  t a k e n  by 

r e c  room room APtW o f f i c e s  

( c o u r t y a r d )  

E 

A w i n g  R wing 

a p t :  B C D E F F E D C B 

01 r l c e s  r e c  room 
w e s t  f a c a d e  N s o u t h  f a c a d e  

( f a c i n g  Comstock S t r e e t )  ( f a c i n g  2nd S t r e e t )  

/ 

WI:ATIIER CONDITIONS:  t e m p e r a t u r e  - sky  r n 0  - wind _p,f- - - -- - - - 

jmd 18 J a n  86 

. Example window survey sheets. Researcher has marked 
each open window with aperture in inches, or with "W" 
for wide open. 



REFERENCES 

1. Saving Energy - in the Home. (Ed.Socolow, R.H.) Ballinger 
Publishing Co.,Cambridge, MA, 1978. 

2. DUTT, G.S., LAVINE, M. LEVI, B. AND SOCOLOW, R.H. 
"The modular retrofit experiment: Exploring the house doctor 
concept", Princeton University, Center for Energy and 
Environmental Studies, Princeton, NJ, Report No. 130, 1982. 

3. HARRJE, D.T., PERSILY, A.K. AND LINTERIS, G.T. 
Instruments and-techniques in home energy analysis, 
Proceedings of the Energy Audit Workshop, Danish Building 
Research Institute, Copenhagen, Denmark, 1981. 

4. Guiding Principles Concerning-Desi~n of Experiments. 
Instrumentation and Measuring-Techniaues, (Eds. Fracastoro, 
G.V. and Lyberg, M.D.) Swedish Council of Building Research, 
Document D11: 1983, Stockholm, Sweden, 1983. 

5. HARRJE, D.T. 
"Heat pump performance measured using ten residential units 
operating in the northeastern United States." Proceedings - 

International Conference on Energv Use Management, - I. 
(Ed. Fazzolare and Smith) Pergamon Press, New York, 1977, 
pp447-456. 

6. SELIGMAN, C., DARLEY, J.M. AND BECKER, L.T. 
"Behavioral approaches to residential energy conservation", 
Saving - Energy in the Home, Ballinger Publishing Co., 
Cambridge, MA, 1978, pp231-255. 

7. HARRJE, D.T., MURPHY, W.J. AND SCHOEN, L.J. 
"Energy Diagnosis of More Complex Buildings, Enera 
Technology and Conservation - Proceedings of the 9th CIB 
Congress, National Swedish Institute for Building Research, 
3a. 1983, pp69-82. - 

8. BOHAC, D.L. 
"The use of a constant concentration tracer gas system to 
measure ventilation in buildings", Princeton University, 
Center for Energy and Environmental Studies, Princeton, NJ, 
Report No. 105, 1986. 

9. HARRJE, D.T., GROT, R.A. AND GRIMSRUD, D.T. 
"Air infiltration-site measurement techniques." 2nd AIC 
Conference-Building Design for-Minimum Air Infiltration, 
AIC, Great Britian, Document AIC-PRO-2-81, 1981, pp113-133. 



10. HARRJE, D.T., DUTT, G.S., BOHAC, D.L., and GADSBY, K.J. 
"Documenting air movements and air infiltration in multicell 
buildings using various tracer techniques.", ASHRAE 
Transactions, 91 part 2, 1985, pp2012-2026. 

11. HARRJE, D.T., BOHAC, D.L. and NAGDA, N.L., 
"Air exchange rates based upon individual room and single 
cell measurements." 6th AIC Conference - Ventilation 
Strategies and Measurement-Techniques, AIC, Great Britain, 
DOC AIC-PRO-85, 1985. 

12. DECICCO, J.M., DUTT, G.S. HARRJE, D.T. AND SOCOLOW, R.H., 
"PRISM applied to a multifamily building: the Lumley Homes 
case study.", Energv and Buildings, 2 ,  1986, pp77-88. 

13. KEMPTON, W.M., AND DECICCO, J.M. 
"Residents' Perceptions of Heating and Ventilation in a 
Senior Citizen Public Housing Project," Princeton University, 
Center for Energy and Environmental Studies, Princeton, NJ, 
Working Paper No. 80, 1985. 

14. DECICCO, J.M. AND KEMPTON, W.M. 
"Heating a multifamily building: tenant perceptions and 

behavior." ACEEE 1986 Summer Study on Energv Efficiency in 
Buildings, Santa Cruz, CA, 1986. 

15. BOHAC, D.L., DUTT, G.S. AND FEUERMANN, D. 
"Approaches to estimating air flows in large multifamily 
building.", ASHRAE - Transactions, 93, part 1, 1987, To be 
published. 



OCCUPANT INTERACTION WITH VENTILATION SYSTEMS 

7th AIC Conference, Stratford-upon-Avon, UK 
29 September - 2 October 1986 

PAPER 3 

A PRELIMINARY STUDY OF WINDOW OPENING IN 18 LOW ENERGY HOUSES 

J . P .  L i l l y  

Brit ish Gas Corporation, 
R&D Division,  
Watson House, 
Peterborough Road, 
Fulham, London, SW6 3HN. 

L. Makkar 

S . L . C.  Energy Group, 
125 Camberwell Road, 
London, SE5 OHB. 





Synopsis 

An energy e f f i c i e n c y  monitoring programme was ca r r i ed  out  from 

1984 t o  1986 by t h e  South London Consortium Energy Group, 

United Kingdom Department of Energy, with a s s i s t a n c e  from 

B r i t i s h  Gas, Watson House, a s  p a r t  of a demonstration p r o j e c t  

funded by t h e  United Kingdom Department of Energy, the  EEC and 

SLC Energy Group. 18 occupied low energy houses were 

thoroughly instrumented i n  o r d e r  t o  monitor energy usage and 

occupant hehaviour.  Data c o l l e c t e d  included temperatues i n  

each room of t he  house, window usage determined from 

microswitches on every openable window, i n d i v i d u a l  energy 

consumptions f o r  hea t ing ,  hot water ,  cooking and e l e c t r i c a l  

appl iances ,  and d e t a i l e d  weather monitoring. Humidity 

measurements and v e n t i l a t i o n  t e s t s  were a l s o  performed. 

Pata  was s to red  a s  hourly averages of 2-second readings over  

t h e  e n t i r e  monitoring period.  This  enables  a comparison t o  be 

made between window opening p a t t e r n s  of occupants recorded on 

d a i l y ,  weekly and seasonal  t imesca les .  These window opening 

p a t t e r n s  a r e  d iscussed  with r e s p e c t  t o  t h e  l e v e l s  of 

occupancy, bu i ld ing  energy consumption, occupant a c t i v i t y ,  

comfort, perceived need f o r  v e n t i l a t i o n ,  and ex te rna l  weather  

condi t ions .  

The d i scuss ion  of these  pre l iminary  r e s u l t s  l e a d s  t o  a 

c r i t i c a l  assessment of t he  i n s t a l l e d  warm a i r  heat ing and 

supply v e n t i l a t i n g  system, and the  d i f f e r i n g  r eac t ions  of some 

occupants t o  energy conserva t ion  and a i r  q u a l i t y .  

Suggestions a r e  made concerning changes i n  system des ign  t o  

maximise the  a i r  q u a l i t y  w i t h i n  the  bui ld ing  wh i l s t  minimising 

v e n t i l a t i o n  hea t  l o s s e s  f o r  d i f f e r i n g  l e v e l s  of occupancy. 

The d a t a  c o l l e c t e d  r e in fo rces  t he  e s t ab l i shed  c r i t e r i a  f o r  

window opening behaviour,  The d e t a i l e d  l e v e l  of da t a  

co l l ec t ed  should, on more thorough a n a l y s i s ,  provide a f u r t h e r  

c o n t r i b u t i o n  t o  t hese  c r i t e r i a ,  a s  i nd ica t ed  i n  the  t e x t .  



In t roduc t ion  

The energy e f f i c i e n c y  monitoring of 18 low energy houses by 

t h e  SLC Energy Group w a s  designed t o  record the  performance of 

the  house des ign  with r e spec t  t o  occupant behaviour. The 

logging of window opening times was an  i n t e g r a l  p a r t  of t h i s  

exe rc i se .  The amounts of d a t a  produced as hourly summaries 

over a per iod of g r e a t e r  than  18 months provides a l e v e l  of 

d e t a i l  which w i l l  t ake  a cons iderable  time t o  analyse f u l l y .  

This  paper looks a t  the  o v e r a l l  t r ends  i n  window opening 

behaviour with r e spec t  t o  c u r r e n t  knowledge on the s u b j e c t ,  

and inc ludes  examples of more d e t a i l e d  d a t a ,  which w i l l  no 

doubt produce f u r t h e r  information i n  t h e  fu tu re .  This  

in format ion  i s  used t o  cons ider  t he  occupants '  percept ion  of 

the  q u a l i t y  of a i r  i n  t he  dwel l ing ,  and how t h a t  percept ion  i s  

l i k e l y  t o  be inf luenced by modi f ica t ions  t o  the  v e n t i l a t i o n  

system. Future  a n a l y s i s  w i l l  look a t  the  energy imp l i ca t ions  

of t he  opening d a t a  and how the  energy l o s s e s  a r e  a f f e c t e d  by 

mechanical v e n t i l a t i o n  systems. This i s  the  u l t ima te  

o b j e c t i v e  of t h i s  work. 

Previous work by DICK, RRUNDRETT e t  a1 , l  ,2 , 3  has r e l a t e d  

domestic window opening behaviour t o  p reva i l i ng  weather 

condi t ions  and s o c i a l  grouping, which i s  wel l  re inforced  by 

o t h e r  r e sea rche r s .  More r e c e n t l y ,  t he  window opening 

behaviour p a t t e r n s  and reasons  behind th'e s p e c i f i c  behaviour 

of t he  occupants i s  a t t r a c t i n g  more a t t e n t i o n .  This i s  

important because i f  energy savings are t o  be made by reducing 

occupant window opening wi th  mechanical v e n t i l a t i o n  systems, 

t he  reasons behind e x i s t i n g  behaviour need t o  be inves t iga t ed  

(MEUNIER e t  a1 ) . Such work has a l r eady  been s t a r t e d ,  and 

pre l iminary  r e s u l t s  from ins t rumenta t ion  of a l a r g e  block of 

n a t u r a l l y  v e n t i l a t e d  f l a t s  have been analysed (PHAFF et a 1  '1. 



These d e t a i l e d  ana lyses  a r e  r equ i r ed  because al though window 

opening c o r r e l a t e s  c l o s e l y  with p reva i l i ng  weather c o n d i t i o n s ,  

t h e  reasons  behind t h e  frequency of window opening i s  l i k e l y  

t o  be a  balance between the  e x t e r n a l  weather cond i t i ons  and 

t h e  perceived need f o r  v e n t i l a t i o n  of t h e  occupants.  

The ~ ~ ~ ' ~ r i t i s h  Gas s tudy was c a r r i e d  out  i n  18 low energy 

houses wi th  warm a i r  hea t ing  systems providing p a r t i a l  

v e n t i l a t i o n  dur ing  the  hea t ing  season. Comparison of window 

opening behaviour i n  t he se  houses with d i f f e r e n t  bu i ld ing  

types should r e s u l t  i n  the  i d e n t i f i c a t i o n  of t h e  motives and 

range of responses  t o  those s t imu lae  t h a t  a r e  t he  source of 

mot iva t ion  f o r  occupants changing t h e i r  requirements  f o r  

v e n t i l a t i o n .  

The Tes t  Houses 

The 18 test houses a r e  ene rgy -e f f i c i en t  3-bedroom des igns  w i th  

a  high l e v e l  of evenly d i s t r i b u t e d  i n s u l a t i o n .  They a r e  b u i l t  

i n  t h r e e  North-South o r i en t ed  t e r r a c e s  t o  maximise s o l a r  g a i n  

t o  t he  l i v i n g  rooms and s o l a r  pane ls .  Double g l az ing  and 

draught -s t r ipp ing  i s  used throughout ,  and a draught  lobby i s  

included f o r  both t he  f r o n t  and r e a r  doors.  The warm a i r  

hea t ing  system i s  designed t o  g i v e  even house tempera tures ,  

r e d i s t r i b u t i n g  s o l a r  ga in s  throughout t h e  house by 

r e c i r c u l a t i n g  air .  A f r e s h  a i r  supply t o  t he  hea t ing  system 

i s  provided from a l o f t  a i r  i n t a k e ,  g iv ing  about 0.5 a i r  

changes per  hour. There a r e  no r e t u r n  a i r  pa th s  from t h e  

k i t chen  o r  bathroom, v e n t i l a t o r s  i n  t he se  rooms providing an 

e x i t  f o r  s t a l e  a i r .  Floor  p l ans  of the  houses a r e  shown i n  

Figure 1, toge the r  with a  l i s t  of t h e  energy saving f e a t u r e s  

of t he  des ign .  



The logging system c o n s i s t s  of microprocessors  i n  each house 

taking two second readings of a l l  t he  parameters i n  t h e  house, 

from which they produce hou r ly  averages when i n t e r r o g a t e d  by a 

c e n t r a l  computer. The measurements taken i n  each house a r e  a s  

fol lows : 

( i )  7 room temperatures  

( i i )  c e n t r a l  hea t ing  "on" time 

( i i i )  ga s  consumption (cooking, hea t ing  and hot wa te r )  

( i v )  e l e c t r i c i t y  consumption 

(v)  window opening t i m e s  (microswitches o n a l l 1 0  

openable windows) 

In a d d i t i o n ,  weather d a t a  is  c o l l e c t e d  inc luding:  

( i )  a i r  temperature  

( i i )  ground temperature  

( i i i )  s o l a r  g a i n  

( i v )  wind speed 

(v)  wind d i r e c t i o n  

( v i )  r e l a t i v e  humiditv 

Close con tac t  i s  kept with t h e  occupants of t he  houses,  and 

t h e i r  r e a c t i o n s  a r e  in formal ly  monitored. A ques t ionna i r e  

regarding window opening a t t i t u d e s  w i l l  be c i r c u l a t e d  when 

monitoring has  ceased,  t o  avoid any in f luence  on window 

opening behaviour p a t t e r n s .  

The i n f i l t r a t i o n  r a t e s  of t h e  houses were measured, and a r e  

shown i n  F igure  2. When t h e  hea t ing  system i s  on, t h i s  g ives  

t y p i c a l  v e n t i l a t i o n  r a t e s  of 0.8 a i r  changes per hour. 

(ETHERIDGE) 



Window Opening Pa t  t e r n s  

This pre l iminary  s tudy  reviews t h e  annual  window opening 

c h a r a c t e r i s t i c s  of t h e  houses on a monthly b a s i s ,  and compares 

t he  simple s t a t i s t i c a l  c o r r e l a t i o n s  wi th  those  of Brundret t  2. 

The window opening d a t a  f o r  i n d i v i d u a l  houses is  then reviewed 

and examples of obviously d i f f e r e n t  bahaviour of d i f f e r e n t  

occupants i s  looked a t  i n  more d e t a i l .  These behavioural  

examples a r e  then looked a t  from weekly i n t e r v a l s  over a t h r e e  

month per iod ,  and some a r e  f u r t h e r  looked at using d a i l y  d a t a .  

More d e t a i l e d  i n v e s t i g a t i o n  inc lud ing  d e t a i l e d  s t a t i s t i c a l  

a n a l y s i s  w i l l  be repor ted  a t  a l a t e r  d a t e  when a thorough 

computer a n a l y s i s  of t he  l a r g e  amount of a v a i l a b l e  d a t a  i s  

completed 

Mean Annual Window Opening P a t t e r n s  

F igure  2 shows t h e  mean window opening hours pe r  month f o r  a l l  

18 houses p l o t t e d  over an 18 month per iod.  Also p lo t t ed  a r e  

mean ambient temperature ,  s o l a r  g a i n ,  r e l a t i v e  humidity and 

energy consumption f o r  a l l  t h e  houses. The c o r r e l a t i o n  

c o e f f i c i e n t s  between window opening, ambient temperature ,  

s o l a r  g a i n  and mean house energy consumptions a r e  a l l  

r e l a t i v e l y  good, a s  would be expected from previous work. The 

c o r r e l a t i o n  c o e f f i c i e n t  and r e g r e s s i o n  equa t ions  a r e  a s  

fo l lows  : 

TABLE 1 

VARIABLES CORRELATION REGRESSION 
COEFFICIENT EQUATION 

Window opening ( h r s )  vs  amhient 
a i r  temperature  (OC) 0.90 H R S = - ~ ~ O + ~ ~ X ~ C  

Window opening (h r s )  v s  monthly 
s o l a r  g a i n  ( ~ ~ r n - ~ )  0.84 HRS=O. 96+0.26 M W ~ ' ~  

Ambient a i r  temperature  (OC) v s  
mean energy consumption (kWh) -0.97 kWh=2475-106x°C 

Window opening ( h r s )  v s  
mean energy consumption (kWh -0.84 HRS=1282-0.54kWh 



Ind iv idua l  House Annual Window Opening P a t t e r n s  

F igure  4 shows a s e l e c t i o n  of t h e  mean annual window opening 

p a t t e r n s  f o r  some chosen i n d i v i d u a l  houses. These p a r t i c u l a r  

curves  have been chosen t o  show the  l a r g e  range of window 

opening a c t i v i t y  between d i f f e r e n t  houses over t h e  logging 

per iod.  

House number 28 only has any s i g n i f i c a n t  window opening i n  t h e  

lounge a lone  during the  summer of 1984 ( t h e  h o t t e s t  Summer i n  

England f o r  many years ) .  The only o t h e r  window opening i n  

House 28 was i n  t he  bathroom i n  Winter - t h i s  never exceeded 2 

hours t o t a l  per  month. A t  t h e  o t h e r  extreme, house 18 used 

a l l  i t s  openable windows e x t e n s i v e l y ,  many of t he  windows 

s t ay ing  open v i r t u a l l y  a l l  t h e  time ou t s ide  t he  hea t ing  

season. The except ions  were t he  lounge, k i t chen  and bathroom 

windows. The lounge window was only opened i n  the  peak of 

summer, and t h e  bathroom window was used ex t ens ive ly  dur ing  

the  hea t ing  season and p a r t i c u l a r l y  i n  Spring and Autumn. The 

k i t c h e n  window was used t o  a v a r i a b l e  e x t e n t  throughout t h e  

yea r ,  with l i t t l e  use i n  w in t e r  months. 

Between these  two extremes l i e  a l a r g e  range of window opening 

behaviour ,  with many p a t t e r n s  which d e v i a t e  s i g n i f i c a n t l y  from 

the  t rend which c o r r e l a t e s  w e l l  with ambient temperature.  For 

example, t h e  peaks a r e  i nd i ca t ed  on t h e  graphs f o r  houses 19 

and 25.  These examples a r e  looked a t  i n  more d e t a i l  i n  t h e  

next  s ec t i on .  

Ind iv idua l  Window Opening P a t t e r n s  f o r  Chosen Houses 

F igures  5 t o  8 show the  r e l a t i v e  window open times f o r  each 

room i n  some chosen houses i n  order  t o  show the  v a r i a t i o n  i n  

window opening behaviour du r ing  the  18 month period 

considered.  Also shown on t h e s e  graphs a r e  t he  houses'  energy 

usage on a monthly b a s i s ,  f o r  comparison. 



Figure 5 shows t h e  p a t t e r n  of house 18, which used a l l  t h e  

openable windows ex tens ive ly .  The gene ra l  t rend  fol lows 

e x t e r n a l  temperatures  wel l ,  but  t h e r e  a r e  s e v e r a l  no tab le  

f e a t u r e s  throughout the  seasons. The warm summer of 1984 

encouraged a l l  t h e  bedrooms t o  have a t  l e a s t  one window open 

f o r  g r e a t e r  than 50% of the  t ime. 

It i s  expected t h a t  a n a l y s i s  of d a i l y  window opening p a t t e r n s  

would r evea l  overn ight  opening t o  cool bedrooms a t  n ight .  

Then the  window opening g e n e r a l l y  decreases  with the  approach 

of t h e  hea t ing  season,  with the  except ion of t h e  bathroom 

window, which peaks i n  t h e  in t e rmed ia t e  seasons,  probably due  

t o  t he  low hea t ing  on times and h igher  ambient atmospheric 

water vapour l e v e l s  causing increased  condensation. The 

h ighes t  l e v e l s  of window opening i n  t he  win te r  a r e  i n  t he  

bedrooms and bathroom, most l i k e l y  s t imula ted  by occupants 

percept ion  of a i r  q u a l i t y .  

Figure 6 shows the  window opening p a t t e r n  f o r  house 28. Thi s  

house had a very  low energy consumption throughout t he  year ,  

and a s soc i a t ed  low average i n t e r n a l  house temperatures  of down 

t o  10°C i n  win ter .  The hea t ing  system was not  used, and 

casua l  g a i n s  from cooking and o t h e r  e l e c t r i c a l  appl iance  

ope ra t ion  was t h e  only source of hea t ing ,  averaging 400 kWh 

per  month - equ iva l en t  t o  t he  o t h e r  houses'  c a sua l  gains .  The 

only s i g n i f i c a n t  window opening was i n  t h e  lounge and one 

bedroom during summer 1984. A s m a l l  amount of bathroom window 

opening occurred i n  t he  spr ing  of 1985. 

Figure 7 shows t h a t  the  p a t t e r n  of window opening i n  house 19 

i s  dominated by bathroom window opening between the  hea t ing  

seasons, when the  hea t ing  system was not on. This  e i t h e r  

demonstrates  t h e  householders '  r e luc t ance  t o  open windows i n  

the  win te r ,  o r  it may be a r e f l e c t i o n  t h a t  t he  supply 

mechanical v e n t i l a t i o n  combined with the  hea t ing  system 

provides adequate  v e n t i l a t i o n  f o r  t he  bathroom i n  win ter  and 

sp r ing  seasons. 



Figure 8 shows t h e  i n c o n s i s t a n t  window opening p a t t e r n s  of 

house 25. The windows i n  t h e  k i tchen  and bedroom 2 fo l low a 

p r e d i c t a b l e  seasonal  p a t t e r n ,  but bedrooms 1 and 2 and t h e  

bathroom a r e  i n c o n s i s t a n t .  These r a d i c a l  changes i n  behaviour 

during the  year  may be due t o  long term v i s i t o r s  t o  t h e  house 

who have d i f f e r e n t  window opening h a b i t s ,  o r  who s t i m u l a t e  a 

d e s i r e  f o r  increased  a i r  q u a l i t y  by the  occupiers .  Such 

inexp l i cab le  peaks occur  i n  s e v e r a l  of t h e  monitored houses,  

and f a l l  i n t o  no i d e n t i f i a b l e  pa t t e rn .  

House number 33 i s  worthy of comment, a s  t h e  bathroom window 

i s  opened t o  a s i m i l a r  l e v e l  a l l  year  round, averaging 3 hours 

per day,  appa ren t ly  independant of weather condi t ions  and 

o t h e r  s t imulae .  

Window Opening - Autumn 1985 

Figure 9 shows t h e  18 house weekly mean window opening hours  

and p reva i l i ng  weather cond i t i ons  f o r  autumn 1985. The window 

opening reduces c o n s i s t a n t l y  with temperature,  a p a r t  from week 

5, where the  wind speed increased  s u b s t a n t i a l l y ,  a l though the  

mean temperature ro se  1.5OC. For t h ree  weeks i n  November, the 

mean temperature w a s  below 4 " C ,  r e l a t i v e l y  cold f o r  t he  time 

of year.  The next  t h ree  weeks i n  December were mild, about  

10°C, but window opening d id  not  fo l low t h i s  temperature 

i nc rease ,  even though v e n t i l a t i o n  supplied'  by the  hea t ing  

system reduced. Perhaps t h e  cold period i n  November had 

provoked the  b e l i e f  t h a t  w in te r  had begun, and occupiers  were 

r e l u c t a n t  t o  i nc rease  window opening behaviour a s  a r e s u l t  of 

t h i s  expec ta t ion .  

However, t h e  occupants of house 27, whose window opening 

behaviour c o r r e l a t e s  c l o s e l y  with ambient temperature 

throughout t h e  18 month period monitored, appeared t o  respond 

t o  t he  inc rease  of temperature with an  inc rease  i n  bathroom 

window opening (See F igures  10 and 11) .  



Daily Window Opening P a t t e r n s  

Presented i n  t h i s  s e c t i o n  a r e  some p a t t e r n s  of window opening 

on a d a i l y  bas i s .  These a r e  presented a s  examples which show 

how the window opening behaviour and energy consumptions can  

be l inked t o  occupant a c t i v i t y .  Examples only a r e  presented 

because the  v a s t  amount of d a t a  a v a i l a b l e  w i l l  r equ i r e  

ex t ens ive  computer a n a l y s i s  be fo re  d e t a i l e d  r e s u l t s  a r e  

obta inable .  (Approximately 10,000 d a i l y  behaviour p a t t e r n  

graphs a r e  a v a i l a b l e . )  Var i a t ions  i n  t hese  d a i l y  p a t t e r n s  a r e  

expected t o  c o r r e l a t e  with fami ly  s i z e  and a c t i v i t y  

( BRUNDRETT~ ) . 

Figure 12 shows some 24-hour window opening p a t t e r n s  f o r  house 

27. Figure 12a shows t h e  c e n t r a l  heat ing system f i r e  f o r  an 

extended period p r i o r  t o  the  bathroom window being opened and 

a peak i n  e l e c t r i c a l  consumption. This p a t t e r n  i s  t y p i c a l  of 

washing a c t i v i t y ,  t he  c e n t r a l  hea t ing  providing the hot water  

f o r  ba th ing ,  t he  e l e c t r i c i t y  consumption r i s i n g  f o r  a 

supplementary bathroom hea te r  o r  h a i r  d rye r ,  and the  bathroom 

window opened i n  t h e  mild March weather t o  encourage moisture 

removal. 

Figure 12b shows t h e  k i t chen  window opening a f t e r  the s t a r t  of 

a peak i n  e l e c t r i c i t y  consumption (2.5 kW) a t  1300 on a mild 

Sunday. Kitchen window opening continued through the  evening 

with lower peaks i n  e l e c t r i c i t y  consumption of 1 kW. I n  

Figure 12c on a cold February day, k i tchen  and bathroom window 

opening co inc ides  with e l e c t r i c i t y  consumption peaks of up t o  

4 kW, and a l s o  long c e n t r a l  hea t ing  on times ind ica t ing  near  

simultaneous cooking and ba th ing ,  a l though a 2 kW e l e c t r i c a l  

peak r e s u l t s  i n  no window opening l a t e r  t h a t  day. 



Summary of Pre l iminary  R e s u l t s  f o r  Chosen Houses 

Several  c h a r a c t e r i s t i c s  of window opening behaviour have been 

descr ibed ,  t oge the r  with probably s t imulae  f o r  t he  behaviour. 

The f o u r  main s t imulae  appear  t o  be energy conservat ion,  

pe rcep t ion  of a i r  q u a l i t y ,  mois ture  d i s p e r s a l  and cool ing i n  

Summer. Some of t he  houses'  occupants behaviour p a t t e r n s  can 

be ca t egor i sed  according t o  t h e i r  apparent  primary concern. 

This,  of course,  a l t e r s  with the  seasons. Table 2 shows t h e  

c o r r e l a t i o n  and r eg res s ion  equat ions  f o r  e x t e r n a l  temperature 

with r e spec t  t o  window opening and energy consumption of some 

i n d i v i d u a l  houses. 

House number 18 had the  h ighes t  frequency of open windows with 

1100 window open hours per  month on average. A l l  windows were 

used and the  opening p a t t e r n s  fol low seasonal  v a r i a t i o n s  i n  

temperature,  a p a r t  from the  i n t e r s e a s o n a l  bathroom window 

opening. The r eg res s ion  equat ion  sugges ts  a l i n e a r  i n c r e a s e  

of 114 hours  window opening per  O C  abgove 2OC per  month. I n  

p r a c t i c e ,  a l i n e a r  curve f i t  i s  not an accu ra t e  r e f l e c t i o n  of 

behaviour,  as d i f f e r e n t  s t i m u l i  f o r  window opening a r e  l i k e l y  

t o  be r e l e v a n t  i n  d i f f e r e n t  temperature ranges (BRUNDRETT ) . 
It does,  however, g i v e  an impression of t h e  s e n s i t i v i t y  of the  

householders behaviour t o  e x t e r n a l  temperature.  

House 25 a l s o  used windows ex tens ive ly .  This ,  and the  h igh  

mean indoor  temperature,  probably r ep re sen t s  the  h ighes t  

v e n t i l a t i o n  h e a t  l o s s  through the  windows f o r  the dwel l ings  

monitored. Th i s  house has a very  i r r e g u l a r  p a t t e r n  of annual 

window opening behaviour,  as a l r eady  descr ibed ,  with i s o l a t e d  

peaks of window opening i n  gues t  bedrooms and the  bathroom. 

The energy imp l i ca t ions  of t h i s  behaviour w i l l  be repor ted  i n  

f u t u r e  work, 



Houses 19 and 33 have a r e l a t i v e l y  low frequency of window 

opening. The c o r r e l a t i o n s  with temperature a r e  low, and t h e i r  

r eg re s s ion  l i n e s  have low g r a d i e n t s .  This  implies ,  along with 

t h e i r  lower energy consumptions, t h a t  the  window opening i n  

t hese  houses i s  l e s s  temperature dependant. Windows w i l l  tend 

t o  be closed un le s s  t he re  i s  a s p e c i f i c  need f o r  them t o  be 

open. In  both houses,  t h e  bathroom window i s  t h e  most 

f r equen t ly  opened. The occupants may wel l  be more concerned 

with condensation than the degree of f r e shness  of t he  a i r  i n  

the  house. (House 19 a l s o  appears  t o  have minimal window 

opening h a b i t s  a t  ambient temperatures  below a threshold 

temperature of 10°C -see F igure  13) .  

The mean l e v e l  of window opening i s  lower than t h a t  measured 

by Brundret t  2,3 and the  s e n s i t i v i t y  t o  temperature is a l s o  

lower. This  i s  t o  be expected as p a r t i a l  mechnical 

v e n t i l a t i o n  is  suppl ied  t o  t he  t e s t  houses. Care w i l l  be 

required on more d e t a i l e d  a n a l y s i s  because of t he  

non-continuos n a t u r e  of B r u n d r e t t f s  da t a .  

Conclusions 

From a combination of annual,  seasonal  and d a i l y  window 

opening p a t t e r n s ,  many types of behaviour p a t t e r n  have been 

observed. Some of these  p a t t e r n s  can he a s soc i a t ed  with 

responses t o  d i f f e r e n t  s t i m u l i  such a s  energy conservat ion,  

percept ion of a i r  q u a l i t y ,  mois ture  d i s p e r s a l  and thermal 

comfort. The fol lowing l i s t  of c h a r a c t e r i s t i c s  have 

assoc ia ted  with them the i d e n t i f i c a t i o n  numbers of the houses 

whose window openings appear t o  be inf luenced by them. 

1) Nearly a l l  t he  houses opened windows i n  t he  height  of 

summer f o r  cool ing ,  p a r t i c u l a r l y  i n  bedrooms overnight .  



2) Large i n c o n s i s t a n c i e s  of window opening p a t t e r n  occurs  i n  

some bedrooms (assumed t o  be gues t  bedrooms)(e.g. houses 

25, 28, 33). These have a s soc i a t ed  peaks i n  bathrooms i n  

some houses.  

3)  Some houses c l o s e  a l l  windows through win t e r  

( e  .g .house 19)  

4)  Some houses reach  a minimum window opening l e v e l  i n  

w i n t e r ,  which can be a s s o c i a t e d  with a th reshold  

temperature .  (e.g. houses 18, 20, 25, 27, 33) 

5)  Some houses have high l e v e l s  of window opening i n  

i n t e rmed ia t e  seasons,  p a r t i c u l a r l y  i n  bathrooms. 

(e.g. house 18) 

6 )  Lower l e v e l s  of window opening than previous work ,' ,3  

were encountered which i s  poss ib ly  due t o  t he  p a r t i a l  

mechanical v e n t i l a t i o n  supply system i n  t he  houses 

monitored. 

The d a t a  produces good c o r r e l a t i o n s  between e x t e r n a l  

temperature ,  energy use and window opening frequency, a s  

expected from previous work, but more d e t a i l e d  a n a l y s i s  i s  

requi red  of t h e  cond i t i ons  under which d i f f e r e n t  s t i m u l i  

r e s u l t  i n  window opening f o r  d i f f e r e n t  i n h a b i t a n t s .  

A more d e t a i l e d  a n a l y s i s  of t h e  energy consumptions a s soc i a t ed  

with t h e  window opening behaviour w i l l  be done i n  the  f u t u r e .  

This  work w i l l  have t o  t ake  i n t o  account t h e  f a c t  t h a t  i n  

common with most surveys t h e  e x t e n t  of window opening was not  

measured. 



The supply v e n t i l a t i o n  provided by t h e  heat ing system was not 

adequate a l l  year round f o r  most of t he  households. The 

v a r i a t i o n s  i n  window opening may c o r r e l a t e  with the  s i z e  and 

ages of t he  f a m i l i e s  l i v i n g  i n  t he  houses. (A ques t ionna i r  

should r e so lve  t h i s  ques t ion  a t  a l a t e r  da t e . )  It appeared 

t h a t  The v e n t i l a t i o n  provided by the  hea t ing  system i n  t h e  

in te rmedia te  seasons was not  capable of f u l l y  con t ro l l i ng  

bathroom humidity/condensation. I n  w in te r ,  t he  reduct ion  i n  

bathroom window opening may be due t o  occupants not  t o l e r a t i n g  

draughts ,  o r  the  hea t ing  system providing adequate v e n t i l a t i o n  

through h igher  supply flow r a t e s  of ambient a i r  with lower 

water conten ts .  Ven t i l a t i on  f o r  bathrooms i n  in te rmedia te  

seasons would probably r e s u l t  from supply v e n t i l a t i o n  being 

provided through the  heat ing system whenever the time clock i s  

"on", r a t h e r  than whenever t he  room thermostat  c a l l s  f o r  

heat .  
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TABLE 2 : PRELIMINARY STATISTICS FOR CHOSEN HOUSES 

Ta i s  Ambient Temperature. 

* This compares with Rrundre t t s  of - 150 + 97 T ~ O C .  

+ Mean inc ludes  night-time window opening which i s  a s i g n i f i c a n t  propor t ion  of t o t a l  not included by Brandret t  2 e  

REGRESSION 
EQUATION 

(hrs = a + b x Ta) --- 

MONTHLY MEAN 
HOURS WINDOW 

OPEN (hrs) 

RFGRESSION 
EQUATION 

(k lh  = a + b x Ta) 

18  

19 

25 

33  

34 

+ 
MEAN OF 
ALL 18  
HOIJSES 

HOUSE 
NUMBER 

CORRELATION 
COEFFICIENT 

19.6 

19.6 

22.5 

19.4 

21.4 

- 

CCRRI?T.ATIOM 
COEFFICIENT 

MEAN INDOOR 
TEMPERATURE O C  

MEAN MONTHLY 
EhlERGY 

CONSUMPTION 
(kLfi) 

FULL 18 MONTH DATA NOT AVAILARLE 1100 

205 

830 

298 

492 

- 

1163 

1442 

862 

1685 

- 

0.87 

0.63 

0.91 

0.61 

0.88 

0.90 

-0.85 

-0.91 

-0.94 

0.96 

0.97 

-203 + 114 Ta OC 

-159 + 32 Ta O C  

-142 + 85 Ta O C  

6 + 25 Ta OC 

-461 + 83 Ta OC 

~t 

-120 + 63 Ta O C  

2003 - 73 Ta O C  

2674 - 107 Ta O C  

1714 - 74 Ta OC 

3562 - 164 Ta OC 

2475 - 106 Ta OC 



Fig. 1 FEATURES OF THE DESIGN 

Feahlres of the Energy -Design which can be iden1 
68-72 Lawrie Park Road, London SE26. 

1. Draught-stripped front door 

2. Draught lobby. 
3. Draught-stripped kitchen door to reduce water 

vapour entering rest of the house. 

4. Three taps on sink-tap with yellow top supplies 
solar heated water. 

5. Warm air outlet 

6. Extend wall-cavity insulation plus 
ThennaIboard dry-lining. 

7. Passive solar gain here. Some heat stored in 
floor and wall and released later.This area could 
be turned into Conservatory by addition of 
internal wall. 

8. Draught-stripped windows. Double glazing. 

9. Rear draught lobby. 

10. Draught-sttipped back door 

tified within the Demonstration House-6 Colvin Close, 

11 .  (View 6mm outside or above.) Solar panels for 
water heating. %Solar heated water stored in 
cylinder in roof space. 

12. Warm Air HeatingAkntilation unit lhkes in 
fresh air, mixes with xedrdated ait, heats and 
distributes through ducts. 

13. Draught-stripped bathmom door to reduce 
water vapour entering rest of the house. 

14. Gas water heatec Fed from S o h  qybder so as 
to reduce amount of gas required to achieve 
r e q W  temperature. 

15. Three taps on bath and washbasii. Zips with 
yenow tops provide solar-heated watec 

16. E x t d  wan-insulating blockwork with 
Thermalboard inside and cladding externally. 

17. External wall-insulated timber kame, cladding 
externam 

GROUND FLOOR FlRSTFLOOR 



0 Stage 1 data 

+ Stage 2 data 

Stage 2: 
Extra weat herstripping 
and sealing of gaps 

Fig. 2 VENTlLATlON RATES-PRELIMINARY DATA (VENTS CLOSED) 
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FIG.4 MEAN MONTHLY WINDOW OPENING -INDIVIDUAL HOUSES 
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FIG. 5 INDIVIDUAL WINDOW OPENING PATTERNS FOR HOUSE 18 
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FIG.6 INDIVIDUAL WINDOW OPENING PATTERNS FOR HOUSE 28 



-- Living roa ' 
-. KiRchen (1) 
--.-.-.- Kit- (2) - , - . - . - . - Battmxmi --- Sedroan l(1) ---- B e d m  1 Q) 
------ Sedroom2(1) 

N.E Bedroom 2 0 )  wasn't 
open slgnritiy. 

-..-..- Bedroan 3 (1 

Bedroan 30) 

600r 
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FIG.7 INDIVIDUAL WINDOW OPENING PATTERNS FOR HOUSE 19 
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FIG.8 INDIVIDUAL WINDOW OPENING PATTERNS FOR 25 
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FIG. 10. AUTUMN WINDOW OPENING IN HOUSE 27 



Key:- 
Bedroom 3 ---- 
Ecdroom 2 - 
Bathmom --- 
Kitchen -.- 

Week number 
Nov m85 Dec 1985 

FIG. l l  INDIVIDUAL WINDOW OPENING PATTERN FOR HOUSE 27 (AUTUMN 1985) 
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Synopsis 

The occupants' behaviour is one of the parameters which has 
the greatest influence on the air change in the dwelling. 
This applies both to naturally and to mechanically ventilat- 
ed dwellings. On the basis of continuous measurement of the 
air change in 25 dwellings, the relation between the venti- 
lation system and air change and between the number of 
occupants and air change is discussed. The air change in 
the 25 dwellings has been measured for a period of about 
one week during occupancy. The measuring principle applied 
is "the method with constant concentration of tracer gas". 
Even though the average air change for occupied dwellings 
is higher than the rate normally recommended in Denmark, 
some 20% of the dwellings have, nevertheless, an extremely 
low rate of air change. Only a small percentage of the 
dwellings have ventilation systems that can be adjusted to 
provide the desired rate of air change. The mechanical 
ventilation system usually gives too high a rate of air 
change, while the natural ventilation system usually pro- 
vides too low a rate. Improved control of the total air 
change would achieve both energy savings and a better in- 
door climate. 

Introduction 

Previously it was the weather that had the greatest influ- 
ence on the air change in the dwellings, but today it is 
left more up to ourselves to regulate this. 

The influence of the outdoor climate on the air change has 
decreased concurrently with the dwellings becoming better 
tightened, and the holes remaining in the climate screen 
are today inadequate to produce the required degree of air 
change in the dwellings. 

How do we solve the problem of ventilation and how good are 
the occupants at adjusting the air change according to 
their needs? These questions will be discussed on the basis 
of air change measurements in 2 5  occupied dwellings. 

Measuring Method 

The air change in each of the 25 dwellings was measured 
continuously during approx. one week with computer con- 
trolled measuring equipment. The measuring method applied 
was the "constant concentration of tracer gas". 

The principle behind measuring with "constant concentration 
of tracer gas" is that a constant concentration of tracer 
gas is maintained in the rooms that are to be measured. The 
air change rate is then determined on the basis of how much 
tracer gas has to be let into the rooms to maintain the 



original concentration. We used the tracer gas SF and the 
concentration in the rooms was maintained at 5 P P ~ .  

In order to ensure that the dwellings could be used normal- 
ly as regards closing of internal doors, measuring points 
were placed in each room in the dwelling, This also makes 
it possible to measure in which rooms the outdoor air en- 
ters the dwelling. 

Composition of the Measurement Group 

Of the 25 dwellings in the measurement group, 16 were 
equipped with natural ventilation, 3 with mechanical ex- 
haust systems and 6 with both injection and exhaust sys- 
tems. In most of the naturally ventilated dwellings there 
were vents from bathroom, toilet and kitchen. 

Classifying the measurement according to type of building, 
it is seen that there were 9 measurements in apartment 
blocks of more than 12 storeys and 16 measurements in hous- 
ing units of 1 or 2 storeys, No measurements were conducted 
in medium-rise apartment blocks. 

The average size of the dwelling was 104 m2, while the 
average number of occupants was 2.8 - roughly corresponding 
to the national average for Denmark. 

The mean room temperatureofor the measurements was 21°c; 
the outdoor temperature 1 C; and wind velocity 4.9 m/sec. 
The outdoor temperature was slightly lower and the wind 
velocity higher than the average values for the heating 
season in Denmark. 

Influence of the Occupants 

In the article, air change rates measured in occupied dwell- 
ing are designated "total air change" and air change rates 
measured in locked up, unoccupied dwellings are designated 
"basic air change" (outdoor valves, doors, windows and 
ventilation systems closed). 

As it is not possible to measure the basic air change and 
total air change rate at the same time, the basic air 
change rate is only measured once in each dwelling. The 
basic air change rate is measured for approx. 2 hours. 

In figure 1 can be seen the influence of the users on the 
air change in the 16 naturally ventilated dwellings: 



% of dwellings 0 Total airchange 

pz Basic airchange 

ach (h-') 

Fig, 1 Basic air change and average total air change for 
16 naturally ventilated dwellings. 

On average, the basic air change rate in the naturally 
ventilated dwellings is 0,19 times/h and the total air 
change rate 0.51 timeslh, i.e. 63% of the total air change 
can be attributed to the behaviour of the occupants. 

Even though the average total air change rate is close to 
the 0-5 times/h which is recommended in Denmark, the devia- 
tion in the values is so great that the air change in many 
of the dwellings is unacceptable. Over 30% of the naturally 
ventilated dwellings have a total air change rate of less 
than 0.4 times/h and in such a climate as Denmark's this 
will normally lead to problems with moisture. 

In the mechanically ventilated dwellings, the air change is 
generally considerably higher than in the naturally venti- 
lated dwellings. In fig, 2 the two ventilation systems have 
been compared. 



% of dwellings 

Naturally ventilated 

vflA Mechanically ventilated 

ach (h-I) 

Fig. 2 Average total air change for the 16 naturally 
ventilated dwellings and the 9  mechanically venti- 
lated dwellings. 

The average total air change rate for the mechanically 
ventilated dwellings is 0 . 9 3  timeslh, which is almost twice 
that of the naturally ventilated dwellings. Mechanical 
ventilation systems are normally dimensioned to provide all 
of the air change required. In addition to this there will 
always be a basic air change which depends on the tightness 
of the dwelling, influences from the climate and the venti- 
lation system as well as an air change influenced by the 
behaviour of the occupants. 

Calculated on the basis of the 6 dwellings where the dimen- 
sion values for the ventilation system are known, the total 
air change turns out to be 7 0 %  higher than what was aimed 
at. 

By looking at how the total air change varies according to 
time in a single dwelling, the occupant's influence on the 
air change can clearly be followed. In fig. 3  an example is 
shown of the variation of the air change for a one-family 
house with mechanical ventilation. 
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Fig. 3 The total air change as a function of time for a 
one-family house with mechanical injection and 
exhaust systems. The size of the basic air change 
and the performance of the ventilation system is 
shown on the figure. 

The Behaviour of the Occu~ants 

As is seen from figure 1, there is a considerable differ- 
ence in the total air change between the individual dwell- 
ings. As the basic air change is fairly similar, it is the 
behaviour of the users which causes these large differences. 

In order to get an idea of what influences the occupants' 
habits regarding ventilation and what is irrelevant, the 
following 4 assumptions have been tested for the 16 natural- 
ly ventilated dwellings: 

- the total air change in times/h is a function of the 
number of occupants 

- the total air change in m5/h is a function of the num- 
ber of occupants 

- the total air change depends on the outdoor temperature 
- the total air change depends on the room temperature 
In figs. 4 and 5 the total air change rate can be seen as a 
function of the number of occupants; in fig, 6 as a func- 
tion of the outdoor temperature; in fig. 7 as a function of 
the room temperature. 



ach (h-') 

Number of occupants 

Fig. 4 Average total air change as a function of the num- 
ber of occupants for the 16 naturally ventilated 
dwellings. 

Number of occupants 

Fig, 5 Average total air change as a function of the num- 
ber of occupants for the 16 naturally ventilated 
dwellings. 



ach (h-') 

Temperature of outside air 

Fig. 6 Average total air change as a function of the out- 
door temperature for the 16 naturally ventilated 
dwellings. 

ach (h-') 

Room temperature 

Fig, 7 Average total air change as a function of the room 
temperature for the 16 naturally ventilated dwell- 
ings. 



From figures 4 to 7 it can be seen that the measurement 
results do not support any of the four assumptions about 
conditions that influence the ventilation habits of the 
occupants. 

It is worth noticing, however, that the group in figure 7 
is split into 2, a "comfort" group with an average to large 
air change or average to high room temperature, and an 
"energy-saving" group with low air change and low room 
temperature. All three members of the "energy-saving" group 
experienced considerable .problems with heavy condensation 
of water vapour on the inside of the double-glazed windows. 

Where Does the Air Enter? 

Not all rooms receive the same amount of outdoor air. In 2- 
storey dwellings, the outdoor air will normally enter the 
dwelling by the lowest floor and then leave again from the 
uppermost floor. 

In the 16 naturally ventilated dwellings, which have an 
average air change rate of 0.51 times/h, the average out- 
door air change rate for the bedroom is 0.66 times/h and 
the average outdoor air change rate for the living room 
0.36 times/h. 

Conclusion 

Measurement of air change rates in occupied dwellings shows 
that the occupants' behaviour has a very considerable influ- 
ence on the total air change rate. 

In the 16 naturally ventilated dwellings the users on aver- 
age provide 63% of the total air change, but also in the 
mechanically ventilated dwellings, the user influence is 
considerable. 

There is a very large difference in the air change rate 
from dwelling to dwelling. A difference which cannot be 
explained by differences in the tightness of the dwellings 
or the number of occupants. With the limited number and 
widely differing types of dwellings, which have been inves- 
tigated here, it has not been possible to explain the large 
variations in the total air change. 

The average total air change rate for the dwellings mea- 
sured is 0.66 times per hour. Even though this rate is 
higher than the 0.5 times per hour recommended in Denmark, 
20% of the dwellings measured had a total air change rate 
which was so low that indoor climate problems could easily 
arise. 



Generally speaking, the occupants do not have sufficient 
possibility of regulating the air change in Danish dwell- 
ings. The only choice an occupant has is often either to 
open a door or a window or not to air the dwelling at all. 
Smaller ventilation openings which can be opened at varying 
levels and which are placed so that they can use the stack 
effect are seldom, Also in the mechanically ventilated 
dwellings, the regulation possibilities are limited, as the 
ventilation system, even set at the lowest level, normally 
gives a larger air change than required. 

The measuring method used has proved to be most suitable 
for continuous measurement of the greatly varying air chang- 
es found in occupied dwellings, 
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Synopsis: A balanced v e n t i l a t i o n  system w i t h  heat  re- 
covery was designed and i n s t a l l e d  i n t o  an 11 s t o r e y  
p r e f a b r i c a t e d  b l o c k b u i l d i n g .  M o n i t o r i n g  o f  t h e  system 
opera t i on  was accomplished d u r i n g  a year.  O p e r a t i o n a l  
c h a r a c t e r i s t i c s ,  q u a n t i f i e d  energy sav ing,  i n d o o r  c l i -  
mate parameters and the  e f f e c t  o f  occupants 'behaviour 
on those were determined and analysed. Temperature runs 
du r ing  du rab le  window opening and cooking per iods 
were moni tored and on t h e  b a s i s  o f  t he  r e s u l t s  compa- 
r i s o n  between the  new exper imenta l  and the  t r a d i t i o n a l  
re fe rence system was made. From t h e  p o i n t  o f  v iew o f  
e f f i c i e n t  v e n t i l a t i o n ,  p e r f e c t  e f f l u e n t  removal and 
energy sav ing  o p e r a t i o n  t h e  developed system proved t o  
be b e t t e r  than the  re fe rence one, 
The need f o r  t h e  more d e t a i l e d  i n v e s t i g a t i o n  o f  t h e  
o c c u p a n t s ~ c t i v i t i e s  and t h e i r  i n f l u e n c e s  on t h e  i n -  
door a i r  q u a l i t y  has a l s o  a r i sen .  F i n a l l y  p roposa ls  f o r  
some m o d i f i c a t i o n s  and t h e  wide u t i l i z a t i o n  o f  t h e  
system were made. 

1. I n t r o d u c t i o n  : A f i ve-year  research and development 
p r o j e c t  was launched i n  1980 i n  Hungary, f inanced by 
the  M i n i s t r y  f o r  B u i l d i n g  and Urban Development, t o  
develop a new energy sav ing  v e n t i l a t i o n  system f o r  
m u l t i s t o r e y  b l o c k b u i l d i n g s ,  The p r e s e n t l y  w i d e l y  
used v e n t i l a t i o n  systems a re  o f  s u c t i o n  type,  out-  
l e t s  p o s i t i o n e d  i n  t h e  k i tchens,bathrooms and lava-  
t o r i e s  and f r e s h  a i r  supply  i s  r e a l i z e d  through 
the c racks  o f  t h e  windows. Due t o  the  o f f i c i a l  mea- 
sures t o  i n s t a l l  and use a i r t i g h t  windows f o r  t he  
sake o f  energy saving, problems w i t h  the  decreased 
v e n t i l a t i o n  r a t e  had a r i s e n ,  

The need f o r  a balanced v e n t i l a t i o n  o r i g i n a t e d  from 
t h i s  and bes ide the  demands o f  necessary and enough 
a i r  change r a t e ,  proper  f l ow  p a t t e r n s  i n s i d e  t h e  
f l a t  and low no ise  l e v e l ,  t he  system had t o  meet 
the  requi rements o f  t h e  energy sav ing opera t i on  as 
w e l l .  
The system had t o  conform 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  p r e f a b r i c a t e d  b u i l d i n g  technology. 
The f i ve-year  R and D a c t i v i t y  r e a l i z e d  through the 
f o l l o w i n g  s teps :  system a n a l y s i s ,  cho ice  o f  t h e  
most s u i t a b l e  one, d r a f t  then d e t a i l e d  des ign i n t o  
an exper imenta l  house / i n  t h a t  t ime  under const ruc-  
t i o n / ,  manufactur ing and i n s t a l l i n g ,  exper imenta l  
runn ing  and comprehensive mon i to r i ng  d u r i n g  a year, 
e v a l u a t i o n  o f  t h e  exper iments and proposa l  f o r  wide 
u t i l i z a t i o n ,  ~ e y o n d  t h e  system a n a l y s i s ,  i n d o o r  a i r  
q u a l i t y  measurements and the  examinat ion o f  t h e  ef-  
f e c t s  o f  s e v e r a l  occupants '  a c t i v i t i e s  were a l s o  
aimed, 



The exper imenta l  o b j e c t  was a s e c t i o n  o f  an 11 s to -  
r e y  b l o c k b u i l d i n g  made o f  p r e f a b r i c a t e d  wa l l -pane ls  
and o f  o t h e r  p r e f a b r i c a t e d  elements. The s e c t i o n  
cons is ted  o f  3 f l a t s  /see Fig.2./, Among t h e  33 
d w e l l i n g s  each v e n t i l a t e d  by the  system, 6 o f  them 
i n  3 s t o r e y s  were ins t rumented w i t h  sensors f o r  mea- 
surements, 

For  t h e  sake o f  comparison a ne ighbor ing  s i m i l a r  
s e c t i o n  o f  t he  b u i l d i n g  was a l s o  measured as  re fe -  
rence. I n  t h i s  s e c t i o n  the  t r a d i t i o n a l  suc t ion- type 
v e n t i l a t i o n  system was operated. 
The main u n i t  o f  t h e  exper imenta l  system was a r o o f -  
t o p  v e n t i l a t i o n  u n i t .  The Fig.1. shows t h e  p l a n  
v iew o f  t h e  r o o f  o f  t h e  sec t i on ,  t h e  v e n t i l a t i o n  
box and t h e  d i s t r i b u t i n g  duc t  network, The p ipes  
were connected t o  t h e  v e r t i c a l  duc ts  p laced i n  t h e  
v e n t i l a t i o n  s h a f t s .  

The Ffg,2. shows t h e  p l a n  v iews o f  t he  dwe l l i ngs ,  
t h e  d i s t r i b u t i n g  network f o r  f r e s h  a i r  supp ly  and 
t h e  exhausted a i r  o u t l e t s .  The f r e s h  heated a i r  was 
supp l i ed  i n t o  t h e  rooms above t h e  doors, through 
a d j u s t a b l e  i n l e t  g r i d s ,  
The s u c t i o n  o u t l e t s  f o r  exhaust ing were p laced i n  
t h e  k i t c h e n ,  bathroom and l a v a t o r y .  For t h e  sake o f  
p roper  i n s i d e  f l o w  p a t t e r n  t h e  i n n e r  doors were 
equipped w i t h  permeable opening-grids, 

I n  t h e  re fe rence s e c t i o n  t h e  suct ion- type v e n t i l a -  
t i o n  system was t h e  same as the  exhaust ing p a r t  o f  
t h e  exper imenta l  one.   he f r e s h  a i r  supply there, 
was prov ided through the  c racks  o f  t he  windows, The 
main undt  o f  t h e  exper imenta l  system cons fs ted  o f  
t h e  f o l l o w i n g  p a r t s :  2 fans, f r e s h  a i r  g r i d ,  f i l t e r ,  
a i r - t o - a i r  recupera t i ve  heat  exchanger f o r  recovery# 
re-heater b e t t e r y  supp l i ed  by t h e  warm water  d i s t -  
r i c t  h e a t i n g  system, s h u t t e r s  f o r  by-pass ou t  o f  
t h e  h e a t i n g  season, The v e n t i l a t i o n  systems operated 
con t inuous ly  th rough the  days w i thou t  i n t e r r u p t i o n ,  
The a i r  change r a t e  was about 0.6, t he  f r e s h  and 
exhausted a i r  volumes were balanced i n  about 100 
m3/h (sucked 40 m3/h from k i t c h e n  and bathroom, 
25 m3/h from lava to ry / ,  

The one-year runn ing  o f  t he  exper imenta l  and re fe -  
rence v e n t i l a t i o n  systews uvas monitored, The da ta  
a c q u i s i t i o n  system was automat ic  i n  o p e r a t i o n  and 
was c o n t r o l l e d  by a Hewlet t-Packard HP-85 desk-top 
microcomputer. 
 he temperature-, re1,humidi ty - and pressure  sen- 
s o r s  were connected through cab les  i n t o  a scanner 
c o n t r o l l e d  by t h e  HP-85. 



The c o l l e c t e d  data i n  every minute were temporar i ly  
s tored,  then hou r l y  averages were cons t i t u ted  and 
s tored onto the tape-cartr idge, La te r  the data were 
processed t o  the necessary f o r m  by a  s u i t a b l e  prog- 
ram. 

3, Resu l ts  

The measured r e s u l t s  were analysed and evaluated 
from th ree  aspects: 

- energet ic  eva luat ion,  - examination o f  indoor  a i r  q u a l i t y  produced by the 
v e n t i l a t i o n  system, - e f f e c t s  o f  the occupants' behaviours on indoor  
c l imate,  

Since the scope o f  t h i s  paper i s  intended t o  focus 
on the t h i r d  k i n d  o f  eva lua t ion  the  r e s u l t s  o f  the 
prev ious ones a re  presented on ly  i n  a  few words. 

From the energet ic  eva lua t ion  the  experimental  ba- 
lanced v e n t i l a t i o n  system proved t o  be an energy 
saving one compared t o  the reference. The measured 
recovered amount o f  energy was 90 G J  /Giga-3oule/ 
per  a  heat ing per iod /180 days i n  Hungary/, 

 he average indoor temperatures i n  the  dwe l l i ngs  
were i n  the range of  19-25 cent igrade . Unfortuna- 
t e l y  - due t o  the badly adjusted c e n t r a l  heat ing 
system - temperature grad ient  o f  5-6 cent igrade 
through the 11 storeys was found. The i n s i d e  re la -  
t i v e  humid i ty  was measured between 35-60 percent,  

~ e y o n d  the measurement o f  the temperature and r e l ,  
humld i ty  the e f f e c t  o f  the a i r  j e t  blowing from the 
f resh a i r  i n l e t s  was a l s o  examined, The a i r  j e t s  
coming from the i n l e t s  pos i t i oned  above the doors 
d i d  not  cause unpleasant draught f ee l i ng  i n  the oc- 
cupat ion zone. The v e l o c i t i e s  measured w i t h i n  the 
Je t  decreased below 0.3 m/s w i t h i n  O e 8  m /d is tance 
from the i n l e t / ,  i.e. j e t s  decayed rap id l y ,  

To examine the i n f l uence  o f  the occupan ts9ehav io -  
u r  on the indoor  a i r  q u a l i t y  some de l i be ra te  t e s t s  
were accomplished, Two k inds  o f  a c t i v i t y  were ana- 
lysed : 

- the i n f l u e n c e  o f  the durable window opening on 
indoor  temperature run, - the e f f e c t  o f  the cooking on the indoor a i r ,  

3.1 The e f f e c t  o f  window opening 

Fig.3, shows an example t o  the r e s u l t s ,  where main 
c h a r a c t e r i s t i c  temperature-runs a re  co l lec ted,  I n  
t h i s  case no window opening oecured through the day, 



The upper curve shows the change o f  the warm water 
temperature going t o  the r a d i a t o r s  /primary temp,/. 
The c o n t r o l  i s  weather and i n s i d e  temperature depen- 
dent and f o r  the sake o f  energy-saving i n  n i g h t  pe- 
r i o d  /from 10 p.m. t i l l  4. a.m./ the system, opera- 
t e s  w i t h  decreased temperature: about 40-45 cen t i -  
grade , The lower curve shows the outdoor tempera- 
t u r e  run, 
The curves i n  the middle show the averaged indoor 
room temperatures i n  the s ta i rcase,  i n  the f l a t s  i n  
l s t ,  5 t h  and l l t h  s toreys respect ive ly ,  The aim o f  
the t e s t s  was to.determine the  changes i n  room tem- 
pera t u r e  runs caused by de l i be ra te  durable window 
openings, 

Fig.4. shows an example, One o f  the windows o f  the 
two rooms o f  dwe l l i ngs  i n  the l l t h  and 1 s t  s toreys 
was open through 1 and 2  hours respect ive ly .  Due t o  
the very i n t e n s i v e  a i r  change - though the case- 
ments o f  the windows were on l y  p a r t i a l l y  opened, and 
the  curves represent the average room temperature o f  
the  two roomscomaunicating each o ther  through open 
doors o r  permeable openings - remarkable drop /3-6 
cent igrades/ i n  the temperatures could be observed, 

Decreasing o f  the opened area o f  the window 
t o  h a l f  o f  the prev ious s e t t i n g  and on the cont- 
r a r y  inc reas ing  the du ra t i on  o f  the open s t a t u s  
/ 5  hours/, the obta ined r e s u l t s  could be seen i n  
Fig.5. / reference house, f l a t  i n  the 1s t  storey/, 
Temperature drop i s  smal ler  but  long- las t ing  compa- 
red t o  the prev ious t es t ,  

The same opening t e s t  was c a r r i e d  out i n  one o f  the  
f l a t s i n  the 1s t  s to rey  o f  the experimental  b u i l d i n g  
as we l l ,  
The r e s u l t  i s  presented i n  Fig.6. 
The temperature run and the t r a n s i t i o n s  a re  smoother 
compared t o  the reference. 

3.2 The e f f e c t  o f  cooking 

As can be seen from the Fig.2. the dwe l l i ngs  have 
r e l a t i v e  smal l  k i thens.  The cooking process f o r  4  
persons - which i s  the average i nhab i t an t  number - 
can produce l a r g e  amount o f  heat,  unpleasant vapours 
and odours, 
For the e l i m i n a t i o n  o f  these v e n t i l a t i o n  o u t l e t s  
/ad jus tab le  valves/ were i n s t a l l e d  above the cooking 
stoves. Exhaust hoods above the stoves were not  
used /unfor tunate ly / .  

To ob ta in  sharp d i f  ferences i n  the resu l t s ,  S9rtur- 
days and Sundays were selected f o r  the t e s t s ,  be- 
cause u s u a l l y  i n  wsek-ends the f am i l i es  a re  a t  home 
and the cooking a c t i v i t i e s  a re  a l so  l a rge r ,  



The observed per iod  was extendec! from8 a.m. t i l l  4,pm 
and indoor  k i t chen  temperature was monitored, 

The peak temperature r a i s e  - overheat ing temperatu- 
r e  d i f f e r e n c e  - and the  decreasing lapse-rate were 
watched, Comparisons between the two v e n t i l a t i o n  
systemswere made, 
Some r e s u l t s  are  shown i n  f i gu res  7-9, The three 
curves present the k i t chen  temperature run f o r  the 
experiment , the reference b u i l d i n g  and the  out- 
door temperature respect ive ly ,  

4,  Conclusions and proposals 

The main goa l  o f  the presented i n v e s t i g a t i o n  work 
was t o  examine a newly developed balanced v e n t i l a -  
t i o n  system - w i t h  comparison t o  a reference - and 
evaluate i t  " performance, operat ion and e f  f i c i -  
ency, However being a w e l l  equipped experimental  
s i t e  f o r  comprehensive moni tor ing,  there were possi- 
b i l i t i e s  t o  examine o ther  problems, as w e l l  as the 
consequences o f  severa l  o c c u p a n t s ' a c t i v i t i e s ,  mea- 
surement o f  indoor f l ow pa t t e rns  etc.  

Since the whole moni tor ing system was i n s t a l l e d  
p r i m a r i l y  f o r  the measurement o f  opera t iona l  and 
energet ic  parameters, the re fo re  more d e t a i l e d  i n -  
v e s t i g a t i o n  o f  o ther  phenomena was s l i g h t l y  l i m i t e d ,  
For example: f o r  the examination o f  the consequences 
o f  window opening and cooking processes more f re-  
quent sampl i ng  - say i n  every 15 minutes - would 
have been needed. 

For the more d e t a i l e d  study o f  the two selected ac- 
t i v i t i e s  the  more exact f i x i n g  o f  the severa l  i n f l u -  
encing parameters would have been a l so  accomplished 
e,g, circumstances o f  the  cooking: dura t ion,  in ten-  
s i t y  and d e t a i l e d  program o f  cooking process, more 
p rec ise  f o l l o w  up o f  t he  decay o f  the excess heat 
and contaminat ion e tc ,  
However the measurements c a r r i e d  out produced valu- 
ab le  i n fo rma t i on  on the  basic consequences o f  the 
examined a c t i v i t i e s ,  

Furthermore sub jec t i ve  t e s t s  were a l so  made, Some 
occupants -re asked about the v e n t i l a t i o n  e f f i c i -  
ency a f t e r  cooking and op in ions were c o l l e c t e d  and 
evaluated, The r e s u l t s  of  the presented measure- 
ments and the  responses of the occupants proved the 
new balanced v e n t i l a t i o n  system more e f f i c i e n t  and 
per fec t  compared t o  the reference one, 

According t o  the r e s u l t s  o f  the comprehensive exa- 
minat ions t he  wide-spread u t i l i z a t i o n  o f  the  new 
system was proposed and the preparat ion f o r  t h i s  
has been launched, 



The need for the further more detailed investiga- 
tion of the occupants' activities and their influ- 
ences on the indoor air quality was also noted, 
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SYNOPSIS 
In this paper we approach the subject of ventilation and occupant behavior in 

multifamily buildings by asking three questions: 1) why and how do occupants 
interact with ventilation in an apartment building, 2) how does the physical 
environment (i.e., building characteristics and climate) affect the ventilation in an 
apartment, and 3) what methods can be used to  answer the first two questions. 
T o  investigate these and other questions, two apartment buildings in Chicago 
were monitored during the 1985 - 1986 heating season. In addition to  collecting 
data  on energy consumption, outdoor temperature, wind speed, and indoor apart- 
ment temperatures, we conducted diagnostic measurements and occupant surveys 
in both buildings. The diagnostic tests measured leakage areas of the individual 
apartments, both through the exterior envelope and t o  other apartments. The 
measured leakage areas are used in conjunction with a multizone air flow model t o  
simulate infiltration and internal air flows under different weather conditions. The 
occupants were questioned about their attitudes and behavior regarding the com- 
fort, air quality, ventilation, and energy use of their apartments. This paper 
describes each of the research methods utilized, the results of these efforts, and 
conclusions that can be drawn about. ventilation-occupant interactions in these 
apartment buildings. The major conclusion of this work is that a multi- 
disciplinary approach is required t o  understand or predict occupant-ventilation 
interactions. Such an approach must tske into account the physical characteris 
tics of the building and the climate, as well as the preferences and available 
options of the occupants. 

This work was supported by the Assistant Secretary for Conservation and Renew- 
able Energy, Office of Building Energy Research and Development, Building Sys- 
tems Division of the U.S. Department of Energy under Contract No. DEAC03- 
76SF00098. 

This study was also supported by funding to  the Center for Neighborhood Tech- 
nology by the Gas Research Institute under contract No. 5084241-1036, Space 
Heating Improvements in Multifamily Buildings. 



1. INTRODUCTION 
Unlike infiltration, the uncontrolled air flow through leaks in the building 

envelope, ventilation depends not only on climate and building characteristics, but 
also on the operation of mechanical systems and on the behavior of the building 
occupants. We find it interesting that only 35 of the 1858 entries in the Ai 
Infiltration Centre's AIRBASE address the effect of occupancy on ventilation. 

f 
Work on the subject of occupant eraction with ventilation was being performed $S in Great Britain as early as 1950. More recently, as part of the general interest 
in the topic of occupant effects on energy use, a number of studies of oc 
ventilation interactions have been made in the other European countries. 

zY"Y;; 
work focuses on occupant interactions with ventilation of multifamily buildings in 
the United States. 

In this paper we approach the subject of ventilation and occupant behavior in 
multifamily buildings by asking three questions: 1) how does the physical environ- 
ment (i.e., building characteristics and climate) affect the ventilation in an apart- 
ment, 2) why and how do occupants interact with ventilation in an apartment 
building, and 3) what methods can be used to  answer the first two questions. T o  
answer these questions we investigated ventilation and occupant behavior in two 
apartment buildings. Our approach is multidisciplinary, using research techniques 
from engineering, physics, and the social sciences. These case studies focus on 
both understanding each building, and evaluating the results obtainable with each 
of the research techniques. 

2. BACKGROUND 
The two buildings we are studying are in Chicago, Illinois, and are typical of 

much of the urban housing stock throughout the north-eastern and north-central 
United States. These buildings are part of a larger study of retrofit performance 
in multifamily buildings being conducted by Lawrence Berkeley Laboratory (LBL) 
and the Center for Neighborhood Technology (CNT), a Chicago based, not-for- 
profit organization working in energy conservation. 

The climate in Chicago is predominately continental, ranging from relatively 
warm in summer to relatively cold in winter. While temperatures are moderated 
by the proximity of the Great Lakes, the average temperature in January is -5 OC. 

Annual degree days, base 18.5 OC, are 3600 for heating, and 370 for cooling. The 
average wind speed, 4.6 m/s, is somewhat higher than the national average. The 
normal air-conditioning season lasts from about mid-June to  early September. 8 

We refer to  the two buildings as Albany and Bosworth, after the streets on 
which they are located; both are in flat-terrain residential neighborhoods, amidst 
blocks of three-story apartment buildings. The buildings are very similar to  each 
other, and are typical of early 20th-century construction in large U.S. cities. The 
buildings are three-story brick construction with a central fire wall, and were built 
in the 1920s. The arrangement of the apartments is similar, symmetrical floor 
plans with a common entry hall and central stair in front, and separate balconies 
and outside stairs in back (see Figures 1 and 2). As there are adjacent buildings 
on two sides, light and air is provided to  interior rooms by air shafts, located 
between the buildings a t  Bosworth, and on the interior of the building a t  Albany. 
Albany is owned jointly by three of the households who rent out the other four 
apartments. Bosworth is owned by a not-for-profit housing organization, and is 
managed by two of the households; all of the residents a t  Bosworth are renters. 



The building walls are uninsulated, and there is about 10 cm of insulation in 
the attic a t  Albany, and no insulation in the attic a t  Bosworth. Storm windows 
were recently installed in both buildings. Both buildings have basements half 
below grade which contain the boiler, domestic water heater, and laundry facili- 
ties. At Albany, half of the basement has been converted into an apartment. 

Both buildings are heated by gas-fired steam boilers which are approximately 
twenty years old, and replace the original coal-fired systems. The distribution sys- 
tem is a single pipe run; the condensate falls by gravity down the same pipe that 
provides the steam. Because the distribution system relies on natural convection, 
has a large thermal mass, and does not have individual apartment control, control 
and balancing of such a system is d i f f i ~ u l t . ~  Poor system balance, the subject of a 
parallel study underway by CNT, means that some apartments will be overheated 
or underheated, depending on the location of the thermostat. (Thermostat reloca- 
tion alone cannot solve the problem.) While ventilation (and infiltration) may con- 
tribute to  the non-uniform heating load in the building, it is also one possible 
means for residents to control the temperature in their apartments, e.g., by open- 
ing windows in overheated apartments. 

In buildings such as Albany and Bosworth, which have no central mechanical 
ventilation, the only options for residents to  control ventilation are using small 
fans (especially to  promote cooling in summer), and opening and closing doors and 
windows. Windows, however, provide several functions other than ventilation, and 
it is important to differentiate these reasons, as occupants may choose to  open or 
close windows for reasons that have nothing to do with ventilation. People open 
windows for the following reasons (among others): 
e to control the inside temperature due to broken or lack of control on heating 

system, excessive solar gain, poor heat distribution, etc. 
o to  control air quality, opening windows both on a routine basis, and at specific 

times, i.e., during cooking, cleaning, etc. 
e to control excess humidity during showering, bathing, clothes washing, etc. 
e to maintain contact with street: supervise children, talk with friends, listen to  

activities; 
e to follow custom or tradition: windows open a t  night "because it's healthy", 

airing every morning for one hour, etc. 

Some reasons for not opening windows include: 
e windows are difficult or impossible to open (e.g., painted shut); 

e security; 

e to keep out dirt and insects (especially if they lack screens); 

e to prevent heat loss; 
s to  maintain privacy or keep out unwanted noise. 

Previous researchers have found strong correlations between the degree of 
window opening for airing and the external air temperature. Lyberg found, across 
several different study samples, a constant value for the product of the number of 
windows open and the temperature difference between inside and outside (Refer- 
ence 5). Although these results would indicate that the controlling factor is the 
temperature of the outdoor air, we suspect that other variables also play an 
important role. 



Many of the reasons for opening windows (and some of the reasons for keeping 
them closed) seem to  relate to  some form of occupant comfort. If the occupant is 
not comfortable with the revailing indoor climate, he or she will try to  modify i t  1b in the required direction. However, measuring comfort to predict window open- 
ing is not a straightforward problem. Looking only a t  thermal comfort uncovers 
numerous physical and psychological factors. On the physical side are such fac- 
tors as air temperature and movement, relative humidity, mean radiant tempera- 
ture, activity level, and clothing. On the psychological side are such factors as 
temperature preference, tolerance, expectation and locus of control (an indication 
of how much control individuals feel they can exert over their environment). The 
question of comfort is further complicated by the variety of techniques occupants 
can use to  maximize their comfort. In addition to  opening windows to achieve 
comfort, occupants can change their clothing levels, use auxiliary heating, or com- 
plain to  the management (or others) to provide more uniform heating. 

3. METHODS 
Given the complexity of understanding occupant interactions with ventilation, 

we used several methods to  examine the problem. These methods represent 
different perspectives from which the problem can be approached, which in combi- 
nation provide a more detailed picture. The methods chosen include 1) long-term 
monitoring of internal apartment temperatures, 2) short-term diagnostic measure- 
ments of air leakage, along with simulation of air flow within the building, and 3) 
detailed interviews with the occupants about their ventilation-related behavior. 
Other methods that were considered, but not undertaken because of budget limi- 
tations or practical considerations, were: monitoring window openings directly, 
photographing the buildings a t  frequent intervals, continuous tracer gas measur- 
ing of air flow, and having the occupants keep activity logs. 
3.1 Monitoring 

As mentioned previously, apartments experience different temperatures for a 
variety of reasons, which include peculiarities of the heating system (broken radia- 
tors, valves and vents), different orientation to  sun and wind, location in the build- 
ing with respect t o  height, buffering by other heated apartments, location of leaks, 
and modification by the occupants. We expected to see evidence of occupant 
behavior, such as window opening and the use of auxiliary heating by examining 
the temperature profiles of the individual apartments. 

As part of CNT's research program, Albany and Bosworth were instrumented 
with data  acquisition systems that collected six months of data  on indoor apart- 
ment temperatures, outdoor temperature, wind conditions, and boiler energy con- 
sumption. All data  points were stored every 10 minutes, allowing examination of 
the detailed temperature history of each apartment. 

3.2 Diagnostics and Simulation 
In addition to  the monitoring of the apartment temperatures, we were 

interested in determining the air-flow patterns in the building due to infiltration. 
Air flow in apartment buildings is more complex than in a single-family structure 
because air is exchanged not only with the outside, but with the other apartments 
as well. The implications of inter-apartment flow are that under certain weather 
conditions, apartments may be exchanging more air with neighboring apartments 
than with outside, and the resulting stuffy conditions may prompt the residents to  
open windows t o  improve the air quality. 



Air-flow patterns can be determined either by direct measurement, or  by leak- 
age measurements in combination with an air-flow simulation model. Because 
direct air-flow measurements are both expensive and depend on the building and 
the weather, we chose t o  make diagnostic leakage measurements. Blower-door 
testing of exterior-envelope and inter-apartment leakage was performed in both 
buildings. Previous measurements in similar constructio had shown that  as 
much as 60% of the air leakage is t o  adjacent apartments. I? 

Leakage measurements in multifamily buil i are relatively new, and as $!pi3 such, have seen little discussion in the literature. We used two blower doors, 
running simultaneously, t o  make the measurements. The  tests were similar t o  
standard single-family blower door tests, except tha t  each apartment's total leak- 
age is measured with and without the adjacent apartments being pressurized. For 
each apartment test, all adjacent apartments were opened t o  outside t o  reduce 
series resistance effects. This is accomplished either by opening windows and 
doors, or  through the blower-door fan opening in the other apartment. A t  each 
apartment/outside pressure difference, the flow was measured first without the 
second blower door operating, and then with the second blower door operating so 
as to  make the pressure difference between the two apartments equal t o  zero. T h e  
leakage between two apartments is then computed by subtracting the leakage area 
with the second apartment pressurized from the total  leakage area. 

The air-leakage d a t a  obtained from the blower door tests are used in a mul- 
tizone air infiltration model to  calculate inter-zonal ir flows and outside-air 

19 infiltration rates under different weather conditions. The simulation model 
iteratively solves for the pressures and flows throughout the building, using a flow 
coefficient and exponent t o  characterize each leakage path. 

3.3 Household Interviews 
T o  understand how occupants modify apartment ventilation, as well as t o  

examine the reasons why, we interviewed the residents from eleven of the  thirteen 
households in the two buildings. Following ethnographic techniques, the  questions 
were often open ended, allowing the respondents t o  describe their answers in 
detail. Many of the questions were based on previous explorato y tudies of energy 
and behavior and were adapted for residents in apartments. lS17 T h e  interviews 
took between 30 and 60 minutes, and all but  three were conducted in the 
resident's apartment; the remaining three interviews were conducted at the 
resident's work place. 

The residents were asked about their comfort, clothing, temperature prefer- 
ence, window opening behavior and related activities, attitudes, etc. During the 
interviews we took notes, and immediately afterwards wrote out as much addi- 
tional information as was remembered. Although this is more cumbersome than 
tape recording the interviews, the respondents seemed a t  ease and eager t o  partici- 
pate in the survey. For  the remainder of the text, quotation marks are used for 
those passages tha t  were written down during the interview. Additional com- 
ments and notes written after the interviews are often paraphrased. 

4. FINDINGS 
4.1 Monitoring Results 

Given the large quantity of d a t a  gathered (over six months of seventeen chan- 
nels per building a t  ten-minute recording intervals), we examined daily average 
temperatures for each month, and then selected six t o  eight two-day periods from 
each building for more detailed analysis. The sample selection was based upon 



completeness of data, outside temperature, and day of the week. Four representa- 
tive samples of the periods examined are shown in Figures 3 through 6. These 
figures contain plots of individual apartment temperatures versus time (10-minute 
da ta  samples) in Bosworth and Albany, for two-day periods in February and 
April. 

Figure 3 shows a two-day period for Bosworth in mid-February. The outside 
temperature averages for these two days are -10 and -9 OC. A quick examination 
of this figure shows that  the coldest and warmest apartment temperatures differ 
by approximately '7 K. Looking at the legend, we see that  both these apartments 
are on the first story, and the warm apartment is located directly above the boiler. 

A closer examination of the plot provides a good indication of the operation of 
the building. Starting on the left side of the plot a t  midnight, the temperatures in 
all of the  apartments decay due t o  the night setback of the boiler thermostat. T h e  
boiler fires again at around 6:00, after which i t  cycles t o  maintain relatively con- 
s t an t  apartment temperatures until 22:00, when the night setback begins, a pat- 
tern which is repeated on the second day. All of the apartment temperatures 
behave similarly throughout this period, except for apartments l b  and 3a. Apart- 
ment l b  differs from the norm from 11:OO t o  21:00 on the 10th and starting at 
4:00 and 17:OO on the 11th. Apartment 3a  behaves irregularly on the l l t h .  

The  anomalous temperature patterns in these two apartments is our first indi- 
cation tha t  occupants are interacting with the temperature balance in the apart- 
ments. Window opening is a likely candidate for the cause of the anomalous tem- 
perature profiles. Looking first at apartment l b ,  we can hypothesize that  as the 
temperature rose in the morning i t  reached too high a level at around 11:00, at 
which point the occupant opened the windows, and then closed them at around 
19:OO. The  temperature rises on the l l t h  could also be due t o  window closing. 
T h e  profile for apartment 3a  could also be explained by window opening: upon 
leaving the apartment at 8:30, the occupant opens some windows t o  air the apart- 
ment, which were closed upon returning a t  18:30. 

Although the window opening explanations for the temperature profiles seem 
plausible, the behavior in apartment 1b is puzzling. I t  is not clear how the win- 
dows were closed at 4:00 on the l l t h ,  and then closed again at a t  17:00 without 
any apparent openings in between. Figures 4 and 5 provide some additional evi- 
dence that  may help explain the profile in Figure 3. Although the profile for 
apartment l b  in Figure 4 is similar t o  that  in Figure 3, there is one significant 
difference. During the early hours of February 22, the temperature in l b  does not 
show the normal decay. This indicates that  the occupant is likely to be using 
some form of auxiliary heating in the middle of the night, as the average outdoor 
temperature for the 22nd is -2 OC. The use of auxiliary heating in this apartment 
is confirmed in Figure 5, where the temperature rises dramatically in the middle 
of the night, and the boiler has not been on during this period. (The high tem- 
perature in 3a throughout this period could be due t o  continuous auxiliary heat- 
ing, but we suspect the temperature sensor itself.) 

Having confirmed the use of auxiliary heating in apartment l b ,  we now ques- 
tion the  window-opening explanation for its profile in Figure 3. T h e  temperature 
rises attributed t o  closing windows is more likely to  have been caused by the use 
of an  auxiliary heater. We note that  the initial slope of the temperature rise a t  
18:30 on February 10 is the same as that  on April 20 (see Figure 5). Similarly, the 
temperature drops attributed t o  window opening could be caused by the auxiliary 
heater being turned off. 



Figure 6 shows a tw-day apartment temperature history for February at 
Albany. T h e  temperature profiles are similar t o  those for Bosworth, again clearly 
showing the decays associated with the night setback of the boiler. T h e  major 
differences between the two buildings are tha t  the spread between apartment tem- 
peratures is smaller for Albany, whereas the boiler control a t  Bosworth provides 
smaller temperature oscillations. Figure 6 does not seem t o  show any window 
opening behavior, although it does show some auxiliary heating. Apartment l a  is 
significantly overheated on the night of February 10, and apartment 2b also shows 
a short temperature spike uncorrelated with boiler operation. T h e  spike in 2b 
could possibly be from cooking, although there is an  unexplained temperature 
spike in apartment l b  in the middle of the night. 

4.2 Diagnostic and Simulation Results 
2 The average leakage areas measured for each apartment were 2460 cm for 

2 Bosworth, and 1880 cm for Albany. The  correspon ng pecific leakage areas 
(leakage area divided by floor area) of 19.0 and 18.8 m m are surprisingly con- 8 4  " sistent, and significantly higher than the 13.3 cm /m measured in a similar 
building in Minneapolis (Reference 10). We note that  these are total  leakage 
areas; in Bosworth approximately 60% of the leakage area was t o  other apart- 
ments, the remainder being in the exterior envelope. (Due t o  strong winds during 
the Albany tests, accurate measurements of inter-apartment leakage were not 
obtained.) 

The leakage values used in the simulation of air flow in Bosworth are shown in 
Table 1. Taking into account the uncertainty in the measurements, average 
values were used for all similar flow paths (i.e., all diagonal inter-apartment leak- 
age areas were assumed t o  be equal, all vertical inter-apartment leakage areas 
were assumed t o  be equal, and all horizontal inter-apartment leakage areas were 
assumed t o  be equal). As the simulation model uses both a flow coefficient and 
exponent t o  describe the leaks, the  flow coefficients were determined from the 
leakage areas, and an average flow exponent of 0.65 was used. 

In addition to the flow coefficients and exponents, the model also needs p r e s  
sure coefficients as input. The pressure coefficients used for these simulations 
come from wind tunnel tests of a building with similar geometry. A plan of the 
site, presented in Figure 7, shows the shielding of the Bosworth building. (The 
wind tunnel site geometry was similar, although not identical, t o  the Bosworth 
site.) 

Some significant simplifications in the simulation result from the shielding of 
the Bosworth site. Because the building is completely shielded on both sides, only 
wind from the front or  back of the building will induce air flow through the build- 
ing. Pressure coefficients are therefore required for only two wind directions, from 
the back of the building, and from t.he front of the building. T h e  simulations 
presented are based on wind arriving from the front of the building (results of 
simulations for wind arriving from the back of the building differed by only 10%). 
Also, because wind from the front or  back has the same effect in both apartments 
on the same story, and the stack effect does not create any horizontal pressure 
gradients, leakage between apartments on the same story does not play a role in 
the simulations. 

T h e  results of the simula~tions a i e  presented in Figure 8, in which the outside 
air-flow rate into apartments on each story, and into the basement, are plotted as 
a function of wind speed. For all simulations, the indoor-outdoor temperature 
difference is 20 K, which is close to the average indoor-outdoor temperature 
difference durjqg the heating ;czaoil. 



T h e  results in Figure 8 are not surprising. As expected for a building with 
large internal leaks between zones, the upper stories do not receive any outdoor 
air a t  low wind speeds, all of the  outdoor air being drawn into the basement and 
first story by the stack effect. T h e  drop in outside air flow t o  the basement with 
increasing wind speed results from the lack of basement leakage at the front of the 
building. As the wind speed increases, the depressurization at the rear of the 
building competes with the stack effect by reducing the pressure difference across 
the exterior basement leakage sites. I t  should be noted that  almost all the air 
entering the basement goes t o  the first-story apartments (a  small fraction goes 
into the staircase). This implies even higher ventilation heat losses for those 
apartments, as the  basement air temperature is somewhere between outdoor tem- 
perature and internal apartment temperature. 

Figure 8 indicates that  the overall air change rate of the building is not exces- 
sively high. A t  the average temperature difference of 20 K, and average Chicago 
wind speed of 4.6 m/s, the overall air change rate for the building is 0.6 air 
changes per hour (ach). I t  should be noted, however, that  the average wind speed 
takes into account wind from all directions. Because only wind from the front o r  
back of the building will induce the simulated flow rates, wind from other direc- 
tions having even less effect on the ventilation of the building, the average air 
exchange rate will be even lower than 0.6 ach. In other words, the effective aver- 
age wind speed will be lower than the 4.6 m/s all-direction average. 

Because of this strong directional dependence of wind-induced air flow, the  
building will be in the stack-dominated region of Figure 8 for a significant fraction 
of the time. In this stack-dominated, and therefore non-uniform ventilation mode, 
the upper story apartments will receive little or  no outside air, and should thus be 
stuffier than the  first story apartments. Similarly, the first story apartments may 
seem draftier due t o  the higher influx of cold outside air. Depending on the UA- 
value of the building (i.e. conductivity of the building shell), these results also 
imply tha t  the first story apartments should cool more quickly than the upper 
story apartments. 
4.3 Survey Results 

T h e  average household size for the two buildings is 2.7 persons, with Bos- 
worth having larger (3.3 persons) households than Albany (2.2 persons). T h e  age 
distribution is 11 adults and 9 children at Bosworth with an  average age of 19 
years, and 12 adults and 1 child at Albany, with an  average age of 32. The range 
in occupant ages for the two buildings is 1 - 61 years. Bosworth has three black 
and three white households; Albany has one black, one Hispanic, and five white 
households. While education levels are nearly the same for the household survey 
respondents in the two buildings (an average of 15 years of school for Bosworth, 
16 years for Albany), household incomes were significantly different. Reported 
mean annual household income for six of the seven Albany households was 
$34,000; a t  Bosworth only three of the six households reported annual income, 
with a mean value of $22,000. T h e  household patterns included couples, couples 
with children, 3-4 single men living together, single women alone, and single 
women with children. All of the residents had lived previously in apartments, 
many for a large part  of their lives. Both Bosworth and Albany had three house- 
holds where someone was home during the day. 

The  survey included a number of questions concerning when and why windows 
were opened in winter. The most consistent finding for our two buildings was 
that ,  in general, the occupants reported that  they did not open the windows at all 
during the winter. The  reasons for this were tha t  the residents felt the apartments 
were already tco drafty, that  they wanted t o  keep the heat in, tha t  i t  was too cold 



outside, and that i t  was too much trouble to unseal the plastic and rope caulk just 
to open the windows. The sealed windows were part of the routine the residents 
employed to reduce infiltration, which included installation of rope caulk every 
October, installation of plastic sheets over the inside of the windows (the houses 
already had exterior storm windows), and stuffing rags around the door frames. 
One resident kept one window unsealed for ventilation and as a fire escape, "I 
open it a little when I use that space heater [an unvented kerosene heater]." 

Residents reported that in previous apartments they had had to open windows 
because of over heating in winter, but that this was not a problem for them now, 
"In other buildings with over-heating problems I have had the windows open all 
night. I don't feel too guilty opening windows, (but] I doubt if anyone in our 
buildings would open the windows [in winter]. I think the majority think it's on 
the cool side." A few residents would open the back door to  air the house, for 
about fifteen minutes during the day, usually on a weekend. Only one resident 
reported that windows were opened in winter on a regular basis for relieving the 
stuffiness. In this case the windows were opened once a month, typically a t  night, 
just a crack, and for a few minutes. For the most part, the winter pattern of win- 
dow opening is reflected by the resident who said, "I just wouldn't think when it's 
that cold t o  open them." 

In contrast t o  the winter pattern of keeping all the windows sealed and shut, 
ventilation in summer was always dependent on opening windows and using fans 
for air movement. Residents relied on combinations of drawing shades, exhaust- 
ing air, keeping the rooms closed during the day, wearing fewer clothes, drinking 
cold drinks, and other activities t o  stay cool. Only one household reported using 
an air conditioner. They had a window unit in the bedroom that they would use 
whenever the temperature would rise above 27 OC. Depending on wind and dirt, 
windows would be open a lesser degree. Residents of first floor apartments com- 
mented especially on dirt intrusion, "The city is dirty. If you keep the windows 
closed you keep the apartment clean." Others would leave windows open all the 
time, "morning, afternoon and night, except when it rains, and then only part 
way." Window fans are sometimes left running during the day when the residents 
are away so that the apartment won't be so hot when they return in the evening. 
"I have to  leave the fan on [during the day] for him [the dog] because he can't 
stand the heat." 

In addition to  the window-opening behavior we were interested in other activi- 
ties that residents were engaged in that might affect the ventilation or  need for 
ventilation in their apartments. Most of the respondents changed their clothing 
levels to reflect the temperatures in their apartments. Taking off layers was a 
typical first response to  apartment overheating. Putting on a sweater or flannel 
shirt was a typical response when it was too cold in the rooms. 

On surprising finding was the widespread use of the gas stove as an auxiliary 
heat source for the apartment. Six of the eleven households reported using the gas 
stove or oven for auxiliary heating. Typical use was in the early evening in winter 
and in the early morning before the central system came on. The stove was also 
used for heating in the fall, before the heating season began. The usual pattern 
was to heat the kitchen, which was often the coldest and draftiest room. "In the 
evening when I come home it can be awfully drafty. I have it [the oven] on for 15 
minutes. It's supposed to  be self-cleaning, so I use that excuse." One resident also 
has an unvented space heater in the apartment, which is used for an hour or two 
in the evening. 



T o  further understand related aspects of ventilation, residents were asked 
questions about drafts, stuffiness, cooking smells from other apartments, and the 
degree of acoustic isolation. 

All residents commented that there were drafts in the apartments, especially 
around the doors-the back door in particular. The new storm windows had 
reduced drafts around the windows considerably. However, as mentioned earlier, 
the residents would still seal the windows in winter to  stop drafts. Other reported 
drafts around the baseboard molding and the walls in the front room. The 
residents a t  Bosworth mentioned that the whole building was leaky, and needed 
tuck-pointing, i.e., the mortar in the exterior walls needs replacing. The enclosed 
(unheated) back porches a t  Bosworth were frequently mentioned as being drafty. 

Few residents commented that it ever got too stuffy, "we have enough 
drafts," was a typical response. The kitchen was cited as the most common room 
to  be too stuffy, particularly if the weather (in winter) warmed up. The interior 
rooms (bathroom and bedrooms) were also found to  be stuffy at times. A few 
residents mentioned that they had condensation between the primary window and 
the storm window, but in general, moisture was not considered a serious problem. 
The only respondent that claimed to sometimes have moisture problems was the 
one that had a humidifier. 

We also asked the residents questions about what they could hear from their 
neighbors, both above and below, as well as next door. We were interested in 
finding out whether there were direct connections between apartments which could 
transmit noise, thereby serving as indicators of possible air-flow paths. The 
residents were asked about what types of sounds they could hear: walking, music 
(both bass and treble) and conversation, and whether they could distinguish actual 
words. Our hypothesis was that if high frequency sounds (treble music or distinct 
words) were heard from a neighboring apartment, there was a greater possibility 
of direct paths between the units. Of course, whether a resident could hear their 
neighbor depends on how much noise the neighbor makes, in addition to the pres- 
ence of any connections between apartments. 

The general pattern was that residents were most aware of noises from above, 
less so from below, and almost not at  all from the side. Specifically, upstairs 
noises included walking and running (especially kids), muffled music, mostly bass, 
and in one case, distinct conversation. Noises from below were music when it was 
turned up (mostly bass), and some talking, but not.distinct words. Most residents 
commented that they could hear nothing from the apartment on the same story, 
"It's amazing how insulated we are crosswise compared to  up and down." 
Residents mentioned that noise in general was not a problem, although it was 
more evident in summer when windows tended to be open. 

6. DISCUSSION 
Having examined the results of three different techniques for exploring ventila- 

tion and occupant behavior, we uncovered some surprising results and some 
apparent contradictions. The most surprising result is that, contrary to  the 
results of previous studies, the survey responses indicate that these apartment 
occupants rarely, if ever, open their windows during the winter. This behavior 
seems to stem from the large inconvenience associated with window opening, due 
to sealing measures taken a t  the start  of the winter season. Also, there may be 
less perceived need by the occupants for window opening as they find the apart- 
ments to be quite drafty. A third factor is the severity of the winter climate. The 
winter design temperature (99%) for Chicago is -22 '6, compared to -15 OC for 



Stockholm and -4 OC for London. 18 

Because residents report no window opening activity, we had to  re-evaluate 
the temperature profiles where we suspected window opening was taking place, t o  
see if there were alternative explanations. Of course, survey respondents may not 
have reported accurately, whether through being unaware of other members of the 
household's activities, or through the desire to  give a "correct answer." Neverthe- 
less, we decided to  see if explanations based on the survey results could be used to  
interpret the measured temperature data. 

The survey responses indicate that auxiliary heating is used by the residents 
in Bosworth apartment 3a "all the time." Looking again a t  Figure 3, the dip in 
temperature could then be explained by the residents being out of the house dur- 
ing the middle of the day on February l l t h ,  whereas on the 10th they are prob- 
ably home and using auxiliary heating all day. This explanation is confirmed by 
further examination of the survey and monitoring results. The occupants explain 
that they are usually out on weekdays and home on weekends. This correlates 
well with the pattern of temperature dips on weekdays only and uniform tempera- 
tures on weekends, which was observed upon more detailed examination of the 
temperature data. Thus, by combining the monitoring and survey results, we 
have a clearer picture of building operation. 

An interesting finding from the comparison of the survey data  with the tem- 
perature profiles is the correlation between apartment temperatures and the 
reported temperature preferences of the occupants. People who reported liking 
colder temperatures live in colder apartments, and people who reported liking 
warmer temperatures generally live in warmer apartments. While this finding 
may not be altogether surprising, i t  does confirm that occupants are able t o  
control-to some extent-the temperatures in their apartments to  where they are 
comfortable. 

A comparison of survey results with diagnostic/simulation results does not 
prove to  be conclusive. The simulations indicate that the first story apartments 
get significantly more (cold) outside air, and are therefore likely to have more 
drafts. The upper-story apartments, which receive most of their air from the 
lower-story apartments might be expected t o  be stuffier than the first story apart- 
ments. The survey results do not confirm (nor do they disprove) any of these 
expected trends. The only correlation found is that the upper-story apartments at 
Bosworth appear t o  have somewhat less problems with drafts. The difficulty with 
such a comparison is the number of confounding effects that tend to  mask the 
effects we expect t o  see. For example, two of the first story apartments have high 
temperature preferences, and use auxiliary heating to  maintain their comfort. 
Auxiliary heating may completely mask the effects of outside air drafts. 

A comparison of diagnostic/simulation results with measured temperature 
profiles does provide some interesting confirmations. According to  the simulation, 
the first story apartments should have significantly higher heating loads due to  
infiltration. Depending on the ratio of infiltration heating load to  conduction 
heating load, we would expect either the first or third story apartment tempera- 
tures to  decay most quickly when the boiler turns off for night setback. Examina- 
tion of the temperature profiles in Figures 3 through 5 confirms that the first story 
apartments cool off more quickly than the rest of the building. This effect is most 
obvious a t  Bosworth on the morning of February 22 (see Figure 3), and a t  Albany 
on the mornings of February 10 and 11 (see Figure 6). These results illustrate the 
importance of infiltration to the overall energy balance of these buildings. 



6. CONCLUSIONS 
The results of our investigations have provided us with a number of findings 

about ventilation and occupant behavior in these buildings, and about the suitabil- 
ity and applicability of the experimental methods tested. Our major finding is 
that the ventilation in these buildings cannot be explained by physical models 
alone, and that understanding behavioral interactions is key to  understanding 
what is going on. While occupant behavior is often difficult to  interpret, we have 
found the occupants' desire to  improve comfort to  be the driving force behind 
much of their behavior. Occupants will follow what is for them the path of least 
resistance to  improve comfort, whether this is sealing windows with plastic, using 
the stove as an auxiliary heater, or complaining to  the neighbors. It  also became 
clear that  these actions may' not be optimal from an energy or  economic view 
point . 

We hesitate to  generalize these findings to other buildings in different climates 
and cultures because we have found that our results are different from those pub- 
lished previously. We do feel, however, that an experimental approach that com- 
bines different methods provides additional insight into complex problems such as 
those found in looking a t  occupant interaction with ventilation systems. In partic- 
ular, we stress the importance of understanding the specific characteristics of the 
building and heating system, the local climate, and the behavior of the occupants. 
In general, the combination of monitoring, diagnostic/simulation, and occupant 
surveys, seems t o  be a useful tool for understanding building operation, and for 
exploring building retrofits designed to  reduce energy consumption or improve 
occupant comfort. 
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Table 1. Leakage areas used in air flow simulation for Bosworth. 

Location 

Apartment t o  Outside 
front 
side 
back 
t o  roof 

Apartment t o  Apartment 
horizontal 
vertical 
diagonal 

Basement t o  Outside 
front 
back 
side 

Basement t o  Apartment 

Stairway to Outside 

Stairway to  Apartment 

Effective Leakage Areas 

b 2 1  

350 
250 
400 
570 

225 
460 
220 

300 
800 
500 

700 

135/story 

54 



Figure 1. Plan and elevation for Albany, (Chicago, c. 1920). 

n 

Figure 2. Plan and elevation for Bosworth, (Chicago c. 1920). 
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Figure 3. Apartment temperatures for Bosworth, February 10.11, 1986. 
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Figure 4. Apartment temperatures for Boaworth, February 22-23, 1986. 
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Figure 5. Apartment temperatures for Bosworth, April 19-20, 1986. 
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Figure 6. Apartment temperatures for Albany, February 10-11, 1986. 



Figure 7. Site plan for Bosworth showing surrounding buildings. 

Figure 8. Outside airflow into each apartment at Bosworth as  a function of windspeed for 
wind from the west. 



OCCUPANT INTERACTION WITH VENTILATION SYSTEMS 

7 t h  A I C  Conference, Stratford-upon-Avon, UK 
29 September - 2 October 1986 

PAPER 7 

INHABITANT BEHAVIOUR WITH REGARD TO 

MECHANICAL VENTILATION I N  FRANCE 

D. B i e n f a i t ,  C1. Moye 

Centre S c i e n t i f i q u e  e t  Technique du Bst iment 
84, Avenue Jean Jaures 
Champs-sur-Marne 
B.P. No.2 
77421 Marne-1 a-Val 1 ee Cbdex 2 
France 





SYNOPSIS 

In France, most of the ven t i l a t ion  systems i n  dwellings now 

consis t  of exhaust vents l inked up with a fan,  and a i r  i n l e t s .  

A survey conducted by the  CSTB shows t h a t  actual  ven t i l a t ion  ra tes  

are  frequently d i f f e r en t  from prescribed values and t h a t  a l o t  of 

problems encountered are  re la ted  t o  occupant behaviour, 

- The duration of exhaust flowrate peak value was measured ; it 

was shown t h a t  t h i s  duration was dependent on the kind of com- 

mand and i t s  locat ion i n  the room. 

- draughts through a i r  i n l e t s  were a major concern. 

- a l o t s  of a i r  vents did not operate correct ly  because of fou- 

l ing.  Reasons were t h a t  the inhabitants had not always a high 

consciousness of the necessity of cleaning, and t h a t ,  moreover, 

a l o t  of a i r  vents were not e a s i l y  dismountable. 

Among conclusions of the survey, a re  the  following : 

- a i r  vents should be eas i ly  dismountable f o r  cleaning and recom- 

mendations f o r  it should be given t o  the  inhabitants.  

- a i r  i n l e t s ,  exhaust vents and fan command should be cor rec t ly  

located. 



1 CHARACTERISTICS OF MECHANICAL VENTILATION SYSTEMS 

Mechanical ven t i l a t ion  of dwellings has been brought i n  France 

during the  s i x t i e s ,  

This technique i s  now qui te  widespread since (although accurate 

da ta  a r e  lacking) nearly a l l  new multifamily houses have now 

mechanical ven t i l a t ion ,  a s  w e l l  a s ,  a t  l e a s t  i n  the  north p a r t  

of France, most of s ing le  family houses. 

The operating way of mechanical ven t i l a t ion  is  i l l u s t r a t e d  on 

the  f i g .  no  1. 

Fig. 1 Scheme of a i r  flow i n  a  typical  dwelling with 

mechanical ven t i l a t ion  (doc AIDES) 

1.1 Air i n l e t s  

Fresh a i r  enters  dwelling.main rooms through spec i f i c  a i r  

i n l e t s  which are usually located near the ce i l ing  ( for  instan- 

ce i n  the  upper p a r t  of the  window frame) i n  order t o  prevent 

discomfort due t o  draughts. 



Usually the occupant has no means t o  ad jus t  the a i r  flow whose 

values under 10 Pa a re  generally 15 m3/h or  30 m3/h. However, 

most of ten,  these a i r  i n l e t s  a re  s e l f  - regulated with respect  

t o  pressure difference ; it means ( f ig .  no 2)  t h a t  the  a i r  

flow remains constant whatever the pressure difference value 

i n  a specif ied range ( for  instance 10 Pa t o  100 Pa ).  

An important advantage of these a i r  i n l e t s  is t h a t  they help 

t o  prevent uncomfor~~able draughts a s  the  wind speed 

increases.  
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Fig. 2 : Typical pressure flowrate curve of a self-regulated 

a i r  i n l e t  

1.2 Fan - 

In  multifamily houses the  fan is common t o  the  whole block of f l a t s .  

It is usually ins ta l led  on t h e  terraced roof and bound t o  the 

exhaust valves through v e r t i c a l  a i r  ducts ; the fan is opera- 

t i ng  under a contant speed and is usually powered by a separa- 

t e  e l e c t r i c  engine t o  which it is coupled through a driving 

b e l t ,  

In s ing le  family houses the  fan is usually located ( f i g .  3 )  

ins ide  the  a t t i c  (whose access i n  modern dwellings is unfortu- 

nately not always possible) .  Most of ten,  the  fan may operate 

under two d i f f e r en t  speeds according t o  the  householder 

command. 



Fig. 3 : Fan i n  the  a t t i c  of a s ingle  family house- 

maintenance is not made easy. 

1.3 Exhaust valves 

The exhaust valves a re  located i n  the  kitchen, the  bathroom 

and the  c lose t .  Their flowrates lower l i m i t s  a re  s e t  by the 

prevai l ing Regulation : 

According t o  t h i s  Regulation, the  ven t i l a t ion  system must 

be capable t o  achieve the  following flowrates i n  a four room 

dwelling : 

bathroom : 30 m 3 / h  

c lose t  : 30 m3/h 

kitchen : 120 m 3 / h  

Due t o  energy conservation policy,  it is allowed t h a t  the 

exhaust flowrates may be reduced beyond these values when the  



occupants do not require high ven t i l a t i on  r a t e s  : 

The reduced value of the kitchen exhaust valve is  45 m 3 / h .  NO 

l i m i t  has been s t a t ed  fo r  the  bathroom o r  the c loset  ; however 

a minimum value has been set f o r  the  whole dwelling : the  sum 

of exhaust f lowrates must always keep i n  excess of 90 m 3 / h  

( f igure  given f o r  a four room dwelling). This implies, accor- 

ding t o  prevai l ing Regulation,that the  vent i la t ion systems 

cannot be stopped by the  householder. 

A consequence of t h i s  Regulation is t h a t ,  i n  nearly a l l  the  

houses, exhaust flowrates i n  kitchenstake two values : a lo- 

wer value (45 m3/h o r  more) and a peak value (90 m 3 / h  o r  more). 

The flowrate value is control led by the  householder. The con- 

t r o l  system is d i f fe ren t  according t o  the  kind of dwelling : 

In  multifamily dwellings, t h e  flowrate reduction is usually 

achieved by a mechanical device ; the  peak value is  obtained 

by pul l ing ( f i g .  4) a cord which is bound t o  the exhaust valve 

and, when pulled,  makes i ts  aperture become greater.  The lower 

value i s  obtained by pul l ing a second cord. 

I n  s ing le  family dwellings, an e l e c t r i c  command i s  most of ten 

preferred ; the kitchen exhaust flowrate is controlled by an 

e l e c t r i c  switch located i n  the  kitchen : 

Fig. 4 : Ekhaust vent i n  a 

kitchen - 
fouling of the  vent 

and command cord may be 

noticed. 



Flowrate var ia t ion is  usually achieved by control l ing the fan 

speed. It  is  worth noting a t  t h i s  stage t ha t ,  according t o  

prevai l ing Regulation, there  should be no pos s ib i l i t y  fo r  the  

householder t o  s top t he  ven t i l a t ion  : theore t ica l ly  the  choice 

is only between low flowrate and peak flowrate. A s  a matter of 

f a c t ,  it appears (see hereaf te r )  t h a t  a l o t  of occupantsdid, 

however, manage to  s top the fan. 

An important l imi ta t ion  is t h a t  the  exhaust valves must opera- 

t e  under a given range of pressure difference i n  order t o  m e e t  

acoustic requirements : I f  the pressure difference happens t o  

become too high, the  a i r  valve i t s e l f  becomes noisy. On the 

other  hand, when pressure difference i s  too low, the aperture 

area  must be greater ,  which increase the  noise transmission 

between f l a t s  through the  a i r  duct. 

Another important feature  of the  exhaust valves is t h e i r  high 

s e n s i t i v i t y  t o  fouling : exhaustvalves,  par t i cu la r ly  those 

located i n  the  kitchen have t o  be cleaned a t  l e a s t  twice a 

year i n  order t o  prevent excessive flowrate drop, 

1.4 Sizing 

Air i n l e t s ,  exhaustvalves and fan are  sized so t h a t  the  re la-  

t i v e  pressure ins ide t he  dwelling is negative and equal t o  

about 10 Pa when there is no wind e f f ec t .  

An important l imi ta t ion  is t h a t  the pressure drop between 

rooms must not be too s ignif icant ;usual ly  an a i r  gap of up t o  

lcm height is provided between the  doors and the  f l oo r .  

2 FIELD INVESTIGATION 

Between 1980 and 1983, the  CSTB (Centre Scientif ique e t  Techni- 

que du BZtiment) conducted a survey intended t o  y ie ld  a f i e l d  

evaluation of mechanical ven t i l a t ion  systems : 



* 
118 f l a t s  among 8 d i f fe ren t  buildings and 80 single-family houses 

a l l  of them near Par is  and less than t en  years old, were investi-  

gated. 

Results of the  survey showed t h a t  there  was a marked deviation 

between expectated and ac tua l  behaviour of the occupants : 

2.1 Mindow opening and a i r  i n l e t s  

2 .l. 1 window opening 

Window opening has not been monitored but  estimated 

through answers t o  a questionnaire. 

Do you open 

windows during 

winter time? 

not cut  off 

Windows a re  usually opened during housekeeping work and 

the  mean opening da i ly  duration is i n  the range of one 
(4) hour . 

The above tab le  shows t h a t  t he  a i r i ng  needs zppear t o  

be more important i n  col lect ive  buildings. This can be 

explained i n  two ways : On one hand, occupants of flats 

(most of them a re  tenants)  seem t o  be l e s s  concerned 

with energy savings ; on the other hand, the higher a i r  

% most of single-family houses were occupied by house owner ; 

most of multi-family dwellings were occupied by tenants.  



renewal i n  s ingle  family houses (because of high a i r  

leakage value) may cause the occupants t o  reduce windows 

opening, 

It  should a l so  be observed, and this l a s t  explanation is 

l i ke ly  t o  be t he  most meaningful, t h a t  energy expenses 

i n  s ingle  family houses a re  d i r ec t l y  controlled by the 

occupant, vbich may explain a greater  inc l ina t ion  t o  

reduce window opening. 

The above remarks lead y e t  t o  an unanswered question : 

"what is the  e f f e c t  of a i r  renewal value on windows 

opening ?" 

Accurate answer, through f i e l d  measurement,could 

k a d t o  a be t te r  appreciation of the  actual  heat  losses 

re la ted  t o  the d i f f e r en t  kind of ven t i l a t ion  systems. 

2.1.2 Sociological point  of view 

A s  well  as the above considerations, it should not be forgotten 

t h a t  window opening r a t e  r e l i e s  a s  well  upon complex psy- 

chological grounds a s  upon a kind of impl ic i t  compromise 

between energy expenditure and a i r  qual i ty  : 

In  a sociological  analysis  conducted by C.S.T.B., Ph. 

D ARD (6) defends, among other points,  the assumption 

t h a t  window opening is strongly re la ted  t o  an indoor 

space extension des i re  and also,  sometimes, t o  some 

pur i f ica t ion  trend independent of the a i r  qua l i ty  i t s e l f .  

2.1.3 Air i n l e t s  

The survey on a i r  i n l e t  use has led t o  findings qu i t e  

comparable with window opening : 22 % of single-family 

houses have a t  l e a s t  one a i r  i n l e t  sealed, f o r  instance 

with cotton wool ( f i g ,  no 5) . This f igure is higher (33%) 



i n  multi-family dwellings, probably because draughts 

due t o  wind pressure a r e  more important there. 

Reasons given by occupants f o r  seal ing a re ,  by order of 

importance : draught prevention, energy savingsJ"", preven 

t i on  of so i l i ng  around the wall  paper, and noise reduc- 

t ion .  

It is worth noting t h a t  i n  some f l a t s ,  air inlet 

seal ing caused condensation t o  occur i n  winter. The 

sealants  were then removed by the  occupants, 

F ig .  5 : Air i n l e t  on the  window frame- 

The a i r  i n l e t  has been sealed by the  occupants 

using cotton - wool. 

' It  has been observed(2) t h a t  l o w  income occupants had a higher 

t rend t o  s e a l  a i r  i n l e t s .  



2.2 Flowrate control  by occupants 

A s  discussed before, there is usually no means f o r  the occu- 

pants t o  control  t h e  a i r  flow Wough a i r  i n l e t s .  However 

the  flowrate through the  exhaust vent located i n  t he  kitchen 

may be controlled (*)either by a cord (multi-family dwel- 

l ings)  o r  by a switch (single-family dwellings) , 

93 % of occupants i n  single-family dwellings(1),  and a s  low 

a s  63 % i n  multi-family  dwelling^'^) actual ly  use t h i s  com- 

mand. Di f f icu l t  access of the  cord i n  some f l a t s  (Fig. 7) a s  

well  a s  co l lec t ive  invoicing of heating may account f o r  

t he  difference . 

Fig. 6 depicts the  d i s t r ibu t ion  of kitchen peak flowrate 

da i ly  duration considering a sample of 64 s ing le  family hou- 

s e s  t h a t  have been monitored during a one year period. The 

mean value of the  observed da i ly  duration is 1,5 hour ; t h i s  

duration is  ra ther  sca t te red  s ince the  highest  value is  

equal t o  twelve hours and t h a t  a s  many a s  twenty occupants 

never use the flowrate ccanmand. 

No measurements have been done i n  muti-family buildings. It 

can however be expected, taking i n t o  account some p a r t i a l  

observations, t h a t  t he  mean flowrate dai ly  duration 

is l i k e l y  t o  be i n  the range of four hours, being observed 

t h a t  t h i s  value is equal t o  nought o r  ( l ess  frequently) 

twenty four b u r s  when the command cord i s  not of easy ac- 

cess ( f i g .  7) . 

% 
22 % of single-family houses,however,complain about the  absence 

of flowrate control  i n  t h e  bathroom. A flowrate superior t o  t he  

usual value (30 m3/h) is  of ten desired i n  order t o  ease c lothes  

drying and vapour evacuation. 



Number of dwellings 

Hours 

Fig. no 6 : 64 single-family houses- 

Mean da i ly  duration of peak flowrate i n  kitchen 

The peak flowrate value seems t o  be highly dependent on the 

eff ic iency of the  a i r  evacuation. Although no precise  data 

i s  avai lable ,  it is f e l t  t h a t  a kitchen hood, provided it is 

adequately located above the  gas cooker leads t o  an impor- 

t a n t  reduction i n  peak flowrate duration. 

Fig. no 7 : 

Inadequate locat ion 

of exhaust vent i n  the  

kitchen - t he  command 

cord is not handy. 



Reciprocally, i f  the  valve,  a s  it happens sometimes, is 

inadequately located ( fo r  instance near the door separating 

t he  kitchen from o ther  rooms), the  peak flowrate is ra re ly  
(2) used . 

Air i n l e t s  and exhaust valves should be cleaned a t  regular 

i n t e rva l s  i n  order t o  remove dust ,  grease, e t c .  

Actually a i r  i n l e t s  a r e  ra re ly  cleaned fo r  the  simple reason 

t h a t  d i r t  is not v i s i b l e  and t h a t  they are not always ea s i l y  

removed f o r  cleaning. Exhaust valves are more frequently 

cleaned : According t o  occupants statements, t he  percentagiz) 

of occupants who do some cleaning a r e  the following : 

95 % of dwellings occupied by house owner 

75 % of dwellings occupied by tenants 

Problems re la ted  t o  valves cleaning are  the following : 

- some valves a r e  adjustable,  f o r  instance, by means of a 

screwed rod : A g rea t  deal  proved t o  be disadjusted by the  

occupants. 

- After removal f o r  cleaning, some other valves were d i f f i -  

c u l t  t o  r e i n s t a l l ,  which caused a noisy a i r  gap between 

the  valve and the  wall .  

Fig. 8 depicts f lowrate values a s  they have been measured 

i n  s ing le  and multi-family dwellings: 

The s c a t t e r  around the  standard value (30 m 3 / h )  may be 

accounted for  by inadequate s iz ing ,  fouling o r  disadjusted 

exhaust valve . 

The ac tua l  proportion is l i ke ly  t o  be lower because of possi- 

b l e  inaccuracies i n  occupants responses. 



important outcome of this s c a t t e r  occurswhen a gas appli- 

ance is f i t t e d  t o  the exhaust valve. Khen the flowrate hap- I 

pens t o  decrease beyond the  secur i ty  l i m i t ,  then gas supply 

is au tom~t i ca l l y  cu t  o f f ,  which may cause some occupants t o  

remove the regulating valve i n  order t o  increase the flow- 

r a t e .  

number of 
observations 

single-family dwellings multi-family dwellings 

Fig. 8 : Histogramme of flowratesmeasured a t  c loset  or 

bathroom exhaust valves 



2.4 Maintenance of i n s t a l l a t i o n  

With a few exceptions, no occupant has received appropriate 

technical  information on t h e  ven t i l a t ion  i n s t a l l a t i on  and the  

way it works. T h i s  can explain some of the following observa- 

t ions  : 

- cleaning of a i r  i n l e t s  i s  rarely  done 

- cleaning of the exhaust vent is usually l imited t o  i ts  v i s i -  

b l e  p a r t  : i n  extreme circumstances, vents may become inoper- 

a b l e  because of fouling i n  s p i t e  of exter ior  cleaning. 

- Thick carpeting may be i n s t a l l ed ,  which can block the  a i r  

passage i n  the  doorway and strongly reduce the room a i r  

renewal. 

- Maintenance of single-family houses fan un i t  is r a r e l y  

done : Three fan f a i l u r e s  (out of eighty dwellings) have 

been ascertained during CSTB survey without t h e  occupants 

being aware of it! 

Similarly,  the  CSTB Lnvestigator found t h a t  t he  fan b e l t  i n  

one of the  e igh t  multi-family buildingswas broken without any 

e f f ec t i ve  alarm transmission t o  the  building keeper. 

Lack of information t o  occupants seems therefore t o  be respon- 

s i b l e  f o r  i n su f f i c i en t  maintenance. It is f e l t  t h a t  b e t t e r  

information could be provided by technical  documentation and 

guidance f o r  maintenance marked on the  exhaust vent  i t s e l f .  

An encouraging observation(') i s  t h a t ,  i n  a group of single- 

family houses, maintenance was correct ly  carr ied on because of 

the  presence of an ac t ive  co-owners association.  

& 
In  other  respects,  a s  much a s  25 % of single-family dwellings 

.O 
managed t o  stop unduly the fan un i t  from time t o  time, main- 

l y  during the night! 

* An other 30% cu t  off the  fan during summer and holidays. 

a * ~ o r  instance e l e c t r i c  fuses may be removed. 



The alleged reasons were : discomfort due t o  noise, energy 
Y saving concern , necessity t o  cu t  t he  vent i la t ion before 

l igh t ing  a wood f i r e  i n  a f i rep lace ,  and a l so  secur i ty  concern 

during absence. 

2.5 Noise 

Noise i s  an important l imi ta t ion  of mechanical ven t i l a t ion .  

I t  can be produced i n  d i f f e r en t  ways : 

- by the exhaust vent i t s e l f  whenever the pressure difference 

i s  grea te r  than about 140 Pa 

- by the  fan u n i t  (vibrations and noise) 

- by noise transmission through r i s e r  duct between two adjoi- 

ning f l a t s  . 

This l a s t  ground is the  l e s s  frequent since only(2) one occu- 

pant out  of f i f t y  complains about it i n  multi-family dwellings. 

However, a s  a whole, 57 % of occupants i n  multi-family dwel- 

l ings  against  49 % i n  single-family houses consider t h a t  the 

i n s t a l l a t i o n  is noisy, which may cause some of occupants t o  

s e a l  t he  valves. 

On the  other  hand, i n  one of the multi-family buildings 

three  a i r  i n l e t s  were sealed because of f l u t t e r i ng  of 

the p l a s t i c  regulation valve under windy conditions. 

3 CONCLUSIONS 

The survey has put  i n to  evidence three  main points. :  

Occupant behaviour is  dependent on t h e i r  soc ia l  posi t ion and 

the kind of dwelling : ven t i l a t i on  needs are not exactly the  

same i n  single-family houses a s  i n  f l a t s  ; home owners are  

* In  some dwellings, the rad ia tors  were r i g h t  under the exhaust 

valve ! 



generally more cautious about maintenance than tenants ; occu- 

pants are  more concerned with energy savings and a i r  renewal 

reduction when the  heating i n s t a l l a t i o n  i s  individual.  

Obviously, a l o t  of occupants wish t o  enjoy a greater  possibi- 

l i t y  t o  manage themselves the ven t i l a t ion  i n s t a l l a t i on .  Presen- 

t l y ,  the  s ing le  pos s ib i l i t y  afforded t o  occupants is  t o  adjust  

the  flowrate i n  the kitchen. It is t o  be hoped t h a t  i n  the  

future ,  more control  p o s s i b i l i t i e s  w i l l  be afforded a s  w e l l  f o r  

a i r  i n l e t s  a s  fo r  exhaust valve flowrates . 
Some defau l t s  (noise, draughts, i n su f f i c i en t  flowrates, ...) are  

s t i l l  encountered, they should be avoided through b e t t e r  appli- 

cat ion of simple guide l i ne s ,  f o r  instance : valves should be 

ea s i l y  dismountable f o r  cleaning ; a i r  i n l e t s ,  exhaust valves 

and fan command should be cor rec t ly  located ; i n  order t o  pre- 

vent draughts and improve ven t i l a t ion  efficiency,  recommenda- 

t ions  fo r  cleaning should be marked on the  valves ; b e t t e r  

s iz ing,especial ly  i n  order do reduce noise,is expected. 

&i a whole, mechanical ven t i l a t ion  must therefore be s t i l l  i m -  

proved i n  order t o  b e t t e r  comply with occupants wishes. Never 

t he l e s s ,  it should be outl ined tha t ,  the way it is now ins ta l -  

led i n  Fran~e~mechanica l  ven t i l a t ion  succeeds i n  both preventing 

completely condensation annoyance and controll ing e f fec t ive ly  

the heat  losses  through a i r  renewal. 
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SYNOPSIS 

The bu i ld ings  b u i l t  according t o  t h e  l a t e s t  construc-  
t i o n  technology aiming a t  energy saving a r e  a s  t i g h t  
a s  poss ib le .  The v e n t i l a t i o n  of a  t i g h t  bu i ld ing  has 
t o  be completely mechanical (supply and exhaust a i r  
system). The hea t ing  of t h e  bu i ld ing  can a l s o  be in-  
cluded i n  t h e  mechanical v e n t i l a t i o n  system with s m a l l  
addi t ions .  The new warm a i r  hea t ing  system developed 
a t  t h e  Laboratory of Heating and Ven t i l a t ing  of t h e  
Technical Research Centre of Finland is  t h e r e f o r e  c a l -  
l ed  v e n t i l a t i o n  hea t ing  system. 

The v e n t i l a t i o n  hea t ing  system has s e v e r a l  p r o p e r t i e s  
t h a t  can be achieved only  when t h e  hea t ing  e f f e c t s  
needed by both hea t ing  and v e n t i l a t i o n  a r e  completely 
ad jus tab le  on a  room by room b a s i s .  Then t h e  f a c t o r s  
inf luencing  room c l imate  can be c o n t r o l l e d  with only 
one system. 

The v e n t i l a t i o n  hea t ing  system has s u f f i c i e n t  sound in- 
s u l a t i o n  and sound a t t e n u a t i o n  due t o  t h e  s t r u c t u r e  of 
t h e  c e n t r a l  u n i t  and r i g h t  s e l e c t i o n  of a i r  t e rmina l  
devices .  The exhaust a i r  flows a r e  con t ro l l ed  by t h e  
inhab i t an t  according t o  h i s  l o c a l  and temporal needs. 
The p ressu re  r a t i o s  of t h e  bui ld ing ,  and t h e  outdoor 
and exhaust a i r  flows, a r e  under c o n t r o l  i n  t h e  d i f f e r -  
e n t  f an  opera t ion  condi t ions .  The temperature of each 
room can be c o n t r o l l e d  with one a d j u s t i n g  knob accord- 
i n  t o  t h e  needs of t h e  i n h a b i t a n t .  The hea t ing  system 
i s  s u i t a b l e  f o r  upper-d is t r ibut ion  (blowing of warm a i r  
from t h e  wa l l  o r  c e i l i n g ) .  The room-based a i r  flows do 
not have t o  be c o n t r o l l e d  accura te ly  according t o  t h e  
hea t ing  need. The supply a i r  duc t s  need not  be h e a t  
insu la ted .  

The v e n t i l a t i o n  hea t ing  system p a r t i c u l a r l y  g i v e s  be t -  
t e r  changes t o  meet t h e  i n h a b i t a n t s '  expecta t ions  on 
t h e  hea t ing  and v e n t i l a t i o n  systems, and g ives  bases  
f o r  i n d u s t r i a l  production of a  new generat ion of w a r m  
a i r  hea t ing  and v e n t i l a t i o n  systems. 

1  INTRODUCTION AND BACKGROUND 

1.1 Need f o r  development i n  warm a i r  heat ing 

A s  a  h e a t  d i s t r i b u t i o n  system f o r  small  houses w a r m  a i r  
hea t ing  came t o  t h e  markets i n  i t s  p resen t  form i n  Fin- 
land i n  1976. It soon became more popular and reached 
t h e  t o p  of i t s  success  i n  1981. Since then t h e  propor- 
t i o n  of warm a i r  hea t ing  has considerably decreased i n  
small house production due t o  f a i l e d  system app l i ca -  
t i o n s  and s t rong  inc rease  i n  d i r e c t  e l e c t r i c  hea t ing .  



The i n v e s t i g a t i o n  / I /  has  evaluated t h e  need f o r  devel- 
opment of warm a i r  hea t ing  systems on t h e  b a s i s  of 
f i e l d  tests on t h e  e x i s t i n g  w a r m  a i r  hea t ing  systems. 
Much need f o r  development has  a l s o  been found i n  t h e  
l abora to ry  tests of warm a i r  hea t ing  c e n t r a l  u n i t s .  

Future v e n t i l a t i o n  and hea t ing  systems must t a k e  par- 
t i c u l a r l y  i n t o  account t h e  i n h a b i t a n t s '  expecta t ions  
on f l e x i b l e  hea t ing  and v e n t i l a t i o n  systems / 5 / :  s t a b l e  
room-controlled i d e a l  temperature,  s i l e n t  and e f f e c t i v e  
demand-controlled v e n t i l a t i o n .  

In  bu i ld ing  of new v e n t i l a t i o n  hea t ing  systems s p e c i a l  
a t t e n t i o n  was paid t o  t h e  development and experiments 
of t h e  following: t h e  t i g h t n e s s  and a c o u s t i c s  of ven- 
t i l a t i o n  hea t ing  system, room-based temperature con- 
t r o l ,  t h e  s p e c i a l  p r o p e r t i e s  of high s idewal l  supply 
o u t l e t s ,  c o n t r o l  of t h e  outdoor a i r  and exhaust  a i r  
flows i n  t h e  d i f f e r e n t  fan  opera t ion  cond i t ions ,  l o c a l  
and temporal c o n t r o l  of exhaust a i r  v e n t i l a t i o n .  

The opera t ion  of t h e  v e n t i l a t i o n  hea t ing  system devel- 
oped on t h e  b a s i s  of l abora to ry  tests has been s tud ied  
i n  t h e  t i g h t  ( 1 , l  a i r  changes per  hour a t  50 Pa) 1,5- 
s t o r y  experimental  house ( 88 W/K thermal conductance 
of bu i ld ing  envelope) of t h e  Technical Research Centre 
of Finland. 

1.2 Why v e n t i l a t i o n  hea t ing?  

According t o  t h e  l a t e s t  cons t ruc t ion  technology t h e  
bu i ld ings  have been made a s  t i g h t  a s  poss ib le .  The 
v e n t i l a t i o n  of a  t i g h t  bu i ld ing  has t o  be completely 
mechanical (mechanical supply and exhaust a i r  system). 
With small  add i t ions  hea t ing  of t h e  bui ld ing  can a l s o  
be included i n  mechanical v e n t i l a t i o n .  

I f  outdoor a i r  i s  no t  suppl ied i n t o  the  bu i ld ing  me-. 
chan ica l ly ,  s u f f i c i e n t  supply a i r  openings f o r  outdoor 
a i r  have t o  be arranged i n  t h e  bui ld ing  envelope, most- 
l y  by leaving  supply a i r  openings without weather s t r i p  
i n  t h e  upper sashes.  Thus, i n  order  t o  guarantee suf -  
f i c i e n t  v e n t i l a t i o n  t h e  bu i ld ing  has d e l i b e r a t e l y  been 
made leaky. 

The sound i n s u l a t i o n  of a  t i g h t  bui ld ing  equipped wi th  
mechanical v e n t i l a t i o n  i s  s i g n i f i c a n t l y  b e t t e r  than 
t h a t  of a  d e l i b e r a t e l y  leaky bui ld ing .  Tightness is 
one of t h e  most important p r o p e r t i e s  of a  bui ld ing  when 
we  t r y  t o  reach good sound i n s u l a t i o n .  



VENT1 LATI ON HEATING SYSTEM 
1, SUPPLY A I R  FAN T F  
2, EXHAUST A I R  FAN P F  

5. HEAT RECOVERY DEVICE 

9 ,  DEVICE FOR MEASUREMENT OF 
OUTDOOR A I R  FLOW 

10. DEVICE FOR MEASUREMENT OF 
EXHAUST A I R  FLOW 

11, DEVICE TO INCREASE EXHAUST A I R  , 

Figure 1. Air technical diagram of the ventilation heating system / 3 / .  



Figure 2 .  Operat ional  diagram of t h e  warm water 
hea t ing  network of t h e  v e n t i l a t i o n  hea t ing  
system. Bo i l e r  p l a n t ,  two-pipe reverse-re-  
t u r n  system / 3 / .  

2 - 1  A i r  t e c h n i c a l  ope ra t ion  

Supply a i r  f a n  (hea t ing  a i r  and outdoor a i r  f a n )  TF 
opera tes  i n  two d i f f e r e n t  p o s i t i o n s  ( r o t a t i o n  speed o r  
vo l t age  c o n t r o l ) ,  of which t h e  c o n t r o l  p o s i t i o n  with 
h igher  a i r  flow is  used under t h e  hea t ing  season and 
t h e  saving p o s i t i o n  with smaller  a i r  flow a t  o t h e r  
t i m e s .  The minimum a i r  flow needed by t h e  supply a i r  
f an  a t  o t h e r  t imes i s  adjus ted  with t h e  a i d  of r e c i r c -  
u l a t i o n  a i r  damper SP thus  t h a t  t h e  maximum outdoor a i r  
flow is  reached when t h e  supply a i r  fan  is  a t  i t s  
minimum when t h e  exhaust  a i r  f a n  opera tes  a t  i t s  maxi- 
mum. 

The flow r a t i o  r e g u l a t o r  F r C  of t h e  outdoor a i r  and ex- 
haus t  a i r  flows keeps t h e  d i f f e r e n c e  between t h e  ex- 
haus t  and outdoor a i r  flow cons tan t ,  even though t h e  
a i r  f i l t e r s  g e t  d i r t y ,  and p r o t e c t s  t h e  hea t  recovery 
device from f reez ing .  The regu la to r  F r C  c o n t r o l s  t h e  
outdoor a i r  flow according t o  t h e  exhaust a i r  flow and 
keeps negat ive  p ressu re  i n  t h e  house, The flow r a t i o  
r e g u l a t o r  i s  ad jus ted  s o  t h a t  t h e  maximum outdoor a i r  
flow is  about 70 - 80 % of t h e  maximum exhaust  a i r  flow. 
The d i f f e r e n c e  between exhaust a i r  flow and outdoor a i r  
flow remains almost cons tan t  wi th in  t h e  whole flow 
range. 



The exhaus t  a i r  f a n  PF o p e r a t e s  cont inuous ly  w i t h  an  
a i r  f low corresponding t o  minimum v e n t i l a t i o n  ra te .  
The exhaus t  a i r  t e r m i n a l  dev ices  of  mois t  rooms ( e .g .  
t o i l e t  and bathroom) a r e  s i l e n t  dev ices  equipped wi th  a  
p o s s i b i l i t y  of  i n c r e a s i n g  a i r  flow. The i r  dampers ena- 
b l e  e a s y  spa t io t empora l  c o n t r o l  o f  exhaus t  a i r  v e n t i l a -  
t i o n .  Ki tchen v e n t i l a t i o n  can be inc reased  wi th  t h e  
damper o f  t h e  hood. T o t a l  v e n t i l a t i o n  can be inc reased  
with  t h e  c o n t r o l  knob i n  t h e  hood by i n c r e a s i n g  t h e  ro-  
t a t i o n  speed o f  t h e  exhaus t  a i r  f a n .  When t h e  exhaus t  
a i r  f a n  s t o p s  t h e  t i g h t  damper of  t h e  outdoor a i r  duc t  
c l o s e s .  

The room-based a i r  f lows o f  an a i r  ductwork a r e  ad- 
j u s t ed  wi th  t h e  a i d  of s u f f i c i e n t l y  h igh  p r e s s u r e  
( >  50 Pa) and s i l e n t  a i r  t e r m i n a l  dev ices .  The r e c i r c -  
u l a t i o n  a i r  i s  c i r c u l a t e d  on a room by room b a s i s  (sound 
i n s u l a t i o n )  o r  l e d  c e n t r a l l y  through i n d i v i d u a l  room 
t r a n s f e r  openings  under t h e  doors  and hallways t o  t h e  
c e n t r a l  u n i t .  

Outdoor a i r  i s  prehea ted  p r i m a r i l y  i n  t h e  h e a t  recovery 
device  and when mixed w i t h  t h e  r e c i r c u l a t i o n  a i r .  I n  
a d d i t i o n ,  a i r  i s  hea ted  1  - 2  K i n  t h e  supply a i r  f an .  
The r e c i r c u l a t i o n  a i r  f low is  a d j u s t e d  wi th  t h e  a i d  of  
r e c i r c u l a t i o n  damper SP t h u s  t h a t  a t  maximum outdoor  
a i r  f low t h e  tempera ture  o f  t h e  a i r  blown i n t o  t h e  
ductwork does  n o t  wi th  d e s i g n  outdoor  temperature  s i n k  
below t h e  dew p o i n t  t empera ture  of  t h e  a i r  surrounding 
t h e  n o t  t he rma l ly  i n s u l a t e d  ductwork. A p r a c t i c a l  de- 
s i g n  va lue  f o r  t h e  r e c i r c u l a t i o n  a i r  f low could be 
t w i c e  t h e  ou tdoor  a i r  f low.  

I n  t h e  t i g h t  1 ,5 - s to ry  exper imenta l  house t h e  t o t a l  
warm supply a i r  f low w a s  119 dm3/s, mechanically sup- 
p l i e d  outdoor  a i r  f low w a s  34 dm3/s and t h e  exhaus t  a i r  
f low w a s  52 dm3/s. The w a r m  s u  p l y  a i r  f lows o f  t h e  S d i f f e r e n t  rooms w e r e  15 - 21 dm /s. 

A room-based t e r m i n a l  h e a t  t r a n s f e r  u n i t  HLY h e a t s  t h e  
low tempera ture  ( >  10°c) a i r  i n  t h e  supply a i r  d u c t  and 
t h e  room. The rooms can be hea ted  wi th  warm w a t e r  o r  
e l e c t r i c a l  h e a t i n g  c o i l s .  The t e r m i n a l  h e a t  t r a n s f e r  
u n i t  comprises  room tempera ture  s enso r  TE and c o n t r o l  
u n i t  TC. 

The s t r u c t u r e  of  t h e  c e n t r a l  u n i t  of  t h e  v e n t i l a t i o n  
h e a t i n g  system i s  simple.  Af t e r  t h e  pread jus tments  of 
t h e  a i r  f lows t h e  system works au toma t i ca l ly .  The de- 
s i r e d  room tempera ture  can  be a d j u s t e d  wi th  t h e  c o n t r o l  
knob i n  t h e  h e a t i n g  u n i t  i n  each room. 



2 . 2  Heat t e c h n i c a l  ope ra t ion  

Control c e n t r e  TC 1  of  t h e  hea t ing  water network con- 
t r o l s  t h e  r e g u l a t i n g  valve (e .g .  two- o r  three-way 
va lve)  on t h e  b a s i s  of t h e  measurement va lues  of supply 
water temperature sensor  TE 1A and heat  need sensor 
(e.g.  outdoor a i r  sensor)  TE 1B and keeps t h e  supply 
water temperature according t o  t h e  s e t  p o i n t s  of TC 1 .  
The set p o i n t s  of t h e  temperature of t h e  water going t o  
t h e  t e rmina l  hea t  t r a n s f e r  u n i t s  a r e  s e l e c t e d  thus  t h a t  
i n  normal loadings each room can always have enough 
hea t ing  e f f e c t  f o r  hea t ing  and v e n t i l a t i o n .  A bypass 
pipe equipped with flow c o n t r o l  valve i s  i n s t a l l e d  i n  
t h e  water hea t ing  network f o r  a small bypass flow i n  
o rde r  t h a t  t h e r e  i s  always f a s t  enough hea t  a v a i l a b l e  
f o r  each hea t ing  c o i l  and a t  t h e  same t i m e  t h e  disad- 
vantageous pressure  condi t ions  of c o i l  r egu la to r  valve 
a r e  avoided. The water flows of t h e  heat ing c o i l s  a r e  
l i m i t e d  according t o  t h e  design condi t ions .  The room- 
wise temperature c o n t r o l l e d  va lves  TV 2 .1  - TV 2 . 5  
t h r o t t l e ,  when needed, t h e  water flow of t h e  hea t ing  
c o i l s  according t o  t h e  need f o r  heat ing.  

Even water r a d i a t o r s  can be i n s t a l l e d  i n  t h e  heat ing,  
network, e .g .  f o r  t h e  k i tchen,  garage and wind chamber. 

The hea t ing  water network according t o  two-pipe re-  
verse- re turn  system presented i n  Figure 2  should 

t e c h n i c a l l y  be dimensioned thus  t h a t  t h e  pressure  
l o s s  of t h e  pipe i s  lower than 1 0 0  Pa/m and t h e  pres- 
su re  l o s s e s  of t h e  c o i l  o r  r a d i a t o r  valves a r e  higher 
than  2  kPa / 2 / .  

3 ADJUSTMENT OF ROOM TEMPERATURE 

I n  t h e  v e n t i l a t i o n  hea t ing  system t h e r e  i s  during t h e  
hea t ing  season f o r  each room simultaneously a v a i l a b l e  
both hea t ing  and cool ing  e f f e c t  and room temperature 
can simply be s e l e c t e d  with a c o n t r o l  knob i n  t h e  wa l l .  
Figure 3 shows a t y p i c a l  c o n t r o l  s i t u a t i o n  of a room 
temperature i n  t h e  experimental  house on a sp r ing  day. 
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Figure  3 -  P r o p e r t i e s  o f  room-based temperature  c o n t r o l  
i n  t h e  v e n t i l a t i o n  h e a t i n g  system on a sunny 
s p r i n g  day. 
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4 PREADJUSTMENT OF A I R  FLOWS 

I n  t h e  v e n t i l a t i o n  h e a t i n g  system t h e  c e n t r a l  u n i t  i s  
placed i n  t h e  middle of  t h e  b u i l d i n g .  The sound a t t e n -  
ua ted  and low tempera ture  a i r  from t h e  c e n t r a l  u n i t  i s  
supplied and d i s t r i b u t e d  a t  high l e v e l  along sho r t  un- 
i n su l a t ed  a i r  ducts  a t  a  high enough pressure t o  the  
s i l e n t  a i r  t e r m i n a l  dev ice  on t h e  back o r  s i d e  w a l l  of 
each room. No o t h e r  sound g e n e r a t i n g  dampers are 
needed i n  t h e  d u c t s .  The h e a t i n g  c o i l  i n  each room can 
be i n  t h e  a i r  d u c t  r i g h t  o u t s i d e  t h e  room o r  i n  t h e  a i r  
t e r m i n a l  dev ice .  

A t  an a i r  f low cor responding  t o  maximum h e a t i n g  e f f e c t  
o r  maximum exhaus t  a i r  v e n t i l a t i o n  rate t h e  s u f f i c i e n -  
t l y  h igh  p r e s s u r e  and s i l e n t  supply and exhaus t  a i r  
t e r m i n a l  d e v i c e s  should m e e t  t h e  fo l lowing  r e q u i r e -  
ments : 

- t o t a l  p r e s s u r e  l o s s  > 50 Pa 
- h i g h e s t  accep ted  sound p r e s s u r e  l e v e l  i n  a room (10 

m2 sound abso rp t ion )  25 dB (A)  . 
A smal l  a i r  tempera ture  g r a d i e n t  is  reached i n  t h e  room 
when t h e  throw cor responding  t o  t h e  t e r m i n a l  v e l o c i t y  
0,2 m / s  of  t h e  supply a i r  d e v i c e ' s  warm a i r  f low i s  a t  
l e a s t  t h e  f r e e  l e n g t h  o f  t h e  room and t h e  supply a i r  
t e rmina l  dev ice  has  good a i r  mixing p rope r t i e s ,  f i g u r e  
4 .  
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Figure  4 .  Indoor a i r  tempera ture  g r a d i e n t  i n  a bedroom 
hea ted  by t h e  v e n t i l a t i o n  h e a t i n g  system on  
a win te r  n i g h t .  

The preadjustment  and sound t e c h n i c a l  p r o p e r t i e s  re- 
q u i r e d  of  t h e  a i r  t e r m i n a l  d e v i c e s  combined wi th  good 
a i r  d i s t r i b u t i n g  p r o p e r t i e s  make a g r e a t  p a r t  of t h e  
marketed supply a i r  d e v i c e s ,  e . g .  g r i l l e s  and r e g i s -  
ters, u n s u i t a b l e  f o r  t h e  v e n t i l a t i o n  h e a t i n g  systems.  

I n  t h e  v e n t i l a t i o n  h e a t i n g  system t h e  room-based warm 
a i r  f lows  do no t  have t o  be e x a c t l y  accord ing  t o  t h e  
h e a t  l o s s e s  of  t h e  rooms, because t h e  h e a t i n g  e f f e c t s  
needed by t h e  rooms are t r a n s f e r r e d  t o  t h e  a i r  from 
s e p a r a t e  h e a t i n g  c o i l s .  The h e a t i n g  a i r  f low i n  t h e  
room s h a l l  be s u f f i c i e n t  i n  o r d e r  t h a t  t h e  h e a t i n g  e f -  
f e c t  corresponding t o  t h e  des ign  s i t u a t i o n  can be 
t r a n s f e r r e d  t o  t h e  room from t h e  h e a t i n g  c o i l .  The 
w a r m  a i r  f lows  of t h e  rooms s h a l l  be l i m i t e d  t h u s  t h a t  
t h e  sound l e v e l s  of  t h e  a i r  t e r m i n a l  dev ices  a r e  low 
enough. 

F igu re  5 / 4 /  shows t h e  i n t e r a c t i o n s  between t h e  supply 
a i r  tempera ture  and w a r m  a i r  f low rate i n  an  upper d i s -  
t r i b u t e d  w a r m  a i r  h e a t i n g  system, By s e l e c t i n g  t h e  
r i g h t  supply a i r  t empera tures  and a i r  f lows w e  can ob- 
t a i n  good room c l i m a t e .  



Figure 5.  I n t e r a c t i o n s  between supply a i r  temperature 
and warm a i r  flow r a t e  i n  an upper d i s t r i b -  
u ted  warm a i r  hea t ing  system / 4 / .  
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5 NOISE CONTROL 

1 2 3 l/h 

WARM A I R  FLOW 

A t  maximum a i r  flow t h e  t o t a l  sound power l e v e l s  a r e  
about 79  - 87 dB a t  t h e  i n l e t s  and o u t l e t s  of t h e  fans 
of t h e  v e n t i l a t i o n  hea t ing  system. This means use of 
very e f f e c t i v e  noise c o n t r o l  i n  o rde r  t o  reach t h e  
noise l e v e l s  accepted i n  rooms, 25 - 30 dB(A). I n  bed- 
rooms t h e  sound l e v e l  should be 25 dB(A) a t  most. 

In  t h e  v e n t i l a t i o n  hea t ing  system a l l  t h e  noise  c o n t r o l  
( v i b r a t i o n  i s o l a t i o n  and sound a t t e n u a t i o n  of f ans  and 
sound i n s u l a t i o n  of t h e  cas ing)  have been made i n  t h e  
c e n t r a l  u n i t .  I n  a d d i t i o n ,  the  r i g h t  type of s u f f i -  
c i e n t l y  high pressure  and s i l e n t  a i r  terminal  devices  
a r e  s e l e c t e d  f o r  preadjusment of t h e  a i r  flows i n  t h e  
rooms and max 3 - 4 m / s  flow v e l o c i t i e s  a r e  used i n  t h e  
a i r  duc t s .  

6 A I R  FILTRATION 

The need of f i l t e r i n g  t h e  outdoor,  r e c i r c u l a t i o n  and 
exhaust a i r  used i n  t h e  v e n t i l a t i o n  hea t ing  system can 
be es i tmated  on t h e  b a s i s  of both equipment and room 
s o i l i n g  and s a n i t a r y  viewpoints.  



I n  t h e  v e n t i l a t i o n  hea t ing  system t h e  e f f i c i e n c y  and 
s t r u c t u r e  of t h e  a i r  f i l t e r s  can f r e e l y  be s e l e c t e d  
according t o  need of f i l t e r i n g .  Bypass flows of t h e  
a i r  f i l t e r s  must be prevented,  

6.1 Outdoor a i r  f i l t e r s  

A t  least t h e  l a r g e s t  d u s t  p a r t i c l e s  have t o  be f i l t e r e d  
from t h e  outdoor a i r  t o  keep t h e  h e a t  recovery device 
c l ean .  A good p r e f i l t e r  i s  s u f f i c i e n t .  I f  t h e  outdoor 
a i r  has  high d u s t  con ten t  and p l e n t y  of small  p a r t i c l e s  
a t  l e a s t  a  f i n e  f i l t e r  of Eurovent a i r  f i l t e r  c l a s s  EU4 
has  t o  be used. 

6.2 Reci rcula t ion  a i r  f i l t e r s  

The development of d u s t  i n  t h e  apartment i s  dec i s ive  
f o r  t h e  d u s t  content  of t h e  r e c i r c u l a t i o n  a i r .  The 
d u s t  and t e x t i l e  f i b r e s  developed due t o  f r i c t i o n  a r e  
r e l a t i v e l y  l a r g e .  A good p r e f i l t e r  should be s u f f i -  
c i e n t  f o r  f i l t e r i n g  them. The p a r t i c l e s  of c i g a r e t t e  
smoke a r e  < 1  pm while  t h e  average p a r t i c l e  s i z e  i s  
about 0 , l  urn. E f f i c i e n t  f i l t e r i n g  of these  p a r t i c l e s  
a s  w e l l  a s  o t h e r  small  p a r t i c l e s  hazardous t o  hea l th  
r e q u i r e s  very good f i n e  f i l t e r s  ( a t  l e a s t  EU7). 

6.3 Exhaust a i r  f i l t e r s  

Exhaust a i r  con ta ins  i n  a d d i t i o n  t o  r e c i r c u l a t i o n  a i r  
d u s t  a l s o  grease  from t h e  k i tchen.  A k i tchen  grease 
f i l t e r  p r o t e c t i n g  t h e  duc t s  and a  good p r e f i l t e r  pro- 
t e c t i n g  t h e  hea t  recovery device should be s u f f i c i e n t  
f o r  exhaust  a i r  f i l t e r i n g .  

7 CONCLUSIONS 

7.1 The advantages of t h e  v e n t i l a t i o n  hea t ing  system 

The v e n t i l a t i o n  hea t ing  system has severa l  p r o p e r i t e s  
t h a t  can be achieved only  when t h e  hea t ing  e f f e c t s  
needed by both hea t ing  and v e n t i l a t i o n  a r e  completely 
a d j u s t a b l e  on a  room by room b a s i s .  Then t h e  f a c t o r s  
in f luenc ing  room c l ima te  can be con t ro l l ed  with only 
one system. 

The s p e c i a l  advantages of v e n t i l a t i o n  hea t ing  systems 
a r e  : 

- The v e n t i l a t i o n  hea t ing  system has s u f f i c i e n t  sound 
i n s u l a t i o n  and sound a t t e n u a t i o n  due t o  t h e  s t r u c t u r e  
of t h e  c e n t r a l  u n i t  and r i g h t  s e l e c t i o n  of a i r  t e r -  
minal devices .  



- The exhaust a i r  flows a r e  c o n t r o l l e d  by t h e  inhab- 
i t a n t  according t o  h i s  l o c a l  and temporal needs. 

- The p ressure  r a t i o s  of t h e  bui ld ing ,  and t h e  outdoor 
and exhaust  a i r  f lows, a r e  under c o n t r o l  i n  t h e  d i f -  
f e r e n t  fan  opera t ion  condi t ions .  

- Each room can be both heated and cooled. 

- The temperature of each room can be c o n t r o l l e d  with 
one a d j u s t i n g  knob according t o  t h e  needs of t h e  in-  
h a b i t a n t .  

- The room-based a i r  f lows do no t  have t o  be c o n t r o l l e d  
accura te ly  according t o  t h e  hea t ing  need. 

- The hea t ing  system i s  s u i t a b l e  both f o r  a  high and 
low temperature system. 

- The hea t ing  system i s  s u i t a b l e  f o r  a  so-cal led mixed 
system (it i s  not  p r o f i t a b l e  t o  h e a t  a l l  t h e  rooms 
with a i r )  . 

- The hea t ing  system i s  s u i t a b l e  f o r  upper-d is t r ibut ion  
(blowing of warm a i r  from t h e  wal l  o r  c e i l i n g ) .  

- The supply a i r  ducts  need not  be thermally insu la ted .  

- The a i r  f i l t e r s  can be s e l e c t e d  according t o  need. 

7 - 2  Needs f o r  f u r t h e r  development 

Several  needs f o r  development of s i n g l e  devices  have 
emerged dur ing  t h e  development of t h e  v e n t i l a t i o n  
hea t ing  system. The small  a i r  hea t ing  c o i l s  wi th  room 
thermosta ts  and s u i t a b l e  flow r a t i o  r egu la to r  f o r  out-  
door and exhaust  a i r  f lows needed are not  on sale. The 
c o s t  of t h e  pro to types  developed have, however, been 
small ,  Figure 6 / 6 / .  The indus t ry  shou1.d develop, f o r  
ins tance ,  t h e  following s u f f i c i e n t l y  cheap components 
s u i t a b l e  f o r  t h e  v e n t i l a t i o n  hea t ing  system: 

- flow r a t i o  r egu la to r  of outdoor and exhaust '  a i r  flows, 
- t i g h t  dampers f o r  a i r  flow, 
- small  a i r  h e a t e r s  f o r  each room, 
- s u f f i c i e n t l y  high p ressu re  and s i l e n t  a i r  t e rmina l  

devices ,  
- v i b r a t i o n  i s o l a t o r s  f o r  small  f ans .  

The development of v e n t i l a t i o n  hea t ing  system g ives  
bases  f o r  i n d u s t r i a l  product ion of a new generat ion of 
warm a i r  hea t ing  and v e n t i l a t i o n  systems. 



FREE ATMOSPH 

Figure 6. Flow r a t i o  r e g u l a t o r  of outdoor and exhaust 
a i r  flows i n  t h e  v e n t i l a t i o n  hea t ing  system, 
p r i n c i p l e  of se l f con ta ined  cascade c o n t r o l  
/6 / -  

The v e n t i l a t i o n  hea t ing  system p a r t i c u l a r l y  g ives  be t -  
t e r  changes t o  meet t h e  i n h a b i t a n t s '  expecta t ions  on 
t h e  hea t ing  and v e n t i l a t i o n  systems. 

Acknowledgements 

The author  wish t o  acknowledge t h e  support  of Minis try 
of Trade and Indus t ry ,  Finland ( K T M ) .  

References 

/ I /  Heikkinen, J., R a i l i o ,  J , ,  Heinola, R . ,  Warm a i r  
hea t ing  i n  s m a l l  houses. Espoo 1982. Technical 
Research Centre of Finland VTT, Laboratory of 
Heating and V e n t i l a t i n g ,  VTT Research Reports 132, 
pp. 136, Finnish,  English a b s t r a c t .  

/ 2 /  Kohonen, Rei jo,  Lai t inen ,  A r i ,  Virtanen, Markku, 
Hydraulic and thermal performance of water r a d i a t o r  
network. Espoo 1985. Technical Research Centre of 
Finland VTT, Laboratory of Heating and Ven t i l a t ing ,  
VTT Research Reports 359, pp. 185, Finnish,  English 
a b s t r a c t .  

/ 3 /  Laine, Juhani,  Heating v e n t i l a t i o n  i n  small  houses. 
Hels inki  1985. Minis try of Trade and Indus t ry ,  
Finland ( K T M ) ,  D:82, pp, 4 7 ,  Finnish,  English sum- 
mary. 



/ 4 /  Lindgren, Jan ,  O . ,  Luftburen varme mdste i n t e g r e r a s  
i bostadsbyggandet. Ldga e f f e k t e r  t ack  v a r e  e l ak -  
kraven. W S  & Energi 2/1985. pp. 67 - 6 9 .  

/ 5 /  Luoma-Juntunen, P i r j o ,  Asukkaiden LVI-odotukset, 
Asuntouut i se t  6 - 7, 1982. 

/ 6 /  Niskanen, Erkki ,  J . ,  Volume flow c o n t r o l l e d  con- 
s t a n t  flow va lve .  Drawing no. 844/149.83, 7.2.1984, 





OCCUPANT INTERACTION WITH VENTILATION SYSTEMS 

7th AIC Conference, Stratford-upon-Avon, U K  
29 September - 2 October 1986 

PAPER 9 

USER CONTROLLED EXHAUST FAN VENTILATION IN ONE-FAMILY 
HOUSES 

Ake Blomsterberg 

Swedish National Testing Institute 
Box 857 
S-501 15 Borss 
Sweden 





SYNOPSIS 

A group of 18 identical well-insulated experimental 
houses in Sweden, utilizing a user controlled exhaust 
fan ventilation system, was monitored during 1985- 
1986. 

The ventilation rate can be controlled by the user by 
adjusting the fan speed with a conveniently located 
three-way switch. No heat recovery is provided for, 
the idea being that the average ventilation rate will 
be low, thereby saving energy. 

The houses are described. The results from measure- 
ments of ventilation efficiency, ventilation rates. 
run time of fan speeds and energy consumption are 
presented. 

The investigation has shown that a simplified exhaust 
fan ventilation system can lead to a comfortable in- 
door climate. 

The results so far indicate that the average yearly 
consumption of electricity for space heating, hot 
water heating and household use will be as predicted 
i.e. 12,000 kwh, compared with approximately 20,000 
kwh for a well-built house that meets the current 
Swedish National Building Code. This energy saving 
was achieved by insulating and tightening the houses 
very well and installing a user controlled ventila- 
tion system. 

INTRODUCTION 

A group of 18 identical well-insulated experimental 
houses in Stockholm, Sweden, utilizing a user con- 
trolled exhaust fan ventilation system, have been 
built during 1984. 

The main principles behind the design of the houses 
were: 

- energy efficient and inexpensive design 
- well-insulated and tight building envelope 
- resource efficient lightweight construction tech- 
nique 

- simple foundation 
- simple heating system with individual thermostats 
- energy and water efficient appliances 
- instructive owner's manual 
- a simple ventilation system 



The ventilation rate can be controlled by the user by 
adjusting a conveniently located three-way switch. No 
heat recovery is provided for, the idea being that 
the average ventilation rate will be low, thereby 
saving energy. The houses were monitored during 1985 
and 1986, to assess both thermal performance and com- 
fort conditions. 

2. DESCRIPTION OF THE HOUSES 

2.1 General ~escri~tion 

All 18 houses are modern wood frame constructions. 
They are heated with electric baseboard heaters. The 
houses are 119 m2, with three bedrooms upstairs, a 
kitchen, and a living room downstairs (see figure 1). 

The houses have an exhaust ventilation system. me- 
chanically controlling the exhaust air. There are 
exhaust vents in bathrooms, laundry, and kitchen, 
Nine of the houses have additional exhaust vents in 
the bedrooms, Every house has special vents to the 
outside for supplying fresh air. The ventilation rate 
can be controlled by the user by adjusting a conve- 
niently located three-way switch: 1 (no one at home) 
= 0.1 air changes per hour. 2 (the whole family at 
home) = 0.3 air changes per hour, 3 (maximum) = 0.5 
air changes per hour. When the stove is used the ven- 
tilation rate can be increased by further opening the 
outlet device located above the stove. The total air 
flow through the exhaust fan will remain the same. If 
this isn't enough the fan speed can be increased with 
the switch mentioned above. 

2 -2 Enerqv Conservation 

Insulation: Mineralwool insulation was installed in 
walls, ceilings, and floors (above a crawl space) in 
all houses. Thermal resistance of the building enve- 
lope is much better than in most conventional Swedish 
houses. Walls have U-values of 0.13 w / ~ ~ K ,  roofs of 
0.10 W/m2~, floors of 0.18 bI/m2K. For windows 
quadruple-glazing (U-values below 1.6 w/m2~) was 
used. 

Tightness: As a moisture and air barrier, a conti- 
nuous polyethylene sheet was employed between the in- 
sulation and the interior finish of walls, ceiling 
and floor. This was done for all houses except one. 
The number of penetrations through the continuous 
polyethylene sheet was limited. The building eneve- 
lope of all houses meets Sweden's National Building 
Code requirement for airtightness, 3.0 air changes 
per hour at 50 Pa (excluding vents). The average 



tightness is 1.6 air changes per hour, excluding the 
house without polyethylene sheet, which has a value 
of 3.1. Traditional modern Swedish construction 
(those buildings erected prior to Sweden's 1975 in- 
troduction of airtightness standards) commonly evi- 
dence 5.5 air changes per hour. 

Heat recovery: No heat is recovered. Instead of re- 
covering heat from the exhaust air substantial energy 
savings are achieved if the occupants lower the ven- 
tilation rate e.g. when they aren't at home. The 
average ventilation rate will then be low. 

3 - DESCRIPTION OF MONITORING PROGRAM 

The houses were monitored continuously for 2.0 years, 
to assess both thermal performance and comfort condi- 
tions ( 1 2 )  Short unoccupied periods were used for 
special measurements and one-time tests which inclu- 
ded the following: 

- pressurization (airtightness) (3) 
- tracer gas measurements (ventilation efficiency and 
ventilation rates including mechanical ventilation 
and air infiltration) (4,5,6) 

- infrared photography scans (airtightness and ther- 
mal insulation) 

- air flow mesurements in ducts 
- indoor temperature measurements. 

During the long-term monitoring the following factors 
were recorded: 

- electric energy use, measured separately for space 
heating, hot water, and household 

- indoor and outdoor temperature 
- run time for different exhaust fan speeds etc. 

4 .  RESULTS 

4.1 Ventilation Rates 

The ventilation rates i.e. the supply of fresh air 
from the outside was monitored using the constant 
concentration tracer gas technique. The measurements 
show that the ventilation rate for the whole house 
was as planned, 0.25 air changes per hour (70 m3/h) 
when the exhaust fan is set on the l1at homeu position 
and 0.15 air changes per hour (50 m3/h) when set on 
the "no one at homeu position. Some variation with 
time can be noticed (see figure 2 and 3). This varia- 
tion shouldn't have any practical significance. The 



above results weren't obtained the first time the 
measurements were made. More than half a year of 
changing and adjusting the ventilation system was 
required by the contractor to obtain the desired 
ventilation. 

The measured mechanical ventilation rate is somewhat 
higher then the measured total ventilation rate i.e. 
the sum of mechanical ventilation and air infiltra- 
tion, The difference is within the inaccuracy of the 
two measurements. A definite conclusion which can be 
drawn is that the air infiltration is usually yery 
small i.e. all the air is leaving the house through 
the exhaust fan. When the fan is turned off the air 
infiltration will be approximately 0.10 air changes 
per hour. 

The amount of fresh air supplied to individual rooms 
varies with the outdoor temperature and the wind. The 
total ventilation rate for the whole house is almost 
constant, When the temperature sank drastically the 
supply of fresh air directly from the outside in- 
creased on the first floor and decreased on the 
second floor (see figure 4 . 5 , 6  and 7). This can be 
explained by the change in pressure distribution 
caused by the temperature drop. There was a shift in 
the pressures caused by the exhaust fan. Then the air 
flow from the first floor to the second floor was 
probably increased. 

If the house had been tighter the shift in ventila- 
tion would have been less drastic. The actual air- 
tightness for this particular house was 2.4 air 
changes per hour (excluding the vents). In a previous 
report (7) it was estimated that the airtightness for 
a house with an exhaust fan ventilation system should 
be better than 3.0 air changes per hour (including 
vents). 

All individual rooms get fresh air directly from the 
outside. There doesn't seem to be any difference in 
the bedroom ventilation rates between houses where 
the used air is removed directly out of the bedrooms 
(parallell flow) as opposed to indirectly (serial 
flow) (see table 1). By indirectly is meant that the 
outgoing air has to pass through an adjoining room. 
i.e. the upstairs hall, before leaving the house, 
through the exhaust vent in the bathroom. 



Table 1. Average ventilation rate i.e. fresh air 
coming directly from the outside into the 
individual rooms. ................................................................. 

Serial flow Parallel flow 
...................................................... 
Outdoor temp. 1 OC 0.6 OC 
Wind speed 0.6 m/s 0.6 m/s 
Duration of measurements 17 h 12 h 
...................................................... 
Living room 5 m3/h 14 m3/h 
Hall downstairs 28 m3/h 10 m3/h 
Laundry 7 m3/h 6 m3/h 
Kitchen 1 m3/h 3 m3/h 
Entrancehall 6 m3/h 18 m3/h 
Master bedroom 9 m3/h 10 m3/h 
Bedroom 4 m3/h 5 m3/h 
Bedroom 4 m3/h 4 m3/h 
...................................................... 
Total 64 m3/h 70 m3/h ................................................................ 
The average mechanical ventilation rate during the 
heating season (November through March) is 0.3 air 
changes per hour, which is as predicted. This value 
is based on recorded values of run times (see table 
2) for the different settings of the fan speed and 
one-time tests of the ventilation rates. 

Table 2. Recorded values of run times (hours) for 
different settings of the exhaust fan 
speed for the period November through 
 arch. All 18 houses are included. ................................................................. 

Fan setting. 0.1 0.3 0.5 
air changes per hour 
................................................................. 
~ ~ w e s t  0.0 h 1,390 h 12 h 

Average 875 h 2.700 h 200 h 

Highest 2,620 h 3.575 h 600 h 

4.2 Ventilation Efficiency 

The ventilation efficiency was measured using the 
tracer gas decay technique. The decay was monitored 
in 17 different points. 

The distribution of fresh air within the individual 
rooms seems to be satisfactory (see figure 8 and 9). 
The ventilation in the bedrooms upstairs is not 
affected by the fact whether the door is closed or 
not. 



During one year (April 1985 - March 1986) the houses 
consumed 12,800 kwh (f 2250) of electricity. This 
is an actual measured consumption, where the indoor 
temperature for the different houses varied between + 
19 and + 22 OC during the heating season. The mecha- 
nical ventilation system didn't work properly until 
December. The actual ventilation rate before December 
is therefore uncertain. The results seem to be close 
to the predicted yearly energy consumption rate of 
12,000 kwh. 

Of the total consumption of electricity, space 
heating consumed 7.200 kwh ( 1000). domestic hot 
water heating 2,450 kwh ( 1350) and household 
electrical use (lights, washer, dryer, range, and 
miscellaneous) 3,200 kwh ( *  1150). 

With a conventional mechanical ventilation system the 
energy losses due to ventilation would have been 
4,050 kwh during the heating season or 6,500 kwh in a 
year. In the experimental houses the same losses are 
lowered to 2.250 kwh resp. 3,600 kwh due to the redu- 
ced average ventilation. This is assuming an average 
value of 0.5 air changes per hour for a conventional 
ventilation system and that the average ventilation 
rate for the experimental houses are the same for the 
heating season as for the whole year. 

5. CONCLUSIONS 

The investigation has shown that the simplified ex- 
haust fan ventilation system can lead to a comfor- 
table indoor climate. with fresh air and comfortable 
temperatures. The results up to now indicate that 
without any heat recovery the average yearly consump- 
tion of electricity for space heating, hot water 
heating and household use will be close to the pre- 
dicted value i.e. 12 000 kwh. A well-built house, 
that meets the current Swedish National Building 
Code, uses approximately 20,000 kwh. This energy 
saving was achieved by insulating and tightening the 
houses very well and installing a user controlled 
exhaust fan ventilation system. The houses will be 
evaluated in greater detail once the monitoring is 
finished by the end of 1986 and presented in a final 
report. 
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Figure 1 Plan of the experimental houses. 



Figure 2 Measured ventilation rate (mechanical ven- 
tilation + air infiltration) when the ex- 
haust fan is set on the Itat home" position. 
The average wind speed was 0.3 m/s and the 
average outdoor temperature was -14 OC (see 
figure 4 ) .  

Figure 3 Measured ventilation rate (mechanical ven- 
tilation + air inf iltration), when the ex- 
haust fan is set on the "no one at homew 
position. The average wind speed was 0.8 
m/s and the average outdoor temperature 
was -0.9 OC. 
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Figure 4 Outdoor temperature. 

Figure 5 Measured ventilation rates (mechanical 
ventilation + air infiltration). when the 
exhaust fan is set on the "at homei1 posi- 
tion. 

living room 
--------- hall downstairs 
_._- _._._ laundry 



Figure 6 Measured ventilation rates (mechanical 
ventilation + air infiltration), when the 
exhaust fan is set on the "at homeM posi- 
tion. 

kitchen 
--------- entrance hall 
_ . _ . _ . _ . _ master bedroom 

Figure 7 Measured ventilation rates (mechanical 
ventilation + air infiltration), when the 
exhaust fan is set on the "at homeN posi- 
tion. 

bedroom 
--------- bedroom 



Figure 8 Ventilation efficiency downstairs in air 
changes per hour at 0.2 m, 1.2 m and 2.2 m 
above the floor. The exhaust fan was set 
on the "at homew position. The wind speed 
was 0.2 m/s and the outdoor temperature 
was -5 OC. 

Figure 9 Ventilation efficiency upstairs in air 
changes per hour at 0.2 m, 1.2 m and 2.2 m 
above the floor. The exhaust fan was set 
on the "at home1l position. The wind speed 
was 0.2 m/s and the outdoor temperature 
was - 5  OC. 
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SYNOPSIS 

SINTEF, The Foundation for Scienti f ic and Industrial 
Research at the Norwegian Institute of Technology, has 
monitored a number of experimental low-energy houses, 
and also undertaken measurements in some other houses 
to establish the energy consumption, air tightness, 
ventilation rates etc. Some of the experimental houses 
are extremely air tight. 

In connection with these measurements we have made 
some observations on the occupants behavior related to 
ventilation, and their satisfaction with the ventila- 
tion system. 

Ordinary built houses 
In 10 detached houses built in 1980 according to the 
present air tightness requirements (n5054), we studied 
the use of ventilation during wintertime with outdoor 
temperatures -10 OC to -20 OC. The houses were equip- 
ped with exhaust ventilation system and vents in the 
windows. The use of vent inlets in the upper frame of 
the windows varied from 0 to 10 out of total 15 vent 
inlets. The mechanical ventilation was used only in 3 
houses, in the rest it was blocked or switched off by 
the occupants. The occupants have made it possible 
themselves to switch the fan off. This together with 
changes in temperature and wind made the air change 
rate vary between 0.2 and 0.7 air changes per hour 
with an average 0.45, The 1150 test gave an average of 
3.9 for these houses. 

Experimental, extremely air tight houses 
The project consists of 11 low energy houses, with an 
average air change rate 0.85 h-1 according to the n50 
test. The infiltration rates measured under normal 
winter conditions were lower than 0.1 h-l. The houses 
have different ventilation systems. The best comfort 
conditions were observed in the houses with mechanical 
balanced ventilation system. In 3 houses with natural 
(buoyant) ventilation with outlet ducts over roof from 
kitchen and bathrooms and inlet vents in windows ac- 
cording to traditional practice problems with comfort, 
and condensation were observed. The measured ventila- 
tion rate, even in cold weather with all vents open, 
was very low. This was partly compensated by the 
occupants through opening of windows. These houses 
were prepared for mechanical exhaust which was instal- 
led after 2 years. The occupants noted a very conside- 
rable improvement in comfort af ter this modification. 

Energy saving in households 
In an interview investigation in 112 similar row 
houses in Trondheim (by Steinar Ilstad) a strong rela- 
tionship between air infiltration/ventilation rates 
based upon different indicators, and annual energy 



consumption was established. The energy consumption 
varied from (average) 15600 kwh for "low ventilation 
index" to 19450 kwh/ for the winter period for "high 
ventilation index". 

Our projects confirm that occupants behavior in rela- 
tion to ventilation varies considerably. Many Norwe- 
gians sleep with open windows year round. Others shut 
down the ventilation by closing all vents or stopping 
the fans during cold periods. The habits are in£ luen- 
ced by new building technology. More knowledge is 
needed for a complete picture of the users behavior, 
satisfaction and need for ventilation, and the effici- 
ency and economy of different systems. 



1. INTRODUCTION 

In Norway today ventilation, indoor climate and air 
quality is one of the major subjects in research work 
related to environmental engineering. This concerns 
both commercial buildings, schools and dwellings. 
These subjects and problems are related to our work 
with energy conservation in buildings. 

At SINTEF, The Foundation for Scientific and Industri- 
al Research at the Norwegian Institute of Technology, 
we have monitored a number of experimental low-energy 
houses, and also undertaken measurements in some other 
houses to establish the energy consumption, air tight- 
ness, ventilation rates etc. 

In connection with these measurements we have made 
some observations on the occupants behavior related to 
ventilation, and their satisfaction with the ventila- 
tion system. In some houses we have also measured the 
indoor air pollution caused by building materials. 

This paper describes two specific research projects. 
One project concerns ordinary built houses and another 
deals with experimental, extremely air tight houses. 
We focus on the results concerning air change rate, 
ventilation control, behaviour, comfort and air quali- 
ty 

We also present some results from an interview invest- 
igation in 112 similar row houses concerning energy 
savings in households, and give some comments on Nor- 
wegian behaviour regarding window opening and ventila- 
tion control in general. 

2. ORDINARY BUILT HOUSES 

In January 1984 we measured the air change rate and 
heat loss factor in 10 identical detached dwellings. 
The main purpose of the project was to establish the 
relationships between the measured transmission heat 
loss factor, and the heat loss factor calculated ac- 
cording to Norwegian standard methods. 

The houses were built in 1980 with a 100 m2 living 
area in detached 1 1/2 storey buildings. The houses 
are insulated with 150 mm mineral wool in walls and 
roof, and double glazed windows, figure 1. The houses 
are equipped with exhaust ventilation system and vents 
in the upper frame of the windows. 



F i g  1 Ord ina ry  b u i l t  house (-100 m 2 )  

W e  r e n t e d  e a c h  house one day and measured 
- t e m p e r a t u r e s  ( o u t -  and i n d o o r )  
- wind speed  
- energy  consumption 
- u s e  of  v e n t i l a t i o n  
- a i r  change r a t e  
- n t i 0 - t e s t  

The a i r  change r a t e  was measured w i t h  N20 ( d i n i t r o g e n -  
oxyd) t r a c e r  g a s  w i t h  f a l l i n g  c o n c e n t r a t i o n .  

During t h e  measurement p e r i o d  t h e  o u t s i d e  t e m p e r a t u r e  
and a v e r a g e  wind speed v a r i e d  c o n s i d e r a b l y .  The tempe- 
r a t u r e  v a r i e d  from + 4  OC t o  -20  OC. 
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Fig 2 Outdoor temperature during the measurements period 

Each house was equipped with in all 15 vents in upper 
frames of the windcws, The outlets are installed in 
kitchen, bathroom and WC, and are equipped with adjus- 
table control vents. 

Table 1 shows the connection between the use of the 
ventilation system, air change rate, outdoor tempera- 
ture and windspeed, together with the n50 test-result 
for each house. 

House Open Exhaust Air change Outdoor Wind n 5 0  
vents ventilation rate temp. 

0 SR7:d h- 
h - A  c 

on 
off 
off 
off 
off 
off 
off 
off 
on 
on 

Tab 1 Relation between ventilation, air change and 
and outdoor climate 

The use of vent inlets in the windows varied from 0 to 
10 out of a total of 15 vent inlets. The ventilation 
fan was in the period actually running only in 3 
houses, In the others it was blocked or switched off 
by the cccupants. The occupants had made it possible 
themselves to switch the fan off. (According to the 
code of practice this should not be possible). The 
windows were not opened during the measurements. 



The air change rate varied between 0.2 and 0.7 air 
changes per hour with an average 0.45. This is caused 
by different use of ventilation together with changes 
in temperature and wind. The results from 3 houses 
(No, 4, 5 and 7) indicates an in£ iltration rate from 
0.2 to 0.3 air changes per hour. We conclude that the 
occupants are satisfied with this low air change rate. 

In the houses with the exhaust ventilation in use, 
none or only a few vents were open. 

The n50 -test gave an average of 3.9 for these houses. 
Seven out of ten houses satisfies the present air 
tightness requirements (n50 5 4) for detached dwellings. 

3. EXPERIMENTAL, EXTREMELY AIR TIGHT HOUSES 

Description: 

The "Heimdal-pro ject" consists a1 together of 14 low 
energy houses built 1980-81 as detached dwellings. The 
houses were planned and built in order to gain experi- 
ence with different energy conservation systems. 
Three of the houses are passive solar houses with 
identical form and plan. The other 11 houses have the 
same form with about 120 m2 living area in 2 storeys. 
The houses are all occupied in a normal way. 

The houses (not the solar houses) have different ven- 
tilation systems: 
- 3 houses with natural (buoyant) ventilation with 
outlet ducts over roof from kitchen and bathroom 
and inlet vents in windows. 
- 3 houses with exhaust ventilation from 
kitchenlbath and inlet vents in windows. 
- 5 houses with different balanced mechanical 
ventilation systems combined with heat recovery 
systems. 

Measurements of ventilation and air quality: 

* We have measured the air tightness (nS0) in the 
houses twice. First time immediately before occupation 
and then one year after. 

* The air change rate was measured with closed inlet 
vents, windows and doors and no use of mechanical 
ventilation. This was done in order to determine the 
infiltration rate under different windspeed and out- 
door climate. In the 3 houses with natural ventilation 
measurements was also done with open inlet vents. We 
used N20 tracer gas with falling concentration. 

* Chemical pollutants (organic gasses, dust, formalde- 
hyde and radon) are measured in unoccupied houseswith 
normal ventilation conditions. 



* yea of window-ventilation is not systematically 
rs#$l$kred, but stipulated from interviewing the occu- 
pantd, 

Results: 

The average air tightness for the 11 houses were 0.85 
h-l , with variations from 0.6 to 1.5 h-l. 

Fig 3 Low energy house 



- 1 

8d 1/1  - 1982 

a 1 /1  - 1983 House 1 , 2  aad 3 

a r e  so la r  houses 

1 2 .  4 5 6 7 8 9 10 11 1 213 14 House 

Fig 4 Air change rate nS0-test 

The infiltration rates measured under normal winter 
conditions varied from 0.03 to 0.11 h-' with an aver- 
age of 0.05 h-' for 7 houses. 

Fig 5 Infiltration rate 

For one house we measured the infiltration rate under 
different climatic conditions. We had only small vari- 
ations with different outdoor temperature and wind. 

. 

By use of natural ventilation and open inlet vents we 
measured a total ventilation rate of 0.2 h-1 in aver- 
age. The low rate was partly compensated by the occu- 
pants by opening windows at irregular intervals. 

In the 3 houses with natural ventilation we observed 
problems with comfort and condensation. These houses 
were prepared for mechanical exhaust which was instal- 
led after 2 years. The occupants noted a very consid- 
erable improvment in comfort after this modification. 

The analysis of chemical pollutants showed: 
- the presence of organic gasses to be inversely pro- 
proportional to the air change rate 
- high airchange rate gives high dust concentration, 
i.e. the outdoor concentration is higher than indoor 
concentration 



- low concentration of formaldehyde < 0.1 mg/m3 (mostly 
used plasterboard inside) 
- radon concentration indoor similar to outdoor con- 
centration 

The ventilation rate (total) varied between 0.2 and 
0.7 h-I during these measurements. 

Interviews with the occupants showed that ventilation 
through open windows is used during wintertime even 
in houses with excellent ventilation systems. The 
variations between occupants are considerable. 

4. ENERGY SAVINGS IN HOUSEHOLDS 

This was an interview investigation carried out by 
Steinar Ilstad, ORAL, University of Trondheim. The 
purpose of the study was to investigate how differ- 
ences in total energy consumption between apartments 
can be explained by differences in the occupants be- 
haviour (habits, attitude, social control). 

The study comprised 1 1 2  similar row houses with 1 0 0  m2 
living area heated by electricity. The data collection 
procedure included reading the electric meters in 
September and April, and systematic interviews with 
each family, on habits concerning indoor temperature, 
ventilation, hot water use, use of electric appliances 
etc. In relation to ventilation they were asked about 
use of inlet vents, air humidity, open windows during 
night and during day. 

The relationship between air infiltration/ventilation 
rates and different indicators on ventilation habits 
was established. The energy consumption varied for 
the heating period from (average) 1 5 6 0 0  kwh for "low 
ventilation index" to 1 9 4 5 0  kwh for "hi-gh ventilation 
index". This means 2 5 %  higher energy consumption 
caused by different. use of ventilation. 

Some details from the interview investigation: 

- 3 0 %  close all inlet vents during wintertime, 2 0 %  
keeps all open 
- 4 0 %  sleep with no open windows at_ night, 5 5 %  open 1 
or 2  windows 
- 3 5 %  open 1 or 2 windows during a part of daytime, 
2 0 %  open 3-4 windows 

In a similar investigation in 9 7  apartments it was 
found less use of open windows. 



5. CONCLUSIONS 

* Our projects confirm that occupants behavior in 
relation to ventilation varies considerably. Many 
Norwegians sleep with open windows year round, others 
shut down the ventilation by closing all vents or 
stopping the fans du.ring cold periods. 

* We have no problem with condensation in normal new 
dwell ings with only simple ventilation systems, Accor- 
ding to interviews condensation problems only exist 
in older not sufficient insulated houses. 

* In extremely air tight houses mechanical exhaust 
ventilation is needed to give satisfactory comfort. 

* Chemical pollution seems, even in extremely air 
tight houses, not to be a problem in houses with 
normal use of building materials and low ground radia- 
tion as in the Trondheim area. 

* More knowledge is needed for a complete picture of 
the users behavior, satisfaction and need for ventila- 
tion, and the efficiency and economy of different 
systems. 
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L i s t  o f  Symbols 

6 La E x t e r i o r  a i  r temperature L O C I  

6 ~i Indoor a i  r temperature L O C I  

W Ext e r i  o r  a i  r vel o c i  t y  [ m / s  1 
topen (w) Temperature sel ected w i  ndow 

vent i 1 a t  i on per iods [%I 



1. I n t r o d u c t i o n  

Wi th in  t h e  framework o f  the  nat  i ona1 research p r o j e c t  "Vent i 1 a- 
t i o n  i n  housing cpnstruct ion ' '  , stud ies  on occupants ' window 
opening behaviour were conducted i n  a demonstration bui  1 d ing  i n  
Duisburg (West-Germany) which a l so  formed p a r t  o f  the p r o j e c t .  
This demonstration b u i l d i n g  which was ra i sed  i n  1983 i s  a row- 
house composed o f  3 blocks. I n  each block the re  are fou r  f l o o r  
l e v e l s  w i t h  two f l a t s  each. Fig. 1 shows the  p lan  o f  a b lock 
f l o o ~  w i t h  2 apartments, each cover ing a f l a t  f l o o r  space o f  
80 m . The storeys have an east/west o r i e n t a t i o n .  A l l  apartments 
are equipped w i t h  a cen t ra l  v e n t i l a t i o n  system. I n  the  d i n i n g  
room, the  parents '  bedroom and t h e  c h i l d r e n ' s  room, there  i s  a 
double-sash window, w i t h  one side/bottom sash f i t t i n g  and one 
casement hung respect ive ly .  The s i t t i n g  room window i s  a f i x e d  
window, t h e  balcony door has side/bottom sash f i t t i n g s .  

Fig, 1 Ground p lan  o f  a b lock  f l o o r  w i t h  two f l a t s .  Ground p lan  
and s i z e  o f  f l a t  are equal f o r  a l l  t he  24 apartments 
inc luded i n  t h e  survey, 

2. Measured Val ues and P l  ausi  b i  1 i t y  Test ing 

I n  order t o  a1 low the  continuous record ing o f  vary ing opening 
pos i t i ons ,  every window sash and door l e a f  i s  furn ished w i t h  
contact  sensors. Accordingly, e l  even window contact sensors were 
i n s t a l l e d  i n  each f l a t ,  Every 30 minutes, t he  data prov ided by 
these contacts are recorded by t h e  cen t ra l  data logger. The 
present ana lys is  i s  based on data compiled between Jan. 1 s t  - 
Dec. 31, 1984. No l ess  than 4.6 m i l l i o n  values out o f  t he  data 



recorded i n  t h i s  per iod are r e l a t e d  t o  window opening. Add i t io -  
nal l y ,  a1 1 re levant  weather data, (such as a i r  temperature, wind 
vel  o c i t y  , g l  obal i r r a d i a t i o n  e tc  .) , were cont inuously recorded as 
we1 1 as temperatures, humidi ty,,agd energy consumptions f o r  room 
heat ing and domestic appl iances . 
P r i o r  t o  processing t h i s  complex data mater ia l ,  it was consider- 
ed necessary t o  have a l l  measured values checked f o r  t h e i r  
p l a u s i b i l i t y .  When checked, some measurement contacts were found 
t o  be f a u l t y  (both temporar i l y  and throughout the  e n t i r e  mea- 
sur ing  per iod) .  I n  a f u r t h e r  p l a u s i b i l i t y  t e s t ,  both opening 
per iods and opening pos i t i ons  o f  any side/bottom hung sash were 
checked i n  d e t a i l .  Due t o  design and p o s i t i o n i n g  o f  the  measure- 
ment contacts, t he  side/bottom hung sash window w i  11 be reg i  s t e r -  
ed t o  be open i n  the  side-hung p o s i t i o n  by both the  s ide and the  
bottom contact.  I f  the  same window i s  open i n  the  bottom hung 
pos i t i on ,  however, t h i s  i s  recorded - only  by the  bottom contact. 
Consequently, f a u l t y  recording must be assumed, whenever the  
opening times recorded ( f o r  one and the  same sash) by t h e  bottom 
contac t  are shor ter  than those recorded by the  side contact.  I n  
t h e  f i n a l  analys is ,  on ly  those rooms w i t h  100 % r e l i a b l e  measure- 
ment contacts were considered, i. e, a l l  of a room's eleven win- 
dow contacts had t o  pass both p l a u s i b i l i t y  t e s t s  i n  order t o  be 
e l  i g i  b i l e  f o r  evaluat ion.  The respect ive p l  a u s i b i l  i ty  t e s t  re- 
sul t s  are compiled i n  Table 1. While approx. 70 % out o f  the 1 i - 

Tab1 e 1: P l a u s i b i l i t y  t e s t  r e s u l t s  f o r  window contacts i n  the 
rooms under observat ion 
(Measurement per iod :  Jan. 1 - Dec, 31, 1984) 

v easurement contact  tem r a r i l y  f a u l t y  (no values measured) 
rfi r s t  p l  ausi b i l  i t y  tes!! 

l e f t  1st f loor  

right 

l e f t  
2nd floor 

r igh t  

l e f t  
3rd floor 

r iuht  

@ measure y a l  es p a r t i a l l y  unaccounted f r t o t a l  opening t ime e recorde. i n  ottom-bung os t i o n  t o t a ~ . o b e m n g  t me r cord- 
ed i n  side-hung l s e c o n i  p l a u s i b ~ l  ~ t y  t e s t  ] 

X a l l  window contqc s n c t i ~ n i  g c r r e c t l y  over t h e  whole 
measurement per 108 f i a t a  incPude8 i n  ana lys is ]  
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v i  ng rooms, parents ' bedrooms, and chi  1  drens ' rooms have passed 
t h e  p l a u s i b i l i t y  t es t s ,  there  i s  only  one d i n i n g  room p rov id ing  
co r rec t  data. Since t h i s  one d i n i n g  room i s  not representa t ive  
f o r  s t a t i s t i c a l  evaluat ions,  i t  i s  excluded from the  ana lys is .  

3. Frequency and Durat ion o f  Open W i  ndows- and Fleteorol og i  c a l  
Condi t i ons d u r i  ng Observation 

For t he  rooms inc luded i n  the  evaluat ion,  the  mean monthly open- 
i n g  t ime i s  i nves t i ga ted  f o r  a l l  rooms as a  whole and w i t h  res- 
pect t o  t h e  var ious types o f  rooms. However, t h e  r e s u l t s  pres- 
ented i n  t h i s  context  are not  t h e  absolute dura t ion  o f  opening. 
Rather, t h e  opening t ime recorded i s  r e l a t e d  t o  the  maximum pos- 
s i b l e  dura t ion  o f  opening (hours per month) and thus normalized. 
The r e s u l t s  are presented i n  Fig. 2. Here, a  d i s t r u c t i o n  i s  made 
between s ide-  hung and bottom hung p o s i t i o n  ; analys is  covers the  
e n t i r e  window ( i .  e. both window sashs). With a  r e s u l t  o f  approx. 
10 % i n  side-hung pos i t ions ,  t h i s  imp l ies  t h a t  a l l  sashs were 
opened on average f o r  6 minutes per hour i n  side-hung pos i t i on .  

As i t  may be gathered from Fig. 2, windows are open longest  i n  
summer and sho r tes t  i n  w in ter .  While i n  August the  o v e r a l l  ope- 
n ing  t ime f o r  a l l  windows amounts t o  about 25 % on average - 
i. e. 15 minutes per hour - it decreases t o  about 5  % i n  winter .  
I n  the  f i r s t  6 months o f  the  year, windows are p re fe rab l y  opened 
i n  side-hung pos i t i on ,  wh i le  i n  t he  l a s t  6 months o f  the  year  
t he  p ropo r t i on  o f  window being kept open i n  the bottom-hung po- 
s i t i o n  i s  a t  about 50 %. This phenomenon may poss ib ly  be amoun- 
ted  f o r  by the  h igher  degree o f  trapped moisture (sweating), 
which necessi tates an increased a i r  change a t  the beginning o f  
f i r s t  occupation. 

Comparing the  r e s u l t s  f o r  t he  d i f f e r e n t  types o f  rooms w i t h  the  
o v e r a l l  f igures ,  bedrooms are found t o  be the  rooms most usua l l y  
ven t i l a ted .  Here, too, a t  the  beginning o f  occupation the  s ide-  
hung p o s i t i o n  i s  prefered, wh i l e  a t  the end o f  the measuring 
per iod  the  bottom- hung p o s i t i o n  prevai 1  s. Even i n  extreme win ter -  
weather, bedrooms are vent i 1 a ted  d i s t i n c t l y  more f requen t l y  than 
a l l  o f  t he  rooms on average. During the  e n t i r e  measuring per iod  
the  window opening t ime recorded f o r  bedrooms exceeds the  avera- 
ge f o r  a l l  rooms by some 50 %. 

Values measured f o r  l i v i n g  rooms are comparable t o  the  average 
o f  a l l  rooms. I n  l i v i n g  room v e n t i l a t i o n ,  t he  bottom-hung window 
opening p o s i t i o n  i s  predominant. This may be explained by the  
balcony door p rov id ing  the  on l y  openable u n i t ,  It has a  s ide/  
bottom sash f i t t i n g ,  w i t h  the  bottom-hunged p o s i t i o n  obviously  
being p re fe r red  by users. 

I n  c h i l d r e n s '  rooms, windows are  open l e a s t  o f  a l l  rooms, Here, 
too, i n  t he  f i r s t  6 months o f  t he  year t he  side-hung p o s i t i o n  i s  
p re fer red ,  wh i l e  i n  the l a s t  6 months the  bottom-hunged p o s i t i o n  
i s  more frequent.  I n  terms o f  v e n t i l a t i o n  hab i ts ,  the ch i l d rens '  
rooms are among a1 1  rooms those v e n t i l a t e d  most regu la r l y ,  Here, 
i t  i s  on ly  i n  extreme seasons, t h a t  the average overal l -opening 



t imes  d i s t i n c t l y  dev ia te  f rom the  mean va lue o f  approx. 10 %. As 
i l l u s t r a t e d  by F ig .  2, t h e  window opening behaviour s t r o n g l y  
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F ig .  2 Mean month ly  d u r a t i o n  o f  l e a v i n g  windows open. 
Values f o r  a1 1 rooms and f o r  d i f f e r e n t  t ypes  o f  rooms 
(expressend i n  percentages).  
Ana l ys i s  covers t h e  e n t i  r e  w i  ndow, i .e. b o t h  window sashs. 



co r re la tes  w i t h  seasonal in f luences.  Due t o  t h i s  co r re la t i on ,  
t h e  most important  weather parameters were i nves t i ga ted  i n  addi -  
t i o n  t o  the  users '  opening hab i t s .  

I n  Fig. 3 annual mean d a t l y  outdogr a i r  temperatures are presen- 
ted. They range from -2 C t o  28 C. U n t i l  m id-Apr i l ,  r e l a t i v e l y  
1 ow temperatures c l e a r l y  below the  heat ing l i n e  were recorded, 
and even i g  June mean d a i l y  temperatures were seldom recorded t o  
exceed 15 C .  I n  autumn, the  m i l d  weather w i t h  mean d a i l y  tempe- 
ra tu res  around 15 C l as ted  u n t i l  the  end o f  October, before tem- 
peratures dropped be1 ow the  heat ing  1 i ne. 

Outdoor air 

Fig, 3 Mean d a i l y  outdoor a i r  temperatures recorded from Jan. 1 - 
Dec. 31, 1984. (The J u l y  gap i s  due t o  a b lackout  i n  the 
da ta  record ing  system .) 

The annual curve o f  the  d a i l y  t o t a l s  o f  g lobal  i r r a d i a t i o n  i n c i -  
dent on a ho r i zon ta l  area i s  p l o t t e d  i n  Fig, 4. Ideal  cond i t i ons  
(cloud1 ess sk ies)  would produce a b e l l  -shaped curve w i t h  i t s  maxi - 
mum on June Zl (sun a t  h ighest  p o i n t )  and i t s  minimum on Dec. 21 
(sun a t  lowest p o i n t ) ,  Due t o  cloudcover o r  overcast ing, devia-  
t i o n s  from the bell-shaped f u n c t i o n  occur. At the  beginning o f  
A p r i l ,  i n  May, and i n  September there  are pronounced r a d i a t i o n  
minima t o  be observed. 

I n  Fig, 5, t he  annual curve o f  t he  mean wind speed i s  p l o t t e d .  
Maximum and minimum values range between 0 and 7.5 m/s. On avera- 
ge, w indve loc i t i es  f l u c t u a t e  around 2 - 4 m/s; i n  the  co ld  days 
o f  January and February, wind speeds were, however, s l  i g h t l y  high- 
e r  than i n  the  o ther  months, 



Global irradiance 
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Fig. 4 Total d a i l y  values measured f o r  t he  global i r rad iance  i n -  
c i d e n t  on a ho r i zon ta l  surface, (The Ju ly  gap i s  due t o  a 
b lackout  i n  the data recording system.) 

Wind velocity 
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Fig. 5 Mean d a i l y  wind v e l o c i t i e s  measured between Jan. 1 and 
Dec. 31, 1984, (The Ju ly  gap i s  due t o  a b lackout  i n  the  
data  recording system.) 



A l l  annual curves show a gap between Ju l y  11 and 31, 1984, which 
i s  obviously  due t o  a black out i n  t h e  data record ing  system. 
This data gap has however no i n f l uence  on t h e  determinat ion o f  
t h e  mean monthly values, because Ju l y  data were used on ly  from 
days 1 - 10. 

4. Var ia t ions  i n  Users' Behaviour 

I n  order t o  demonstrate t o  what extent  users may vary i n  t h e i r  
window opening hab i ts ,  one occupant w i t h  6xtremely long v e n t i l a -  
t i o n  per iods and one w i t h  e x t r a o r d i n a r i l y  shor t  v e n t i l a t i o n  per- 
iods  were compared t o  the  average value o f  a l l  occupants, c l a s s i -  
f i e d  according t o  the  d i f f e r e n t  types o f  rooms. The dev ia t i ons  
are i l l u s t r a t e d  by mean monthly values i n  Fig. 6. As f o r  t he  l i v -  
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Fig. 6 Va r ia t i ons  i n  occupants' vent i  1 a t i o n  behaviour i n  d i f f e -  
r e n t  rooms given as mean monthly d u r a t i o n  o f  l e a v i n g  win- 
dows open (mean monthly o v e r a l l  occupants' values as 
cmpared  w i t h  values measured f o r  a s i n g l e  occupant w i t h  
un typ i ca l  l y  sho r t  v e n t i l a t i o n  per iods) .  



i n g  room, there  are ha rd l y  any s i g n i f i c a n t  dev ia t ions  from avera- 
ge. They range w i t h i n  a margin o f  + 10 %. I n  bedrooms and c h i l d -  
rens '  rooms, however, dev ia t i ons  ar'e much more marked, w i t h  a 
var iance o f  up t o  + 20 %. If  - ins tead o f  viewing a l l  o f  the  va- 
lues  - o n l y  90 % are taken i n t o  account, d iscard ing  t h e  extremely 
un typ i ca l  users '  values, t h e  margin o f  dev ia t i on  i s  reduced t o  
l e s s  than + 5 %, Accordingly, t he  e laborated r e l a t i o n s  describe a 
representaFi ve p a r t  o f  t he  who1 e complex under i nves t  i gat  i on. 

5. Users ' Behavi our i n  Cor re la t i on  w i t h  Meteorological  Condit ions 

I n  t h e  f o l l o w i n g  it i s  t o  be i nves t i ga ted  whether t he re  i s  a re- 
1 evant c o r r e l a t i o n  between du ra t i on  o f  window opening and weather 
parameters. Accordingly,  window opening t imes were c o r r e l a t e d  
w i t h  meteorological  data. Since these analyses are based on 1.5 
m i l l i o n  t w i n  values, it i s  impossible t o  g ive  an adequate and 
c l e a r  diagrammatic presentat ion,  Instead, the  respect ive  mean va- 
l ues  are  superimposed t o  t h e  weather parameters. Diagrams are g i -  
ven f o r  o v e r a l l  values (a1 1 rooms) and values d i f f e r e n t i a t e d  be t -  
ween l i v i n g  rooms, parents '  rooms, c h i l d r e n ' s  rooms. 

5.1 Outdoor A i r  Temperature 

I n v e s t i g a t i n g  outdoor a i r  temperature in f luences on users ' window 
opening behaviour, a d i s t i n c t i o n  i s  made between. dayt ime and 
n igh t t ime  v e n t i l a t i n g ,  Daytime v e n t i l a t i n g  i s  f u r t h e r  subdivided 
i n t o  days w i t h  h igh  and low so la r  r a d i a t i o n  i n t e n s i t i e s .  The d ia -  
gram i n  Fig ,  7 i l l u s t r a t e s  outdoor a i r  temperature in f luences.  
Ev ident ly ,  t h e  i n f l uence  o f  global i r r a t i a t i o n  i s  on ly  a r e l a t i -  
ve l y  weak one. Daytime values vary i n  a moderate margin, I n  ge- 
nera l ,  n i g h t  t ime v e n t i l a t i o n  occurs l e s s  f requen t l y  than daytime 
vent i 1 a t  i on. The c o r r e l a t i o n  between v e n t i  1 a t i  on h a b i t s  and out - 
door a i r  temperature may be approximately described by 2 s t r a i g h t  
l i n e s .  Below 12 C, daytime ~ e n t i l a t i n g ~ i n c r e a s e s  by some 0.75 % 
per K temperature d i f f e rence ;  above 12 C by some 1,l % per K; i n  
terms o f  vent i 1 a t i n g  frequency, t h i s  represents an increase of 
about 50 %, At n i g h t  temperatures below 12 C, v e n t i l a t i o n  dura- 
t i o n  i s  ra i sed  by about 0.5 % per K, and a t  n i g h t  temperatures 
exceeding 12 C by some 1.1 % per K, which corresponds t o  a 100 % 
increase i n  vent i 1 a t  i on frequency , These r e s u l t s  a1 1 ow t h e  mean 
o v e r a l l  v e n t i l a t i o n  behaviour t o  be described as a f u n c t i o n  of 
outdoor a i r  tempesature. I n  Tgble 2, t he  i n d i v i d u a l  func t ions  fo r  
temperatures <12 C and 2 1 2  C are compiled, 

The temperature dependence was p a r t i a l l y  found t o  vary from the  
o v e r a l l  room values according t o  the  type o f  room. I n  1 i v i n g  
rooms, a change i n  j e n t i l a t i o n  behaviour i s  t o  be s ta ted  a t  tem- 
peratures above 12 C. This shows good agreement w i t h  t h e  avera- 
ge value f o r  a1 1 rooms. Here, increases i n  vent i  1 a t i ~ n ~ f r e q u e n c y  
amount t o  some 0.71 % per K f o r  temperaturea below 12 C and t o  
some 1.4 % per K f o r  temperatures above 12 C, which again i n d i -  
cates a doub l ing  o f  v e n t i l a t i o n  frequency, I n  s p i t e  o f  t he  n igh t -  
t ime v e n t i l a t i o n  curve d e v i a t i n g  from the  day t ive  curve, here, 
too, two d i f f e r e n t  sectors (below and above 12 C) a re  t o  be 
observed. For temperatures below 12 C, increase amount t o  some 8 0,33 % per K, and f o r  temperatures exceeding 12 C t o  some 0.83 % 
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per K. I n  Table 2, the  average l i v ing- room v e n t i l a t i o n  behaviour 
i s  presented as a func t i on  of outdoor air temperatures. 

Tab1 e 2: C o r r e l a t i o n  between window ven t i  1 a t i o n  d u r a t i o n  and 
outdoor  a i r  temperature (ana lys i  s r e s u l t s )  

night - t ime  3 + 0 ~ 5 9 ~ ~  

Daytime v e n t i l a t i o n  behaviour i n  parents '  bedrooms i s  no t  charac- 
t e r i  zed by the  a i  gni  f i  cant  change o f  hab i t s  recorded f o r  tempera- 
t u res  above 12 C. Rather, i t  can be approximately described by a 
s t r a i g h t  curve w i t h  a grad ien t  o f  1 % per K over the  e n t i r e  tem- 

u e ra tu re  scale, The corresponding n igh t t ime  curve, however, again 
record8 a comparat ively d i s t i n c t  change i n  v e n t i l a t i o n  behaviour 
a t  12 C outdoor a i r  temperature. For temperatures below 12 C 
t h e  grad ign ts  amount t o  approx. 0.63 % per K, f o r  temperatures 
above 12 C t o  approx. 1.2 % per K, which s i g n i f i e s  once more a 
100 % increase i n  v e n t i l a t i o n  frequency, Hence, t h e  average ven- 
t i 1  a t i o n  behaviour i n  parents ' bedrooms may accord ing ly  be des- 
c r i b e d  as a func t i on  o f  outdoor temperatures as compiled i n  Tab- 
l e  2. 

Though v e n t i l a t i o n  behaviour i n  c h i l d r e n ' s  rooms i s  q u i t e  s i m i l a r  
t o  t h e  average v e n t i l a t i o n  h a b i t s  recorded f o r  a l l  rooms, gra- 
d i e n t s  are s l i g h t l y  lower here. For temperatures below A2 C, t h e  
grad ien t  i s  about 5 % per K, f o r  temperatures above 12 C i t i s  
about 1 % per K. Night- t ime values range below daytime values by 
about 2 % o f  opening t imes, This d i f f e r e n c e  i s  almost independent 
o f  temperature i n f l  uences , The average temperature dependent ave- 
rage v e n t i l a t i o n  behaviour i n  c h i l d r e n  k bedrooms i s  a1 so out- 
l i n e d  i n  Table 2, 



5.2 Ho r i zon ta l  Global I r r a d i  ance 

Another meteor01 o g i  c a l  parameter t o  be i n v e s t i g a t e d  i s  t h e  s o l a r  
i r r a d i a n c e .  I n  Fig,  8, du ra t i ons  o f  l e a v i n g  windows open a re  
p l o t t e d  f o r  summer and w i n t e r  months as a  f u n c t i o n  o f  t h e  h o r i -  
zon ta l  g loba l  i r r a d i a n c e .  Al though t h e r e  seems t o  develop a  mani- 
f e s t  i n f l  uence, a  d i s t i n c t  dependence on s o l a r  i r r a d i a n c e  cannot 
be conf i rmed, as t h e  i n f l u e n c e s  o f  outdoor a i  r temperature and 
g loba l  i r r a d i a n c e  a re  superimposed i n  F ig .  7. As c l e a r l y  shown i n  
Fig,  6, t h e  g l oba l  i r r a d i a n c e  v a r i e s  o n l y  i n  a  narrow and hence 
negl  i g i  b l  e  margin . 
5.3 Wind V e l o c i t y  

It may be supposed t h a t  v e n t i l a t i o n  per iods  a re  a l s o  a f f e c t e d  by 
wind v e l o c i t i e s .  I n  Fig. 9, i n f l u e n c e s  o f  wind v e l o c i t i e s  a re  
i 11 us t ra ted .  The r e l a t i o n s h i p  may be expressed almost l i n e a r l y ,  
w h i l e  t h e  v e n t i l a t i o n  behaviour  i s  found t o  be almost independent 
o f  any t ype  o f  room. Based on an average wind v e l o c i t y  o f  3 m/s, 
wind i n f l uences  can be i n t r oduced  as a  c o r r e c t i o n  term f o r  tem- 
pera tu re - re1  a ted  window vent i 1 a t  i on per iods  by way o f :  

t = 10 - W .t 
open (w) 7 open (3  m/s) 

5.4 Comparison w i t h  Previous Stud ies 

To eva lua te  t h e  r e s u l t s  ob ta ined  i n  t h i s  study, they  are compared 
t o  f i n d i n g s  presented i n  p rev ious  i n v e s t i g a t i o n s .  It an ex tens ive  
s e r i e s  o f  s t ud ies  conduct$d by Aus t r i an  researchers and i n  ear-  
l i e r  B r i t i s h  Observat ions va lues recorded du r i ng  hea t i ng  per iods  
i n  s o l e l y  window-vent i la ted f l a t s  w i t h  var ious  hea t ing  systems 
a re  presented, r e s u l t i n g  i n  t h e  f o l  l ow ing  f u n c t i o n a l  re1 a t i o n s  
f o r  mean wi ndow vent i 1 a t  i on du r a t  i on : 

Panzhauser e t  a1 .4 : topen = 100e (2.650.6 K)/($ L j  - JLal [%]  

I n  F ig .  10 t h e  above-ment i oned re1 a t  i ons es tab l  i shed f o r  window - 
v e n t i l a t e d  f l a t s  a re  compared w i t h  t h e  r e s u l t s  obta ined i n  t h e  
present  s tudy ( i n  accordance w i t h  Table 2).  It i s  found t h a t  i n  
f l a t s  w i t hou t  mechanical v e n t i  1  a t i  on systems windows a re  open 
about 4 t i m e s  as l ong  as i n  mechan ica l l y  v e n t i l a t e d  f l a t s .  Accor- 
d i  ng ly ,  energy losses  due t o  "uncon t ro l  l e d "  v e n t i l a t i o n  a r e  dra-  
s t i c a l  l y  reduced, bu t  not  - as f r e q u e n t l y  assumed - prevented. 
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Fig.  10 Comparison o f  d u r a t i o n s  o f  l e a v i n g  windows open i n  
w i  ndow-ven$il a ted  f l  a t s  w i t h  n a t u r a l  v e n t i l  a t i  on (acc. t o  
PANZHAUSER and BRUNDRETT ) and f l a t s  w i t h  mechanical 
v e n t i l a t i o n  as a f u n c t i o n  o f  ou tdoor  a i r  temperature 
(based on an i ndoo r  a i r  tempera.ture of 20°C), 

6. Synopsis and Outlook 

W i th i n  t he  framework o f  t h e  na t i ona l  research p r o j e c t  " V e n t i l  a- 
t i o n  i n  Housing Cons t ruc t ion" ,  s t ud ies  on occupants ' v e n t i l a t i o n  
behaviour  were conducted i n  a demonstrat ion b u i l d i n g  i n  Duisburg- 
Neumuhl (Federal  Rep. o f  Germany) which a l s o  formed p a r t  o f  t h e  
p r o j e c t .  Analyses were based on values measured from Jan, 1 - 
Dec. 31, 1984 i n  24 f l a t s  w i t h  i d e n t i c a l  ground plans, a l l  o f  
which were equipped w i t h  mechanical v e n t i l a t i o n  systems, Data on 
a l l  opening p o s i t i o n s  o f  a l l  openable window sashs and door l e a -  
ves were con t inuous ly  recorded, thus p r o v i d i n g  exact t i m e  data 
f o r  a l l  opening p o s i t i o n s  t o  be s to red  on data c a r r i e r s .  A l l  
a v a i l a b l e  data had t o  pass two p l a u s i b i l i t y  t e s t s ,  which r e s u l t e d  
i n  70 % of t h e  main room da ta  considered e l i g i b l e  f o r  ana lys is .  

I n  e v a l u a t i n g  t h e  occupants '  behaviour w i t h  regard t o  t h e  d i f -  
f e r e n t  types o f  rooms, n a t u r a l  v e n t i l a t i o n  was found t o  be most 
f requent  i n  bedrooms, fo l lowed, i n  decreas ing frequency, by 
c h i l d r e n ' s  rooms and l i v i n g  rooms. For a l l  rooms, v e n t i l a t i o n  



hab i t s  d i s t i n c t l y  co r re la ted  w i t h  outdoor a i  r temperature and 
wind v e l o c i t y .  A f unc t i on  s u i t e d  t o  descr ibe  these r e l a t i o n s  was 
derived. An a1 t e r a t i o n  i n  occupants ' behavi our  recorded du r i ng  
t h e  pe r i od  o f  measurements i s  probably  accounted f o r  by t h e  i n i -  
t i a l  l y  h igher  content  o f  t rapped mois tu re  (sweating) a t  t h e  be- 
g inn ing  o f  f i  r s t  occupation, When f i n a l l y  comparing the  present 
r e s u l t s  w i t h  s tud ies  on users '  v e n t i l a t i o n  behaviour i n  f l a t s  
w i t h  convent ional  window vent i 1 a t i  on, it was found t h a t  i n  bui  1 - 
dings w i t h  mechanical v e n t i l a t i o n  systems window v e n t i l a t i o n  dur- 
a t i o n  i s  reduced t o  a quar te r  o f  t h e  corresponding values recor -  
ded f o r  b u i l d i n g s  w i t h  t r a d i t i o n a l  v e n t i l a t i o n .  
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S y n o p s i s  

A i r i n g  i s  a  s i m p l e  and d a i l y  a c t i o n .  However,  i t  i s  
d i f f i c u l t  t o  d e f i n e  - w i t h i n  t h e  c o m p l e x  r e l a t i o n -  
s h i p  o f  t h e  a r c h i t e c t u r a l  and t e c h n i c a l  d a t a  o f  an 
a p a r t m e n t  b u i l d i n g  - t h e  t h r e s h o l d s  o f  p e r s o n a l  com- 
f o r t  o f  each  t e n a n t  and t h e  g e n e r a l  a t t i t u d e  t o w a r d s  
e n e r g y - s a v i n g  and e n v i r o n m e n t  p o l l u t i o n .  

T h i s  r e s e a r c h  a t t e m p t s  t o  o f f e r  p a r t i a l  answers  a s  
t o  "how" and "why" i n h a b i t a n t s  o f  a  r e n t e d  a p a r t m e n t  
b u i l d i n g  b e h a v e  as t h e y  do i n  a e r a t i o n .  I n  o r d e r  t o  
do t h i s ,  t h e  a u t h o r s  a d o p t e d  a  t w o - f o l d  a p p r o a c h :  
f i r s t ,  b y  u s i n g  c o m p u t e r i z e d  d a t a  r e c o r d i n g  o f  o u t -  
d o o r  and i n d o o r  t e m p e r a t u r e s  p e r  room, t h e  number o f  
h o u r s  o f  s u n s h i n e ,  t h e  s u r f a c e  t e m p e r a t u r e  o f  r a d i a -  
t o r s  and t h e  o p e n i n g  o f  t h e  w indows i n  each  room; 
second,  t h r o u g h  i n t e r v i e w s  w i t h  t h e  t e n a n t s ,  some- 
t i m e s  f i l m e d ,  i n  o r d e r  t o  a s c e r t a i n  t h e i r  b e h a v i o u r  
p a t t e r n s  and u n d e r l y i n g  m o t i v a t i o n s  i n  v e n t i l a t i o n .  

The r e s u l t s  o f  t h i s  s t u d y  p o i n t  t o  t h e  i m p o r t a n c e  o f  
t h e  d i v e r s i t y  o f  i n t e r a c t i o n s ,  t a k i n g  i n t o  a c c o u n t  
t h e  e x i s t i n g  i n f r a s t r u c t u r e  and a  p e r s o n ' s  a w a r e n e s s  
o f  e n e r g y  p r o b l e m s ,  h i s  t e c h n i c a l  k n o w l e d g e ,  h i s  
" t h e r m a l "  b a c k g r o u n d ,  h i s  needs and e x p e c t  a t  i o n s  o f  
c o m f o r t .  C o m b i n i n g  w i t h  a l l  t h e s e  e l e m e n t s  a r e  t h e  
d i f f e r e n t  t y p e s  o f  m o t i v a t i o n s  f o r  w indow o p e n i n g :  
d o m e s t i c ,  e c o l o g i c a l  o r  e n v i r o n m e n t a l ,  communica-  
t i o n a l  and s o c i a l ,  t h o s e  c o n c e r n e d  w i t h  h e a l t h  and 
h y g i e n e  and o f  a  p h y s i o p s y c h o l o g i c a l  n a t u r e .  

Among t h e  e x p l a n a t o r y  r e a s o n s  f o r  t h i s  p l u r a l i t y  o f  
m o t i v a t i o n s  and  ways o f  i n t e r a c t i o n  a r e :  t h e  p r o b l e m  
o f  t h e  f l o w  o f  i n f o r m a t i o n  and c o n t r a d i c t o r y  o r d e r s  
b e t w e e n  h e a t i n g  s p e c i a l i s t s  and h y g i e n i s t s ,  t h e  l a c k  
o f  u n d e r s t a n d i n g  a b o u t  t h e  e f f e c t s  on e n e r g y  an open 
window c a n  have ,  t h e  d e s i r e  t o  s a f e g u a r d  t h e  i n d i v i -  
d u a l  f r e e d o m  o f  a c t i o n  i n  d o m e s t i c  s i t u a t i o n s ,  t h e  
t e n d e n c y  t o  l e a v e  n e c e s s a r y  measures  t o  t h e  I t s p e c i a -  
l i s t s " .  



A S o c i o l o g i c a l  P e r s p e c t i v e  On T e n a n t  B e h a v i o u r  w i t h  
r e g a r d  t o  D o m e s t i c  V e n t i l a t i o n  - a n  e x a m p l e  a t  
L a u s a n n e ,  S w i t z e r l a n d .  

I n t r o d u c t o r y  

C o n c e r n  a b o u t  e n e r g y - s a v i n g  h a s  l e d  e n g i n e e r s  t o  d e -  
s i g n  i n c r e a s i n g l y  m o r e  p e r s o n a l i z e d  a n d  e f f i c i e n t  
h e a t i n g  p r o c e s s e s .  H o w e v e r ,  t h i s  t e c h n o l o g y  o f t e n  
c o m e s  u p  a g a i n s t  o n e  b a s i c  a n d  p a r a d o x i c a l l y  u n p r e -  
d i c t a b l e  v a r i a b l e :  t h e  b e h a v i o u r  o f  o c c u p a n t s .  Con- 
s e q u e n t l y ,  we c a l l  u p o n  t h e  s o c i a l  s c i e n c e s  t o  s e r v e  
a s  i n t e r f a c e  a n d  l i n k  b e t w e e n  t h e  ' ' u s e r s 1 1  a n d  t h e  
e x t e r n a l  " d e c i d e r s n ,  

I n d i v i d u a l  b e h a v i o u r  i n  r e l a t i o n  t o  h e a t i n g  p r o b l e m s  
i n t e r v e n e s  o n  t w o  l e v e l s :  
1) h e a t  e m i s s i o n  - i n  t h e  c h o i c e  o f  t e m p e r a t u r e ,  

i , e .  t u r n i n g  r a d i a t o r s  on a n d  o f f  o r  r e q u e s t i n g  
i n d i v i d u a l  p r e f e r e n c e s  t o  t h o s e  i n  c h a r g e  o f  t h e  
h o u s e h o l d  h e a t i n g  

2 )  H e a t  r e g u l a t i o n  - t h r o u g h  a i r  v e n t i l a t i o n  o r  
a i r i n g  ( k i t c h e n  a n d  b a t h r o o m  v e n t i l a t o r s ,  o p e n i n g  
a n d  c l o s i n g  o f  w i n d o w s ) .  

T h i s  p o t e n t i a l  f o r  i n d i v i d u a l  a c t i o n  c r e a t e s  a  se-  
r i e s  o f  p r e s u p p o s i t i o n s  r e l a t i v e l y  i n d e p e n d e n t  o f  
t e c h n i c a l  c o n s t r a i n t s  ( r e f e r r e d  t o  l a t e r ) ,  b u t  a l s o  
l e a d s  t o  e n g i n e e r i n g ,  c o n c e r n s  f o r  h y g i e n i c  h o u s i n g :  
i f  t h e r e  is i n s u f f i c i e n t  v e n t i l a t i o n ,  t h e  p h y s i c a l  
d e t e r i o r a t i o n  o f  t h e  b u i l d i n g  i n c r e a s e s  o n  a  medium 
o r  l o n g  term b a s i s .  

" I f  u n c o n t r o l l e d  v e n t i l a t i o n  is  a c c e p t a b l e  i n  t e m p e -  
r a t e  r e g i o n s  o r  on o u r  l a t i t u d e  d u r i n g  a  t e m p e r a t e  
p e r i o d ,  i n  c o l d  r e g i o n s  a n d  d u r i n g  w i n t e r  i t  a c -  
c o u n t s  f o r  a p p r o x i m a t e l y  2 0 %  o f  a l l  e n e r g y  c o s t s  f o r  
h e a t i n g .  S i n c e  t h e  e n e r g y  c r i s i s ,  s o m e  measures h a v e  
b e e n  t a k e n :  w e a t h e r s t r i p p i n g  w i n d o w  j o i n t s ,  l i m i t i n g  
o f  w i n d o w  o p e n i n g s ,  r e d u c i n g  t h e  a i r  f l o w  o r  t h e  
d u r a t i o n  o f  m e c h a n i c a l  v e n t i l a t i o n .  T h e s e  m e a s u r e s  
h a v e  p r o v e d  e f f e c t i v e  f o r  h e a t i n g  c o n s e r v a t i o n  b u t  
d i s a s t r o u s  f o r  h o u s i n g  h y g i e n e ,  b o t h  f o r  t h e  
h e a l t h - g i v i n g  q u a l i t i e s  o f  a i r  a n d  t h e  d r y n e s s  o f  
w a l l s . "  ( I s e l i n  a n d  G u i l l e m i n ,  1984:49,  o n  O c c u p a n t  
B e h a v i o u r  i n  V e n t i l a t i o n  - A S o c i o l o g i c a l  P e r s p e c -  
t i v e ) .  

V e n t i l a t i o n  i s  t h e r e f o r e  a  c o m p l e x  p r o b l e m  t h a t ,  
among o t h e r  t h i n g s ,  d e p e n d s  l a r g e l y  on i t s  u s e r s .  
T h e r e  a r e  c e r t a i n  e x c e p t i o n a l  a n d  r a r e  c a s e s  s u c h  a s  
m e c h a n i c a l  v e n t i l a t i o n  o f  c e r t a i n  r o o m s ,  p a r t i c u l a r -  
l y  W . C . s  a n d  b a t h r o o m s .  



S t u d y i n g  o c c u p a n t s ' b e h a v i o u r  i n  r e l a t i o n  t o  t h e i r  
h a b i t a t i o n  g i v e s  us a  t h o r o u g h  u n d e r s t a n d i n g  o f  what  
i s  h a p p e n i n g  and t h e  u n d e r l y i n g  m o t i v a t i o n s .  We 
s h o u l d  t h e n  be  a b l e  t o  c r e a t e  s u i t a b l e  t e c h n i c a l l y  
i n n o v a t i v e  i m p r o v e m e n t s .  

F o r  s e v e r a l  y e a r s ,  a  c e r t a i n  amount o f  s o c i a l  s c i -  
ence r e s e a r c h  h a s  been d e v o t e d  t o  t h i s  p a r t i c u l a r  
p r o b l e m  o f  e n e r g y  c o n t r o l .  Two r e c e n t  s t u d i e s  d e a l  
s p e c i f i c a l l y  w i t h  v e n t i l a t i o n  and a r e  w o r t h  m e n t i o n -  
i n g  h e r e :  V e z i n ' s  s y n t h e s i s  o f  v a r i o u s  s t u d i e s  t h a t  
f o c u s e s  d i r e c t l y  o r  i n d i r e c t l y  on t h e  p s y c h o s o c i o l o -  
g i c a l  d i m e n s i o n s  o f  d o m e s t i c  v e n t i l a t i o n  ( V e z i n ,  
L o r i m y ,  1 9 8 5 ) ;  and D a r d ' s  s t u d y  t h a t  e x a m i n e s  mecha- 
n i c a l  v e n t i l a t i o n ,  among o t h e r  a s p e c t s  o f  e n e r g y  
c o n s u m p t i o n .  Many o t h e r  s t u d i e s  a p p r o a c h  v e n t i l a t i o n  
as  a  p r a c t i c e  o f  h o u s e h o l d  e n e r g y  c o n s u m p t i o n  ( c f .  
e s p e c i a l l y  t h e  s t u d i e s  o f  E .  M o n n i e r ,  1985 and 
IREC-IES o n  " E n e r g y  C u l t u r e s "  t o  be p u b l i s h e d  i n  
1 9 8 6 ) .  

I n  t h i s  c o n t e x t  we a d o p t  a  d o u b l e  s t r a t e g y  f o r  o u r  
r e s e a r c h :  f i r s t l y ,  t h e  p s y c h o s o c i o l o g i c a l  and c u l t u -  
r a l  d i m e n s i o n s  o f  t h e  v e n t i l a t i o n  o f  a  r e n t e d  u r b a n  
h a b i t a t ;  s e c o n d l y ,  t h e  c o m b i n a t i o n  o f  a  q u a l i t a t i v e  
a p p r o a c h  ( c o n c e n t r a t e d  i n t e r v i e w s  r e c o r d e d  on v i -  
deo )  a n d  a  q u a n t i t a t i v e  one ( r e c o r d e d  i n d o o r  and 
o u t d o o r  t e m p e r a t u r e s  o f  t h e  h o u s i n g  u n d e r  s t u d y  and 
t h e  r e c o r d i n g  o f  window m a n i p u l a t i o n s ) .  

2. R e s e a r c h  o b j e c t i v e s  and  d e s c r i p t i o n  o f  t h e  s u r v e y ' s  
" t e r r a i n "  

Our w o r k  i s  p a r t  o f  t h e  t a s k  o f  Annex V I I I  ( "Occu-  
p a n t  b e h a v i o u r  t o w a r d s  v e n t i l a t i o n  s y s t e m s " )  on  t h e  
c o n s e r v a t i o n  o f  e n e r g y  i n  b u i l d i n g s ,  s t u d i e d  b y  t h e  
member c o u n t r i e s  (e,g. S w i t z e r l a n d )  o f  t h e  I n t e r n a -  
t i o n a l  E n e r g y  Agency. I t s  p u r p o s e  i s  t o  answer t h e  
f o l l o w i n g  t w o  q u e s t i o n s :  

1 )  How do t h e  o c c u p a n t s  o f  r e n t e d  f l a t s  i n  a p a r t m e n t  
b u i l d i n g s  r e a c t  t o  v e n t i l a t i o n ?  

2 )  Why do  t h e y  behave  i n  s u c h  ways? 

The f i n a l  o b j e c t i v e  i s  t o  make i n f o r m a t i o n  a v a i l a b l e  
t h a t  c a n  m o t i v a t e  h o u s i n g  d e s i g n e r s  and o c c u p a n t s  
and make them more aware  o f  v e n t i l a t i o n  p r o b l e m s  
w i t h i n  t h e  h a b i t a t ,  

The s u r v e y  was made i n  an a p a r t m e n t  b u i l d i n g  o f  2 4  
r e n t e d  f l a t s  l o c a t e d  i n  t h e  n o r t h e r n  s u b u r b  o f  



L a u s a n n e  n e a r  t w o  b u s y  r o a d s .  M o n i t o r e d  f o r  s i x  
y e a r s  by a n  a c q u i s i t i o n  d a t a  d e v i c e  w i t h  6 0 0  m e a s u r e  
p o i n t s  r e c o r d e d  a u t o m a t i c a l l y  e v e r y  f i v e  m i n u t e s ,  
t h i s  b u i l d i n g  h a s  a l r e a d y  b e e n  t h e  o b j e c t  o f  much 
r e s e a r c h ,  The  r e c o r d i n g s  were i n d e e d  v a r i o u s ,  t h e  
m o s t  i m p o r t a n t  f o r  o u r  s u r v e y  b e i n g  t h e  o u t d o o r  tem- 
p e r a t u r e  a n d  t h e  n u m b e r  o f  h o u r s  o f  s u n s h i n e ,  t h e  
i n d o o r  t e m p e r a t u r e ,  t h e  s u r f a c e  t e m p e r a t u r e  o f  t h e  
r a d i a t o r s ,  t h e  o p e n i n g  o f  t h e  w i n d o w s  o f  e a c h  room 
( 1 5  h o o k e d - u p  a p a r t m e n t s )  a n d  t h e  e l e c t r i c i t y  c o n -  
s u m p t i o n  o f  e a c h  h o u s e h o l d .  M o r e o v e r ,  f r o m  t h e  
s t a r t ,  we u s e d  r e l e v a n t  p r e v i o u s  i n f o r m a t i o n  a c c u m u -  
l a t e d  f r o m  s t u d i e s  o n  t h e  b e h a v i o u r  o f  t h e  t e n a n t s  
i n  r e l a t i o n  t o  t h e i r  b u i l d i n g  e n v i r o n m e n t  a n d  b o i l e r  
h e a t i n g  s y s t e m .  O u r  p r o c e d u r e  t o o k  t h e s e  v a r i o u s  
q u a n t i t a t i v e  e l e m e n t s  i n t o  a c c o u n t  a n d  c o m p a r e d  t h e m  
a s  c l o s e l y  a s  p o s s i b l e .  The s u r v e y  i t s e l f  c o n s i s t e d  
o f  a  s e r i e s  o f  d e t a i l e d ,  f o c u s e d  i n t e r v i e w s  w i t h  t h e  
b u i l d i n g ' s  t e n a n t s  a b o u t  t h e i r  r e a c t i o n s  t o  v e n t i -  
l a t i o n  a n d  t h e  d i f f e r e n t  p r a c t i c a l  a n d  s y m b o l i c  
a s p e c t s  t h a t  c o r r e s p o n d  t o  t h e m .  V i d e o  f i l m i n g  - i n  
o r d e r  t o  i n c l u d e  a n  a u d i o v i s u a l  d o c u m e n t  - c o m p l e t e d  
o u r  a p p r o a c h ,  

S e v e r a l  o f  t h e  m o s t  i n f o r m a t i v e  g r a p h s  u s e d  a s  r e f e -  
r e n c e s  a r e  i n c l u d e d  i n  t h e  a p p e n d i c e s  ( c a n  b e  r e f e r -  
r e d  t o  when  m e a s u r i n g  is  m e n t i o n e d  i n  t h e  t e x t ) .  

3. F i n d i n g s :  f i r s t  r e f l e c t i o n s  

Owing  t o  t h e  s t r o n g  s o c i a l  h o m o g e n e i t y  o f  t h e  b u i l -  
d i n g ' s  i n h a b i t a n t s  o r  m o r e  e x a c t l y  t o  t h e  ( q u a n t i t a -  
t i v e )  n o n - r e p r e s e n t a t i v e n e s s  o f  t h e  d i s p a r i t i e s  o b -  
s e r v e d  i n  r e l a t i o n  t o  t h e  s o c i a l  n o r m ,  we h a d  t o  
g i v e  u p  o n e  o f  o u r  o r i g i n a l  o b j e c t i v e s :  t h e  p i n -  
p o i n t i n g  o f  a v e r a g e  b e h a v i o u r  p r o f i l e s  f r o m  s o c i o l o -  
g i c a l  v a r i a b l e s  s u c h  a s  a g e ,  t r a i n i n g  o r  t h e  s o c i o -  
p r o f e s s i o n a l  s t a t u s .  O u r  s t a t i s t i c a l  a n a l y s e s  r e f e r  
i n s t e a d  t o  t h e r m a l  d a t a  c r e a t e d  by  t h e  p r a c t i c e  o f  
o p e n i n g  w i n d o w s .  T h e s e  a r e  l i n k e d  t o  v a r i a b l e s  t h a t  
a r e  i n f r a s t r u c t u r a l  ( r e s i d e n t i a l  l o c a t i o n  a c c o r d i n g  
t o  f l o o r  l e v e l s ) ,  f u n c t i o n a l  ( a s s i g n m e n t  o f  f u n c -  
t i o n s  t o  t h e  d i f f e r e n t  r o o m s  i n  t h e  f l a t ) ,  a n d  e n v i -  
r o n m e n t a l  ( g e o g r a p h i c a l  p o s i t i o n  o f  t h e  a p a r t m e n t ) .  

T h e s e  a n a l y s e s  h a v e  t a k e n  i n t o  a c c o u n t  t h e  c l i m a t e  
c r i t e r i a ,  e s p e c i a l l y  o u t d o o r  t e m p e r a t u r e s .  T h u s ,  
w i t h i n  o u r  s u r v e y ' s  t a r g e t  p e r i o d ,  we s i n g l e d  o u t  
t h e  t w o  w e e k s  t h a t  r e c o r d e d  t h e  m o s t  i m p o r t a n t  d i s -  
p a r i t i e s :  t h e  w e e k  o f  1 8 t h  t o  2 4 t h  J a n u a r y  1 9 8 6 ,  
w i t h  a n  a v e r a g e  o u t d o o r  t e m p e r a t u r e  o f  3 . Z ° C ,  a n d  



t h e  w e e k  f r o m  t h e  8 t h  t o  1 4 t h  F e b r u a r y  1986 w i t h  a n  
a v e r a g e  o u t d o o r  t e m p e r a t u r e  o f  m i n u s  7"C,  i . e . ,  a 
"warm" w e e k  a n d  a  " c o l d "  w e e k  f o r  t h e  s e a s o n .  T h e  
c o m p a r i s o n  o f  t h e  i n d o o r  t e m p e r a t u r e s  a n d  t h e  n u m b e r  
o f  t imes w i n d o w s  were o p e n e d  h e l p e d  v e r i f i c a t i o n  o f  
t h e  i n f l u e n c e  o f  t h e  c l i m a t e  f a c t o r .  

4 .  O b s e r v a t i o n s  

T h e  a v e r a g e  n u m b e r  o f  t imes  t h a t  w i n d o w s  a r e  o p e n e d  
c l e a r l y  d e c r e a s e s  when t h e  o u t d o o r  t e m p e r a t u r e  
d r o p s ,  c r e a t i n g  a h o m o g e n e o u s  i n d o o r  t h e r m a l  s i t u a -  
t i o n .  

The r a d i a t o r s  i n  t h e  v a r i o u s  r o o m s  o f  t h e  f l a t s  a r e  
t h e  o b j e c t  o f  d i f f e r e n t i a t e d  m a n i p u l a t i o n s :  t h e  b e d -  
room r a d i a t o r  i s  p r o b a b l y  a d j u s t e d  w h a t e v e r  t h e  o u t -  
d o o r  t e m p e r a t u r e s  a n d  t e n d s  t o  b e  c l o s e d  a t  n i g h t .  
The l i v i n g - r o o m  r a d i a t o r  is l e f t  o p e n ,  u n l i k e  t h e  
k i t c h e n  r a d i a t o r  w h i c h  is  c l o s e d .  

O p e n i n g  t h e  l i v i n g - r o o m  w i n d o w s  s e l d o m  v a r i e s  when 
t h e  o u t d o o r  t e m p e r a t u r e  d r o p s ;  o n  t h e  o t h e r  h a n d ,  
t e n a n t  b e h a v i o u r  is  v e r y  d i f f e r e n t  i n  t h e  b e d r o o m s .  
Window o p e n i n g  d u r a t i o n  i s  m o r e  i m p o r t a n t  h e r e  t h a n  
i n  t h e  l i v i n g - r o o m  a n d  c l e a r l y  a f f e c t e d  by  t h e  o u t -  
d o o r  t e m p e r a t u r e .  

We c a n  a l r e a d y  d r a w  t w o  i n t e r m e d i a t e  c o n c l u s i o n s :  
a )  A f l a t ' s  a e r a t i o n / v e n t i l a t i o n  i n  w i n t e r  i s  p r i -  

m a r i l y  d o n e  t h r o u g h  t h e  b e d r o o m ;  
b )  M a i n t a i n i n g  a  c o n s t a n t  i n d o o r  t e m p e r a t u r e  i n  t h e  

b e d r o o m  seems t o  c o m e  m o r e  f r o m  m a n i p u l a t i o n  o f  
t h e  w i n d o w s  ( w h i c h  d e c r e a s e s  when w e a t h e r  g e t s  
v e r y  c o l d )  r a t h e r  t h a n  f r o m  t h e  r a d i a t o r s .  

We h a v e  i d e n t i f i e d  f l u c t u a t i o n s  i n  t h e  o p e n i n g  o f  
w i n d o w s  a n d  i n  t h e  u s e  o f  r a d i a t o r s ,  a c c o r d i n g  t o  
f l o o r  l e v e l s ,  A l t h o u g h  b e h a v i o u r  p a t t e r n s  a n d  t h e  
r a d i a t o r  m a n i p u l a t i o n  a r e  q u i t e  s i m i l a r ,  t h e  f o u r t h  
f l o o r  ( t h e  h i g h e s t  a n d  b e s t  i n s u l a t e d  a t  t h e  t o p )  
c o n s t a n t l y  r e c o r d e d  i n d o o r  t e m p e r a t u r e s  r e l a t i v e l y  
h i g h  ( o v e r  2 5 " ~  i n  t h e  l i v i n g - r o o m s ,  w h a t e v e r  t h e  
o u t d o o r  t e m p e r a t u r e  i s ) .  

P a r a d o x i c a l l y ,  w h a t e v e r  t h e  o u t d o o r  t e m p e r a t u r e  
- e s p e c i a l l y  when t h e  w e a t h e r  i s  f i n e  - t h e  f o u r t h  
f l o o r  t e n a n t s  o p e n  t h e  w i n d o w s  m o r e  o f t e n  t h a n  t h o s e  
o f  t h e  o t h e r  f l o o r s  ( e s p e c i a l l y  a t  n i g h t ) .  The  t e -  
n a n t s  o n  t h e  f i r s t  f l o o r  o p e n  t h e i r  w i n d o w s  m o r e  d u -  
r i n g  t h e  d a y  when t h e  w e a t h e r  is  n o t  t o o  c o l d ,  H e r e  



we e n t e r  head-on  i n t o  t h e  r o l e  o f  b e h a v i o u r  p a t t e r n s  
and, a t  t h i s  s t a g e ,  i n t o  t h e  r e a l m  o f  s u p p o s i t i o n s .  

A r e  t h e  f i r s t  f l o o r  t e n a n t s  more o f t e n  a t  home? T h i s  
w o u l d  e x p l a i n  t h e  c o n s t a n t  i n  t h e  number o f  t i m e s  
t h a t  w indows a r e  opened.  To p u t  i t  a n o t h e r  way, do 
t h e  s e c o n d  and t h i r d  f l o o r  t e n a n t s  go o u t  more  
d u r i n g  t h e  day?  Do a l l  t h e  f o u r t h  f l o o r  t e n a n t s  a t  
n i g h t  h a v e  i n d e n t i c a l  b e h a v i o u r  t o w a r d s  a e r a t i o n ?  O r  
r a t h e r ,  do t h e s e  v e n t i l a t i o n  b e h a v i o u r  p a t t e r n s  de-  
p e n d  on i n d o o r  t e m p e r a t u r e s ?  We c o u l d  b e l i e v e  s o  
s i n c e  p a r a d o x i c a l l y  i t  i s  t h o s e  who open m o s t  o f t e n  
( f o u r t h  and f i r s t  f l o o r s )  who a l s o  b e n e f i t  f r o m  t h e  
h i g h e s t  i n d o o r  t e m p e r a t u r e s .  F i n a l l y ,  we wonder  i f  
e a c h  f l o o r  l e v e l  h a s n ' t  i t s  own c u l t u r e  o f  warmth and 
c o l d  - as i f  n e i g h b o u r s  commun ica te  and s h a r e  t o -  
g e t h e r  no rms  o f  c o m f o r t  and b e h a v i o u r  r e g a r d i n g  t h e  
m a n i p u l a t i o n  o f  r a d i a t o r s  and  windows.  Two o t h e r  
f a c t o r s  a l s o  p l a y  an i m p o r t a n t  r o l e  t h e r m a l l y :  t h e  
f l a t ' s  p o s i t i o n  i n  space  and i t s  o r i e n t a t i o n .  The 
o c c u p a n t s  who have  a  l i v i n g - r o o m  f a c i n g  s o u t h  ( t h e  
s u n n i e s t )  h a v e  t h e  h i g h e s t  i n d o o r  t e m p e r a t u r e .  P a r a -  
d o x i c a l l y ,  t h e y  t e n d  t o  open t h e i r  w indows more  f r e -  
q u e n t  l y  a t  n i g h t .  

By d e d u c t i o n  and i n t e r p r e t a t i o n  o f  t h e  measuremen ts ,  
we c o u l d  a l m o s t  p o i n t  o u t  t h e  b i g g e s t  " v e n t i l a t o r s " :  
t h o s e  who u s e  v e n t i l a t i o n  s p a r i n g l y ;  t h o s e  who a r e  
" c h i l l y 1 ' ,  t h o s e  who l i k e  t h e  c o l d ;  t h o s e  who man ipu -  
l a t e  t h e  r a d i a t o r s  a n d / o r  w indows,  o r  t h o s e  who do 
n o t .  

The i n t e r p r e t a t i o n  o f  t h e s e  q u a n t i t a t i v e  d a t a  g i v e s  
g e n e r a l  i n d i c a t i o n s  o f  what  i s  h a p p e n i n g  i n  t h e  
b u i l d i n g  c o n c e r n i n g  t h e  a p p r o p r i a t i o n  and u s e  o f  t h e  
rooms. They a l s o  s u g g e s t  d i f f e r e n c e s  i n  b e h a v i o u r  
a c c o r d i n g  t o  f l o o r  l e v e l s  and t h e  o r i e n t a t i o n  o f  t h e  
f l a t s  and t h e  rooms. 

We a r e  t h u s  a b l e  t o  d e s c r i b e ,  t o  o b s e r v e  s i t u a t i o n s  
o r  b e h a v i o u r  p a t t e r n s  g e n e r a l l y ,  b u t  we h a v e  no ex-  
p l a n a t i o n .  To e x p l a i n  and a n a l y s e  we must  go i n t o  
f u r t h e r  d e s c r i p t i v e  d e t a i l ,  f o c u s i n g  on t h e  i n d i v i -  
d u a l  r a t h e r  t h a n  t h e  goup - i n  o r d e r  t o  be b e t t e r  
a b l e  t o  g e n e r a l i z e  a g a i n .  



5.  Q u a l i t a t i v e  a p p r o a c h  o f  o c c u p a n t  i n t e r a c t i o n  i n  
v e n t i l a t i o n  

The i n f o r m a t i o n  g a t h e r e d  f r o m  d i r e c t  c o n t a c t  w i t h  
o u r  t e n a n t s  e n a b l e d  u s  t o  p r o g r e s s  m e t h o d i c a l l y  
t h r o u g h  e a c h  nuance  and c o m p l e x i t y .  I t  p r o v e d  q u i t e  
d i f f i c u l t  t o  s t u d y  t h e  b e h a v i o u r  p a t t e r n s  o f  t h e  
i n t e r v i e w e e s  and t h e  c o n c r e t e ,  s p e c i f i c  f i n d i n g s  as  
r e c o r d e d  b y  t h e  m e a s u r i n g  e q u i p m e n t .  N e v e r t h e l e s s ,  
i t  was t h i s  g e n e r a l i t y  o f  d a i l y  a c t i o n s  ( i n  d o m e s t i c  
v e n t i l a t i o n )  t h a t  we w a n t e d  t o  e x p l o r e .  The w o r k  
b r o u g h t  t o  l i g h t  numerous an i n t e r e s t i n g  d i m e n s i o n s :  
m a l e - f e m a l e  v e n t i l a t i o n  r e s p o n s a b i l i t y ,  t h e  c o n t r a s t  
o f  p e o p l e ' s  t h e r m a l  s e n s i t i v i t i e s  ( t h o s e  who a r e  
warm, t h o s e  who a r e  c o l d ) ,  t h e  s o c i a l  b e h a v i o u r  and 
t h e  p e r i o d  o f  s o c i a l i z a t i o n ,  t h e  d i f f e r e n t  n a t i o n a l  
c u l t u r e s ,  t h e  r e a c t i o n s  t o  t h e  w i n d o w - r a d i a t o r  r e l a -  
t i o n s h i p ,  t h e  t e c h n i c a l  i g n o r a n c e  and l a c k  o f  know- 
l e d g e  o f  e n e r g y  p r o b l e m s ,  t h e  p e r s o n a l  h y p o t h e s e s  
and p r e f e r e n c e s  r e g a r d i n g  t h e  i n s t a l l a t i o n  o f  h e a t -  
i n g  s y s t e m s  and a e r a t i o n .  A l l  t h e s e  e l e m e n t s  h a v e  
t h e i r  i m p o r t a n c e .  As we c a n n o t  go i n t o  t o o  much de -  
t a i l  h e r e  we w i l l  m e r e l y  p o i n t  o u t  t w o  k e y  f i e l d s  
o b s e r v e d  w i t h  o u r  i n h a b i t a n t s  o f  t h e  t a r g e t  b u i l -  
d i n g :  t h e  d i v e r s i t y  o f  i n t e r a c t i o n s  and m o t i v a t i o n s  
i n  d o m e s t i c  v e n t i l a t i o n .  

6. The many f a c e t s  o f  i n t e r a c t i o n  

C o n t r a r y  t o  wha t  one m i g h t  i m a g i n e ,  t h e  a c t i o n  o f  
a i r i n g  i s  o f  c o n s i d e r a b l e  d i v e r s i t y .  I t  depends  
f i r s t  o n  an e x i s t i n g  i n f r a s t u c t u r e ,  t h e  t y p e  and 
number o f  w indows,  t h e  p o s i t i o n  o f  t h e  f l a t  w i t h i n  
t h e  b u i l d i n g ,  i t s  n o i s e  e n v i r o n m e n t ,  t h e  number o f  
h o u r s  o f  s u n s h i n e ,  t h e  q u a l i t y  o f  t h e  b u i l d i n g ' s  
e x t e r i o r ,  i t s  h e a t i n g  i n s t a l l a t i o n s ,  and many o t h e r  
e l e m e n t s  t h a t  a r e  " imposed" ,  t h a t  t h e  t e n a n t - u s e r  
h a s  p r a c t i c a l l y  no  c o n t r o l  o v e r .  

However ,  f u r t h e r  f a c t o r s  a r i s e  i n  t h e  i n f r a s t r u c t u r -  
a 1  c o n t e x t  - f a c t o r s  c o n c e r n i n g  t h e  t e n a n t s '  p e r s o n -  
a l  t a s t e  i n  r e l a t i o n  t o  t h e  f u n c t i o n a l  s p e c i a l i z a -  
t i o n  o f  t h e  d i f f e r e n t  rooms  o f  a  f l a t .  Thus, i n t e r -  
a c t i o n s  i n  v e n t i l a t i o n  c a n  d i f f e r  a c c o r d i n g  t o  t h e  
s i z e  o f  t h e  h o u s e h o l d ,  t h e  d e g r e e  o f  o c c u p a n c y  o f  
t h e  f l a t  and e v e n  i n  r e l a t i o n  t o  i t s  i n t e r i o r  a r -  
r a n g e m e n t .  F u r t h e r m o r e ,  i t  i s  c l e a r  t h a t  p r a c t i c e s  
v a r y  a c c o r d i n g  t o  t h e  t y p e  o f  room: one does n o t  a i r  
i n  t h e  same way a  l i v i n g - r o o m ,  a  k i t c h e n ,  a  b a t h r o o m  
o r  a  bedroom.  



O t h e r  v a r i a b l e s ,  r e f e r r i n g  t o  t h e  u s e r  h i m s e l f ,  add 
t o  t h e  g r e a t  v a r i e t y  o f  t h e s e  f a c t o r s .  H e r e  a r e  some 
o f  t h e  p o i n t s  w o r t h  b r i e f  m e t i o n .  

F i r s t ,  t h e  l e v e l  o f  awareness  o f  e n e r g y  p r o b l e m s .  I s  
t h e  i n d i v i d u a l  i n t e r e s t e d  i n  e n e r g y  and e s p e c i a l l y ,  
i n  w h a t  way d o e s  he  f e e l  c o n c e r n e d ?  I s  he a b l e  t o  
p l a c e  v e n t i l a t i o n  w i t h i n  t h e  e n e r g y  c o n t e x t ,  does h e  
s e e  t h e  m u t u a l  r e l a t i o n s h i p  and e f f e c t s ?  These ques-  
t i o n s ,  among o t h e r s ,  c a n  l o c a t e  t h e  t h r e s h o l d  aware-  
n e s s  and r e s p o n s i b i l i t y  w i t h  r e g a r d  t o  e n e r g y  con-  
s u m p t i o n .  

The f o l l o w i n g  p o i n t ,  c l o s e l y  c o n n e c t e d  t o  t h e  p r e c e -  
d i n g  one,  c o n c e r n s  t e c h n i c a l  k n o w l e d g e  on t h e  domes- 
t i c  use  o f  e n e r g y .  Does t h e  u s e r  know t h e  o f f i c i a l  
r u l e s  recommended i n  v e n t i l a t i o n ?  Does he a d o p t  r a -  
t i o n a l  m e a s u r e s  i n  h i s  b e h a v i o u r  t o w a r d s  v e n t i l a -  
t i o n ,  p a r t i c u l a r l y  t h e  w i n d o w - r a d i a t o r  r e l a t i o n s h i p  
and t h e  d u r a t i o n  o f  o p e n i n g ?  Does he  l o o k  f o r  and i s  
h e  c a p a b l e  o f  u n d e r s t a n d i n g  t h e  i n f o r m a t i o n  o f f e r t e d  
on e n e r g y  and i t s  d o m e s t i c  management? 

M o r e o v e r ,  i t  seems t o  us  i m p o r t a n t  t o  r e p o r t  t h e  
r o l e  o f  p a r t i c u l a r  b e h a v i o u r  and h a b i t s  t h a t  h a v e  an 
e f f e c t  on  v e n t i l a t i o n :  s m o k i n g  o r  l i v i n g  w i t h  smo- 
k e r s ,  c o o k i n g  h a b i t s  ( S p a n i s h  c o o k i n g ,  f r y i n g ) ,  
s t e a m  f r o m  t h e  k i t c h e n  o r  t h e  b a t h r o o m .  These r e a -  
s o n s  c r e a t e  a  need f o r  a i r  r e n e w a l  and c a n  h a v e  i m -  
p o r t a n t  t h e r m a l  consequences .  The same w i t h  h a b i t s :  
t h e  o c c u p a n t ' s  " t h e r m a l  h i s t o r y "  m u s t  be c o n s i d e r e d  
t h r o u g h  t h e  s u c c e s s i o n  o f  d i f f e r e n t  a p a r t m e n t s  r e n -  
t e d  and t h e i r  t h e r m a l  f u n c t i o n s ,  and t h r o u g h  t h e s e  
p e o p l e ' s  w o r k  e n v i r o n m e n t s .  As we o b s e r v e d  i n  o u r  
a p a r t m e n t  b u i l d i n g  examp le ,  h e a t i n g  and a e r a t i o n  de- 
mands a r e  d i f f e r e n t  f o r  d i f f e r e n t  p e o p l e  - a  c a r  me- 
c h a n i c  e x p o s e d  t o  d r a u g h t s  o r  someone w o r k i n g  i n  an 
o v e r h e a t e d  l a u n d r y .  

We must  a l s o  m e n t i o n  p e o p l e ' s  d i f f e r e n t  n e e d s  and 
e x p e c t a t i o n s  o f  c o m f o r t .  E v e r y o n e  o r  a t  l e a s t  e v e r y  
h o u s e h o l d  h a v e  t h e i r  own n o t i o n s  o f  c o m f o r t .  The 
q u e s t  f o r  c o m f o r t  and w e l l - b e i n g  i s  c l o s e l y  c o n n e c t -  
ed  t o  e v e r y t h i n g  a b o u t  h e a t i n g ,  i t s  r e g u l a t i o n  and 
v e n t i l a t i o n .  T h e r e  a r e  t h o s e  who l i k e  d r y  h e a t ,  
t h o s e  who p r e f e r  t h e  c o l d ,  t h o s e  who seek  o u t  
d r a u g h t s ,  o r  on t h e  c o n t r a r y ,  a v o i d  them. T h e r e  a r e  
p e o p l e  who a p p r e c i a t e  a  u n i f o r m  t e m p e r a t u r e  l e v e l  i n  
e v e r y  room and o t h e r s  who a d o p t  a  t h e r m a l  s t r a t e g y  
s p e c i f i c a l l y  f o r  e a c h  room o f  t h e  f l a t ,  T h i s  s e a r c h  
f o r  c o m f o r t  a l s o  i n c l u d e s  u s i n g  s h u t t e r s  o r  b l i n d s  



a n d  t h e i r  i n d i r e c t  t h e r m a l  e f f e c t s ,  t h e  b a t h r o o m  a n d  
t h e  k i t c h e n ;  a l l  b e h a v i o u r / i n t e r a c t i o n s  o r i e n t a t e d  
b y  t h e  c o n c e r n  f o r  c o m f o r t  d i r e c t l y  i n f l u e n c e  e n e r g y  
c o n s u m p t i o n  t h r o u g h  t h e  h e a t i n g - a e r a t i o n  r e l a t i o n -  
s h i p ,  o r  m o r e  p r e c i s e l y ,  t h e  w i n d o w - r a d i a t o r  d i a l e c -  
t i c .  

F u r t h e r m o r e ,  a n o t h e r  e l e m e n t  d e s e r v e s  t o  b e  c o n s i d -  
e r e d  a n d  l i n k e d  w i t h  i n d i v i d u a l  b e h a v i o u r :  how o c c u -  
p a n t s  o p e n  t h e  w i n d o w s .  We a r e  i m p r e s s e d  by  t h e  num- 
b e r  o f  w a y s  t h e r e  a r e .  T h e r e  is  d i v e r s i t i y  f i r s t  i n  
t h e  a n g l e  o f  o p e n i n g :  c e r t a i n  p e o p l e  o p e n  a  w i n d o w  
c o m p l e t e l y ,  o t h e r s  h a r d l y  l e a v e  i t  a j a r ,  s t i l l  
o t h e r s  u s e  o n l y  o n e  s i d e .  Some p e o p l e  h a v e  t h e i r  own 
w a y s  o f  b l o c k i n g  t h e  o p e n i n g .  The a n g l e  v a r i a b l e  is  
n a t u r a l l y  a s s o c i a t e d  w i t h  t h e  o p e n i n g  t ime. T h r e e  
e x t r e m e  c a s e s  a r e  r o u g h l y  p r e s e n t e d :  1 )  l a r g e  a n g l e  
o f  o p e n i n g  d u r i n g  a  s h o r t  t i m e ,  2 )  l i m i t e d  a n g l e  o f  
o p e n i n g  o v e r  l o n g  p e r i o d s  ( 3 - 3 6  h o u r s ) ,  3 )  l i m i t e d  
a n g l e  o f  o p e n i n g  f o r  s h o r t  p e r i o d s  ( 5 - 2 0  m i n u t e s ) .  

F u r n i t u r e  a r r a n g e m e n t  a l s o  o f t e n  d e t e r m i n e s  t h e  a n -  
g l e  o f  o p e n i n g  a n d  p a r t i c u l a r l y  when t h e r e  a r e  i n -  
d o o r  p l a n t s  n e a r  w i n d o w s .  O t h e r  s o u r c e s  o f  o p e n i n g  
d e t e r m i n e r s  a r e  t a b l e s ,  c h a i r s ,  p e d e s t a l  t a b l e s ,  b e d  
p o s i t i o n  a n d  e v e n  k n i c k - k n a c k s  p l a c e d  o n  w i n d o w  
s i l l s .  

C h o o s i n g  w h i c h  window t o  o p e n  a f f o r d s  e v e n  m o r e  d i -  
v e r s i t y :  s o m e  h o u s e h o l d s  n e v e r  o p e n  c e r t a i n  w i n d o w s ,  
o t h e r  o f t e n .  T h e s e  d i f f e r e n c e s  a r e  o f t e n  e x p l a i n a b l e  
by  r e a s o n s  o f  d o m e s t i c  c o n v e n i e n c e  a n d  h o u s e h o l d  
m a i n t e n a n c e :  s u c h  a n d  s u c h  a n  o p e n  w i n d o w  w o u l d  g e t  
i n  t h e  w a y ,  a n o t h e r  i s  m o r e  a c c e s s i b l e ,  s t i l l  a n o t h -  
e r ,  i f  i t  were o p e n ,  c o u l d  d a m a g e  t h e  f u r n i t u r e . .  . 
o r  e v e n  a  c l o c k ,  a s  we o u r s e l v e s  h a v e  o b s e r v e d .  

S u c h  d i v e r s i t y  o f  b e h a v i o u r  h a s  m u l t i p l e  o r i g i n s ,  
s h a p e d  b y  t h e  i n d i v i d u a l :  h i s  v a l u e  s y s t e m  a n d  
a w a r e n e s s  o f  e n e r g y  p r o b l e m s ,  t e c h n i c a l  k n o w l e d g e ,  
c o n c e p t  o f  c o m f o r t ,  h a b i t s ,  i d i o s y n c r a s i e s ,  h o u s i n g  
h i s t o r y  a n d  p r o f e s s i o n a l  t h e r m a l  b a c k g r o u n d ,  d o m e s -  
t i c  e n v i r o n m e n t  a n d  a c t i v i t i e s ,  p e r s o n a l  a p p r o p r i -  
a t i o n  o f  i n t e r i o r  s p a c e s  a n d  i n t e r p e r s o n a l  r e l a t i o n s  
w i t h  n e i g h b o u r s .  

7 .  R e a s o n s  f o r  o p e n i n g  w i n d o w s  

We a r e  n o t  t h e  f i r s t  t o  p o i n t  o u t  t h e  m u l t i p l i c i t y  
o f  r e a s o n s  t h a t  i n  a  g e n e r a l  way c a n  l e a d  t o  o p e n i n g  



windows .  T h e r e  h a s  a l r e a d y  b e e n  m e n t i o n  o f  t h e  v a r i -  
e t y  o f  f u n c t i o n s  t h a t  w indows c a n  f i l l .  However ,  we 
f i n d  i t  i n t e r e s t i n g  t o  r e - e x a m i n e  t h e s e  t w o  k e y  e l e -  
m e n t s  o f  v e n t i l a t i o n  w i t h  t h e  r e s i d e n t s  o f  t h e  b u i l -  
d i n g  s t u d i e d ,  i n  r e l a t i o n  t o  t h e i r  s o c i o c u l t u r a l  
s p e c i f i c i t i e s  and t h e i r  l o c a t i o n  i n  t h e  b u i l d i n g .  

B e a r i n g  i n  m i n d  t h a t  e a c h  f l a t  h a s  a  b a l c o n y  ( o r  f o r  
f i r s t  f l o o r  t e n a n t s ,  d i r e c t  a c c e s s  t o  t h e  l a w n  s u r -  
r o u n d i n g  t h e  b u i l d i n g ) ,  t h e  v a r i o u s  r e a s o n s  f o r  
o p e n i n g  a window o r  w indow-door  o f  t h e  b a l c o n y  f a l l  
i n t o  f i v e  m a i n  c a t e g o r i e s .  Each o f  them i n c l u d e s  a  
d i f f e r e n t  number o f  m o t i v a t i o n s  whose i m p o r t a n c e  i s  
n o t  n e c e s s a r i l y  m e a n i n g f u l  o r  r e v e a l i n g  f o r  t h e  i n -  
d i v i d u a l  e x c e p t  p e r h a p s  f o r  t h e  q u a n t i t a t i v e  l o s s  o f  
e n e r g y .  I t  was n o t  i n t e n d e d  t o  t a k e  i n t o  a c c o u n t  
"emot . iona1"  o r  p s y c h o s o c o l o g i c a l  f a c t o r s .  

F o r  e a c h  o f  t h e  f i v e  f o l l o w i n g  t y p e s ,  we h a v e  a g a i n  
u s e d  t h e  ( n o n e x h a u s t i v e )  l i s t  o f  t h e  m o d i f i c a t i o n s .  

1. D o m e s t i c  m o t i v a t i o n s  

The a c t i v i t i e s  t h a t  i n v o l v e  t h e  management and m a i n -  
t e n a n c e  o f  t h e  i n h a b i t e d  space  - t h e  s a t i s f a c t i o n  o f  
n e e d s  c a l l e d  " e l e m e n t a r y f f  - a r e  t h e  b a s i c  m o t i v a -  
t i o n s  g i v e n  f o r  a i r i n g .  I n  f a c t ,  h o u s e k e e p i n g ,  tem- 
p e r a t u r e  r e g u l a t i o n ,  t h e  d r i v e  f o r  o p t i o n a l  c o m f o r t ,  
m e a l  p r e p a r a t i o n  o r  t h e  c o n s u m p t i o n  o f  h o t  w a t e r  a l l  
h a v e  e f f e c t s  on v e n t i l a t i o n  b e h a v i o u r .  

The p e r s o n s  q u e s t i o n e d  a b o u t  t h e i r  m o t i v a t i o n s  f o r  
w indow o p e n i n g  gave t h e  f o l l o w i n g  r e a s o n s :  s t e a m  and 
c o o k i n g  s m e l l s ,  t o  hang o u t  t h e  wash, d r y  t h e  f r e s h -  
l y  washed k i t c h e n  f l o o r ,  a i r  o u t  a f t e r  sweep ing ,  
c l e a n  and shake d u s t i n g  c l o t h s ,  t o  sweep t h e  b a l c o -  
n y ,  e a t  on  t h e  b a l c o n y ,  e l i m i n a t e  o d o u r s  f r o m  e n t e r -  
t a i n i n g ,  t o  hang o u t  t h e  f l o o r  c l o t h  on t h e  w indow 
s i l l .  

I t  i s  o b v i o u s  t h a t  " e a t i n g  on t h e  b a l c o n y J f  c o n c e r n s  
o n l y  summert  ime o r  b e t w e e n - s e a s o n s .  There  c o u l d  
t h e r e f o r e  be  t e m p o r a l  o v e r l a p p i n g  and o u r  i n t e n t i o n  
i s  t o  g i v e  an o v e r a l l  v i e w .  

2.  " E c o l o g i c a l f f  o r  e n v i r o n m e n t a l  m o t i v a t i o n s  

I n  o u r  f i r s t  c h a p t e r ,  we b r i e f l y  made m e n t i o n  o f  t h e  
w i n d o w ' s  r o l e  as an e x t e n s i o n  o f  t h e  i n h a b i t e d  
s p a c e ,  as a  t r u e  l i n k  w i t h  t h e  s u r r o u n d i n g  e n v i r o n -  
m e n t ,  b e t w e e n  p u b l i c  and p r i v a t e  l i f e .  The u s e  o f  



t h e  window a l s o  a p p e a r s  as a  l i n k  w i t h  n a t u r e ,  a s  an 
e c o l o g i c a l  c o n t a c t  o r  r e l a y ,  e s p e c i a l l y  i n  o u r  c a s e  
s t u d y  o f  t e n a n t s ,  O f  c o u r s e  h a v i n g  a  b a l c o n y  no 
d o u b t  c o n t r i b u t e s  t o  r e i n f o r c i n g  and m a k i n g  e a s i e r  
t h e  n a t u r a l  l i k i n g  f o r  c o n t a c t  w i t h  t h e  o u t d o o r s .  
N e v e r t h e l e s s ,  we a r e  q u i t e  s u p r i s e d  t o  f i n d  t h i s  
m o t i v a t i o n  t y p e  w i t h  s u c h  i n t e n s i t y  and as  s u c h  a  
c o n s t a n t .  

The l i s t  o f  m o t i v e s  w h i c h  were  r e f e r r e d  t o  a r e  a s  
f o l l o w s :  t o  c h e c k  what t h e  w e a t h e r  i s  l i k e ,  e n j o y  
t h e  v i e w ,  t h e  g r e e n e r y ,  l o o k  a t  t h e  m o u n t a i n s ,  t h e  
t r e e s ,  g row p o t t e d  h e r b s  and f l o w e r s ,  s u n b a t h ,  f e e l  
t h e  f r e s h  a i r ,  l o o k  a t  t h e  snow, f e e d  t h e  ( w i n t e r )  
b i r d s .  

H e r e  a g a i n ,  some o f  t h e s e  m o t i v a t i o n s  c o n c e r n  o n l y  
summer o r  t h e  f a i r - w e a t h e r  d a y s  o f  t h e  o t h e r  sea -  
s o n s .  

3. The c o m m u n i c a t i v e  and s o c i a l  m o t i v a t i o n s  

The window i s  i m p o r t a n t  f o r  s o c i a b i l i t y  even i f  t h i s  
f u n c t i o n  i s  n o t  r e c o g n i z e d  o r  r e f e r r e d  t o  by  e v e r y -  
body.  I n  f a c t ,  c e r t a i n  p e o p l e  a f f i r m  t h a t  t h e  window 
i s  u s e f u l  f o r  c o m m u n i c a t i o n ,  e v e n  i f  b r i e f l y ;  o t h e r s  
a d m i t  u s i n g  i t  as a  s o c i a l  c o n t r o l  t o o l  f o r  t h e  ap-  
p a r t m e n t  b u i l d i n g ,  o r  as an a i d  i n  w a t c h i n g  o v e r  
c h i l d r e n .  

The f o l l o w i n g  r e a s o n s  h a v e  been m e n t i o n e d :  t o  commu- 
n i c a t e ,  t o  s a y  h e l l o  o r  t a l k  t o  t h e  n e i g h b o u r s ,  t o  
t a l k  w i t h  p a s s e r s - b y ,  t o  w a t c h  and c h e c k  on t h e  
c h i l d r e n  - t h e i r  comings  an g o i n g s  - when t h e y  a r e  
o n  a  v i s i t ,  l e a v i n g  f o r  s c h o o l  ( g i r l s ,  e s p e c i a l l y ) ,  
c o m i n g  home l a t e .  

C e r t a i n  o f  t h e s e  m o t i v a t i o n s  a r e  l e s s  f r e q u e n t  t h a n  
o t h e r s  ( s u c h  as t a l k i n g  f r o m  t h e  w i n d o w ) .  Some a r e  
i m p o r t a n t ,  e v e n  p a r t  o f  t h e  d a i l y  r o u t i n e .  

4. M o t i v a t i o n s  l i n k e d  t o  h e a l t h  and h y g i e n e  

The t e n a n t s  o f  o u r  b u i l d i n g  a l l  know t o  a  c e r t a i n  
d e g r e e  t h a t  a i r i n g  i s  i n d i s p e n s a b l e  t o  an o r g a n i s m ' s  
h e a l t h  and, f o r  t h e  mos t  p a r t ,  n e c e s s a r y  f o r  h o u s i n g  
h y g i e n e .  M o r e o v e r ,  a l m o s t  e v e r y o n e  q u e s t i o n e d  men- 
t i o n e d  t h e  need  t o  f r e s h e n  i n d o o r  a i r .  A w h o l e  s e -  
r i e s ' o f  h a b i t s  goes  hand  i n  hand  w i t h  t h i s  e x p l a n a -  
t i o n  o f  h y g i e n e .  I t  i s  s o m e t i m e s  d i f f i c u l t  t o  d i s -  
t i n g u i s h  b e t w e e n  a  l e g i t i m a t e  p r a c t i c e  f o r  h e a l t h ' s  



s a k e  o r  f o r  c o m f o r t ' s  sake .  We c a n  use  t h e  examp le  
o f  o p e n i n g  bedroom windows d u r i n g  t h e  n i g h t :  t h e  
m a j o r i t y  o f  t h o s e  who s t a t e  e x p l i c i t l y  t h a t  t h e y  
" c a n n o t  s l e e p  w i t h  t h e  window c l o s e d "  j u s t i f y  t h e  
h a b i t  t o  s l e e p  c o o l e r  ( o r  a t  a  l o w e r  t e m p e r a t u r e  
f r o m  e l s e w h e r e  i n  t h e  f l a t )  " b e c a u s e  i t  i s  p l e a s a n t "  
r a t h e r  t h a n  "because  i t  i s  h e a l t h i e r 9 ' ;  a  few t e n a n t s  
s t a t e d  b o t h  r e a s o n s  t o g e t h e r .  

The m o t i v a t i o n s  t h a t  make up t h i s  t y p e  i n c l u d e :  mak- 
i n g  t h e  f l a t  h e a l t h i e r ,  a v o i d i n g  dampness and m i l -  
dew, o p e n i n g  f o r  s l e e p i n g ,  n e e d i n g  f r e s h  a i r ,  g o i n g  
t o  t h e  b a l c o n y  t o  smoke ( i n  o r d e r  t o  a v o i d  d i s t u r b -  
i n g  o t h e r s ) .  

5 .  P h y s i o p s y c h o l o g i c a l  m o t i v a t i o n s  

Somet imes t h e  i n t e r v i e w e e s  had  t r o u b l e  e x p l a i n i n g  
and j u s t i f y i n g  t h e  n e e d  t o  open a  window. T h i s  beha- 
v i o u r  a p p e a r s  i n s t i n c t i v e ,  c o m p u l s i v e  and h a r d  t o  
c l a r i f y .  I t  i s  o f t e n  e x p r e s s e d  as a  "need1' o r  de- 
s i r e .  

Among t h e  m o t i v a t i o n s  o f  t h i s  t y p e :  t h e  need  t o  j u s t  
"go  and see, "  t h e  need  t o  l o o k  o u t s i d e ,  t h e  d e s i r e  
t o  dayd ream a t  t h e  window, t h e  need  t o  b r e a t h e  i n  
f r e s h  a i r ,  t o  open when d o i n g  t h e  d i s h e s .  

As we see f r o m  t h i s  b r i e f  d e s c r i p t i o n  o f  m o t i v a t i o n s  
and summar i zed  t y p o l o g y ,  t h e  a c t  o f  o p e n i n g  a  window 
h a s  m u l t i p l e  o r i g i n s .  Each h a s  an i m p o r t a n c e  w i t h i n  
t h e  r e s i d e n t i a l  m i c r o c o s m  o f  t h e  Lausanne b u i l d i n g ' s  
t e n a n t s .  We do n o t  a t t e m p t  t o  o r g a n i z e  them i n t o  a  
h i e r a r c h y  o r  g i v e  g r e a t e r  i m p o r t a n c e  o r  p l a c e  t o  one 
o v e r  a n o t h e r .  

F u r t h e r m o r e ,  i f  t h e  i n t e r v i e w s  d i d  h e l p  t o  d e s c r i b e  
and c l a r i f y  t h e  m o t i v e s  t h a t  t r i g g e r e d  t h e  o p e n i n g  
o f  w indows,  t h e y  a l s o  p o i n t e d  t o  r e a s o n s  t h a t  ac-  
c o u n t e d  f o r  c l o s i n g  them. F o r  t h e  mos t  p a r t ,  t h e s e  
w e r e  due t o  t h e  s u r r o u n d i n g  e n v i r o n m e n t ,  s e a s o n a l  
w e a t h e r  c o n d i t i o n s  and  a  number o f  c u l t u r a l  h a b i t s :  
v a r i o u s  n o i s e s  ( c a r s ,  c h i l d r e n  p l a y i n g  i n  t h e  y a r d ,  
r a i n  on t h e  b l i n d s ) ;  c o l d ,  o r  h o t  w e a t h e r  ( s i c ) ;  
d u s t  f r o m  p o l l u t e d  o u t d o o r  a i r  f r o m  t h e  i m m e d i a t e  
e n v i r o n m e n t  ( r e - s i c ) ;  s e c u r i t y  r e a s o n s ;  k e e p i n g  o u t  
c a t s .  



8 .  C o n f u s i n g  c o m m u n i c a t i o n  

O u r  i n t e n t i o n  w i t h  r e g a r d  t o  t h e  u s e r s  o f  h e a t i n g  
a n d  v e n t i l a t i o n  d e v i c e s  h a s  n e v e r  b e e n  t o  f i n d  f a u l t  
w i t h  t h e i r  l a c k  o f  c o h e r e n c e .  T h a t  w o u l d  mean d e n y -  
i n g  i n d i v i d u a l  f r e e d o m  a n d  t h e  i r r e d u c i b l e  s p h e r e  o f  
i n d i v i d u a l  n e e d s  a n d  c h o i c e s  o f  e x p r e s s i o n .  I t  w o u l d  
a l s o  i m p l y  t h a t  t h e r e  i s  a " r i g h t  way o f  d o i n g  
t h i n g s "  - a b e h a v i o u r  p a t t e r n  i n  v e n t i l a t i o n  t h a t  
e m e r g e s  a s  s o  r a t i o n a l  t h a t  i t  i s  i m p e r a t i v e  i n  i t -  
s e l f .  T h i s  r a t i o n a l  m o d e l  s h o u l d  e v e n  i n  t h e  l a s t  
i n s t a n c e  i n t e g r a t e  t h e  p o t e n t i a l  o f  i n d i v i d u a l  f r e e -  
dom o f  a c t i o n .  T h e r e  i s  n o  n e e d  t o  e m p h a s i z e  a n  a b -  
s o l u t e  r e f e r e n c e  o f  t h i s  t y p e :  t o d a y  we m u s t  b r i n g  
t o g e t h e r  t h e  p l u r a l i t y  o f  v i e w p o i n t s  on d o m e s t i c  a i r  
r e g u l a t i o n  a n d  i t s  c o n s e q u e n c e s ,  I t  is i n d e e d  c l e a r  
t h a t  t h i s  s i t u a t i o n  h a s  s t r o n g  e f f e c t s  o n  t h e  
u s e r s ' b e h a v i o u r  a n d  s t a t e  o f  m i n d ,  

T h o s e  i n  c h a r g e  o f  a p p l y i n g  r u l e s  a n d  r e g u l a t i o n s  
o f t e n  m a k e  d i s t i n c t  b u t  c o n t r a d i c t o r y  s p e e c h e s  
t h r o u g h  t h e  m e d i a  - t h e  t o w n  a d m i n i s t r a t o r s ,  r e a l  
e s t a t e  p r o m o t o r s ,  t h e  p u b l i c  s e r v i c e s ,  t h e  c o n s t r u c -  
t i o n ,  s c i e n t i f i c  a n d  h e a t i n g  m i l i e u x ,  t h e  a r c h i -  
t e c t s ,  

Here i s  a n  e x a m p l e :  We a l l  know t h e  i n j u n c t i o n  " o p e -  
n i n g  s e l d o m  b u t  w i d e l y  i s  b e t t e r  t h a n  o p e n i n g  a  l i t -  
t l e  a n d  a  l o n g  t i m e , "  T h i s  i d e a  s p r i n g s  f r o m  a  d e -  
s i r e  f o r  minimum e n e r g y  l o s s  a n d  a  p r o b a b l y  m o r e  e f -  
f e c t i v e  a i r  c h a n g e  ( i t  w o u l d  b e  n e c e s s a r y  t o  a c t u a l -  
l y  see  t h e  c o n t e x t  o f  s u c h  a  m e a s u r e ) .  H o w e v e r ,  
t h e r e  i s  a n o t h e r  v i e w p o i n t  p a r t i a l l y  o p p o s e d  t o  t h i s  
w i d e s p r e a d  a n d  o f f i c i a l  d i k t a t :  t h e  a n a l y s i s  m a d e  by  
I s e l i n  a n d  G u i l l e m i n  ( 1 9 8 4 ) ,  e x p e r t s  i n  a p p l i e d  r e -  
s e a r c h  i n  h o u s i n g  h y g i e n e .  R o u g h l y  s p e a k i n g ,  t h e y  
s a y  t h a t  h o w e v e r  w i n d o w s  a r e  o p e n ,  t h e y  d o  n o t  p r o -  
v i d e  a  s u f f i c i e n t l y  e f f e c t i v e  a i r  c h a n g e ;  e i t h e r  f o r  
e l i m i n a t i n g  t h e  e x c e s s  s t e a m  a c c u m u l a t e d  i n  t h e  c o n -  
s t r u c t i o n  m a t e r i a l  a n d  w h i c h  p r o v o k e s  a  f a s t e r  d e t e -  
r i o r a t i o n ;  o r  f o r  g e t t i n g  r i d  o f  a l l  k i n d s  o f  p o l l u -  
t a n t s  i n h e r e n t  o r  i n t r o d u c e d  i n t o  t h e  d o m e s t i c  e n v i -  
r o n m e n t .  T h e r e f o r e ,  a c c o r d i n g  t o  t h i s  l a s t  v i e w -  
' p o i n t ,  t h e  w i d e l y  a c c e p t e d  p r a c t i c e  c a n  i n c r e a s e  
c o s t s  o w i n g  t o  t h e  p r e m a t u r e  a g i n g  o f  a n  a p a r t m e n t  
b u i l d i n g .  

A n o t h e r  e x a m p l e :  t h e  g a p  b e t w e e n  t h e  i n d i v i d u a l  
u s e r ' s  s e n s e  o f  r e s p o n s i b i l i t y  a n d  i n d u s t r y ' s  t e n -  
d a n c y  t o  waste ,  e . g . ,  p r o p r i a t o r s  b u y i n g  c o m b u s t i -  
b l e s  who h a v e  l i t t l e  i n t e r e s t  a t  s t a k e  i n  e n e r g y -  



s a v i n g .  The r e m a i n i n g  q u e s t i o n :  what  i s  t h e  i m p o r -  
t a n c e  o f  e n e r g y  i n  r e l a t i o n  t o  a  p e r s o n ' s  manner  o f  
o p e n i n g  w indows  w i t h i n  t h e  m a t e r i a l  f r a m e w o r k  o f  an 
a p a r t m e n t  b u i l d i n g  - an a p a r t m e n t  b u i l d i n g  w i t h i n  
t h e  c o n t e x t  o f  a  s p e c i f i c  r e g i o n  o r  c o u n t r y .  A l -  
t h o u g h  o u r  c a s e  s t u d y  a t  Lausanne  used  a  s p e c i f i c  
b o i l e r - h e a t e r  d u r i n g  a  n o r m a l  w i n t e r ,  t h e  e f f e c t s  o f  
w indow o p e n i n g  on t h e  i n d o o r  t e m p e r a t u r e  were  m i n i -  
m a l :  e v e n  t h e  mos t  c o n s c i e n t i o u s  t e n a n t s  l i v e d  w i t h  
r a t h e r  h i g h  t e m p e r a t u r e s .  The e n e r g y  c o n s e q u e n c e s  o f  
s e l f - d i s c i p l i n e  a r e  t h e r e f o r e  h a r d  t o  comprehend  by  
t h e  i n d i v i d u a l s  c o n c e r n e d  and i n v o l v e  a  l a r g e  r e a l i -  
t y  o f  a b s t r a c t i o n .  A l l  t h e s e  e l e m e n t s  came up d u r i n g  
t h e  i n t e r v i e w s  - d i r e c t l y  o r  i n d i r e c t l y ,  e x p l i c i t l y  
o r  i m p l i c i t l y ,  The r e s u l t :  f e e l i n g s  o f  p o w e r l e s s -  
n e s s ,  i n a d e q u a c y ;  c y n i c i s m ,  i n s i n c e r i t y ;  t h e  a b s u r d ,  
a  l a c k  o f  c o n f i d e n c e  o r  i n t e r e s t ,  o r  a  f e e l i n g  o f  
i r r e s p o n s i b i l i t y .  A l m o s t  a l l  p e r s o n s  i n t e r v i e w e d  
were  h o n e s t  a b o u t  t h e i r  l a c k  o f  k n o w l e d g e  and c u r i o -  
s i t y  f o r  i n f o r m a t i o n ,  t h e i r  r e l i a n c e  on e x p e r t s  when 
p r o b l e m s  a r i s e ;  w i t h  a  vague f e e l i n g  o f  t h e  somewhat 
m a g i c  i d e a  o f  b e i n g  a b l e  e v e n t u a l l y  t o  i n t e r v e n e  i n  
t h e  p r o c e s s ,  i n  o r d e r  t o  "pay  f o r  what  we a c t u a l l y *  
consume." 

The t e c h n i q u e  i s  n o t  t h e i r  p r o b l e m .  They make do 
w i t h  what  t h e y  have.  Some a r e  s u r e  o f  t h e m s e l v e s ,  
o t h e r s  d o u b t f u l ,  s t i l l  o t h e r s  wonder  what  t h e y  m u s t  
do, n o n e  m a n i f e s t  any  a b s o l u t e  c o h e r e n c e  f o r  a  c l i -  
ma te  t h a t  d o e s n ' t  a l l o w  f o r  i t .  E v e r y o n e ,  h o w e v e r ,  
d o e s  h a v e  h i s  own c o h e r e n c e ,  t o  a  c e r t a i n  e x t e n t ,  
Over and above  a l l  m a t e r i a l ,  t e c h n i c a l  o r  m o r a l  f a c -  
t o r s  o r  r a t h e r ,  b y  i n t e g r a t i n g  them i n  a  p e r s o n a l  
way, e a c h  u s e r  e x p r e s s e s  t h r o u g h  h i s  own manner  and 
way o f  d o i n g  t h i n g s ,  a  c e r t a i n  d o m e s t i c  s o v e r e i g n t y ,  
a  p o t e n t i a l  f o r  i n d i v i d u a l  m a n o e v r i n g  w i t h i n  an 
o v e r a l  s y s t e m  h a r d l y  f a v o r a b l e  f o r  i t .  

We c a n  n o t e  a t  b e s t  a  r e i n t e r p r e t a t i o n  o f  t h e  r e -  
l a t i o n s h i p s  b e t w e e n  t h e  t e c h n i c a l  d e v i c e s ;  m o s t  o f -  
t e n  an absence  o f  r e l a t i o n s h i p  b e y o n d  t h e  one g e n e r -  
a l l y  p e r c e i v e d ,  o r  r a t h e r ,  b a s e d  on " d o i n g , "  b e t w e e n  
t h e  w indow and r a d i a t o r  m a n i p u l a t i o n .  The o v e r a l  
r e l a t i o n s h i p  w i t h  t h e  e n e r g y  p r o b l e m s  i s ,  f o r  t h e  
m o s t  p a r t ,  an a b s t r a c t i o n .  T h r o u g h  t h e  e s t r a n g e m e n t  
o f  t h e  m e a n i n g  o f  t h i n g s  ( a b s e n c e  o f  e v i d e n t  c a u s e  
and e f f e c t ,  c o n t r a d i c t i o n s  i n  t h e  f a c t s  and d i s c u s -  
s i o n s  a b o u t  " b e i n g  a b l e "  and " k n o w i n g  how") ,  t h e  ab-  
s e n c e  o f  s i g n i f i c a n t  p e r c e p t i o n s  i n  u s e r - b e h a v i o u r  
v a r i a t i o n s ,  c r e a t e  a  v i c i o u s  c i r c l e  l e a d i n g  t o  more 
and more p e r s o n a l  d e t a c h m e n t .  I t  i s  i n t e r e s t i n g  t o  



s e e  t h e  c o n t r a s t  h e r e  w i t h  t h e  h y p e r s e n s i t i v i t y  o f  
t h e  exogenous  and a r t i f i c i a l  t e m p e r a t u r e  v a r i a t i o n s  
( m o d i f i c a t i o n  o f  t h e  b o i l e r - h e a t e r ' s  r e g u l a t i o n  
c u r v e ) .  

C o n s e q u e n t l y ,  a l l  c o m m u n i c a t i o n  w i t h  t h e  u s e r  i n  
e n e r g y  m a t t e r s  s h o u l d  e s s e n t i a l l y  t a k e  i n t o  a c c o u n t  
( a n d  somewhat p a r a d o x i c a l l y )  t h e  f o l l o w i n g  e l e m e n t s :  

t e c h n o l o g y  and s c i e n c e  s t i l l  t a k e  more r e s p o n s i -  
b i l i t y  t h a n  t h e  u s e r s  a r e  r e a d y  t o  assume ( a t  
l e a s t  f o r  now) ;  
t h e  d i v e r s i t y  o f  m o t i v a t i o n s  and ways o f  d o i n g  
t h i n g s ,  w h i c h  make up t h e  s p h e r e  o f  i n d i v i d u a l  
d o m e s t i c  f reedom,  a r e  r e s p e c t e d  as  much as p o s -  
s i b l e ,  e v e n  es teemed ( t h e  " s y m b o l i c "  p u r i f i c a t i o n  
c o m b i n e s  w i t h  t h e  " r a t i o n a l "  p u r i f i c a t i o n  o f  t h e  
a i r )  ; 
t h e  message i s  c o m p a t i b l e  w i t h  (1 )  t h e  g e n e r a l  
f u n c t i o n i n g  and r e g u l a t i o n  o f  t h e  b u i l d i n g  hea-  
t i n g  s y s t e m  ( t a k i n g  i n t o  a c c o u n t  t h e r m o p h i l e  
p r e s s u r e  g r o u p s  w i t h i n  t h e  b u i l d i n g ) ;  ( 2 )  a s  much 
as p o s s i b l e ,  e n e r g y ,  c o n s t r u c t i o n ,  t o w n  and coun-  
t r y  p l a n n i n g / n a t i o n a l  and r e g i o n a l  d e v e l o p m e n t  
p o l i c i e s .  

More  t h a n  a  g u i l t - p r o v o k i n g  message o r  one t r y i n g  t o  
b u i l d  up p e r s o n a l  i n v o l v e m e n t ,  t h e  g r a p h s  a n a l y s e s ,  
and e s p e c i a l l y  t h e  i n t e r v i e w s  p r o v i d e  a  means o f  
c o m m u n i c a t i o n  w i t h  t h e  u s e r  w h i c h  a ims  a t  b e i n g  a  
b e t t e r  i n t e g r a l  p a r t  o f  t h e  o v e r a l l  r e a l i t y  o f  
e n e r g y .  

S h o r t  p r o v i s o r y  a s s e s s m e n t  

T h e r e  i s  no " b i g n  w indow o p e n e r ,  s o  t o  speak,  i n  t h e  
e n t i r e  a p a r t m e n t  b u i l d i n g .  The t e n a n t s  seem t o  b e  
happy  t o  open  s l i g h t l y ,  o n c e  o r  t w i c e  p e r  day  o r  
l e s s ,  b u t  r a r e l y  N w i d e  open. "  We h a v e  seen t h a t  t h i s  
way o f  i n t e r a c t i o n  h a r d l y  a f f e c t s  t h e  i n d o o r  tempe-  
r a t u r e  i n s o f a r  as t h e  l o s s  o f  h e a t  d u r i n g  o p e n i n g s  
was l a r g e l y  and r a p i d l y  compensa ted  f o r  b y  t h e  sup-  
p l y  o f  h e a t i n g ,  i n f l u e n c e d  b y  t h e  o u t d o o r  t e m p e r a -  
t u r e .  I n  t h e  end,  t h e  c o m b i n a t i o n  o f  w i n d o w - r a d i a t o r  
m a n i p u l a t i o n  t u r n s  o u t  t o  be an i m p o r t a n t  i n d i c a t i o n  
o f  u s e r  b e h a v i o u r ;  n o t  so  much s t e p  b y  s t e p  as, ge-  
n e r a l l y  s p e a k i n g ,  a  s t r a t e g y  o f  i n d o o r  c l i m a t e  r e g u -  
l a t i o n  o r  n e g o t i a t i o n  o f  v a r i o u s  r e l a t i o n s h i p s  w i t h  



t h e  o u t d o o r s  worked  o u t  by  t h e  w indows and t h e  d i s -  
t r i b u t i o n  o f  a c t i v i t i e s  w i t h i n  t h e  d o m e s t i c  t i m e -  
s p a c e .  

I t  i s  d i f f i c u l t  t o  compare  t h i n g s  t h a t  h a v e  no com- 
mon b a s i s  f o r  c o m p a r i s o n .  N e v e r t h e l e s s  we w i l l  
b r i e f l y  summar i ze  wha t  seems t o  us  t o  be t h e  essence  
o f  o u r  r e s e a r c h :  
- t h e  c o n c r e t e  b r i n g i n g  i n t o  p e r s p e c t i v e  o f  a  qua- 

l i t a t i v e  s u r v e y  w i t h  m u l t i p l e ,  a u t o m a t i c  measures  
w i t h  a  v i e w  t o  g e t t i n g  a  r e a l i s t i c  and f i n e l y  t u -  
n e d  p i c t u r e  o f  t h e  b e h a v i o u r  and r e p r e s e n t a t i o n s  
o f  u s e r s  i n  d o m e s t i c  v e n t i l a t i o n  

- a  somewhat s t r i c t  o r  a t  l e a s t  p l a u s i b l e  me thodo-  
l o g y  f o r  r a i s i n g  v e r i f i a b l e  i s s u e s  

- p a r t i a l  " f i n d s "  o n  t h e  d i v e r s i t y  o f  i n t e r a c t i o n  
a n d  t h e i r  c o r r e s p o n d i n g  p o i n t s  o f  v i e w  

- c o r r e l a t i o n s  b e t w e e n  s i g n i f i c a n t  t r a i t s  o f  domes- 
t i c  v e n t i l a t i o n  and  t h e  u s e r s '  e n v i r o n m e n t ,  age, 
o c c u p a t i o n ,  l o c a t i o n  i n  t h e  b u i l d i n g ,  s t a t e  o f  
h e a l t h ,  e d u c a t i o n  and n a t i v e  c u l t u r e  

- t h e  b r i n g i n g  t o  l i g h t  o f  a  w i d e s p r e a d  t e c h n i c a l  
i g n o r a n c e  and a  f e e l i n g  o f  n o n - r e s p o n s i b i l i t y  
w i t h  r e g a r d  t o  p e o p l e  who h a v e  k n o w l e d g e  and 
know-how ( t h e  s p e c i a l i s t s )  

- t h e  h i g h l y  c o n f u s e d  and i n c o m p l e t e  n a t u r e  o f  
r e l e v a n t  i n f o r m a t i o n  f rom t h e  mass m e d i a  

- t h e  r e l a t i v e l y  u n c o n s c i o u s  a s p e c t  o f  t h e  a c t i v i -  
t i e s  o f  v e n t i l a t i o n ,  s o m e t i m e s  - c o n c e r n i n g  t h e o -  
r i z i n g  - t h e  p o t e n t i a l  f o r  a  w i d e  gap b e t w e e n  
t h e o r i e s  and p r a c t i c e s  

- t h e  weak g e n e r a l  e f f e c t  o f  t h e  s t r a t e g i e s  o f  win- 
dow o p e n i n g  o n  t h e  i n d o o r  c l i m a t e  as  e x p e r i e n c e d  
i n  t h e  Lausanne  b u i l d i n g  

- t h e  " e n e r g y - g r e e d y "  e x i s t a n c e  o f  a  r e a l  p r e s s u r e  
g r o u p  o f  p a r t i c u l a r l y  t h e r m o p h i l e  t e n a n t s ;  
t h r o u g h  t h e i r  demands on t h e  l a n d l o r d ' s  a g e n t s ,  
t h e y  f o r c e  t h e  e n t i r e  b u i l d i n g  t o  l i v e  w i t h  
e x c e s s i v e  h e a t .  A t  t h e  same t i m e  t h e y  n u l l i f y  t h e  
p o t e n t i a l  f o r  i n d i v i d u a l  s t r a t e g y  i n  d o m e s t i c  
v e n t i l a t i o n .  

Need i t  be  s a i d  t h a t  each  p o i n t  h a s  some common 
b a s i s  and i s  i n t e r r e l a t e d ?  Each d e t a i l  f r o m  t h i s  
r e s e a r c h  m u s t  t h e r e f o r e  be s e e n  w i t h i n  t h e  o v e r a l l  
c o n t e x t .  
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1 VENTILATION AS A MEASURE FOR MOISTURE CONTROL IN DWELLINGS 

One o f  t h e  most i m p o r t a n t  r e a s o n s  f o r  v e n t i l a t i o n  o f  d w e l l i n g s  is 

m o i s t u r e  c o n t r o l .  

The v e n t i l a t i o n  need is mainly based  on comfor t  and d u r a b i l i t y  

a s p e c t s .  The v e n t i l a t i o n  behav iour  o f  t h e  i n h a b i t a n t s  depends on 

bo th  a i r  t e m p e r a t u r e s ,  i n s i d e  and o u t s i d e ,  and indoor  m o i s t u r e  

(and odour)  c o n d i t i o n s .  

A s  ou tdoor  c o n d i t i o n s  are very  d i f f e r e n t  i n  v a r i o u s  climatic 

zones ,  t h e  v e n t i l a t i o n  s t r a t e g i e s  d i f f e r  between d i f f e r e n t  

c o u n t r i e s  d u r i n g  d i f f e r e n t  p a r t s  o f  t h e  y e a r .  

Many o f  t h e  d e s i g n  d a t a  a r e  f a i r l y  well known w h i l e  o t h e r s ,  f o r  

example c r i t e r i a  f o r  mould growth,  a r e  n o t .  A parameter  which 

d i f f e r s  a l o t  between v a r i o u s  c o u n t r i e s  and c u l t u r e s  is t h e  

amount o f  m o i s t u r e  g e n e r a t i o n  i n  t h e  house,  due  t o  cooking,  

c l e a n i n g  e t c .  

1 .1  Comfort a s p e c t s  

Indoor a i r  t e m p e r a t u r e ,  a i r  v e l o c i t y  and r e l a t i v e  humidi ty ,  as 

well a s  r a d i a t i v e  indoor  t e m p e r a t u r e s ,  a r e  i m p o r t a n t  p a r a m e t e r s  

f o r  p e o p l e ' s  f e e l i n g  o f  comfor t  i n  b u i l d i n g s .  

I n  t h e  h i g h  t e m p e r a t u r e  range Markus and Morr i s  (1980) ,  f o r  

example, g i v e  comprehensive comfor t  c h a r t s  f o r  t h e s e  p a r a m e t e r s  

a s  well a s  t h e  a c t i v i t y  l e v e l  and c l o t h i n g  o f  peop le .  

Adamson (1986) g i v e s  a condensed t a b l e  based on t h e  work mentio- 

ned above. F i g u r e  l . l a  and 1 .1  b a r e  produced from t h i s  t a b l e .  
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F i g u r e  1.1 Maximum room a i r  t e m p e r a t u r e ,  a t  which 70% ( a )  o r  

80% ( b )  are s a t i s f i e d ,  f o r  s i t t i n g  peop le  (1.0 met) w i t h  l i g h t  

c l o t h i n g  (0 .6  c l o )  a s  a  f u n c t i o n  o f  a i r  v e l o c i t y  f o r  d i f f e r e n t  

r e l a t i v e  h u m i d i t i e s .  



From t h e  r e s u l t s  i t  can be s e e n  t h a t  h igh indoor  t e m p e r a t u r e s  a r e  

more endurab le  i f  t h e  r e l a t i v e  humidi ty  is low and/or t h e  a i r  is 

i n  motion. T h i s  is o f  c o u r s e  due t o  t h e  metabo l i c  h e a t  b a l a n c e  o f  

t h e  human body. Lower r e l a t i v e  h u m i d i t i e s  i n c r e a s e  t h e  r a t e  o f  

e v a p o r a t i v e  h e a t  l o s s  from t h e  s u r f a c e  o f  t h e  body i n  t h e  same 

way as h i g h  c o n v e c t i v e  flows. 

I n  t h e  low t e m p e r a t u r e  range t h e  r i s k  o f  f e e l i n g  c o l d  is o f  cour-  

se t h e  most i m p o r t a n t  o v e r a l l  d e s i g n  c r i t e r i o n .  F i g u r e  1 . 1 ~  is 

based on Fanger  (1973) b u t  p l o t t e d  i n  a  somewhat d i f f e r e n t  way t o  

be  comparable t o  t h e  f i g u r e s  l . l a  and b. 

A\* YF%MP6.Z%WUEZE. COC) 
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F i g u r e  l . l c  Optimum a i r  t empera tu re  a s  a  f u n c t i o n  o f  a i r  v e l o c i t y  

f o r  d i f f e r e n t  r e l a t i v e  h u m i d i t i e s .  

I t  can  e a s i l y  be  s e e n  from t h e  f i g u r e s  t h a t  b o t h  t h e  metabo l i c  

r a t e  ( 1  met = s i t t i n g  people ,  2 met = medium a c t i v i t y ,  f o r  ex- 

ample domest ic  work) and c l o t h i n g  ( 1  c l o  = medium c l o t h i n g ,  1 .5  

c l o  = warm c l o t h i n g )  i n f l u e n c e s  t h e  comfor t  f o r  d i f f e r e n t  a i r  

t e m p e r a t u r e s ,  a i r  v e l o c i t i e s  and r e l a t i v e  h u m i d i t i e s .  

A t  low a c t i v i t y  l e v e l s  d raugh t  from windows e t c  must be compensa- 

t e d  by h i g h e r  i n d o o r  a i r  t empera tu re .  Low i n d o o r  a i r  t e m p e r a t u r e s  

a r e  more e n d u r a b l e  i f  t h e  r e l a t i v e  humidit-y is high.  



For s i t t i n g  p e o p l e  wi th  medium c l o t h i n g  i n  a  calm room, a n  indoor  

t empera tu re  o f  around 22-23'~ seems t o  be  optimum, w h i l e  f o r  

domest ic  work w i t h  medium c l o t h i n g  t h e  optimum t e m p e r a t u r e  seems 

t o  be q u i t e  low, around 1 5 ' ~ .  Warm c l o t h i n g ,  swea te r  e tc ,  can  

c r e a t e  a c c e p t a b l e  comfor t  f o r  s i t t i n g  peop le  a t  around 20°C 

provided t h a t  no d raugh t  o c c u r s .  

Keeping a l l  o t h e r  parameters t h a n  r e l a t i v e  humidi ty  c o n s t a n t ,  it 

can  be  s e e n  t h a t  comfor t  is n o t  ve ry  much i n f l u e n c e d  by t h e  r e l a -  

t i v e  humidi ty  l e v e l .  The comfor t  "gap" c o r r e s p o n d s  i n  most c a s e s  

t o  approx imate ly  z°C, meaning t h a t  t h e  same comfor t  can  b e  

c r e a t e d  a t  a  lower  t e m p e r a t u r e  wi th  h igh  r e l a t i v e  humidi ty  o r  a t  

a  h i g h e r  t e m p e r a t u r e  wi th  low r e l a t i v e  humidity.  

1 . 2  D u r a b i l i t y  a s p e c t s  

Two main d u r a b i l i t y  a s p e c t s  o f  indoor  m o i s t u r e  c o n d i t i o n s  w i l l  be 

p o i n t e d  o u t  h e r e  and ana lysed  f u r t h e r  on i n  t h e  paper-  r i s k s  f o r  

condensa t ion  o f  mois t  a i r  and mould growth. 

Condensation is t h e  phenomenon c r e a t e d  when wa te r  i n  vapour phase 

is t r a n s f e r r e d  i n t o  l i q u i d  phase ,  G e n e r a l l y ,  t h i s  o c c u r s  on a  

c o l d  s u r f a c e  w i t h  a  s u r f a c e  t e m p e r a t u r e  lower t h a n  o r  e q u a l  t o  

t h e  dew p o i n t  t e m p e r a t u r e  (cor respond ing  t o  RH=100%). 

Mould growth on a  s u r f a c e  is p o s s i b l e  i f  t h e r e  e x i s t s :  

- an o r g a n i c  m a t e r i a l  t o  grow on ( s u b s t r a t u m )  

- a  s u i t a b l e  t e m p e r a t u r e  ( g e n e r a l l y  g r e a t e r  t h a n  appr .  +5OC) 

- a  s u i t a b l e  humidi ty  l e v e l  (most o f t e n  quo ted  t o  be  RH=70% o r  

more). 

The mould growth is g e n e r a l l y  o f  low i n t e n s i t y  a t  lower tempera- 

t u r e s  b u t  t h e  a c t i v i t y  is s t r o n g l y  s t i m u l a t e d  by i n c r e a s i n g  tem- 

p e r a t u r e .  Sometimes i t  is a l s o  c la imed t h a t  mould growth is pos- 

s i b l e  o n l y  i f  t h e  su r round ing  a i r  is calm. T h i s ,  however, does  

no t  seem t o  have been proved.  

Analyses  o f  r i s k s  f o r  s u r f a c e  condensa t ion  o r  mould growth on t h e  



inner part of a building's envelope thus involves estimations of 

local surface temperatures and the moisture condition of indoor 

air. 

In the same manner as mould can grow and condensation can occur 

on inner surfaces of a building, these phenomena may take place 

within a building component or an adjacent space, for example an 

attic. 

The risk criteria are the same, i.e, moisture conditions above a 

relative humidity of appr. 7074, at certain temperatures and under 

longer periods may be harmful to organic material. 

O f  t h e  two t r a n s f e r  mechanisms, m o i s t u r e  d i f f u s i o n  and mo i s tu re  

convect ion, t h e  l a t t e r  one i s  w i t h o u t  doubt t h e  more harmfu l .  

Except i n  ve ry  spec ia l  cases, such as freezing-houses, etc., 

mo is tu re  d i f f u s i o n  can be neg lec ted  i n  t he  des ign procedure. 

Th i s  i s  due t o  t h e  f a c t  t h a t  d i f f u s i o n  i s  a ve ry  s low process and 

p o s s i b l e  condensat ion amounts a r e  smal l .  

However, conditions with higher air pressure inside a building 

than outside, may create very unfavourable moisture convection 

problems. The moist air is transferred out from the building 

through cracks etc and creates high relative humidities or con- 

densation when the heated and moist air (in cold climates) meets 

parts in the construction which have lower temperatures. 

Examples of severe moisture damage caused by moisture convection 

are moisture accumulation, mould and rot in roof c o n s t r u c t i o n s  

and attics. 

1.3 Air humidity and ventilation 

The relationship between outdoor and indoor moisture conditions 

is : 



where 

v = vapour concentration in indoor air g/m 3 i 

v = vapour concentration in outdoor air g/m 3 
0 

G = moisture supply, kg/h 

n = ventilation intensity, h- 1 

V = room (house) volume, m 3 

t = time, h 

The expression G/(nV) corresponds to the so called moisture addi- 
3 tion, (g/m ) .  

The factor (I-evnt), which stands for the non-steady state 

case, must be taken into account sometimes, for example if a con- 

siderable moisture supply is started in a small poorly ventilated 

space, while in many other time averaged cases the factor can be 

neglected. By writing eq. 1.3a in a somewhat different way: 

the total influence of time and ventilation intensity can be stu- 
-n t died by plotting time vs. (I-e )/n for different n-values, 

figure 1.3. 



The indoor relative humidity RHi, is: 

where v (*i) is the vapour concentration at saturation s 
point at the indoor temperature 2);. 

In order to make proper estimations of indoor moisture conditions 

two main questions must be answered: 

- What magnitude of moisture supply 
and 

- what ventilation intensity 

could be expected in practice? 

The magnitude of the moisture supply in dwellings is far from 

well-known and, in many cases, this is also true of ventilation 

intensity. 

It is also important to take into account where the moisture is 

supplied and if there are any ventilation devices there, taking 

care of the moist air. In many countries flats are normally 

equipped with exhaust ventilation devices in kitchens and in 

bathrooms, i.e. rooms where moisture supply is high and frequent. 

Sandberg (1973) states that if air is extracted from a room where 

moisture is supplied, the water vapour concentration in other 

rooms around will not noticeably rise. Hence, it is possible to 

study the moisture behaviour of each room separately. 

If ventilation devices for extracting air from rooms with high 

moisture supply do not exist or are not used, the moisture situa- 

tion in the dwelling as a whole will be much more critical. The 

anticipation of no (or very little) influence on the moisture 

condition in adjacent rooms does not hold any longer. 

A correct estimation for a non-intentionally ventilated flat 

(only "natural ventilation" due to leaky walls, windows etc.) is 



t h a t  a l l  t h e  rooms i n  t h e  f l a t  w i l l  g e t  abou t  t h e  same v e n t i l a -  

t i o n  i n t e n s i t y .  T h i s  cou ld  va ry  due t o  wind, a i r  t e m p e r a t u r e s  

e t c .  

Table  1 .3a  g i v e s  approximate  v a l u e s  f o r  p o s s i b l e  m o i s t u r e  supp- 

l i es  t o  a f l a t .  

Supply s o u r c e  Mois tu re  supp ly  

People ,  low a c t i v i t y  

medium work 

heavy work 

Bath room, t u b  b a t h  

shower 

Ki tchen,  cooking etc 

e l e c t r i c a l  s t o v e  

g a s  f i r e d  s t o v e  

d a i l y  mean, e l e c t r i c a l  

g a s  
Wash-drying 

P l a n t s ,  small ( p e r  p l a n t )  

medium 

l a r g e  

Aquarium 

Table 1.3a P o s s i b l e  m o i s t u r e  s u p p l i e s  i n  a dwel l ing .  Mainly from 

Erhorn & Gertis (1986) .  

An accumula t ive  and approximate  c a l c u l a t i o n  o f  t h e  m o i s t u r e  supp- 

l y  t o  a d w e l l i n g  c a n  now be made. 

supp ly  Accumulated 

kg/h min max 

P l a n t s ,  20 s m a l l  

1 0  medium 

5 l a r g e  



Aquarium 0 - 0.01 0.22 0.46 

2 persons low to medium work 0.06 - 0.60 0.28 1.06 

Kitchen, electrical stove ( E )  0.1 0.38 1.06 

gas stove 0.2 0.38 1.26 

Bath room, rough estimate 0.1 0.48 1.36 

Washing, drying clothes etc 0 - 0.25 0.48 1.61 

Thus the total moisture supply to a dwelling could be estimated 

to 0.4 - 1.6 kg/h or 10 - 40 kg/24 h. This moisture supply inter- 
val could be compared to values claimed by other authors, Table 

1.3b. 

Loudon ( 1971 ) Bonafont ( 1969) Croiset ( 1968) 

15.4 kg/24 h 8.5 kg/24 h 

(washing day) 

7.2 kg/24 h 

(average day) 

Table 1.3b Daily moisture supply to dwellings. 

3 For a flat with a volume of 250 m , this corresponds to moistu- 
re additions (G/(nV) of the following magnitude, Table 1.312. 

Table 1.3~ Moisture additions (g/m5) for different moisture 

supplies and ventilation intensities. 



The other main question concerns which ventilation intensity 

could be expected in practice in different situations. 

Estimations of the resulting ventilation intensity, due to diffe- 

rent ventilation measures performed by the occupants, have been 

reported by Gertis (1983), based on results from several authors, 

Table 1.3d. 

Ventilation 

measure 

Ventilation 

intensity (h-I ) 

Windows and doors closed 0 - 0.5 
Windows ajar 

and Venetian blind closed 0.3 - 1.5 
Windows slightly open, 

no Venetian blind 0.8 - 4.0 
Windows half open 5.0 - 10.0 
Windows completely open 9.0 - 15.0 
Windows and window-door completely 

open 40 

Table 1.3d Estimated ventilation intensities due to different 

ventilation measures. After Gertis (1983). 

The relatively large intervals for the ventilation intensity in 

the table is of course due to different wind - and stack-effect 
actions that can be expected on a building. 



2 PRINCIPLES FOR RISK ANALYSES 

I n  t h i s  c h a p t e r  we w i l l  d e a l  w i t h  combined e f f e c t s  o f  mois t  a i r ,  

c o l d  s u r f a c e s  on t h e  i n n e r  s i d e  o f  t h e  d w e l l i n g  envelope and 

r i s k s  f o r  c o n d e n s a t i o n ,  mould growth e t c .  

2.1 S u r f a c e  ~henomena  

The s u r f a c e  t e m p e r a t u r e s  c ~ f  d i f f e r e n t  p a r t s  o f  t h e  i n n e r  s i d e  o f  

t h e  b u i l d i n g  enve lope  ( w a l l s ,  r o o f s ,  windows e t c )  a r e  o f  e s sen-  

t i a l  i n t e r e s t  i n  o r d e r  t o  a n a l y s e  t h e  humidi ty  c o n d i t i o n s  f o r  a 

b u i l d i n g .  

The the rmal  a n a l y s i s  cou ld  be s i m p l i f i e d  by u s i n g  a l o c a l  formu- 

l a t i o n  o f  t h e  h e a t  t r a n s m i s s i o n  c o e f f i c i e n t  o f  a b u i l d i n g  compo- 
2 n e n t ,  U (W/(m K)) .  Th i s  f o r m u l a t i o n  i m p l i e s  t h a t  t h e r e  

l o c  
is on ly  one-dimensional  h e a t  f low i n  the v i c in i t y  of the  local  

"spot".  (No c ross -conduc t ion) .  The indoor  s u r f a c e  t e m p e r a t u r e ,  

d. o f  a b u i l d i n g  component e t c .  c o u l d  be w r i t t e n :  si 

where 

zeai a n d t o  a i r  t e m p e r a t u r e  i n d o o r s  and o u t d o o r s  re-  

s p e c t  i v e l y  , OC 

d = i n d o o r  s u r f a c e  h e a t  t r a n s f e r  c o e f f i c i e n t ,  i 
W/ ( m 2 ~  

I n  a g iven  climate s i t u a t i o n  

The l o c a l  U-values f o r  some b u i l d i n g  components a r e  g iven  i n  t ab -  

l e  2 . l a .  



B u i l d i n g  component Uloc ( w / ~ ' K  ) 

0.25 m masonry ( b r i c k )  

0.15 m c o n c r e t e  

0.15 m wood 

0 .15 m s teel  

Window, s i n g l e - g l a z e d  

double-glazed 

t r i p l e - g l a z e d  

Table  2 . l a  Local  U-values f o r  some b u i l d i n g  components. 

The i n d o o r  s u r f a c e  h e a t  t r a n s f e r  c o e f f i c i e n t ,  di, is by d e f i n i -  

t i o n  : 

where 

q h e a t  f low d e n s i t y ,  W/m 2 

The magnitude o f  t h e  indoor  s u r f a c e  h e a t  t r a n s f e r  c o e f f i c i e n t  i n  

d i f f e r e n t  s i t u a t i o n s  h a s  been s t u d i e d  by s e v e r a l  a u t h o r s .  

Gertis (1983) g i v e s  t h e  f o l l o w i n g  approximate  v a l u e s  s u i t a b l e  t o  

p r a c t i c a l  d e s i g n :  

S i t u a t i o n  OLi ( w / ( m 2 ~ ) )  

Undis tu rbed ,  f r e e  v e r t i c a l  s u r f a c e  8 

Corner ,  no f u r n i t u r e  6 

Corner ,  behind f u r n i t u r e  4 

Table  2 . l b  P r a c t i c a l  d e s i g n  v a l u e s  o f  indoor  s u r f a c e  h e a t  t r a n s -  

miss ion  c o e f f i c i e n t .  Gertis (1983) .  



For windows it is worth-while carrying out a special discussion 

on local phenomena of heat transmission. 

Windows with air cavities, such as double- or triple-glazed ones, 

have no constant U-value along the height of the glass. Due to 

natural convection within the cavities there is a local maximum 

of the U-value in the bottom part of the window of the magnitude 

' * '  'mean* 

Partly as a result of this, also the inner surface heat transmis- 

sion coefficient varies from top to bottom of the glazed part of 

a window. 

From a practical point of view it is desirable to describe these 

variations in an acceptable way by varying only one of the para- 

meters, keeping the other at an averaged value. In Jonsson (1985)  

such a formulation is worked out. 

In brief, from Jonsson's results, a versatile design approach for 

estimating minimum inside surface temperatures for double and 

triple-glazed windows in a cold climate could be: 

- Let the mean U-value, Umean of the window represent the 
overall heat transmission of the window. 

- Let the minimum temperature be calculated as a function of 

'mean and%in * 

qfnin appears normally in the bottom of the window glass, and 
for most cases a value of 

is applicable. 

An analysis of surface related moisture problems in general is 

however rather complex. A number of parameters must be set and/or 

calculated: 

- volume of room or dwelling 



- ventilation intensity 
- moisture supply 
- outdoor and indoor temperature and relative humidity 
- risk criterion on inner surface (set critical value of RH) 
- indoor surface heat transfer coefficient 
- local heat transmission coefficient 

Possibilities to study the sensitivity, in different aspects, due 

to changes in level of one or more parameters, could be done in a 

rather simple way by means of a multi-diagram (figure 2.la). 

The use of the multi diagram is shown in the following example. 

3 Investigate the ventilation need for a dwelling (volume 250 m ) 

under winter condition, in order to avoid moisture conditions for 

mould growth on the wallpaper behind a sofa for two different 

levels of moisture supply; 0.4 and 1.0 kg/h. 

Wall: 0.25 m brick masonry. 

Outdoor conditions: 

air temperature + 1°c 
relative humidity 90% 

Indoor air temperature = 20'~ and 15'~ 

Solution: 

Study figure 2.lb. 

Result : 

Minimum ventilation intensity (h-I) : 

Indoor air temp Moisture supply 

OC 0 -4 kg/h 1.0 kg/h 



Fiaure 2.1 a 



Fiaure 2.lb 

EXAMPLE 



2.2 Moisture conditions within building components 

As outlined above (part 1.2) ,  the durability or function of a 

building component may be diminished under influence of moist 

indoor or/and outdoor conditions. 

If no measures, such as use of vapour barriers etc, are under- 
side 

taken to protect the innerlof a building component, condensation 

or very moist conditions are likely to occur in some cases. The 

vapour transfer may be convective or diffusive. 

Some apparent risk cases are: 

- Outer parts of building components under relatively constant 
low outer temperature (cold climates) 

- Inner parts of building components in artificially cooled buil- 
dings in hot climates 

- Cold parts in building components, due to non-steady state con- 
ditions in all climates under certain conditions, (for example 

night-radiation out from roof constructions) . 

The risk of critical moisture conditions within building compo- 

nents is, of course,connected to the ventilation of a building. 

However, this is more a question of making a proper design and 

construction of the building component. Hence it will not be 

discussed in detail in this paper. 



3 VENTILATION REQUIREMENTS IN DIFFERENT CLIMATES 

3.1 Climatic data for different climatic zones 

A climate of a place on Earth can be described by many parame- 

ters. Two main parameters for this study are temperature and 

humidity. 

For the analyses carried out in this paper, the four possible 

combinations of hot and cold temperature and dry and humid mois- 

ture conditions were investigated. As a comparison, a moderate 

climate was investigated too, Table 3.1 . 

Place Latitude Longitude Elevation Climate 

Phoenix, Ariz. ,USA 33'26'~ 11 2'01 'W 340 hot, dry 

Singapore 01'21 IN 103~54'~ 8 hot, 

humid 

Saskatoon, Sask., 

Canada 52'08 I N  106~38'~ 157 cold, dry 

Lerwick, 

Shetland Islands ,UK 60'08'~ 01~10'~ 8 3 cold, 

humid 

Lund, Sweden 55'43'~ 1 3 ~ 1 2 ' ~  7 3 moderate 

Table 3.1 

Climatic data concerning temperature and humidity of the five 

places are presented in Appendix 1. Main source: Landsberg 

(1985). 

The data are presented in an illustrative way in Figures 

3.la-3.le. 



VAPOUR CONCENTRATI OW ( 9 l d )  VAPOUR C O N C S W R A T I  OW (91-') 

n. 

1. 

1.. 

I.. 

s. 

VAPOUR CONCENTRATI OW (91-') VAPOUR C O N C E W R A T I  OW (91d) 

VAPOUR CONCENfRATI  O W  (qlm') 

Figure 3.1 Outdoor temperature and moisture conditions of the 

selected places 



3.2 P r i n c i p l e s  f o r  m o i s t u r e  - v e n t i l a t i o n  a n a l y s i s  

An a n a l y s i s ,  i n  o r d e r  t o  d e t e r m i n e  v e n t i l a t i o n  requ i rements  f o r  

m o i s t u r e  c o n t r o l ,  can  fo l low d i f f e r e n t  l i n e s .  A s  o u t l i n e d  e a r l i e r  

i n  t h e  paper  t h e  fo l lowing  a s p e c t s  may be o f  i n t e r e s t .  

What minimum v e n t i l a t i o n  i n t e n s i t y  is r e q u i r e d  f o r  d i f f e r e n t  

l e v e l s  o f  m o i s t u r e  supp ly ,  i n  o r d e r  t o  

- minimize human d i s c o m f o r t  i n  t h e  dwel l ing?  

- avo id  c r i t i c a l  m o i s t u r e  c o n d i t i o n s  f o r  t h e  b u i l d i n g  m a t e r i a l ?  

I f  r e a l l y  r e l i a b l e  r e s u l t s  o f  such  an a n a l y s i s  a r e  d e s i r e d ,  t h e  

h e a t  b a l a n c e  o f  t h e  b u i l d i n g  under  non-steady c o n d i t i o n s  must 

a l s o  be  c a l c u l a t e d .  T h i s  is i m p o r t a n t  e s p e c i a l l y  i n  h o t  c l i m a t e s ,  

where t h e  i n f l u e n c e  o f  the rmal  i n e r t i a  is l a r g e .  

For t h e s e  c a s e s ,  a n a l y s e s  c a r r i e d  o u t  by Adamson (1986) ,  f u l l y  

t a k i n g  i n t o  accoun t  t h e  t h e r m a l  behaviour  o f  t h e  b u i l d i n g ,  can 

o f f e r  c o n s i d e r a b l e  h e l p .  

A t  least t h e  w i n t e r  c a s e ,  and a l s o  t o  a  c e r t a i n  degree  t h e  s p r i n g  

and autumn c a s e s ,  c a n  be a n a l y s e d  i n  a  more s i m p l e  way. The main 

s t e p s  i n  such  a  s i m p l i f i e d  a n a l y s i s  a r e  a s  f o l l o w s :  

1 .  Determine ou tdoor  t e m p e r a t u r e  and m o i s t u r e  c o n d i t i o n s  

2. I n v e s t i g a t e  t h e  v e n t i l a t i o n  need f o r  d i f f e r e n t  m o i s t u r e  sup- 
p l i e s ,  (kg/h) ,  s e e  p a r t  1 .3  

3. S e t  damage c r i t e r i a  such  a s  condensa t ion  r i s k  e t c .  

4. Perform t h e  a n a l y s i s  a c c o r d i n g  t o  p o i n t  2 f o r  d i f f e r e n t  
( d e s i g n )  i n d o o r  t e m p e r a t u r e s  

I n  r e l a t i o n  t o  what is p r a c t i c a l l y  o b t a i n a b l e  a s  f a r  a s  m o i s t u r e  

c o n d i t i o n s  a r e  concerned,  d i f f e r e n t  t a r g e t s  a r e  l i k e l y  t o  be  used 

i n  d i f f e r e n t  c l i m a t e s .  



3.3 Analyses 

3.3.1 Hot and dry climate 

Reference place: Phoenix, Arizona, USA 

Climatic conditions: Cf. Figure 3.la. The daily mean temperatu- 

re varies between around 10 OC in January and 33 OC in July. 

The diurnal variations are normally large. The daily mean relati- 

ve humidity never exceeds 40%. Sunshine and high night-radiation 

are very frequent due to clear sky. 

Building design: Typical building-design strategies for 

passive-design (no mechanical ventilation or cooling equipment) 

in hot and dry climates are: 

- Dense built up areas, narrow streets, courtyards, white painted 
walls and roofs, small windows, etc. to prevent too high solar 

gain on the outside of the building 

- High external and internal thermal capacity in order to level 
out the temperature fluctuations in the building 

- Thermal insulation in walls and roofs (newer buildings) 

Passive-design ventilation strategies: In order to produce 

acceptable indoor thermal comfort, ventilation in the day time is 

kept at a low level (hygienic ventilation) while at night the 

ventilation is forced (10-40 h- ' , depending on season). 

Analysis 

Two questions are interesting to investigate 

- What minimum ventilation intensity is required in the day time? 
(A). 

- How can the high ventilation intensity at night. be arranged and 
what hygienic phenomena can be expected? (B). 



A complete the rmal  a n a l y s i s  of  t h e  thermal  behaviour  o f  a b u i l d -  

i n g  i n  t h e  Sahara  h a s  been c a r r i e d  o u t  by Adamson (1986).  I n  

f i g u r e  3 .3 . la  t h e  indoor  and ou tdoor  a i r  t empera tu res  o f  a b u i l d -  

i n g  on a  h o t  day i n  J u l y  a r e  shown. 

AIR TEMPaATURF ( @ c )  

F i g u r e  3 .3 . l a  Computed indoor  and outdoor  a i r  t empera tu res  f o r  a  

b u i l d i n g  i n  t h e  Sahara  on a  h o t  J u l y  day. Day ven- 

t i l a t i o n  1  .I  h - I ,  n i g h t  v e n t i l a t i o n  20 

h-I .  

A - 
S i n c e  ou tdoor  humidi ty  is very  low, i t  is e a s i l y  shown t h a t  t h e  

indoor  r e l a t i v e  humidi ty  never  can  reach  h igh  c r i t i c a l  l e v e l s  

even wi th  ve ry  h i g h  l e v e l s  o f  m o i s t u r e  supply.  Hence, t h e  minimum 

v e n t i l a t i o n  i n t e n s i t y  is s e t t l e d  by o t h e r  f a c t o r s  than  indoor  

humidity such a s  odour c o n t r o l .  

B - 
I n  many c a s e s  i n  h o t ,  d ry  c l i m a t e s  t h e  h igh  v e n t i l a t i o n  i n t e n s i -  

t i e s  d u r i n g  n i g h t  t i m e a r e a r r a n g e d  by means o f  a  s o  c a l l e d  wind 

scoop ( f i g u r e  3 .3 . lb)  f a c i n g  t h e  p r e v a i l i n g  wind. A s  can be seen  

from t h e  f i g u r e  t h e  equipment can a l s o  be used f o r  e v a p o r a t i v e  

coo l ing .  



Mechanical ventilation is of course also possible as well as 

artificial refrigeration of the ventilation air. These measures 

are normally undertaken for office buildings etc. in hot and dry 

climates. 

4 Row of porous 

Pool of water 

Figure 3.3.lb "Wind scoop". After Markus & Morris (1980). 

3.3.2 Hot and wet climate 

Reference place: Singapore 

Climatic conditions: C f .  Figure 3.l.b. There are almost no 

variations in outdoor air temperature and relative humidity 

throughout the year. The yearly mean values describe the condi- 

tions quite well. They are: 

Outdoor temperature 27 OC 
Outdoor relative humidity 84% 

Also the diurnal variations are small, mainly due to very high 

frequency of cloudiness. 



T r a d i t i o n a l  bu i ld ing  design i n  t h i s  a r e a  involves ,  Markus & 

Morris (1980): 

- l ight-weight  s t r u c t u r e  and roof  cons t ruc t ion  

- v e n t i l a t e d  space  and/or i n s u l a t i o n  between roof  and c e i l i n g  

- roof-overhang t o  shade t h e  w a l l s  from sunshine 

- p o s s i b i l i t i e s  t o  open up l a r g e  p a r t s  of  t h e  facade t o  i n c r e a s e  
v e n t i l a t i o n  

- plac ing  t h e  house on po le s  above t h e  ground 

Analysis 

A s  t h e  l ight-weight  cons t ruc t ions  used do not  g i v e  r i s e  t o  any 

l a r g e r  t ime-lag, which anyway had not  been of  any use because o f  

t h e  small  d i u r n a l  v a r i a t i o n  of  temperature ,  almost t h e  same a i r  

temperature  is, i n  p r i n c i p l e ,  t o  be expected i n s i d e  a house a s  

o u t s i d e  it. 

I f  so,  ana lyses  f o r  hygro-thermal indoor comfort and d u r a b i l i t y  

can be c a r r i e d  ou t .  

The combination 2 7 ' ~  and 84% RH o f  calm a i r  cannot be regarded 

a s  a comfortable  s i t u a t i o n .  Cf. F igure  1.1! However, t h e  human 

comfort can be h igh ly  increased  i f  t h e  a i r  is i n  motion. Accord- 

i n g  t o  f i g u r e  1 .I an a i r  v e l o c i t y  o f  around 0.5 m / s  o r  more seems 

t o  provide accep tab l e  comfort f o r  most people.  

H i the r to  t h e  i n f luence  o f  moisture  supply t o  t h e  indoor a i r  ha s  

been neglected.  The outdoor vapour concent ra t ion  is not  f a r  from 

s a t u r a t i o n  poin t .  For t h e  year ly  mean case ,  f o r  example, t h e  
3 vapour concen t r a t i on  is 21.3 g/m a s  t h e  s a t u r a t i o n  po in t  cor- 

3 responding t o  +27Oc is 25.8 9/m3; a d i f f e r e n c e  of  4.5 g/m 

If  RH = 90% is chosen a s  an a b s o l u t e  l i m i t  f o r  indoor comfort t h e  

h ighes t  pe rmis s ib l e  moisture  a d d i t i o n  is 25.8 x 0.9 - 21.3 = 1.9 
3 3 g/m . For a dwel l ing  with a volume o f  250 m , t h i s  corre-  

sponds t o  maximum moisture  s u p p l i e s  according t o  t a b l e  2.3.2a. 

(G = 1.9 V n ) .  



Ventilation intensity Max moisture supply 

It seems possible to take care of considerable moisture supplies, 

due to the high temperature, without reaching higher relative 

humidity than 90%. This, however, would seem to be very uncom- 

fortable and it can also be criticized from durability aspects. 

If compared with the criteria quoted in part 1.2 for mould 

growth, i.e. RH 70% or more, it would seem impossible to avoid 

such growth, unless dehumidification is used. Mould growth is 

also a great problem in this climatic zone. From time to time it 

is necessary to clean walls, ceilings etc from mould, Huy Anh 

(1986). 

A proper ventilation strategy for buildings in hot and wet clima- 

te could be: 

- Keep ventilation at a minimum level, primarily for moisture 
control, as long as the indoor temperature is below outdoor 

temperature. 

- Ventilate as much as possible as long as outdoor temperature is 
below inside temperature. 

- Do cooking and other moisture generating activities, as far as 
is possible, outside the building itself. 

- If higher hygro-thermal comfort is necessary, use artificial 
cooling for the building. If so, take good care with the design 

and construction of the building. (Vapour barriers on the hot 

side, air tightness etc). 



3.3.3 Cold and dry climate 

Reference place: Saskatoon, Sask., Canada 

Climate conditions: Cf. figure 3.1~. The daily mean temperature 

varies between -18'~ in January and around 20°C in July. The 

diurnal variations are relatively large, especially in the sum- 

mer-time. The relative humidity is low at summer-time. 

Building design and ventilation system: Due specially to cold 

outdoor conditions in the wintertime, at least newer buildings 

are well insulated and air tight. Many newer buildings are equip- 

ped with mechanical ventilation; otherwise natural ventilation is 

used. 

Analysis 

In order to achieve an acceptable indoor temperature it is neces- 

sary to run the heating system most times of the year except in 

the summer. With a proper temperature control, by means of ther- 

mostats, it is possible to keep a relatively constant indoor tem- 

perature. 

For this, a complete thermal analysis of the building is not 

necessary in order to predict indoor surface temperatures, rela- 

tive humidities etc, 

Hence, the analysis procedure outlined in part 3.2 is completely 

applicable. 

1. Outdoor conditions: 

These are taken from the appendix. As condensation risks etc. 

are greatest when the outdoor temperature is at daily minimum, 

this temperature is chosen. Though meteorologically not com- 

pletely correct (Geiger, 1965) the daily mean outdoor vapour 

concentration is treated as constant during the day. However, 

if this leads to saturation, a value of RH of 975'6, at tempera- 

ture minimum, is chosen. Four season-representative months 

(January, April, July and October) are chosen for the analy- 

ses. 



2. Moisture supplies: 

Three levels are investigated; 0.2 (low), 0.4 (medium) and 0.8 

kg/h (high). 

3. Damage criteria: 

No condensation on the inside of window glasses is allowed. 

There should be no opportunity for mould growth on the wallpa- 

per behind sofas etc. 

4. Indoor temperatures: 

Two indoor air temperatures are investigated: +20°c and 

+I 8OC. 

Such analyses as these outlined above are quite easily made 

solely by means of the multi-diagram (figure 2.la) However, if a 

great number of calculations are to be made it is easier to per- 

form the calculations using a computer. 

The results of such calculations for Saskatoon are shown in table 

3.3.3 . 

Conclusions 

The low indoor temperature case, 1 8 O ~ ,  is excluded for summer- 

time, which seems to be reasonable, because of the relatively 

high outdoor temperature at this time of the year. 

In all cases except summer-time it is the "no condensation on 

windows" criterion that governs the ventilation need. It varies 

between 0.43 ac/h (spring and autumn) and 0.65 ac/h (winter) for 

the 20~C-case at medium moisture supply (0.4 kg/h) and double 

glazed windows. Corresponding values for triple-glazed windows 

are 0.26-0.31 ac/h. 



Table 3 . 3 . 3  

- - - - - - - - - - -- -- - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - -- - -- - - 
SFISKRTOON 
MINIMUM VENTILRTION INTENSITIES (ac/h) 
---_--___--__--__-----------------------------"--------- 
MOISTURE WINDOW WQLL BEHIND FURNITURE 
(kg/t-l) DOUBLE TR I PLE EL. U=1. 0 U=0.4 W/{112 /K 
_-__-__--_-_------------------------------------------ 
WINTER, INDOOR TEMP 18 DEGC 
0.2 . 3 ~  n 17 . 16 - 1  
0.4 .71 .54 .32 .21 

8 1.42 .G8 , G4 - 4 1  

SPRING, INDOOR TEMP 18 DEGC 
0.2 -24  .15 . I 3  
0.4 .48 .23 .33 
8 3 6  -58  .78 

RUTUMN, INDOOR TEMP 18 DEGC 
(:).2 -24 -15  .2  
4 "48  a 23 .41 
0.8 .3G -53  .82 

WINTER, INDOOR TEMP 20 DEGC 
: "33  -15  .14 
C1.4 .65 - 3 1  -28  
0.8 1.31 . 61 .57 

SPRING, INDOOR TEMP 20 DEGC 
.;. -7 2 ,.,.,... -13  . 16 

4 .43 - 2 6  77 
m 44 

0.8 .8G .51 . 66 

SUMMER, INDOOR TEMP 20 DEGC 
0.2 .23 . I 7  -68  
(3.4 .4G .34 1.35 
C). 8 . 33 -67  2.7 

RUTUMN, INDOOR TEMP 20 DEGC 
0.2 .21 .13 .17 1 -2 
0.4 .43 . 26 -34  .24 
0.8 ,8G . 52 ,68 "43  
...................................................... 



In summer-time, however, it is risk of conditions for mould 

growth behind furniture that settles the ventilation need. For 

example in the "well-insulated" case (Uloc 0.4 w/~'K) the 

ventilation need is 0.81 ac/h. 

Rough recommendations for minimum ventilation for moisture con- 

trol could be: 

Well insulated house, triple-glazed windows 

Summer 0.8 ac/h 

Other seasons 0.3 ac/h 

Badly insulated house, double-glazed windows 

Summer 1.4 ac/h 

Other seasons 0.7 ac/h 

3.3.4 Cold and wet climate 

Reference place: Lerwick, Shetland Islands, UK 

Climatic conditions: Cf. figure 3.ld. The daily mean temperatu- 

re varies between around 3'~ in the winter-time and 12'~ in 

the summer. The diurnal variations are rather small* The relative 

humidity is around 90% or more throughout the year. 

Building design: The more specific building design of houses on 

the Shetland Islands is not known to the author, but the climate 

in general seems to give reasons for good insulation and air 

tightness of the houses. 

Analysis 

As conditions for an analysis are similar to that of a cold and 

dry climate (part 3.3.3) the same procedure is used. 

The results of the computer calculations for Lerwick are shown in 

table 3.3.4 . 



Table 3.3.4 

-------------_-_---------------------------------------- 
LERW ICt< 
MINIMUM VENTILRTION INTENSITIES (ac/h) 
----_-------_ _ ----_ - ------------.------.--.-- 
MOISTURE WINDOW WRLL BEHIND FURNITURE 
(kq/t~) DOUBLE TRIPLE GI,. U = l . O  U=0.4 W/tr t2 /K  
----._ -_....-...."--_... _I-I-.----.----.--- --.-.......-.------- - ....................... 
WINTER, INDOOR TEMP 18 DEGC 
(3.2 .24. . 15  23 - 1 7  
0 , 4  . 4 3  -w 

. A  .47 .33 
8 .38 .61 .34 .67 

SPRING, INDOOR TEMP 18 DEGC 
~ 1 . 2  - 2 5  . 16 .26 .13  
Ct.4 .5  .31  .53 .37 
0.8 1 . 63 1.06 .74 

RUTUMN, INDOOR TEMP 18 DEGC 
0.2 - 2 7  .17  .33 - 2 6  
4 "53 .35 .78 .52 
0.8 1.C17 .7 1.56 1. 04 

WINTER, INDOOR TEMP 26 DEGC 
0- 2 . 22 . 1 3  - 1 3  
0.4 " 4 3  26 "38  
0.8 .86  "53 .76 

SPRING, INDOOR TEMP 2Q DEGC 
.:,.;. 0.2  . L A  . I 4  - .21 

0 . 4  - 4 4  . -27 .42 
0. 8 . 87 .54 - 8 3  

SUMMER, INDOOR TEMP 20 DEGC 
ct.2 "-25 . I 7  .43  . 3  
: 4 . 5 .33 a 9 7  . € 
0. 8 1 .67 1.34 1.21 

RUTUMN, INDOOR TEMP 20 DEGC 
.- - 0.2 . I 5  .28 .13  

C)#4 m 4 6  . 2 3  .55 .38 
0. 8 . 91 .53 1.1 .76 
...................................................... 



Conclusions 

As in the Saskatoon case, the low indoor temperature (18'~) in 

the summer-time is excluded. 

For the case with bad insulation (U  = 1.0 w/(mL~)) and double- 

glazed windows with medium moisture supply at an indoor tempera- 

ture of 18'~ (except summer-time (20°C)), it is, in all cases 

but winter, the risk for high relative humidity on walls behind 

furniture that settles the minimum ventilation need. It varies 

from 0.53 ac/h (spring) to 0.97 ac/h (summer). The winter condi- 

tion is governed by the risk for condensation on windows giving a 

minimum ventilation value of 0.49 ac/h. 

If the indoor air temperature is increased to 20°C it is, in 

winter and spring, the "no condensation on window" criterion that 

settles the minimum ventilation need at 0.43-0.44 ac/h and in 

summer and autumn, the risk for high relative humidity; 0.55 ac/h 

(autumn) and 0.97 ac/h (summer). 

2 For the case with good insulation (U = 0.4 W/(m K)) and 

triple-glazed windows with medium moisture supply at an indoor 

temperature of 20°C, it is during all seasons the risk for high 

relative humidity near the wall behind furniture, that settles 

the minimum ventilation need. It varies from 0.27 ac/h in the 

winter to 0.60 in the summer. 

Rough recommendations for minimum ventilation for moisture con- 

trol could be: 

Well insulated house, triple-glazed windows 

Summer 0.6 ac/h 

Other seasons 0.3 ac/h 

Badly insulated house, double-glazed windows 

Summer 1 -0 ac/h 

Other seasons 0.8 ae/h 



3.3.5 Moderate climate 

Reference place: Lund, Sweden 

Climatic conditions: Cf. figure 3.le. The daily mean temperatu- 

re varies between around -lOc (January and February) and around 
17'~ (July and August). The seasonal variations in temperature 

are more pronounced than they are for Lerwick but less than for 

Saskatoon. The diurnal variations are moderate. The yearly mean 

relative humidity is 82%, i.e. in between the value for Saskatoon 

(71%) and Lerwick (93%). 

Building design: See part 3.3.3, (Saskatoon). 

Analysis 

The same analysis procedure as the one used for Saskatoon and 

Lerwick is used for Lund. 

The results of the computer calculations for Lund are shown in 

table 3.3.5 . 

Conclusions 

As for the other places, the low indoor (18'~) temperature case 

is excluded for summer-time. 

2 For the case with bad insulation (U = 1.0 W/(m K)) and double- 

glazed windows with medium moisture supply at an indoor tempera- 

ture of 18'~ (except summer-time (20°c)), it is, during all 

seasons but winter, the risk for high relative humidity on walls 

behind furniture that settles the minimum ventilation need. It 

varies between 0.5 ac/h (spring) and 5.42 ac/h (summer). 

If the indoor air temperature is increased to 20'~ the minimum 

ventilation need varies between 0.43 ac/h (winter, spring, con- 

densation on windows) and 5.42 ac/h (summer) ; see above. 



Table 3.3.5 

--_-_----_-------------------------------------------- 
L U N D  
M I N I M U M  V E N T I L G T I O N  I N T E N S I T I E S  (ac/h) 
....................................................... 
M O I S T U R E  WINDOW WGLL E E H  I N D  F U R N I T U R E  
(kql l?)  DOUBLE T R I P L E  GL. U=1.0 U=0.4 W/mZ/K -------__---------------------------------------------- 
WINTER, INDOOR TEMP 18 DEGC 
(:).2 -24 . I 4  .19 .14 
0.4 -48  .29 -38 .27 
0.8 .'36 .58 .76 -55  

SPRING,  INDOOR TEMP 18 DEGC 
(11.2 .25 . I 6  .25 . 18 
0.4 .49 -31  - 5  .36 
0.8 .99 = 62 1.01 .71 

RUTUMN, INDOOR TEMP 18 DEGC 
0.2 .26 .17 .35 -24 
(1.4 .52 .34 .71 .48 
8 1.05 .68 1.41 .36 

WINTER, INDOOR TEMP 20 DEGC .-,.- 0 .  2 ~2 .13  . I 6  
tl.4 .43 .26 .32 
Ct,8 .86 "51 - 6 5  

SPRING,  INDOOR TEMP 20 DEGC 
0. 2 . 2-2 rn 13 - 2  
Ct.4 .43 .27 . 4  
0.8 .87 -54  .8 

SUMMER, INDOOR TEMP 20 DEGC 
Ct.2 .29 .- . E 2.71 .78 
4 .58 - 4  5.42 1.515 
(3.8 1.16 = 81 10.84 3. 13 

RUTUMN, INDOOR TEMP 20 DEGC 
0.2 ,,22 -14  -26  18 
+ .45 -23 .5d. ,315 
0 ,8  .3  .57 1.03 .72 ...................................................... 



2 For the case with good ventilation (U = 0.4 W/(m K)) and 

triple-glazed windows with medium moisture supply at an indoor 

temperature of 20°c, it is, during all seasons but winter, the 

risk for high relative humidity on walls behind furniture that 

settles the minimum ventilation need. It varies between 0.29 ac/h 

(spring) to 1.56 ac/h (summer). As before the winter case is 

governed by the risk for condensation on windows, 0.26 ac/h. 

Rough recommendations for minimum ventilation for moisture con- 

trol could be: 

Well insulated house, triple-glazed windows 

Summer 1.6 ac/h 

Other seasons 0.4 ac/h 

Badly insulated house, double-glazed windows 

Summer 5 ac/h 

Other seasons 0.7 ac/h 



4 CONCLUDING REMARKS 

The analyses carried out in the paper result in the following 

general recommendations for ventilation for moisture control in 

dwellings in different climates: 

Hot and dry climate: No real problem exists from moisture point 

o f  view. The ventilation is needed more for thermal control. 

Hot and wet climate: Ventilation should be kept at a minimum, 

primarily for moisture control, as the temperature outside the 

house is higher than inside. When temperature conditions are the 

opposite the ventilation should be as large as possible. Avoid 

high moisture supply within the building. In many cases artifi- 

cial cooling is necessary for reasonable comfort. 

Cold and dry climte: For newer houses of good quality and work- 

manship the ventilation need is around 0.3 ac/h except in the 

summer-time when 0.8 ac/h is necessary.. 

Cold and wet climate: For newer houses of good quality and 

workmanship the ventilation need is around 0.3 ac/h except in the 

summer-time when 0.6 ac/h is necessary. 

Moderate climate: For newer houses of good quality and workman- 

ship the ventilation need is around 0.4 ac/h except in the sum- 

mer-time when 1.6 ac/h is necessary. 



5 APPENDIX 

PHOENIX, RRIZ. 
L a t i t u d e  33 d e g ,  26 i t  N, l o n g i t u d e  112 d e g  01 t r i i r i  W 
E l e v a t i o n  340 m. 

Mont h  T e m p e r a t u r e  l d e g  C )  Meart Mean 
t-e 1. v a p o u r  

tr~eari irtean trleari hut r~ id .  c o n c .  
d a i l y  d a i l y  ( % I  ( g  / t r t 3  ) 
max, crl i n . 

Jarin 
Febr, 
Mar. 
FIp r. 
May 
J u n e  
J u l y  
Rcig . 
S e p t  . 
O c t  . 
Nov. 
D ~ c .  

SINGFIPORE 
L a t i t u d e  1 d e g ,  21 m i r i  N, l o n g i t u d e  1 C t 3  d e g  54 tx~in E 
E l e v a t i o n  8 m, 

Month T e m p e r a t  ul-e l d e g  C> Mean Mean 
rel. v a p o  i-t r 

rrleari (11 e a n  wean  hublid.  c o n c .  
d a i l y  d a i l y  ( % )  (g/(rl3) 
frlax . ttl i ri . 

J a n .  25, E, 
Feb. 26. 1 
Ma 1%. 26.5 
Rpr .  27. 1 
May 27.3 
J u n e  27. E, 
J u l y  27.3 
Rug. 27. 1 
S e p t .  27. r:) 
O c t  . 26.7 
NOV.  26.2 
Dec. 25.7 



SBSKRTOCIN, SFISK. 
L a t i t u d e  52 deg ,  (118 win N, l o n g i t t \ d e  1 0 6  d e g  38 rrtin W 
E l e v a t i o n  157 m. 

Mont t i  Te i~ lpe ra t  u r e  ( d e g  C )  Mean Mean 
rel. vapot-t r 

rrlean m e a r t  m e a r t  t iur~~id.  conc .  
d a i  l y  d a i  l y  ( % I  (g/rrt3) 
(TI a x . win. 

J a n .  
Feb. 
Mar. 
Rpr. 
May 
Jurte 
Ju 1 y 
FIctg . 
S e p t  . 
O c t  . 
Nov. 
D e c .  

LERW ICK, SHETLFIND ISLFINDS, Uti 
L a t i t u d e  deg ,  rrtin PI, 1 or lg i t  ude  d e 9  trt i ri 
E l e v a t  ian m. 

Month Tef r~pera t  u r e  (deg  C) Mean Mean 
-- rel. vapo  1-1 r 

rrt e a n  rrlean mean tictrrlid. cortc. 
d a i l y  d a i l y  ( % I  (g/m3) 
wiax. m i n .  

Jart, 
Feb. 
Mar. 
FIp 1%. 

May 
J cr rt e 
J u l y  
Rug. 
S e p t  . 
O c t  . 
Nov. 
D e c .  



L.UND, SWEDEN 
L-at i tude 55 deg ,  4 3  frlin N,  l o n g i t i i d e  1 3  deg 1 2  win E 
E l e v a t i o n  73 m, 

Month Temperature (deg C )  Meart Mean 
-.. r e l .  vapo u t- 

frlearr frl e a r~ i~lean humid. conc .  
d a i l y  d a i l y  ( $ 1  (g/i113) 
uax . i ~ t  i n . 

Jan. 
Feb .  
Mar. 
Rpr. 
May 
J cine 
J u l y  
Flug . 
Sept  . 
O c t  . 
Nov. 
D e c .  

-0. 7 
-(I). 8 

1 . 3  
6 .  2 

1 1 . 3  
1 5 .  2 
17.4 
115.8 
13.5 

El .  7 
4 .  8 
1 . 3  
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SUMMARY 

In order to save energy, i.e. ventilation heat losses, 
the fresh air change rate should be adapted to the pre- 
vailing need. Even though it is a fact, that reducing 
the fresh air change rate will result in a ventilation 
heat gain, the fresh air flow rate should not be kept 
too low, so that pollutants, humidity and body odour 
can accumulate. 
The results of measurements in a climatic chamber and 
in a lecture theatre show a significant relationship 
between the concentration of carbon dioxide and body 
odour of the indoor air under nonsmoking conditions. 
The upper limit of carbon dioxide, where the indoor air 
quality is still acceptable to persons entering a room, 
is between 0.1 % and 0.15 % vol, whereas for occupants 
in the room this limit is higher because of adaptional 
effects. 

1 .  INTRODUCTION 

A new environmental problem has increased in the last 
ten years: in modern, energy efficient buildings some 
of the occupants show reactions similar to those known 
to be caused by formaldehyde, but even when the concen- 
tration of that pollutant is well below known reaction 
thresholds. These symptoms are explained as the net re- 
sult of a summation or interaction of numerous sub- 
threshold sensory stimuli. Many sensory systems may be 
involved, but the perceptual mechanisms are largely 
unknown x .  

Since many people spend an important part of their time 
in artificially ventilated or climated rooms, a healthy 
and comfortable indoor climate will attract more and 
more attention. 
In other words: the temperature should be adapted to 
the activities of the occupants and humidity, pollu- 
tants and annoying odours must not accumulate 2. 
The prevailing need of fresh air depends on the number 
of persons and on their activities in a certain space. 
Often, the fresh air supply is controlled by tempera- 
ture; but does temperature really reflect the effective 
occupancy of a room ? The aim of this work is to point 
out the relationship between temperature, concentration 
of carbon dioxide and body odour of the indoor air, 
with the intention of working out a leading component 



of the indoor air quality. 
The natural concentration of carbon dioxide, an odour- 
and colourless non-toxic gas, in the athmosphere is 
about 0.035 % vol. Animals as well as human beings ex- 
hale carbon dioxide as combustion product of their bio- 
logical metabolism; for man in sitting position the 
amount is around 20 1 per hour 3. 
If man is the only source of odours and pollutants in a 
room, the concentration of carbon dioxide seems to be 
suitable to control the fresh air supply. 

2 .  METHOD 

Measurements have been carried out in a climatic cham- 
ber and in a lecture theatre. The climatic chamber had 
a volume of 30 m3. The volume of the lecture theatre 
was 950 m3 and there was space for 160 students. The 
air inlet was situated at the ceiling and the air out- 
let on the floor. 
Fresh air flow rate and humidity were always kept con- 
stant, while the temperature and the concentration of 
the indoor carbon dioxide were measured continuously. 
Discharge air was sucked off and offered to a test pa- 
nel outside, They subjectively compared the perceived 
odour intensity with some pyridine reference odours, 
and they also answered some questions concerning the 
acceptance of the indoor air quality after 15, 60 and 
90 minutes (lecture theatre), or after 30, 60, 90 and 
120 minutes (climatic chamber). Together in time, the 
persons in the chamber replied to those questions, 
while the students in the lecture theatre did the 
questioning only at the end of the lectures, 
All the measurements are summarized in tables 1 and 2. 

3 .  QUESTIONING AND ODOUR INTENSITY MEASUREMENT 

The questions are listed in table 3. The first question 
"measures" the subjectively perceived odour intensity 
by category scaling. In a similar way, Yaglou already 
did that in 1936 
The percentage of persons, who judge an odour as not 
acceptable, depends on the demands one makes on the 
comfort of indoor air quality (second question). 
The annoyance reaction (third question) is composed of 
an impact of former experiences. It always has to be 



seen in context of the immediate environment of the ex- 
posed person. 
The last question was only asked the students in the 
lecture theatre. Amongst temperature, the subjective 
perception of temperature also depends on the clothing. 
However, that was not registered, but all the tests 
were carried out on cold winter days. 
In the case of the lecture theatre measurements, bot- 
tles with different pyridine concentrations in water 
were used as reference odours; but they were produced 
by dynamic olfactometry for the climatic chamber ex- 
periments. The odour concentrations were: 0.67, 1.2, 
2.2, 3.9 and 7.0 mg/m3 (lecture theatre) and 0.11, 
0.19, 0.35, 0.62 and 1.1 mg/m3 pyridine (climatic 
chamber). Direct comparison of the two sets of odours 
showed, that the odours in bottles were subjectively 
valued six times less intense than the odours offered 
by dynamic olfactometry. In order to be able to compare 
the results of both of the places, the two sets of 
reference odours were standardized. 

4. RESULTS 

The answers of the students in the lecture theatre were 
subdivided into the following seven subgroups of diffe- 
rent environmental conditions: 

m 
ICO, % vol ( 

Because of the small number of persons in the climatic 
chamber, that classification could not be done there. 
Also the answers of the two test panels outside were 
only divided into soubgroups of different carbon di- 
oxide concentrations. 
Between the classifications "faint odour" and "distinct 
odour" on the category scale (figure I), the percentage 
of the judgements "not acceptable" rose from 15 to 60%. 



This limit was reached by the test panels outside the 
room at a carbon dioxide concentration of 0.08 % vol, 
while the occupants inside tolerated a concentration 
higher than 0.15 % vol. 
The annoyance scale (figure 2 )  indicates a limit bet- 
ween 2 and 3 on the self-rating "thermometer". The per- 
sons outside reached that value at a carbon dioxide 
concentration of 0.08 % vol, the occupants in the lec- 
ture theatre at 0.15 % vol and the occupants of the 
climatic chamber at concentrations over 0.22 % vol. 
At a certain carbon dioxide concentration, the students 
inside the lecture theatre judged the air quality as 
worse as higher the temperature was (figures 1 and 2). 
The test panels outside perceived the strong odours of 
the indoor air subjectively more intense by the refe- 
rence odour method than by category scaling (compare 
fig, 1 and 3 ) .  No reason was found to explain that 
result . 
The acceptability of an odour (question 2 )  was inter- 
preted together with the odour intensity (figure 1) and 
the annoyance by an odour (figure 2 ) .  
Within the indoor temperature conditions of the experi- 
ments in the lecture theatre, about 50 % of the occu- 
pants felt comfortable. The subjective perception of 
temperature showed some dependence on the indoor carbon 
dioxide concentration, as figure 4 shows. 

5 .  CONCLUSIONS 

The measurements in the climatic chamber and in the 
lecture theatre confirmed the expected relationship 
between the concentration of the carbon dioxide and the 
subjectively perceived body odour intensity. A Spearman 
rank order correlation coefficient of 0.66 between the 
odour intensity and the carbon dioxide concentration 
was found for the data of the climatic chamber, and one 
of 0.4 for those of the lecture theatre. These coeffi- 
cients are the result of the correlations between the 
carbon dioxide concentration and the time on the one 
hand, and between the odour intensity and the time on 
the other hand, A correlaton between the carbon dioxide 
concentration and the odour intensity exists, if man is 
the only source of both of these pollutants and if the 
emission rate is constant over time; and so, the con- 
centration of the indoor carbon dioxide can be seen as 
a good and useful indicator of the indoor air quality 



under non smoking conditions. 
As an upper limit of the indoor carbon dioxide concen- 
tration we would propose 0.15 % vol abs, (that is ap- 
proximately adequate to 0.1 % vol rel. increase 1 .  At 
that concentration not more than 15 % of the occupants 
inside complained of an unpleasant odour. If the limit 
is set by newly entered persons, the concentration may 
be kept at 0.1 % vol abs., because of their higher sen- 
sibility of odour perceptions. 
Carbon dioxide fails as a leading component during smo- 
king occupancies. In that case, the concentration of 
carbon monoxide 5 ,  or an air quality sensor may give 
better results. 
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table 1 
summary of the climatic chamber measurements 

symbols 
a-c : 
occupants: 
% answ. : 

panel : 
h :  
1 : 
P :  
COz (l/h*p): 

air change 
persons inside 
% of the students in the lecture theatre 
who answered the questions 
test panel outside 
hours 
litres 
persons 
calculated values 



table 2 
summary of the lecture theatre measurements 
(symbols:  see table 1 )  



1. Is there ....... in this room ? 

- 

no odour 1 - 1 .  
very faint odour ] - I 2  
faint odour I - l 3  
distinct odour \ - l a  
strong odour 

1-15 

very strong odour ] - I 6  
unbearable strong odour I - l 7  

2. The odour in this room is .... 
acceptable. 
not acceptable. 
I am not sure 

3. Mark the level 
of annoyance 
by an odour 
on this supposed 
self rating 
"thermometer"! 

- I , unbearable 
1 - 1  annoyance 

1 - 1  a 

1 - 1  
1 - 1  
1 - 1  
1 - 1  
1 - 1  
1 - 1  
1 - 1  1 - 1 , no annoyance 
I 

4. The temperature in this room is .... 
too cold. 
right. 
too warm. 

table 3 
questions concerning the indoor cllmate 
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SYNOPSIS 

Occupants can significantly influence both the heating energy 
requirements and the indoor air quality of a building by opening and 
closing doors and windows. If the effects of these actions are to be 
accurately estimated, both the quantity and character of these exchange 
flows must be determined. In this paper, data on gravity-driven 
exchange rates through open doors obtained from field experiments at the 
Alberta Home Heating Research Facility are compared with laboratory 
model simulations and theoretical predictions. Experimental results are 
presented which show that simple theoretical models provide both 
physical insight and an accurate estimate of air flow through doorways. 

Tracer gas techniques and thermocouple arrays were utilized in full 
scale experiments to determine air exchange rates and gravity current 
frontal velocities. These tests were conducted over a range of 
indoor-outdoor temperature differences from 3°C to 45°C. Experiments 
were also performed using a 1:20 scale model with salt water mixtures to 
simulate indoor-outdoor temperature differences. In spite of a Reynolds 
number mismatch of a factor of 7, the model and full scale exchange flow 
rates and gravity current frontal velocities were in very good agreement 
when opening times were adjusted using a buoyancy time scale based on 
Froude number similarity. 

NOMENCLATURE 

Frf frontal Froude number 
g local gravitational acceleration, m/s 

2 

g ' effective gravitational acceleration, m/s 
2 

H opening height, m 
K door orifice coefficient 
L hallway length, 

Qn 
5 net flow rate, m /s 

Ti indoor temperature, "C 

To outdoor temperature, "C 
t time, s 

tcr critical time at which steady flow begins to diminish, s 

tc closing time from 90" to 0°, s 

td duration of decreasing flow, s 
t 
e q 

equivalent opening or closing time, s 

th fully open hold time, s 
opening time from 0" to 90° 
duration of steady flow, s 

uf frontal velocity, m/s 

uo average inflow velocity at doorway, m/s 
V net volume exchange during one opening/closing c cle, m Y 

3 

vc net volume exchange during the clo ing period, m 

'cr net volume exchange at time tCr, m 3 
Vd net volume exchange during decreasing flow period, 

Vh net volume exchange during the fully open period, m f3 
'H room volume beneath a horizont 1 plane at height H, m 

'max maximum net volume exchange, m 4 
vo net volume exchange during the opening period, m 3 

VS net volume exchange during the steady flow period, m 3 
W opening width, m 



Wc hallway width, m 
AT indoor-outdoor temperature difference, "C 
A P indoor-outdoor air density difference, kg/m 

3 

A fractional density difference 
average indoor-outdoor d nsity, kg/m S 

3 
P 
Pi indoor air density, kg/m 

Po outdoor air density, kg/m 

1.0 INTRODUCTION 

If you live in a northern climate you have probably been told at some 
time to shut the door because someone's feet were getting cold. Or, 
perhaps you have felt cool air-conditioned air flowing from open shop 
doors in a tropical location. In either case, a significant energy cost 
is associated with these flows. The distribution of indoor air 
contaminants can also be influenced by air flow through doorways, with 
important implications for clean room areas, hospital operating theatres 
and other similar applications. The advent of airtight residential 
construction methods has caused concern about maintaining adequate 
indoor air quality, a condition which is partially ameliorated by air 
flow through open doors and windows. 

An understanding of both the quantity and characteristics of 
exchange flows is essential if proper energy estimates are to be made 
and if effective designs are to implemented. The long term goal is the 
developement of a comprehensive model for the prediction of air 
exchange. Toward this end, the authors conducted both full scale 
experiments and scale model simulations of air exchange flows through 
doorways. The primary objectives were to determine the essential 
information necessary for the construction of an air exchange prediction 
model, and to evaluate the accuracy and usefulness of scale modelling 
techniques. 

In this report, our attention will be focused on the most important 
cause of air exchange through large openings in buildings, namely 
gravity-driven flow. Several simple models will be developed to predict 
gravity flows through doors and experimental methods will then be 
briefly described. Finally, some of the experimental data will be used 
to evaluate the proposed models. 

2.0 AIR EXCHANGE THROUGH DOORWAYS 

The transport of air through doorways can be caused by a number of 
different mechanisms. These include indoor-outdoor temperature 
difference, occupant motion, pumping action of the door, interior air 
circulation and wind generated turbulence. The total exchange depends 
on the magnitude of these various driving mechanisms and to some degree 
their interaction with one another. 

Experimental results showed that gravity-driven air flow, caused by 
an indoor-outdoor temperature difference, is the dominant source of air 
exchange except at very small temperature differences. Gravity-driven 
flow is characterized by the flow of warm buoyant interior air out the 
top of the opening and flow of cold heavier exterior air in through the 



bottom. The flow rate depends on the height, width and thickness of the 
opening, and on the indoor-outdoor temperature difference. The total 
air exchange that occurs for a single door opening-closing cycle will 
depend on the flow rate, the amount of time the door is open, and in 
some cases the shape and volume of the interior space. 

At the extreme of small temperature differences, gravity-driven flow 
is small and inertia driven flows, such as the pumping action of a door 
or the motion of an occupant, become dominant. Under these 
circumstances, the air transfer will depend entirely on factors such as 
how quickly the door is opened or how fast the occupant passes through 
the opening. For a given inertia force, there will always be a range of 
temperature differences for which the buoyancy and inertial forces are 
of the same order of magnitude. The results of our study show that 
simple superposition is inappropriate under these circumstances. 
Discussion of inertia driven flows in this report will be limited to 
situations in which they significantly affect the buoyancy flow regime. 

3.0 GRAVITY-DRIVEN FLOW MODELS 

3.1 Gravity-Driven Air Exchange During a Typical Door Cycle 

Figure 1 illustrates the exchanged air volume as a function of time 
for an idealized door cycle. The curve represents the exchange process 
that occurs when a residential door is swung open, left open for some 
time and then shut. The interior could be an entry vestibule or large 
room. Four time periods have been identified. 

o Opening Period (to)- This period begins with the initial motion 
of the door and ends with its arrival at a 90° open position. 
The exchange rate increases as the opening width enlarges. 

o Fully Open Steady Flow Period (ts)- Steady state flow persists 
until the door begins to close or until a finite interior volume 
causes a reduction in flow rate. 

o Decay Period (td)- This period exists only if the flow rate 
decreases because of a finite interior volume. 

o Hold Period (th) - The hold period is the total time that the door 
is open 90" or more, and is equal to ts+td. If the door is not 
open long enough for the decay period to exist, then td=O and 
t s =th. 

o Closing Period (tc)- This period begins when the opening width 
starts to decrease because the door is closing. This period is 
the reverse of the opening period, beginning as the door passes 
the 90" open position and ending when it is fully closed. The 
volume exchanged during this period depends on both the 
decreasing opening size and on the steady state flow rate that 
exists when the door begins to close. 



3.2 Steady Gravity-Driven Flow 

When an indoor-outdoor density difference Ap exists, it is possible 
to define an effective gravitational acceleration in terms of the 
fractional density difference and the local gravitational 
acceleration as, 

This effective gravitational force will cause steady counterflow through 
an open door or window at a rate of exchange given by shawl as, 

~ l l  viscous effects such as surface drag and interfacial mixing are 
included in the orifice coefficient, K. The effect of interfacial 
mixing is to cause some of the outgoing warm air to be entrained by the 
incoming cold air, reducing the net exchange rate. The amount of 
interfacial mixing between the incoming cold air and the exiting warm 
air may be affected by the turbulence levels in both the indoor and 
outdoor reservoirs, and by the Reynolds number which governs shear 
induced mixing at the cold air - warm air interface. Once the 
coefficient K is determined, Equation 2 can be used to find the air 
exchange Vs, that occurs during the steady flow period. 

3.3 Flow During Door Opening and Closing 

Often, the coming and going of occupants occurs so rapidly that the 
door spends very little time in the fully open position and most of the 
exchange occurs while the door opens and closes. Is it possible to 
approximate the gravity-driven exchange that occurs during the opening 
and closing period by assuming quasi-steady flow? 

For a door swinging at a constant speed, it is easy to show that the 
average opening width is W(2/n). Integrating Equation 2 over the 
opening time to, results in, 

Rather than thinking of this as flow through an average orifice of 
width W(2/n) for a time to, it is more convenient to treat it as flow 
through an orifice of width W, for a reduced period of time, to(2/n). 
With this in mind, Equation 3 is rewritten in terms of the net flow rate 
Qn, and an equivalent time t which in this case is to(2/n). 

eq ' 



The same approach can be applied to the closing period, so that 
Vc=Qnteq, assuming that the opening and closing motions are identical, 
and that decreasing flow has not begun. It is important to take note of 
two assumptions made in the integration of Equation 2. First, that the 
fully open door orifice coefficient is the same for all door positions, 
and second that the startup time of the gravity flow is negligible. 
Experimental data will be used to assess the validity of these 
assumptions. 

Often the opening and closing motions are similar, and the hold 
period is short enough that decreasing flow does not occur. In this 
case, the total gravity-driven exchange for the complete door cycle is 
given by 

If decreasing flow begins before the door starts to close, then the 
opening and closing exchange will not be the same and Equation 5 is not 
valid. In this case, the closing exchange must be determined 
independently from the opening exchange. The flow rate that is 
occurring at the moment the door begins close must be used rather than 

Qn . 

3 . 4  The Start Of Decreasing Flow Due To A Finite Interior Volume 

Steady flow into a room of finite volume cannot last forever, and 
there must be some critical point at which the flow begins to decrease. 
The mechanism which determines when flow reduction begins is the return 
of a reflected gravity wave to the entry. Consider the simple, but none 
the less important case of flow into a long narrow room or hall from a 
door located at one end. The gravity current will flow down the length 
of the hall at a uniform velocity, strike the end wall and reflect back 
to the doorway. It is the arrival of this reflected wave at the doorway 
that signals the chocked flow condition that a limited interior volume 
exists. 

The onset of decreasing flow is important because the justification 
for building a small enclosed entry is the potential energy savings 
associated with limiting the total possible amount of air transfer. The 
smaller the entry, the sooner the gravity wave returns to the door and 
the sooner the flow starts to diminish. 

An estimate of gravity current frontal velocity in a long hallway 
2 can be made from classical lock exchange experiments by Benjamin . For 

steady flow through an opening, given by Equation 2, the density current 
draft will advance along the floor of a long hallway of width Wc, at a 
frontal velocity of, 



It is reasonable to expect the r ntal Froude number to lie near the 
counterflow critical value of 2-  '1' derived by Benjamin. For a hall of 
length L, the critical time tcT, at which decreasing flow begins is 
simply determined as 2L/Uf. Thls concept will be evaluated using the 
full scale and model frontal velocities, and exchange flow information 
determined experimentally. First, the measured frontal velocities will 
be compared to Equation 6, and then exchange data will be examined to 
determine if in fact, decreasing flow begins at a time equal to 2L/Uf. 

If the gravity current flows into an open room, the flow rate will 
probably not exhibit the sudden decrease in flow expected in the long 
hall case. Instead, it is likely that a smooth departure from steady 
flow occurs because a series of gravity waves return to the door as the 
gravity front reflects off numerous interior surfaces. 

3.5 Predicting The Decreasing Flow Rate 

The following assumptions are used to develop a simple expression 
for decreasing flow rate as the room fills with outside air. 

o The flow rate smoothly departs from steady flow at some critical 
time tcr, and critical volume Vcr. 

o The ratio of steady state to actual flow is exponential in form. 

o The exchange volume approaches a maximum value Vmax, at an 
infinite time. 

Equation 7 satisfies these assumptions and boundary conditions. 

where 

for t > teq + t, 

It is obvious that the maximum exchange Vmax, must be related to the 
room volume. Warm interior air is effectively trapped in the space 



between the top of the door and the ceiling. Therefore it is reasonable 
to expect that the maximum exchange will be approximately equal to the 
volume beneath this height H, defined as VH. Experimental results will 
be examined to determine if in fact, the measured value of Vmax is close 
to VH, and how well Equation 7 predicts the decreasing flow process. 

4.0 MEASURING AIR EXCHANGE FLOWS IN HOUSES 

Air exchange through an exterior doorway was studied experimentally at 
the Alberta Home Heating Research Facility. The test house used in this 
study was a detached single storey wood frame structure with overall 
interior floor dimensions of 6.5 m x 7.1 m and an interior wall height 
of 2.4 m. Plastic sheets were used to seal the basement from the main 
floor to simplify the interior geometry. For some tests, a partition 
was erected to make the room into a closed hallway, 1 m wide and 7.1m 
long, with the exterior door located at one end. 

Air exchange through the 2.05 m high and 0.89 m wide exterior door 
was measured using SF6 as a tracer gas. With the door closed, tracer 
gas was added to the room and mixed with fans until a uniform 
concentration was established. The mixing fans were then turned off and 
interior turbulence allowed to dissipate. Following this, the exterior 
door was opened at a selected swing speed, held open for a time and 
closed at the same swing speed. The door was driven by a electric door 
actuator and controlled by a computer, producing an accurate and 
repeatable door motion. The fans were then turned on again to mix the 
air. Knowing the interior volume, initial concentration and final 
concentration, it was possible to determine the net exchange. For a 
constant indoor-outdoor temperature difference, tests were repeated for 
varying door opening durations. The volume exchanged verses opening 
time curve was then constructed and its slope used to determine the 
steady state flow rate through the door. For all of the tests, the door 
swing speed was maintained constant and only the fully open time was 
varied. 

Fast response thermocouples were also employed during these exchange 
tests to determine information about the flow structure. Two types of 
measurements were made. First, a horizontal line of thermocouples was 
located on the centerline of the hall configuration, 15 cm above the 
floor. Monitoring these thermocouples with a computer allowed the 
frontal velocity of the cold incoming air to be determined. Second, 
thermocouples were spaced 10 cm apart on the vertical centerline of the 
door opening to determine temperature profiles during the exchange. 

5.0 LABORATORY MEASUREMENTS 

The 1:20 scale model of the house was inverted and suspended from a load 
cell in a reservoir of fresh water. A computer controlled stepping 
motor drove a small door at varying door swing rates and fully open time 
intervals. With the door closed, the model was filled with a salt water 
solution. The density of the saline solution was selected to match the 
desired indoor-outdoor temperature difference to be simulated. When the 
door was opened, the denser saline solution poured from the model and 
was replaced by lighter fresh water, resulting in a weight variation 



throughout the exchange. This change in weight was monitored by rapidly 
sampling the load cell with a computer. The slope of the weight-time 
cuwe gave the net flow rate of the fresh water through the door into 
the model house. 

The water filled model with its 15 times smaller kinematic 
viscosity had a Reynolds number 7 times smaller than the full scale 
flow. However, the use of water rather than air as the working fluid 
reduces the Reynolds number mismatch considerably. If the experiments 
had been done using air, the difference would have been a factor of 100. 

A model of the hallway partition used in the full scale tests to 
measure density front velocities was constructed in the model. Fast 
response electrical conductivity detectors were used instead of the 
thermocouples employed in full scale, to measure the time dependent 
position of the density front as it passed along the floor of the model 
house. 

6.0 TEST RESULTS 

Selected full scale and model results will now be used to evaluate the 
flow models discussed in the previous sections. Our attention will be 
focused on answering the following important questions. 

o What orifice coefficient should be used for an open door? 

o Can a quasi-steady flow approximation be used during door opening 
and closing? 

o Is it the return of a reflected gravity wave that informs the 
flow through an open door that a finite interior volume exists? 

o If decreasing flow starts, does it decay exponentially and what 
is the maximum volume that can be exchanged assuming that 
interior circulation fans are not operating? 

6.1 Steadv State Gravity-Driven Flow 

Some of the steady flow data from both full scale and model tests 
are shown in Figure 2. The theoretical curve given by Equation 2, using 
a door orifice coefficient of K-0.6, is also shown. With this orifice 
coefficient, the model data is in very good agreement with the 
theoretical prediction. Because the full scale flow rates were computed 
from a series of tests at varying opening times, the larger scatter in 
the full scale measurements is not surprising. 

It is apparent from Figure 2 that the full scale results are 
consistently lower than the model predictions for a given temperature 
difference. If the orifice coefficient is correlated with temperature 
difference as shown in Figure 3, we find that the model value is K=0.6 
for the entire test range, compared to the full scale results which 
correlate well with, 



A comparison of full scale temperature profiles measured at the 
opening, with model salinity profiles at the same location reveals an 
important fact. At large density differences both the full scale and 
model flows exhibit relatively little interfacial mixing across the 
counterflow interface. This is indicated by a steep gradient in 
temperature and salinity at the respective interfaces. At smaller 
density differences, the full scale flow showed increased interfacial 
mixing, as indicated by a more gradual variation in temperature. The 
model however, showed no significant increase in mixing at smaller 
density differences. Interfacial mixing causes transfer of inbound 
outdoor air into the outflow stream and a corresponding transfer of 
outbound indoor air into the inflow stream, thereby reducing the net 
exchange rate. The decrease in magnitude of the full scale orifice 
coefficient is therefore a direct result of an increasing level of 
interfacial mixing. This is why K depends on temperature difference. 

Why is there less interfacial mixing in the model compared to the 
full scale case? One possible answer to this question is the Reynolds 
number mismatch. The lower Reynolds number in the model suggests that 
its flow regime is more stable, implying reduced interfacial mixing. 

6.2 Gravity-Driven Exchange During Door Opening and Closing 

It is possible to evaluate the assumption of quasi-steady flow while 
the door is opening and closing by examining data obtained with a very 
short hold time. Figure 4 shows full scale exchange volumes for a hold 
time of 0.5 s and a swing time of 3.75 s. Equation 5, which was 
developed on the basis of quasi-steady flow, is also shown. The 
agreement is very good down to about 4"C, at which point pumping 
exchange caused by the swinging door begins to make a small contribution 
to the total exchange volume. Clearly, pumping exchange can be 
neglected for all but the smallest temperature differences. 

Model data similarly confirmed the accuracy of the quasi-steady flow 
assumption for the opening and closing period. It should be noted that 
the factor of 2/7r is specific to the case of a constant swing speed door 
and can be derived for other swing motions or other types of doors. 

6.3 Wave Return Time 

If the door is open for a short period of time, or if the flow is 
entering into a very large room, the flow rate will probably not begin 
to diminish before the door closes. However, long durations and small 
rooms are often involved, and determining the time at which decreasing 
flow begins becomes important. In this section it will be shown that 
this critical time is dependent on gravity wave return time. 

Figure 5 illustrates some hallway frontal velocities from both model 
and full scale experiments. The agreement between the m d 1 and full 
scale data is remarkably good and strongly supports the 20f/' time scale 



obtained from Froude number similarity scaling. Unlike net flow rate, 
which has been shown to depend on mixing and entrainment, gravity 
current frontal veloci y is unaffected by its entrainment rate as shown 5 by Simpson and Britter . This explains how it is possible for the model 
and full scale flow rates to differ at small temperature differences, 
while their frontal velocities agree so well. 

A frontal Froude number of 0.75 provides that best theoretical fit 
to the data over the entire range, this is close to the expected value 
of 0.71 for pure counterflow. It is particularly interesting to note 
the excellent agreement between the model and full scale results at the 
small temperature differences. Here the scale model tests do better at 
predicting full scale frontal velocities than the inviscid theoretical 
prediction. 

We now turn our attention to the question of wave return time and 
decreasing flow. Figure 6 shows some of the exchange volume data as a 
function of time for the long room geometry. This data is plotted so 
that results from a wide range of temperature differences collapse onto 
the same curve. Using Equation 6, a frontal Froude number of 0.75, and 
the assumption that the critical time equals 2L/Uf, allows an estimate 
to be made of the critical time when departure from steady flow will 
occur. Substituting the physical dimensions of b7.1 m and Wc=l m, 
results in the predicted departure point indicated on Figure 6. A more 
accurate prediction of the departure point could not be hoped for. This 
result strongly confirms that the flow rate begins to decrease when the 
gravity wave has traveled down the length of the hall and back to the 
door at frontal speed Uf. The data also exhibits the rather sudden 
change in slope expected a the return wave uniformly at the door. 

6.4 Predicting Decreasing Flow 

From Figure 6 it is apparent that the exchanged volume does approach 
a maximum value as expected. Equation 7 was proposed to describe the 
volume exchange between the time of departure from steady flow until a 
maximum exchange has occurred or until the door begins to hut. 

3 c r 
3 Equation 7 is shown in Figure 6 with best fit values of V =8.0 m and 

Vmax-19.2 m . This function underpredicts the departure polnt slightly 
because of the forced boundary condition of smooth transition from 
steady flow, however it sti 1 provides a good fit to the data. The best 
fit value of Vmax=19.2 m' is slightly larger than the theoretical 

3 ' maximum value of VH=17.8 m . This is reasonable, because it is likely 
that entrainment causes some of the buoyantly trapped air above height H 
to be mixed down to participate in the exchange. 

From these results we see that the flow begins to decrease when 
about half of the theoretical volume is exchanged and continues until 
the entire amount is replaced with exterior air. This estimate can be 
used for most interior geometries with reasonable accuracy. 

7.0 A COMPLETE GRAVITY-DRIVEN FLOW MODEL 

We are now in a position to estimate the gravity-driven exchange 
given the house dimensions, temperature difference and the door motion. 



First it must be determined if departure will occur before the door 
closes. If so, Equation 7 can be used with the generalized results from 
the last section to determine the total exchange, including opening and 
closing contributions. If departure does not occur then Equation 5 
applies. 

Combining the information obtained in these experiments, the 
following simplified calculation for estimating gravity-driven exchange 
volumes for simple interiors is given. For a given problem the 
following must be provided; 

Then calculate; 

A = Ap/p = 2 (Ti-To) / (Ti+To) (T in degrees kelvin) 

AT = 295A / (1 + A/2) (22°C indoor reference temperature) 

K = 0.4 + 0.0045AT 

teq = ( 2  to (only for constant swing speed) 

Qn = K (g~2~3/9) I/2 A1/2 

The gravity-driven exchange is found using; 

If Q n t / V H  >0.5 then V = V H  (1 - e -A(t-B)) 

where A = 24, / VH 

B = (0.5 VH/Qn) - 0.69/A 

If Qn t / VH < 0.5 then V = Q n t  

CONCLUSIONS 

Some of the questions concerning the nature of gravity-driven flow 
through doorways have been answered in this report. Experimental data 
obtained at the Alberta Home Heating Research Facility and from 
laboratory simulations, supports the proposed theoretical models 
designed to estimate gravity-driven air exchange through doorways. 

The reader should however be cautioned, the model can only be 
expected to provide reasonable estimates of air exchange if conditions 
are similar to those tested here. For example, inertial effects, which 
are of particular importance at small temperature differences, have not 
yet been accounted for in the model. Increased interior or exterior 



turbulence levels may cause substantially increased interfacial mixing, 
dramatically altering the door orifice coefficient and net flow rate. 
The presence of an occupant in the opening causes a blockage, reducing 
gravity-driven flow, an effect totally unaccounted for as of yet. 
Fortunately, in many applications these effects will be small and the 
proposed model will produce a good estimate. 
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Figure 1: Ideal ized flow r a t e  and volume exchange 
f o r  a t yp i ca l  door cycle.  
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Figure 2: Comparison of model and full scale steady state 
flow rate variation with temperature difference. 
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Figure 3: Comparison of model and full scale door orifice 
coefficient variation with temperature difference. 
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Figure 4: Correlation of short duration exchanges with 
temperature difference to test quasi-steady flow 
assumption, to = 3.75 s, tc = 3.75 s and th = 0.5 s. 
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Figure 5: Comparison of model and full scale hall frontal 
velocity variation with temperature difference. 
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Figure 6: Critical departure time and decreasing flow for the 
hall geometry. 
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SYNOPSIS 

The need for reduced energy consumption has led to  an overall decrease of 
air in f i l t ra t ion rates in  buildings. particularly in  dwellings. Unfortunately. 
this has given rise to  a significant number of problems involving condensation. 
w i th  resulting damage to  the structure and contents of affected buildings. 
Various means of condensation control are available. The use of a passive 
venti lation system to  achieve this aim has several attractions. not the least 
of which is that the occupants of houses f i t t ed  w i th  such a system need l i t t le. 
i f  any, knowledge of the principles involved. or instruction in  i ts use. t o  derive 
maximum benefit. 

This paper describes a program of work which compares the performance of 
a passive venti lation system, installed i n  the kitchen and bathroom of  a house 
of t imber framed construction. in  comparison w i th  the use of mechanical 
extraction, window head ventilators. and opening of windows, as alternative 
means of ventilation. Particular emphasis is placed upon the influences of 
wind speed and wind direction. Using the venti lation ra te  measurements in 
conjunction w i th  dry and wet  bulb temperature data. rates o f  moisture extraction 
due to  the four di f ferent means of venti lation are calculated, and the effects 
upon condensation risks are assessed i n  the l ight of predicted minimum 
venti lation rates required to  avoid condensation. Comparison of predicted 
minimum and measured venti lation rates leads to  the estimation of the ef fect  
of each type of vent i lat ion upon space heating energy consumption. 



Modern domestic energy conservation techniques have led to  increases in  both 
the thermal resistance and a i r  tightness of  the typ ica l  building envelope. The 
e f f ec t  o f  increasing a i r  tightness is t o  reduce the whole house vent i la t ion rate. 
and hence t o  generally increase the moisture content o f  the a i r  inside the 
house. The danger o f  condensation on cold surfaces w i th in  the occupied space 
is thus great ly increased. Considering tha t  up t o  12 k g  o f  water can be released 
inside a house i n  a dayC11, it is c lear tha t  some provision for  removal o f  water  
vapour d i rect ly  f r o m  areas of  high production ra te  [ for  example, k i tchen and 
bathroom] would be highly desirable. Several methods have been suggested. 
fo r  instance ext ract ion fans and dehumidifiers. 

One method o f  moisture ext ract ion which has recent ly been pu t  forward as 
a means o f  reducing condensation problems i n  the Un i ted  Kingdom is the use 
of  passive vent i la t ion systemsC2]. Clt should be acknowledged tha t  such systems 
have been in use i n  the rest  o f  Europe fo r  a s ignf ic iant length o f  time]. Such 
systems use ductwork. terminat ing a t  roof  level, t o  provide d i rect  ext ract ion 
o f  a i r  f r om areas o f  high moisture production: temperature induced buoyancy 
ef fects  [ the so-called "stack ef fect " ]  and wind induced suction e f fec ts  provide 
the dr iv ing force fo r  extraction. The use of a passive vent i lat ion system has 
several advantages: prominent among these are t ha t  the occupants o f  a house 
f i t t e d  w i t h  such a system can der ive f u l l  benef i t  f r om i t s  presence w i t h  no 
instruct ion i n  i t s  use. and also t ha t  maintenance costs on such a system are 
negligible w i t h  mechanically driven alternatives. 

The purpose o f  th is  paper is t o  b r i e f l y  compare the performance o f  a passive 
vent i lat ion system w i t h  three alternative-methods, namely mechanical extract-  
ion by wal l  mounted fans. window head slot ventilators. and window opening: 
the ef fects  o f  wind speed and wind direct ion di f ference are also demonstrated. 
The vent i lat ion rates produced by each method of  extract ion are compared 
w i t h  a predicted min imum vent i la t ion ra te  fo r  condensation avoidance, and 
thus the e f f ec t  o f  each type of method of  vent i la t ion is assessed. In  addition. 
mul t ip le  t racer gas measurements have been used t a  measure the airflows. 
t o  and f r o m  areas o f  high moisture production. associated w i t h  each method 
o f  ventilation. 

2. ASSESSMENT OF SlGNlFlCANCE OF COMPONENTS OF PASSIVE 
VENTILATION DUCT FLOW 

As has mentioned previously. the pr inciple o f  passive vent i lat ion rel ies upon 
the stack e f f e c t  and wind-induced suction effects, A t  this juncture. it would 
be useful t o  assess the l ikely order o f  magnitude o f  the contr ibut ion of  each 
mechanism t o  the overal l  passive vent i lat ion ef fect .  For  the calculations 
described below. it is assumed tha t  house air  is a t  50% re la t ive humidi ty a t  
20°C. whilst outside a i r  is a t  100% re la t ive humid i ty  a t  O°C. 

L e t  us f i r s t  consider the contr ibut ion of  the stack effect. The maximum avail- 
able pressure di f ference for  buoyancy driven air f lows i n  a duct [ in Pascals3 
is given by: 



where 

Do = air density a t  outside temperature = 1.2853 kg/m3. 
Dh = air density a t  room temperature = 1.1 906 kg/m3, 
g = acceleration due to gravity [9.81 m/s21. 
and 
h = vertical duct length hr~etres l  

The presence of a moving air  stream across the duct discharge induces a velocity 
pressure, which can be given simply by: 

where V = velocity of the air stream [m/sl 

The relative sizes of the two contributions are shown i n  Table 1, for  both the 
kitchen and bathroom ducts. It can be seen that the contribution due to  stack 
ef fect  is l ikely t o  be smaller than the wind-induced component for both ducts. 
I t  should also be borne in  mind that: 

[a1 these calculations do not  take into account wind direction or the geometry 
of the duct termination uni t  a t  roof  level: 

[bl the overall f low through a duct o f  a given length and cross-section w i l l  
be influenced by resistance effects. 

Both of these two considerations w i l l  be discussed later on in this paper. 

3. EXPERIMENTAL 

[a1 Details of test house 

The house used for  the si te measurements is situated a t  Wil low Park, 
near Charley, and is part  of the Central  Lancashire New Town Develop- 
ment. It is a four bedroom detached residence. o f  t imber frame construct- 
ion, and is bui l t  t o  a special low energy Figure 1 shows the 
plan layouts of the two floors of the house. together w i th  an artist's 
impression of the exterior. I t  can be seen that. in  addition to  the 
bathroom, there is also an en-suite adjacent t o  the master bedroom. 
A passive system was f i t t ed  in  this en-suite, w i th  a view to further work. 
but was sealed o f f  during this investigation. The whole house volume 
is approximately 320 m3. of which the kitchen and bathroom comprise 
approximately 34 m 3  and 13 m a  respectively. 

The passive venti lation ductwork installed i n  the test house is of 150 mm 
x 100 m m  rectangular cross-section. It is fabricated f rom UPVC, and 
is supplied complete w i th  factory-applied r ig id foam insulation, in order 
to minimise the risk of condensation within the duct itself during use. 
The ductwork layout used is shown in Figure 2. The terminals used are 
Glidevale type G5 t i l e  ventilators, situated two-thirds of the way up 
the roof. Each ductwork system is connected to  i ts  terminal by means 
of a length of fibreglass insulated 100 m m  diameter flexible duct. Each 
of the duct systems is terminated a t  ceiling level by means of a rectangular 
gri l le of adjustable open area. 



[bl Measurement details 

The venti lation and air movement measurements carried out during this 
investigation were performed using the mult iple tracer gas apparatus 
developed a t  UMIST. This technique is wel l  documented [see for  example 
reference C41 I and wi l l  not be described here. With regard t o  venti lation 
measurements. tests were performed under the following sets of conditions 
for both the bathroom and kitchen: 

il No passive ventilation. windows and t r ick le ventilators closed: 

iil As per ti], but w i th  tr ickle ventilators open: 

iiil As per C i l .  but w i th  windows open 2"; 

i v l  Passive ventilation, windows and tr ickle ventilators closed: 

v l  As per [ivl. but w i th  t r ick le ventilators open: 

v i l  As per [ivl. but w i th  windows open 2". 

Doors are closed, unless specifically mentioned. In addition to  these 
single-cell tests. a handful o f  measurements were made of the two-way 
airf lows between the kitchen and the rest of the ground floor, for various 
venti lation regimes, Duct  air velocities. inside/outside temperatures 
and wind speed and direction were also monitored. 

RESULTS AND DISCUSSION 

Measured venti lation rate values, together w i th  other relevant data. are 
presented in  Table 2 [kitchen], and Table 3 [bathrooml: two-way air f low values 
between kitchen and the rest o f  the house are shown in Table 4. From the 
data sets, the following points can be discerned: 

Ia l  The passive venti lation system used is sensitive to  wind speed and direct- 
ion. From Table 2, it can be seen that an increase in  wind speed f rom 
2 m/s to  5 m/s f rom the West has the e f fec t  of raising the air velocity 
in  the kitchen duct by between 27% and YO%, depending on room 
conditions. Table 4 shows that a south westerly wind gives an appreciable 
increase in  kitchen duct f low rate: a 3.5 m/s south westerly wind gives 
a f low rate of 16.2 m3/hr for  the duct and tr ickle vent combination. 
compared to  the 8.1 m3/hr f low rate measured under a 5 m/s westerly 
wind. Bearing i n  mind that the house ridge runs east-west. it is probable 
that the reason for this increase is that the system terminal is under 
greater suction for  a south westerly wind than for a westerly. From 
this observation. it might be inferred that certain wind directions might 
actually reduce the performance of the system: however, this study 
did not collect sufficient data t o  confirm or disprove this theory, 

[bl Comparing Table 2 wi th Table 3. it can be seen that the bathroom duct 
outperforms the kitchen duct for  a given wind speed and direction. For  
instance, for the case of a 2 m/s westerly wind. the bathroom duct gives 
an extraction rate which is approximately 40% greater than that of the 
kitchen duct. Such results are in direct conf l ict  wi th the findings o f  
Johnson e t  who c la im that a kitchen duct w i l l  consistently 
outperform a bathroom duct, due to the enhanced buoyancy effects present 



in the former case. It is the contention of the authors of this paper that 
[especially i n  view of the small temperature differences and duct sizes 
involved3 the greater resistance t o  f low of the longer ki tchen duct is 
far more dominant a factor than the increased stack effect. and hence 
the shorter bathroom duct should outperform the kitchen duct. To 
underline this point, it should be noted that. a t  a length o f  3 m. the 
bathroom duct used during this study is 40% shorter than the 5 m long 
kitchen duct. 

[ c l  Table 4 demonstrates the ef fect  o f  having the kitchen door open. Whilst 
it cannot be denied that  having the door open greatly increases the kitchen 
flow rate. it is also quite clear that this pract ice also leads to the 
migration o f  large amounts of moist kitchen air  t o  the rest of the house. 
In view of the fac t  that the purpose of the passive venti lation duct is 
to  remove moisture a t  source. it therefore follows that the practice 
of leaving the ki tchen door open is ill-advised. 

Aside f rom the above points, a particularly worrying discovery was made during 
this study. A t  wind speeds in  excess o f  9 m/s, the f low direction in the ducts 
actually reversed: in  other words, the passive ducts were providing an inflow 
of air into the house. This discovery obviously puts a b ig question mark against 
the usefulness of passive systems a t  higher wind speeds. Further investigations 
are planned: a t  the moment. it is thought that this f low reversal is a function 
of the aerodynamic characteristics of the t i l e  venti lator used. One suggestion 
which has been made is t o  make use of a ridge t i l e  venti lator as a termination 
device. Unfortunately. the authors have that  f low reversal takes 
place in  ridge t i l e  venti lators a t  higher wind speeds. which is quite surprising 
in  the l ight of the popular opinion that  ridge t i l e  venti lators are always in  
a state of suction. 

5. ENERGY lMPLlCATlONS OF DIFFERENT VENTILATlON METHODS 

A t  this point, it is appropriate to give some brief mention of the l ikely order 
of magnitude o f  minimum venti lation ra te  required in  order t o  avoid surface 
condensation. and, in  addition, to  examine the energy penalties incurred by 
the use of the di f ferent venti lation regimes considered during this study. 
According to Meyringer i5]. for a house o f  approximately 300 m a  volume. wi th 
3 or 4 occupants producing 12 kg of moisture per day. the minimum venti lation 
required to avoid surface condensation is l ikely t o  l ie  between 65 to  85 m3/hr. 
corresponding t o  a whole house air  change rate of between 0.22 to  0.28 ach. 
However. considering that  the ki tchen and bathroom are almost certain to 
be the areas o f  maximum moisture production. it is more appropriate to  express 
individual minimum vent i lat ion rates for these two rooms. 

Taking the case of the kitchen. and assuming a daily moisture production of 
6 kg. a minimum kitchen venti lation ra te  of between 0.96 and 1.25 ach is 
required. corresponding t o  a volume f low rate of between 32.5 to  42.5 m3/hr. 
Similarly for the bathroom. assuming a daily moisture production ra te  of 2 
kg. a minimum bathroom venti lation ra te  of between 0.85 and 1.1 ach is required. 
that is. a volume f low ra te  of between 1 1  and 14 ma/hr. Examination of Tables 
2 and 3 shows that use of a passive system in  the kitchen gives venti lation 
rates of between 0.84 and 1.17 ache whilst the bathroom system provides a 
venti lation ra te  of the order of 1.04 ach. Therefore. it can be seen that. under 
the test conditions experienced during this study, the use of a passive system 
should. in  most cases. give a background venti lation rate which is adequate 
to prevent surface condensation. 



Finally. Table 5 shows the venti lation energy penalties associated w i th  various 
means of ventilation, together w i th  an assessment of whether a specific method 
would satisfy the minimum venti lation cr i ter ia for  the avoidance of surface 
condensation i n  the test house. as set out above, The quoted values are 
calculated on the basis of the energy required to  heat the replacement air. 
a t  O°C wi th  100% RH. to  20°C. w i th  60% RH. Two main points emerge: firstly. 
window head tr ickle ventilators fa i l  to  provide the necessary minimum 
ventilation rates in both the bathroom and kitchen: and secondly. the use of 
passive systems would appear to  provide a very energy eff ic ient means o f  
moisture control for the test conditions experienced. 

(11 The results obtained during this study would appear to indicate that under 
the test conditions experienced. the use of the passive systems provides 
a satisfactory, energy ef f ic ient  means of condensation control. 

(21 However, the study has shown that the systems are extremely sensitive 
to wind fluctuations, both in speed and direction. Because of this, the 
authors are far f rom convinced that the passive system used during this 
study would provide the minimum venti lation rates necessary to avoid 
surface condensation over the whole range of wind conditions likely t o  
be experienced during day to  day use. In particular, the phenomenon 
of f low reversal a t  higher wind speeds gives great cause for concern. 

(31 The practice of leaving doors open in  order to  increase duct f low rates 
is not t o  be recommended. since if encourages the migration of warm, 
moist a i r  to  other parts of the house. 

(41 In view of the possibility of a requirement for some form of passive 
venti lation provision becoming enshrined in  the Building Regulations, 
it is essential that a far more broad based, extensive study o f  the operation 
of passive venti lation systems of di f fer ing configurations is carried out. 
wi th the intention of both identifying the optimum design, and quantifying 
the optimum performance which can be achieved. 

(51 It is fe l t  that particular attent ion should be given to  roof terminator 
design. i n  order to  produce a terminator which avoids f low reversal a t  
higher wind speeds, satisfies existing ra in penetration criteria. whilst 
fu l f i l l ing the requirements of architectural aesthetics. 
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Duct Pressure induced Wind induced pressure 
Length bystack ef fect [  P a l  rn/s Pa 

2 4 6 

TABLE 1 

Pressure components in duct system due to stack effect and windspeed, 



Conditions 
N~ Duc t  F low % of  NK 

A C H  rna/hr rn/s rnS/hr due t o  duct Speed Di rect .  A T°C 
Em/sl 

A l l  sea led 

T r i c k l e  vents open 

Duc t  and t r i ck  l e vent 
open 

Duc t  and windows 2"  

Duc t  open o n l y  

Windows open 2" o n l y  

A l l  sealed 

T r i c k l e  vents open 

Duc t  and t r i c k l e  vent 
open 

Duc t  and windows 2"  3.67 124.78 0.25 13.5 10.8 - 5 W 12 

Duc t  open o n l y  .53 18.02 0.14 7.6 42.2 - 5 W 12 

Windows open 2"  o n l y  2.74 93.16 - - - - 6 W 13 

TABLE 2 : Resul ts  fo r  k i tchen vent i  l at ion tests 



Duc t  f low 
Wind 

Conditions N~ % of  NB Speed 
A C H  m "/hr m/s ma/hr  due t o  duct Cm/sl Di rect .  A TOG 

A l l  sealed .35 4.55 - - - 2 W 14 

Trick l e  vent open .58 7.54 - - - 2 W 14 

Duc t  and t r i ck  I e vent 
open 1.04 13.52 .16 8.6 63.6 2 W 14 

Duc t  and windows 2" 3.19 41 .47 -24 12.9 31.1 2 W 14 

Duc t  open o n l y  1.03 13.39 .15 8.1 60.5 2 W 14 

Windows open 2" 2.72 35.36 - - - 2 W 14 

TABLE 3 : Resul ts  fo r  bathroom ven t i la t ion  tests 



Wind 
Conditions N~ N~ F~ H F ~ - ~  Duc t  f low Speed 

A C H  m3/hr  A C H  m3/hr  m3/hr m/s m/s m5/hr  [ m/s l  D i rect .  T°C 

Door shut, t r i ck  l e 
vents open .55 18.7 .20 64.0 10 10 

Door open. t r i c k l e  
vents open 1.29 43.9 .23 73.6 3 5 4 0 

K i tchen duct open, 
t r i c k l e  vents open, 
door shut 

K i tchen duct open, 
t r i c k l e  vents open, 
door shut' 

TABLE 4 : Two-way f l o w s  between the ki tchen and the rest of  the house 
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FIRST FLOOR 

GURE 1 :Test house 



GLIDEVALE TYPE G5 TILE VENTILATORS 

GURE2:DUCT LAYOUT 
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SYNOPSIS 

Each occupant in a room should be able to control his 
own indoor environment. Individual control can be ac- 
hieved in many ways: from simple window-opening to 
automatically arranged personal mini-environment. 

Individual control is not utilized effectively today. 
This is partly caused by lack of proper information, 
and partly by the fact that builders pay more attention 
to construction than to use and operation. 

Even technically complicated systems can be easy to 
operate -what is needed is sufficient, but not too 
difficult user information. 

In this paper, practical examples of user-friendly 
ventilation in residential and office buildings will be 
analyzed. Information problems, technical limitations 
and consequences of various individual control strate- 
gies will also be discussed. 

INTRODUCTION 

The need of ventilation is primarily caused by people 
and their activities, secondarily by other sources of 
heat and pollutants. People behave in different ways, 
and their activities vary highly individually in space 
and time. 

Ventilation should be designed and operated so that a 
proper indoor air quality is achieved whenever needed. 
Different people may also have different objectives for 
indoor air quality, thermal comfort etc. (1). So, the 
need of ventilation depends on occupancy. Ventilation 
can, in principle, be designed to be operated on full 
capacity all the time, but this would waste energy. 
Continuous minimized ventilation cannot, on the other 
hand, guarantee good indoor air. Ventilation should, 
therefore, be controllable in space and time - manu- 
ally, automatically, or in a suitable combination. 

2 PHYSIOLOGICAL, PSYCHOLOGICAL AND TECHNICAL BACKGROUND 

2.1 Attitudes against mechanical ventilation - why? 
Many complaints are today made against mechanical ven- 
tilation. The words "SICK BUILDING" are presented too 
often in connection with a modern office or other work 
environment and mechanical ventilation or air-condi- 
tioning. 

In many cases, further complaints can be avoided by re- 
adjustment, minor renewal, and systematic operation and 
maintenance. But, complaints may occur (or remain) even 
if there, from the technical point of view, should be 



no reason to. (See e.g. (2), (3)). 

The causes for the "sick building syndrome" are only 
partly known. The psychological aspects cannot be neg- 
lected: people feel bad if they cannot control their 
indoor environment: temperature, air flows, noise, 
lighting, (4). To be able to open a window has a great 
positive psychological effect! People can tolerate more 
draught or noise if they have got some means to control 
them. 

2.2 Technical limitations - before and now? 

"Collective" ventilation has been designed and used for 
the past 20 - 30 years. Simply because there have been 
no economical alternatives. In the Nordic countries, 
the main ventilation system in residential buildings is 
mechanical exhaust, run at full capacity for a few 
hours per day. In offices, especially in "landscapes", 
a constant temperature is set throughout the building, 
and ventilation is run at a constant capacity during 
office hours. Limited individual control may be ac- 
hieved in separate rooms by using e.g. radiator ther- 
mostats or controllable fan-coil units. 

In many cases, energy-efficiency has been increased, at 
the risk of deteriorating the indoor air quality, by 
using minimum outdoor air rates, minimized hours of 
operation (in offices etc.) or maximum percentage of 
return air. 

Today, it is technically possible to build more indivi- 
dual systems and control s than was technically poss- 
ible in the 1970's. Energy-efficiency is achieved easi 1 y 
by heat recovery systems which have become cheaper and 
more reliable. VAV-systems allow varying heating and 
cooling capacity when needed. Air quality control of 
ventilation is rapidly developing. New components of 
control systems can be programmed to provide also suit- 
able temperature fluctuations as well. 

A ventilation or air-conditioning system can be design- 
ed and balanced in a way not to be disturbed by window- 
opening. Pressure-controlled fans allow you to control 
your own air change rate without influencing ventila- 
tion in other rooms. But it may remain difficult to 
arrange great temperature variations - although in most 
cases + 1 OC is possible in indivicual spaces, which 
will oFten be sufficient in minimizing dissatisfaction. 

3 HOW T O  USE INDIVIDUAL CONTROL - WILL PEOPLE LEARN IT? 
3.1 Technical aspects 

Technical possibilities have improved, as stated be- 
fore, but they are not very well utilized today. 



A t t i t u d e s  among b u i l d e r s ,  d e s i g n e r s  and c o n t r a c t o r s  
shou ld  be changed.  Now t h e y  c o n c e n t r a t e  on c o n s t r u c t i o n  
and equipment  i n s t e a d  of  o c c u p a n t s '  needs and o p e r a -  
t i o n / m a i n t e n a n c e .  T r a d i t i o n a l l y ,  t h e  system and i t s  
c o n t r o l  a r e  d e s i g n e d  more o r  l e s s  s e p a r a t e l y .  

Use r -o r i  e n t e d  techno1 ogy ,  examples  

In o t h e r  b ranches  of t e c h n o l o g y ,  t h e r e  a r e  numerous 
examples of e a s y - t o - o p e r a t e  s y s t e m s ,  which i n  p r i n c i p l e  
a r e  much more c o m p l i c a t e d  than  v e n t i l a t i o n .  

For example,  a t  home you can s w i t c h  your  l i g h t s  on and 
o f f ,  whenever needed,  v e r y  s imply  and w i t h o u t  any t e c h -  
n i c a l  e x p e r t i s e .  You g e t  your  t a p  w a t e r  a lmos t  a s  e a s i -  
l y ,  o r  open your  r a d i o ,  TV e t c .  A l i t t l e  more i s  r e -  
q u i r e d  f o r  a d j u s t i n g  t h e  t a p  w a t e r  t e m p e r a t u r e ,  o r  
c o l o u r s  i n  your  TV b u t  you s t i l l  can do i t  w i t h o u t  
t e c h n i c a l  s k i l l ,  and your  o p e r a t i o n s  have no i n f l u e n c e  
on your  n e i g h b o u r s .  Why n o t  a l s o  i n  v e n t i l a t i o n ?  Why 
n o t  have a  c o n s t a n t  d u c t  p r e s s u r e  ( a s  v o l t a g e ! ) ,  why 
no t  s imply  a d j u s t  your  i n d i v i d u a l  a i r  supp ly  and ex-  
h a u s t  whenever needed? 

A more c o m p l i c a t e d  c o m p a r a t i v e  example i s  t h e  motor 
c a r .  In o r d e r  t o  use i t  you need e d u c a t i o n  and a  l i c e n -  
s e ,  "A l i c e n s e  f o r  l i v i n g  i n  your  own home" does no t  
sound r e a s o n a b l e  a t  a l l ,  b u t  some e d u c a t i o n  on o n e ' s  
i ndoor  envi ronment  s h o u l d  be g i v e n ,  a l r e a d y  a t  s c h o o l .  
For t h e  r e s t  ( t h e  t e c h n i c a l  p a r t )  you should  g e t  
i n s t r u c t i o n s  from t h e  m a n u f a c t u r e r  o r  d e s i g n e r !  

Windows 

Windows have been used f o r  c e n t u r i e s  a s  a  means of 
b a s i c  o r  a d d i t i o n a l  v e n t i l a t i o n .  Because t h e y  g e n e r a l l y  
can a l s o  be t i g h t l y  c l o s e d  ( a t  l e a s t  i n  t h e  Nordic  
c l i m a t e  f o r  a l l  w i n t e r ) ,  o t h e r  means of a i r  s u p p l y  
shou ld  be used f o r  b a s i c  v e n t i l a t i o n .  There a r e  s t i l l  
p e r i o d s  when e x t r a  v e n t i l a t i o n  i s  needed o r  wanted:  f o r  
c o o l i n g  i n  summer, f o r  a i r i n g  i f  t h e  room i s  e x c e p t i o n -  
a l l y  crowded e t c .  

At tempts  t o  change p e o p l e ' s  window-opening h a b i t s  have 
g e n e r a l l y  f a i l e d .  People  f e e l  d i s s a t i s f i e d  i f  t h e y  
c a n n o t  open t h e i r  windows. 

3 . 4  I n f o r m a t i o n  

You c a n n o t  change p e o p l e ' s  h a b i t s ,  b u t  people  can be 
e d u c a t e d !  The on ly  way t o  do t h i s  i s  p r o p e r  in fo rma-  
t i o n ,  Both n a t u r a l  and mechanica l  v e n t i l a t i o n  need 
c a r e f u l  o p e r a t i o n  and ma in tenance  - good, s i m p l e  and 
c l e a r  i n f o r m a t i o n  i s  n e c e s s a r y .  Always t e l l  peop le  w h y  
( a i r  q u a l i t y ,  c o m f o r t ) ,  and h o w  ( s h o r t - p e r i o d  window 
open ing ,  use of  f o r c e d  v e n t i l a t i o n  i n  k i t c h e n ,  f i l t e r  



cleaning periodically). Information should not, how- 
ever, mean a technical manual with hundreds of pages! 

CASE STUDIES 

4.1 General 

The following examples show both positive cases of 
user-oriented ventilation (including limitations in 
application), and cases where lack of (or wrong) 
information has caused problems in air quality and even 
structural damage. 

4.2 Detached and row houses 

Extreme examples have been measured: air change rates 
of about 0.01 ac/h ( ! ! ) ,  C02 concentrations of more 
than 5 000 ppm, i.e. beyond hygienic limit values, high 
humidities allowing mould growth. These observations 
concern tightly-sealed bedrooms in houses equipped with 
natural or closed-off mechanical ventilation and with- 
out any supply air arrangements. The occupants had 
wanted to save energy or been disturbed by draught or 
noise, generally they had not received any information 
on how to use their ventilation. 

Generally, in houses with mechanical ventilation, the 
fan is on only during cooking, bath etc. Major problems 
can be avoided if the ventilation cannot be completely 
closed off. 

In one experimental area, the manufacturers informed 
the residents on ventilation. In those houses, most 
people learned the proper use immediately, but still in 
some cases the fan is (especially in winter) closed off 
if the air change due to infiltration satisfies the 
minimum need for ventilation. Generally, people consi- 
dered personal instruction by the manufacturer or cont- 
ractor more useful than instruction manuals. 

The importance of good adjustment, and noise reduction, 
is obvious. Measures required for maintenance should 
also be as simple as possible; even cleaning or chan- 
ging the cooker-hood filter is likely to be forgotten 
if it is considered difficult. 

4.3 Renovated block of flats: exhaust fan for each flat 

This three-storey block of flat was built in 1951, and 
need for renovation became obvious in early 1980's. The 
existing ducts for natural ventilation were in a poor 
condition, and therefore the owner decided to build a 
new mechanical exhaust system with one small controll- 
able fan for each flat. 



T e c h n i c a l l y ,  t h i s  s y s t e m  w o r k e d ,  b u t  t h e  i n f o r m a t i o n  
was n o t  s u f f i c i e n t .  The a d v a n t a g e s  o f  good  v e n t i l a t i o n ,  
when needed ,  w e r e  n o t  p o i n t e d  o u t  t o  t h e  r e s i d e n t s  
c l e a r l y .  The s l i g h t  i n c r e a s e  i n  t h e  e l e c t r i c i t y  b i l l  
c a u s e d  b y  t h e  e x h a u s t  f a n  was e s t i m a t e d  i n t o  i t s  m a x i -  
mum, some 200 F IM p e r  y e a r .  W i t h  t h e  c o n s e q u e n c e  t h a t ,  
i n  o r d e r  t o  s a v e  a  l i t t l e  money, p e o p l e  c l o s e d  o f f  t h e  
f a n s  i n  many f l a t s .  T h i s  c a u s e d  f r o s t  damage d u e  t o  
c o n d e n s a t i o n  i n  t h e  e x h a u s t  a i r  d u c t  t o p s  a n d  i n  r o o f -  
t o p  f a n s .  New i n f o r m a t i o n  was s o o n  d i s t r i b u t e d  t o  t h e  
o c c u p a n t s ,  a n d  now, some y e a r s  l a t e r ,  t h e  v e n t i l a t i o n  
i s  s a t i s f a c t o r y  and p r o p e r l y  o p e r a t e d .  S u p p l y  a i r  i s  
t a k e n  i n  v i a  c r a c k s  i n  t h e  b u i l d i n g  e n v e l o p e ,  w h i c h  i n  
some w i n t e r  w e a t h e r  c o n d i t i o n s  c a u s e s  d r a u g h t .  

4 .4  E x p e r i e n c e s  f r o m  f u l l  s p e e d  - h a l f  speed ,  o p e r a t i o n  o f  
e x h a u s t  v e n t i l a t i o n  i n  b l o c k s  o f  f l a t s  

I n  b l o c k s  o f  f l a t s  m e c h a n i c a l  e x h a u s t  v e n t i l a t i o n  w i t h  
one c e n t r a l  e x h a u s t  f a n  i s  p r e d o m i n a n t .  The f u l l  s p e e d  
i s  g e n e r a l l y  on  f o r  o n e - t w o  h o u r s  i n  t h e  m o r n i n g  and  
t w o - t h r e e  h o u r s  i n  t h e  a f t e r n o o n ,  i . e .  when p e o p l e  a r e  
assumed t o  do  t h e i r  c o o k i n g .  The r e s t  o f  t h e  d a y  and 
a l l  t h e  n i g h t  v e n t i l a t i o n  i s  r u n  a t  h a l f  speed.  
T h i s  a r r a n g e m e n t  has  n o t  w o r k e d  s a t i s f a c t o r i l y .  I n  
h u n d r e d s  o f  b u i l d i n g s ,  t h e  e x h a u s t  f a n  i s  c l o s e d  o f f  
f o r  n i g h t s  ( e n e r g y ,  n o i s e . .  . ) ,  #although t h i s  s h o u l d  n o t  
be  a l l o w e d .  I n  many c a s e s ,  t h e  t i m e r  c l o c k  i s  n o t  a c c u -  
r a t e  and  may s w i t c h  f u l l  s p e e d  on  e v e n  a t  m i d n i g h t .  

B u t  e v e n  i f  t h e  s y s t e m  i s  o p e r a t e d  c o r r e c t l y ,  p e o p l e  
o f t e n  a r e  f a r  f r o m  s a t i s f i e d .  I n  r e c e n t  e x p e r i m e n t a l  
p r o j e c t s  i t  was f o u n d  o u t  t h a t  p e o p l e ' s  c o o k i n g  h a b i t s  
v a r y  s o  much t h a t  c o l l e c t i v e  f a n  o p e r a t i o n  w o u l d  n o t  
s a t i s f y  e v e r y o n e  u n l e s s  t h e  f u l l  s p e e d  w e r e  o n  f r o m  
7 .00  t o  21 .00  h o u r s .  

The f u l l  s p e e d - h a l f  s p e e d  o p e r a t i o n  a l s o  c a u s e s  p r o b -  
l ems  i n  p r e s s u r e  c o n d i t i o n s .  A t  h a l f  speed ,  t h e  p r e s s -  
u r e  d i f f e r e n c e s  a r e  a b o u t  one  f o u r t h  o f  t h o s e  a t  f u l l  
speed  ( e . g .  f a n  p r e s s u r e  100  Pa v s .  400 P a ) ,  f o r  w h i c h  
t h e  s y s t e m  i s  g e n e r a l l y  b a l a n c e d  a n d  a d j u s t e d .  T h i s  
means t h a t  i n  w i n t e r ,  e s p e c i a l l y  i n  h i g h - r i s e  b u i l d -  
i n g s ,  o r  a t  h i g h  w i n d  s p e e d s ,  t h e  n a t u r a l  f o r c e s  w i l l  
d i s t u r b  t h e  b a l a n c e  o f  v e n t i l a t i o n .  P r o b l e m s  w i t h  p r e s -  
s u r e  c o n d i t i o n s  may o c c u r  e v e n  i f  t h e  v e n t i l a t i o n  s y s -  
tems c a n  be o p e r a t e d  i n d i v i d u a l l y  - f l o o r s  a n d  p a r t i -  
t i o n  w a l l s  s h o u l d  be  b u i l t  as  a i r t i g h t  as p o s s i b l e !  

4.5 Modern  a n d  r e n o v a t e d  o f f i c e s  

A new g e n e r a t i o n  o f  o f f i c e  i n t e r i o r s  h a v e  b e e n  r e c e n t l y  
i n t r o d u c e d .  F l e x i b l e ,  i n t e g r a t e d  f u r n i t u r e  s y s t e m s  
i n c l u d i n g  l i g h t i n g  a n d  a i r  d i s t r i b u t i o n  a r e  a l r e a d y  



a v a i l a b l e .  T h i s  a l l o w s  an i n d i v i d u a l l y  c o n t r o l l a b l e  
mini -envi ronment  f o r  each  occupan t .  U n f o r t u n a t e l y ,  no 
e x p e r i m e n t a l  d a t a  i s  a v a i l a b l e  y e t  conce rn ing  indoor  
a i r  c o n d i t i o n s  and sys t em per formance .  

In r e n o v a t e d  o f f i c e s ,  o r i g i n a l l y  equipped w i t h  n a t u r a l  
v e n t i l a t i o n ,  many p e o p l e  1  i  ke t o  keep t h e  v e n t i l a t i o n  
" a s  n a t u r a l  a s  p o s s i b l e " .  Very o f t e n  t h i s  i s  n o t  pos- 
s i b l e :  t h e  o f f i c e  env i ronment  i s  more loaded t h a n  be- 
f o r e  ( o f f i c e  a u t o m a t i o n ! ) ,  o l d  ductwork i s  p a r t l y  dama- 
ged ,  o u t d o o r  a i r  q u a l i t y  r e q u i r e s  a i r  f i l t e r i n g  e t c ,  
" S o f t "  and f l e x i b l e  m e c h a n i z a t i o n ,  wi th  a s  l i t t l e  i n -  
f l u e n c e  on i n t e r i o r  a r c h i t e c t u r e  a s  p o s s i b l e ,  g e n e r a l l y  
b r i n g s  t h e  b e s t  r e s u l t .  I f  changes  i n  a r c h i t e c t u r e  a r e  
a l lowed  ( o r  have a l r e a d y  been made) ,  t hen  p r o v i d i n g  
modern a i r - c o n d i t i o n i n g  i s  p o s s i b l e  even i n  an e x i s t i n g  
b u i l d i n g .  In any c a s e ,  i t  i s  i m p o r t a n t  t o  l i s t e n  what 
t h e  end u s e r  wants!  Even mechanical  systems can be 
" n a t u r a l "  - a d j u s t a b l e  and n o i s e l e s s .  Lack of  s p a c e  f o r  
new d u c t s  s e t s  i t s  own l i m i t a t i o n s ;  V A V  o r  f a n - c o i l  
sys tems a r e  o f t e n  s u i t a b l e  and u s e r - f r i e n d l y .  

CONCLUSIONS AND FUTURE TRENDS 

In t h e  d e s i g n  of v e n t i l a t i o n ,  i t  i s  n e c e s s a r y  t o  pay 
much a t t e n t i o n  t o  t r a d i t i o n s  and p e o p l e ' s  h a b i t s .  
People  want t o  a d j u s t  t h e i r  own room t e m p e r a t u r e ,  and 
t h e y  want t o  open windows. Why n o t  l e t  them? Modern a i r  
c o n d i t i o n i n g  t echno logy  a l l o w s  i n d i v i d u a l  c o n t r o l ,  and 
t e c h n i c a l  s o l u t i o n s  can be made based on t h e  o c c u p a n t s '  
needs and wan t s .  

C o r r e c t  i n f o r m a t i o n  i s  n e c e s s a r y ,  e . g . :  

- Opening a  window i n  your  o f f i c e  c a u s e s  d r a u g h t  i n  
w i n t e r  and b r i n g s  i n  d u s t ,  s o  i f  you s t i l l  want t o  
open i t ,  j u s t  a  few m i n u t e s '  a i r i n g  i s  enough,  i n  
summer do j u s t  a s  you l i k e ,  b u t  remember t h a t  a i r i n g  
when wind speed i s  h igh  may c a u s e  d i s c o m f o r t  t o  y o u r  
ne ighbours  (OFFICE). 

- C l o s i n g  o f f  your  f a n  makes t h e  a i r  bad, The minimum 
speed  i s  needed even when t h e r e  i s  nobody a t  home. 
Half speed  i s  recommended e x c e p t  d u r i n g  cook ing ,  
when you a l s o  s h o u l d  open t h e  k i t c h e n  hood damper 
(HOMES. The p o s i t i o n s  needed must be marked c l e a r -  
l y ) .  

- In summer, i f  i t  g e t s  t o o  warm i n d o o r s ,  you can run 
your  f a n  a t  f u l l  s p e e d - o r  open your  windows l a t e  i n  
t h e  e v e n i n g ,  a t  n i g h t ,  i n  t h e  morning,  when i t  i s  
c o o l e r  o u t d o o r s .  (HOME). In o f f i c e s  mechanical  n i g h t  
c o o l i n g  i s  recommended. 

People  a r e  ve ry  s e n s i t i v e  t o  d r a u g h t  and n o i s e ;  odours  
a r e  o f t e n  much more e a s i l y  t o l e r a t e d .  In o r d e r  t o  



a c h i e v e  good i n d o o r  a i r  q u a l i t y ,  s p e c i a l  a t t e n t i o n  
s h o u l d  be p a i d  t o  p r o p e r  a i r  d i s t r i b u t i o n  and n o i s e  
i n s u l a t i o n / r e d u c t i o n .  

The f u t u r e  v e n t i l a t i o n  would p r o b a b l y  be d e s i g n e d  a s  
f o l l o w s :  

In r e s i d e n t i a l  b u i l d i n g s :  i n d i v i d u a l l y  c o n t r o l l e d  
v e n t i l a t i o n  i n  e ach  f l a t ,  maybe i n  e ach  room. T o t a l  
a i r  f l o w  i s  c o n t r o l l e d  by f a n  o r  damper ,  room c o n t -  
r o l  by t e r m i n a l  d e v i c e s .  Window o p e n i n g  i s ,  n a t u r a l  - 
l y ,  p o s s i b l e .  I f  h i g h e r  q u a l i t y  i s  needed ,  e a c h  room 
would be e q u i p p e d  w i t h  c o n t r o l l a b l e  a i r  s u p p l y .  To 
a v o i d  p rob l ems  w i t h  p r e s s u r e  d i f f e r e n c e s ,  combina-  
t i o n s  o f  n a t u r a l  and m e c h a n i c a l  v e n t i l a t i o n  ( e . g .  
n a t u r a l  e x h a u s t  p l u s  k i t c h e n  hood f a n )  a r e  n o t  a l -  
lowed ,  s u p p l y  and e x h a u s t  s h o u l d  be w e l l  b a l a n c e d  
f o r  a  s l i g h t  u n d e r p r e s s u r e ,  and f l o o r s  and p a r t i t i o n  
w a l l s  s h o u l d  be b u i l t  a i r t i g h t .  

In  o f f i c e s ,  s c h o o l s ,  t h e a t r e s ,  h o t e l s  e t c ,  an  a i r -  
c o n d i t i o n e d  i n d i v i d u a l  m i n i - e n v i r o n m e n t  where  you 
can a d j u s t  t h e  t e m p e r a t u r e  ( e . g .  w i t h i n  + 1 OC) o r  
i t s  f l u c t u a t i o n  ( e . g .  morning - 2 1  + 1 O C ,  a f t e r -  
noon-upper  l i m i t  2 4  O C ,  " n a t u r a l "  r r s e ) ,  t h e  amount 
of f r e s h  a i r  ( c o n s t a n t  o r  between minimum-maximum), 
d i r e c t i o n  o f  s u p p l y  a i r  f l o w .  In  s o p h i s t i c a t e d  s y s -  
t e m s ,  t h e  i n d o o r  e n v i r o n m e n t  can be c o n t r o l l e d  by 
c e n t r a l  a i r  c o n d i t i o n i n g  ( b a s i c  c o n t r o l )  p l u s  m i n i -  
a i r - c o n d i t i o n i n g  ( i n d i v i d u a l  v a r i a t i o n s )  - maybe 
w i t h  o p e n i n g  a  window a s  a  t e m p o r a r y  a d d i t i o n !  Rooms 
w i t h  t e m p o r a r y  o c c u p a t i o n ,  e . g ,  c o n f e r e n c e  rooms a r e  
c o n t r o l l e d  s e p a r a t e l y  ( f o r  example ,  by t i m e r - c o n t -  
r o l l e d  o n - o f f  dampers  and a i r  q u a l i t y - c o n t r o l l e d  
VAV- te rmina l s ) .  I n t e g r a t e d  f u r n i t u r e  - l i g h t i n g  - 
a i r  d i s t r i b u t i o n  s y s t e m s  w i l l  p r o b a b l y  be soon  
i n t r o d u c e d  a l s o  i n  o f f i c e  r e n o v a t i o n s .  

In  a l l  c a s e s ,  t h e  b e s t  r e s u l t  can be a c h i e v e d  w i t h  a  
c o m b i n a t i o n  o f  manual and  a u t o m a t i c  a d j u s t m e n t  + c o n t -  
r o l .  Some p r i n c i p l e s  a r e  p r e s e n t e d  i n  t h e  F i g u r e s  1 and 
2. 
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Fig. 1. How to use ventilation in residential build- 
ings. Basic ventilation is always on, forcing 
is due to occupancy, cooking etc. Airing only 
for extra need or exceptional loads. 

Fig. 2. Use of ventilation in offices. 
Minimum = continuous exhaustfrom toilets etc. 
Basic = ventilation due to expected occupancy 
(Variable if demand-controlled) forced = extra 
ventilation due to thermal loads . 
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SPATIOTEMPORAL CONTROL OF MECHANICAL EXHAUST AIR 
VENTILATION 

Synopsis 

Centrally controlled mechanical exhaust air ventilation 
systems in residential buildings can satisfactorily 
serve only a few of the inhabitants. As the need for 
ventilation in each apartment varies both temporally 
and locally, the exhaust air ventilation system should 
operate accordingly. 

On the basis of a new cascade-control method a selfcon- 
tained constant flow exhaust air terminal device was 
constructed. With the device the user can, according 
to his own needs, increase temporarily his own exhaust 
air ventilation, 

The new terminal devices are suitable for a spatiotem- 
porally controlled mechanical exhaust air ventilation 
system provided that the ducts are tight, the pressure 
in the ducts is within the operation range of the ter- 
minal devices in all points of operation, and the in- 
side of the building is tight. 

1 INTRODUCTION 

The mechanical exhaust air ventilation systems in res- 
idential buildings in Finland are usually constructed 
as so called two-speed systems. By changing the speed 
of rotation of the fan the flow rate of the exhaust air 
may be reduced to half of its statutory value at hours 
during which the need for ventilation is considered to 
be lower. In practise the result is that the higher 
flow rates are used only when there is considered to be 
a common demand for increased ventilation. The cen- 
tralized control systems, however, can satisfactorily 
serve only a few of the inhabitants. As the need for 
ventilation in each apartment varies both temporally 
and locally the exhaust air ventilation systems should 
operate accordingly. 

With the new cascade control system based on exploita- 
tion of the flow's own pressure energy it had become 
possible to build a selfcontained constant flow exhaust 
air terminal device with which the inhabitant can increase 
his own exhaust air ventilation rate. Twenty-five con- 
stant flow terminal devices were built for the investi- 
gations. Their technical properties and suitability 
for a spatiotemporally controlled exhaust air ventila- 
tion system were studied both in the laboratory and in 
one small residential house that previously had been 
equipped with centralized control of exhaust air venti- 
lation. No effort was made to construct a terminal de- 
vice ready for industrial production. 



2 CASCADE CONTROL METHOD 

Cascade control is a new method /I-11/ for conditioning 
and/or control of a fluid flow by exploiting the pres- 
sure difference created by the flow itself. Cascade 
control is based on a flow condition according to Fig- 
ure 1. An intermediate chamber is arranged in the flow 
duct, which is connected to the inlet space having 
higher pressure (pl) with orifice dl and with orifice 
d2 to the outlet space having lower pressure (p3). The 
system is characterized by that 

where 

p1 is inlet pressure 

p2 intermediate pressure 

p3 outlet pressure 

dl diameter of the inlet orifice 

d2 diameter of the outlet orifice 

k flow loss factor. 

Figure 1. Flow condition in cascade control. 

By equipping the intermediate chamber with a flexible 
wall allowing linear motion, by fastening the other end 
of the flow duct and by controlling with the aid of a 
shaped control cone for instance the free space of the 
outlet orifice (d2 = dekv) we get a certain position 
between the opening and the control cone to correspond 
to each pressure difference (pi - p3), Figure 2. 



MOTION 
I 

Figure 2 .  Cascade where t h e  wal l  i n  t h e  intermediate  
chamber is  f l e x i b l e  and t h e  a rea  of o u t l e t  
o r i f i c e  d2 i s  c o n t r o l l e d  with t h e  a i d  of a  
c o n t r o l  cone. 

In  t h e  a p p l i c a t i o n  t h e  s i g n  of t h e  exponent on t h e  
r i g h t  s i d e  of equat ion 1 is  minus ( - ) .  In  o t h e r  appl i -  
c a t i o n s  t h e  s i g n  i s  according t o  each case e i t h e r  p lus  
( + )  o r  minus ( - )  . 
The s t r u c t u r a l  p r i n c i p l e  of t h e  se l fconta ined  cascade 
c o n t r o l l e d  cons tan t  flow exhaust a i r  terminal  devices  
used i n  t h i s  i n v e s t i g a t i o n  i s  shown i n  Figure 3 .  The 
intermediate  chamber of t h e  cascade c o n s i s t s  of a  main 
valve cone moving on a  l i n e a r  bearing.  The movable 
valve cone i s  by a  r o l l i n g  membrane joined t o  t h e  un- 
movable p a r t  of t h e  in termedia te  chamber. The c o n t r o l  
cone has been shaped so  t h a t  such a  p o s i t i o n  of t h e  
movable main va lve  cone corresponds t o  each pressure  
d i f f e r e n c e  va lue  p, - p3 t h a t  t h e  main a i r  flow of t h e  
exhaust a i r  t e rmina l  device  i s  cons tant .  

A system has been connected t o  t h e  cons tant  flow termi- 
n a l  devices  wi th  which t h e  con t ro l  a i r  i n l e t  o r i f i c e  d  
can be c losed ,  Then t h e  main valve cone opens t o  a  1 

f ixed  open p o s i t i o n  and t h e  main flow i s  increased .  In  
t h i s  p o s i t i o n  t h e  device is  no t  a  cons tant  flow t e r m i -  
n a l  device.  

To prevent  d i r t  from accumulating i n  t h e  l i n e a r  bearing 
and c o n t r o l  a i r  o r i f i c e s  t h e  c o n t r o l  a i r  d i r e c t e d  t o  
the  in termedia te  chamber i s  f i l t e r e d .  



1 Movable main va lve  cone p, Room pressure  
2 Roll ing membrane p2 Intermediate  chamber 
3  Shu t t e r  of  c o n t r o l  a i r  pressure  

i n l e t  o r i f i c e  d l  con- 
t r o l l e d  by a t imer  p, Duct pressure  

J 

4 Linear  bear ing  d l  Control a i r  i n l e t  o r i f i c e  
5 Spring 
6 Shaf t  d2 Control  a i r  o u t l e t  o r i f i -  
7 Control  cone c e  
8 Intermediate  chamber 
9 A i r  f i l t e r  

Figure 3 .  S t r u c t u r a l  p r i n c i p l e  of a  cascade c o n t r o l l e d  
se l fcon ta ined  cons tant  flow exhaust a i r  ter- 
minal device.  

3  PRINCIPLES OF CONSTANT FLOW TERMINAL DEVICE D E S I G N  

The cons tan t  flow te rmina l  devices  w e r e  designed on t h e  
b a s i s  of t h e  c e n t r a l l y  c o n t r o l l e d  exhaust a i r  v e n t i l a -  
t i o n  system used i n  t h e  t e s t  bui ld ing ,  t h e  a i r  flow 
r a t e s ,  t h e  coupling s i z e s  of t h e  o r i g i n a l  exhaust  a i r  
t e rmina l  devices ,  and t h e  evaluated p ressu res  of t h e  
exhaust  a i r  fan .  

The a i r  flows of t h e  cons tant  flow terminal  devices  
w e r e  determined on t h e  b a s i s  of t h e  device based ex- 
haust  a i r  flows expressed i n  m3/h and presented i n  t h e  
Compiled Finnish Building Regulations as fol lows:  



Constant flow Increased flow Coupling 
m3/h dm3/s m3/s dm3/s s i z e ,  rnm 

I n  k i t chen  40 11, l  - > 80 - > 22,2 125 
In bathroom 30 813 - > 60 - > 16,7 100 

The cons tan t  flow te rmina l  devices  had t o  opera te  with- 
i n  t h e  p ressu re  d i f f e r e n c e  range 100 - 200 Pa, of which 
t h e  a c t u a l  working range w a s  eva lua ted  t o  be 125 - 175 
Pa. 

Di f fe ren t  models were made of each cons tan t  flow t e r m i -  
n a l  device type  both f o r  w a l l  and c e i l i n g  i n s t a l l a t i o n .  
Bas ica l ly  t h e  d i f f e r e n t  models w e r e  s i m i l a r ,  bu t  those 
of smal ler  a i r  flow had been t h r o t t l e d  more. The t i m e  
f o r  increased  a i r  flow had been l i m i t e d  t o  about 50 
minutes with a t imer.  D i f f e r e n t  t e c h n i c a l  s o l u t i o n s  
( so  c a l l e d  cord,  mechanical, and a i r  c o n t r o l )  w e r e  used 
t o  set t h e  t e rmina l  devices  on increased  flow, Figure 4,  

Figure 4 .  Two models of cons tan t  flow exhaust a i r  t e r -  
minal devices ,  To t h e  l e f t  i s  t h e  a i r  oper- 
a t e d  model, The t i m e r  and t h e  c o n t r o l  a i r  
o r i f i c e  dl  a r e  i n  a s e p a r a t e  u n i t ,  To t h e  
r i g h t  i s  t h e  cord  opera ted  model. The cord 
t o  t h e  t i m e r  i s  not  i n s t a l l e d .  



4 PERFORMaNCE OF CONSTANT FLOW TERMINAL DEVICES 

4 .  I A i r  flow 

The aim was to build the constant flow terminal devices to 
within 2 5% air flow accuracy. As it was not possible during 
construction, due to production technical reasons, to realize 
all the known operation sensitivity affecting details (for 
instance mass centre of moving parts and rolling membrane 
dimensions) of the prototype terminal devices, the k 10% 
accuracy sufficient for the air flows of ventilation install- 
ation was deemed satisfactory. 

Within t h e  pressure  d i f f e r e n c e  range 100 - 200 Pa t h e  
accuracy of  t h e  a i r  f low of t h e  cons tant  flow terminal  
devices  was genera l ly  b e t t e r  than  2 10 %, Figure 5 ,  
Within t h e  pressure  d i f f e r e n c e  range 125 - 175 Pa, t h e  
accuracy of t h e  a i r  f low of t h e  cons tant  flow terminal  
devices  i n s t a l l e d  v e r t i c a l l y  i n  t h e  c e i l i n g  w a s  b e t t e r  
than 2 5 %. Of t h e  cons tan t  flow terminal  devices  in -  
s t a l l e d  h o r i z o n t a l l y  on t h e  wa l l  only one h a l f  reached 
t h i s  accuracy. The opera t ion  s e n s i t i v i t y  of t h e  con- 
s t a n t  flow terminal  devices  i n s t a l l e d  on t h e  wal l  could 
be improved i f  t h e  c e n t r e  of t h e  m a s s  of t h e  movable 
p a r t s  i s  s h i f t e d  t o  t h e  midpoint of t h e  l i n e a r  bearing.  

The planned increased a i r  flows were reached i n  bath- 
room te rmina l  devices  with pressure  d i f f e r e n c e  70 - 80 
Pa and i n  k i t chen  t e rmina l  devices  with an about 110 Pa 
pressure  d i f f e r e n c e .  

4 .2  Noise generat ion 

The noise  genera t ion  of  t h e  k i t chen  cons tant  flow t e r -  
minal devices  remained below 30 dB (A)  during cons tant  
flow wi th in  t h e  whole planned pressure  d i f f e r e n c e  range 
100 - 200 Pa. S t a r t i n g  from pressure  d i f f e r e n c e  170  - 
180 Pa a  whis t l ing  sound was heard i n  t h e  bathroom con- 
s t a n t  flow terminal  devices .  During increased flow t h e  
k i t chen  cons tan t  flow terminal  devices  w e r e  n o i s i e r  
than  those  of t h e  bathroom, Figure 5. 



FLOW RATE, dm3/s 

1 Terminal device  f o r  8 , 3  / 1 6 , 7  dm3 /s flow 
2 Terminal device f o r  1 1 , I  /22,2 dm3/s flow. 

Figure 5. Average flow- and no i se techn ica l  (10  m 2 

sound absorption) p r o p e r t i e s  of t h e  con- 
s t a n t  flow exhaust  a i r  te rminal  devices .  
The va lues  a r e  presented a t  constant  flow 
and increased flow. 

4 . 3  Noise a t t e n u a t i o n  

The measured noise  a t t e n u a t i o n  p r o p e r t i e s  of one bath- 
room cons tant  flow te rmina l  device m e t  t h e  noise  a t t e n -  
ua t ion  requirements presented i n  t h e  Compiled Finnish 
Building Regulations p a r t  C6 with t h e  exception of high 
f requencies ,  Table 1. However, a t  high f requencies  ad- 
d i t i o n a l  a t t e n u a t i o n  of t h e  cons tant  flow te rmina l  de- 
v i c e s  i s  easy.  



Table 1 ,  Noise a t t e n u a t i o n  of a  8,3/16,6 dm3/s con- 
s t a n t  flow te rmina l  device ,  dB. 

Direction of I Position of 1 Octave band center frequency, Hz 1 

4.4 Duct pressure  

From room to  duct 

In  a  spa t io tempora l ly  c o n t r o l l e d  exhaust a i r  v e n t i l a -  
t i o n  system t h e  cons tan t  flow terminal  devices  opera te  
a s  planned i f  t h e  planned 1 0 0  - 2 0 0  Pa underpressure 
can be maintained i n  t h e  ducts .  Pressure s t a b i l i t y  i n  
t h e  ducts  when t h e  t e rmina l  devices  a r e  set on in-  
c reased  flow depends on t h e  shape of  t h e  s p e c i f i c  
curves of t h e  fan and ducts .  The pressure i n  t h e  duc t s  
s h a l l  be s e p a r a t e l y  ad jus ted  when needed. I f  s e v e r a l  
cons tant  f low terminal  devices  have t o  opera te  a t  t h e  
same t i m e  with var ious  pressure  d i f f e rences  due t o  f o r  
ins tance  thermal f o r c e s ,  a  considerably smal ler  va r i a -  
t i o n  can be allowed i n  duct  pressure  adjustment than i n  
a  s i t u a t i o n  when a l l  t h e  cons tant  flow terminal  devices  
opera te  almost with t h e  same pressure  d i f f e r e n c e ,  

1 Calculated atten- 
uat ion 
room+duct+room 
Requiren-ent 

4,5 Control  a i r  

The volume flow of t h e  a i r  used t o  c o n t r o l  t h e  cons tant  
flow te rmina l  devices  was smaller  than  0,5 % of t h e  ex- 
haus t  a i r  f low during cons tan t  flow. The c o n t r o l  a i r  
was dimensioned t o  be taken from a space where t h e  pre-  
v a i l i n g  p ressu re  was t h e  same a s  t h a t  upstream of t h e  
cons tan t  f low terminal  device.  

) Constant flow a t  1 00 Pa pressure difference 
Terminal device completely open (increased flow) . 

100 Pa 
O W  

I f  t h e  p ressu re  of t h e  c o n t r o l  a i r  t o  t h e  t e rmina l  de- 
v i c e s  d i f f e r s  from t h e  pressure  p r e v a i l i n g  immediately 
upstream of t h e  device,  t h e  flow w i l l  be a f f e c t e d .  When 
t h e  c o n t r o l  a i r  i s  taken from a space which has  a  
h igher  p ressu re  than  t h a t  upstream of t h e  te rminal  de- 
v ice ,  then  t h e  a i r  f low decreases  and when t h e  pressure  
is  lower, then  t h e  a i r  flow inc reases ,  Figure 6. 
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pressure, Pa pressure, Pa 

Figure 6 .  Flow dev ia t ion  of a  cons tan t  flow exhaust  
a i r  te rminal  device a t  d i f f e r e n t  pressure  
d i f f e r e n c e s  between upstream space of t h e  
device and t h e  c o n t r o l  a i r  in t ake .  

When t h e  p ressu re  d i f f e r e n c e  between t h e  c o n t r o l  a i r  
in t ake  and upstream of t h e  te rminal  device was kept  
cons tant ,  t h e  te rminal  device operated a s  a  cons tan t  
flow device b u t  on a  new nominal flow. 

4,6 Operation speed 

Measurements on t h e  opera t ion  speed of t h e  te rminal  de- 
v i c e s  showed t h a t  a f t e r  a  quick change of t h e  pressure  
d i f f e rence  of t h e  t e rmina l  devices ,  cons tant  flow was 
reached wi th in  10 seconds. The te rminal  devices  d id  
not  r e a c t  on quick o s c i l l a t i o n s  of t h e  pressure  d i f f e r -  
ence. 

5 FIELD MEASUREMENTS 

5.1 Follow-up measurements i n  t h e  test  bui ld ing  

The follow-up measurements were made i n  a  s m a l l  t h r e e  
s to rey  r e s i d e n t i a l  bu i ld ing ,  where t h e  exhaust a i r  ven- 
t i l a t i o n  system used, which was equipped with c e n t r a l -  
ized  c o n t r o l  (two-speed system),  was f i r s t  s tud ied .  
Then t h e  o r i g i n a l  exhaust  a i r  t e rmina l  devices  i n  t h e  
e x i s t i n g  exhaust  a i r  v e n t i l a t i o n  system were replaced 
with cons tan t  flow te rmina l  devices .  The aim of t h e  
follow-up measurements w a s  t o  s tudy t h e  performance of 
t h e  cons tan t  flow te rmina l  devices  and t o  c l a r i f y  t h e  
opera t iona l  p r e r e q u i s i t e s  of a spat iotemporal ly  con- 
t r o l l e d  exhaust  a i r  v e n t i l a t i o n  system. 

In  i n s t a l l a t i o n  and follow-up measurements of t h e  spa- 
t io tempora l ly  c o n t r o l l e d  exhaust a i r  v e n t i l a t i o n  system 
i n  t h e  test  bu i ld ing  w e  could no t  use t h e  r e s u l t s  of 
system tests made i n  t h e  labora tory  with cons tant  flow 
terminal  devices ,  because t h e  labora tory  t e s t s  could 
not be made u n t i l  t h e  follow-up measurements had 
s t a r t e d ,  



I n  measurements of t h e  c e n t r a l l y  con t ro l l ed  exhaust a i r  
v e n t i l a t i o n  system s e v e r a l  leaks  could be de tec ted  i n  
t h e  ducts .  When t h e  a i r  flows i n  t h e  o r i g i n a l  exhaust 
a i r  t e rmina l  devices  had been cor rec t ly .  ad jus ted ,  t h e  
t o t a l  a i r  flow of t h e  main ducts  was about 50 % l a r g e r  
than t h e  planned a i r  flow. 

Reduction of  t h e  no i se  caused by t h e  l a r g e  l e a k s  i n  t h e  
duc t s  w a s  poss ib le  only  by t i g h t e n i n g  t h e  duc t s  where 
poss ib le .  The ducts  w e r e  t ightened during i n s t a l l a t i o n  
of t h e  cons tan t  flow te rmina l  devices .  With t i g h t -  
ening t h e  noise  l e v e l  i n  t h e  apartments could be re- 
duced with 2 - 12 dB (A) . The t o t a l  a i r  f  low i n  t h e  
main duc t s  was, however, s t i l l  about 12 % higher  than  
t h e  planned a i r  flow. 

For noise  t e c h n i c a l  reasons t h e  underpressure of t h e  
duc t s  was lowered dur ing  i n s t a l l a t i o n  of cons tan t  flow 
terminal  devices  by reducing t h e  f an  r o t a t i o n  speed 
with a  t ransformer and by t h r o t t l i n g  t h e  suc t ion  duct  
of t h e  fan.  These measures d e c i s i v e l y  reduced t h e  pos- 
s i b i l i t i e s  of inc reas ing  t h e  a i r  flow, i . e .  keeping t h e  
duct  underpressure wi th in  t h e  planned range. 

The three-month follow-up measurements showed t h a t  t h e  
cons tant  f low terminal  devices re turned  t o  cons tan t  flow 
a f t e r  having been set on increased flow. A t  n i g h t s ,  
when t h e  cons tant  f low terminal  devices  presumably were 
not  s e t  on increased flow, t h e  s tandard dev ia t ion  of 
t h e  a i r  f lows was smal ler  than  + 4 %, and t h e  v a r i a t i o n  
was + 10 % when t h e  extreme values  a r e  s tud ied .  

Apartment-based measurements showed t h a t  t h e  a i r  flows 
of t h e  bathroom cons tan t  flow terminal  devices  were on 
average according t o  t h e  design va lues  during cons tant  
flow. The a i r  flows of t h e  k i tchen cons tant  flow t e r -  
minal devices  were dur ing  cons tant  flow about 14 - 22  % 
smaller  than  t h e  des ign  va lues ,  The k i tchen measure- 
ment r e s u l t s  could be inf luenced by t h e  l eak  a i r  flows 
observed i n  t h e  hoods. When t h e  r e s u l t s  of  measure- 
ments made during i n s t a l l a t i o n  of t h e  cons tant  flow 
terminal  devices  were compared with measurement r e s u l t s  
a f t e r  four  months' use ,  it was observed t h a t  t h e  devia- 
t i o n s  of s i n g l e  cons tan t  flow te rmina l  devices  from t h e  
design va lues  had increased  with t i m e ,  but  t h e  t o t a l  
a i r  flows had remained almost equal .  with t h e  cons tan t  
flow te rmina l  devices  set on increased v e n t i l a t i o n ,  t h e  
design va lues  of t h e  a i r  flows w e r e  no t  reached mainly 
due t o  t h e  poorly r e a l i z e d  duct ing.  

The v e n t i l a t i o n  of t h e  whole bu i ld ing  was increased  si- 
multaneously with t h e  previously used c e n t r a l l y  con- 
t r o l l e d  exhaust  a i r  v e n t i l a t i o n  system. The underpres- 
s u r e s  of t h e  apartments with regard  t o  ou t s ide  a i r  w e r e  
then  c l e a r l y  l a r g e r  than  with t h e  spat iotemporal ly  con- 
t r o l l e d  exhaust  a i r  v e n t i l a t i o n  system i n  which 



usual ly  only a p a r t  of t h e  bui ld ing  i s  i n  t h e  a r e a  of 
increased v e n t i l a t i o n .  

5.2 F i n a l  inspec t ion  of t h e  cons tant  flow terminal  
devices  

The f i n a l  inspec t ion  was made a f t e r  e i g h t  months of use.  
The cons tan t  flow te rmina l  devices  had become d i r t y  
only on t h e  o u t s i d e .  F i l t e r i n g  of t h e  a i r  used t o  con- 
t r o l  t h e  cons tan t  flow te rmina l  devices  had, according 
t o  v i s u a l  check, kept  c l ean  t h e  i n s i d e  p a r t s  c r i t i c a l  
t o  te rminal  device opera t ion .  

5.3 V e n t i l a t i o n  needs of t h e  i n h a b i t a n t s  

The follow-up measurements made i n  t h e  t e s t  bu i ld ing  
showed t h a t  t h e  i n h a b i t a n t s  had used temporally in-  
creased v e n t i l a t i o n  r a t h e r  ind iv idua l ly .  With spa t io -  
temporally c o n t r o l l e d  exhaust  a i r  v e n t i l a t i o n  using 
cons tant  flow terminal  devices  t h e  v e n t i l a t i o n  needs of 
t h e  i n h a b i t a n t s  could be s a t i s f i e d  much b e t t e r  than 
with t h e  c e n t r a l i z e d  c o n t r o l  of exhaust  a i r  v e n t i l a t i o n  
used previous ly .  

6 OPERATIONAL PREREQUISITES OF A SPATIOTEMPORALLY 
CONTROLLED EXHAUST A I R  VENTILATION SYSTEM 

A spat iotemporal ly  c o n t r o l l e d  exhaust a i r  v e n t i l a t i o n  
system can be r e a l i z e d  wi th  cascade-control-based, 
se l f con ta ined  cons tant  flow terminal  devices  with which 
t h e  exhaust  a i r  flow can be increased.  The most impor- 
t a n t  p r e r e q u s i t e s  of t h e  system a r e  t h a t  t h e  duc t s  a r e  
t i g h t ,  t h a t  t h e  dimensioned pressure  d i f f e r e n c e s  of t h e  
cons tant  flow terminal  devices  can be secured i n  a l l  
po in t s  of opera t ion ,  and t h a t  t h e  i n s i d e  t i g h t n e s s  of 
t h e  bu i ld ing  i s  good, because t h e  supply a i r  must be 
ou t s ide  a i r  and not  a i r  from a  neighbouring a p a r t -  
ment. 
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SYNOPSIS 

A design process is developed for an OCCUPANCY-RELATED VENTILATION 
CONTROL SYSTEM (ORVCS) in a new entertainment centre in Sha-tin, 
Hong Kong. The aim is to reduce the cost of space cooling. 
Little work appears to have been done in using ORVCS in 
conjunction with space cooling up to the present time. The design 
process includes (a) the selection of a control parameter to 
modulate the fresh air supply rate (b) assumptions about the 
occupancy load profile and (c) estimation of the possible energy 
savings. 

It is concluded that for certain zones of the building the annual 
energy savings due to use of an ORVCS could be as high as 29% and 
the pay-back time about 9 months. 

SYMBOL LIST 

Appliance Cooling Load 
Occupant Cooling Load 
Solar Cooling Load 
Fabric Transmission Cooling Load 
(Mechanical) Ventilation Cooling Load 
Maximum Cooling Load 
Partial Cooling Load (Existing) 
Partial Cooling Load with ORCVS 
Monthly Cooling Energy Requirement (Existing) 
Monthly Cooling Energy-Requirement with ORVCS 

Units 

k W 
kW 
k W 
k W 
kW 
k W 
kW 
k W 
kwh 
kwh 



1. INTRODUCTION 

In a building having an occupancy re la ted  ven t i l a t ion  control  
system (ORVCS) an attempt i s  made t o  r e l a t e  the  (mechanically 
ass i s ted)  input  r a t e  of f resh  a i r  t o  the  number of people 
occupying a given ( large)  zone of the  building. I t  i s  therefore  
necessary t o  s e l e c t  a measurable physical charac te r i s t i c  of the  
building exhaust a i r  which cor re la tes  with building occupancy 
(e.g. t h e  CO, l eve l  i n  t he  exhaust a i r ) .  Such systems have been 
in s t a l l ed  i n  several  public entertainment buildings1 i n  t he  UK t o  
reduce heating costs .  A s imi la r  system has a l so  been considered 
fo r  i n s t a l l a t i o n  i n  a univers i ty  l i b r a ry2 .  The present work 
r e l a t e s  t o  t he  pos s ib i l i t y  of reducing the  cos t s  of cooling ra ther  
than heating a building by the  adoption of an ORVCS. Here the  
input r a t e  of ( r e l a t i ve ly  warm) f resh  a i r  t o  a building zone 
would be reduced i f  the  occupancy of t he  zone reduced and the  
r a t e  of input of ( r e l a t i ve ly  cool) reci rculated a i r  would be 
increased. The load on cooling c o i l s  and associated re f r igera t ion  
equipment, would therefore be reduced and energy savings should 
resu l t .  The building i s  a new family entertainment cen t re  
located i n  t h e  New Te r r i t o r i e s  of Hong Kong. One of the  authors 
(W.L.L.) was responsible f o r  the  design of t he  a i r  conditioning 
system. 

SHA-TIN ENTERTAINMENT CENTRE AND THE HONG KONG CLIMATE 

The entertainment centre  is s i tua ted  i n  a res iden t ia l  area  with an 
estimated population of 400,000 i n  Sha-tin New Towna3 The ground 
f loor  area  is 1956m2 and t h e  estimated maximum occupancy is  4050 
people. It has  the  following f a c i l i t i e s .  

Basement Bowling centre,  lounge 

Ground Floor Fas t  food cen t re ,  coffee shop, entrance h a l l  

F i r s t  Floor Twin cinemas and foyer 

Second Floor Upper p a r t  of cinemas, childrens r ide  a rea  

Third Floor Theatre res taurant  

Fourth Floor Family club (including multipurpose game area ,  
gymnasium, dining area ,  l i b r a ry  and conference room) 

Roof Lounge 

The Hong Kong climate is  t rop i ca l  with re la t ive ly  hot summers 
(mean outdoor a i r  temperature " 2B°C July-September) and ra ther  
warm winters (mean outdoor temperatures 16OC January-February). 
Relative humidity leve ls  a r e  generally high (especially during 
February t o  June when the  mean leve l  exceeds 70°%). The a i r  
conditioning requirements of t he  entertainment centre  a r e  therefore  
f o r  cooling, There i s  no provision f o r  heating. Cooling i s  



provided either by cooling coils in the inlet air duct of given 
building zones or by free cooling i.e. when (during the winter 
months) the outside air temperature falls below the design 
internal temperature of 22OC there may be no need for use of the 
cooling coils and associated refrigeration systems. Use of ORVCS 
is applicable during April to October but not during the 
remaining months of the year when free cooling is possible. 

3. SHA-TIN ENTERTAINMENT CENTRE AIR-CONDITIONING SYSTEM AND 
APPLICABILITY OF AN ORVCS TO CERTAIN BUILDING ZONES 

The Sha-tin centre has a central refrigeration system consisting 
of 6 roof mounted Hitachi chillers each having a cooling capacity 
of 460kW. Water, chilled by these units, is pumped to cooling 
coils in seventeen air handling units and fourteen fan-coil units. 
A separate fresh air supply is ducted to each of these units and 
is independently controlled. It is therefore possible, in 
principle, to install independent ORVCS units in various building 
zones. Use of an ORVCS is considered to be applicable only to 
the first to the fourth floors of the building. It is not 
applicable to kitchen areas or to the basement which has a fixed 
requirement for fresh air at all times (and is slightly 
pressurised. ) 

Several properties of the building air were considered as 
possible control input parameters for an ORVCS. These were levels 
of CO, , relative humidity, CO, 0, and body odour. The choice of 
parameter was based on the following criteria: measurability, 
correlation with occupancy, provision of a sufficiently stringent 
ventilation requirement, availability of control equipment. 

Humidity does not correlate well with building occupancy and is 
already used in the Shatin centre to determine when free cooling 
is possible. Body odour might be difficult to assess using 
objective techniques (e.g. gas chromatography) on a continuous 
basis. 

Equipment is readily available to control ventilation systems using 
CO, level or 0, plus combustible gases (e.g. CO from tobacco smoke). 
Either technique might be applicable to a leisure centre. There is 
some evidence that the second would have the advantage of dealing 
more effectively with ~moking.~ For the sake of simplicity the 
present work will be related to the use of CO,. The CO, control 
parameter is based on the following. The CO, level in outdoor air 
is usually about 300ppm. An acceptable level of CO, indoors is 
1000 ppm and at an exhalation rate of about 4.7 x lom6 M~ S-' per 
person this corresponds to a fresh air rate of 6.7 l/s per occupant 
of a given zone. Contamination of outdoor air is unlikely to be a 
problem in Sha-tin although permitted levels for NOx, SO, are 

6- exceeded in certain more densely populated parts of Hong Kong. 

4. SAVINGS IN CINEMA 'A' COOLING LOAD USING A CO, BASED ORVCS 

Cinema A has a maximum occupancy of 800 people and a design 



maximum f resh  a i r  r a t e  of 4.6 m3/ s .  (This corresponds t o  
approximately 1100 ppm of CO,).  It is assumed i n  what follows 
t h a t  t he  required f resh  a i r  r a t e  f o r  lower occupancies w i l l  be 
the  corresponding f rac t ion  of the  above maximum ra te .  In  pract ice  
it is usual t o  set the  controls  t o  give a minimum vent i l a t ion  
r a t e  regardless of occupancy. It is a l so  assumed t h a t  f o r  safety  
purposes t he  ORVCS could be over ridden manually i f  required. 
Cooling load and supply a i r  r a t e  calculat ions  have been made f o r  
the  building using ASHRAE procedures6. I t  is assumed t h a t  the 
t o t a l  cooling load is  given by 

An example of t he  r e s u l t s  of t he  mean cooling load calculations 
with and without an ORVCS f o r  cinema A i n  the  month of July  i s  
given i n  t a b l e  1. The occupancy p ro f i l e  has been simplified t o  
a constant l eve l  of 100% (of 800) f o r  weekends and 33% f o r  
weekdays. (The predicted occupancies f o r  weekdays used by the 
a rch i tec t s  a r e  20% around noon r i s i ng  t o  45% l a t e r  i n  t he  day). 
The p a r t i a l  occupancy of 33% i s  assumed t o  apply t o  22 days per 
month while t h e  remaining days correspond t o  f u l l  occupancy. 
The occupancy cooling load is  taken a s  proportional t o  the  
number of occupants of t he  cinema ( i e .  Lop < Lo tab le  1 ) .  
However, t he  ven t i l a t ion  cooling load (due t o  the  requirement t o  
cool f resh  a i r  t o  t he  design value of 22OC) w i l l  remain constant 
a t  Lv with t he  exis t ing control  system. Use of an ORVCS w i l l  
allow t h i s  t o  f a l l  t o  Lvp when the cinema is only p a r t l y  occupied. 

TABLE 1 CINEMA A. JULY COOLING LOADS AND COOLING ENERGY 
REQUIREMENTS WITH AND WITHOUT ORVCS 

Maximum number of occupants 
Mean p a r t i a l  weekday occupancy 
Solar Load L s  
Fabric Transmission Load ( L t )  
Appliance load (La) 
Maximum occupancy load Lo 
P a r t i a l  occupancy load (Lop = 0.33 Lo) 
Maximum vent i l a t ion  load (Lv) 
P a r t i a l  ven t i l a t ion  load (Lvp = 0.33Lv) 
Maximum cooling load (Qf = Lt  + La + Lo t Lv) 
P a r t i a l  cooling load f o r  ex i s t ing  control  system 

(Qpl = L t  + La + Lop + Lv) 
P a r t i a l  cooling load with ORVCS 

(Qp2 = L t  + La + Lop + Lvp) 
Monthly cooling energy requirement f o r  exis t ing 

system 
(Qml = 12 [22 * Qpl + 9Qfl assuming 12 hours 
operation per  day) 

Monthly cooling energy requirement with ORVCS 
(Qm2 = 12 [22 * Qp2 + 9Qfl) 

Saving i n  cooling energy requirement (Qml-Qm2) 
% saving f o r  July  

68843 kwh 

44555 kwh 



Calculat ions show t h a t  t h e  annual percentage saving i n  
e l e c t r i c a l  energy usage f o r  cinema A is 29%- This amounts t o  
31440 kWh. Here t h e  c o e f f i c i e n t  of performance of t h e  c h i l l e r s  
i n  s a t i s f y i n g  t h e  cooling load has  been taken a s  3.4. The 
saving i n  energy c o s t s  is  19272 HK: $ ( a t  a t a r d f  f of 0 -61 3 H K $ / ~ W ~ )  . 
The est imated c o s t  of t h e  ORVCS is 13490 HK$ so  t h a t  t h e  pay 
back t i m e  i s  about 9 months. A s imi la r  t i m e  app l i es  t o  t h e  
Theatre Restaurant.  I n  general  longer pay back times apply t o  
other p a r t s  of t h e  building.  

5. CONCLUSIONS 

(a)  Measurement of t h e  CO, l e v e l  o r  t o t a l  0, p lus  combustible 
gases i n  t h e  exhaust a i r  a r e  t h e  recommended means of 
regula t ing an occupancy r e l a t e d  v e n t i l a t i o n  control  system 
(ORVCS). The second method may dea l  more e f f e c t i v e l y  wi th  
removal of tobacco smoke though more f i e l d  t r i a l s  would be 
des i rab le  t o  make a comparison. 
(b) A n  ORVCS appears t o  be appropriate t o  c e r t a i n  zones of a 
building requir ing cooling r a t h e r  than heat ing (such a s  t h e  
Sha-tin l e i s u r e  c e n t r e ) .  Those zones have va r iab le  occupancy 
and l a rge  open a reas  e.g. cinemas o r  t h e  t h e a t r e  r es tauran t .  
The est imated pay-back t i m e  f o r  a cinema i s  9 months wi th  
annual energy savings of 29%. 
(c) Further work i s  required t o  develop t h e  design of an ORVCS 
i n  conjunction wi thcool ingsystems and t o  evaluate ac tua l  
pay-back times. 
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SYNOPSIS 

20 l o w - i n c o m e  f a m i l y  h o u s e s  were s t u d i e d  f o r  Air C h a n g e s  p e r  
H o u r  a n d  E q u i v a l e n t  L e a k a g e  A r e a  a s  m e a s u r e d  by t h e  B l o w e r  D o o r  
T e s t  d u r i n g  t h e  w i n t e r  o f  1985-86.  T h e  r e s i d e n t s  o f  10 o f  t h e s e  
h o m e s  were g i v e n  i n s t r u c t i o n  o n  a i r  s e a l i n g  t e c h n i q u e s  a n d  w e r e  
p r o v i d e d  a  " s t a r t e r  k i t "  o f  r e t r o f i t  m a t e r i a l s .  Upon  r e t e s t i n g ,  
t h e s e  10 h o m e s  s h o w e d  n o  i m p r o v e m e n t  i n  e i t h e r  ACH o r  ELA, 
i n d i c a t i n g  e i t h e r  a  l a c k  o f  i n t e r e s t  o n  t h e  p a r t  o f  t h e  
h o u s e h o l d e r s  i n  m a k i n g  t h e i r  h o m e s  m o r e  a i r t i g h t ,  o r  a n  i n a b i l i t y  
t o  d o  s o  b a s e d  u p o n  i n s u f f i c i e n t  i n f o r m a t i o n  o r  p h y s i c a l  
l i m i t a t i o n s .  

IKTRODUCTION 

A l t h o u g h  t h e  p r o c e d u r e s  a n d  m a t e r i a l s  f o r  a i r  s e a l i n g  o f  
b o t h  new a n d  e x i s t i n g  h o m e s  i s  w e l l  d o c u m e n t e d ,  i t  i s  n o t  c l e a r  
t o  w h a t  e x t e n t  o c c u p a n t s  o f  o l d e r  h o m e s  w i l l  i m p l e m e n t  
r e t r o f i t  t e c h n i q u e s .  B a l l  S t a t e  U n i v e r s i t y  (BSU) i n  M u n c i e ,  
I n d i a n a ,  USA, t h r o u g h  i t s  C e n t e r  f o r  E n e r g y  R e s e a r c h /  
E d u c a t i o n / S e r v i c e  ( C E R E S ) ,  h a s  b e e n  f u r n i s h i n g  a  B l o w e r  D o o r  t e s t  
t o  h o m e o w n e r s  w h i c h  h a s  p r o v i d e d  ACH, ELA, a  l i s t  o f  l e a k  s i t e s ,  
a n d  a  p r i o r i t i z e d  l i s t  o f  p r o c e d u r e s  f o r  c o s t - e f f e c t i v e  a i r  
t i g h t e n i n g  r e t r o f i t  m e a s u r e s .  

Some c l i e n t s  o f  BSU CERES h a v e  b e e n  g o v e r n m e n t a l  a g e n c i e s  
w h i c h  d e a l  w i t h  h o u s i n g  f o r  l o w  i n c o m e  f a m i l i e s .  T h e  o c c u p a n t s  
o f  s u c h  h o u s e s  r e c e i v e  s u b s i d i e s  f o r  h e a t  o r  h a v e  h a d  t h e i r  h o m e s  
r e h a b i l i t a t e d  t h r o u g h  c o m m u n i t y  f u n d s .  

O c c u p a n t s  o f  h o m e s  w h i c h  h a v e  b e e n  t e s t e d  a s  p a r t  o f  
f u n d e d  p r o j e c t s  h a v e  n o t  i n d i c a t e d  t h a t  t h e y  w o u l d  
e n t h u s i a s t i c a l l y  i m p l e m e n t  a i r  s e a l i n g  t e c h n i q u e s .  S i n c e  m a n y  o f  
t h e m  r e c e i v e  g o v e r n m e n t a l  a s s i s t a n c e  i n  p a y i n g  e n e r g y  b i l l s ,  t h e y  
d o  n o t  h a v e  a  s t r o n g  i n c e n t i v e  t o  c o n s e r v e  e n e r g y .  

T o  d e t e r m i n e  i f  g o v e r n m e n t a l  a g e n c i e s  h a v e  b e e n  s p e n d i n g  
m o n e y  i n  t h e  w i s e s t  m a n n e r ,  t h i s  s t u d y  a t t e m p t e d  t o  m e a s u r e  
o c c u p a n t  r e s p o n s e  t o  i n f o r m a t i o n  r e g a r d i n g  t h e  a i r t i g h t n e s s  o f  
t h e i r  h o m e s .  T h i s  p r o j e c t  w a s  f u n d e d  by a s m a l l  g r a n t  f r o m  t h e  
BSU O f f i c e  o f  R e s e a r c h  t o  D a v i d  V a l e n t i n e ,  a  j u n i o r  m a j o r i n g  i n  
I n d u s t r i a l  E d u c a t i o n  a n d  s u p e r v i s e d  by J a m e s  J .  K i r k w o o d ,  P h . D . ,  
P r o f e s s o r  o f  I n d u s t r y  a n d  T e c h n o l o g y .  

LIMITATIONS OF THE STUDY 

ACH o r  ELA w e r e  t h e  o n l y  v a r i a b l e s  u n d e r  s t u d y .  Any 
s i g n i f i c a n t  c h a n g e s  i n  ACH o r  ELA w o u l d  r e f l e c t  o c c u p a n t  r e s p o n s e  
t o  t h e  e x p e r i m e n t a l  c o n d i t i o n .  S u c h  r e s p o n s e  w o u l d  i n c l u d e  
h e i g h t e n e d  a w a r e n e s s  o f  a i r  i n f i l t r a t i o n ,  a t t i t u d e  c h a n g e ,  m o n e y  
s p e n t  o n  s e a l i n g  m a t e r i a l s  a n d  w o u l d  p r o v i d e  a n  i n d i c a t i o n  o f  t h e  
e f f e c t i v e n e s s  o f  t h e  i n s t r u c t i o n  i n  a i r  s e a l i n g  t e c h n i q u e s .  No 
a t t e m p t  w a s  m a d e  t o  s t u d y  t h e  s p e c i f i c  i n f l u e n c e  o f  t h e s e  
r e s p o n s e s .  



PROBLEM STATEMENT 

T h e  p r o b l e m  u n d e r  s t u d y  w a s  t o  d e t e r m i n e  t h e  e f f e c t i v e n e s s  
o f  a s i m p l e  e d u c a t i o n  p r o g r a m  w h i c h  e n t a i l s  p r o v i d i n g  
h o u s e h o l d e r s  w i t h  s p e c i f i c  a d v i c e  f o r  t i g h t e n i n g  t h e i r  h o m e s  a n d  
a  " s t a r t e r  k i t "  o f  l o w  c o s t - n o  c o s t  s e a l i n g  m a t e r i a l s .  A s  
m e a s u r e d  by a  b e f o r e - a n d - a f t e r  b l o w e r  d o o r  t e s t ,  t h i s  p r o g r a m  
d o c u m e n t e d  t h e  i m p a c t  o f  a i r  l e a k a g e  i n f o r m a t i o n  a n d  t h e  
o c c u p a n t s '  i n i t i a t i v e  i n  r e t r o f i t t i n g  t h e i r  h o m e s .  

GOALS 

T h e  g o a l s  o f  t h e  r e s e a r c h  were t o :  

1. D e f i n e  common p r o b l e m s  a s s o c i a t e d  w i t h  l o w - i n c o m e  
h o u s i n g  i n  t h e  c o m m u n i t y  o f  M u n c i e ,  I n d i a n a  w h i c h  e x p e r i e n c e s  
a b o u t  5 5 0 0  h e a t i n g  d e g r e e  d a y s  e a c h  y e a r .  

2 .  E n h a n c e  a w a r e n e s s  o f  t h e  n e e d  f o r  e n e r g y  c o n s e r v a t i o n  
among  t h e  p a r t i c i p a n t s  o f  t h e  s u r v e y .  

3 .  S u p p l y  i n f o r m a t i o n  t o  C i t y / S t a t e  h e a t  a s s i s t a n c e  
p r o g r a m s  s o  t h e y  may w o r k  o u t  a n  e d u c a t i o n  p r o g r a m  f o r  h e a t  
a s s i s t a n c e  p r o g r a m  r e c i p i e n t s .  

4 .  B u i l d  a d a t a  b a s e  o f  c o m m o n a l i t i e s  o f  a i r  l e a k a g e  i n  
M u n c i e ' s  l o w - i n c o m e  h o u s i n g .  

5 .  I m p r o v e  l i v i n g  c o n d i t i o n s  f o r  some  o f  M u n c i e ' s  
l o w - i n c o m e  f a m i l i e s .  

HYPOTHESIS 

T h e  h y p o t h e s i s  t e s t e d  w a s :  " T h e r e  w i l l  b e  a s i g n i f i c a n t  
d i f f e r e n c e  b e t w e e n  p r e  a n d  p o s t  b l o w e r  d o o r  t e s t s  i n  ACH a n d  ELA 
i n  f a v o r  o f  t h e  e x p e r i m e n t a l  g r o u p  o f  h o u s e s . "  

A n a l y s i s  o f  c o v a r i a n c e  w a s  u s e d  t o  t e s t  t h e  h y p o t h e s i s .  
S a t a t i s t i c a l  d i f f e r e n c e s  a r e  a c c e p t e d  a t  t h e  . 0 5  l e v e l  o f  
c o n f i d e n c e .  

PROCEDURE 

T h e  r e s e a r c h  d e s i g n  i s  a r a n d o m i z e d  P r e t e s t - P o s t e s t  C o n t r o l  
G r o u p  D e s i g n .  ( C a m p b e l l  a n d  S t a n l e y ,  1 9 6 7 )  

T h e  p o p u l a t i o n  c o n s i s t e d  o f  a l l  h o u s e s  i n  M u n c i e  i n h a b i t e d  
by f a m i l i e s  a p p l y i n g  f o r  h e a t  a s s i s t a n c e  f u n d s  t h r o u g h  t h e  M u n c i e  
H o u s i n g  R e h a b i l i t a t i o n  P r o g r a m .  T h e  s a m p l e  w a s  o b t a i n e d  by 
a s s i g n i n g  c o n s e c u t i v e  n u m b e r s  t o  a n  e x i s t i n g  l i s t  o f  a p p l i c a n t s  
o n  f i l e  i n  t h e  M u n c i e  H o u s i n g  o f f i c e .  U s i n g  a  t a b l e  o f  r a n d o m  
n u m b e r s ,  20 h o m e s  w e r e  s e l e c t e d  f o r  t e s t i n g  a n d  w e r e  
a l t e r n a t i v e l y  a s s i g n e d  t o  e i t h e r  t h e  e x p e r i m e n t a l  o r  c o n t r o l  
c o n d i t i o n s .  



T h e  i n v e s t i g a t o r  w a s  g i v e n  e v e r y  a s s i s t a n c e  by t h e  M u n c i e  
H o u s i n g  A u t h o r i t y .  I n i t i a l  c o n t a c t  f o r  e a c h  h o u s e  w a s  m a d e  
by t h e  H o u s i n g  A u t h o r i t y .  T h e  i n v e s t i g a t o r  w a s  i d e n t i f i e d  a s  
a  r e p r e s e n t a t i v e  o f  b o t h  t h e  H o u s i n g  A u t h o r i t y  a n d  B a l l  S t a t e  
U n i v e r s i t y .  

D a t a  g a t h e r i n g  t o o k  p l a c e  d u r i n g  t h e  Autumn a n d  W i n t e r  
Q u a r t e r ,  ( S e p t e m b e r ,  1 9 8 5  t h r o u g h  F e b r u a r y ,  1 9 8 6 ) .  E a c h  
e x p e r i m e n t a l  h o u s e  was t e s t e d  w i t h  a B l o w e r  D o o r  m a d e  by I n f i l t e c  
o f  F a l l s  C h u r c h ,  V A .  T h e  i n v e s t i g a t o r  p r e s e n t e d  t h e  h o u s e h o l d e r  
w i t h  a  h a n d o u t  d e s c r i b i n g  t h e  b l o w e r  d o o r  t e s t  a n d  e x p l a i n e d  w h a t  
w a s  m e a n t  by ACH a n d  ELA. T h e  f i g u r e s  f o r  ACH a n d  ELA were 
c o l l e c t e d  a n d  t h e  h o u s e  was i n v e s t i g a t e d  f o r  l e a k  s i t e s  w i t h  t h e  
home o c c u p a n t  i n  c l o s e  a t t e n d a n c e .  D u r i n g  t h e  t e s t  t h e  
h o u s e h o l d e r  was s h o w n  t h e  l e a k  s i t e s  a n d  t o l d  how t o  s e a l  t h e m .  
D e p e n d i n g  on t h e  t y p e s  o f  l e a k a g e  f o u n d ,  t h e  h o m e o w n e r  w a s  g i v e n  
a p p r o p r i a t e  e q u i p m e n t  ( s u c h  a s  a  c a u l k i n g  g u n )  a n d  s u p p l i e s  ( s u c h  
a s  s i l i c o n e  o r  l a t e x  c a u l k ,  i n s u l a t i o n ,  d o o r  a n d  w i n d o w  
w e a t h e r s t r i p p i n g ,  a n d  e l e c t r i c a l  o u t l e t  g a s k e t s ) ,  a n d  g i v e n  
d i r e c t i o n s  f o r  p r o p e r  i n s t a l l a t i o n .  T h e s e  m a t e r i a l s  were b r o u g h t  
t o  t h e  h o u s e  3 o r  4 d a y s  a f t e r  t h e  t e s t .  T h e  a p p r o x i m a t e  v a l u e  o f  
s u c h  m a t e r i a l s  w a s  $ 2 0  p e r  h o u s e .  O c c u p a n t s  were t o l d  t h a t  
a l t h o u g h  t h e r e  w e r e  n o t  e n o u g h  m a t e r i a l s  s u p p l i e d  t o  d o  t h e  
e n t i r e  h o u s e ,  s u c h  s u p p l i e s  were i n e x p e n s i v e  a n d  w o u l d  p a y  f o r  
t h e m s e l v e s  w i t h i n  o n e  h e a t i n g  s e a s o n .  

One  o f  t h e  10 h o u s e s  i n  t h e  e x p e r i m e n t a l  g r o u p  was n o t  
r e t e s t e d  d u e  t o  o c c u p a n t  r e l u c t a n c e  t o  a d m i t  t h e  i n v e s t i g a t o r  
u p o n  h i s  r e t u r n .  

T h e  c o n t r o l  g r o u p  o f  h o u s e s  w a s  s i m p l y  t e s t e d  t o  y i e l d  ACH 
a n d  ELA. T h i s  g r o u p  was u s e d  t o  c o n t r o l  f o r  t h r e a t s  t o  i n t e r n a l  
a n d  e x t e r n a l  v a l i d i t y .  A l t h o u g h  h o u s e h o l d e r s  were a l w a y s  p r e s e n t  
d u r i n g  t h e s e  t e s t s ,  l e a k  s i t e s  w e r e  n o t  i n v e s t i g a t e d  n o r  r e p o r t e d  
t o  t h e  o c c u p a n t .  Upon r e t e s t i n g ,  o c c u p a n t s  were i n f o r m e d  o f  m a j o r  
l e a k  s i t e s  a n d  were g i v e n  i n s t r u c t i o n s  a s  t o  p r o p e r  s e a l i n g  
t e c h n i q u e s .  

E a c h  e x p e r i m e n t a l  a n d  c o n t r o l  h o u s e  was r e t e s t e d  f o u r  t o  s i x  
w e e k s  a f t e r  t h e  i n i t i a l  t e s t  t o  d e t e r m i n e  a n y  c h a n g e s  i n  ACH a n d  
ELA . 



RESULTS 

EXPERIMENTAL GROUP 

ELA ( S q .  F t . )  

HOUSEHOLDER 

SHABAZZ 
SIMS 
KATES 
BRITTAIN 
ATHALONE 
CORN 
SWARTZ 
RASCHE 
COLE 

t o t a l  
m e a n  

PRE TEST POST TEST PRE TEST POST T E S T  

TABLE ONE RAW DATA FOR EXPERIMENTAL GROUP 

CONTROL GROUP 

ACH ELA ( S q .  F t . )  

HOUSEHOLDER PRE TEST POST TEST PRE TEST POST T E S T  

BUCKNER 
EDWARDS 
ODELL 
JACKSON 
McNEILL 
ORR 
BOYLE 
BURTLEY 
THOMAS 
WYATT 

t o t a l  
m e a n  

TABLE TWO RAW DATA FOR THE CONTROL GROUP 



ANALYSIS OF C O V A R I A N C E  

SOURCE OF SUM OF 
VARIATION SQUARES DF 

COVARIATES 
ACH PRE- 2044.935  1  

M A I N  EFFECTS 
GROUP 1 7 . 0 5 5  1 

* S i g n i f i c a n t  a t  t h e  . 0 5  l e v e l  

TABLE THREE ANALYSIS OF COVARIANCE 
ACH POST TEST BY GROUP WITH ACH PRE TEST 

SOURCE OF 
VARIATION 

SUM OF 
SQUARES DF 

C O V A R I  ATES 
ELA PRE- 1 4 . 6 6 5  

M A I N  EFFECTS 
GROUP 0 . 2 7 8  1 

TABLE FOUR ANALYSIS OF C O V A R I A N C E  
ELA POST TEST BY GROUP WITH ELA PRE TEST 

A s i g n i f i c a n t  d i f f e r e n c e  was o b s e r v e d  a s  a n  i n c r e a s e  o f  p o s t  
t e s t  ACH f o r  t h e  e x p e r i m e n t a l  g r o u p  a s  c o m p a r e d  t o  t h e  i n c r e a s e  
o f  p o s t  t e s t  ACH f o r  t h e  c o n t r o l  g r o u p .  ELA c h a n g e s  were n o t  
s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  . 0 5  l e v e l .  



DISCUSSION A N D  CONCLUSIOHS 

T h e r e  w a s  a  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  p o s t  t e s t  s c o r e s  
f o r  ACH a s  c o m p a t e d  t o  t h e  c o n t r o l  g r o u p ,  i n d i c a t i n g  t h a t  t h e  
e x p e r i m e n t a l  g r o u p  o f  h o u s e s  s h o w e d  a n  i n c r e a s e  o f  l e a k i n e s s  
b e t w e e n  p r e  a n d  p o s t  t e s t i n g .  T h i s  d i f f e r e n c e  w a s  n o t  f o u n d  i n  
t h e  ELA d a t a .  T h e  d i f f e r e n c e  i s  p r o b a b l y  a t r r i b u t a b l e  t o  e r r o r s  
i n  m e a s u r e m e n t .  

To a v o i d  s u c h  e r r o r s  i n  f u t u r e  t e s t i n g  i t  i s  s u g g e s t e d  t h a t  
l e a k  s i t e s  b e  i n v e s t i g a t e d  i n  t h e  p o s t  tes-t a s  w e l l  a s  i n  t h e  
p r e - t e s t  s o  t h a t  f o r g o t t e n  a r e a s  o f  l e a k a g e  s u c h  a s  a n  o p e n  
b a s e m e n t  w i n d o w  w i l l  b e  c l o s e d  a s  i n  t h e  p r e  t e s t .  F u r t h e r ,  t h e  
s e c o n d  t e s t  s h o u l d  b e  c o n d u c t e d  u n d e r  w i n t e r  w e a t h e r  c o n d i t i o n s ,  
s i m i l a r  t o  t h e  p r e  t e s t .  

T h e  g o a l  o f  t h e  r e s e a r c h  t o  d e f i n e  comtzon p r o b l e m s  
a s s o c i a t e d  w i t h  l o w  i n c o m e  h o u s e s  ( G o a l  1 )  v a s  u n e x p e c t e d l y  
a c h i e v e d  by f i n d i n g  t h a t  t h e r e  w a s  n o  i m p r o v e m e n t  i n  t h e  
a i r t i g h t n e s s  o f  t h e s e  h o m e s  a f t e r  t h e  o c c u p a n t s  were p r o v i d e d  
i n f o r m a t i o n  a n d  m a t e r i a l s  t o  e f f e c t  s u c h  i m p r o v e m e n t .  T h e  
s o c i o l o g i c a l  n a t u r e  o f  t h e  s t u d y  w a s  e x p l o r a t o r y ,  o p e n i n g  m o r e  
q u e s t i o n s  t h a n  p r o v i d i n g  a n s w e r s .  G o a l  2 ,  t o  e n h a n c e  a w a r e n e s s  
o f  t h e  n e e d  f o r  e n e r g y  c o n s e r v a t i o n  among t h e  p a r t i c i p a n t s  o f  t h e  
s u r v e y  was n o t  met,  n o r  w a s  G o a l  3 ,  t o  i m p r o v e  t h e  l i v i n g  
c o n d i t i o n s  o f  t h e  p a r t i c i p a n t s .  

A t  t h e  t i m e  o f  t e s t i n g ,  m o s t  o c c u p a n t s  e x p r e s s e d  a s t r o n g  
i n t e r e s t  i n  m a k i n g  t h e i r  h o m e s  m o r e  e n e r g y  e f f i c i e n t .  H o w e v e r ,  
many o f  t h e  o c c u p a n t s  were i n f i r m  d u e  e i t h e r  t o  a p h y s i c a l  
h a n d i c a p  o r  o l d  a g e .  T h e s e  p e o p l e  i n d i c a t e d  t h a t  t h e y  w o u l d  h a v e  
s o m e  f a m i l y  member o r  a c q u a i n t a n c e  d o  t h e  n e c e s s a r y  r e t r o f i t  
w o r k .  

T h e  m a j o r i t y  o f  t h e  h o u s e s  h a d  a l r e a d y  b e e n  s u b j e c t e d  t o  
s o m e  r e t r o f i t  w o r k  t o  i m p r o v e  t h e  q u a l i t y  o f  t h e  h o m e .  Much o f  
t h i s  w o r k  w a s  d o n e  i n  t h e  name o f  " e n e r g y  e f f i c i e n c y , "  a s  
i n s u l a t i o n  h a d  b e e n  a d d e d  a n d  l a r g e r  c r a c k s  h a d  b e e n  s e a l e d .  
Many o f  t h e  h o m e s  h a d  new w i n d o w s  i n s t a l l e d .  T h e s e  w i n d o w s  w e r e  
o f  p o o r  q u a l i t y  a n d  were n o t  s e a l e d  t i g h t l y .  A c a s u a l  
o b s e r v a t i o n  o f  t h e  i n v e s t i g a t o r  w a s  t h a t  t h e  h o u s e s  w h i c h  h a d  
b e e n  w o r k e d  o n  by c i t y - h i r e d  c o n t r a c t o r s  w e r e  n o t  a n y  m o r e  a i r  
t i g h t  t h a n  t h o s e  w h i c h  h a d  y e t  t o  b e  r e t r o f i t t e d .  

M a j o r  l e a k  s i t e s  t e n d e d  t o  b e  a t  t h e  w i n d o w s  a n d  d o o r s  o f  
t h e  h o u s e s .  T h e  w i n d o w s  d i d  n o t  f i t  o r  s e a l  p r o p e r l y  a n d  d o o r s  
h a d  w a r p e d  a n d  d i d  n o t  f i t  t h e i r  f r a m e s .  T h e  w i n d o w s  a n d  f r o n t  
d o o r s  w e r e  a p r o b l e m  i n  a l l  9 e x p e r i m e n t a l  h o u s e s .  T h e  r e a r  
d o o r s  w e r e  a  p r o b l e m  i n  8 o f  t h e  9 .  S i n c e  o n e  o f  t h e  g o a l s  ( g o a l  
4 )  was t o  b u i l d  a  d a t a  b a s e  o f  c o m m o n a l i t i e s  o f  a i r  l e a k a g e  i n  
M u n c i e ' s  l o w  i n c o m e  h o u s i n g ,  t h e  f o l l o w i n g  l i s t  i s  a b e g i n n i n g .  



O t h e r  l e a k  s i t e s  i n c l u d e d  t h e  f o l l o w i n g :  

E l e c t r i c a l  o u t l e t s / s w i t c h e s :  7 h o u s e s  
H e a t  v e n t s / d u c t s :  6 h o u s e s  
F l o o r  ( T r i m ,  c r a c k s ,  h o l e s ) :  5 h o u s e s  
P l u m b i n g  s t a c k :  4 h o u s e s  
C r a c k s  o r  h o l e s  i n  w a l l s :  4 h o u s e s  
A t t i c  d o o r :  3 h o u s e s  
B a s e m e n t :  2 h o u s e s  
C e i l i n g  f a n :  2 h o u s e s  
K i t c h e n  b a s e  c a b i n e t s :  2 h o u s e s  
F u r n a c e :  2 h o u s e s  
C l o t h e s  d r y e r  v e n t :  2 h o u s e s  
A i r  c o n d i t i o n e r :  1 h o u s e  

I t  i s  o b v i o u s  t h a t  t h e  o c c u p a n t s  i n  t h i s  s t u d y  d i d  n o t  a c t  
t o  i m p r o v e  t h e  c o n d i t i o n s  o f  t h e i r  h o m e s .  I n  s o m e  c a s e s  u p o n  
b e i n g  v i s i t e d  f o r  r e t e s t i n g ,  t h e  " s t a r t e r  k i t "  o f  a i r  s e a l i n g  
m a t e r i a l s  w a s  s t i l l  i n  t h e  o r i g i n a l  c o n t a i n e r ,  s h o w i n g  t h a t  t h e  
m a t e r i a l s  h a d  n e v e r  b e e n  u s e d .  

T h e  l e n g t h  o f  t i m e  b e t w e e n  t h e  p r e  t e s t  a n d  t h e  p o s t  t e s t  
was 4 t o  6 w e e k s .  T h i s  g a v e  s u f f i c i e n t  t i m e  f o r  a m o t i v a t e d  
h o u s e h o l d e r  t o  m a k e  s u b s t a n t i a l  i m p r o v e m e n t  i n  t h e  a i r  t i g h t n e s s  
o f  t h e  h o u s e .  A l o n g e r  t ime  s p a n  w o u l d  p r o v i d e  t i m e  f o r  m o r e  
p e o p l e  t o  i n i t i a t e  i m p r o v e m e n t s  i n  t h e  b u i l d i n g  e n v e l o p e .  
H o w e v e r ,  t h e  t e s t i n g  s h o u l d  a l l  o c c u r  d u r i n g  t h e  w i n t e r  m o n t h s  t o  
m e a s u r e  a c t u a l  u s e r  l i v i n g  p a t t e r n s .  

S i n c e  t h e r e  was n o  i m p r o v e m e n t  i n  a i r  t i g h t n e s s  a s  a r e s u l t  
o f  t h e  t e s t i n g  a n d  i n s t r u c t i o n ,  i t  r e m a i n s  o p e n  t o  q u e s t i o n  as  t o  
w h e t h e r  a i r  t i g h t n e s s  i n f o r m a t i o n  i s  r e a c h i n g  t h e  a v e r a g e  
h o m e o w n e r .  A l s o  o p e n  t o  q u e s t i o n  i s  w h e t h e r  s u c h  i n f o r m a t i o n  i s  
u n d e r s t o o d  ( a s  i n  t h e  case  o f  t h e  h o u s e h o l d e r s  i n  t h e  
e x p e r i m e n t a l  g r o u p )  a n d  w h e t h e r  o t h e r  s o c i o - e c o n o m i c  f a c t o r s  a r e  
o p e r a t i n g  t o  i n f l u e n c e  t h e  a p p l i c a t i o n  o f  s e l f - h e l p  m e a s u r e s  i n  
i m p r o v i n g  t h e  q u a l i t y  o f  t h e i r  h o m e s .  F u r t h e r  t e s t i n g  w i t h  a 
d i f f e r e n t  p o p u l a t i o n ,  p e r h a p s  w i t h  m i d d l e  i n c o m e  f a m i l i e s ,  w o u l d  
y i e l d  r e s u l t s  t h a t  c o u l d  p r o v i d e  s o m e  i n s i g h t  o n  t h e  t e c h n i q u e s  
m o s t  h e l p f u l  i n  a c h i e v i n g  h o m e o w n e r  i n f o r m a t i o n  ( G o a l  3 . )  

T h e  h o u s e s  t e s t e d  were much  l e a k i e r  t h a n  t h e  a v e r a g e  h o u s e  
i n  t h e  c i t y  o f  M u n c i e ,  I n d i a n a .  T h e s e  h o m e s  a r e  i n  d i r e  n e e d  o f  
r e p a i r  b o t h  s t r u c t u r a l l y  a n d  c o s m e t i c a l l y .  I f  s u c h  r e p a i r  were 
c o n d u c t e d  by c o m p e t e n t  c o n t r a c t o r s  a n d  w i t h  s u f f i c i e n t  f u n d i n g ,  
s u c h  s t r u c t u r a l  a n d  c o s m e t i c  r e p a i r s  w o u l d  s e r v e  t o  m a k e  t h e  
h o u s e s  m o r e  e n e r g y  e f f i c i e n t  d u e  t o  i n c r e a s e d  i n s u l a t i o n  a n d  a i r  
t i g h t n e s s .  I f  s u c h  r e p a i r  were a l s o  c o n d u c t e d  w i t h  a  b e t t e r  
u n d e r s t a n d i n g  o f  e n e r g y  c o n s e r v a t i o n  p r a c t i c e s  o n  t h e  p a r t  o f  t h e  
c o n t r a c t o r ,  t h e  h o u s e s  c o u l d  e a s i l y  a n d  i n e x p e n s i v e l y  b e  
i n s u l a t e d  a n d  a i r  s e a l e d  t o  a c h i e v e  c o m f o r t  a n d  e c o n o m y  f o r  t h e  
o c c u p a n t s .  
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SYNOPSIS 

The e f f e c t s  on v e n t i l a t i o n  behaviour of i n h a b i t a n t s  i n  
r e s i d e n t i a l  bu i ld ings  have been i n v e s t i g a t e d  a s  a p a r t  
wi th in  a s eve ra l  y e a r s '  German r and d programme. The i n -  
v e s t i g a t i o n s  have shown t h a t  t h e  v e n t i l a t i o n  behaviour 
seems t o  be dominated by t r a d i t i o n a l  behaviour p a t t e r n s ,  
e.g.  v e n t i l a t i n g  bedrooms, and s u b j e c t i v e  impressions.  
There i s  on ly  a modest c o r r e l a t i o n  between window opening 
and needs f o r  indoor a i r  q u a l i t y  and energy conserva t ion .  
Up t o  now most of  t h e  i n h a b i t a n t s  do not  a s se s s  c o r r e c t l y  
t h e i r  own window opening behaviour.  Also d i f f e r e n t  v e n t i -  
1 a t i n g  systems d i d  almost no t  i n f l u e n c e  t h e  i n h a b i t a n t s '  
window opening behaviour . The main reasons  may be a 1 ack 
of information and mot iva t ion .  

THE OBJECTS 

The i n v e s t i g a t i o n s  had been c a r r i e d  o u t  i n  t h e  fo l lowing  
types  of r e s i  den t i  a1 bui 1 d i  ngs 

- Solarhouse Fre iburg ,  12 dwel l ings ,  exhaust  
and exhaust-supply v e n t i l a t i o n  system with 
prehea t ing  

- Demonstration P ro j ec t  Worms, 3 blocks of 
f l a t s ,  230 dwel l ings ,  mechanical and na tu ra l  
v e n t i l a t i o n  systems, hea t  recovery 

- Demonstration P r o j e c t  B e r l i n ,  9 dwel l ings ,  
exhaust  and supply v e n t i l a t i o n  systems 

- Demonstration P ro j ec t  Duisburg, 24 dwel l ings  
and 4 dwel l ings  f o r  comparison, mechanical 
v e n t i l a t i o n  system with hea t  recovery. 

As measurement techniques  microswitches,  obse rva t ions  by 
observers  and photographs,  auto-observat ion as  well a s  
ques t i onna i r e s  have been used. 

MOTIVES FOR WINDOW OPENING 

Window opening ' s  f requency and du ra t i on  i s  mainly a func- 
t i o n  of  t h e  t ype  of t h e  room. In t h e  k i tchen  s h o r t - v e n t i -  
1 a t i o n  i  s p re fe r r ed  wi th  a maximum (percentage  of windows 
opened) about noon. In t h e  c a s e  of  bedrooms t h e  percenta -  
ge of opened windows over  the whole day i s  h ighes t ,  com- 
pared with a l l  o t h e r  rooms. There i s  a maximum i n  t h e  
e a r l y  morning. S h o r t - v e n t i l a t i o n  i s  p r a c t i s e d  on ly  t o  
some e x t e n t ,  more usual i s  day-night v e n t i l a t i o n .  



The maximum fo r  l iving rooms has been observed in the 
early morning with a  c lear  tendency t o  short-ventilation. 

As a  ru le ,  inhabitants vent i la te  more during the day than 
a t  night, t h i s  i s  also valid for  bedrooms. The type of 
room ventilation reveals that  the inhabitants do not ne- 
cessar i ly  vent i la te  more offen during the i r  presence. 
Sometimes the windows are  also t i l t e d  i n  the i r  absence. 

Asked f o r  the reasons of the i r  window opening's beha- 
viour, the preference i n  the inhabitants answer was the 
need fo r  "fresh a i r "  without more detailed explanations. 
On rank 2 the reason " to  clean up" followed, especially 
fo r  bedrooms. On rank 3 "to avoid odour, e.g. tobacco 
smoke" was quoted. 

Therefore i t  can be assumed that  the profi le  of motives 
fo r  window opening i s  based on traditional habits. 

METEOROLOGICAL EFFECTS 

In the Demonstration Project Duisburg, see E .  Eshorn t h i s  
conference, a  clear dependence of the duration of the 
window opening on outdoor temperature and wind speed 
could be shown. For a l l  types of rooms the window's ope- 
ning duration increased w i t h  increasing outdoor tempera- 
tur and decreasing wind speed, i n  good accordance w i t h  
former investigations of other teams. 

In the Demonstration Project Berlin only in the case of 
temperatures of below 0°C and above 25°C the tendency to  
vent i la te  a  l i t t l e  l e s s  or more was observed. In these 
investigations the outside temperature affected primarily 
the opening time of glass doors and casement windows. 

I t  must be suspected tha t  for  outside temperatures below 
0°C in many dwellings the a i r  exchange may not be su f f i -  
c ient  t o  meet an indoor a i r  quality necessary t o  avoid 
problems fo r  hygiene and building physics, i f  no other 
ventilation systems are instal led and work properly. 

INFORMATION AND MOTIVATION 

The inhabitants '  self-assassment w i t h  regard t o  the i r  
ventilation behaviour, as the investigations have shown, 
up t o  now i s  not good correlated with the real f ac t s .  A 



comparison of measured window openings with inquiries of 
the inhabitants resul ts  in inconsistency (figure 1 ) .  

living room .""., bedroom 

inquired observed inquired observed 

Figure 1: Comparison of inquired and observed 
window opening durations ( r e su l t s  
from Demonstration Project Berlin) 

The inhabitants tend offen t o  underestimate the i r  real 
windwo opening. The necessary window opening or closing 
remains undone, because of a lack of understanding of the 
ventilation ef fec ts ,  because of acting in traditional 
patterns e tc .  Also i f  the buildings were equipped with 
ventilating systems the window opening pattern followed 
the above mentioned scheme. To link indoor a i r  quality 
requirements and energy conservation aspects with inhabi- 
t an t s '  ventilation behaviour a better information and a 
higher degree of motivation i s  needed. 








