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SYNOPSIS 

This paper is based on field measurements in auditoria which were 
carried out in Norway and in Switzerland. In both cases carbon 
dioxide (602) was chosen as the relevant indicator to establish 
ventilation demand. 

Investigations in Norway focus on the aspects of air flow pat- 
terns, ventilation efficiency and air quality. Intensive moni- 
toring and numerical calculations with the computer code KAMELEON 
were performed. 

The Swiss project puts more emphasis on impacts of demand control 
on energy consumtion and occupant response. The results of the 
field measurements, of the questioning of occupants as well as of 
simulations which were carried out with the simulation code 
TRNSYS are presented. 

Results show that demand control with C02 as indicator for venti- 
lating demand can maintain an acceptable indoor climate while 
allowing substantial energy savings. 

These investigations were conducted as part of the IEA research 
programme "~nnex 18: Demand Controlled Ventilating Systems". 

INTRODUCTION 

The principle aim of demand control of ventilating systems is to 
achieve energy savings by reducing operation time und air flow 
rate of the ventilating system without indangering an acceptable 
indoor climate. Ventilation demand can be caused by heat sources 
(e.g. persons, sun) or different pollutant sources within or 
outside the room. 

I z: vehicle 

House heating I aran. 
Body activity 
Personal hygiene 

7 .  1 Cleaning work etc. 11 

Building materids 
Fibreboard 
Insulation 

Wood protection etc. 

E'iy. 1: Different sources of pollutants i n  auditoria 

In auditoria, like in any other building, it is very important to 
eliminate or at least reduce pollutants caused by the interior 
equipment or the ventilating system. 
Auditoria differ from other rooms in the way that all the re- 
maining main influences on indoor climate are directly caused by 
the number of occupants. Usually auditoria are non-smoking areas. 



Therefore  on ly  " p o l l u t a n t s "  t h a t  a r e  d i r e c t l y  caused by t h e  pre-  
sence  of people  and c o r r e l a t e  w e l l  wi th  t h e  pe rce ived  indoor  c l i -  
mate can be used f o r  demand c o n t r o l  i n  a u d i t o r i a .  

The concen t r a t i on  of carbon d ioxide  (C02) i n  t h e  room a i r  i s  a  good 
i n d i c a t o r  f o r  v e n t i l a t i o n  demand i n  a u d i t o r i a  s i n c e  t h e  C02 concen- 
t r a t i o n  i n  t h e  room a i r  c o r r e l a t e s  w e l l  w i th  pe rce ived  indoor  a i r  
q u a l i t y  and t h e  occupants  a r e  t h e  on ly  r e l e v a n t  sou rce  of Co2 
(Coutside = 360 ppm; Cbreath = 40'000 ppm) . 

Other  i n d i c a t o r s  could  a l s o  be used t o  e s t a b l i s h  v e n t i l a t i o n  
demand but  have s e r i o u s  disadvantages:  
- presence ,  motion: does no t  i n d i c a t e  t h e  number of occupants ,  

t h e r e f o r e  t h e  needed a i r  f low can not  be e s t a b l i s h e d ;  could  be 
used  t o  c u t  o f f  super f luous  o p e r a t i n g  t i m e  

- humidity: wide range of comfort i n s i d e  which on ly  a  weak cor-  
r e l a t i o n  wi th  pe rce ived  indoor  c l i m a t e  can be  observed 

- temperature:  important  t o  be  h e l d  w i th in  c e r t a i n  l i m i t s ;  dyna- 
m i c  behavior  (and t h u s  c o r r e l a t i o n  with pe rce ived  a i r  q u a l i t y )  
is s t r o n g l y  dependent on b u i l d i n g  cons t ruc t ion ;  can be combined 
wi th  C02 c o n t r o l  

- v o l a t i l e  o r g a n i c  compounds: s t i l l  u n c e r t a i n t i e s  about which 
subs t ances  can/should be measured; poor ly  de f ined  comfort 
range; b e t t e r  s u i t e d  f o r  smoking a r e a s  

3 .  CASE STUDY IN TRONDHEIN 

3.1 Object description 

The audi tor ium EL5 i s  l o c a t e d  a t  t h e  Un ive r s i t y  of Trondheim, 
NTH. It  has  a  f l o o r  a r e a  of 340 m2 and a  s e a t i n g  c a p a c i t y  of 320 
persons .  The room volume i s  about 1 '600 m3. The he igh t -d i f f e r ence  
between t h e  s e a t s  i n  f r o n t  of t h e  room and t h o s e  a t  t h e  back i s  
about  3 m. 

Back and s i d e  wa l l s  a r e  made of l i g h t  conc re t e .  Front  wa l l ,  f l o o r  
and in t e rmed ia t e  c e i l i n g  a r e  made of wood. Since the audi tor ium 
i s  p l a c e d  wi th in  t h e  b u i l d i n g  and doesn ' t  have any d i r e c t  con tac t  
t o  t h e  o u t s i d e  it has no t ransmiss ion  l o s s e s .  

Fig. 2: Sketch of the ventilating system with placement of sensors (column 1 - 
column 3) and data aquisition 



The auditorium is ventilated by displacement ventilation with 
inlets under the seats and outlets in the ceiling. For this field 
study rpm controlled fans were installed. The air flow may vary 
between 0 and 10'000 m3/h. The air flow can be adjusted manually 
or controlled with a sensor. 

3.2 Monitoring programme 

Investigated control strategies 

a) Time control 
Before activating the demand control C02 measurements were carxied 
out with constant air flow. The air flow was set to 10'000 m3/h 
which is equivalent to an air change rate of 6.25 h-1 or 30 m3/h 
and person. 

b) Demand control according to C02 concentration 
During operation with demand control a basic ventilation rate of 
about 2'600 m3/h was adopted. Dependant on C02 production due to 
occupancy the air flow could be raised to a maximum of 10'000 mJ/h. 
The set point for C02  concentration was set to 1'000 ppm and the 
controlling GO2 sensor was placed on column 2 (mid-height of the 
room) at 1.1 m from the floor level. 

Monitoring periods 

Monitoring and tests have been carried out at different person 
loads during selected periods through 1990 and winter 1990/91. 

Monitored parameters 

The data aquisition system was built around a micro computer 
which handles a mechanical multiplexer with 30 channels for gas 
samples, 30 analog inputs for humidity, temperature and gas 
sensors, 30 channels for thermocouples and 16 channels for 
sensors with pulse output (velocity) . 
Inside the auditorium the sensors were placed on three measuring 
columns which were situated on three different levels (see also 
Fig. 2). Three measuring spots located at the side walls cover 
the boundary conditions. Every measuring spot includes sensors 
for Cog, temperature and relative humidity. 

I 125 1 supply air 
126 lexhaust air 

Tab.  1 : Location of sensors 

With this set up of the measuring equipment temperature, relative 
humidity and GO2 concentration cannot be measured simultaneously. 



3.3 R e s u l t s  

Performance of the ventilating system 

The capability to bring fresh air to and to remove contaminants 
from the occupied zone is of great importance when evaluating the 
performance of the ventilating system. Tracer gas technique was 
used to establish ventilation effectiveness local venti- 
lation indexes (EV) air change efficiency (<&,>I and local air 
change indexes (Ei) . 
Ventilation efficiency and local ventilation index were measured 
using C02 dissipation from the occupants as tracer gas. Air change 
efficiency and local air change indexes were measured by step 
injection of tracer gas ( N 2 0 )  into the supply air duct. 

Tab .  2 :  A i r  c h a n g e  e f f i c i e n c y  c&,> and  l o c a l  a i r  c h a n g e  i n d e x e s  ( E i )  at 1 . 1  m dnd  1 .  / n; 

f rom  f l o o r  l e v e l  

The results for the air change efficiency show that the air dis- 
tribution is better than the ideal value for complete mixing 
(<&,>=0.5) .  It is difficult to get a trend from the measurements 
of local air change indexes since these results are influenced by 
by the seats chosen by the occupants even if the number of per- 
sons is the same. 

Indoor climate 

As expected for a displacement ventilation system the highest C02 
concentrations were registered at the top of the auditorium (co- 
lumn 3). Figure 3 shows that while the system was operated based 
on demand control CO;! concentrations between 1 ' 0 0 0  and 1 ' 5 0 0  ppm 
were registered in the middle of the auditorium (column 2). 

The comparison of the values for temperature, relative humidity 
and C02 which were monitored under similar operating conditions 
shows that also temperature and humidity can be used as an indi- 
cator for occupancy. But since changes are quite small compared 
to the comfort range these parameters are not equally suited for 
demand control as COZ. 



Fig. concentrations under C02 control (column 2 in the middle of the audi~orium) 

Measurements of dust concentration in the exhaust air showed that 
it is the movement of the arriving and leaving students that 
raises the dust. 

Computer simulations 

Temperature, velocity and mass fraction fields were calculated 
using the computer code KAMELEON which was developed at SINTEF. 
Figure 4 shows the mass fraction field for C02 in a vertical 
section. 

Fig. 4: Mass fraction field for C02 including column 2 (room fully occupied) 

Measurements and numerical fluid dynamics techniques show that 
the air flow pattern in the auditorium is very complex. Due to 
this fact air quality and thermal comfort in the occupied zone 
are not uniform. Depending on occupancy and distribution some 
zones have stratification of pollutants and temperature while 
others are mixed. 



4 .  CASE STUDY IN ZURICH 

4 . 1  Object description 

The inves t iga ted  room is  one of t h e  smaller  a u d i t o r i a  a t  t h e  
Swiss Federa l  I n s t i t u t e  of Technology i n  Zurich. It  has an area  
of about 120 m2 and a  capaci ty  of 80 persons. The auditorium is  
s i t u a t e d  i n  a  corner of t h e  main bui ld ing and has windows on one 
s i d e  and a t  t h e  r e a r .  Because of t h e  near t r a f f i c  t h e s e  windows 
have t o  be kept c losed a t  a l l  t i m e s .  

The occupancy of t h e  auditorium is subjec t  t o  l a r g e  f l u c t u a t i o n s .  
The room i s  o f t en  used but  usual ly  not  more than 20 persons a r e  
present .  

Fig. 5: Ground-plan and sectional view of the auditorium KG D 16.2 

The w a l l s  of t h e  auditorium a r e  heavily b u i l t  but  poorly insu- 
l a t e d .  Floor and c e i l i n g  c o n s i s t  of l ightweight  cons t ruct ions .  
The f l o o r  of t h e  auditorium rises towards t h e  back of t h e  room 
but  t h e  e l eva t ion  i s  not s i g n i f i c a n t  (1 m ) .  

The auditorium i s  equipped with a  balanced v e n t i l a t i n g  system 
with h e a t  recovery (wheel).  The v e n t i l a t i n g  system supp l i e s  a i r  
only t o  t h i s  room. The supply a i r  can be heated o r  cooled and 
e n t e r s  t h e  room a t  t h e  desks (85%) and through c e i l i n g  d i f f u s e r s  
over t h e  catheder (15%) .  The exhaust a i r  is  removed through 
c e i l i n g  s l o t s .  

Fig. 6: Sketch of the ventilating system 

Both f a n s  have two s t e p s  but  s ince  no adequate con t ro l  parameter 
was a v a i l a b l e  t h e  system was always operated on s t e p  2. 



Convectors with thermostatic valves are placed below every window 
and keep the room temperature at an almost constant level. 

4 . 2  Monitoring programme 

Invest igated control  s t r a t e g i e s  

a) Time clock control 
All the heating and ventilating systems of the main building are 
connected to a centralized control and monitoring system. In the 
investigated room this system controls room und supply air tempe- 
rature and running time. Room and supply air temperature are 
controlled according to the outside temperature. The running time 
can be programmed according to the expected occupancy of the room 
but usually the ventilating system is running on step 2 from 7:00 
until 19:OO. 

b) Demand control according to CO, concentration 
The temperature control of room und supply air was left un- 
changed. Only running time and step choice are now controlled by 
a C02 sensor. 
Every morning before people arrive the auditorium is ventilated 
for half an hour at maximum air flow (time clock control: 7:30 - 
8:OO). At 8:00 CO2 sensor control takes over until 22:OO when the 
whole system is turned off. 
For comfort reasons the ventilating system would also be turned 
on if the room air temperature rises above a certain level 
(27OC) . 

During demand controlled operation the fans are turned on / off 
according to the following values for C02 concentration or room 
air temperature : 

I C O ~  concentration Jroom air temperature) operation I 

Tab. 3 :  Treshold v a l u e s  f o r  s t e p  con t ro l  

Monitoring periods 

The system was monitored during two short periods of about one 
month in summer and one month in winter. During both monitoring 
periods the system was operated alternatively with one of the 
control strategies mentioned above. The evaluation of the aquired 
data is based on the period of one week during summer/winter and 
time control/C02 control respectively. 

Monitored parameters 

The monitoring focused on the parameters which are relevant for 
the assessment of: 
- energy consumption of the system 
- indoor climate in the auditorium 



During t h e  monitor ing pe r iods  a l l  u s e r s  of t h e  audi tor ium were 
ques t i oned  about  t h e i r  pe rcep t ion  of indoor  c l i m a t e .  The 
q u e s t i o n s  focused on perce ived  temperatures ,  a i r  q u a l i t y  and 
d r a f t .  The room occupants  w e r e  asked t o  answer t h e  q u e s t i o n s  both 
when e n t e r i n g  and be fo re  l e a v i n g  t h e  room. 

The f i r s t  a spec t  (energy)  concen t r a t ed  on measurements w i th in  t h e  
v e n t i l a t i n g  system: a i r  and water  t empera tures ,  mass flow i n  
h e a t i n g  and c o o l i n g  c o i l s ,  e t c . .  
The second a s p e c t  ( indoor  c l i m a t e )  l e a d  t o  t h e  moni tor ing  of t h e  
fo l l owing  parameters  i n s i d e  t h e  audi tor ium: a i r  t empera tures ,  
C02, a i r  q u a l i t y ,  humidity.  The senso r s  w e r e  p l aced  n e a r  t h e  
f r o n t  desk ,  n e a r  t h e  p r o j e c t i o n  desk a t  t h e  back of t h e  
aud i to r ium and on one s e a t  i n  t h e  middle of t h e  room. 

Used sensors 

Output signal 

l'db.4: Used sensors 

To avo id  problems of accuracy caused by commercial C02 s enso r s  t h e  
BINOS 1 0 0  N D I R  gas-analyzer  was used f o r  system c o n t r o l .  The va- 
l u e s  of t h e  commercial CO2 s enso r s  were monitored f o r  comparison. 

4 . 3  R e s u l t s  

Preliminary measurements 

No r e c i r c u l a t i o n  of exhaust  a i r  was planned.  Tracer  g a s  measure- 
ments [I] showed a  r e c i r c u l a t i o n  through t h e  hea t  exchanger of 
almost 4 0  % .  

This  s e r i o u s  r e c i r c u l a t i o n  i s  caused by t h e  p o s i t i o n  of t h e  f a n s  
i n  r e s p e c t  t o  t h e  recovery-wheel. S ince  t h e  space i n  t h e  
i n s t a l l a t i o n  room i s  very r e s t r i c t e d  t h e  c o r r e c t  p o s i t i o n i n g  of 
t h e  f a n s  (both f a n s  on t h e  s u c t i o n  s i d e )  was no t  p o s s i b l e .  



Fiy. 1: A i r  f l o w s  d u r i n g  system ope ra t i on  on  s t e p  2 / k g / h /  

Energy consumption 

I n  both moni tor ing  pe r iods  (summer and win t e r )  t h e  consumption of 
e l e c t r i c i t y  could  be  reduced by 70 - 8 0  % due t o  demand c o n t r o l .  
These l a r g e  energy sav ings  a r e  due t o  t h e  f a c t  t h a t  t h e  room was 
poor ly  occupied  and t h e r e f o r e  t h e  ope ra t i on  t i m e  of t h e  system 
could  be  remarkably reduced. S t ep  2 was never  used du r ing  demand 
c o n t r o l  ope ra t i on .  
Even i n  summer t h e  room a i r  t empera ture  never  r o s e  above t h e  tre- 
sho ld  va lue  of 27 OC, which means t h a t  i n  p r a c t i c e  t h e  ope ra t i on  
of t h e  v e n t i l a t i n g  system was on ly  c o n t r o l l e d  by t h e  C 0 2  s enso r .  
Cooling energy  consumption i n  summer could  be reduced by 7 5 % .  
Heating energy  consumption was reduced by 15% a l though d u r i n g  t h e  
week with C02 c o n t r o l  t h e  average o u t s i d e  tempera ture  was 6 K 
lower.  

The fo l l owing  diagram shows t h e  d i f f e r e n t  ope ra t i on  t i m e s  f o r  two 
days with s i m i l a r  occupancy but  d i f f e r e n t  c o n t r o l  s t r a t e g i e s .  

step 
2 

according to schedule 

1 

0 
0:OO 2:OO 4:OO 6:OO 8:OO 1O:OO 12:OO 14:OO 16:OO 18:OO 20:OO 22:OO 0:OO 

r I 1 -Time control - C02 control I 
I ' l y .  0: Operdciorr or LNe v e r r L I l d ~ ~ r r y  sys r tw;  w r ~ r r  ~ i m c  c u r r l r : ~ ~  .~rru .L/ . . J : . ! : . ; .  (r.,rr,,. 

weekday) 



Indoor cli'mate 

The perception of draft and the acceptance of air temperature is 
directly connected with the operation time of the system. Since 
the operation time and the air change rate was much lower with 
C02 control (less draft) the perceived thermal comfort was defi- 
nitely higher with C02 control. 

On the other hand during the first monitoring period in summer 
air quality was considered to be slightly worse for system 
operation with GO2 control. Figure 9a shows a clear tendency 
towards greater annoyance by odours. 
Further questionning of the occupants showed that the source of 
odours were not the occupants themselves but bad smelling 
cleaning fluids which were used for the cleaning of the black- 
board. The evaluation of the winter period when these cleaning 
fluids were avoided shows much better results for odour 
perception (Figure 9b) . 

a) b) 
F i g .  9 :  P e r c e i v e d  o d o u r s  d u r i n g  s y s t e m  o p e r a t i o n  w i t h  t i m e  c o n t r o l  a n d  C02 c o n c r o l  

( l e f t :  summer;  r i g h t :  w i n t e r )  

nms I"*, week cleat mtrong v q  unb~rebl .  nw. 1u.1 week clear sttoop very unbesmbl. 
swong *ItrMp 

Computer simulations 

I Ttme control M2 cmbd 

The short monitoring periods lead to a comparison of energy con- 
sumption based on one week's operation in summer and one week's 
operation in winter. This comparison strongly depends on the 
choice of the single week and and on the actual occupancy of the 
auditorium. Computer simulations can provide results both for 
- annual performance comparisons (Fig. 10) and for 
- different conditions of operation.(Fig. 11) 

BBl lime sontml CO2 salrd 

The computer simulations were performed with the simulation code 
TRNSYS. Thanks to the modular structure of TRNSYS a new module 
for the calculation of C02 concentration was easily integrated. 
This module is based on mass balance and dilution. The effect of 
imperfect mixing of supply air with room air is expressed by the 
introduction of a mixing factor y (y = 1 implies perfect mixing). 

Operating conditions as monitored (treshold values, occupancy) 
were simulated on a yearly basis and showed important energy 
savings. 



Heat Cooling Fans 

Time control 17 C02 control 

Fig. 10: Calculated energy consumption for monitored operating conditions 

Since energy consumption i s  s t rong ly  influenced by t h e  choice of 
t r e s h o l d  values  f o r  s t e p  con t ro l  and occupancy of t h e  room t h e s e  
two parameters have been var ied .  Figure 11 shows t h e  r e s u l t s  of 
t h i s  parameters s tudy.  
- 100% occupancy corresponds t o  t h e  presence of 80 persons 

between 8:OO-12:OO and 13:OO-18:OO (720 person hours / . day)  
- 100% t r e s h o l d  values means t h a t  s t e p  1 is a c t i v a t e d  a t  1'000 

ppm, s t e p  2 i s  a c t i v a t e d  a t  1'500 ppm 
- 100% energy consumption i s  equal  t o  t h e  energy consumption with 

t i m e  con t ro l ,  t h e  same occupancy and t h e  same max. a i r  flow 

occupancy (100% - 720 person hours I day) 
I I 

-9- treshoid value 60 % 0 treshold value 80 % -*- treshoM value 100 9/. 

Fig.11: Annual heat energy demand for different control strategies and different 
occupancy 

Similar  savings  w e r e  a l s o  achieved f o r  cooling energy and e lec -  
t r i c i t y .  T h e  choice of t r e sho ld  values i s  of g r e a t  importance f o r  



the achieved energy savings and has to be adapted according to 
the comfort needs of the occupants. High comfort standards lead 
to lower energy savings. 
The energy savings for monitored conditions as shown in Fig. 10 
correspond to an occupancy of 10% and chosen treshold values of 
approximatively 80%. 

CONCLUSIONS 

The results of the field measurements and simulations lead to the 
following conclusions: 

- The experience fromthe case studies shows that C02 is very 
well suited for demand control of ventilating systems in 
auditoria. 

- Important energy savings are possible without serious drawbacks 
for indoor climate. 

- The effective energy savings depend strongly on occupancy and 
chosen comfort level but are very often in the range of at 
least 50 %. The highest energy savings were observed for 
heating energy. 

- A combination of C02 control and temperature control is 
recommended for comfort reasons but doesn't have a strong 
impact on energy consumption 

- The elimination of other pollutant sources (e-g. cleaning 
fluids) is very important for the concept of demand control 

- Today's quality of commercially available C02 sensors is 
sufficient for a widespread application. A small security 
margin is recommended when choosing the treshold values. This 
margin has only a small influence on energy consumption. 

- The choice of control strategy has to be in accordance with the 
planned ventilating system: 

a) Displacement ventilation with variable air volume: a minimum 
ventilation rate should be guaranteed to remove the remaining 
pollution from building materials etc.; the ventilation rate 
can then be raised according to the presence of people (mea- 
sured C02 concentration); the C02 sensor can be placed in the 
exhaust duct. 

b) Mixing ventilation with steps: a periodical rinsing of the room 
(e.g. every morning) should be adopted to remove the remaining 
pollution from building materials etc.; the step control of the 
system is based on the measured C02 concentration; GO2 sensor 
should be placed in the room. 
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