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Preface 

International Energy Agency (IEA) 

In order to strengthen co-operation 
iu the vital area of energy policy, an 
Agreement of an International 
Energy Program was formulated 
among a number of industrialized 
countries in November 1974. The 
International Energy Agency (IEA) 
was established as an autonomous 
body within the Organization for 
Economic Co-operation and De- 
velopment (OECD) to administer 
that agreement. Twenty-one coun- 
tries are currently members of the 
IEA, with the Commission of the 
European Communities (CEC) 

participating under special 
arrangement. 

As one element of this program, the 
IEA Committee on Energy Re- 
search and Development (CRD) co- 
ordinates co-operative activities in 
energy research, development, and 
demonstration. A number of new 
and improved energy technologies 
with the potential to make signifi- 
cant contributions to our energy 
needs were identified for collabor- 
ative efforts. 

Energy Conservation in Buildings and Community Systems 

The IEA sponsors research and de- 
velopment in a number of energy- 
related areas. In the area of energy 
consenration in buildings, the IEA 
is sponsoring various exercises to 
improve the accuracy of energy 
consumption forecasts, including: 

comparison of existing computer 
programmes; 

- building monitoring; 

- comparison of calculation met- 
hods; 

- ventilation and air quality; and 

- occupancy studies. 

The Executive Committee 

Overall control of the R&D program 
"Energy Consenration in Buildings 

Sixteen countries and CEC have 
elected to participate and have de- 
signated contracting parties to the 
Implementing Agreement that 
covers collaborative research in this 
area. As participation was not re- 
stricted solely to governments, a 
number of private organizations, 
universities, and laboratories were 
selected as contracting parties. This 
brought a much broader range of 
expertise to projects in various are- 
as of technology. The IEA, recogni- 
zing the importance of associating 
industry with government-sponso- 
red energy research and develop- 
ment, is making every effort to 
encourage this trend. 

and Community Systemn is maintai- 
ned by an Executive Committee. Its 



role is to monitor existing projects 
and identi6 new areas where colla- 
borative effort may be beneficial. 

The Executive Committee ensures 
that all projects fit into a predeter- 
mined strategy without unnecessa- 
r y  overlap or duplication but with 
effective liaison and communica- 
tion. lb date, the Executive Com- 
mittee has initiated the following 
projects, each implemented by a 
subcommittee or Annex. 

Annex Project 

1. Load Energy Determination of 
Buildings * 

2. Ekistics &Advanced 
Community Energy Systems * 

3. Energy Conservation in 
Residential Buildings * 

4. Glasgow Commercial Building 
Monitoring * 

5. Air Infiltration and Ventilation 
Centre 

6. Energy Systems & Design of 
Communities * 

7. Local Government Energy 
Planning * 

8. Inhabitant Behaviour with 
regard to Ventilation * 

Annex 18 

The objectives of Annex 18 were to 
develop means, methods and strate- 
gies for Demand-Controlled Ventila- 
ting Systems and to contribute to 
the application of knowledge gained 
during the process. 

9. Minimum Ventilation Rates * 
10. Building WAC Systems 

Simulation * 
11. Energy Auditing * 
12. Windows and Fenestration * 
13. Energy Management in 

Hospitals * 
14. Condensation * 
15. Energy Efficiency in Schools * 
16. BEMS 1 - User Interfaces & 

System Integration * 
17. BEMS 2 - Evaluation & 

Emulation Techniques 
18. Demand Controlled Ventilating 

Systems 
19. Law Slope Roof Systems 
20. Air Flow Patterns 
21. Thermal Modelling of Buildings 
22. Design of Energy Efficient 

Communities & Urban Planning 
23. Multizone Air Flow Modelling 
24. Heat-&-, Moisture 'Itansfer in 

New Rebfitted Insulated 
Envelope Parts 

25. Real-Time Simulation of HVAC- 
systems for Building 
Optimisation, Fault Detection 
and Diagnosis 

26. Energy Efficient Ventilation in 
Large Enclosures 

* Project complete 

The Annex 18 National Repre- 
sentatives, experts, and authors in- 
volved in the Case Studies are 
listed next. Full addresses, telepho- 
ne numbers and fax numbers for 
the national representatives are 
provided in the Appendix. 



Participants, experts, and authors of the case studies 

In this annex 10 countries have participated. In the case studies have 
been involved a lot of exverts. Those are generally the authors of the re- - - 
ports compiled in this book. 

Country Name affiliation 

Belgium Peter Wouters, CSTCIWTCB 
P. Jardiner, Aereco, France 
J. Simonnat, Serva, France 

ICanada I Bob Davidge, Public Works 
Tom Hamlin, CMHC 
Peter Moffatt. Sheltair Scientific Ltd 

IDenmark I Peter Collet, Technological 
Gm Clausen, DTH 

(Finland lhlarianna ~ u o m a ,  V l T  

l ~ e r m a n ~  \willigert Raatachen, Domier GmbH 

Gian V. Fracastoro, Politecnico di Torino 
Marco Masoem Politecnico di Torino 

Netherlands J.J.M. Cauberg 
Cauberg - Huy en Ing BV 
Hans J. Pfaff, $NO 

Norway  inn Drangsholt, NTWSINTEF 

Sweden Lars-%ran M6n~son 
LGM C o n ~ u l t  AB 
Sven A Svennberg 
RAMASRoyal Inst. Tech. 
Hans Stymne, Nnt. Swedish Inst. for 
Building Research (SIB) 
Mats Sandberg Nat. Swedish Inst. for 
Building Research (SIB) 
Magnus Mattsnon Nat. Swedish Inst. for 
Building Research (SIB) 
Leif Norell, Flakt IC 
Per F a h l h  Swedish Nat. Testine and 
kesearch I&. 

- 
Helena Andemson Nat. Testing and 
Research Innt. 
Svein H. Ruud Nat. Testing and 
Research Inst. 
Ove Strindehag 
Fl i iWhalmere  Univ of Tech. 

Charles F'illeux, Basler & Hofrnann 
Marco Zarnboni. Baeler & Hofmann 

1ns; i f  ~ e c h .  (ETH) 
Claude-Alain Roulet, LESO, Lausanne 
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IEAAnnex 5, Air Infiltration and Ventilation Centre (AIVC) is acting as  a 
vehicle for disseminating the results of Annex 18. 



1 Introduction 

1.1 IEA Annex 18 

Annex 18 of the International R&D program "Energy Conser- 
Energy Agency (LEA) is working on vation in Buildings and Community 
demand controlled ventilating Systemsn. The results of the work 
(DCV) systems as  part of the IEA's are contained in five reports. 

Objectives 

The objectives of IEAAnnex 18 are: - To develop means, methods, and 
strategies for demand controlled 
ventilating systems and to 

- To develop guidelines for demonstrate application of the 
demand controlled ventilating knowledge accumulated during 
systems based on state-of-the- the work 
art  analyses and case studies for 
different users in different types 
of buildings 

Scope 

The work of Annex 18 focused on * Commercial buildings 
ventilation systems in different * Auditoriums 
types of buildings exemplified by: 

These types of buildings account for 
* Dwellings (single family houses approximately 85 % of the total 

and apartment buildings) energy demand for heating and 
* Schools and day nurseries ventilating non-industry buildings 

in industrialised countries. 

Organization 

The work was divided into the 3. Compilation of a source book 
following subtasks: containing general conclusions 

and recommendations on the 

1. Review of existing technology design and operation of DCV 

2. Sensor tests and case studies systems 

a)long term tests of sensors in 
the laboratory and in the field 

b)Trials in unoccupied test 
buildings or test rooms 

c) Full scale tests in buildings 
in use 



Reports 

The results of Annex 18 work are The reports can be ordered from: 
contained in five r e ~ o r t s  Svensk Byggtjanst 

Demand Controlled Ventilating 
Systems: 

S ta te  of the  Art  Review 
ISBN 91-540-5169-X 

Demand Controlled Ventilating 
Systems: 

Sensor  Market  Survey 
ISBN 91-540-5417-6 

Demand Controlled Ventilating 
Systems: 

Sensor  tests 
ISBN 91-7848-331-X 

Demand Controlled Ventilating 
Systems: 

Case s tudies  
ISBN 91-540-5511-3 

Demand Controlled Ventilating 
Systems: 

- - -  - 
Literature Service 
S-17188 SOLNA 
SWEDEN 
Fax +46-8 734 50 98 

These and other IEA Annex reports 
can also be ordered or borrowed 
from: 

m c ,  
University of Warwick Science 
Park, Barclays Venture Centre, 
Sir William Lyons Road, 
Coventry CV4 7EZ, 
UK 

Fax: +44-203-416306 

Source Book 
ISBN 91-540-5513-X 



1.2 Case Studies 

The main purpose with the case 
studies was to demonstrate the 
technical possibilities implemented 
in various building types and give 

examples how to save energy 
aud offer acceptable indoor air 
quality. 

With regard to the specific goals of 
IEA h e x  18 and the ongoing re- 
search work, a demand controlled 
ventilating system (DCV system) is 
defined in the following way: 

Demand Controlled Ventilating 
system (DCV system): a ventila- 
tion system in which the air flow 
rate is governed by a mesured or 
perceived airborne pollutants. 

Automatic DCV system: a DCV 
system in which the air flow rate is 
governed by an automatic control 
device. 

Manual DCY system: a DCV sys- 
tem in which the air flow rate can 
be governed by the user (a human 
being acts as an indicator). 

A DCV system can therefore consist 
of a clock control andlor a presence 
control andlor a sensor control, whe- 
re the latter is activated by suitable 
gases such as carbon dioxide, humi- 
dity or hydrocarbons to keep air 
quality a t  a desired level. 

In the first subtask of this h e x  a 
State of the Art Review was under- 
taken. It was found that considera- 
ble research work had gone into 
DCV systems over the past 10 - 15 
years. About 30 papers were identi- 
fied. Of those papers were 21 re- 
ports of case studies (dwellings 3, 

auditoriums 13, offices 5). Further 
details can be found in table 1:l  

However, i t  was not easy to draw ve- 
r y  definite conclusions. The results 
just indicated that there might be 
benefits for energy conservation 
and indoor air quality or both 
aspects. The aims of the 
various projects reviewed varied 
but could in general be grouped in- 
to the following categories 

* control system function (the 
sensor and the electronic 
equipment) 

* monitoring more than control 
function studies 

* energy savings 
* indoor air quality consequences 

When reviewing the projects discus- 
sing energy savings one of the diffic- 
ulties was that the comparison 
level was not easy to identify. 

The conclusions &om the review were: 

DCV system benefits will vary 
depending on climate, building 
type, ventilation system design 
and occupancy patterns. 

Energy savings must be well de- 
fined, and must always be re- 
ported in relation to a defined 
reference system. Using this re- 
ference system, different con- 
trol strategies can be examined 
back times etc.. It is also very 
important to report savings 
with regard to the achieved air 
quality. 

In many studies where the indoor 
air quality has been monitored 



Table 1:l Contents of renewed papers. The codes are given in State of the art 
Renew D9:1990 Swedish Council for Building Research Editor W. Raatschen - 

Control strategy Others 

Comments 

etailed calculat. techn 

assive system 

, PI, PID-contr. comparison 

assive system 

ieoretical approach 

sssive system 

*) air quality control means by use of a broad band sensor which reacts to 
non-oxidixed gases 

- 12 - 



Thble 1 2  Case studies reported 

Lab testa 

X 

Case 
Hellings I 

hundreds of various compounds ha- 
ve been identified. Most of those 
compounds can not be the gover- 
ning pollutant, mainly because of a 
too expensive sensor or analyzing 
equipment. The main prerequisites 
are that the pollutants vary in time 
and the base level from the materi- 
al is low compared to the occupant 
generated pollution. The prereq- 
uisites and control principles are in 
detail discussed in the Source Book. 

The indicators and pollutants are 
identified to be carbon dioxide 
((202) water vapour (RH=relative 
humidity), mixed gases. Within the 
Annex work detailed sensor tests 
have been reported separately. 

Table 1.3 DCV application 

studies F p  Mixed 
gas 

X 

X 

- 

jump 
time 

Theoretical calculations gave that 
energy savings were possible to 
achieve with keeping an acceptable 
indoor air quality 

Case studies have been made on 
DCV-systems in dwellings, schools, 
auditoriums. and offices. These buil- 
ding types represent about 80 % of 
all the volume in non industrial bu- 
ildings. In table 1.2 is given an 
overview of the countries involved 
and the building types studied. The 
results from the Case Studies will 
give application hints for other buil- 
ding types described in Table 1.3. 

The results of the case studies have 
been an important input into the 
Source Book in which is discussed 

Chapter Direct applications Application hints 
P - 

7. Dwellings Single-family houses Hotels 
Apartment buildings -1 offices 8. Schools and Day Nurseries Classrmms 

9. Auditoriums Assembly halls 
Theatres 
Lecture halls 

Department stores 
Athletic halls 
Churches 

10. Offices Encloeed offices I Office landscapes 
Meetme moms lShoos 



how to use DCV systems in various 
building types. 

The case study report is  arranged 
in five chapters reporting on tests 
in unoccupied rooms and on tests 
inbuildings in use. 

Tests in unoccupied rooms 

The first project reported gives the 
dispersion patterns from C02 gene- 
rated by.the occupants in an office 
with a ventilation system giving a 
mixing air flow pattern. 

The second study is carried out in 
a single room with a displacement 
system. The result gives recommen- 
dations on sensor location in rooms 
equipped with such systems. 

Dwellings 

In four apartment buildings RH 
has been used as  the governing in- 
dicator. Totally 35 dwellings 
equipped with RH sensors have be- 
en involved in the studies. 

The studies in seven single family 
houses aimed to investigate com- 
bined RH and IAQ sensor, new de- 
veloped RH sensor, RH sensor on 
market, C02 sensor, and IAQ sensor. 

School 

In most cases a classroom is occupi- 
ed with a certain number of pupils. 
However the time when the room 
is used may vary from day to day. 
In this case a presence sensor was 
used to indicate the need for more 
outdoor air. The test was carried 
out in 4 classrooms of which one 
was equipped with a displacement 
supply air terminal device. 

Auditoriums 

Two case studies reporting results 
from a lecture hall with 320 seats 
and an auditorium with 80 seats. 
In  both studies were used 
COz-sensors. In the Swiss study 
this strategy was compared to time 
control 

Offices 

All three reports are case studies 
on meeting rooms. In this type of a 
room the occupancy load is varying 
in time and strength. In adminis- 
trative offices most of the occu- 
pants are present and can be 
predicted in time and location. 
Both COz sensor control and time 
control have been used. 

Conclusions 

The conclusion of the case studies 
can be summarized with the follo- 
wing: 

DCV is aimed to guarantee good 
air quality a t  low energy consump- 
tion and hence lower life cycle 
costs. They will vary depending on 
climate, building type, ventilation 
system, and occupancy pattern. 

The examples presented are cases 
with a real background and must 
be suitably treated when used in 
an individual situation. 

The decisiop'on usage of a DCV sys- 
tem must be taken for each type of 
process and building under the in- 
dividual auspicies that are at  hand 

Further development is necessary, 
especially in the sensor field, with 
respect to both control accuracy 
and long term operation'stability. 



2 Tests in unoccupied rooms 

2.1 Dispersion pattern of carbon dioxide from human 
sources (Sweden) 

2.2 Contaminant distribution and sensor position in a 
displacement ventilated room (Sweden) 



Research institute: 
The National Swedish 
Institute for Building 
Research (SIB) 

P.O. Box 785 
S-80129 GAVLE 

I Sweden 

2.1 Dispersion pattern of carbon dioxide 
from human sources a factor to con- 
sider in demand controlled ventilation 
systems 

Summary 

Researchers: 
Hans Stymne 
Mats Sandberg 

Aim: 
To draw conclusions regard- 
ing position of a sensor. 

~ e a k  
To study dishibution pattern 
and variations of carbon di- 
oxid concentration. 

Carbon dioxide from (simulated) people distributes fairly 
evenly in a closed office room, but can show an irregular height 
distribution when the door to a connecting space is open. The 
distribution and room to room transfer of carbon dioxide is 
evaluated in a 4-room test building and is discussed in terms of 
its implication for Cot-controlled ventilation. 

Project description 

Background 

In the present work the dispersion pattern of carbon dioxide 
(C02) (from simulated people) is investigated in an indoor test 
building. The goal is to achieve useful general information 
regarding the distribution of carbon dioxide from human 
sources which is necessary in order to be able to design an 
optimal C02 controlled ventilation system. Carbon dioxide 
concentration has been widely accepted as a useful control 
variable in buildings with a fluctuating personal load. 

Generally the aim of a demand controlled ventilation system is 
to keep the total ventilation flow rate to a building at the mini- 
mum required in order to meet with some air quality 
requirement for the people who are using it. In a well designed 
system an unnecessarily high ventilation rate is avoided, thus 
saving energy. 

Some of the factors which must be considered when designing a 
CO -controlled regulation system in a multi-room environment, 
a n d h e  ventilation concepts that describe these, factors are 

1. The transfer of carbon dioxide from .the sources to dif- 
ferent locations - the transfer probabilities (P. ) 

li 

2. The expected equilibrium concentration at a location - the 
purging flow rate U, 

I 

3. The rate constant for approaching equilibrium from a non- 
equilibrium state - the local mean ages of air 7. 

I 



4. Concentration fluctuations- amplitude and frequency of 
variations. 

A short interpretation of the first two concepts is given 
below. A more detailed treatment is given in references 

1. The transfer probability o f a  contaminant is the 
ratio between the rate at which a contaminant is 
transferred to a location i and that with which it is 
produced at a location j. Thus the total rate of 
transfer of a contaminant to a space i can be ex- 
pressed as r = CP,, . m, where m. is the rate of 

U J J 

contaminant prdduction in space j 

2. The purging flow rate of a space i is the equivalent 
fresh air flow rate which transports the transferred 
contaminant away from that space. Thus the equi- \ 

r 
librium concentration in space i will be c; = . The 

purging flow rate of a space i can be ca~chated 
from the transfer probabilities of air from several 
fresh air inlets i. each with a fresh air flow rate of 

Building investigated 

Indoor test building with This investigation is carried out in an indoor test building of 
four rooms. 175 m3 (see Fig. 1). The building contains four rooms connected ' 

to a common corridor via doorways. There is a balanced ventila- 
tion system with air inlets in the ceiling of each room. The air 
stream from an inlet port is directed along the ceiling towards 

Mixing ventilation. the middle of the room and away from the doorway. Exhaust air 
is extracted from the corridor. Overflow of air from the rooms is 
made possible by means of openings (grills) above the doors. 
This type of ventilation system is not uncommon in offices in 

Typical ventilation saategy . Sweden. 
for offices. 



Figure I .  Plan of the test building. The south wall is an external wall of the 
laboratory hall, while all other walls we inside the laboratory hall. The AT- 
figures denote the difference between the mean room temperature and the 
temperature in the corridor when the room is a source room 

- 

r 

- 
- 
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Monitoring 

The fractions of the total ventilation flow rate into the different 
Two different air flow rates: rooms are kept fixed at 37.5%. 25%. 25% and 12.5% to room I ,  
120 m3/h and 240 m3/h. 2, 3 and 4 respectively throughout the whole experiment. The 

total flgw rate to the building is changed between two values 
(120 m /h and 240 m3/h). 

.... 
wP 

People are simulated by People are simulated by metallic bodies which are heated from 
heated metallic dummies. the inside by a 100 W bulb. Each simulated person continuously 

emits approximately 25 1 of carbon dioxide per hour mixed with 
0.6 mJ pre-warmed air. The total flow rate of carbon dioxide 
and air is measured with a rotameter. The air is sampled at 19 
different points inside the building and at one point outside of 
the building. Analysis of carbon dioxide and nitrous oxide 
concentration is performed by a non-diffractive infra-red 

Carbon dioxide (25 l/h) are photometer (Binos). 
emitted from each dummy. 

Carbon dioxide is spread in one room at a time via the simu- 
lated persons. The chosen loads are three persons in room 1, 
two in rooms 2 and 3, and one in room 4. Simultaneously with 

.. the emission of carbon dioxide, dynamically passive N O/He 
tracer gas mixture is spread at a height of 30 cm above the2 floor 
level and 1 m away from the "persons". The experiments are 
carried out both with open doors and closed doors. 
Conventional tracer decay experiments and constant concentra- 
tion measurements are also carried out. 

0 
-. 

0 
Room 2 

Room 1 
AT:+0.5 C 

A T = - 0 . 2  C - 
I 
0 
0 
L 
L 
0 

Room 3 
u .., AT=+0 .9  C 

Room 4 
A T =  
+ 0 . 2  C 

a '  o .  - 



The bar graphs shown in figure 2 display the averaged con- 
centration of CO (ppm) at different locations in the 4-room 
office shown in $ig. 1. From left to right, the bars in a group 
represent the concentrations at 0.1 m, 1.2 m, and 2.4 m above 
the floor in the middle of the room. The last bar in a group 
represents the concentration in the overflow grill above the 
door, except in the corridor group, where it represents the con- 
centration in the common extract in the corridor. All doors are 
open and one room is occupied by the indicated number of 
simulated persons. The nominal total ventilation flow rate is 
240 m3h. The bars are extended above the atmosnheric back- 
ground'concentration (340 ppm). 

doom open doors open 

3 persona in room 1 2 persons in room 2 
BW BOO 

MW 600 

400 400 

, 
Backoround mncsnlralion 

200 
r m  1 r m  2 mom 3 room 

I 
mom 1 room 2 room 3 room 4 corridor 

1000 1000 

ppm doors wen wm doors open 

I 2 persons in room 3 1 person in room 4 

800 

room 1 room 2 room 3 room 4 corridor room 1 room 2 room 3 room 4 corridor 

Figure 2 



Discussion 

The distribution is rather 
even, when the doors are 
closed. 

Uneven distribution, when 
the doors are open. 

Air exchange through the 
door-ways affects the height 
distribution of contaminants. 

Distribution is unstable - 
thermal disturbances can 
cause variations. 

The measurements show that when the door to an occupied 
office room is closed then a relatively good mixing is achieved 
within the room, with only a slight tendency for higher con- 
centration of carbon dioxide at the ceiling level (max difference 
10% of the room average A(C0 )). The concentration fluctua- 
tions are small. This means that the question of where to place 
the sensor is not a critical one. A tendency for a higher C02 
concentration at the ceiling level in occupied rooms is a com- 
mon observation. See Homma (3) for a classroom investigation 
and a literature review. 

When the doors are open the differences in concentration of 
carbon dioxide at different heights are more pronounced, not 
only in a source room, but also in unoccupied rooms connected 
to the corridor by open doors. Concentration differences as 
large as 75% of the room average A(C02) have been observed 
(room 2 as a source room at high flow rate). Generally there is 
no preferred direction of concentration increase. Referring to 
Fig. 2, the highest concentration can appear at the floor level 
(room I), the ceiling level (room 2), or the mid level (room 3). 

A comparison between the distribution pattern of carbon 
dioxide and the simultaneously emitted nitrous oxide tracer gas 
shows great similarities. Accordingly, it is not the fact that the 
carbon dioxide is released in the air convection current around 
the heated bodiesthat determines the distribution pattern. The 
reason for the uneven distribution is the large air exchange 
through the open doorways and its interaction with other air 
movements set up by the convection currents around the heated 
bodies, the radiators, cold external walls, and the jet from the 
inlet duct. 

The air flow pattern is unstable, as can be seen from the rela- 
tively large standard deviation of the concentrations (10-20% of 
A(C0 ) in source rooms). This instability is dramatically il- 
lustratkd in Fig. 3 which shows the observed carbon dioxide 
concentration in the different rooms when room 1 is the source 
room. The periodical oscillation was shown to be correlated 
with the on/off regulation of the radiators in room I .  Unlike the 
other rooms, room 1 had a large external wall with three win- 
dows. 

The transport of air between a room and the corridor is 
primarily due to the air exchange through the door opening 
which is driven by air temperature differences. 



The approximate air temperature differences between the rooms 

Temperature differences 
tween rooms determine 
air exchange pattern. 

be- and the conidor are given (valid when the room acts as source 

the rooms) in the plan of the building (Fig. I). Much of the observa- 
tions regarding concentration differences in a room can 
successfully be explained in terms of such temperature dif- 
ferences. For example, room 2 has a higher mean temperature 
than the corridor. Therefore air from the conidor enters at the 
floor level, giving a better dilution and a lower concentration at 
this level than at the ceiling level. In contrast to this, room 1 is 
cooler than the corridor and will $how a reverse concentration 
gradient. 

The room to room transfer of contaminants and ventilation air 
can best be quantified in terms of the concepts transfer probabil- 
ities and purging flow rates. Though the transfer probabilities 
and purging flow rates are dependent on air temperature dif- 

The transfer probabilities of ferences and ventilation air flow rate and distribution, it is of 
and the purg- interest to know the magnitude of these factors as determined 

inE flow rates determine the from tracer gas experiments in the present case. - 
concentration levels. 

Table 1 shows the experimentally determined transfer probabil- 
ities, purging flow rates, and mean ages of air in the-different 
rooms with their doors open at two different nominal total flow 
rates. Values at the low flow rate (120 y3/h) are given within 
brackets, while those valid for 240 m /h are given without 
brackets. 

Table 1 Transfer probability matrix (P,,), purging flow rates (U) 
and air mean ages (T). ~i~ures%ith in  brackets refer to a 
nominal total flow rate of 520 m3/h, while figures 
without brackets refer to 240 m /h 

Source room Purging Mean age 
flow rate of air 

I 2 3 4 m J h  h 

Room 2 0.5 (0.7) 1 ( I)  0.3 (0.4) 0.6 (0.8) 141 (93) 0.74 (1.43) 

Room 3 0.3 (0.6) 0.3 (0.7) I (I) 0.4 (0.6) 152 (108) 0.75 (1.47) 

Room 4 0.2 (0.3) 0.2 (0.4) 0.3 (0.4) 1 (1) 57 (53) 0.74 (1.38) 

An example of how to use the table may be illustrative. A trans- 
fer probability of P = 0.5 from room 2 to room 1 means.that 2 

12 persons in room 2 contribute to the equivalent of carbon dioxide 
of 1 person (25 l/hj in room 1. However, the purging flow rate 
of room 1 is 145 m /h, so if the 2 persons in room 2 are the only 
ones in the office then the A(C0 )-concentralion in room 1 wilI 
be 25 . 10.~/145 = 172 ppm, that k a CO concentration of 172 + 
340 = 512 ppm. Note that because the &om to room transfer is 



mainly due to air exchange through the door openings, the 
transfer probabilities will increase as the mean age of the con- 
taminants increases, i.e. as the total ventilation flow rate 
decreases. 

Figure 3 Concentration histories at 1.2 rn height in the four rooms, when 
room 1 is the sourie room with three simulated persons. The tgtal 
flow rate is 120 m /h during the first 5 hours. thereafter 240 rn /h. 
The doors are open 

Conclusion 

The results and the conclusions below are valid only for the 
special type of ventilation system investigated here, but much of 
the reasoning is also useful for other systems, where short 
circuiting in the ventilation system is not a problem. 

Sensor position is not criti- 
cal in a room with closed 
doors. 

Difficult to find a satisfac- 
tory position for sensor, 
when the doors are open. 

A large time constant is re- 
quired. 

If a room is going to be ventilated by demand control then the 
position of the sensor is not critical if the doors to connecting 
spaces are normally closed. 

However, if the room is connected to surrounding spaces by 
open doors then large differences and instabilities in the carbon 
dioxide concentration may occur, which implies problems both 
with regard to the positioning of the sensor and the possibility 
of achieving a stable ventilation control. It is not recommended 
to locate the sensor in an overflow duct. A sensor should 
preferably be placed at a mid-height in a room, and away from 
doorways, radiators, windows, people and air inlet devices. This 
requirement may not be possible t o  fulfill in practice. The 
regulation of ventilation air to a room must be made with a 
large time constant in order not to react to fluctuations. 



A regulation system for an office building must function satis- 
One in each - to factory regardless of whether the doors to individual rooms are 
control the air distribution. open or closed. In every room there should therefore be a 
One sensor in the common measuring point which controls the distribution of ventilation 
extract - the air to the room. However, the total flow rate to the system can 
flow rate. be governed by a sensor in the combined air extract. 
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aim: 
to draw conclusions on posi- 
tion and target value for sen- 
sor. 

means: 
study distribution pattern of 
contaminants. 

position in a displacement ventilated 

room. 

Summary 

The distribution of contaminants in a laboratory test room with 
displacement ventilation has been experimentally investigated 
using a passive tracer gas technique. Contaminants are simu- 
lated by using two different tracer gases. Humans are simulated 
by heated metallic bodies. The distribution of tracer concentra- 
tion in the breathing zone(exposure) is shown to be greatly in- 
fluenced by both the position of the tracer source and the air 
convection current around the bodies. It is shown that pollutants 
emitted close to a body are cbmpletely and directly transported 
to the upper mixed zone and not mixed into the lower zone. 
Pollutants emitted at a weak heat source or close to a wall in the 
lower zone are transported to, but do not directly penetrate the 
boundary between the two zones, thus accumulating below the 
interface. By natural convection currents, occupants will draw 
uncontaminated air from the lower zone, and experience a bet- 
ter air quality at the breathing level than that of the surrounding 
air - even if the interface is below the head. 

It is concluded that air quality demand control of the supply air 
flow rate is a suitable means of securing the excellent air qual- 
ity possible in a displacement ventilated room. A carbon diox- 
ide sensor should preferably be positioned, so that the interface 
height can be maintained at a level slightly above the head of 
the occupants. 

Project Description 
The objective of this project is to investigate the possibilities 
and limitations of utilizing a demand contolled ventilation strat- 
egy in a room ventilated by the displacement principle. More 
specifically, the dispersion patterns of carbon dioxide from hu- 
mans and contaminants from other sources are investigated in 
order to draw conclusion about the most suitable position of a 
carbon dioxide sensor for demand control of the ventilation rate 
in a room ventilated by displacement. In addition, a suitable tar- 
get value for the carbon dioxide concentration is discussed. 



Background 

Displacement ventilation not 
suitable for heating. 

Polluted air in upper zone. 

Clean air in occupation zone 

Interface between clean and 
polluted air. 

No contaminant transport 
from upper to lower zone. 

The background is only shortly given here. A more comprehen- 
sive analysis is given by Stymne et al .  (1991). 

Principles for ventilation by displacement 

The principle of ventilation by displacement is schematically il- 
lustrated in figure l .  Low temperzture "clean " air is supplied at 
the floor level, whilst warmed polluted air is extracted at the 
ceiling level. Heat and pollutants are transported from the 
lower part of the room to the upper pan mainly by the plume 
flows generated by internal heat sources (e.g. people, ma- 
chines). Essentially, two zones are created in the room - one 
lower displacement zone with "clean" air and one upper, mixed 
zone, which is contaminated with pollutants from the heat 
sources. The height of the interface between the two zones is 
controlled by the ventilation air flow rate and the power of in- 
ternal heat sources. 

Contammant 
Temperature concentration 

Figure I Principle of venrilarior~ by displacernenr 

Posslbllltles for demand cont ro l  

The principle of demand controlled ventilation is to continously 
adjust the flow of ventilation air to the lowest possible rate to 
meet an air quality demand. In rooms where the contaminant re- 

Demand control saves en- 
lease rate shows large variations in time, such control could 

e%Y. yield substantial energy savings. This energy savings comes 
from reduced power for heating or cooling of un-necessary ven- 
tilation air and reduced power for fans when the demand for 
ventilation air is below the design level due to decreased con- 
tamination rate. 



The ventilation flow rate de- 
termines the level of the in- 
terface. 

Cooling demand may con- 
trol the necessary air flow 
rate. 

Especially advantageuous 
when there is a high demand 
for excellent air quality 

or, when there are specially 
polluting activities. 

Figure 2 schematically shows how the distribution of contami- 
nants depends on the ventilation air flow rate in a displacement 
ventilated room. It is also indicated how the flow can be mini- 
mized to meet an air quality demand in the.breathing zone. 

unnecessarily 
hlgh flow rate 

adequate flow rate 

too low alr quahty 
too low flow rate 

setpoint concentration 

Figure 2 Principles for demand control of venrilation rare in a room 
ventilated by displacenrenr. 

Ventilation demand contra cooling demand 

In a displacement ventilated system, the. cooling need can often 
be more critical for the demand of supply air flow rate, than are 
common criteria for good air quality. This is because the cool- 
ing demand must be satisfied with under-temperature of the 
supply air and that too low supply air temperatures can not be 
tolerated. This would lead to discomfort due to both the low 
temperature at the floor level and a steep vertical temperature 
gradient. An acceptable under-temperature of the supply air is 
5-7 K. A special air diffuser equipped with an induction cham- 
ber which allows a AT of 10K has, however, been suggested 
(Holmberg et al. 1990). 

Displacement ventilation is especially advantageous when there 
is a high demand of good air quality . It can also advanta- 
geously be used in rooms where unusually polluting activities, 
such as smoking, are present. An acceptable breathing zone air 
quality can be achieved even in this extreme case, without in- 
creased demand for ventilation air, because the interface level is 
determined only by the strength of the heat sources - not the 
pollutant emission rate. 



Air quality sensor 

C02-target value must be 
chosen depending on the ac- 
tivity. 

800 ppm is usually ade- 
quate. 

Sensor location more crucial 
on displacement ventilation 
than in mixing ventilation. 

The control of the ventilation rate in a demand controlle ventila- 
tion system is usually governed by feedback from an air quality 
sensor. Two crucial questions are, where to position the sen- 
sor and what set point (target value) of air quality should be 
used. 

Air aualitv target value 

Because there is no way of directly measuring the air quality as 
such, it is necessary to use some easily measured air quality in- 
dicator. 

In surroundings where people themselves and their activities are 
the main pollutant sources, the carbon dioxide concentration is 
a useful indicator. The target value of carbon dioxide concentra- 
tion to yield an acceptable air quality, is however dependant on 
type of human activity. 

The background concentration of carbon dioxide is 340-380 
ppm. People contribute with 15-25 liter per person and hour for 
light body activity. In absence of other pollutant sources than 
people, 1000 ppm is usually recommended as the highest rec- 
ommended value in indoor air. This recommendation is based 
on the perception of human odour by ncwly entered visitors in 
the room. 

However, in connection with demand control a somewhat lower 
value (700-800 ppm) is usually recommended as a target value. 

Sensor position 

The most common type of ventilation strategy is the so called 
mixing ventilation. With this type of ventilation one tries to at- 
tain as good mixing as possible between ventilation air and the 
polluted room air in order to dilute the contaminants. However, 
there always are some spatial variations of contaminant concen- 
tration due to incomplete mixing, especially in rooms with open 
doors (Stymne et al 1990). Though it is not self-evident where 
to position a sensor in a mixing ventilation system, it is not a 
very crucial question in a wellbehaved system. 

In a room ventilated bv displacement on the other hand, one 
tries to avoid mixing between the ventilation air and the pol- 
luted air, so this type of ventilation constitutes an example of 
extremely uneven mixing. The behaviour of demand control is 
therefore strongly dependant on the position of the sensor. 



Building investigated 

Site and location 

Laboratory test-room. 

Dimensions: 

4 x 3.45 x 2.5 m (LxWxH) 

Simulated personal load. 

Low velocity air supply 
unit. 

Air flow rate: 
80 m3/h (2.3 room volumes 
per hour). 

Balanced ventilation. 

No demand control strategy 
is used. 

The test space used for this investigation is a full scale office 
room module built in the laboratory hall of the ventilation labo- 
ratory at the Swedish building research institute., 

Building form 

The dimensions of the room is 4m x 3.45111 (L x W) with 2.5 m 
height. The four walls are insulated with 5 cm styro-foam, 
while the floor,. which is elevated above the concrete floor of 
the laboratory hall consists of a 2.5 cm hard particle board cov- 
ered with a 1.5 cm plywood sheet. The ceiling consists of un- 
insulated glass panels. 

Zone investigated 

Sitting persons are simulated by dummies constructed from me- 
tallic air duct tubes (20 cm diameter). The dummies which are 
of 135 cm height are heated from the inside with two bulbs (60 
+ 40 W). One or two dummies are used in the experiments. 
They are positioned in the measurement plane which divides the 
room into two equal halves. The ventilation air is entering from 
the supply unit at the center of a wall parallel to the measuring 
plane. 

Local ventilation svstem 

The room is equipped with a conventional low velocity air sup- 
ply unit with a face area of 0.15 mZ (22% perforation degree) at 
the floor level. The extract terminal is situated on the same wall 
as the supply unit 0.2 m below the ceiling. 

The experiment is carried out with nearly balanced flows, leav- 
ing a slight overpressure in the room. The supply air flow rate is 
appr. 80 m3/h (2.3 room volumes per hour) and its temperature 
is kept at appr. 17OC. 

Demand control strategy 

The aim of this investigation is to draw conclusions about a 
suitable strategy for demand control in a room ventilated by the 
displacement principle. This is done by a detailed study of the 
dispersion pattern of contaminant dispersion during constant 
contamination and heat load. No demand control strategy was 
therefore used during the experiment. 



Monitoring 

Two different tracer gases 
simulate pollutants. 

Integrating monitoring with 
passive samplers. 

Passive tracer gas technique. 

Tracer close to a body. 

Tracer close to a weak heat 
source. 

Tracer close to a wall. 

Two different tracer gases in permeation tubes were used to 
simulate pollutants. One tracer source (perfluorbenzene or PB 
for short) was positioned close to the ceiling (away from the 
measuring plane) in all experiments. The other tracer source 
(perfluormethylbenzene, PMB) was positioned in the measuring 
plane in the lower part of the room to simulate pollutants emit- 
ted in this region. 150-200 passive sampling tubes for tracer gas 
made up a grid of measurement points in the measuring plane. 
The sampling tubes were positioned closer to each other in in- 
teresting regions. The integrating sampling was allowed to con- 
tinue for 1-3 weeks under steady conditions. After an experi- 
ment, the passive ..samplers were. analysed for the amount of 
adsorbed tracer gases with a gas chromatograph (GC) equipped 
with an electron capture detector (ECD). The analysis technique 
is described elsewhere (Stymne & Eliasson 1991). During an 
experiment both the vertical air temperature and wall tempera- 
ture distributions were intermittently monitored. 

Three different experiments with displacement ventilation are 
reported here: 

Two heated dummies - one tracer 
source close to the ceiling and one tracer source 
close to one body. 

Two heated dummies - tracer source 
above an extra 4 W heat source between the bodies. 

One heated dummy - both tracer gas 
sources located close to a wall in the nwasuring 
plane - one in the upper part of the room and the 
other in the lower part of the room. 

For comparison an experiment with mixing ventilation was car- 
ried out with the same tracer positions as in a above. 

Results 

The results of the measurements are displayed in graphic form 
in figures 3-8. The figures show the two-dimensional interpo- 
lated iso-concentration lines in the measuring plane. All con- 
centrations are given relative to that found in the extracted air. 
Also displayed are the positions of the dummies and the tracer 
gas sources. In figure 3, the vertical temperature gradients in the 
air and at the wall are also shown. 

Below are the main findings from the tracer gas distribution 
measurements. 



Interface below head level. 

Local upward displacement 
of interface around people. 

Plume flow injects pollut- 
ants into upper zone. 

People are "flushed" with 
fresh air. 

Two heated dummies - tracer close to one body 

Fig. 3 shows how a tracer emitted in the upper zone is spread 
when there are two heated dummies in the room. The interface 
is at a height lower than the "breathing level" - at 0.85 m above 
the floor. Evidently, the ventilation flow rate (1 1 Ils, person) is 
too low to raise the interface above the head of sitting people. 
However, it is also obvious that there are regions above the heat 
sources that are depleted of tracer gas due to the dilution from 
the plume flows. This behaviour has also been observed by 
Holmberg et a1 (1990). The interface between the lower clean 
air zone and the upper contaminated zone is locally displaced 
appr. 0.2 m upwards around the heated bodies. In the upper 
zone, the tracer is otherwise relatively well mixed. The thick- 
ness of the interface is less than 0.2 m. 

Figure 3 /so-concentrarion nml, showing the dispersion pattern of a 
tracer gus emitted close to the ceiling. The concentrationfigures ure 
given re la t i~~e  ro the concentrution in the extruct. The dummies are 
situated in the measuring plane urid are heated with I00 w pow&. 
Also shown are the vertical remperatltre profiles at the wail and in 
rhe room uir.  

Figure 4 shows the dispersion pattern of a tracer emitted close 
to one heated dummy. The tracer is directly and completely 
transported into the upper mixed zone. Moreover, it is apparent, 
that, although the "heads" of the dummies are above the transi- 
tion zone, a person at that level is exposed to pollutants emitted 
from the other person to only a limited extent. This is due to the 
fact that the contaminants are transported directly to the upper 
zone and that each person is fed by fresh air from the lower 
zone. 



Contaminants from low 
power heat sources accumu- 
late below the interface. 

Figure 4 lso-concentration mup showing the dispersion pattern of a 
tracer gas emitted close to one of the two heated dummies. 
Concentrations are given relative to that in the extract 

Two heated dummies - tracer at a low power heat 
source 
Fig 5 shows how pollutants emitted from a low power heat 
source (4 W) do not penetrate directly through the interface. On 
the contrary they accumulate just below the interface and are 
transported into the upper zone only at the "holes" generated by 
the heated bodies. There is, however, only limited mixing 
within the lower zone. This type of accumulation of contami- 
nants below the interface has been observed earlier (Sandberg 
& Blomqvist 1989). 

- > I _ _ _ ,  

J 
Figure 5 /so-concentration mup showing the dispersion paltern cfa 
tracer gas emitted directly above a 4 W heor source in the lower zone. 
Concentrations are given relative lo that in the earact. 



One heated dummy - tracer close to a wall 
Fig 6 and Fig 7 illustrate how a contaminant emitted close to a 
wall is transported in a room. In this case only one heated 
dummy was used, but the ventilation flow rate (22 Us) was kept 
the same. Consequently the interface now appears at a consider- 
ably higher level (1.8 m). 

Figure 6 /so-concentration map showing the dispersion pattern of a 
tracer emitted close to the wall in the lower ione. One heated dummy 
is present. Concentrations are given relative to that in the extract. 

Figure 7 /so-concentration map showing the dispersion pattern of a 
tracer gas emitted close to the null in the upper zone. Concentrations 
are given relative to that in the extract. Also shown (to the right) is 
the vertical concentration profile of a tracer released close to the 
ceiling. 



Vertical convective flow 
along walls tranport con- 
taminants towards the inter- 
face. 

Mixing ventilation: 

Plume flow still important. 

Effective mixing in the rest 
of the room. 

Fig. 6 shows how the tracer released close to the wall in the 
lower zone, follows the wall upwards. When it reaches the in- 
terface it is deflected and transported along the interface to the 
plume, where it is entrained and transported upwards. 

Fig 7 shows how the tracer released close to the wall in the up- 
per zone flows downwards along the wall until it reaches the in- 
terface, before mixing into the upper zone. No evidence of the 
tracer emitted in the upper zone is found in the lower zone. 

The observed behaviour can be explained by considering the 
heat balance in the room. In the lower zone, the wall tempera- 
ture is higher than the room air temperature, whilst the condi- 
tions in the upper zone are the opposite. On the whole, the verti- 
cal temperature gradient of the walls is less steep than in the 
room air. This behaviour is illustrated from measurements dis- 
played in fig 2. The levelling out of temperature differences at 
the walls is due to the radiative heat transfer between the sur- 
faces in the room. The center of the interface is found at a "neu- 
tral point where the wall temperature is equal to the room air 
temperature. The created temperature differences between the 
walls and the room air will cause natural convection flows 
downwards above the neutral point and upwards below the neu- 
tral point. The observed kind of flow pattern has been noticed 
earlier in water model experiments (Sandberg & Lindstrom 
1990). 

Mixing ventilation 

One experiment with mixing ventilation, utilizing a high veloc- 
ity supply device close to the ceiling was also carried out. 

As seen in figure 8 the plume flow above the dummies were not 
affected, This is evident from the locally high tracer concentra- 
tions above the tracer gas source located close to one dummy. 
The concentration profile over the dummy shows that the plume 
extends nearly unaffected to the roof level similarly as shown in 
fig 4. Outside the plume, however, the tracer concentration was 
uniform in the whole room and close to the concentration found 
in the extract. This indicates a complete mixing of contaminants 
in the supply air. 



A number of normal distur- 
bances are not accounted for 
in this study. 

1 m 2 m 3 m 

Figure 8 Mixinr venrilation. Concentrutio~ profiles at different - . . .. 
heights above the jloor. The tracer gas source is positioned close to 
the heated body at 0.85 m height. 

Discussion 

It should be noted that this laboratory experiment has a number 
of limitations, which make 'conclusions uncenain for behaviour 
in a real case. The main limitations are the absence of nonnal 
disturbances such as: 

Body movements 
Breathing 
Hear sources other than people 
Lighting 
Solar hear gain 

The disturbances mentioned contribute to a more or less in- 
creased mixing, and consequently a lowering of the interface 
level. In the extreme case, there will be a complete disappear- 
ance of temperature and pollutant stratification. 

There are few detailed measurements reponed for real occupied 
rooms with displacement ventilation. There are, however, indi- 
cations that the interface is lowered, and the thickness of the 
transition zone increased, by mixing actions created by human 
movement. The local displacement of the interface around heat 
sources are probably especially influenced by such movement. 



Concenmtion fluctuations 
caused by disturbances. 

Sensor time constant is im- 
portant. 

Disturbances may modify 
the conclusions. 

Interface as low as possible 
in order to save energy. 

Interface above breathing- 
zone in order to guarantee 
good air quality. 

Use the sensor to control the 
level of the interface. 

Sensor at head height. 

COi-target value 500 ppm. 

Sensor away from people, 
heat sources and walls. 

There are probably large local fluctuations of the carbon diox- 
ide concentration. Such fluctuations can severely influence the 
behaviour of a demand controlled system governed by the car- 
bon dioxide concentration close to the interface. The amplitudes 
and frequencies of such fluctuations caused by human move- 
ment, and other disturbances must be investigated further, be- 
fore any firm conclusions can be drawn on the set point and lo- 
cation of the air quality sensor. A proper time-constant must be 
introduced in the regulation system. 

For the time being it is not possible to estimate the effect of 
such disturbances. The conclusions are mainly valid for the ex- 
treme case of no such disturbances. 

Concentration setting and location of an air quality 
sensor 

The leading principle for controlling a displacement ventilation 
system by demand should be to establish the interface as low as 
possible, whilst at the same time allowing people to breathe air 
from the lower zone. This would secure the lowest possible 
flow rate from an air quality point of view. 

To ensure the excellent air quality achievable with displacement 
ventilation, it is important to adjust the supply air flow rate, so 
that the interface level appears above the breathing zone of the 
occupants. 

Demand control of supply air governed by an air quality sensor 
seems to be an excellent means of controlling the level of the 
interface. Carbon dioxide is a suitable indicator, both because it 
is emitted from heat sources (people) and because it indicates 
the presence or absence of people, requiring air quality control. 

To ensure that the interface is at a sufficiently high level, the 
sensor should be located at the same height as the normal 
breathing zone. For sitting people this is at appr. 1.1 m above 
the floor. 

The set point for the carbon dioxide concentration at the sensor 
position should be appreciably lower than that normally sug- 
gested for mixing ventilation (700-1000 ppm, ACO, = 350-650 
ppm). A reasonable value might be 500 ppm (ACO, = 150 
ppm). This value is low enough to ensure that the mixed zone is 
above the height of the sensor, but not so low that the interface 
is far above the sensor. 

To monitor a typical concentration at this level the sensor 
should not be positioned in the vicinity of people or heat 
sources. Nor should it be positioned very close to a wall, be- 
cause of the natural convection currents occuring along the 
walls mentioned earlier. 



The temperature of the sup- 
ply air must also be con- 
trolled. 

Keep temperature gradients 
small. 

30 w/m2 maximum cooling 
load. 

At a set ACO, -value of 150ppm a demand controlled system 
will respond quickly even for one person present in a room of 
normal size. 

Thermal comfort considerations 

As in the case of a mixing ventilation system, there must be 
some indicator and feed back system for temperature and ther- 
mal comfort. While, in a mixing system the thermal comfort 
can be regulated with radiators, convectors etc., the thermal 
comfort in a displacement system has to be'regulated by means 
of the temperature of the supply air. 

The criteria for thermal comfort in displacement system, not 
only refers to the average room temperature, but also to the ver- 
tical temperature gradient and the supply air temperature. The 
temperature difference between 0.1 m and 1.1 m should not ex- 
ceed 3K according to ISO/DIS 7730 (1984). An even lower dif- 
ference (e.g. 2K) might be necessary in connection with dis- 
placement systems. The supply air temperature should not be 
lower than 17'C and the difference in temperature between ex- 
tract and supply air should not exceed 7K. 

The regulation interval for'the supply air temperature (17°C- 
21°C 1s rather limited. Internal heat loads of more than 30 4 ' W/m can hardly be taken care of without thermal discomfort 
(Wyon & Sandberg 1990). 

Conclusions 
The following conclusions refers to a ventilated space of simple 
geometry, where the air movement is not disturbed by the mix- 
ing action of human movement. 

It has been shown from tracer gas distribution experiments, that 
pollutants emitted from a (simulated) person are transported di- 
rectly to the upper mixed zone in a space ventilated by displace- 
ment system. Pollutants emitted close to a wall or a weak 
power heat source in the lower zone flow towards the interface 
between the zones, but do not directly penetrate to the upper 
zone. They are accumulated below the interface and transported 
to the upper zone only at the "holes" generated in the interface 
by the natural convection plumes from the heated bodies. 

The interface is locally displaced upwards around the heated 
bodies, thus ensuring the occupants a better air quality than in 
the surrounding air, even if their heads are below the interface 
level. Pollutants, which are emitted in the upper mixed zone or 
transported to that zone from the lower zone do not appear in 
the lower zone. 



It is also shown that the plume above a heated dummy is similar 
in a mixing ventilation system compared to the plume created in 
a displacement ventilation system. However, outside the plume, 
there is no sign of any vertical concentration stratification in the 
case of mixing ventilation. 

It is concluded that demand control of the supply air flow rate 
in a room ventilated by displacement is a suitable means of con- 
trolling the level of the interface between uncontaminated air in 
the lower zone and the mixed upper zone. The location of an air 
quality sensor for demand control should preferably be posi- 
tioned at the height of the heads of the occupants, thereby en- 
suring an excellent air quality in the breathing zone at the low-. 
est possible air flow rate. The concentration set point for the 
sensor should be at an appreciably lower value than that nor- 
mally considered to be appropriate for the air quality (e.g. 800 
ppm CO,). A suggested value is 500 ppm. Otherwise, thermal 
factors will control the air flow rate and the air quality sensor 
would seldom take the control. 
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H 2 0  CONTROLLED VENTILATION IN A 9 STOREY 
APARTMENT BUILDING IN NAMUR (B) 

Project description 

Introduction 

Rex&reh purtieipnntu : This case study is the second building of 3 buildings which 
. WTiXlC.STC.Bmr~ols (81 were monitored in the framework of a CEC demonstration 

- TNO Building division. DclR- 
project on humidity controlled natural ventilation. 

(NL) 

CETIAT, Orsny(F1 
In order to stimulate the introduction of new technologies, 
the Commission of the European Communities (CEC), DG 

. EDFIP) XVII promotes the testing of such new technologies by sup- 
- A C ~ ~ O ( F I  porting demonstration projects. 

Contact person : 

In 1986, the CEC accepted the proposal to support a demon- 
P. Wautora 
n. L'Heureux stration project on the humidity controlled natural ventila- 
W.T.C.R.IC.S.T.C. tion system of the French firm Aereco. 
B.B.R.I. 
~ Z I U ~ ~ ~ ~ . R H . O I  In important boundary condition in order to get CEC support 
B ~ ~ ~ I ~  was the application of the technology in at  least 50 apartm- 
Rolfium ents. In order to achieve this, i t  was decided to perform tests 

in buildings in Les Ulis(F), Namur(B) and Schiedam(NL). 
The measurement campaigns as well as the majority of the 
analysis were finished a t  the beginning of 1992. 

Given the fact that the results and conclusions differ very 
much for the 3 buildings, 3 different case studies are repor- 
ted. In order to avoid duplication of the common aspects in 
the 3 case-studies, the reader is suggested to first read this 
case-study on the Schiedam building in which more detailed 
information can be found. 

Objectives 

The major objective of this study was the evaluation of the 
impact of the humidity controlled natural ventilation on the 
energy demand and the indoor air quality. 



Encrgy snving thmugh hurnidily 
conlml 

The monitoring campaigns aimed also to allow a better 
lmprovsd indoor a;r quality indication of the limits of applicability of the system a s  well 
compnrixan mrercnce as indications for further improvements. Furthermore, i t  was 
humidity C O ~ ~ ~ I I O ~  opanmentr. expected that the very intensive monitoring campaign would 

also give a lot of information on natural ventilation in gene- 
ral as  well as  on pollutant concentrations and emission rates 
(C02 and H20)  
The main work focused on the comparison of so-called refere- 
nce apartments (R) which have a more classical natural 
ventilation system and the so-called humidity controlled 
apartments (H). In the Namur building, 9 reference apart- 
ments and 9 humidity controlled apartments were intensively 
monitored during more than 100 days. 

Building and Site 

Clirnote Nornur : 
The field measurements were carried out in a 9-storey apart- 
ment building in Namur, 60 km East of Brussels. The 

Winter overago temp. : 6 OC. building is in an  unsheltered position. 
60 km lrom Brvseol~ 

P i p m  1 : l h c  Nnmur building (monitored apnrlmsnts indicated v i lh  R(efemnee) nod H(humidi1y) 



INVESTIGATED BUILDING 

Apar tments  

A~~ : 66 m2 The building dates from 1978. All the investigated apartme- 
volume : 16.5 rn3 nts are identical 2-bedroom apartments. The reference apart- 

3.3 o d a p n r l m .  
ments are symmetrical to the humidity controlled apartme- 
nts. They are terraced apartments which means that the 

9 Ref. Apvrtmenta 
9  id. ~ ~ ~ ~ t ~ ~ ~ t ~  

entrance~door is a balcony door. This is very exceptional in 
Belgium. 

This building was selected out of 7 visited buildings. The 
reason for selecting this building was the fact that there were 
already natural ventilation ducts of the Shunt t h e  in the 
bathroom iand in the WC. Their cross section was suflicient. 
I t  is not evident to find apartment buildings in Belgium with 
such ductwork. Unfortunately, no ventilation duct existed in 
the kitchen. 

This apartment building is the property of a local society for 
social ,housing. The average occupation is rather high and in 
most of the apartments, a t  least 1 person is a t  home during 
the whole day. 

Figurn 2 : Umund plan one refcrena and one humidity mntrolled spnrtrnent d t h e  Namur Building 



Heating a n d  ventilation system 

Hentin# : water ndiolors All apartments are equipped with hot water radiators. There 
is a central boiler for the whole building. 

Naturnl ventilakd aparlments The calculation of the energy bill is based on evaporator 
wilh ahunl duds 

meters. 
All bedrooms in this building are situated a t  the corridor 
side. They dispose of a window (0.3*1.2 m2) which is pro- 
tected by a large wooden store (see fig.3) This is  also rather 
unique. 
In the framework of preparing the monitoring campaigns, 
extensive preparation work was required. 

Rango of opcrntion : 
R.H. < 30% : minimum opening 

I K.H. > 70% : maximum opcninp 

Supply : living mom and bed. 
loom" 

Extraction : lulchcn, blhrnnm 
and WC 

: view o Ibe# l room window w i t h  lawe venl i lat lon gr i l l  

- 46  - 



Air supply provisions in the living room of the reference a- 
partments were added. In each bedroom, a rather large grill 
in line with the Belgian standard NBN D50-001 was 
installed in one of the openable windows. 
In order to have exhaust ventilation in the kitchen, a natural 
ventilation ductwork system (Shunt) was installed in all the 
apartments. 

In the humidity controlled apartments, 1 humidity controlled 
air supply grill was installed in each of the bedrooms. Two 
grills were installed in the living room. All extraction open- 
ings in kitchen, bathroom and WC were equipped with the 
humidity controlled extraction grill. For more details about 
the characteristics of these devices, see the case study of 
Schiedam. 
The cowl on the roof was not appropriate and resulted in 
problems of reverse flow. In order to solve this problem, a 
modified cowl was installed after the first monitoring camp- 
aign. After this modification, problems of reverse flow were 
almost eliminated. 

Fig. 4 : Sevtions dvcnl i la l ion ducts in Nnmur building 

- 4 7  - 



MONITORING PROGRAMME 

Monitoring Equipment 

The intention to simultaneously monitor up to 20 apartments 
6n-chonne1tmcergaaryr1em resulted in the need of a 60-charnel tracer gas system allow- 

ing to measure air flow rates, C02- and H20-concentrations 
Mcosuremenla 4 : as  well as the flow rates of these pollutants. 
- Air flaw rolea 
- COplevels ond flaw n t c a  
- H,O-levels m d  flow rates 

A rather detailed description of the characteristics of the 
- ternperotums MATE system is given in [I]. 

For more details on the monitoring, see the case study on the 
Schiedam building : 

Monitoring campaigns 
3 Monitoring cnrnpoiyns b l w c c n  
6.89 ond 1.91 Detailed monitoring campaigns were carried out during 3 
110 rncoauring days periods : June - July 1989, February-March 1990 and Novem- 

ber 1990 - January 1991. In total, 110 days of measurements 
' were done. 

Monitored parameters 

M E ~ ~ ~ ~ ~ ~ ~ L .  intcwola : 25 During the monitoring periods, the following variables were 
minutea measured with an interval of some 25 minutes between 2 
Median value* : measurements : \ 

T, : 6 'C 
Wind : 2.7 d s  . Rcl. Hum. : 86% Outside climate : 

Temperature, wind speed and direction, relative humi- 
dity, C02-concentration 

Kitchen, bathroom and WC : 

Temperature close to air outlet, air flow rate, C02- 
level and relative humidity. 

The flow rates of H 2 0  and C 0 2  were calculated by 
multiplying the concentration difference(inside-outside) 
by the air flow rate. 



The ventilation losses were calculated by multiplying 
the air flow rates with the temperature differencek- 
side-outside). 

These measured data were analyzed in various ways. 

As mentioned earlier, the monitoring was due to practical 
reasons focused on the duct work. This means that no direct 
measurements were done in the living room and in the 
bedrooms. 

RESULTS 

"nO.~ol"es : 
Airtightness measurements 

- average : 2.9 h.' 
- minimum : 1.8 h.' 
- maximum : 4.4 h-' The airtightness of all apartments was measured in detail. 

The global airtightness as well as the leakage distribution 
room by room was determined. 
The global airtightness is expressed for a pressure difference 
of 50 Pa. The airtightness ranged from 1.8 to 4.4 h-l, with 
an average value of 2.9 h-l. This level of airtightness does not 

Dcroilad informotion on lcokopc 
dialribulion meet the requirement of the manufacturer (nS0<= 2 h-I) 

The measurements on the leakage distribution gave a dis- 
tribution as indicated in table 1. 

Bedroom 1 
Bedroom 2 
Kitchen 
Bathroom 
WC 

- - I 5 
at mrnsurrd lmknge distribution for the  18 aparIments i n  I - 

buildins. 



Basic results from monitoring periods 

An indication of type of collected information is given in the 
Schiedam case study. 
An example for the Namur building is given in fig. 5. 

Fig. 5 : erornplc of the rncaaurcd vnrisblea (mrercnuc oportment) 

- 50 - 



Detailed interpretat ion of t he  results 
vey little indoar 
lornperntvre as function of oul- 
darr Lernpcralure 

The average temperatures in kitchen, bathroom and WC 
varies only slightly as a function of the outside temperature. 
The indoor temperature is almost independent from the 
outside temperature: variations between the apartments 
range from 20 "C and 23 "C . 

An overview of the average relative humidities in some of the 
humidity controlled apartments is given in fig. 6. The maxi- 
mum values are found for outside temperatures between 5 
and 15°C. An explanation for this tendency is given in the 
case-study of the Schiedam building. 

Fig. 6 : variation of the nvcmgo mlotive humidity as function of the temperature diffcrencs be 

t w c n  inridc 2nd ootsidu, Nomur, humidity mntrolled apartments (wind speed 0 2  d s )  



The calculated extracted water vapour quantities are given in 
fig. 7. The trend is not the same as the one found for the 
Schiedam building. This might be due to the fact that the 
occupants in Schiedam have a much longer tradition to use 
their small openable windows. It is also interesting to see 
the absolute values of the extracted water vapour rates. 

Fig. 7 : doily cxtrncled water vopour quontitics os function or temperaturn difirnnae. ( e n d  speed 
0-2 d x l  

An overview of the average values for the daily extracted, 
water vapour rates in the three buildings is given in fig. 8. A 
comparison with the data of the final report of annexe 14 
'Energy and Condensation' indicate that the observed values 
for the monitored apartments never reach the upper values 
mentioned in the annexe 14 report. This might be due to the 
fact that some of the values given in this report are derived 
from measurements in extreme conditions or for occupation 
patterns which don't occur in this type of buildings. Another 
reason can be the fact that the values obtained in the frame- 
work of these case studies are averages, including periods of 
absence. Also the effect of cross ventilation may partly 
explain the differences. 



MOISTURE EXTRACTION 
0-3 HOURS 

MOISTURE LOADS IN DWELLINGS 
IEA ANNEX 14 

30 

Flp. 8 : Overvicw nlnveropc cxtraetcd vntcr vapaur quantities thmugh ventilation duets for all the 
nmnilwcd npartmcnta and eornporiaon with values reported i n  IEA onnexe 14. 

The average C02-concentrations are of the order of 800 to 
1200 ppm. Somewhat higher concentrations are found in a 
few humidity controlled apartments. The average C02-con- 
centration is in only 1 of the apartments above 1500 ppm. In 
this apartment, there is a very intensive cooking activity by 
using a gas cooker which may explain the high C02-conc- 

- 

entrations. 
It  is of course not enough to look only to the average C02- 
concentrations. An example of the distribution of measured 
CO~-cdncentrations is given in fig. 9. 



Fig. 9 : hislopurn of measured C02-conoonlrolione ond ~ r n u l o l i v e  histogram, Namur building. 
rcfwencc oporlmcntr IdiITerenm hotwoon iodoor and outdoor) 

A comparison of the three buildings was made with respect 
to the C02-concentrations. Table 2 gives the percentage of 
the time that the C02-concentrations were below 1000 and 
1500 ppm. 

1 REF. HY RO < 1500 ppm 
REF. IHYGRO 

Orsay 
Namur 

Schiedam 
''nldr 2 : t'al.crntxgr or l ime  thnt the c u y c o n c e n t r a t l o n s  wet% below 1000 or  1606pprn, all 

apaltrurnt.s 

I 

77 % 
69 % 
49 % 

93 % 
83 9% 
63 % 

-- 
97 % 
92 % 
9 4 %  

100 % 
97 % 
9 6 %  



These results show that there is apparently a clear ranking 
of the building performance : the building in Les Ulis is the 
best performing, the Namur building gives somewhat higher 
values and the Schiedam building is the worst. However, in 
general are these values not so bad. It  is important to stress 
that no measurements were done in the living room and the 
bedroom. 
It is also interesting to see that the humidity controlled 
system gives always the best result. 

Fig. 10 shows interesting measurements on daily extracted 
C02-rates. Apartment R 0 was unoccupied during this mea- 
surement campaign. One can clearly observe that the calcu- 
lated C02:rate is very close to zero. Apartment R 3 was 
empty dunng days 27 till 35. This is clearly seen from the 
C02-flow rates. 

0 10 20 30 
Time ( Days ) 

-e- RE Level 0 ., - RE h e 1  I -t+ RE Level 2 
it RE b e 1  3 RE Level 4 RE b e 1  5 

Fig. 10 : dtlily overapeti lor extncted COI.rotee lor seven1 rrlerenos apndmcnts i n  the Nsmur 
huildinp (28.11.0-15.01.911 



The relation between the extracted water vapour rates and 
the extracted C02-rates is given in fig. 11. Such trend is 
observed for the majority of the ventilation grills. It clearly 
show that on the average, there is a very good correlation 
between both pollutant rates. However, there is a large 
scatter on these results. This is indicated by the two other 
curves on the figure which indicate the standard deviation. 
Each point on the curve corresponds with a group of 50 
observations. 

- AYG-STD + AYG - AVCtSTD 

Fig.ll: relation between extrneted water vapour and COz-mha. Namur, n h n m c s  
npnllment 6, bathroom, whole period. 

Results of enquiry  1 

An enquiry was carried out in all 18 apartments. One import- 
ant observation concerned the complaints of draught with the 
humidity controlled air inlets. The majority of them in the 
living were closed by the occupants. Draught problems in 
practice lead to blocking the devices since there is no possi- 
bility for closing them in a normal way. It must be stressed 
that this problem of draught has nothing .to do with the 
humidity control but with the classical concept of the air 
inlet devices used in France. The challenge is to make in 
general more comfortable air inlet devices. 
The fact of observing less problems in the reference apart- 
ments does not automatically mean that the devices used in 



these apartments are fully satisfymg. The position of the air 
inlets in the living room of the reference apartments was 
continuously monitored during more than 3 months. An 
example is given in fig. 12. 

220 230 240 250 260 270 280 

Time (julian day) 

Fig. 2 : u* <of vcnlilation plillx in rcrcrcncc npartmcnls in Nomur building (AugualueSeptEmbr 
19W. flow fi Lo 8) 

These observations indicate that many of the classical air 
inlets are in several of the apartments closed for rather long 
~er iods  or even the whole time. Although not directly related 
to the issue of demand controlled ventilation, i t  is clear that 
improving the performances of air inlets with respect to 
draught aspects is a real challenge for the ventilation indust- 
ry. 

Conclusions 

The application of a humidity controlled natural ventilation 
system leads in the apartments in the Namur building to a 
rather significant modification of the air flow rates. 

Interesting results with respect to the daily extracted water 
vapour quantities were collected.' They confirm the order of 
magnitude reported in the IEA annexe 14 report although 
the extreme high values were not found. 



There is a clear ordering between the Schiedam, Namur and 
Les Ulis building with respect to the C02-concentrations. 
Also the reference apartments show systematically a higher 
percentage of high C.02-concentrations. 

PUBLICATIONS 

[ l ]  Dubrul C., Final report Annex 8 'Inhabitants behav- 
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natural humidity-controlled ventilation system, CIB 
W67 Symposium, Rotterdam (Nl), September 1990 



HUMIDITY CONTROLLED VENTILATION IN A 10 3.2 STOREY APARTMENT BUILDING IN SCHIEDAM WL) 

Project description 

Introduction 

- T N O  Building division. I)cln- 
I N L )  

- CETIAT.  Or~ny(?)  

Contnct person : 

H.J. Phom 
TNO.bouw 
Leeghwnlerstrml 5 
K O ,  llox 29 
2600 M Deln 
Nclhcrlonds 

Optimization of dwelling ventilation by using demand con- 
trolled ventilation has to be based on the activities in the 
concerned dwellings, the occupance acceptation and must 
take into account the building characteristics. 
The Commission of the European Communities, DG XVII 
promotes the development of new technologies by supporting 
demonstration projects. 

In 1986, they accepted the proposal to support a demonstra- 
tion project on the humidity controlled natural ventilation 
system of the French firm Aereco. 
An important boundary condition in order to get CEC sup- 
port was the application of the technology in a t  least 50 
apartments. In order to achieve this, i t  was decided to per- 
form tests in buildings in Les Ulis(F), NamudB) and Schie- 
d i m ( ~ L ) .  The measurement campaigns as well as the major- 
ity of the analysis were finished a t  the beginning of 1992. 
Given the fact that the results and conclusions differ very 
much for the 3 buildings, 3 different' case studies are repor- 
ted. In order to avoid duplication of the common aspects in 
the 3 case-studies, the reader is suggested to first read this 
case-study on the Schiedam building. 

Objectives 
Energy anving thmugh humidity 
C O O ~ ~ I  The major objective of this study was the evaluation of the 
lmprovcd indooroirquolily impact of the humidity controlled natural ventilation on the 

Comparison o f  roferenlo nnd 
energy demand and the indoor air quality. The monitoring 

humidity contro~i.dnpnr(mcntx. campaigns aimed also to  allow a better indication of the 
limits of applicability of the system as well as indications for 
further improvements. Furthermore, i t  was expected that the 
very intensive monitoring campaign would also give a lot of 



information on natural ventilation in general as well as on 
pollutant concentrations and emission rates (C02 and H20) 
The main work focused on the comparison of so-called.refer- 
ence apartments (R) which have a more classical natural 
ventilation system and the so-called humidity controlled 
apartments (H). In the Schiedam building, 7 reference 
apartments and 7 humidity controlled apartments were 
intensively monitored during more than 70 days. 

Building a n d  Site 

The field measurements were carried out in a 10-storey 
Climuto Schiedom : apartment building in Schiedam, some 10 km North-West of 

Annual avenge rcmp : 5 'C. 
. Rotterdam. This building was studied in the past in the 

(healing sewn) framework of IEA annexe 8 o'n 'Occupants behaviour with 

10 km [mm Norlhaea (high wind 
regard to ventilation'. The building is in a more or less 

~ p e e d ~ )  unsheltered position and in a region with high wind velocities 
due to the nearby Northsea. 

FipVrp The Sehiedmn building (monitomd oportmcnta indicated with R(eferrnce) 
and Whumidity) 



INVESTIGATED BUILDING 

Apartments 

Ares : 90 m2 . 
Volume : 250 rn3 The building dates from 1965. All the investigated apart- 

ments are identical 3-bedroom apartments. They are terraced 
7 Rer. Apnrtrncnta apartments which means that the entrance door is a balcony 
7 Humid. Aportmenls door. 

bedroom 
i 

bedroom 

l i v i n g  room 

Hal 1 

A 

k i t c h e n  bedroom 

4 "  



Heat ing  and venti lat ion sys tem 

Heating: wntermdiolors All apartments are equipped with hot water radiators. There 
sanihly hot ~ i t h  ~ U C I C S S  is a central boiler for the whole building. The sanitary hot 
gas bailer i n  kitchen water is produced by a flueless gas boiler installed in the 
Natural venlilotod oportrnents kitchen. This type of equipment was a t  the time of construc- 
with ehunl ducts (bathmom and t ion of the building allowed. , 
WC combinad) 

The air supply provisions in the reference apartments consist 
of small openable windows in the living room, bedrooms and 
kitchen. In kitchen, bathroom and WC, natural ventilation so 
called Shunt ducts are installed. However, these ducts repre- 
sents some particularities which influence strongly the per- 
formances of the ventilation system: 

- bathroom and WC are connected to the same main 
duct. 

- the ducts have rather small sizes. 
- the cowl on the roof was not situated a t  a n  appropriate 

place inducing severe reverse flow problems. This 
problem was solved between one of the measurement 
campaigns. 

The kitchen have a n  unvented gas boiler for domestic water. 

Range o f  opcrntion : 
R.H. < 30% : minimum opening 
R.H., 70%: mox,mum opening In the humidity controlled apartments, humidity controlled 

Supply : living room ond 
air inlet devices were installed in the be&ooms and the 

badmorns living room. These grills were placed in a wooden panel 

Exlnction : kilchen, bathmorn 
replacing the small openable windows. I t  is  important to 

and wc mention that the humidity controlled grills were non-closable 
whereas the small openable windows can be closed by the 
occupants. A humidity controlled extraction grill for natural 
ventilation was installed in bathroom and WC. The charac- 
teristics are given in fig. 3. 
In kitchen a classical not closable grill was installed. 
Intensive tests with respects to aging behaviour and durabil- 
ity were carried out on these grills [2] 



- Air flow rates 
- Cop-levels and flow ra les  
- H20.1evela and flow rales 

- ternpcmtuveo 

Fig. 3 : characteri.;tics of humidity mntmllcd vcntilolion grills 

MONITORING PROGRAMME 

Monitoring Equipment 

The intention t o  simultaneously monitor up to 20 apartments 
resulted in the need of a 60-channel tracer gas system allow- 
ing to measure air flow rates, C02- and H20-concentrations 
as well as the flow rates of these pollutants. A rather 
detailed description of the characteristics of the MATE sys- 
tem is given in [I]. 

One of the main advantages of the measurement system was 
the use of only 1 measuring sensor for the C02-  and H20- 
concentrations and also the calculation of these pollutant 
flow rates. In order to achieve this, air samples of the ducts 
were pumped to these central measuring sensors. The pollu- 
tant flow rates were calculated by multiplying the difference 
between indoor and outdoor concentration by the air flow 
rates through the ducts. 

The major limitation of this demonstration project is the fact 
that no detailed measurements were camed out in the bed- 
rooms and the living room. Financial reasons as well as 
practical installation aspects didn't allow such measurem- 
ents. 



Monitoring campaigns 
3 Monitoring cnmpni~na hetwoen 
11.89 ond 2.91 Detailed monitoring campaigns were camed out during 3 
72 rnenaunng doye periods : November-December 1989, March-May 1990 and 

January-February 1991. In total, 72 days of measurements 
were done. 

Monitored parameters 
I 

~~~~~~~~~t intervals : 25 During the Aonitoring periods, the following variables were 
minuto8 measured with an interval of some 25 minutes between 2 
Medmn vo~uc.  : measurements : 

. T. : 3.9 'C 
Wind : 3.0 nu's 
' R d .  Hum. : 88% 

Outside climate : 

Temperature, wind speed and direction, relative humi- 
dity, C0,-concentration 

Kitchen, bathroom and WC : 

Temperature close to air outlet, air flow rate, COJevel 
and relative humidity. 

The flow rates of H;O and CO, were calculated by 
multiplying the concentration difference(inside-outside) 
by the air flow rate. 

The ventilation losses were calculated by multiplying 
the air flow rates with the temperature difference(in- 
side-outside). 

These measured data were analyzed in various ways. 

As mentioned earlier, the monitoring was due to practical 
reasons focused on the duct work. This means that no direct 
measurements were done in the living room and in the 
bedrooms. 



RESULTS 

Airtightness measurements 

The airtightness of some of the apartments was measured. 
Expressed for a pressure difference of 50 Pa, the airtightness 
ranged from 3 to 4 h-l. This level of airtighness does not 
meet the requirement of the manufacturer (n50< 2 h-'1 

The airtightness of the entry door to bathroom and WC was 
very high. It means in practice that the doors itself represent 
a very high resistance. This combined with the small dimen- 
sions of the ductwork significantly reduce the control capabil- 
ities of the humidity controlled ventilation grills. 

Basic results from monitoring periods 

An indication of the measured fluctuations of air flow rates, 
C02-concentrations and flow rates as well as for the relative 
humidity and the extracted water vapour is given in fig. 4. 

,flow rote rel. hum. 

Fig. 4 : exomplo of the monxured vnrioblee (relcmnm apartment) 



Detailed in terpreta t ion of the results  

The average temperatures in kitchen, bathroom and WC 
varies only slightly as a function of the outside temperature. 
The indoor temperature on the average drops from some 
21.5 "C for outdoor temperatures of 15 ... 20 "C to 19 "C for 
outside temperatures of 0...5 "C. Differences of up to 3 O C  are 
found between the apartments. 

An overview of the average relative humidities in some of the 
reference apartments is given in fig. 5. The variation between 
the apartments is rather small. Somewhat lower values are 
found for lower external temperatures. This is due to the 
lower absolute humidity for low outside temperatures. It is 
important to mention that for small temperature differences, 
this tendency is not longer explicit. The reason might be that 
for high outside temperatures, people open more frequently 
the windows which increases the cross ventilation. A very 
similar trend was found for the humidity controlled apartm- 
ents. 

n-3 3 4  6.9 9 -12  12-15 15-15 16-21 ' 21.24 24.27 21.10 

Tcrnpcrarvre difference (indoor-ourdoor) [ T I  



The calculated extracted water vapour quantities seem to 
confirm the use of open windows for higher outside temperat- 
ures. As indicated in fig. 6, there is a systematical decrease 
of the extracted water vapour content for decreasing tem- 
perature differences between inside and outside. The most 
evident reason seems to be the use of the windows. 
It  is also interesting to see the absolute values of the 
extracted water vauour rates. For outside tem~eratures 
around 0 "C, the valies range between 2.5 and 8 kiday.  

m 

0.1 >d 6.9 9.11 11.15 I J - ! I  11.21 21.24 lL17 272d 

Tcmpcnrurc diffcrcncc (indoor-outdoor) [TI 

Fig. 6 : cslculntcd avcrugc valucs for extracted quantities o l  woter vspour. Schicdern, referenee 
nportmcntsluind speed 0.2 m/sl. 

The dependency of window use in this building as a function 
of the outside temperature was clearly shown in the frame- 
work of the IEA annexe 8 project. Fig. ** shows the relation 
between the weekly average of open windows for the whole 
apartment building (80 apartments) and the outside temp- 
erature. 

The average C02 concentrations for some of the apartments 
is given in fig. 8. The average concentrations are of the order 
of 800 to 1200 ppm. .Somewhat higher concentrations are 
found in a few humidity controlled apartments, probably due 
to a higher occupation load. Also here, much lower C02-con- 
centrations are found for higher outside temperatures (12 ... 20 
"C) 
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Conclusions 

The application of a humidity controlled natural ventilation 
systems leads in the apartments in the Schiedam building 
not a significant improvement of the indoor air quality nor to 
a reduction of the energy consumption. 

The major reasons for explaining the poor results are the 
following : 

- the ducts are too small for allowing a real influence of 
the humidity controlled extraction grills on the duct 
flow rates 

- the bathroom and WC doors are very airtight which 
again reduces the control possibilities of the extraction 
grills. 

The important problems of reverse flow have been largely 
eliminated by modifying the air outlet on the roof. 
The sum of the average air flow rates through the ventilation 
ducts is of the order of 50 m3/h 
The effect of open windows for high outside temperatures 
(>1O0C) on the pollutant concentrations and extracted pollu- 
tant rates is clearly observed. 
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H20 CONTROLLED VENTILATION IN A 5 STOREY 3'3 APARTMENT BUILD,lNG IN LES ULIS (F) 

Project description 

Introduction 

This case study is the third building of 3 buildings which were 
R~aoareh participants : monitored in the framework of a CEC demonstration project on 
. Aereea (F) humidity controlled natural ventilation. 

- WXBICRI'C,Brusscls (B) 
In order to stimulate the introduction of new technologies, the 

.TNO ~ ~ i ~ d i ~ ~ d i ~ i ~ i ~ ~ .  DCIWNI.I c ommission of the European Communities (CEC), DG XVII 

- CETIAT. Orxny(F) promotes the testing of such new technologies by supporting 

. EnF(F) demonstration projects. 

Contact persona : In  1986, the CEC accepted the proposal to support a demon- 
P. .Inrdinier stration project on the humidity controlled natural ventilation 
Aercco system of the French firni Aereco. 

An important boundary condition in order to get CEC support 
J. Sirnonnnt 
Sewn was the application of the technology in a t  least 50 apartments. 
Z.A. ~ f i  In order to achieve this, i t  was decided to perform tests in 
Roucodc de In Croix 
said Ceorg~x  buildings in Les Ulis(F), Namur(B) and Schiedam(NL). The 
~ f i m  RWY s i n k  C ~ r w  measurement campaigns as well as the majority of the analysis 
Frnncc were finished a t  the beginning of 1992. 

Given the fact that the results and conclusions differ very much 
for the 3 buildings, 3 different case studies are reported. In 
order to avoid duplication of the common aspects in the 3 case- 
studies, the reader is suggested t o  first read this case-study on 
the Schiedam building in which more detailed information can 
be found. Also the Namur case-study gives useful information 
for the reader of this case-study 



Objectives 

The major objective of this study was the evaluation of the 

Energy saving thmugh humidity impact of the humidity' controlled natural ventilation on the 
eontml energy demand and the indoor air quality. 
Improved indoor air quolity 
Comporiwn or rclerenm ond 
humidity conlmlled opnrtmenta. The monitoring campaigns aimed also to allow. a better 

indication of the limits of applicability of the system as well as 
indications for further improvements. Furthermore, it was 
expected that the very intensive monitoring campaign would 
also give a lot of information on natural ventilation in general 
as well as on pollutant concentrations and emission rates (CO, 
and H20) 
The main work focused on the comparison of so-called reference 
apartments (R) which have a more classical natural ventilation 
system and the so-called humidity controlled apartments (H). 
In the Les Ulis building, 10 reference apartments and 10 
humidity controlled apartments were intensively monitored 
during more than 140 days. 

The objectives with respect to the ventilation performances to 
be realized during heating periods were the following : 

- the total air flow rate a t  apartment should be during at  
least 90% of the time between 60 and 100 m3/h. 

- an automatic distribution of the air supply flow rates as  
function of their needs (expressed by the relative 
humidity) 

- a stabilization of the air flow rates for wind velocities above 
4 d s .  

Building a n d  Site 

The field measurements were carried out in a 5-storey apart- 
ment building in Les Ulis, some 30 km South of Paris. The 
building is in an urban environment and surrounded by 
buildings of a similar height. 



INVESTIGATED BUILDING 

Apartments 

Amn : 66 or 76 mZ The building dates from 1970. There are 2 types of apartments: 
Volume : 162 or IIU m3 2- and 3-bedroom apartments. The reference apartments are 

symmetrical to the humidity controlled apartments. There is an 
internal entrance door with a central staircase. 

10 Ref. Apartmen1. 
10 Humid. Apartments 

This building can be considered as  a rather typical apartment 
building constructed in the 70-ties. It  is important to mention 
that all windows were in 1988 replaced. All windows are in 
PVC with double glazing. They have a good airtightness. 

This apartment building is a so-called HLM building, HLM 
stands for 'Habitation a Loyer Mod6r6' or Social dwelling 
apartment building. I t  are all rented apartments. The average 
occupation is moderate in most of the apartments. 



Figure 2 : Gmund plnn d o n e  d t h c  relerencc npvrlrncnls in tho U i s  building 

Heating and ventilation system 

Hcnting : noor heating All apartments are equipped with a floor heating system. There 
is a central gas boiler for the whole building. 

Nolurol venlilabd apartrnenlx 
with shunt dueta 

All windows were in the framework of the window replacement 
equipped with the so-called self regulating air supply 
ventilation grills. These are built in the PVC window frame. 



Ronge doporolion : 
R.H. < 30% : minimum opening 

The following characteristics concerning the humidity controlled 
R.H. ,7n% : muximum opcninp apartments were realized : 

Supply: living room and bodmoms 
- Two humidity controlled air supply grills are installed in 

Extraction : btehon, bilthronrn 
ond WC 

the living room and each bedroom, 
- the airtightness of the entrance doors to  the apartments has 

Fixed grille i n  nll Ulchen (accurily 
I~YFOIISI  

been improved (also in the reference apartments), 
- the total background leakage of the apartments is lower 

than the air flow through the humidity controlled air supply 
openings when they are in an average opening position. 

- in order to have limited pressure drops across the internal 
doors, there is a free opening section of some 200 cm2 in the 
kitchen door and some 150 cmZ in the other doors. (also in 
the reference apartments) 

- humidity controlled air extraction grills are installed in the 
bathroom and the toilet. For security reasons (open gas 
combustion equipment),there is a fixed grill in the kitchen 
(100 m% at  10 Pa difference). 

The characteristics of the ventilation ducts are the following : 

- the shunt duct has dimensions 13 cm * 20 cm (260 cm2) 
- the main duct has dimensions 20 cm * 20 cm (400 cm2) 
- the cowl of the main duct is some 1.2 m above the roof level, 

and about 1 m above the edge of the roof. 

The humidity controlled ventilation grills were installed in May 
1989, no maintenance was done till the end of the measurement 
campaigns. 

MONITORING PROGRAMME 

Monitoring Equipment 

60-chnnne'Lromrpas system The intention to simultaneously monitor up to 20 apartments 
resulted in the need of a 60-channel tracer gas system allowing 
t o  measure air flow rates, C02- and H20-concentrations as well 
as the flow rates of these pollutants. 

Mcnsurerncntl; o r :  

. ~i~ now rnlca A rather detailed description of the characteristics of the MATE 
- Cop-levcls and flow rates 
. H ~ O - I C V C I ~  and now r a m  

system is fiven in [I]. 
. t ~ m p e r a l u m  



4 Moniulring compoign. bctwccn 
10.89 and 4.91 

143 measuring days 

Median valuer : 

. T, : 8.3 'C 
Wind : 1.6 d a  
Rcl. Hum. : 88 % 

For more details on the monitoring, see the case study on the 
Schiedam building. 

Moni tor ing  campa igns  

Detailed monitoring campaigns were carried out during 4 
periods : October 1989, January 1990, October-November 1990 
and February-April 1991. In total, 143 days of measurements 
were done. The first measurement campaign essentially aimed 
t o  check the good functioning of the whole monitoring system. 
These results were not incorporated in the final analysis. 

Moni tored  p a r a m e t e r s  

During the monitoring periods, the following variables were 
measured with an  interval of some 25 minutes between 2 
measurements : 

Outside climate : 

Temperature, wind speed and direction, relative humidity, 
C02-concentration 

Kitchen, bathroom and WC : 

Temperature close to air outlet, air flow rate, C02-level and 
relative humidity. 

The flow rates of H 2 0  and C 0 2  were calculated by 
multiplying the concentration difference(inside-outside) by 
the air flow rate. 

The ventilation losses were calculated by multiplying the air 
flow rates with the temperature difference(inside-outside). 

These measured data were analyzed in various ways. 
As mentioned earlier, the monitoring was due to practical 
limitations mainly focused on the duct work and the kitchen, 
bathroom and toilet. This means that  no direct measurements 
were done in the living room and in the bedrooms. 



RESULTS 

n ~ O - " ~ I ~ e ~  : 
Airtightness measurements 

- avenge : 1.3 h.' 
- minimum : 0.0 h-' 
. maximurn : 2.4 I' The airtightness of all apartments was measured in detail. The 

global airtightness as well as  the leakage distribution room by 
room was determined. 
The global airtightness is expressed for a pressure difference of 
50 Pa. The airtightness ranged from 0.8 to 2.4 K', with an 
average value of 1.3 h-l. This level of airtightness is full in Y line with the requirements of the manufacturer (n50c 2 h- ) 

The measure nso-values for the Les Ulis building and for the 
Namur building are shown in fig. 4. 

Namur 

Les Ulis 

Fig. 4 : ovcrvicw ofrnevaured oirtightneas values for the 20 epnrtrnenta in the Lea Ulia building end for 
the 10 uparlrncnlr in the Namur building. 

Climatic conditions during monitoring periods 

An indication of climatic conditions during the monitoring 
periods is given in fig. 5 (outside temperature) and 6 (wind 
speed). The average outside absolute humidity as a function of 
the outside temperature is given in fig. 7. 



Yiy, ti : Hirloyram o l  moosured wind vclodly during the vorioua moniloring campaign8 in b s  Ul is l l l  
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Variation of air flow rate as a function of indoor relative 
humidity. 

The humidity controlled ventilation grills open and close as a 
function of the relative humidity. Therefore one should see an 
increase in air flow rate each time a significant increase in 
relative humidity occurs such sudden variations are in these 
apartments mostly found in the bathrooms (when taking a 
shower,...). 

A good example of such correlation during a 2-days period is 
given in fig. 8. One sees the rather good correlation of the 
variations in air flow rate and of relative humidity. 
It  must be mentioned that such good correlation is not always 
observed. 

Pig. 8 : air flow votes in a similar n l e n n u !  and humidity mntrolled apartment oe well ns the relative 
humidity in the humidity contmlled npufimont, Lea Lllia. Jvnuny 19Illlll 



The relation during a 20-days period for the daily average 
values is given in fig. 9. Two humidity controlled apartments 
are compared. One can clearly observe the relation between 
variations in relative humidity and air flow rates. 

Fig. 9 : doily o v e r o p  oir flow mtce ond rclotive humidity level8 in 2 humidity ccontmlld apartments Les 
Ulir. 6 La 26 Janvnry I W O I  11 



Influence o f  outside temperature a n d  wind  speed  on air 
flow rates  

The variation of the air flow rate as a function of outside 
temperature and floor level for wind velocities of less than 21111s 
is shown in fig. 10. The effect of the wind speed is  shown in fig. 
11. 

Fi& 10 : voriolion of lhe overage oir flow mte. as function d l h a  outside tempmlura,  r i n d  rolositie4 
belwcen 0 and 2 m/s.Lea Lnislll 



Fig. I I : vmintion d thc nvcnpe nir flow n t e s  na hnction a< the wind velocity, outaide tempraturn 
bclvcen 4 and 7 'C,Lca Ulia Ill 



The relation between the difference in absolute humidity (inside 
-outside) and the difference in C02concentmtionCideoutside) 
is given in fig. 12. These are averages for all 20 apartments. 
One sees an extremely good correlation for small differences. 
For higher differences in absolute humidity, the scattering 
becomes rather large. 



Energy consumption for ventilation 

The monitored results allowed also to calculate the average 
energy losses (W) due to the duct ventilation (temperature 
difference between inside and outside * air flow rate *specific 
heat losses of 1 m3). 

The seasonal energy consumption Q,, can also be estimated by 
using the following formulae : 

Q,, = 0.34 * N * Z(Q,ir,Te * FTe * (Ti - Tell 

where : 
N = length of the heating season in hours 

FTe = percentage of the time that the outside 
temperature is between T;-0.5 "C and Te+0.5 "C 

QTe = average total air flow for an outside temperature 
Te 

Ti, = inside temperature of the extracted air. In order to 
allow a First estimation, an inside temperature of 
21 OC is assumed. 

The results of the calculations are given in table 1. 

' h h l e  I : Ihlimnlion ulafauonnl encrw demnnd (kwh) lor vnrious apafimenlrlll 

R(eference) H(umidity) Difference 

Floor 0 3465 2335 1130 

Floor 4 2335 1760 575 

Mean (all) 2890 2040 850 



Conclusions 

From the three monitored buildings in France, Belgium and the 
Netherlands. the humidity controlled ventilation system in Les 
Ulis gives clearly the bes&esults. This could to a certain extent 
be expected since the building has a very good airtightness and 
the ventilation ducts are well appropriate for this kind of 
ventilation system. 

As a result of it, the application of a humidity controlled natu- 
ral ventilation system leads in the apartments in the Les Ulis 
building t o  a significant modification of the air flow rates. This 
is clearly seen when analyzing the trends themselves as when 
looking to the relation between the various variables. 

The objectives as mentioned in the introduction of this case- 
study are t o  a large extent reached in the case of the Les Ulis 
building. 

The 2 year monitoring experiment has also shown that there 
are in general no serious aging problems. A prediction of the 
energy consewation potential is always a difficult issue, but the 
estimations are of the order of some 500 to 1200 kwh for a 
heating season. 
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3.4 Performance assessment of a 
humidity controlled ventilation 
system in Northern Italy 
Research Institution: 
Dipartimento di Energetica, Politecnico di Torino 
Corso Duca degli Abruzzi 24 
1-10129 TORINO/(Italy) 

Contact persons: 
G.V. Fracastoro, M. Masoero 

2. Introductory considerations 

Mechanical ventilation is seldom adopted in residential 
buildings in Italy. However, the synergic effect of recently 
developed factors (e g, supertight windows, lower indoor 
temperatures, and cold bridges frequently caused by 
incorrectly placed thermal insulation) are now often 
creating condensation problems, particularly in Northern 
Italy, where cold and rather humid winters are common. As a 
consequence, mechanical ventilation is now been considered 
as a useful technique to avoid condensation. Among 
ventilation techniques, novel technologies such as demand 
controlled ventilation, based on humidity control, appear 
particularly interesting. 

3. Project description 

A multifamily building, equipped with a passive humidity 
controlled mechanical ventilation system, has been 
instrumented in order to assess the performance of this type 
of installation under field conditions in the climate of 
Torino (northwestern Italy). 

4. Goals of the investigation 

- To check the resulting air humidity levels in terms of 
preservation of the building constructive elements and 
thermal comfort of the occupants; 
- to determine if the air change rates resulting from the 
adoption of this ventilation strategy are sufficient to 
provide an acceptable indoor air quality (IAQ); 
- to compare the adopted ventilation strategy with natural 
ventilation and traditional (i.., without feedback) 
mechanical ventilation systems on the grounds of energy 
savings and IAQ. 
- to verify the subjective reactions of the occupants to the 
adoption of an unconventional ventilation system. 



5. Site and location . . 

The measurements were performed in the center of Torino, a 
one- million inhabita'nts city-in Northwestern Italy. The 
climate of Torino is summarized by the following data: 

- length of heating season: 180 days (October 15 to April 
15) 
- ,:eating degree-days (20/12OC): 2700 
- ,rind velocity: c1.0 m/s in winter 
- relative humidity (RH): above 70 % in winter 
See also Fig. 1 (plot of typical outdoor RH vs. temperature 
in the heating season). 

Fig. 7 - Humidity ratio vs. temperature 
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The building r w m  

The object of the investigation is a six-stories multifamily 
building accomodating ten flats (two at each floor), plus a 
small "conciergerie" at the ground floor. It has an overall 
volume of 3500 m3, and a heated area of about 1400 m2. 

7. Building services 

Each flat is equipped with an individual heating system, 
consisting of a gas boiler and hot water radiators. 
The ventilation system is centralized, with one extraction 
fan in each building having a nominal power of 0.55 kW and a 
nominal flow rate of 3,000-4,000 m3/h with a pressure head 
of 150-200 Pa. Air is evacuated from each flat through three 
extraction grilles, located in the two bathrooms and in the 
kitchen. Exhaust air from each flat is driven through two 
vertical ducts (I.D. = 125 mm) into the attic, and then 
collected by a horizontal duct (I.D. = 250 mm) to the fan. 
Fresh outdoor air is introduced into the flats through the 
hygro-controlled immission grilles located in the roller 
blind boxes of the living room and the bedrooms. 



8. Type of DCV system 

The buildings were equipped with a forced Humidity 
Controlled Ventilation (HCV) system, manufactured by the 
French companies AERECO (hygroregulating grilles) and ALDES 
(ducts and fans). The size of the immission grille opening 
varies with relative humidity, due to a polyammidic fibre 
strip, treated and stabilized by the producer, which varies 
its length with RH. The grille opening area varies linearly 
between RH = 40 % (A = 5  cmZ) and RH = 75  % (A = 30 cm2). 

9. Monitoring programme 

The measurement campaign started on October 20, 1989 and 
ended two months later. 
The experimental apparatus consisted in 10 mechanical 
thermo- hygrometers continuously recording temperature and 
humidity profiles outdoors and in nine rooms of three of the 
ten flats. 
Two questionnaires were distributed to the occupants. 
The first was employed to collect information about the 
occupants' behaviour, allowing the definition of the typical 
daily and weekly activity schedules of the tenants in the 
instrumented flats, from which the water vapour production 
was estimated. They included questions about the location of 
the vapour producing electrical equipment, the cooking 
habits, the use of sanitary hot water, the presence of 
plants in the rooms, etc. 
The second questionnaire (see Table I) was used to define 
the reaction of the occupants to the ventilation system. 

Table I - Questionnaire filled by the occupants. 

1. Did you notice humidity problems in the building 
components? 
2. Are you satisfied with indoor temperature levels? 
3. Are you satisfied with indoor humidity levels? 
4. Did you notice any malfunctioning of the system, such as: 
a - noise 
b - air draughts 
c - insufficient ventilation 
d - eccessive ventilation 
5. Did you try to modify the operation of the ventilation 
system? 
6. Did you modify your habits regarding window opening for 
airing? 
7 .  Are there any modifications you would like to suggest 
about the installation or use of the ventilation system ? 



10. Results 

Indoor Air Quality considerations 

Figures 2 and 3 show respectively the frequency distribution 
and the cumulated frequency distribution plots of indoor RH 
(relative to about two months of hourly data) in the 
different rooms of Flat # 1 (kitchen, bathroom, living room, 
and bedroom). From these figures it can be seen that, 
although the highest vapour production occurs in the kitchen 
and the bathroom, in these two rooms only 10 % of R H  values 
are above 50%, and 2-3% are above 55%. The lowest RH values 
have been detected in the living room, and the highest ones 
in the bedrooms. 

Flg. 2 - Frequency dlstrlbutlon of RH 
1 1 . 1  ., , a 

ruahlrqe rza .A- rn YCe rn -- m-  

Flq. 3 - Cumulated rreq . dlstr. of RH 

a u- . - -7-z- . - 
Surface condensation problems 

A second type of analysis refers to surface condensation 
problems and, in particular, to the condensation events on 
the aluminum frame of the windows, which is usually the 
coldest spot indoors. 
The analysis consists of three steps: 
- determination of the indoor frame surface temperature (Ts) 



vs. outdoor and indoor temperature, using a numerical code; 
- determination of dew point temperature (T ) as a function 
of indoor air temperature and relative humitity; 
- construction of frequency distribution plots for (T, - 
Td) . 
Results for the kitchen of  flat^ # 1 are given in Figures 4 
and 5; the two bar graphs respectively show the absolute 
frequency of condensation events as a function of outdoor 
temperature and time of the day. The risk of surface 
condensation appears to be related, to special times of the 
day when a hiqh vapour production rate (i.e., preparation of 
meals: see Fig. 5)- occukred. 

Ftg.4- Condensatton events 

Ftg. 5 - Condensat ton events 
,-r.l..~.* 

Energy savings evaluations 

The evaluation of energy savings requires the determination 
of i) the actual number of air changes, and ii) the 
theoretical number of air changes required by a constant 
ventilation system providing the same peak value of RH. 
The number of ach's was calculated assuming perfect mixing 
and dividing each flat into two zones: a night-zone 
including bedrooms and bathroom, and a day-zone including 
living room and kitchen. Measuring moisture content in the 
two zones and outdoors, and estimating the water vapour 
production in both zones, the air flows from outdoors to 
each zone and between the zones can be determined. 
As an example, the results of the calculation are reported 



for a 12 hours period. Total extracted air flow (mZo) and 
disaggregation of flow rates ( e .  , m20, mtl, and mo2) are 
presented in Fiq. 6. The average values of ow rates during 
this period are-reported in   able 11. 

Flg. 6 - Calculated alr flows - 
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Table I1 - Average flow rates and air changes 

Flows: Total From outd. to room 1 From outd. to room 2 

The total average ach's was close to 0.50, while the peak 
number of ach's was 0.83, indicating an air flow reduction 
of 40 %, whether a constant ventilation system would have 
been adopted. 
It should be stressed that, assuming a perfect mixing 
situation, which may be far from being true, the air flow 
rates are probably overestimated by a factor of 1.5-2, 
because the location of the extraction grilles (e.g., right 
aboye the cooking equipment in the kitchens), allows to 
realize rather high ventilation efficiencies. 

Occupants' acceptance 

The results of the questionnaire shown in Table I are listed 
in Table 111. A total of 20 questionnaires were distributed 
to the tenants. Twelve families did not reply. Six 
questionnaires were returned, one of which incomplete. TWO 
tenants refused to fill the questionnaire and declared to be 
globally unsatisfied with the system, without explaining 
their reasons. In general, the tenants that answered the 
questionaire (probably, those who paid more attention to the 
operation of the- system) expressed a global satisfaction, 



while pointing out some relatively minor problem. 
The most frequent problem that was detected is the 
condensation of water vapour on the aluminum window frames 
in the bathroom. A few of the tenants have expressed some 
annoyance, especially in the coldest days, for the cold 
draughts creeping into the bedrooms through the grilles 
during the night, and have also tried (successfully) to 
outdo .the system by taping the inlet grilles. Other 
annoyances which were claimed, such as temperature 
differences between rooms, may be not attributable to the 
ventilation system. 

4 

On the positive side, several tenants noticed that the HCV 
system allowed them to reduce airing and that indoor 
humidity was acceptable even under "severe" (e. g. , cooking 
time) conditions. The quality of indoor air was also 
considered satisfactory. 

Table I11 - Results of the questionnaire. 

Question YES NO NOTES 
# # % # % 

1 4 67 2 33 Condensation on bathroom windows 
2 4 67 2 33 Temp. differences between rooms 
3  6 100 0 0 
4 a 1 17 5 8 3  
4b 0 0 6 100 
4 c 1 17 5 8 3  
4 d 0 0 6 100 
5 1 20 4 80 Inlets plugged due to low temp. 
6 4 80 1 20 Reduced need of airing 
7 0 0 5 100 

11. Conclusions 

The performance of the tested system may be so summarized: 
i- the system was able to maintain low levels of relative 
humidity and simultaneously required 
ii- a reduced amount of fresh air compared to a traditional 
system (with constant flow rates). 
iii- Thanks to the low indoor RH condensation on the walls 
was avoided, except on the metal frames of the windows. 
iv- There was an apparently "cool" or even "hostile" 
reaction of some of the occupants to this type of 
ventilation system. It may be due to its novelty for the 
Italian habits. 
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3.5 A demand controlled 
balanced ventilation system 
in an energy efficient 
dwelling in practice 

Researcher: 
J. J.M. Cauberg, Cauberg-Huygen Raadgevende 
Ingenieurs BV, Postbus 480, NL-6200 AL Maastricht 
1 :  +31-43-2150 07, Fax: +31-43-21716 

2. Project description 

To analyse the practical behaviour of a balanced ventilation system which 

was controlled by a sensor in several ways: 

manual control, as a reference 

RH sensor in living room with setpoint adjusted as a function of the 

outside air temperature 
RH sensor in exhaust air with setpoint adjusted as a function of the 

outside air temperature 

RH sensor and IAQ sensor in exhaust air with fixed setpoints. 

The application of DCV for balanced ventilation for dwellings stiould be 

given on the basis of the analysis. 

3. Site and location 

The dwelling was located in Maasbree, the Netherlands. The dwelling forms 

a part of energy efficient dwellings (high insulation and heat recovery of the 

ventilation air). 



4. Building form 

The building form is given in figure 1. 

. 1 

The air tightness of the dwelling is 2,6 h". 
The U-values are: 

roof = 0,37 w/rn2K 

walls = 0,25 w/rn2K 
glazing = 1,31 w/m2K living/kitchen 

3,00 w/m2K first floor 

5. Building services 

The dwelling was heated by radiators. The ventilation of the dwelling takes 

place by means of a balanced ventilation system with heat recovery. The 

principle of the balanced system is given in figure 2. 

6. Utilization 

In the dwelling live 2 adults and 2 children, also in day-time. 

7. Basic ventilation strategy 

The balanced ventilation system can be used by the occupant by means of 

a manual switch in 3 levels with the following ventilation output: 

high 220 m3/h 

middle 155 m3/h 

laag 35 m3/h 



8. Demand control strategy 

3 different demand control strategies are used during 2 weeks: 

DCVl Controlled a RH sensor in the living room. If the RH in the living 

room is higher than the setpoint, the fan will work in highlevel. 

If the RH is lower than the setpoint the fan will work in low level. The 

middle level will not be used. Because the RH in a dwelling is not 

only a function of the moisture production in the dwelling but also of 

the outside air temperature is not chosen for a fixed setpoint but for 

4 setpoints as a function of the outside air temperature, see figure 3, 

curve a. 

DCV2 Controlled by a RV sensor in the exhaust air. There is here also a 

setpoint installation bound to the outside air; see curve b. in figure 3. 

DCV3 Controlled by RH sensor and IAQ sensor in the exhaust air. 

Both sensors are connected in parallel so that the overstep of the 

setpoint of the sensor switches the fan in more revolutions per 

minute. Per sensor 2 setpoints are possible so that as well the low 

level (basic ventilation), the middle level as the high level will be 

used. 

Setpoint installation: 

RH-sensor: 

/O LG) RH = 55% 

ht 74 RH = 65% 
IAQ-sensor: /W lAQ= 65% 

hfgh lAQ= 70% 



Monitoring 

Except for the switch behaviour of the ventilation-unit also the indoor 

climate parameters RH and C 0 2  concentration are determined; also the 

output of this sensor is recorded via a so called IAQ sensor (mixed gassen- 

sors). The monitoring scheme is given in figure 4. 

Results 

The fan levels as a function of the control strategy show: 

I I fan level in % I 
control type 

The control DCV3 with the IAQ sensor (most important property) leads to a 

considerable higher working cycle in the high level than manual control. 

Figure 5 (with the division of the high level of the day for DCV3 and manual 

control) shows that the reaction of the IAQ sensor of the day is high 

handed divided. In case of manual control the high level takes place mostly 

in the afternoon and in the evening. 

manual 

DCVl 

DCV2 

DCV3 

DCVl and DCV 2 mostly characterized by a RH installation related to the 

existence of condensation and mould growth does not switch on the high 

level. On the basis of this criterion the basis ventilation gives enough 

ventilation for this dwelling. 

I I I 
high 

DCV3 has mostly controlled on the IAQ sensor and practically not on the 

RH sensor. 

24 
--  
-- 
55 

middle low 

3 
-- 
-- 

16 

73 

100 

100 

29 - 



It appeared that there is no relation between the value of the IAQ-sensor 

and the RH in the living room. 

There is a good relation between the RH in the living and the RH in the 

exhaust duct, nl. 

RH (living) = 0,78 RH (exhaust) - 0,03 with a correlation of 0,9. 

The relation between RH exhaust and RH (sleepingroom) resp. RH (bath) 

are much weaker, the correlation factor was 0,7. 

The average C02 concentration in the bedroom was: 

manual control = 900 ppm 

DCV1 - - 1050 ppm 
DCV2 - - 890 ppm 

DCV3 = 575-790 ppm 

11. Conclusions and recommendations 

The totale ventilation quantities vary considerable per adjustment. The 

application of a IAQ sensor lead, to an increase of the working cycle in 

high level and thus to a higher energy level. The occupants (not by means 

of: a' detailed enquiry) appreciated this adjustment as the best. The lowest 
ventilation takes place if it will be adjusted on a RH sensor with setpoint 

adjusted to the prevention of surface condensation. 

A RH sensor can be installed in the living room or in the exhaust duct. The 

use of a RH sensor besides a IAQ sensor does not give always a better 

adjustment. The IAQ sensor reacts also on the RH and is faster. 
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The floorplans show some details of the  systems 
used. 

Table 2: Description of ventilation systems in the Five Research Houses 

The Sue, Jones and Smith houses were 
extensively monitored and retrofitted as pa r t  
of the  research. The Morewood house had 
an existing D C V  system which .was tes ted as 
found. The HeLma house' w a s  new 
construction, and incorporated ventilation 
design specifications prepared a s  p a r t  of 
this project. 

Sue house 

Jones house 

Smith house 

Morewood house 

Helma house 

Field investigations began w i t h  extensive 
commissioning tests on existing ventilation 
systems, fallowed by minor up-grades and 
instal la t ion of long t e r m  monitodng 
equipment. A f t e r  th ree  months of monitodng 
house performance and air quality without 
D C V ,  each house was retrofitted with a new 
D C V  system. 

HRV with recirculating system 

HRV without a recirculation system 

Exhaust only ventilation with recirculating system 

Exhaust only ventilation without a recirculating system 

Multiple sensor DCV system, HRV with recirculating 
system 

The new D C V  systems employed a v&y of 
sensors, to permit continuous measurement 
of such parameters as C02 levels, p ressure  
differentials, temperatures indoors and out ,  
relative humidity, absolute humidity, air flow 
through t h e  ventilation system, activity 
levels w i t h i n  t h e  house, operation of heating 
equipment and clothes dryers ,  and air flows 
through vadable exhaust equipment and 
furnace blowers. Several patented devices 
for gauging air quality measurement were 
also employed in t h e  houses, including t h e  
Massawa V i t a l  Air Purity m e t e r  ( w i t h  sensors  
for oxygen, particles and humidity), and  t h e  
Halitec h Sensor ( for odours and 
combustibles). Different combinations of 
sensors were used in each house, as 
dictated by t h e  type  of systems. Spot 



measurements were also conducted for 
measuring formaldehyde, organics and other 
pollutants. 
Intensive monitoring of activity scenarios 
was conducted in four of t h e  research 
houses, to measure how t h e  systems 
responded to very different kinds of 
activities within t h e  home. The intensive 
monitoring included: a tracer gas growth 
test in each house, to measure ventilation 
effectiveness; a t racer  gas decay test, to 
measure ventilation efficiency; a mass 
balance moisture test, to measure t h e  
capture efficiency of t h e  exhaust inlets; and 
a multi-point absolute humidity test, to 
measure the  moisture absorption and 
desorption rates of t h e  entire house. 

R e s u l t s  

General 

The results of field monitoring on th ree  of 
t h e  research houses is presented in t h e  
fallowing table. 
Table 3: Summary of Low Level  Monitoring - Before and AHer OCV 

W i t h  demand contml, ventilation reductions 
of 6% to 21% resulted for t h e  period 
monitored. This w i l l  result  in a 
corresponding reduction in energy required 
to heat t h e  ventilation air. In addition, fan 
eledrical energy was reduced f r o m  23% to 
34%. 
While generally reducing energy use, all 
three D C V  systems achieved slight 
reductions in average C O 2  levels, and 
significant reductions in peak C O 2  levels. 



Jones house 

Three figures from t h e  Jones houses are 
presented as  an example of t h e  data t h a t  
was analyzed prior to choosing a D C V  
strategy for this house. A similar 
procedure was followed for t h e  Sue house 
and t h e  Smith house. 

Figure 1: Typical Working Day presents a 
typical working day in t h e  Jones house. 
The house has 335 square meters of living 
area and is a super  energy efficient rated 
under t h e  Canadian R2000 Program. The 
house is heated w i t h  a hot water radiant 
boiler and is ventilated w i t h  a fully ducted 
H R V  running continuously. Two adults and 
four children live in t h e  Jones house. The 
mother works a t  a nearby schwl  and t h e  
children are all schwl  age. 

C02 levels slowly rise duzing t h e  night w i t h  
6 people sleeping w i t h  a ventilation rate  a t  
62 L / s .  C02 levels are constant through 
t h e  night and peak a t  8:30 AM as t h e  family 
prepares to start t h e  day. 

The H R V  is activated either by relative 
humidity sensors o r  by manual contmls.  
The maihum H R V  f b w  is a t  7:30 AM and 
likely corresponds to showers. C02 levels 
decay slowly over t h e  day bu t  begin to rise 
when the  children first arrive home m m  
s c h w l  a t  3:00 PM. The maximum peak for 
C02 (850 ppm) is reached a t  1 1 : O O  PM just  
before bedtime. Activity Sensors detect  
some slight movement duzing t h e  night a s  
occupants use t h e  washroom and a bu r s t  of 
activity in t h e  mornincj. Activity sensors 
detect  t h e  a r d v a l  home of t h e  youngest 
children in t h e  early afternoon. Weekends 
w e r e  found to only vary slightly from this 
typical working day. 

Figure 2: Evaluation of Absalute Humiday 
Sensor for DCV Conbml presents intensive 
monitozing of t h e  same house a t  t h e  same 
time of year ,  bu t  over several days.  
Absolute humidity and C02 are being 
sampled every 5 seconds and averaged and 
stored on a 3 minute basis by t h e  data 
acquisition system. Only a rough visual 
correlation exists between peaks in C 0 2 .  and 
absolute humidity. ~ u h d i t ~  and C02 peaks 



tend to coincide, however t h e  C O 2  peaks a re  
usually one to three  hours later. During 
unoccupied periods, C O 2  concentrations drop 
from peaks of 800 - 900 ppm to 500 - 600 
ppm (about 35%). For the  same period, 
absolute humidity drops about 15% to 20%. 
A t  night, when t h e  six occupants are 
*ping, C02 concentrations remains 
relatively stable, w h i l e  t h e  absolute humidity 
tends to fall. 

Figure 3: CO-Pi lo t  CO2 DCV C o M  shows 
t h e  Co-pilat data acquisitiDn contml program 
acting a s  a D C V  controller in t h e  Jones 
house. This trial of t h e  software shows tha t  
t h e  feedback gain set for the  ventilation 
system controller was to high, causing an 
ematic fluctuation in t h e  ventilation rates .  
Further  experimentation was required to 
obtain a smwth transition. W i t h  a C O 2  s e t  
point of 650 ppm t h e  D C V  system w a s  unable 
to match t h e  load d u e g  breakfast. 
However, during most of the  night Etows of 
either 40 L/s o r  88 L/s were able to control 
the  b a d .  

Helma House 

The Helma house w a s  a new house, designed 
to demonstrate D C V  technalogy, and to 
validate the  insights obtained kom t h e  other 
4 houses. Commissioning of t h e  new D C V  
house showed the  suitability of using l o w  
cost sensors for detecting V O C s ,  absolute 
humidity, air Etow and activity levels. The 
Helma house D C V  system has five main 
features tha t  are presented in Table 4 .  



Table 4: Features 
r 

CX3nclusions and Recommendations 

of DCV Control Strategy i n  Helma House 

'eature 1 

Feature 2 

Feature 3 

Feature 4 

Feature 5 

Feature 6 

A number of useful guidelines for designing 
D C V  systems in Canadian housing were 
discovered. by analyzing data from the  before 
and after b w  level and intensive monitoring. 
The guidelines apply to the  5 research 
houses and we believe can be safely applied 
to  other Canadian homes. 

The system automatically turns an when people are at home 
and cycles on and off when people are away. The ventilalion 
rate is calculated by the solbare program based an activity 
levels and the numoer of people at home. (Alternatively. a 
C 0 2  sensor could have been used.) 

An  air quality sensor will detect when pollutants are produced 
and will increase venlilation rates. The Figaro semi- 
conductor sensor Operating in AC mode with a breather will 
sense toxic cleaning chemicals, off-gassing from construction 
materials and cisar smoke. 

The system automalically monitors moisture levels in the 
home and outdoor temperatures. The system wltl 
automatically lower humldity leveis to prevenl condensation 
form occurring on rL~ndow surlaces 11 orndoor temperatures 
drop. 

The informaucn that is Seing monitored is conllnuously 
displayed on a video monitor in the living room. Tne 
occupant can always be aware of how the system and the 
house is performing. 

The soilware wrllten lo control the system is able to achieve 
any ventilation rate by switching berween rwo motor windings 
and lour motor speeas. Moving averages are used to 
damoen variability and slowly target a given ventilation rate. 

The occupant can override the system dl-any time to set 
minimum and maximum ventilation rates by turning a dial and 
flicking switches. The occupant can cnoose when to rely on 
the automatic svstem. 

- D C V  offers benefits only when time-varying 
occupant generated pollutants exceed 
building related pollutants 

- Source control of building generated 
pollutants a t  the  construction stage is 
essential for applying D C V  control strategies 
in new Canadian homes. 

- C02 is an excellent indicator of occupancy 
and ventilation requirements in residential 
buildings. A s m a l l ,  moderately p&ed 
passive C02 gas analyzer performed w e l l  in 



th ree  research houses. However, t h e  cost  
of the  technalogy is tDo expensive for t h e  
buLk of Canadian houses. 

Activity related pollutants a re  best  
controlled by special purpose high capaa ty ,  
directly vented, exhaust fans with high 
capture efficiencies. 

Relative humidity is a poor indicator of 
occupancy. Response times a re  slow and 
often there  is no discernible change in R H  
d e s p b  mapr changes in occupancy and C02 
concentrations. Absolute humidity is a much 
better indicator of occupancy than relative 
humidity but  still displays a lag time t h a t  is 
due to absorption and desorption 
characte-s of t h e  house. Ventilation 
contml based on absolute humidity is limited 
to the  heating season, and is best combined 
w i t h  a window inside surface temperature to 
provide condensation control. 

The dehumidistats commonly employed for R H  
control were found to be grossly inaccurate 
as supplied by t h e  manufacturers, sub* to 
d m  over time, and lacking any convenient 
means for re-calibration . 
Passive Infra red (PIR) activity sensors 
proved l o w  cost and reliable during t h e  field 
t r iab.  They have a poor shor t  t e r m  
correlation with C02 but- excellent long t e r m  
correlation. The poor short  t e r m  correlation 
is due to the  fact t h a t  activity is sensed 
instantly whereas pollutant concentrations 
lise over time. Short t e r m  correlations could 
be improved w i t h  more sampling points, and 
a software program t h a t  is able to gauge t h e  
level of activity over time and allow t h e  
system to respond to t h e  rhythms of t h e  
household. 

Semi-conductor sensors ( e .g .  Figaro T68800) 
appear to have potential a s  an overall I A Q  
indicator if used in alternating operation 
w i t h  a breather t ha t  periodically flushes t h e  
sampling chamber to automatically . zero the '  
sensor. 

High mixing rates in L s i d e n d  houses are 
preferable to zoning and can greatly reduce 
t h e  ventilation requirements on a room by 
room basis. In an energy effirient home, t h e  



ventilation requirements - not t h e  heating 
I w d  - should dominate t h e  design 
specifications for air moving and distdbution 
systems. 

- D C V  systems are  particularly effective a t  
reducing peak pollutants concentrations. 
This offers improved health and comfort, 
even if t h e  mean level of pollutants are 
similar for systems without D C V .  

- Further research, including theoretical work 
and chamber testing, is needed to develop a 
simple and reliable performance, .,test capable 
of descdbing t h e  effectiveness of f resh air 
distdbution, and the  response time of 
systems to'  fresh air demands. The 
development of these tests could greatly 
faciLitate the  evolution of ventilation systems 
and t h e  incorporation of minimum standards 
w i t h i n  t h e  building code. , 

- Inlets equipped with humidity controlled 
bladders were found to be particularly 
ineffective for D C V  application, bath in 
coastal climates and in central  Canada. 

- D C V  system design can be simplified by 
defining t h e  most common operating modes 
for t h e  house, and configuring t h e  air 
mixing and air change rates accordingly. 
Typical operating modes could be: standby 
( w i t h  timer activated intervals of operation); 
occupant arrival; high activity; odour 
contml: and sleep. 

- A potential exists for lowering t h e  capital 
costs of sophisticated D C V  systems by using 
a multipurpose home computer. 

- Occupants should nut be relied upon to 
optimize t h e  operation of ventilation systems, 
although occupants must have t h e  ability to 
interpret  and override automatic controls 

I -  D C V  systems have t h e  potential to become 
highly visible sales features in new homes, 
espedally if occupants are provided with 
continuous feedback on their  indoor and 
outdoor environments. 

References : 
Moffatt, P . ,  Moffatt S . ,  and Cooper, K . ,  
"Demand Controlled Ventilation", Final 
Report - March 1991, Canadian Mortgage and 
Housing Corporation, Ottawa, Canada. 



3.6 A Demonstration of Low Cost 
DCV Technology on Five 

. . 

Canadian Houses 
Contacts: T h e  primary objective f o r  t h e  p r o m  was to 

P.  Moffatt determine if D C V  can improve t h e  way in which 
S hel tair  Canadian houses are ventilated, while b w e r i n g  

Scientific Ltd .  the operat ing o r  capital cos t  of ventilating 
Vancouver, B . C . sys tems.  A f u r t h e r  objective was to provide 

guidance f o r  home builders and ventilation 
T .  H a n d i n  system designers on what D C V  s t ra tegies  might 
C M H C  b e  most appropriate f o r  nea r  t e r m  
Research Div . applications. 
O t t a w a ,  Ont. 

The  p r o m  w a s  completed in five separa te  
phases  described in Table 1. 

Table 1: Phases of C M H C  Funded D C V  Research 

Phase  1 Literature Survey  
Phase 2 Preparation of a Primer fo r  Builders and  

Designers 
Phase  3 Field Research on Five Canadian Houses 
Phase 4 Computer Simulations of Ventilation Rates 
Phase 5 Economic Analysis of D C V  

Field investigations were intentionally designed 
to test ventilation systems compatible w i t h  t h e  
new CSA F326 Ventilation Standard f o r  Canadian 

e n e r g y  e f f i d e n t  houses .  Four of t h e  f ive research  houses were 
& b w  toxicity e n e r g y  ef f ident ,  b w  toxicity construct ion.  

Site and Location 

T h e  houses were located in both coastal  and  
interior climatic zones. The Sue,  Smith, Jones, 
a n d  Helma house were in t h e  v i d n i t y  of 
Vancouver. The Morewwd house w a s  in O t t a w a .  

V e h '  " " n Systems 

The v a d e t y  of systems w a s  intended to reflect 
the most common approaches applied in new 
e n e r g y  efficient Canadian housing. 









Research Institute: 

DORNIER GmbH 
Dept.: MTE 
P.O. Box 1420 
D-7990 Friedrichshafen 

Researcher: 

W. Raatschen 

Humidity control in dwellings has only one reason: 'to 
avoid mould'. The demand for energy savings arises the 
need for a control strategy, which is directly oriented to 
the problem. And the problem is the growth of mould! 

3.7 Advanced Humidity 
Controlled Ventilation 

Summary 
Based on research results of IEA-Annex 14 'Condensation 
and Energy' a new humidity controlled extract ventilation 
system was tested and improved. The characteristic feature 
of the controller is that it takes the special conditions for 
mould growth into account. The setpoint to activate the 
fan is not fixed, it is a function of the surface 
temperature at the critical location of a wall and the room 
air temperature. The system was tested in a bathroom with 
severe mould problems in an occupied dwelling. The aim 
was to find a control strategy which insures to avoid 
mould growth on one side and to be highly energy 
efficient on the other side. The different control strategies 
investigated gave valuable information about the design of 
such a system. 

Figure 1: Front view OF the test dwef ig  in Friedrichhafen 

Common humidity controlled ventilating systems use a 
setpoint, which seems to be choosen quite arbitrarily. 
Almost always the setpoint is choosen to be constant 
throughout the year. Often it is choosen with regard to 



good indoor climate for the occupants within a range of 60-70 
% relative humidity (RH). Humans are not very sensitive to 
changes of the humidity level in indoor air, as long as the 
indoor relative humidity is not lower than 30%. 

A problem oriented solution has to be adopted to the 
conditions, where mould growth becomes possible. Results of 
IEA-Annex 14 show that mould germination occurs when the 
mean water activity againstlon a nutrient surface remains higher 
during a shorter or longer time than a threshold value ' a ' ,  a 
being a function of the mould species, the temperature, the 
substrate (nutrient) ... .Using the fact that in steady state, the 
water activity is nothing other than the RH, the condition for 
mould germination becomes p$ a.pt  

Mould growth is a very slowly happening process. 
Unfavourable conditions may prevail throughout longer periods 
(days, weeks). A first order approximation has been established 
which says, that the RH against the surface on a monthly base 
should not be higher than a defined threshold value a, where a 
is a function of the lowest surface temperature in a room, 
usually a thermally weak spot in the building envelope, called a 
THERMAL BRIDGE. 

Aim of the Project 
The most effective way to avoid mould problems is to properly 
insulate the building and to choose the right materials 
especially in rooms with higher moisture loads. Assuming a 
quite well insulated house, an average occupant behaviour with 
regard to moisture emissions and ventilation rates, humidity 
control may not neccessarily be controlled, as other pollutants 
may govern the ventilation rate. But in dwellings where 
moisture problems exist and where remedial measures on the 
building envelope insulation are not possible or wanted (due to 
economic reasons or others), advanced humidity control 
provides good means to solve the problem with minimum 
energy consumption. 
This report tries to answer the following questions: 

is advanced humidity control able to avoid 
mould germination or not? 
down to which insulation quality (u-value, 
temperature ratio) is mould germination 
possible to avoid by advanced humidity 
controlled ventilation? 
does the a-value philosophy hold in practice? 
what energy consumption is associated with 
this control strategy? 
what maximum extraction rates are necessary? 
comparison of different control strategies 
investigate boundary conditions (moisture 
emission rates as a function of time); time 
period for the fan to run after the emission 
process. 



Year of conshkction: 1960 

total Living area: 177 ml 

bathroom: 
floor area 7.24 ma 
height: 2.32 m 
volume: 16.8 m3 

flagged walls and floor 

1 shower 
1 bath-tub 
2 sinh 
window, double glazed 
2 exterior walls 
2 inner walls 
gypsum plaster at ceiling 
ratio of sorptive surface area to total 

mrface area Rabs = 0.18 

occUDmcv: 
2 adult. 
3 children (age 1.5.7) 

Proiect Description 
Important for this project was, that investigations were not 
made in a test house but in a commonly occupied building. 
Choosen was the bathroom of an old manson in Friedrichhafen 
in the south of Germany. The house was situated only lOOm 
away from the lake shore of Lake Constance, i.e. the local 
climate was more humid than in other parts of this region. The 
bathroom had a severe thermal bridge at the north-west corner 
where the insulation quality of the ceiling was very poor. 
Although windows in the past had been opened regularly after 
showering, mould germination appeared again and again after 
one or two months. The application of fungizides didn't cure 
the problem. 

Mould spores at the ceiling and in between the tiles were 2 
times washed off with a fungizide liquid. The ceiling was dried 
out for a day and then painted with usual wall paint. 

Im~lementation of an Extract System: 

Close to the shower and the bath-tub the extract grill was 
installed into the ceiling and connected to the fan by a flexible 
duct. To avoid any flow through the duct when the fan was off, 
a self-closing damper was interconnected. The extracted air was 
exhausted to the attic. 

Neure 2: View into the interior 
of the bathroom Figure 3: Schematic of the batbroom with memurement locations 



Thermal Bridge: 

To find the representative place, i.e. the weakest insulated spot 
in the room, to position the PT 100 resistance thermometer, 
local surface temperature measurements were made. The coldest 
spot was located on the tiles in the north-west comer just 0.5 
cm below the ceiling. 

Figure 4: View at the north- - 
west comer of the 
bathroom 

Indfees: 
's - surface 
e - exterior 
1 , room air 

The bar indicatg mean values. 

A surface heat hmder coefficient of 
h = W / m %  gives a local thermal 
kanrmission coefficient of 
u - 2.5W/m%. where as the flat waU 
had a u-value of u Z O.SW/m%. 

~ U R  5: Dktribution of surface temperatures in the 
north-west comer of the bathroom 

Tem~erature Ratio: 

The temperature ratio 'T' reflects the quality of a wall during 
steady state conditions and can be evaluated with monthly 
mean values of the ambient, the room air and the surface 
temperature. It is a parameter to characterize the insulation 
quality of a building. A temperature ratio of 720.7 is regarded 
as good. Our bathroom had a ~$0.55, what is very poor. 
However, it was intended to test the humidity controlled system 
in a house with severe mould problems to investigate whether 
mould germination can be stopped by adequate ventilation or 
not. Figure 5 shows the structure of the wall and roof design. 
The joints in the comer of interest could not be identified and 
are presumed. 



Figure 6: Ternperature&umidity 
sensor, dummy 
switch, and data 
aquisitim 

e 

u r e  7: Schematic of the wall and roof design of the bathroom 

Data Aauisition: 

The relative humidity and the air temperature was measured in 
the bathroom and in the floor at a height of 2 m, in the extract 
duct before the fan and in the ambient with capacitive humidity 
sensors and PT 100 thermometers from Rotronic. Also the total 
air pressure was measured. With reed-relais the opening 
condition of the window, the door and the light switch was 
detected. Also a dummy switch was installed, it was used 
manually by the occupants to fix the duration of emission 
during a showering or bathing process. 

A folio PT 100 was glued onto the previously determined 
coldest surface spot of the wall. The fan speed was measured 
with a light barrier integrated into the fan. The energy 
consumption of the fan was measured with a conventional 
supply meter. 

The data acquisition cycle time was approximately 5 sec, to 
scan all measuring points. During time intervals, where the 
relative humidity in the room was higher than the calculated 
setpoint, i.e., when the fan was in operation, minute mean 
values were recorded, so that the humidity history could be 
followed precisely. During all other times, where no vapour 
producing activities found place (fan turned oft), hourly mean 
values were stored. 



Fieure 8: View to the north-west corner of the bathmom with 
FT100 glued against the coldest spot of the wall 

Omration of the Fan 

The fan speed could be controlled within 7 intervals. The 
micro-processor evaluated the actual RH setpoint with regard to 
the surface temperature measured at the wall. The difference of 
RH between 100% and the setpoint was devided into 7 
intervals, i.e. the fan speed was linked to the moisture level in 
the bathroom (100% RH - max. speed). 

Data Evaluation 
Air Exchange Rates and Volume Flows 

To answer the question, how much energy is associated with 
this kind of control strategy and how much vapow was 
produced, a mass balance of the air and the vapow in the room 
was established. 

Air Exchange 
During times, where the fan was turned off, the air exchange in 
the bathroom was governed by the positioning of the window 
and the interior door and the prevailing weather conditions. 
In this experiment it was not possible to use a tracer gas 
technique to monitor the actual air change rates continuously. 
Some spot measurements were taken, which indicate an air 
change rate of n=0.2h-1 with window and door closed, no wind 
and outdoor temperatures around freezing. As the door was 
kept open for 80% of the time the mean air change rate of the 
bathroom was at approx. n=0.12h-I. 



Volume Flows 
Dwing all times, where the indoor RH exceeded the calculated 
setpoint, the fan was automatically turned on and operated in 
one of 7 modes determined by the humidity level in the bath. 
The extracted flow dominated the natural air exchange by far. 
The extracted flow rates were measured as a function of the fan 
speed and the positioning of the window and the door using 
tracer gas techniques. Results showed a substantial amount of 
background leakage. 
The fan installed had at nominal speed of n-2750min-1 and for 
~p=oPa  a max. flow rate of 325m3fi. Due to pressure losses of 
the duct, the inlet grill, and the self-closing damper the 
extracted flow rate at nominal speed decreased to 175m3fi with 
door and window closed. At a nominal fan speed of 2750mm-1, 
door and window closed, the extracted flow rate was 174m3/h. 
71% of the extracted air originated from outdoors and 29% 
entered the bathroom via the floor. 
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Figure 9: Memured alr tlow of the fan as a function of speed 
and leakage conditions 

In addition to the tracer gas experiments the room with its 
extract system was simulated to obtain information about the 
room pressure and leakage characteristics of components. 
Leakage parameters were estimated according to tracer gas 
results. Window and background leakage were combined and 
represented by one power law element. The same expression 
was used for the closed door. The extract outlet, the flexible 
duct, the self-closing damper, and the resistance of the 
temperaturefiumidity sensor were also combined to one power 
law element. 
At the nominal fan speed of 2750min-1, door and window 
closed, and with an extracted flow rate was 174m3fi the 
calculated underpressure in the bath was ~42Pa .  Noise problems 
at the leakage paths at full speed were not encountered. 



Vaaour Emission Rates 

Water vapour m w  balance: 
(fa0 on) 

m - emitted mass flow rate of 
vapour 

Qi - v o h e  flow rate of air at 
location i 

pi - density of air at location i 
x i  - absolute humidity location i 

Index I: 
1 bathroom 
2 E floor 
3 E extract duct 

'Ihe mass balance derived does not 
account for absorption/desorp4ion 
effects, what means that the actual 
calculated rates of vapour emission at 
time 1 are not correct. But if one 
Looks at longer time intervals. e.g. 12 
or 24h. all absorbed vapur will be 
desorbed again and the accumulated 
vapour mass for this paid will be 
quite accurate. 

To obtain a reliable mass balance of the emitted water vapow, 
the supply flows from the ambient into the bath, from the floor 
into the bath, and the extracted flow by the fan and their 
humidities had to be hown. 

The water vapow mass balance gave the exhausted amount of 
vapow as a function of time and the accumulated vapour mass 
for a month. To compare the different months, all data were 
normalized to a month of 30 days. If there were gaps in the 
data because of malfunctioning of sensors and e.g. only data 
from 25 days exist, the information of the 25 days were also 
normalized to 30 days. 
As it was not possible to measure' air flows during times where 
the fan was off, calculated vapour production rates only 
represent those time intervals, where the fan was in operation 
and the volume flows hown. Note, that due to the assumption 
of no absorptionldesorption the momentary values may be off 
the real production rate. 

The thermal energy consumption to warm up the mechanically 
ventilated air to bathroom temperature was calculated from 
September 14, where the building was heated. The readings of 
the supply meter gave the electric energy consumption of the 
fan. 

Measurement Phase 
The measurement phase could be divided into 4 parts: 

1. Control stategy 1, the criterium for the 
evaluation of the setpoint is surface 
condensation, per = 1.0 
Duration 12.05 - 02.1 1.1990 

2. . Control strategy 2; the criterium for the 
evaluation of the setpoint is surface 
condensation, per = 1.0. 
Fan only operated in 2 speeds, 
speed 1 = 85mJ/h, speed 2 =125m3/h. 
Duration 05.1 1. - 14.1 1.90 

3. Control strategy 3, the criterium for the 
evaluation of the setpoint was 95% RH 
against the surface, Vcr = 0.95, fan operated in 
2-speeds (see 2.) 
Duration 15.11. - 30.11.90 

4. Control strategy 4; the same as strategy 3, but 
fan operated in 7 modes 
Duration 01.12. - 02.01.91 



Control Strategy 1+2 

The setpoint, rp,, was determined in the way, that no surface 
condensation at the coldest surface spot of the wall should 
happen. The surface wall temperature, Qg, the room air 
temperature, Q1, and the control criterium, rp,,, was used to 
evaluate cp,. 

According to the example this means, that the fan was tumed 
on as soon as the RH of the room air exceeded 57.5%. During a 
month there are now times, where cpl is higher and lower than 
cp,. The condition for having no mould growth is fulfilled, if 
the monthly mean of the FUl against the surface is lower than 
the a-value. 

Data were recorded from May to November including hot and 
humid as well as cold and dry weather conditions. In July the 
light barrier in the fan broke, so that the fan operated well but 
the recorded fan speed was zero. The fan was repaired in 
September. Due to a change of the control software and a 
malfunctioning of the program only hourly mean values  we^ 
recorded from July to November. 

Control Stmtew 3+4 

The setpoint cp, was determined in such a way, that the fan was 
tumed on, when the FUl against the surface exceeded 95%, i.e. 
cpcr=0.95. 

Results 

As the surface as well as the room air temperature (see figure 
10) fluctuates, also the FUl setpoint cp, will change and adopt to 
the prevailing boundary conditions. E.g., during the 3rd week of 
may (see figure l l) ,  rpc oscillated between 78 and 90%. The 
peaks indicate emission processes. The fan operated during time 
intervals where cpl was higher than rp,. The maximum 
extraction capacity of the fan of approx. 200m3/h assures that 
100% RH in the room air is seldornly reached. The 3rd week of 
may was quite a humid week; every day had a period of 2 4  h 
during the afternoon where the absolute humidity outdoor was 
higher than indoor. 
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Figure 10: M d t e m p e r a -  
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weelr of May. 1990 
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&ure 11: Meapured humidities 
during the 3rd week of 
May, 1990 

'a' value 

As mentioned before, one goal of the experiment was to find 
the correct criteriurn PC,, which assures that no favorite 
conditions for mould growth prevail for longer periods. Short 
moisture peaks are allowed (and can usually not be avoided due 
to limited extraction rates) as long as there is enough time for 
the surface to dry out again. Le., the evaluation of the RH 
setpoint f,, which is based on momentary data of the surface 
wall temperature and the room air temperature should guaranty, 
that the monthly mean RH against the surface is not higher tha 
the mean a-value. Table 1 shows the a-value, calculated with 
the mean surface temperature and the corresponding mean RH 
against the surface from May to December. 

Table 1: Monthly mean values of meapurement campalgn 
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May 
June 

criteriumJuly 
lPc,-l.OAug. 

SeF. 
Oct. 
Nov.112.8 

Nov.2 
criteriumDec.1 
qcrm.95Dec.2 

17.6 
16.4 
20.1 
20.6 
15.9 
15.4 

14.2 
10.4 
11.6 

20.9 
20.2 
22.7 
23.1 
20.1 
21.2 
20.7 

20.6 
20.5 
20.0 

16.3 
14.5 
19.8 
20.1 
14.0 
11.3 
5.4 

9.9 
1.3 
2.9 

80 
80.3 
79.2 
79.1 
80.5 
80.7 
82.2 

8 1.4 
83.9 
83.0 

815 
89.0 
78 
75.0 
90.7 
92.4 
92.0 

92.3 
88.9 
88.0 

883 
3408 

* 

6563 
9637 

1350 
948 
366 

768 
15.9 

1428 
3876 
* 
* .  
* 
* 
* 

* 
6207 
11890 

6.3 
12.6 

.A 

17.7 
39.0 

2.7 
6.4 
* 
* 
* 
* 
* 

* 
36 
56 



For the warm months of May to August the control strategy 1 
gives reasonable results. One conclusion is that if the evaluation 
of the RH setpoint is based on surface condensation, such a 
humidity controlled extract system is able to keep the RH so 
low that no critical conditions for mould growth prevail. 

The results of the colder months from September to November 
indicate that a control criterium which is based on surface 
condensation is not able to keep the RH against the surface on 
a monthly base below the desired a-value. For December the 
control criterium waschanged to (pc,=0.95 RH against the 
surface. The results show that for December the difference 
between the measured RH against the surface and the a-value 
decreased to 5% (from 83.9 to 88.9 and from 83.0 to 88.0) 

It can be assumed, that for this dwelling with its typic 
occupancy pattern a further reduction to (p,,=0.90 RH would 
keep the mean RH against the surface close to the mean 
a-value. 

O ~ e r a t i n ~  Time of the fan 

Figure 12 is a plot of the air humidity in the room 91, the set 
point or control humidity cp,, and the fan speed n v e m  time 
for a warm day of May 26. At t=1264min the shower started 
and lasted 8 minutes. At t= 1266min 91 exceeded cp, and the fan 
was turned on. With some fluctuations the fan operated at full 
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Figure 12: Room and control RE and fan speed during a 
shower proem on May 26, 1990, bathroom door 
open 



speed during the vapour emission process and needed another 
13 minutes to bring the humidity in the room below the control 
value cp,. At t=1281 min the RH cpl had fallen short of cp,. Due 
to slow desorption of moisture from the walls and drying of 
wet towels the fan operated intermittently for another 5 
minutes. 

Figure 13 shows the fan performance during a cold day with a 
daily mean outdoor temperature of -4'C. One shower process 
of 10 minutes duration took the fan about 1Oh to bring the 

22 23 23 24 25 28 27 28 28 29 30 31 32 
time lhl 

fan apeed - room RHP, - control RHP. 
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Fleure W: Room and control RE and fan speed during a 
shower pmess on Dee. 5, 1990, bathroom door 
closed 

moisture level down to the set point cpc. This is an extreme 
example. Although the bathroom door was closed for the whole 
time and the main supply flow came from outdoors (x,=0.0024, 
x l~xa~0.0071) ,  it took so long. Also remarkable is, that during 
this shower process the peak RH didn't exceed 72% at a fan 
speed of 60%. During 8h the fan operated between stop and its 
lowest level. 1.e. desorption is such a slow process, that a very 
low and constant extraction rate would be desirable for such a 
situation. 

Figure 14 now shows the running time of the fan as a function 
of outdoor temperature. The scattering of points is high, what is 
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Fieure 14: Operating time of fan ap a functlon of outdoor 
temperature and shower duration (sd) 

due to the diversity of emissions from the washing of hands, a 
short/long or cold/hot showerfiath from adults/chil&en. ', 
Detailed examination of emission information lead to the 
following conclusions: 

the longer the emission process the longer the 
running time of the fan, what is obvious 
a bathing process leads to a shorter running 
time, as the peak emission rate is lower, the 
vapour is directly extracted and a smaller 
amount of vapour is absorbed, i.e. also 
desorption will be shorter 
during cold days also the washing of hands 
leads to an activation of the fan 
although the extraction rate of the fan with 
approx. 170-200m3/h was quite high, a shower 
process goes along with a significant amount 
of vapour being absorbed during colder days 
the colder the outdoor temperature, the longer 
the running time 
if the door is open and the greater part of 
supply air enters from the adjacent floor, the 
longer the running time. The RH data indicate, 
that the RH of the floor was on an average 
approx. 5% lower than in the bath, i.e. it was 
only slightly drier. 

This last experience is worth to be emphasized, as it is contrary 
to arguements in previous research reports in this field 1431. 



The argumentation was, that during winter time a smaller 
amount of supply air is needed to remove a fixed amount of 
water vapow produced as during summer time, because the 
cold air has a lower absolute humidity and will take up more 
moisture than the humid warm air in summer. Why do we 
experience the opposite? 

a the first false conclusion is, that not all supply air entered 
the bathroom from outside. During most times the 
bathroom door was open and the major part of supply air 
originated from the floor and was only slightly drier 
(=5%) than the bathroom air. During shower processes, 
where the door was closed the predominant supply air 
originated from outside (79%). Here the operating time 
of the fan was significantly smaller. 

a the second reason is that the RH setpoint in winter was 
around 55% and during summer around 80%. Therfore, 
during winter time the air humidity has to be reduced to 
a much lower level t h q  in summer, what takes more 
m g  time of the fan. 

a a wall in equilibrium with air of 50% RH can absorb 
much more moisture than a wall in summer in 
equilibrium with air of 8=% RH. Therefore, also. 
desorption can last longer. 

Air Mass Flow 

With the fan speed measwed and the positioning of the door 
and window known the extracted air mass wuld be calculated 
as a function of time. Figure 15 shows such a plot for a shower 
process of 12 minutes during May 28. 
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As soon as the water is turned on, the fan was switch to max. 
speed; with the water turned off, the vapour emission decreased 
rapidly, the RH in the room went down along with the fan 
speed. The fan kept on running for another 50 minutes. 
Figure 15 displays minute mean values. The zickzag behaviour 
between 402 and 425min indicate, that the fan operated in 
between zero speed and the minimum speed of approx. 75m3/h. 
Le., due to desorption the fan went on but the extraction rate at 
minimum speed reduced the RH in the room immediately 
below the RH setpoint cpc and the fan is turned off again. This 
intermittend operation of the fan was not favourable, a fan with 
a lower minimum speed would be better to take care of the 
slow and long lasting desorption process. 

Vapour Emission Rate 

With all air flows and humidities known,a mass balance was 
made to determine the evaporated mass of vapour for one 
shower process and as a total for a month. The thin line in 
figure 15 shows the vapour emission rate as function of time. 
The peak value is approx. 2400gPn what corresponds very well 
with emission rates in the literature /2+3/. 

Energy Consumption 

Table 1 also shows the associated thermal energy consumption 
for the mechanicall ventilated air to be warmed up to room 
temperature. The a d' ditional supply of air n d  % 100kWh 
energy for December. An estimate over the year amounts to 
%380kWh additional expenses for a higher energy 
consumption. Assuming 10ct/kWhthermal. additional operating 
costs are $38/year. The total electric energy consumption was 
measured to 18kWh from May to Jan. 2, 199 1.. If we assume 
energy costs of 20ct/kWhelect,ic, we get additional $3.6. In 
total, it seems to be a reasonable strategy to cure the problem. 

As it is shown in table 1 and mentioned in the chapter 
'a-value', it was not possible at any time to keep the mean RH 
against the surface below the a-value. From September to 
November the setpoint criterium was not severe enough to 
make sure that favourite conditions for mould growth didn't 
prevail. However, the growth of mould seemed to have stopped 
at the ceiling; some mould spots were observed on silicon 
between tiles in October. 

During the last day of the test campaign at January 2, 1991 a 
new careful examination of the ceiling was made; some small 
spots along the horizontal comer at the ceiling with a size of 
2mm were observed, see figure 16. 



Figure 16: PLcture of reappeartng mould germination due to 
the too vage control criterium fmm SepL- Nov., 
picture taken at January 2, 1991 

User Behaviour and Acce~tance 

From the day the humidity controlled system was installed, 
occupants didn't open the window again. They were higly 
appreciated by the automatic system which was turned on and 
off automatically. The mirrors in the bath were free of 
condensation the whole time what increased the quality of 
living. 

In August, when the fan was not installed, the occupants 
returned to their old habits and ventilated by using the window. 

It was also appreciated that the extract system prevented the 
spread of vapour into other rooms of the building. 

Discussion 

To avoid the reappearance of mould only by proper ventilation 
in such a severe case like this bathroom with a thermal bridge, 
having a temperature ratio of 0.55, and where the wrong choice 
of materials (finishing layers) were used, leads to the certainty 
that a control strategy a little more severe as tested in 
December would completely prevent the reappearance of 
mould. This has to be a w e d  in another field test. 

The experience made so far leads to the conclusion that a 
temperature ratio of 0.55 will be almost at the limit, where 
mould growth can be avoided only by advanced ventilation. 
Because, lower temperature ratios will result in lower setpoint 
values. In such a case the humidity in the bath would have to 
be held on a lower level than the adjacent rooms with smaller 
emission rates. 



The a-value philosophy seems to be a useful tool to takle and 
solve problems with mould. A further field test has to finaly 
verify it. However, the result of this case study is a very 
positive confirmation of this philosophy. 

The energy consumption associated with advanced humidity 
control is less than expected. It should also be mentioned again, 
that just so much air is supplied to the room as necessary to 
avoid mould. This means, that the energy consumption can't be 
smaller. 

During summer the control criterium with cpc,=l.O fulfills the 
a-value condition. With less outdoor temperature, cp,, should be 
reduced to 0.9 at &<0'C. 

A control strategy to avoid mould growths was tested 'with 
success. Germination of mould could not completely be 
avoided as the control conditions from September to November 
had not been severe enough. A reliable control algorithm could 
be found, which should be assessed also in other dwellings. The 
requirements for the exhaust fan are, that it can operate in 2 or 
better in 3 speeds; The lowest speed should take care of the low 
emission rates during desorption (20m3/h), a moderate speed of 
80m3/h and a booster speed of min 150m3/h. The a-value 
philosophy turned out to be a very useful tool in practice. 
Temperature factors lower than 0.5 seems to define the limit, 
where moisture problems can be solved only by ventilation. 
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4 School 

4.1 Demand Controlled Ventilation in a School (Sweden) 



Researcher: 
4.1 DEMAND-CONTROLLED VENTILATION 

Leif Norell IN A SCHOOL 
F l a t  IC 
Stockholm 

Summary 

The performance of a system for demand-controlled ventilation was 
investigated for a period of 1.5 years. Presence sensors of the passive 
infrared type are used to control the ventilation rate in each 
classroom. The signal from the presence sensors was recorded, as 
well as the CO2 concentration in the classrooms. 

One of the classrooms was equipped with displacement ventilation. 
A comparison-was made between displacement and mixing 
ventilation to investigate the C02 concentration in the stay zone. A 
significantly lower C02 concentration was measured in the case of 

displacement ventilation. 

Project description 

In 1988, the rebuilding and renovation of an elementary school was 
planned in the Municipality of Nacka outside Stockholm, Sweden. 

F i g  1. J l r l a  school i n  Nacka 
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The most important part of the renovation project concerned an 
improvement of the ventilation in the school. One objective was to 
provide good air quality in the classrooms. A low energy 
consumption was also desired. 

The purpose of this project was to demonstrate that it is possible to 
maintain better air quality in the classrooms by means of demand- 
controlled ventilation when the rooms are in use, and that this can 
be achieved a t  lower energy consumption, compared with the 
dimensioning of fresh air flows in accordance with current 
building codes. 

Measurements and calculations also showed that this was a 
profitable measure. 

Design and measurements have been carried out by Flakt Indoor 
Climate AB, Stockholm. 
The installation and test measurements were funded by the 
Swedish Council for Building Research (BFR). 

Building form 

The schools consists of two buildings joined together by a common 
stairwell. The buildings were constructed a t  different times. The 
older section, which has four floors and contains six classrooms, a 
cafeteria and administrative offices, was built in the 1920s, while 
the newer building dates from the beginning of the 1940s and has 
three floors and six classrooms. 

The classrooms face the south and southeast. The height from floor 
to ceiling is approximately 360 cm in the older section, and 310 cm 
in the newer section. The floor measures 9 m x 6.5 m in the 
classrooms. 

Building services. 
Heating and ventilation before renovation. 

The school has a radiator system for heating that is connected to the 
Nacka district heating system. When the school was renovated, the 



radiators were equipped with thermostat valves; Before the 
renovation, the ventilation system consisted of a natural draft 
system in the older section of the school. The new building had a 
mechanical exhaust air system, in which the fan operated 24 hours 
a day. 

Before the renovation, tests were conducted to test the tightness of 
the buildings and the air change situation. In the building with the 
natural draft system, as well as  in the section with.mechanica1 
exhaust air ventilation, carbon dioxide measurements were 

conducted in the classrooms to determine how the air was changed. 
At the end of a lesson, the CO2 concentration was between 2000 and 

3000 ppm. 

In the newer section of the school, the CO2 concentration normally 

stayed below 2000 ppm, provided that windows were opened during 
recesses. 

CO concentration Mechanical Exhaust Ventilation 
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Air flow tests indicated air changes corresponding to a fresh air 

flow of approximately 2 Us per student. Thus, earlier complaints 
about the ventilation system were justified. 

Heating and ventilation after renovation 

The existing radiator system was kept. The radiators were equipped 
with thermostat valves. When the school was renovated, the six 
classrooms in the older section were equipped with a supply and 
exhaust air system that was dimensioned in compliance with 

existing building codes (5 Us of fresh air per student). 

The six classrooms in the newer wing were.equipped with a 
demand-controlled ventilation system connected to a separate AHU, 
as shown in Fig. 3. The objective was to prevent the carbon dioxide 
concentration from exceeding 1000 ppm in the stay zone. 

Fig 3. System principle 



The system functions as  follows: 

- Each classroom is equipped with a presence sensor of the 
passive infrared type. When the device senses that someone is 

in the classroom, a supply air damper opens and closes ten 

minutes after the presence sensor picks up the last movement 
in the room. 

- When the damper opens, the supply air to the classroom 
increases from approximately 28 Us to about 225 Us. This 
corresponds to 7.5 Us per student, with 30 students in the class 
(grades 4-61, or 9 Us per student, with 25 students in the 
classroom (grades 1-31. 

, 

- The general ventilation (basic flow) system operates 24 hours a 
day. 

- Air exhausted into the corridor outside the classrooms is 
evacuated through exhaust air,devices on each floor. 

- The central air handling unit for supply and exhaust air is 
equipped with fans with guide vane control. The supply air is 
controlled by maintaining a constant pressure in the supply air 
duct system The exhaust air follows the supply air flow. 

- The AHU is equipped with a plate heat exchanger for heat 
recovery, as well as a microprocessor-based controller that 
makes i t  possible to easily monitor the AHU's function. No air is 
recirculated. 

- Five classrooms have traditional mixing air distribution with 
air being supplied a t  the front end of the ceiling. One room has 

. displacement ventilation, with the supply air terminals 
positioned a t  floor level a t  the two comers in the front of the 

classroom. The supply air temperature is 18OC. 



Measurements after the renovation 

F i g  4. Classroom (306) with displacement ventilation 

Measurements were conducted in three classrooms after the 
renovation was completed. One classroom had displacement 
ventilation and five had mixing air distribution. 

The following measurements were made during 1990-91. 

- The C02 concentration was recorded on a continuous basis for 

about two months. 

- The signals (supply air flow) from the presence sensors were 
recorded in conjunction with the C02 measurements. 



- Fresh air and exhaust air temperatures were recorded. 

- Detailed measurements were made of horizontal and vertical 
C 0 2  gradients in two classrooms over a period of several days. 

- The supply air flow was measured when the detailed 
measurements were made. During these periods, teachers or 

students recorded how many persons were present in the' room. 

- The variation in the supply air in the central air handling unit 

was recorded. 

Results of the measurements 

Function of the ventilation system. 
Room function. 

During the 1.5 years the system has been in operation, the 
measurements have shown that the demand-controlled system has 
functioned as planned. An example of this is shown in Fig. 5. 
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Fig 5. Presence and Cog-concentration Monday 
and Tuesday, May 14th and 15th 1990 



Here the carbon dioxide concentration and signal from the presence 
sensor have been measured for the three classrooms over a 48-hour 
period. The figure shows 

that only one of the three classrooms was in normal use on 
Monday, May 14,1990. 

that in the other classrooms, some one entered the rooms to get 
books or other materials on a few occasions. 

that a small class meeting was probably held one evening in one 
of the classrooms. 

that the classrooms were cleaned on Tuesday evening. 

The fact that two of the classrooms were not used on Monday was 
not in agreement with the ordinary schedule. In general, the signal 
of the presence sensor followed the respective class schedules 
closely. 

Fig  6. Power supply cut o f f  



During the same week referred to above, the operation of the 
ventilation system was disturbed a t  the end of the week, due to the 
ongoing renovation work in the school. On Thursday and Friday the 
power was cut off completely to the AHU. The consequences of this 
disturbance are shown in Fig. 6. 

Central Air Handling Unit 

The following was recorded in the central air handling unit: 

- the control signal to the guide vanes for supply air: 100% = full 
flow. 

- the static pressure in the duct system (supply air): set value 
310 Pa. 

- the control signal for the air heater: 100% = open valve. 

- the supply air temperature: set value = 18OC. 

F i g  7. Ueasured values i n  centra l  AHU 



Fig. 7 shows how the air flow increases as the classroom is used. 

Only about 50% of the total air flow in the AHU is affected by 
demand control, since the remaining 50% is supplied to two 
workshops and to teacher rooms. 

It is possible to see that: 

- a t  8.00 a.m. students arrive a t  one of the classrooms. 

- the presence sensor in the classroom opens a damper. 

- the pressure decreases. Guide vane B compensates the pressure 

drop. 

- another classroom starts to be used, C and D, and the signal to  
the guide vane increases. 

- a t  100% all classrooms are being used. 

Air quality 

During the longer measurement periods, the COz concentration 

was recorded in the exhaust air from the three classrooms. 

The goal to keep the CO2 concentration below 1000 ppm in the stay 

zone was achieved. This could be expected, considering the actual 
supply air flows being used. 

The air quality was also considered good by students and teachers, 
despite the fact that measurements were made during the 
outgasing period, when solvents were being emitted by new building 

materials. The interior of the school was also painted and fitted with 
an  acoustic ceiling. 



Comparison between mixing and displacement air 
distribution 

In two classrooms, one with displacement air distribution (306), and 
one with mixing air distribution (206), detailed measurements were 
made of the CO2 concentration vertically. In room 306 (displacement 
ventilation), the CO2 concentration was also measured horizontally 
a t  floor level. 

When measuring the CO2 gradient vertically, two measuring bars 
with sensors were used a t  0.1, 1.1 and 2.1 m above the floor. The 
bars were placed about 2 m from the rear wall of the classroom as  
shown in Fig. 8. Thus, measurements were made a t  six points in 
all. 

X - vertical measure 
points ' 

- horisontal measure 
potnts 

During the measurements, activity was normal in the classroom, 
meaning that students moved between their desks and the 
blackboard, and between groups. 

The results from the two vertical measurements are shown in Fig. 
9. After a recess, the measurements were carried out over a double 
lesson (about 90 minutes in length). 

Depending on the actual number of students in the classrooms, the 
fresh air flow corresponded to 8.0 Ys per student in the room with 
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displacement ventilation, and 9.2 Us per student in the room with 
mixing ventilation. If the measurement values are corrected to take 
this into account, the measured concentration a t  the 2.1 m level 
coincides in both classrooms, which, theoretically, should be the 
case. 

As can be seen from the diagrams, the COz concentration in the 

mixing air distribution case (206) is  largely the same a t  all 
measurement points. But in the classroom (306) with displacement 
air distribution, a clear difference can be seen between the COz 
concentration a t  the three different levels. 



Here, the mean concentration in the breathing zone (1.1 m) is 
approximately 750 ppm, while the concentration at 2.1 m is about 
1000 ppm. 

1025 
I Room 206 

I Room 306 

Ffg 9 .  Mixfng vs displacement ventilation 



Thus in classrooms, displacement air distribution improves air 
quality in the breathing zone corresponding to about 250 ppm of C02, 

compared with mixing air distribution and a similar air flow. 

It can also be stated that, with displacement air distribution, i t  is 
possible to decrease the fresh air flow, and thereby lower the energy 
requirement for heating air, by about 25 percent, and still retain air 
quality. 

In general, i t  can be noted that the measured concentrations (206) 
indicate that the children (ages 7-13) exhale about 18 1 of C02 per 

hour. This is otherwise a value considered typical for adults 
performing office work. 

The horizontal measurements were also made a t  six points a t  floor 
level (0.1 m). 

+ 4 +is 4 r io  +A A t& rlbe t(;ot[d 

Tig 10. C02-concentration in 6 points at 0.1 m level 

The measuring points and results are shown in Fig. 10. As 
indicated by the results, the supply air, which was cooler than the 



room air temperature, was distributed effectively throughout the 
classroom. The radiators were not on when the measurements 
were made. 

Energy performance 

The measurements confirmed that the air flow to the classrooms 
met the requirements shown on the respective schedules. Based on 
the schedule for the six classrooms with demand-controlled 
ventilation, the system's function and energy requirement for 
heating can be simulated. Climate data were used for Stockholm. 

kWhIclassroom, year I STOCKHOLM AREA I 

Electrlclty 

Heat 

Pay on: 3.4 year. 8.4 yearn 

Pay on: 00. 
4.5 yean 

As shown in Fig. 11, increasing the fresh air flow specified in the 
existing building code (5 Vs per student, 150 1 per class) to a fresh air 
floor guaranteeing good air quality - for example, a maximum of 
800 ppm'of C O ~  (10 Vs per student, 300 1 per class), doubles the 

energy requirement for air handling. 

By using demand-controlled ventilation, however, the energy 

requirement is reduced by more than half. The use of heat recovery 

further decreases the amount of energy required. Based on the 



demand-controlled ventilation and heat recovery system used in this 

project, the payoff period has been estimated at about 4.5 years for 

both measures. 

Conclusions 

When the air flow is 8-9 Us per student, the student feel the air 
quality is sufficient during those months of the year when the room 
temperature is a t  an  acceptable level. 

In the autumn and spring, an  increase in the fresh air flow, using 
air cooler than room air, is desirable to keep the room temperature 
down. It  is not always possible to open windows to air out the 
classrooms because of noise, or because of pollen, for example. A 
high room temperature is one of the main reasons why the students 
feel the air is  dry and of "poor" quality. 

In a VAV system controlled on the basis of air quality, the air flow 
can vary between 100-10% a t  any time of the year. 

This places special demands on the control of the heating coil in the 
central air handling unit. 

The classroom ventilation system controlled by presence sensors 
has functioned reliably. The estimated energy savings were 
confirmed. In a centralized ventilation system, equivalent savings 
can almost be achieved by using a more efficient heat recovery 

system. This should be a more profitable solution in systems with 
short operating times, such as  in schools. 



5 Auditoriums 

5.1 Lecture Hall a t  NTH Trondheim (Norway) 
5.2 C02 Controlled Ventilation in an Auditorium 

(Switzerland) 



Research Institute: 

SINTEF 
Applied Thermodynamics 
7034 NTH-Trondheim 
Norway 

Lecture Hall at NTH 
Trondheim 
Demand Controlled Ventilation (DCV) has been tested in an 
auditorium with displacement ventilation at the University of 
Trondheim (fig.1). Based on full scale trials and numerical 
simulations, this project gives guidelines for sensor location, 
initial settings of the controller and expected savings. 

The study has shown that the sensor may be located in or 
close to the exhaust only if the ventilation system is operated 
with a steady state basic ventilation rate covering situations 
with small occupant load. 1f the air flow is allowed to vary 
widely (zero to maximum), a sensor location at the exhaust 
will not give acceptable controller performance. 

Researcher : 
Finn Drangsholt 

A PID controller tuned to be stable when the room is half 
full has shown good performance when a steady state basic 
ventilation rate of 113 of the maximum is used. 

Energy savings were affected by the outdoor climate, the 
utilization of the room, the heat exchanger efficiency and 
controller reference. Greatest savings are achieved when the 
climate is cold, the controller reference is conservative, 
occupancy of the room is small and the heat exchanger 
efficiency is low. 

Fig. 1. View of the auditorium EL5 - Trondheim. 
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Introduction 

Ventilation of living rooms is close connected to the human 
beings requirement of comfort and well being. 

Besides supplying the human with oxygen, the ventilation 
provides acceptable indoor air quality and thermal comfort 
by removing contaminants, embarrassing odors and surplus 
energy. 

Normally auditoria are ventilated mechanically with balanced 
supply and exhaust. The ventilation rate is steady state and 
based on maximum load. 

Ventilating by demand means that the air flow rate is 
adjusted to meet the actual need situation, either manually or 
by a sensor and a controller. The intention of this principle 
is to save energy and to keep the thermal and atmospherical 
environment at an acceptable level. 

Project Descri~tion 

Aim of project 

The object of this project has been to verify the energy 
savings potential and the contiollability of the DCV principle 
used in auditoria. 

Auditoria are characterized by high occupant loads, meaning 
that the indoor environment is strongly. influenced by the 
users. The utilization of these rooms may vary greatly from 
class to class. This should make these type of rooms well 
fitted for demand control. 

Based on results from full scale trials and numerical 
simulations, this report addresses the following questions: 

controllability : 
- where should the sensor be located? 
- which controller structure gives sufficient response and 

stability? 
- how does room design, ventilating principle and location of 

occupants affect the control ability? 

energy savings : 
- what is the relation between room utilization and energy 

savings? 
- how do other energy measures affect the benefit of the 



DCV system? 

Building construction 

Full scale trials with demand controlled ventilation have been 
carried out in an auditorium (EL5) at the Norwegian 

Year of constr. : 1986 Institute of Technology (NTH). 
Capacity : 320 stud. 
Floor area : 340 m2 The auditorium is located inside an older building. It is 
Room vol. : 1600 m3 surrounded by rooms and corridors at three sides, and an 

atrium glazing at the fourth side. The heat transfer losses to 
the surrounding areas are small. Fig. 2 shows the ground 
level plan. 

Fig. 2. Ground level. 

The walls are made of light concrete. Floor, furnishing and 
intermediate ceiling are made of wood. Part of the front wall 
facing the atrium glazing is made of glass. 

The auditorium is ventilated by displacement ventilation, with 
inlet devices under the seats and exhaust devices in the 
ceiling. There is no heating system inside the auditorium. 

Ventilation system 

The ventilation system is located in the basement under the 
Max : 10000 auditorium. The system is mechanically balanced and 
Exch. eff. : 70% equipped with a heat recovery unit and a heating coil. Inlet 



temperature is fixed at 18OC. The rotating heat exchanger has 
an efficiency of 70% and is interlocked with the heating coil. 
Control functions are handled by decentralized direct digital 
control (DDDC). 

Implementation of DCV system 

voltage 
Load 
Frequency 
Input 

A frequency converter was temporary installed to control the 
Freauencv convert : speed of the fans. The output from the converter could be 

: 380 v adjusted manually or by signals from a controller. The air 
: 20 kW flow rate was variable from 0 to 10.000 m3/h. Max. and min. 
: 0 - 50 c/s flow could be adjusted on the converter. 
: 0 - 2 0 m a  

A PID controller was used with the DDDC equipment to 
handle the DCV operations. Carbon dioxide was chosen as 
relevant indicator of indoor air quality, while temperature 
was used as indicator of thermal comfort. The controller 
algorithm was arranged to handle the most consen;ative 
conditions from these indicators. Fig. 3 shows a sketch of the 
DCV system. 

Speed control 

FC : Frequency converter C : Controller 

Fig. 3. DCV principle. 

As carbon dioxide indicator chosen was an infrared analyzer. 
The analyzer was continuously fed with samples via a plastic 

C 0 2  analvzer; tube and a pump. This arrangement made easy to sample 
Range : 0-2500 ppm from anywhere in the room. 
Output : 0-20 ma 

The temperature indicator chosen used a PT-100 element. 
The sensor was fixed at the front wall of the auditorium. 

Data acquisition 

The data acquisition system used a micro computer with 
analog/digital inputs and digital outputs. The system 



controlled a mechanical multiplexer with 30 channels for gas 
samples, 30 analog inputs (0-20 mA), for humidity, 
temperature, gas analyzers etc., 30 channels for thermocouple 
and 16 channels for sensors with pulse output. 

The development of the equipment started early in the 
eighties and was completed during this project. Fig. 4 shows 
a sketch of the data acquisition system and the sensor 
arrangement. 

- Ternperoture & C02 
Frequency . Ternperoture & humidity 

Fig. 4. Data acquisition system and sensor arrangement. 

Inside the auditorium there are three measurement columns 
containing 19 spots for gas and temperature measurements. 
Column 1 is at lower left side of the auditorium, column 2 is 
in the middle of the room, and column 3 is at the upper left 
side. Further three spots for gas and temperature are located 
at the wall. Table 1 provides a more detailed description of 
the sensor arrangement. 

Tab. 1 Location of temp. and gas spots 



The measuring columns covered the room condition, while 
the spots on the wall covered the boundary conditions. In 
addition 16 spots covered the operation of the DCV system. 

Data Evaluation 

Performance of DCV system 

Knowing the system, and the components Function and 
response to various loads is important when the DCV 
principle is evaluated. 

A critical part of this study was to verify the performance of 
the ventilation system and the ventilation principle. The 
performance study included verification of air leakage and 
short circuiting, calculation of ventilation efficiency and 
indexes, air'flow measurements, measurements of the heat 
recovery unit efficiency and studies of the air inlet 
temperature control. 

Air flow measurements 

During DCV operation the air flow could vary from zero to 
maximum. The actual air flow rate was controlled by the 
number of occupants and the CO, level inside the 
auditorium. 

frequency [c/s] 
supply A exhaust 

Fig. 5. Air flow rate as a Function frequency output. 



Since the energy consumption for heating and transportation 
of air is associated with the air flow rate, it was important 
that flow rate was recorded during the trials. In this case 
study, the output from the frequency converter was recorded 
as a substitute. Fig. 5 shows the relationship between the 
output from the frequency converter and the air flow rate in 
the ventilation ducts. 

As we can see from this figure, the air flow in the supply and 
exhaust duct changed direction when the frequency output 
decreased below 7 c/s and 14 c/s respectively. This situation 
occurred because several ventilation plants were connected 
to a common exhaust and fresh air duct arrangement. 

This arrangement also affected the relation between fan 
speed and energy consumption. While expecting that the 
energy consumption should follow the power law, 
measurements showed a more linear connection between 
speed and load. Fig. 6 shows this relationship. 

1 k 3k 5k 7 k  9k I l k  1 3 k  
Air flow [rn3/h] 

Fig. 6. Relationship between fan speed and electric load. 

Heat exchanger efficiency 

It is important when evaluating the saving aspect of the DCV 
system, to know the performance of other energy saving 
measures that may affect the results. 

In the EL5 full scale trial, the ventilation plant was equipped 
with a rotating heat.exchanger. The exchanger had a stated 
efficiency of 70% when the air flow is balanced at 'l&000 
m3/h. Verification studies based on temperature 
measurements and air flow measurement confirmed this 
efficiency. 



Also of interest when calculating the energy consumption, is 
how the efficiency varies with.the variable air flow. Fig. 7 
gives this relation. The curve is based upon empirical 
formulas given in DANVAC /I/. 

Ventilation rate [rnS/h] 

Fig. 7. Relation between the heat exchanger efficiency and 
the air flow. 

Leakage and short circuiting 

Leakages and short circuiting through components, ducts, 
inside the room and outside the building may also affect the 
results. Using tracer gas techniques, the ventilation plant, the 
ducts and the room were examined. During examinations, all 
doors leading to the auditorium were closed. 

Short circuiting through the heat exchanger was measured at 
1500 m3/h. That means that 15% of the total flow was 
recirculated through this component. Positioning the exhaust 
fan at the opposite side of the exchanger probably would 
have reduced this. 

Leakage from the pressurized plenum chamber to the 
surrounding corridor was caused by poor trading. Slots and 
holes have been revealed by smoke tests. 

The leakage from outdoor to the return air duct is caused by 
leaky sealing and breakages of the sky light. The sky light is 
not in use after the rehabilitation of the building, but it 
represents parts of the outer roof construction. Fig. 8 shows 
the results from this investigation. 



Leakaees : 
Heat exchanger : 15% 
Plenum chamber : 15% 
Sky light : 5% 

Air change efficiency : 

Local air change index : 

7 ,  : nominal time const. 
7 ,  : air change time 
r t  : local mean age 

A : Leokoge through heot exchanger (1500 - 2000 rn3/h) 
B : Leokoge through sky li ht (500 rn3/h) 
C : Infiltrotion/exfiltrotion ?not rneosured) 
D : Leokoge from plenum chamber (2000 rn3/h) 

Fig. 8. Leakages and short circuiting 

Air flow pattern inside the auditorium 
Measurements 

As mentioned in the introduction, one reason for ventilating 
is that we want to maintain an acceptable thermal and 
atmospherical environment inside the room. How efficient 
surplus energy and contaminants are removed from the 
occupied zone is closely connected to the air flow pattern. 

Using different tracer gas techniques it is possible to classify 
the air flow pattern in terms of air exchange efficiency, local 
air change index, ventilation effectiveness and local 
ventilation index. This gives us useful information about the 
fresh air distribution inside a room, and the contaminant 
currents from the sources to the exhaust. 

The air change efficiency ( E , )  expresses how well the fresh 
air is distributed in the room. It gives the relation between 
the mean age of the air in the exhaust duct and the mean age 
for all the air in the room. 

The local air change index ( ~ p )  shows the relation between 
the mean age of the air in the exhaust duct and the local 
mean age at any specific point inside the room. An E ,  > 1.0 
indicates that this point is better ventilated than if the room 
air was complete mixed. 

The ventilation effectiveness ( c  E , > )  express how efficiently 
contaminants generated in the room are removed. It gives the 
relation between the concentration of contaminants in the 



exhaust air and the mean concentration in the room. 

Ventilation effectiveness : 

Ventilation index : 

C,(-) : cons. in exhaust 
C,(-) : cons. in supply 
C,(-) : cons. at a spesific 

point 
< > : mean value of all 

points 

The local ventilation index (E,) shows the relation between 
the concentration of contaminants in the exhaust air, and the 
concentration at any spot in the room. The mean of this 
index in all points of the room equals the ventilation 
effectiveness. 

The technique used for these evaluations is based on 
injection of tracer gas. Air distribution is studied by step 
injection of tracer gas (N,O) in the supply air. The capability 
to remove contaminants is studied by step injection of tracer 
gas at the contaminant sources. In this study the CO, 
dissipation from the occupants was used. 

Since constant concentration is not obtained during a lesson, 
mathematical regression analysis was used to "predict" the 
final concentration cycle. Several' situations with different 
initial settings have been examined. Different occupancy have 
been combined with different air inlet temperature and 
ventilation rate. Table 2 shows the air exchange efficiency 
and the local air exchange index at different locations (see 
table 1) as a function of occupancy and ventilation rate. 

Table 2. Air change efficiency and local air change index 

11 Nr. of occu~ants I 0 1 130 1 220 1 0 1 150 1 240 
Ventilation rate 

E~ at spot 3 
at spot 4 

5.000 m3/h I 12.000 m3/h 

at spot 11 
at spot 12 

The air change efficiency (E,) in tab. 2 tells us that the air 
distribution in the auditorium takes place by displacement ( 6 ,  

> 0.5). Further we can read that the air distribution within 
the tested ranges, is little affected by the variation of air flow 
and occupancy. The observed variations may likely be 
imputed to the accuracy of the tracer gas method. 

at spot 18 
at spot 19 

Getting any trend from the local air change indexes is 
difficult. These results are influenced by the students sits, the 
air inlet temperature and the temperature on all surfaces. 

1.61 
1.47 

0.63 
0.69 

1.00 
0.85 

0.67 
0.91 

1.41 
1.09 

0.94 
1.06 

1.65 
1.64 

0.74 
0.92 

1.54 
1.22 

1.28 
1.29 

1.02 
1.42 

0.85 
1.01 



From pictures taken during the tracer gas experiments we can 
se that the seating pattern varies from lesson to lesson, even 
if the number of students is almost the same. Still one 
conclusion may be drawn. The air distribution to the middle 
of the room (spot 11 and 12) is some what better then the air 
distributions to the corners (spot 3,4,18 and 19). 

The local ventilation indexes however are more significant. 
Fig. 9 shows a situation with the auditorium fully occupied, 
and the ventilation running at full speed. 

7 
i 300 students 1 

I 
200 400 600 

Height [ c r n ]  

Fig. 9. Local ventilation indexes. 

From this diagram we can see that at the upper left zone 
(column nr. 3) of the auditorium, contaminants are removed 
less efficiently than contaminants from other places in the 
room. 

Using CO, dissipation from the occupants to calculate the 
ventilation effectiveness was tested. The method based on 
step injection, however failed. The main reason for this is 
that the students are not arriving the auditorium 
simultaneously, but over a period 15 to 20 minutes. Fig. 10 
shows the students entry to the auditorium. 

An alternative method of calculating the ventilation 
effectiveness is by making an average of all measured 
indexes. This gives us an ventilation effectiveness ( <  e,>) of 
2.1. Comparative to ventilation based on complete mixing 
which gives an < e,> of 1.0, this means that contaminants are 
removed moreaefficiently. 
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Fig. 10. Students entry to the auditorium 

Numerical Simulations 

Tracer gas measurements gives us an idea of the efficiency of 
the ventilation principle. An exact picture of the air flow 
pattern involves a large and impractical number of measuring 
spots. By supplement of numerical calculations solving the 
continuityequation, the momentumequation (Navier-Stokes), 
the energy equation and the ideal gas law, it is possible to 
compute more information about the air flow pattern. 

By using the Computer Fluid Dynamics (CFD) technique, the 
temperature, velocity and mass fraction field for the 
auditorium EL5 have been calculated. These studies have 
been carried out with the computer code KAMELON 
developed at SINTEF applied thermodynamics. 

The auditorium was modelled in three dimension, using 
cartesian coordinates. Half of the auditorium was represented 
by 29184 blocks. The calculations are executed on a CRAY 
X-MP, and the cpu time for one calculation is about 4000 
seconds. 

The results from these calculations are presented graphically 
as horizontal and vertical sections in the auditorium. The 
velocity field is represented by the size and the direction of 
arrows. The representation of mass fraction and temperature 
are built upon iso contours filled with colors or gray shading. 

Fig. 11 shows an example from these computer simulations. 
The results presented are from the vertical section yz19. The 
section is parallel to the side walls. Measurements from the 



auditorium are used to define the boundary conditions. The 
pictures illustrates a situation with the auditorium fully 
occupied and the ventilation system running steady state. 

1 3 5 7 9 11 13 15 
Lenght [rn] 

Fig. 11. Mass fraction (CO,/Air) and velocity field at section 
yz19. 

A number of situations were simulated, indicating that the air 
flow pattern is affected by several factors including room 
geometry, capacity and location of heat source, furnishing, 
aspects of building materials and construction, ventilation 
principle, air inlet temperature and leakages. 

The numerical simulations also confirmed the conclusions 
from the referred tracer gas experiments. As observed, the air 
quality and the thermal comfort in the occupied zone was not 
uniform. Some zones had stratified temperature and 
contaminants, while other zones were well mixed. Where 
these zones occurred depended on the number and 
distribution of occupants. 

Sensor location 

To attain acceptable thermal and air quality environment 
during demand control, it was crucial that the sensors in the 
control loop gave representative information about the 
conditions in the occupied zone. 

The full scale trials and the CFD calculations showed that 
the air flow pattern inside the auditorium was quite complex. 



Poorly ventilated zones which occurred when the room was 
fully occupied, might have been well ventilated when the load 
was reduced. The fluctuations and the inconsistence caused 
by the variable occupant load, the ventilation principle and 
the room geometry therefor made it difficult to recommend 
sensor locations inside the room. 

presuming steady state conditions and no short circuiting, 
means that the concentration of contaminants in the exhaust 
equals that which we would get if the air flow pattern was 
completely mixed. A sensor located in the exhaust will give 
a good indication of occupancy, but will not reflect poor 
ventilated zones. 

Steady state conditions, however will not occur during a 
single class. In addition short circuiting between the supply 
and exhaust devices may occur on sunny days (the front wall 
is heated) and when the room is moderately utilized after 
several fully occupied lessons (all walls are heated by the 
heavy load). 

As we can see there is no ideal location for the sensor, so we 
have to compromise. In our study we found that the short 
circuiting between supply and exhaust appeared infrequently 
and was of moderate size. We also observed that the 
inconsistence in the air flow pattern were not critical. Our 
further experiments with the DCV principle was therefore 
based mainly on sensors located in the exhaust air. 

System regulating ability 

The controller settings and the regulating ability were 
examined using of the process reaction method (Ziegler and 
NIchols) and dynamic simulations. The systems were tested 
with various occupant load, various controller algorithms (P, 
Pi, PID) and various controller references. 

The process response is given by the lags, delays, time 
constant and gain factors. Parameters that affected the 
process were room volume, maximum air flow rate, 
ventilation principle, occupant distribution, sensor location 
and surface temperatures. 

Step response analyses showed that the delays and time 
constants varied widely. The delay was small ( <  60 sec.) when 
the auditorium was fully occupied and the air flow rate was 
high. Together with the ventilation rate, the convective flow 
caused by the heat dissipation from the occupants dominated 
the situation. 



Fig. 12 shows an example of process reaction carried out on 
a fully occupied auditorium. The responses shown are based 
on full scale trials and mathematical simulation. 

Fig. 12. Step response in the exhaust duct (measurements 
and computer simulations) 

When there were few people in the auditorium the 
convective flows were minimal. The time delay was then 
given by the ventilation rate, the flow area and the students 
distribution. 

Theoretically the air flow pattern inside the auditorium may 
vary from completely mixed to piston flow. This unique 
situation is caused by the terraced construction of the 
auditorium and the ventilating principle (displacement). 

The analyses have shown that the process contains several 
essential nonlinearities. This makes it difficult to find a 
controller which is stable. when the occupant load is small 
and not too sluggish when the room is fully occupied. 

Fig. 13 illustrates the different process responses as a 
function of air flow patterns. 



Minutes 

Fig. 13. Process response as a function of air flow pattern 

One way of avoiding the wide range of time delay, is to 
operate the system with a steady state basic ventilating rate 
when the occupancy is small and the convective flows are 
negligible. This situation is handled by a basic ventilation 
rate, and the DCV principle takes control when the 
convective flows from the occupant load dominate the air 
flow pattern. 

Fig. 14 shows how a PI and PIDcontroller can handle this 
controlling strategy. 

Controlled vorioble 

Time [min.] 

Outout moanitude 

Time [min.] 



Three cases with different numbers of students, the one 
following the other were simulated. The first class had a 
occupant load of 280 students, the second class had 150 
students and the third class had 220 students. The basic 
ventilation rate was set to cover an occupancy load of 100 
students. As fig. 14 shows both controllers reach the set point 
fairly quickly a id  perform acceptable stability. The diffeience 
between the controllers is small. Activating the derivative 
element did not improved the controll& performance 
significantly. 

E n e ~  Savings 

The energy savings related to the DCV principle are affected 
by the occupancy of the auditorium, the outdoor climate and 
the air inlet temperature, the capacity and pressure drop in 
the ventilation system, the heat recovery efficiency, the room 
volume, the thermal mass and the set point of temperature 
and contaminants. These quantities which are all used as 
inputs into the computer analysis of the energy saving 
potential in EL5  

The computer code developed for this purpose takes into 
consideration the thermal and atmospheric dynamics of the 
auditorium. The heat exchanger was modelled in a way that 
account for the flow dependent efficiency. The time step for 
these computations was set to 5 minutes, and the outdoor 
temperature was derived from meteorological observations. 

Occupancy of the auditorium 

During our full scale trial with ventilation by demand, all 
human activity was recorded by photography. A camera 
connected to a timer and a clock relay automatically took 
pictures at the end of each lesson. 

The usage of the room was monitored from spring 89 to 
autumn 91. Based on these pictures, the utilization of the 
auditorium was calculated for 6 education terms. The results 
are presented in Table 3. 

Table 3. Utilization of the Auditorium. 
I. I 

Autumn Spring Autumn Spring 
89 90 90 91 



At the University of Trondheim autumn term last from 1. of 
September to'lO. of December. Spring term last from 1. of 
February to 10. of May. 

Another relation that may affect the energy savings, is how 
the use of the auditorium varies during the working day. The 
room temperature is influenced by the internal heat load (the 
occupants), the ventilation rate and the heat capacity of walls 
and furnishing. This means that an alternating between fully 
occupied classes and empty classes may give another result, 
than if the room where fully occupied continuously half the 
day. Fig. 15 gives an example of the variation of occupancy 
during day time. 

350 
Monday Tuesday Wednesday Thursday Friday 

Time 

Fig. 15. Occupancy variations during day time. 

Ou tdoor  Cl imate  

Another parameter that affects the savings is the outdoor 
temperature. In our study of energy savings with demand 
control, meteorological observations recorded by the 
Meteorological Institute were used. These records contain 
daily observations of temperature made at 07:00, 1300 and 
19:OO. The records also include daily maximum and minimum 
temperature. 

By comparing the number of degree day from several years, 
a year with typical climatic data has been selected. In this 
case climate data from Trondheim in 1973 are used as input 
for the computer simulations. Fig. 16 shows the daily mean 
temperature for Trondheim in 1973. 



Computer simulations 

Computer simulations of the energy savings were conducted 
for various personal loads and three different level of CO, 
concentrations. Inputs to the computer program were based 
on information from the full scale trial and climate data are 
representing typical weather. 

Each DCV simulation was compared to a steadily operating 
system. The steady state system was designed to keep the 
CO, level at the reference when the auditorium was fully 
occupied. Table 4 shows the plant capacity as a function of 
maximum acceptable CO, level. 

Table 4. Plant capacity as a function of C 0 2  reference. 
I. 91 )I max C02  level [ppm] : 800 loo0 1 1200 1) 
1) Plant capacity [m3/h] : 16.800 11.400 1 8.400 11 

During DCV operation, the minimum air flow rate was set at 
3000 rn3/h. Hours of operating were from 7 AM to 4 PM. 
Holidays and weekends were treated as if the ventilation 
system was shut down. Accumulated contaminants from the 
furniture and building construction were removed by running 
the ventilation system at full speed from 7 AM to 8 AM. 

Fan load [kW] 14.7 10 7.4 



Fig. 17 shows the results from these simulations. The savings 
are separated in two graphs. One represents the fans and the 
other represents the heating coil. 

Fig. 17. Energy savings in EL5 auditorium 

As we can see from this graphical illustration, the total 
energy savings may vary from 17,000 kWh/year to 50,000 
kWh/year depending on occupancy and the CO, level. 

Conclusions and Recommendations 

This study has shown that auditoria may be an excellent 
application for the demand controlled ventilating principle. 

The regulating ability and the location of the sensor are 
strongly affected by the ventilation principle and the room 
geometry. 
While room based on complete mixing are easy to control, 
care must be taken when the ventilation principle is based on 
displacement and the room is terraced. Location of the 
sensor in the exhaust demands that a steady state basic 
ventilation rate be used in situations with limited occupancy. 
Otherwise the sensor must be moved closer to the occupied 
zone. Unfortunately the occupied zone is not easily defined 
when the number of students is few and they are free to sit 
anywhere. 

The energy savings are strongly affected by the occupancy of 
the room, the heat exchanger efficiency, the outdoor climate 
and the controller set point. 



Whether the principle is cost effective or not has not been 
evaluated in this study. Several components used in this study 
were prototypes and their cost would not give a realistic base 
for an economical analysis. 
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5.2 C 0 2  Controlled Ventilation in an Auditorium 

Project description 

Introduction 

Research Institutions: The choice of the appropriate strategy for demand control has to, be 

- Basler 6 Hofrnann; based on the activities in the concerned rooms. The investigations of this 
Conautting Engineers. 
Zurich project are restricted to rooms where the main source of air pollution is 

- Institut for Hygiene und represented by the occupants (e.g. breathing, odours). In these cases the 
Arbitsphysiobgie; Swiss 
Federal Institute of ~ e c h -  concentration of carbon dioxide may be used as an indicator to assess 
nology (ETH). Zurich 

ventilatina demand. - - Labratoire d'bnergia 
solaireet physique du One example of rooms which have these charactristics are auditoria: high 
baliment: ETH. Lausanne 

concentration of occupants, no other pollutant activities, low emission of 

contaminants by other sources (e.g. furniture). Ventilating demand can 
Contact person: 

therefore be considered t-o be depending exclusively on the presence of 
Marco Zambni  
Basler 6 Hofrnann people. 
Forchstraw 395 
CH - 8029 Zurich 

Objectives 

Energy savings through The main objective of this study is to determine the energy savings that 
demand control 

can be achieved with the use of demand control. Simultaneously an 

acceptable quality of environment (temperature, air quality, etc.) has to be 

maintained. The main work focuses on the comparison between clock 

control and control strategies based on the use of C02-sensors. As far as 

possible competitive strategies such as motion-sensor control and VOC- 

sensor control are also considered. 

The results are based on shorf-time monitoring during system operation. 

Computer simulations provide results for: 

- the comparison of annual performance and for 

- different conditions of operation. 

Tracer gas measurements provide information about the air flow patterns 

within the room and about the recommended sensor locations. 



Building and Site 

Climate of Zurich: 

Heating Degree Days 
(20112 'C): 3'M)O 

Annual average 
temperature 5.6 .C. 

Area: 1 2 0 d  

Volume: 440 m l  

Capacity: 80 persons 

The field measurements were carried out in an auditorium of the Swiss 

Federal Institute of Technology (FTH) in Zurich. 

Zurich is situated near a lake in the northern part of Switzerland. The 

climate is mcderatety cold in winter and quite w a n  in summer. 

Figure 1: Main building of Ule Swiss Federal lnstilufe of Technobgy 

Investigated zone 

Room 

The investigated room (auditorium HG D 16.2) is one of the smaller 

auditoria with an area of about 120 m2. It has a capacity of 80 persons. 



The auditorium is situated in a corner of the main building and has 

windows on one side and at the rear. Because of the near traffic these 

windows have to be kept closed at all times. 

Construction: heavy wall8 The walls of the auditorium are extremety heavily built (up to 1.2 m th~ck) 
wnh poor insulation 

but poorly insulated. Floor and ceiling consist of lightweight constructions 
Frequency of use: 6 days 
per week (metal, wood). The floor of the auditorium rises towards the back of the 

room but the elevation is not significant (about 1 m). 

The use of the auditorium is subject to great fluctuations. The main 

building is open on 6 days per week (monday through saturday) from 7:00 

to 22:OO. The investigated auditorium could also be used during this range 

of time. 

Heating and ventilating system 

Heating: convectors below Convectors with thermostatic valves are placed below every window and 
the windows 

keep the room temperature at an almost constant level. 

Ventilation: Balanced The auditorium is equipped with a balanced ventilating system with a heat 
system with heat recovery 

recovery wheel. The ventilating system supplies air only to this room. The 

supply air can be heated or cooled and enters the room at the desks 

(85%) and through ceiling diffusers above the front desk (15%). The 

exhaust air is removed through ceiling slots. 

I 

Figure 3: System sketch oft* ventilating system 

Both fans have two speeds but since no adequate control parameler is 

available both fans are always run on speed 2. 



Monitoring programme 

Control strategies 

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 temperature and operating time. 

Room and supply air temperature are controlled according to the outside 

temperature. The running time could be programmed according to the 

expected occupancy of the room but usually the ventilating system is 

running on speed 2 from 7:00 until 19:OO. 

Demand control according The temperature control of room und supply air was left unchanged. Only 
to C02 concentration 

running time and speed choice are now controlled by a GO2-sensor. 

Every morning before people arrive the auditorium is ventilated for half an 

hour at maximum air flow (clock control: 7:30 - 8:OO). At 8:00 C02-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 rose above a certain level (27°C). 

Table I: Threshold values lor C02 conmntration or room air temperature 

C02 concentration 

> 750 D D ~  

These threshold values were chosen according to the following criterias: 

- a minimum operation time should be garanteed 

- C02 concentration should never exceed 1'500 ppm (comfort level while 

in the room) 

- C 0 2  concentration should fall under 1'000 ppm within 10 min. after 

people leave the room (comfort level when entering the room) 

< 600 ppm 

> 1'300 ppm 

> 1'100 ppm 

room air temperature 

> 27 OC 

operation 

soeed 1 on 

< 26 OC 

> 28 OC 

< 27 'C 

speed 1 off 

speed 2 on 

speed 2 off - 



Monitoring periods 

Summer: June 1990 The system was monitored during two short periods of about one month in 

Winter: J a n u a ~  1991 summer and one month in winter. During both monitoring periods the 

system was operated alternatively with one of the control strategies 

described above. The evaluation of the aquired data is bascd on the 

period of one week during wmmer/winter and clock controVC02 control 

respectively. 

Monitored parameters 

ouestionning of occupants During the monitoring periods all users of the auditoriumHG D 16.2 were 

questioned about their perception of indoor climate. The questions were 

concerned with perceived temperatures, air quality and dwght. The occu- 

pants were asked to answer the questions both when entering and before 

leaving the room. 

Monitoring The' monitoring focused on the parameters which are relevant for the 

assessment of: 

- energy consumption of the system 

- - indoor climate in the auditorium. 

Energy consumption The first aspect (energy) concentrated on measurements within the 

ventilating system: air and water temperatures, mass flow in heating a n d  

cooling coils, etc. - 
lndmr climte The second aspect (indoor climate) lead to the monitoring of the following 

parameters inside the auditorium: air tempeiatures. C02, air quality, humi- 

dity. The sensors were placed near the front desk, near the projection 

desk at the back of the auditorium and on one seat in the middle of the 

room. 



General concept 

Used sensors 

Table 2: Monitored parameters end used rsnsor~ 

I I Sauter. EGO 10 F O O ~  I room air 10 - 2,000 ppm I 

Parameter 

co2 

Sensor 

Leybold. BlNOS 100 NDlR 

Sauter. EGQ 10 F003 

Aritron. AROX 425A 

Sabter. EGQ 1 room air 0 - 1 0 V  

I 

- - - 

IAQ 

I Motion 1 Stafa Control systems. 1 room I 

Application 

roomair 

exhaust and 

supply atr 

rocan air 

Humidity Rotronic. YA-100 room air 0 - 1 V  
I I I 

Measuring range I 

Output signal 

0 - 5'000 ppm 

0 - 2'000 ppm 

0 - 2'000 ppm 

1 

StBfa control systems, 

FRA-Ql 

thermometers. I I 
To avoid problems of accuracy caused by commercial C02-sensors the 

BlNOS 100 NDlR gas-analyzer was used for system control. The values of 

the commercial (202-sensors were monitored for comparison. 

- 

room alr 

Further investigations 

-- 

1 0 - O V  

Computer simulations 

The short monitoring periods lead to a Comparison of energy consumption 

based on one week's operation.in summer and one week's operation in 

winter. They strongty depend on the choice of the single week and on the 

actual occupancy of the auditorium. Computer simulations can provide 

results both for annual performance comparisons and for different 

conditions of operation. 

- 184 - 



simulation code The computer simulations were performed with the simulation code 

TRNSYS, which was developed by the University of Madison. Thanks to 

the modular structure of TRNSYS the integration of new system com- 

ponents is very easy. Since the C02 concentration is of great importance 

for demand control a new TRNSYS module was developed [4].  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 factory (y = 1 implies perfect mixing). 

Mapping of the age of the air 
\ 

Tracer gas measurements The location of the sensors is very important for the Concept of demand 

control. The 'right' location is strongly dependent on the air flow pattern 

within 'the room. The local distribution of the age of the air can provide 

some information about flow patterns and sensor location. 

The age of the air will be measured using two tracer gases and simul- 

taneously analyzing the concentrations at 10 different locations within the 

room. More details about the applied method are found in [I]. 

Air change rates: 

Speed 1: 3.3 h" 

Speed 2: 5.3 h-' 

Results. 

Preliminary measurements 

No recirculation of exhaust air was planned. Tracer gas measurements 

showed a recirculation through the heat exchanger of almost 4 0  %. 

Fipre 4: Ajr M w s  during systm operation on speed 2 fig/h] 



This serious recirculation is caused by the position of the fans in respect 

to the recovery-wheel. Since the space in the installation room is very 

restricted the normal positioning of the fans (both fans on the suction side) 

was not possible. 

Monitored period 

Generd remarks During both monitoring periods the auditorium was often occupied but very 

seldom there were more than 20 persons presmt. Unsolved problems with 
I 

temperature control in combination with both clock control and C 0 2  

control caused different unexpected effects (e.g. heating of supply air up 

to 35°C for a few hours in summer) 

Energy consumption In both monitoring periods (summer and winter) the consumption of electri- 

city could be reduced by about 80 % due to demand control. These large 

energy savings are due to the fact that the room was poorly occupied and 

therefore the operation timejof the system could be remarkably reduced. 

Speed 2 was never used d u h g  demand control operation. 

The following diagram show? the different operation times for a day with 

similar occupancy. 

Figure 5: Operation of the ventilating system with clock control and C02 control. 
(same weekday: ocwpency: 15 - 20 persons) 



lndmr climate 

Even in summer the room air temperature never rose above the threshold 

value of 27 OC, which means that in practice the operation of the venti- 

lating system was only controlled by the C02-sensor. 

Cooling energy consumption in summer could be reduced by 75%. 

Heating energy consumption was reduced by 15% although during the 

week with C02 control the average outside tefnperature was 1.5 K lower. 

Energy savings are strongly dependent on room occupancy and chosen 

threshold values for C02 control. Computer simulations help to provide 

information about energy savings under different operating conditions. 
1 

The perception of draught and the acceptance of air temperature is 

directly connected with the operation time of the system. Since the ope- 

ration time and the average air change rate was much lower with C02 

control the perceived thermal conifort was definitely higher with C 0 2  

control (less draught ). 

On the other hand during the first monitoring period in summer air quality 

was considered to be slightly worse for system operation with C02 control. 

Figure 6a shows a clear tendency towards greater annoyance by odours. 

a) b) 
Fiwre 6: Perceived odours during system operation with clock control and C 0 2  

wntrol. ( le t  summer; right: winter) 

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 blackboard. The evaluation of the winter 

period when these cleaning fluids were avoided shows much better 

results for odour perception (Figure 6b). 



Simulations 

Operating conditions as monitored (threshold values, occupancy) were 

simulated on a yearly basis and showed important energy savings. 

Figure 7: Calculated energy consumption for monitored operaling conditions 

Since energy consumption is strongly influenced by the choice of 

threshold values for speed control and occupancy of the room these two 

parameters have been varied. 

Figure 8 shows the calculated heat energy consumption for system 

operation with demand control compared to system operation with clock 

control. With known average occupancy of the auditorium and desired 

comfort level (threshold values) possible energy savings can be estimated. 

- 100% occupancy corresponds to the presence of 80 persons 

between 8:OO-12:OOand 13:OO-18:OO (720 person hours 1 day). 

- 100%'treshold values means that speed 1 is activated at 1'000 ppm, 

speed 2 is activated at 1'500 ppm. 1'000 ppm is considered to be the 

comfort level for people entering the room, while 1'500 ppm is 

considered tobe  the comfort level for people who are already sitting in 

the room. Simulations were performed for threshold values at 100%. 

80% and 60°h of these comfort levels. 
- 100% energy consumption is equal to the energy consumption with 

clock control, the same occupancy and . the . same max. air flow. 



Age of the alr 

Fipre 8: Annual heal energy demand b r  different control strategies and different 
occupancy 

Similar savings were also achieved for cooling energy and electricity. The 

choice of threshold values is of great importance for 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. 

Age of the air 

The local mean age of the air was measured at 10 different locations at 

different height in the room. Pulse, step-up and decay technique has 

been used. 

Table 3: Local mmn ege 01 the air b r  @ 1 
(ltaliw: desk law( bold: cbse to the ceiling; rest: about 2m over b a r  level) 

Center 1 26 33 and 32 29 1 29 

Average 

2 8 Back 

Right Center Left 

31 25 2 8 

Front 

Average 

28 3 4 29 

28 2 8 2 9 

3 0 



The measured ages show no significant difference between the different 

locations. This means that a good mixing of the room air is achieved and 

the choice of the sensor location is not very important. 

Alr change emciency Measurements petformed in the exhaust duct resulted in an air change 

efficiency of 66 %. 1 

Conclusions 

Demand control of ventilating systems in auditoria based on C02 concen- 

tration is a very valuable method to reduce energy consumption. The 

achievable energy savings are strongly dependent upon chosen treshold 

values and room occupancy but w ~ l l  very often be in the range of 50 % or 

more. 

Before a demand control strategy can be adopted all other contaminant 

sources except human beeings must be reduced to a minimum (e.g. furni- 

ture, cleaning fluids, ...). If this is the case an acceptable indoor climate 

(thermal comfort and indoor air quality) can be maintained. 

The occupancy of audiforia is often subject to unpredictable changes. It 

would impty a great effort from the operating staff to keep track of all these 

changes. Our experience with this case study is that this continuous 

adaptation of operating time is seldom done. Demand control can thus 

reduce personnel costs while avoiding unacceptable air quality in unfore- 

seen occupancy periods. 

A combination of C02 control and temperature control is recommended for 

comfort reasons. For heavyweight constructions the influence of this 

combination will be small. 

Today's quality of commercialty available sensors 1s sufficient for a wide- 

spread application. A small security margin (e.g. 100 ppm) is recom- 

mended when choosing the threshold values. 
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6.1 Demand Controlled 
Ventilation in a boardroom 

Project Description 

Introduction 

Research The practicality of using DCV strategies 
Institution: to control ventilation in boardrooms or 

other similar areas of highly variable 
Public Works Canada occupancy was investigated. costs. 

Contact Person: 

Bob Davidge, 
Public Works Canada, 
Sir Charles Tupper 
Building, 
Riverside Drive, 
Ottawa, Ontario, 
KIA OM2, 
Canada. 

. feasibility 

environment 

Field trials included ventilation 
control by: the occupant, timers,. 
infrared movement sensors and carbon 
dioxide levels. 

Temperature and C02 leveis were 
monitored. In addition, a questionnaire 
was issued to determine the users' 
preferences. 

The room's users preferred the C02 
controlled ventilation strategy. The 
manual control system was found to be 
more cost-effective. 

Objectives 

The objectives of this study were: 

a) to determine if DCV systems were 
feasible in a boardroom, 

b) to determine if they resulted in 
equal or improved environmental control, 

occupant preference c) to determine if the occupant had any 
preference in control strategy, and 

energy savings d) to determine if energy savings would 
result. 

Boardroom Description 

Area: 27.6m2 
Volume: 77.3m3 
Occupancy: 10 

The board room was 4.6 by 6 by 2.8 m 
high. It had two entrances on opposite 
long walls and is often used by up to 10 
people. 

The boardroom was situated within a 
large office building within an urban 
area. 



ventiiation Strategy 

Building: 

Constant fresh air: 
lo l/s/person 
0.66 l/s/m2 

The building as a whole has a constant 
fresh air ventilation rate equivalent to 
about 10 liters per second per person or 
0.66 liters per second per square meter 
of floor area. The building's 
ventilation system is energized at least 
two hours before the first occupants 
arrive in the morning and runs for at 
least one hour after the majority of 
occupants have left. 

Boardroom: The board room was ventilated at the 
same rate as the rest of the building by 

supplemental exhaust the building's central ventilation 
fan system. This provided the boardroom's 

base ventilation rate. 

The boardroom was also equipped with a 
supplemental exhaust fan. When this fan 
was on, it tended to induce more air to 
enter the room from the building's 
central ventilation system. In 
addition, air would be drawn from the 
surrounding area. 

The boardroom ventilation system is 
illustrated in figure 1. 

R e l i e f  Air R e t u r n  bir Plenun Sup I e n e n t a l  
& h u t  ,------+ 

--3 (-7" - +  

I - ' ~  1 1 / I 1 s t a t  
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DCV Control 

Always on 

Off-on switch 

Infra-red sensor 

C02 control 

Always off 

Room use, 
Occupancy, 
Perception, 
C02, 
Temperature, 
Relative Humidity. 

The study examined five control 
strategies: 

Week 1: The fan was run continuously 
reguardless of switch position. 

Week 2: The on/off switch controlling 
the supplemental fan was operated by the 
occupants. 

week 3: The fan was controlled by an 
infra-red occupancy detector. Occupants 
could not control the fan although the 
switch was left in place and the light 
on the switch would still illuminate as 
if the occupants were controlling the 
fan. 

Week 4: The fan was controlled by a C02 
sensor. The fan was turned on when the 
C02 concentration reached 800 ppm and 
turned off when the level was reduced to 
,600 ppm. 

Week 5: Unknown to occupants, the fan 
intake was rerouted away from the board 
room. The users could use the fan switch 
in the normal manner, the fan would be 
energized, but it would not provide 
additional ventilation. , 

Data Collection 

The room usage was monitored through the 
room booking log. During this period 
occupants were encouraged to fill out a 
questionnaire. The fan usage was 
monitored with a data acquisition 
system. In addition, C02 levels were 
monitored using a Fuji Electric Type 
ZFP5 Portable Infrared C02 gas analyzer. 
A "Stickon" temperaturelrelative 
humidity sensorldata recorder was used. 

The questionnaire used was developed by 
PWC to assess building interior 
environmental performance. In all 
cases, the performance is rated on a 
scale of 1 to 5 where 1 is poor and 5 is 
good. Using the results from over 4,000 
responses, norms have been developed for 
this questionnaire. These are presented 



below: 
Questionnaire Norms 

thermal comfort 
air quality 

Results 

Week Temp. (C) RH ( % )  C02 Occupant 
Max Min Max  in ppm Rating 

Max Temp IAQ 
1 21.5 19.5 39 34.5 1050 3.9 3.8 

C02 control 
preferred 

Observations 

During week 2, the occupants never 
turned the fan on, even they knew that 
they could. 

During week 4, higher C02 levels were 
achieved, but no questionnaire data was 
available for these periods. 

Maximum C02 levels were very likely 
driven more by the C02 levels in the 
supply air and the occupancy of the 
boardroom than by the style of DCV 
chosen. Unfortunately, this was not 
tested. 

Thermally, the occupants seemed to 
prefer a well ventilated environment. 

The occupants also seemed to prefer the 
C02 driven DCV system. It should be 
cautioned, however, that they may have 
been responding to the maximum C02 
levels attained. It is equally likely 
that they may have been responding to 
the rate of change which occurred when 
the controller energized the fan at 
800ppm CO2. 



Energy Efficiency 

Off-on switch most 
efficient 

Savings small 

Motion sensor 
hnnoying 

DCV a practical 
alternative 

Environment improved 

C02 preferred 

Off-on switch 
recommended 

There are two ways that a DCV system in 
a boardroom may achieve energy 
efficiency. First, by allowing 
complaints to be avoided, the building 
operator will not be pressured into 
overventilating the rest of the building 
in order to improve the boardrooms. 
Secondly, the DCV system will allow the 
additional ventilation to be supplied to 
the boardroom only when it is needed. 

In a sense, the manually controlled fan 
was the most energy efficient since it 
was never turned on and it provided the 
occupants with the means of improving 
their ventilation if they so desired. 

The fan which was always on was the 
least efficient. The fan only drew 130 
watts so the energy penalty would be 
equivalent to not having a light switch 
for a small office. 

The motion sensor and the C02 sensor 
were somewhere in between with the 
motion sensor being less effective. It 
tended to turn the fan on even if the 
room was only occupied by one or two 
people. Also, it had the annoying 
tendency to turn the fan off in the 
middle of a meeting if little physical 
action was taking place. 

Conclusions 

DCV systems were found to be feasible in 
a boardroom application. 

Thermal control and IAQ were found to be 
jat least qqual and sometimes better than 
the base boardroom system. 

The'occupant seemed to prefer the C02 
control strategy. 

Energy savings would result from the use 
of a DCV system. It would not currently 
be cost effective to install anything 
more complex than a motion sensor or a 
manual off-on switch. Of these, the 
off-on switch is recommended. 



Demand controlled ventilation in an office building in 
Jonkoping, Sweden 
0. Strindchag, DSc. 

Flakt AB 

Project description 

The air quality and energy consumption in a confcrencc room with dcmand controlled vcntilation 

and in two offices with temperature control have bcen investigated during an 18 month pcriod. 

Carbon dioxidc concentrations, supply air flows and supply and room tcmpcratures were 

recorded in the test program. Further, the reliability of the control system for the conference room 

was studied. 

Site and location 

The office building is located in the town of Jonkoping in central Sweden. 

Building form 

The office building has four storeys and it is about 18 m wide and 60 m long. 

Building services 

The building is heated by means of water radiators. Both the outer and inner zones of the 

building are ventilated by means of Variable Air Volume (VAV) systems. 

Building or zone investigated 

The tests of the demand controlled vcntilation system were carried out in a confcrence room on 

the second floor. This confcrence room has a floor area of33  m2 and a volume of 90 m3. It is 

designed for an occupant load of 15 persons. 

Measurements were also made in two offices adjacent to the conference room. Each of thcse 

offices has a floor area of about 180 m2. The two offices, as well as the conference room, are 

located in the inner zone of the building. 



Local ventilation systems 

In the conference room, the ventilation air is supplied by one air diffuscr locatcd in the ccntrc of 

thc ceiling and exhaustcd by exhaust devices locatcd on one of the walls and close to thc cciling, 

sce Figurc 1. Both thc supply and exhaust air dcvices for the two officcs arc located in the 

ceiling. One central air handling unit supplics thc air to thc confcrcncc room, thc two officcs and 

all other rooms on the sccond floor. 

Demand control strategy 

Before the tests were started in the conference room, the ventilation systcm was changed from a 

conventional temperature-controllcd VAV systcm to a VAV system with combincd temperature 

and carbon dioxidc control. In this systcm, both the carbon dioxidc and tempcrature sensors are 

connected to the control unit originally supplied with the VAV systcm, see Figure 2. The sensor 

controlling the outdoor air flow ratc at any given timc is dcpcndcnt on the prevailing occupant 

load and thc temperature conditions in thc room. 

The carbon dioxide sensor used for control of thc supply air flow to thc confercncc room is of 

type Aritron AROX 425 A and opcrates on the photo-acoustic principle. This type of sensor is 

well suited for measuring the carbon dioxide concentration prcsent in indoor air, primarily lcvels 

ranging bctween 300 and 2 000 ppm. It is locatcd in vicinity of one of the exhaust dcvices in thc 

room. The control system is preset in such a manner that the output signal from the carbon 

dioxide sensor begins to control the air flow when the concentration of carbon dioxide has 

exceeded 600 ppm. 

For the tests in the two offices (designatcd Z1 and Z2), no changcs of the tcmperature-controllcd 

VAV system were made, but one carbon dioxide sensor (AROX 425 A) was installed in each 

office for measurement of the carbon dioxide concentration. 

Monitoring 

The supply air flow rate, the supply air tempcrature, the room air tcmperature and the 

concentration of carbon dioxidc were rccorded both in thc conference room and in the two 

offices during an 18 month test period (October 1989 - March 1991). Also, the outdoor air 

temperature at the inlet of the air handling unit and the temperature of the supply air at the outlet 

of the air handling unit were recorded. Thus, a total of 14 parameters were recorded. 



Measurements of the various parameters were made every minute, but only the mean values of 

five measurements were normally storcd by the data logger, whereas all measured values were 

stored during one week in the middle of cach month. When analysing thc results, mainly thc 

values measurcd during thesc weeks of more intcnse recording were utilized. Sevcral scparate 

tests were also madc during the test period to check the stability of the sensors and thc control 

systems. 

As mentioned above, the carbon dioxide concentrations were measured by mcans of 

AROX 425 A sensors. The supply air flows to thc conference room and the offices were 

measured in the terminal units for these prcmises by means of orifice plates and differential 

pressure sensors. For measurements of the various air tempcratures, thermo-couples were used. 

Results 

Performance of building and ventilation systems 

The system for demand controlled ventilation installed in the conference room is very similar to a 

ventilation system installed in an auditorium about a year before (1). In both cases the reliability 

of the systems has turned out to be very good. Also the stability of the carbon dioxide and air 

flow sensors can be regarded as satisfactory (sec below). 

In Figure 3, thc measured values of room temperature, carbon dioxide concentration and supply 

air flow are shown for a working day during which the occupant load in the conference room 

varied widely. The temperature of thc supply air to the room was maintained virtually constant 

throughout at around 17.5 OC, while the outdoor temperature varied between 7 and 11 OC during 

the period when the ventilation system was in operation, i.e. between 06.30 and 18.00 hours. 

As shown in Figure 3, the rate of air flow supplied to the room increased substantially as soon as 

the carbon dioxide concentration exceeded 600 ppm. As a result, the maximum carbon dioxide 

concentration is restricted to around 800 ppm, which is only about 450 ppm higher than thc 

concentration in outdoor air. At maximum occupant load in the room, the supply air flow is about 

210 Ys. However, the mean value of the supply air flow during the 11.5 hours of operation of thc 

ventilation system was only 60 Ys. 

If a Constant Air Volume (CAV) system had been selected instead of a VAV system for 

ventilating the conference room, it would probably have been rated for a supply air flow of 10 Ys 
per person, i.e. a total of 150 Ys. The average energy consumption for heating the ventilation air 

would thus have been higher. In addition, the carbon dioxide concentration at the highest 



occupant load would have bcen higher, since the supply air flow to the room would have bcen 

restricted to 150 Us, which is only 71 % of the flow supplied by thc VAV system. A VAV system 

controlled by the carbon dioxide concentration in the indoor air can thus be beneficial both to 

energy consumption and to the quality of the indoor air. 

To maintain a good performance of the control system, it is important that the carbon dioxide 

sensor is stable and reliable. The stability of the carbon dioxidc sensor over the whole 18 month 

measuring period was investigated by measuring the carbon dioxidc conccntration in the 

conference room during weekends, when the concentration should be close to the value 

prevailing in the outdoor air. In Figure 4, the average values of the conccntration measured on 

Sunday mornings (average values for an 8 hour period) are given. 

If the carbon dioxide concentration in the outdoor air is regarded as constant during the 

measuring period, this investigation indicates that the sensitivity decrease of the sensor 

corresponds to about 50 ppm at a background level of 350 ppm. Also the sensors used for 

monitoring in the two offices show the same tendencies, i.e. a decrease in sensitivity 

corresponding to 40 - 60 ppm. When the sensitivity of the sensor in the conference room was 

checked with a newly calibrated instrument, similar results were obtained also at higher carbon 

dioxide concentrations. 

A further prerequisite for a good performance of a demand controlled VAV system is that the 

sensor utilized for measuring the supply air flow is stable. Calibrations of the flow sensors in the 

conference room and in the two offices indicate that the sensibility changes are small after 18 

months of operation. Typically, the deviations from the original flow values are less than 5 % in 

most of the flow range. Similar results have also been obtained at long-term tests in an 

auditorium, extending up to 3 years (4). 

Indoor air  climate and occupant response 

The carbon dioxide concentration in the conference room was relatively low during the whole 

measuring period. Usually this means that also the intensity of body d o u r  should be low, as well 
as the percentage of persons dissatisfied with the indoor air quality (2). As the room temperature 

has been rather stable over the whole period, in most cases between 21 and 24 OC, there should 

be few complaints also about the thermal comfort in the room, which is in accordance with the 

experience of the operating staff of the building. 
\ 

It may be interesting to study how well the measured carbon dioxide concentration agrees with 

that calculated at a certain occupancy level. An example for the case that 14 persons occupy the 



conference room is given in Figure 5. After about 3,hours, both the carbon dioxidc level and the 

supply air flow were rather stable at about 840 ppm and 145 Us, respectively. 

The calculated carbon dioxide concentration for an air flow of 145 l/s is 350 + 14 5 000/145 = 

833 ppm, which is in agreement with the measured value. It is then assumed that the 
concentration in the outdoor air is 350 ppm and that an adult person produces 18 lh of carbon 

dioxide at an activity level of 1.2 met units (3). 

To investigate the air quality in the conference room, air samples were also taken by means of 

Tenax tubes and the content of Total Volatile Organic Compounds (TVOC) was detcrmincd with 

a flame ionization detector calibrated against hexane. A value of thc TVOC content of 

0,19 mg/m3 was found in this way. In an office building which is about 4 years old, as in this 

case, such a low TVOC content can be regarded as typical. Most of the substances idcntificd (by 

a mass spectrometer) were hydrocarbons common in modem buildings. 

Energy performanee 

The occupant load in the conference room has been varying considerably during the 18 test 
months. In Table 1, the average supply air flow measured during working hours (06.30 - 18.00) 

are given for the test periods in each month. For determination of the average values, only the 
flow values measured during weeks with intense measurements were normally utilized. 
According to Table 1, the average air flows are much lower than if the room had been ventilatcd 

by means of a CAV system. Such a system would probably have been rated for 150 Us, as 

mentioned above. 

The power demand and the energy consumption for heating and cooling of the ventilation air'to 

the conference room can also be calculated from the measured values. For the intense measuring 
periods, the power demand and the energy consumption during working hours have been 

calculated with knowledge of the air flow and the difference between the outdoor air temperature 

and the supply air temperature at the outlet from the air handling unit. In Table 1, the calculated 

average values are given of the power demand and of the relative energy consumption, compared 
to a ventilation system with a constant air flow of 150 Us. It should be noted that a considerable 

part of the energy used in this building for heating of the supply air is recovered from the exhaust 

air by a liquid-coupled heat recovery system and a heat pump. 

In the two offices the supply air flow rates, the supply and room air temperatures and the carbon 

dioxide concentrations were recorded in the same way as in the conference room. However, the 
carbon dioxide sensors were only used for monitoring - not for control of the supply air flow to 



the officcs. During thc wholc tcst, thc occupant loads in both officcs have been much lowcr than 

cxpccted whcn thc mcasurcmcnt program startcd. Thercforc, thc carbon dioxidc concentrations 

have been low, usually bclow 600 ppm, during most of the working hours. Also, thc cooling 

demands have becn lower than expcctcd. 

The measured values of the room temperature, the carbon dioxide conccntration and the supply 

air flow in one of the offices (Zl) are shown in Figure 6 for a day in Fcbmary 1990 when thc 

outdoor temperature was about + 9 OC. According to the measuremcnts during the tcst period, 

October 1989 - March 1991, it seems possible to decrcase the supply air flow to the offices 

during thc whole year at the present occupant loads. This means that the energy consumption for 

heating, cooling and distribution of the ventilation air can be reduced. 

Costs 

The conference room was originally cquipped with a temperature-controllcd VAV system. As 

pointcd out above, such a system can very simply be modified to a systcm that works as a 

combined temperature and air quality controllcd system. Only an air quality sensor, in this case a 

carbon dioxide scnsor, has to be added to the control system, and no changes in the ventilation 

system or in the building are necessary. It is therefore possible to limit the costs for modifying the 

tempcrature-controlled systcm to a dcmand controlled system to about 1 000 - 2 000 USD. 

Conclusions and recommendations 

The measurement program in the conference room has demonstrated that demand controlled 

ventilation based on carbon dioxide control can provide major benefits in premises in which the 

' occupant load varies unpredictably. 

It is also obvious that temperature-controlled VAV ventilation systems easily can be 

supplemented with carbon dioxide control. 

According to the tests, which extcnd up to 18 months, the reliability of the control system seems 

to be very good. However, it is recommended that the carbon dioxide scnsor of the type in 

question should be recalibrated every second year. On the other hand, the air flow sensor utilized 

for measuring the supply air flow does not seem to necd recalibration, even after a period of 3 

years of operation. 
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Test period Supply air flow Power demand Rel. energy cons. 

Oct 89 53.5 0.21 35.8 

Nov 89 39.3 0.50 26.7 

Dec 89 179.9. 4.51f 120.4' 

Jan 90 32.6 0.38 22.0 

Feb 90 71.1 0.66 46.7 

Mar 90 62.1 0.59 41.7 

Apr 90 63.1 0.58 39.0 

May 90 42.5 0.21 27.2 

Jun 90 46.0 0.16 28.0 

Jul90 40.0 0.07 28.3 

Aug 90 132.2 0.35 86.7 

Sep 90 47.4 0.25 29.4 

Oct 90 51.9 0.27 33.6 

Nov 90 46.8 0.53 30.6 

Dec 90 41.9 0.83 27.9 

Jan 91 49.7 1.16 33.0 

Feb 91 40.8 1.09 27.3 

Mar 91 21.3 0.43 14.2 

Table 1. Measured average values ofihe supply air flow, power demand and relative 

energy consumption in the conference room during working hours. When 
calculating the relative energy consumption for heating and cooling of the supply 

air, the measured consumption is compared with the estimated consumption for a 

ventilation system with a constant air flow of 150 Us. 

* The high values in December 1989 are due to an incorrect thermostat setting in 

the control system for the air handling unit. 



Figure 1. Principle design of the VAV system with combined carbon dioxide and 
temperature control for the conference room. 

Figure 2. Diagrammatic arrangement of the control system for the conference room: 
1) air flow sensor, 2) damper, 3) control unit, 4) room temperature sensor 
and set point selector, 5) carbon dioxide sensor. 
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Figure 3. Measured values of room temperature (t), carbon dioxide concentration (c) and 
supply air flow (q) in the conference room for a working day during which the 

occupant load varied widely. 
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Figure 4. Background carbon dioxide concentrations, according to measurements with the 

sensor used for control of the supply air flow to the conference room. The values 

given are average values for an 8 hour period during Sunday mornings when the 

room was unoccupied. 



Figure 5. Measured values of room temperature (t), carbon dioxide concentration (c) and 
supply air flow (q) when 14 persons occupied the conference room. 

"C ppln Us 

ppm Us 

Figure 6. Measured values of room temperature (t), carbon dioxide concentration (c) 
and supply air flow (q) in one of the offices ventilated by a temperature-controlled 
VAV system. 
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6 0 3 DEMAND CONTROLLED VENTILATION 
- Full scale tests in a conference room 

Svein H Ruud,  Per Fahlen, Helena A n d e r s o n  

Swedish National Testing and  Research Institute 

Introduction 

A conference room has been converted to temperature and carbon dioxide controlled 
ventilation. It can be considered as quite representative for a lot of smaller conference 
rooms. The room has been in use for about eight years. All furniture and other 
inventories are of about the same age. The room has no boundaries in direct contact 
with the outdoor environment and no windows. This means that there should not be 
any large exchange of energy with the surrounding environment. Because no daylight 
is available, there is a lot of electric lighting installed. The energy consumption of the 
lighting can vary from 160 to1200 W, which is about equal to the sensible heat from 2- 
16 persons. The room has a mixed ventilation system designed for a maximum of about 
20 persons. A new HVAC-system, separated from the rest of the building, was installed 
during 1990. The system is equipped with devices for heating, cooling and heat 
recovery. It has been especially designed to give a larger than usual span between 
maximum and minimum air flow rate. To regulate the air flow rate, the system is 
equipped with sensors for both temperature and CO,. It is normally temperature 
controued, but when the CO, concentration exceeds 800 ppm the system is CO, 
controlled. 

Characteristic measures for the room: 

Area: 43 mZ 
Volume: 1 15m) 
Air flow span: 170-1000 m3p  (1.5 - 8.7 ach) 
11,: 80-100% (900 m3/h). 140-160% (300 m3P) 

(inlet temperature 5 OC below room temperamre) 

The room has also been acting as a reference field test installation for a simultaneously 
ongoing test program for DCV-sensors. C0,-sensors, RH-sensors and VOC-sensors 
have therefore been installed in a chamber connected to the exhaust air duct. It was 
planned to control the system with some of these sensors as well, but due to problems 
in getting a stable base level to regulate against these plans had to be abandoned. The 
RH- and C0,-sensors have been calibrated in the beginning and at the end of the 
project. The VOC-sensors have only been checked functionally. The latter all gave an 
output signal between 0 and 10 volts, which we in the following will refer to as an 
indicated AQ of 0-100%. 

The main purpose has been to evaluate the ability of a DCV-system to maintain a good 
indoor AQ. Measurements have only been made on the temperamre and CO, controlled 
system, but from simultaneous measurements on sensors for RH and VOC, conclusions 
have also been drawn as to how suitable these sensors are for the purpose of DCV. 



~alc&ations on energy savings are very much dependent on other system components 
than those of the DCV itself and also how often the system is in use. We have chosen 
to calculate the mean consumption of purchased energy for the actual system during 
two test periods, assuming two different outdoor temperatures and three different 
temperature efficiencies for the heat exchanger. Assuming the loads during the actual 
tests to be the same, we have also calculated the consumption of purchased energy for 
several simulated system solutions. 

Full scale tests 

The conference room is not used very frequently. Most of the time it is empty and 
when in use, very seldom more than 10 persons are present. Because of this the 
threshold level for CO,-conaol is rarely exceeded. Instead of making long term 

"measurements we have therefore concenmted our measurements to shorter periods of 
6-12 hours. A test programme consisting of 14 full scale tests has been carried out. The 
tests are tabulated together with short comments in table 1 below. 

Tablel; Full scale tests carried out in the conference r o o m  

test No 1 date 1 comments 
L 1 1991-03-05 1 lighting is the only load, chosen temperature is varied 
2 
3 
4 

9 1 1991-04-21 1 electric heater and lighting (2400 W) 
10 1 1991-05-02 12 meetings with 24 persons (lunch break between) 

5 
6 
7 
8 

1991-03-12 
1991-03-12 
1991-04-07 

- 
14 1 1991-06-16 1 C0,-declination, fixed low air flow rate 

low load (two meetings with 4-5 persons) 
medium load (9 persons), fixed air flow rate (650 m3/h) 
Smoke test (6-7 persons), 3 fmed air flow rates (low - high) 

1991-04-09 
1991-04-16 
1991-04-18 
1991-04-18 

11 
12 
13 

Test No.11, that is shown in the figure 1 on the next page, is a good example of how 
the system is working. When the measurement starts the room is empty, but people 
have been in the room for a very short while about half an hour before. This can bee 
seen on the CO, concenmtion which is a little bit higher than the background level 
(335 ppm according to the sensor) and slowly declining. Half the lighting (600W) is 
also hmed  on. After 1 hour and 30 minutes the full lighting (1200 W) is hmed on and 
24 persons enter the room attending a meeting for 1 hour and 4j minutes. Then there 
is a lunch break for 1 hour, followed by a second meeting with the same people, going 
on for 1 hour and 15 minutes. The room is then left empty for the rest of the day. 45 
minutes after the second meeting, the lighting is turned down from full to half. The 
above described load conditions are also shown in figure 3.2 below (note 1). Both the 
air quality and the thermal comfort were by the persons present considered as good. 

lighting is the only load, 3 fixed air flow rates (low -high) 
temperature load simulated with a electric heater (1400 W) 
low to medium load (3-8 persons) 
medium load (8-10 oersons). CO.-control nearlv activated 

For details concerning measurements on humidity- and VOC-sensors we refer to the 
main report from this study. 

1991-05-03 
1991-05-13 
1991-06-15 

2 meetings with 24 persons (lunch break between) 
- 

meeting with 14-18 persons +meeting with 7-13 persons 
C0.-declination. fixed high air flow rate 



Figure 1; Load, air flow rate and C0,-concentration during test No 11. 



Calculations 

Knowing the measured values of air flow rate, the inlet and exhaust air temperature and 
how the loads have varied in time, calculations have been made for the mean purchased 
power consumption during the actual tests No 11 and 12. The mean purchased power 
consumption for the actual system when nobody is in the mom, but with or without 
lighting, has also been calculated. Some assumptions and simplifications have been 
made. These are the use of an ideal air to air heat exchanger with three different 
temperature effkiencies, two different and time independent outdoor air temperatures, a 
constant heat load per person etc. 

To make conclusions about how good (or bad) the calculated values fo'r the actual 
system are, calculations have also been made for several simulated ideal systems, from 
a simple CAV system to a sophisticated VAV system with combined temperature, C02 
and occupancy sensor control. 

To be able to estimate how the C0,concentration would vary for these simulated 
systems, a simulation function for the C02concentration assuming a constant C02 
production per person is also introduced. 

The values calculated for the case when nobody is in the room are steady state values. 
All other values of mean purchased power consumption are calculated for nine hours 
and with the room in use either as in test No 11 or as in test No 12. 

In table 2 below the mean purchased energy consumption for the actual system when 
no person is present. but with or without lighting, has been calculated. As mentioned 
before, the lighting is such a large heat source that it on it's own will cause a 
considerable increase in air flow rate. 

Table 2; Actual system when people are not present. 

It is obvious that the lighting in this case gives a large conhibution to the total 
purchased power consumption, especially when there is no heat recovery (q , = 0 %). 

On the other hand, even when one has a heat exchanger with a very high temperature 
efficiency only a little part of the energy consumed by the lighting can be transmitted 
to the surrounding environment. The rest will be lost in the ventilation system. 

During test NO 11 the mean energy consumption by the lighting was 510 W and during 
test No 12 it was 502 W. In both cases this corresponds very well with a minimum 
possible purchased power consumption of about 0.5 kW due to the lighting. 



In table 3 below, the mean purchased power consumption for the actual system during 
tests No 11 have been calculated assuming three different temperature efficiencies for 
the heat exchanger and two different outdoor air temperatures. Below the table some 
characteristic values, that are independent of the above mentioned variables, are also 
given. These are the maximum and mean exhaust air temperature, the minimum inlet 
air temperature, the maximum, mean and minimum air flow rates and the maximum, 
mean and minimum C02concentrations. (The values for test No 12 are similar). 

Table 3; Actual system, test No 11. 

I n .  i%j 1 0  1 0  1 60 1 60 1 80 180 

outdoor (OC) 
PP",. mean fkW 14.02 1 1.89 1 1.25 10.61 1 0.59 10.51 

t exhaust mean = 2l.6 OC t ,,,in = 15.2 O C  t - = 23.0 O C  

3 
(I max = 1002 m3b (I mean = 638 m3b (I- =265 m b  

= 868 ppm c man =5lOppm C- = 321 ppm c- 

The calculations for test No 11 (actual and simulated systems) can be summarized by 
diagrams figure 2 below, where the mean purchased power consumption (at 0 "C . 

outdoor air temperature) for the different system solutions has been plotted as a 
function of the temperature efficiency of the heatexchanger. 

Figure 2; Mean purchased power consumption (at 0 "C) as a function of the 
temperature eff~ciency, test No 11. 

Here one can see that only the simplest system has a higher mean purchased power . 
consumption than the actual system. The actual system is, on the other hand, closer to 
best system than to the worst. However the results indicate that the actual system could 
be further improved. 



In test No 11 the relatively simple occupancy controlled system is very close to the best 
(and most sophisticated) system. This is because in this case we have only two levels 
of occupancy, either very high or none at all, and in both cases the air flow rate given 
by the occupancy control is close to the optimum. In test No 12 there are instead four 
different levels of occupancy, making the two-speed occupancy conaolled system 
move further away from the optimum. 

Having no heat recovery at all there are quite large differences (2.2-6.8 kW) between 
the systems. On the other hand, having a heat exchanger with a high temperature 
efficiency (80%) all systems but the simplest converge almost to the same low level 
(0.5-0.6 kW). The simplest system would use about twice this figure (1.0-1.1 kW), but 
this is still only half of what the most sophisticated system would use if one had no 
heat recovery at all. Our conclusion is therefore that the most effective way to save a 
lot of thermal energy is to invest in a heat exchanger with a high temperature efficiency 
and that a highly sophisticated control system would then be superfluous. On the other 
hand, a well designed DCV-system can save a lot of elechc energy input to the fans. 

Conclusions 

A simple system with only temperature controlled air flow rate can in many cases be 
sufficient to achieve a well functioning demand controlled ventilation. Especially if 
there are large heat loads in addition to the sensible heat produced by the persons. 

The carbon dioxide control works very well and the output from the sensor has a very 
distinct and good correlation with the number of persons present in the room. The 
measured background/outdoor level is quite stable and the sensors do not show any 
great sensitivity to changes in humidity or to any other contamination in the air. The 
carbon dioxide control is only activated for shorter periods of time in order to keep 
down peak values of the carbon dioxide concentration. Most of the time the system is 
only temperature controlled, due to large heat loads from the lighting. 

Calculations of the mean purchased power consumption indicates that the actual system 
could be further improved. In some cases a very simple system, with maximum air 
flow rate when people are present and minimum when not, can be superior tothe actual 
system. Another conclusion from the calculations is that if one has an air to air heat 
exchanger with a high temperature efficiency, then the consumption of purchased 
energy gets very low and quite independent of which control system one uses. 

The relative humidity sensors are quite accurate and seem to be very suitable for 
humidity control , but as their output is only slightly increased even for a large number 
of persons present and as the background/outdoor level can vary substantially and 
rapidly, they do not seem suitable for this type of demand controlled ventilation. 

The sensors for volatile organic compounds are quite sensitive to the presence of 
persons, tobacco smoke and other contaminations produced in the room, but they are 
also very sensitive to changes in temperature/humidity and to changes in the 
contamination level in the outdoor air. Different sensors also have quite different 
outputs for the same air. The sensors seem to have a potential for demand conaolled 
ventilation, especially when the main load is something else than heat sources and 
human related production of carbon dioxide, but further development of sensors and/or 
control system software is needed. 



Appendix: Annex 18 National Representatives 

Operating agent 

Sweden 
Lars-Gijran Minsson 
LGM Consult AB 
Adler Salvius vag 87 
S-146 53 Tullinge 
Tel: +46-8-778 50 06 
Fax: +46-8-778 81 25 

National representatives 

Belgium 
Peter Wouters 
Belgian Building Research Institute 
CSTClWTCB 
Rue d'Arlon 53 
B-1000 Brussels 
Tel: +32-2-653-8801 
Fax: +32-2-653-0729 

Canada 
Bob Davidge 
Public Works Canada, Architecture 
and Engineering Services 
Sir Charles 'hpper Building 
Riverside Drive 
Ottawa, Ontario KIA OM2 
Tel: +1-613-736-2123 
Fax: ' +1-613-990-7771 

Denmark 
Peter Collet 
Technological Institute 
P.O. Box 141 
DK-2630 Tistrup 
1 +45-42-99-66-11 
Fax: +45-42-99-54-36 

Finland 
Marianna Luoma 
V?T Technical Research 
Centre of Finland, Laboratory of 
Heating and Ventilating 
Liimpomiehenkuja 3, PO Box 206 
SF-02150 Espoo 15 
Tel: +358-0-4561 
Fax: +358-0-455 2408 

Germany 
Willigert Raatschen 
Dornier GmbH 
postfach 1420 
D-7990 Friedrichshafen 
Tel: +49-7545-89680 
Fax: +49-7545-84411 

Italy 
Gian V. Fracastoro 
Dipartimento di Energetica 
Politecnico di 'Ibrino 
Corso Duca degli Abruzzi 24 
1-101 29 'Ibrino 
1 +39-11-564--4438 
Fax: +39-11-564-4499 



Netherlands 
J.J.M. Cauberg 
Cauberg-Huygen Raadgevende 
Ingenieurs BV 
Postbus 480 
NL-6200 AL Maastricht 
Tel: +31-43-21 50 07 
Fax: +31-43-21 71 66 

Norway 
Finn Drangsholt 
SINTEF, Division 15 
N-7034 Trondheim - NTH 
Tel: +47-7-59 20 61 
Fax: +47-7-59 24 80 

Sweden 
Lars-Giiran Mhsson (see above) 

Sven A. Svennberg 
RAMAS TEKNIK AB 
SolkraRsvagen 25 
S-135 70 Stockholm 
Tel: +46-8-742 69 10 
Fax: +46-8-742 69 20 

Switzerland 
Charles Filleux 
Basler & Hofmann 
Forchstrasse 395 
CH-8029 Ziirich 
Tel: +41-1-387 11 22 
Fax: +41-1-387 11 01 




