
1 INTRODUCTION 

Advances in several disciplines of knowledge such 
as the growing understanding of global warming 
(IPCC, 2007) and its effects on our environment, the 
increasing evidence of the limited nature of our ma-
jor energy supply and the large cost, both economi-
cal and human, of air pollution related illness are 
dramatically altering the goals of innovations in 
technology. The focus is shifted towards ‘green’, 
seeking concepts that will allow to maintain or even 
further increase the comfort level that we are accus-
tomed to, while significantly reducing the associated 
energy use in every aspect of human life.    

Hygiene ventilation is, in a moderate climate, re-
sponsible for about half or more of the energy ex-
penditure in well insulated dwellings, while the en-
ergy use in buildings itself takes up about 40% of the 
energy use in the EU. This field therefore represents 
a massive gross energy saving potential. Simply re-
ducing ventilation rates, however, will deteriorate 
the indoor air quality and therefore sort unwanted ef-

fects such as increasing the incidence of respiratory 
illness (Seppänen & Fisk, 2004) and loss of produc-
tivity (Wargocki, 2002). 

Two main strategies exist in contemporary build-
ing practise that allow to reconcile these opposing 
interests, namely the use of heat recovery units and 
the implementation of demand controlled ventila-
tion. Heat recovery ventilation is widely spread in 
cold climates and its merits are extensively discussed 
in literature (eg. Juodis, 2006). The available knowl-
edge on demand control ventilation, however, is 
much smaller. It has become popular in the moderate 
climate zone of western Europe, especially in the 
Netherlands and France due to reports in popular 
media about possible health risks associated with 
heat recovery systems as well as due to its competi-
tive price setting. 

This paper deals with the energy saving potential 
of several demand control strategies for mechanical 
exhaust ventilation in residences and with their re-
percussions on the indoor air quality to which the 
occupants of the dwellings are exposed.  
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 ABSTRACT: Because of several motivators, such as the mitigation of global warming, the reaching of peak 
oil and health concerns related to fossil fuel burning, contemporary building practise is searching for advanced 
concepts and technological  innovations that will allow to maintain or improve the comfort level that is cur-
rently reached while reducing the energy consumption that is related to it. Ventilation is ambiguously related 
with this energy saving rationale. Since it makes up for about half of the energy consumption in well insulated 
building, it is an attractive target for energy saving measures. However, simply reducing ventilation rates has 
unwanted repercussions on the indoor air quality. Two main strategies have been developed to reconcile these 
seemingly opposing interests, namely heat recovery and demand control ventilation. This paper focuses on the 
energy saving potential of demand controlled mechanical exhaust ventilation in residences and on the influ-
ence such systems may have on the indoor air quality to which the occupants of the dwellings are exposed. 
The conclusions are based on simulations done with a multi-zone airflow model of a detached house that is 
statistically representative for the average Belgian dwelling.  Several approaches to demand based control are 
tested and reported. Both energy demand and exposures are reported in comparison with a classic system, op-
erating with continuous flowrates, that is building code compliant. This is necessary to assure that the reported 
energy saving potential does not derogate the indoor air quality. Within the paper exposure to carbon dioxide 
and to an odour tracer gas are used as indoor air quality indicators. Monte-Carlo techniques are used to ensure 
that the reported results are representative for the diverse boundary conditions and parameters that may occur 
with real life implementation of such a system. Under the conditions that were applied, reductions on the en-
ergy demand for ventilation – with the exclusion of adventitious ventilation and infiltration – of 5 to 60% can 
be reported, depending on the control strategy that is implemented. 

 



2 MODELING 

The results presented in this paper are based on 
simulations. These were executed in the multi-zone 
airflow simulation package CONTAM (Dols et al. 
2000). The validation of multi-zone ventilation 
models against e.g. tracer gas measurements is well 
documented in literature (Emmerich, 2001; Delsante 
& Aggerholm 2002; Emmerich et al. 2003). The 
well mixed air assumption that is the basis for the 
multi-zone approach does not allow detailed analysis 
of the distribution of contaminants in a single room. 
This, however, is not the scope of this paper. To as-
sess the energy use related to hygiene ventilation, 
only the bulk fresh airflow in the building is rele-
vant. As Contam is a ventilation model only, it can-
not calculate transient room or duct temperatures. 
Therefore, for simplicity, the temperature inside the 
building and all ducts has been set to the inside tem-
perature fixed by the Belgian EPBD calculation pro-
cedure (18°C) (Leterme & Peeters, 2005), which 
corresponds to the average temperature measured in 
Belgian dwellings (Bossaer et al. 1998). In this chap-
ter, the implementation of the building geometry in 
the model will be discussed first, followed by an 
overview of the used performance assessment pa-
rameters and last the selected demand control strate-
gies will be presented. 

2.1 Building model 

The geometry used in the model is based on a de-
tached house that is statistically representative for 
the average Belgian dwelling. It has been used in 
several previous research projects (Maeyens, 2004) 
and is currently used to assess the performance of 
residential ventilation systems in the EPBD frame-
work in Belgium (Van den bossche et al, 2007). Ta-
ble 1. lists the dimensions of the spaces in the ge-
ometry. Figures 1a, b show the plan of the ground 
floor and 1st floor respectively of the dwelling 
 
Table 1. floor area (m²) and design supply / extraction airflow 
rate (m³/h) of the spaces in the used geometry 
Ground Floor Area Supply Extraction 
Living room       35.7 128.4  
Office 8 28.9  
Kitchen 10.2  50 
Service room 7.7  50 
Toilet 
Hallway    

1.7 
28.1 

 25 
 

1st Floor Area Supply Extraction 
Bedroom 1 
Bedroom 2 
Bedroom 3 
Bathroom  

17 
18.2 
18.3 

8 

61.1 
65.6 
65.8 

 
 
 

50 
Hallway 28.1   
 

The airflow in this dwelling has been modelled 
through the introduction of system components and 
leakage.  

According to observations by Bossaer (1998), the 
specific leakage rate through roof and walls has a 2/3 
ratio. Overall airtightness, characterized by the v50 
value, is distributed over the roof and wall surface 
according to this ratio by means of cracks. Each wall  
is fitted with two cracks, one at 1/4 of its height and 
the second one at 3/4. The internal doors are repre-
sented with additional cracks in the walls where they 
appear. For the indoor walls, a fixed specific leakage 
value is assumed. In the results presented, a v50 of 3 
m/h is used, representing the top quartile of meas-
ured airtightness values in a measurement campaign 
in Flanders in the late 90’s (Bossaer, 1998). 

A mechanical exhaust ventilation system is im-
plemented according to the requirements of the Bel-
gian residential ventilation standard (NBN, 1991). 
This standard imposes design flow rates for the main 
system components in an exhaust system. These de-
sign flow rates are also listed in Table 1. The non-
mechanical components (supply) are sized to deliver 
the design flow rate at 2 Pa pressure difference. They 
are modelled to represent trickle ventilators of the P3 
class as defined in the Flemisch EPB-decree (So-
mers, 2006), according to the EN 13141-1 standard 
(CEN, 2004b).  

 

 
 

 
Figures 1a, b. Ground floor (above) and fist floor (below) of 
the used geometry.  

2.2 Assessment parameters 

Three parameters are used to assess the performance 
of the selected control strategies. 2 deal with indoor 
air quality, while the 3rd deals with the energy saving 



potential. For the assessment of the level of indoor 
air quality the occupants are exposed to, the expo-
sure to excess carbon dioxide concentration is used 
along with the exposure to a tracer gas. 

Trough the correlation between excess CO2 con-
centration and mean percentage of dissatisfied 
(CEN, 1998) and Fanger’s Perceived Air Quality ap-
proach, excess CO2 concentration is now widely ac-
cepted as a comfort indicator for indoor air quality 
(CEN 2004a), especially if the main pollution 
sources are related to the human metabolism. In this 
paper, the mean excess CO2 concentration to which 
an occupant is exposed during his time of residence 
in the dwelling over the course of the heating season 
is used as an assessment parameter for comfort. The 
production of CO2 is related to the occupant metabo-
lism and corresponds to their whereabouts. The pro-
duction rate for an adult is, in accordance with EN 
15251 (CEN, 2005), assumed to 19 l/h for an adult 
performing light work and 12 l/h for an adult in rest. 
A background concentration of 350 ppm is assumed. 

In dwellings, however, non-metabolism related 
pollution sources are present in the sanitary units 
such as toilets and bathrooms. Therefore, the mean 
exposure to a tracer gas with sources in these spe-
cific rooms only is used to assess the efficiency of 
the ventilation system in removing this specific type 
of pollutants. The tracer source is active every time 
an occupant is present in the room, for the first 5 
minutes of occupancy and at a fixed rate. 

2.3 Demand control 

Four different demand control strategies were im-
plemented on the basic exhaust ventilation system 
that is described above. 3 of those interact with a 
single system component, while the 4th interacts with 
3 main system components. Table 2. lists a summary 
of all strategies. 

The first control strategy interacts with the vent 
hole of each room and is based on the relative hu-
midity measured in the extraction air. A minimal 
flow rate of 10 % of the design flow rate is main-
tained at all times. The flow rate is increased to the 
design flow rate if the measured relative humidity is 
higher than 70 % and is reduced again when it drops 
below 65 %. The 70 % setpoint is chosen because it 
is a marker for elevated mould risk. 

The second strategy interacts only on the exhaust 
fan and is triggered by presence in either bathroom, 
toilet or kitchen. Like in the first strategy, the flow 
rate during absence is reduced to 10 % of the design 
flow rate, but the flow rate is kept at the design flow 
rate for the first 20 minutes of absence. 

The third strategy interacts with the trickle venti-
lators and reduces their size according to the CO2 
concentration in the room where the trickle ventila-
tor is situated. Again, if the CO2 concentration is be-
low the setpoint of 1000 ppm, the opening size is re-

duced to 10% of the original size. The 1000 ppm 
setpoint is popular value in demand control systems 
on the market. It also corresponds quite well with the 
concentration that can be expected when a airflow 
rate of 36 m³/h of fresh air is provided for every oc-
cupant in a room, which is the basis of the design 
flow rates imposed in the Belgian standard. 

The last strategy that is selected interacts with all 
of the components manipulated in the first 3 strate-
gies. The trickle ventilators are manipulated accord-
ing to the CO2 concentration in the same way as is 
used in the third strategy. The vent holes and the ex-
haust ventilator are manipulated according to pres-
ence like in the second strategy.  

 
 

Table 2. selected demand control strategies  
Strategy  component setpoint        band 
relative humidity vent hole 70 % 5 pp 
presence ventilator - 20 min 
co2 trickle 1000 ppm - 
all all 1000 ppm 20 min 

3 MONTE CARLO 

3.1 Sensitivity 

The energy saving potential of a demand controlled 
ventilation system will be different for each build-
ing.  In addition, one of the main problems with si-
mulation models is the uncertainty on input data, 
while they might have a very high sensitivity. A lot 
of variables have a distinct influence on the perfor-
mance of the system and consequently the perfor-
mance of the system will be different for each set of 
parameters. Bearing that knowledge in mind one has 
to use a calculation method that takes both the varia-
tion of the different parameters as well as the inte-
raction between them into account. Large sensitivity 
to input uncertainty often appears near equilibrium 
situations which occur for specific values of struc-
tural parameters or wheather conditions (Fürbringer 
& Roulet, 1999). 

To prevent this input dependency of the results, 
the Monte-Carlo (MC) approach, as proposed by 
Van Den Bossche et al. (2007), has been used in this 
study. In this approach, instead of fixing 1 value for 
each input data, a distribution is determined for the 
key parameters and multiple simulations are carried 
out with different values of these parameters. Ac-
cording to Furbringer (1999) convergence can be 
reached within 100 simulations if the amount of in-
put parameters is limited.  

Sensitivity analysis based on a Monte Carlo algo-
rithm has been implemented in building simulation 
by e.g. Breesch (2006). Dorer et al. (2005) presented 
work specifically for residential ventilation systems 
within the framework of the EC Reshyvent - EU 
cluster project. 



The Monte-Carlo process can be speeded up by 
using Low Discrepancy Sequences (LDS) instead of 
random numbers (Winiarski, 2003). Instead of ran-
domly sampling points, they are distributed to empty 
areas to prevent overlapping and clusters, which are 
very common with ordinary random numbers. 
Another advantage of LDS is that these sequences 
are entirely repeatable, giving the same sequence 
every time. These sequences are used to generate the 
parameter sets used in the present paper. 

3.2 implementation of stochastic analysis 

A sensivity analysis has pointed out that the building 
airtightness, wind related factors such as wind veloc-
ity and wind reduction parameters and the number of 
inhabitants and their occupancy schedules have the 
biggest influence on the overall performance of the 
ventilation system (Van Den Bossche et al., 2007). 

The following input variables are considered with 
a probabilistic approach: 

- Façade orientation - interval [0°; 359°] 
- Cp coefficients - interval of the 6 AIVC ta-

bles  
- Terrain roughness α , partially correlated 

with the Cp coefficients – interval [0.149 – 
0.377] 

- Length of the ducts in the attic - normal dis-
tribution [6,5m; 1,5m] 

- Airtightness of the ducts - normal distribu-
tion [0,0675 l/s/m²; 0,027 l/s/m²] 

- Sunday is the ...th day of the year - interval 
[1;7] 

- Moisture production from domestic activities 
-  normal distribution 

- Production of moisture and carbon dioxide 
by occupants - normal distribution 

The number of parameters can be considered to be 
small, so 100 datasets will be used to perform the 
simulations. In addition, the number of occupants 
and occupancy schedules are considered with a spe-
cific distribution based on the social demography 
and time use studies in Belgium. Based on the avail-
able data, 100 different data sets were compiled with 
different occupancy schedules. The number of occu-
pants in the building varies from one to six (1: 3%, 
2: 21%, 3: 31%, 4: 32%, 5: 10%, 6: 3%), with an av-
erage of 3.34 persons per building. Figure 2. shows 
the probability that at least one person is present in a 
room over the course of a weekday.  

4 RESULTS 

As was detailed in section 3, 100 simulations were 
carried out for each of the strategies that was dis-
cussed in section 2.3 In this section, the results of 
these simulations will be presented. 
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Figure 2. probability that at least one person is present in a 
room over the course of a weekday.  
 
All simulations were ran over the heating season 
only. In section 2.2, three assessment parameters 
were proposed. In Figures 3, 4 and 5, the distribution 
of the results for the energy indicator, the indoor air 
quality comfort indicator and the extraction effi-
ciency indicator respectively are shown for each of 
the 4 demand control strategies. Additionally, the re-
sults for the standard exhaust system are also shown 
in the figures as a reference. 
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Figure 3. distribution of the mean total energy use (kW) associ-
ated with fresh air supply to the dwelling of the 100 cases se-
lected in the Monte Carlo analysis for the base case (exhaust 
ventilation) and the 4 selected demand control strategies. 
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Figure 4. distribution of the mean exposure to excess CO2 con-
centration (ppm above the outdoor concentration) of the 334 
occupants in the 100 cases selected in the Monte Carlo analysis 
for the base case (exhaust ventilation) and the 4 selected de-
mand control strategies. 
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Figures 5. distribution of the mean exposure to the tracer gas 
(kg/kg) of the 334 occupants in the 100 cases selected in the 
Monte Carlo analysis for the base case (exhaust ventilation) 
and the 4 selected demand control strategies. 

4.1 energy saving potential 

As can be seen in Figure 3, the control strategies that 
only control the exhaust air flow, either trough ma-
nipulation of the vent hole or by manipulation of the 
exhaust ventilator, have about the same energy sav-
ing potential. However, in comparison with the base 
case with constant flow exhaust ventilation, the en-
ergy use is slightly more sensitive to changes in the 
environmental parameters. The control strategy 
where the trickle ventilators are manipulated has a 
comparable average saving potential as the two 
strategies discussed above, but in contrast to these, 
makes the energy use associated with ventilation 
much more robust, which can be observed in the 
much steeper curve in Figure 3. 

This can be explained by the flow dynamics in the 
dwelling. Two driving forces determine the flow pat-
tern trough the model: mechanically induced forced 
ventilation flow on the one hand, natural convection 
caused by the buoyancy effect and wind on the other. 
While the mechanical flow is constant and well con-
trolled, the natural convection flow is governed by 
environmental parameters. The control strategies 
that reduce or manipulate the exhaust flow will re-
duce the proportional influence of the mechanical 
flow and therefore be more sensitive to changes in 
environmental parameters. By manipulating the 
trickle ventilators, however, the natural convection 
component is reduced and the under pressure created 
by the mechanical flow is increased, considerably 
increasing the proportional influence of the me-
chanical flow and reducing the sensitivity to envi-
ronmental parameters.  

This effect is also visible in Figure 6, where the 
results for the energy indicator are shown for simula-
tions with the 1st data set of the Monte Carlo algo-
rithm for different levels of airtightness. While all 
other strategies, like the base case, are linearly pro-
portional to the airtightness level, the strategy that 
manipulates the trickle ventilators  levels of to a 
constant performance in the more airtight range.  

0

0,5

1

1,5

2

0 2 4 6 8 10

Crh

Cpres

Cco2

Call

C

 
Figures 6. mean total energy use (kW) associated with fresh air 
supply to the dwelling ad different airtightness levels (v50) for 
the base case (exhaust ventilation) and the 4 selected demand 
control strategies. 

4.2 indoor air quality 

From Figure 4. we can conclude that both the control 
strategy based on presence detection and the one 
based on CO2 detection render a comfort level that is 
comparable to that of the original constant flow sys-
tem. The CO2 based strategy is slightly more robust, 
as was explained in the previous section. The control 
strategy based on relative humidity has a negative 
impact on the indoor air quality comfort level and 
increases the sensitivity. This can be explained by 
the fact that relative humidity is influenced by a lot 
of factor, such as hygroscopic buffering, ventilation 
rate, temperature fluctuations and outdoor climate, 
of which occupancy is only a less important one. 

The control strategy with simultaneous manipula-
tion of the trickle ventilators, the vent holes and the 
exhaust ventilator considerably increases the mean 
exposure to CO2 compared to the base case. When 
the distribution of concentrations to which a single 
occupant is during a single simulation is exposed is 
plotted, however, like in Figure 7, we can see that 
the increased mean exposure is mainly due to an in-
crease in exposure to concentrations below 600 ppm 
above the outdoor concentration, while the increase 
in exposure to higher concentrations is negligible.  
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Figures 7. distribution of exposure to CO2 concentrations above 
outdoor concentration (ppm) of 1 occupant in for the base case 
(exhaust ventilation) and the 4 selected demand control strate-
gies. 



The results for extraction efficiency are compara-
ble to those of for indoor air quality comfort. Again, 
the control strategy based on relative humidity re-
sults in a less efficient system because of the fuzzy 
relation between elevated relative humidity and ven-
tilation demand. The combined control strategy now 
produces results in the same range as the constant 
flow base case and the presence and CO2 based con-
trol strategies.  

The single dot and stripe marks above Figures 3, 
4 & 5 show the results for the indicators based on a 
single simulation where all parameters from the 
Monte Carlo algorithm are set to their average value. 
Although a lot of information is lost when only one 
simulation is done, the results prove to be a good es-
timate for the relative performance of the control 
strategy on all indicators. For the energy and comfort 
indicator, they even coincide well with the average 
results of the Monte Carlo analysis. 

5 CONCLUSIONS 

In this paper, the energy saving potential and the re-
percussions on the indoor air quality of 4 different 
demand control strategies for residential ventilation 
were investigated. 2 performance indicator were 
proposed to assess the indoor air quality, one dealing 
with indoor air quality comfort and one dealing with 
the efficiency of extraction of specific pollution from 
‘wet’ areas in the dwelling. Monte Carlo analysis 
was used to assess the sensitivity of the control 
strategies to changes in environmental and dimen-
sional parameters. 

The 3 demand control strategies that only ma-
nipulate 1 system component rendered an energy 
saving potential of about 25 %, while the strategy 
with combined manipulation of supply, vent and ex-
traction had an energy saving potential of 60 %. 
Strategies that manipulate supply proved to be more 
robust. 

The control strategy based on relative humidity 
was least suited to maintain the indoor air quality at 
the level of the base case with constant flow, al-
though the indoor air quality level was within the 
same range for all of the proposed strategies. Only 
for the combined strategy the indoor air quality com-
fort seemed significantly worse than in the base case. 
Further analysis, however, revealed that the exposure 
to elevated carbon dioxide levels was comparable to 
that of the other strategies. 

The results obtained with a single simulation 
proved to be a good indicator for the relative per-
formance of a control strategy although they do not 
provide any information on sensitivity. They can 
therefore be useful in optimization exercises, but in 
an overall assessment of a new control strategy will, 
sensitivity analysis will have to be included. 
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