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Abstract

The aim of the work accounted for in this paper has been to investigate a demand controlled ventilation (DCV) system for a typical
Swedish multifamily building with exhaust ventilation. Another aim has been to apply and evaluate the IDA Indoor Climate and Energy
(ICE) simulation software in this application. The work has been related to a renovation project of a large number of apartments with
exhaust ventilation systems recently carried out by a Swedish municipal housing association.

A typical apartment, chosen among 1000 existing apartments, has been modelled using IDA Climate and Energy simulation software.
Four exhaust ventilation system concepts have been evaluated:

1. reference system with constant air volume flow;

2. demand controlled ventilation system: carbon dioxide control, variable air flow;
3. demand controlled ventilation system: humidity control, variable air flow;

4. demand controlled ventilation system: occupancy control, variable air flow.

The simulations show that it would be possible to achieve energy savings using occupancy and/or humidity controlled ventilation to
reduce the average ventilation flow rate while keeping an acceptable indoor climate. Based on the simulation results a demand controlled
ventilation system is developed and implemented in occupied apartments in order to investigate the performance.

A measurement based validation of the simulation program indicates that it can be applied reliably.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of well-documented case studies for residential ho(@fs
Studies performed on DCV in residential houses indicate
A recently initiated renovation project carried out by the that it may be possible to reduce air flow rate below the
municipal housing association Bostads AB Gardsten hasflow rate stated in national regulations, without harm in the
made it possible to investigate and test more in detail dif- indoor climate, thus achieving some energy saviisg4].
ferent Strategies for ventilation by exhaust air. A Iarge num- Tools to simulate the energy performance of bu||d|ngs
ber of the apartments in Gardsten have or will have exhausthave become more and more applicable for practical pur-
ventilation systems and there has been an interest to invesposes, especially in design of more advanced heating, ven-
tigate the possibilities to reduce the heat requirements for tjlation and air-conditioning systems for service buildings
ventilation. and advanced low energy buildings. However, they are of-
A literature survey about demand controlled ventilation ten not applicable for studying ventilation issues. The above
(DCV) has been carried through and the main requirementsmentioned renovation project would make it possible to in-

on ventilation in residential buildings and the most typical vestigate the potential use of a common tool in a residential
ventilation systems installed in residential buildings has been application.

studied. The literature survey is accounted fofih One
conclusion from the literature study is that there is a lack

1.1. Aim
* Tel.: +46-31-7721155; faxi46-31 7721152, The main aim of the paper is to account for a study
E-mail address: vitalijus.paviovas@bt.chalmers.se (V. Pavlovas). and proposal of a DCV system for Swedish multifamily
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buildings. The proposed system should have an investmentand balcony doors in the sleeping room and in the living
cost that are in due proportion to annual energy savings androom facing south.
be from technical point of view simple enough to ensure  The reference apartment is located in the district called
long time operation without technical problems. Vastra Gardsten, Gothenburg, Sweden, which comprises
In parallel the aim is to illustrate that simulations per- about 1000 apartments from the early 70s. There are two
formed by IDA indoor climate and energy program (ICE) types of buildings: high-rise buildings with 3 and 5 storeys
[5] is a useful method for analysis of the performance of a and low-rise buildings with 3 storeys. All buildings are con-
demand controlled exhaust ventilation system for a Swedish structed of prefabricated concrete element blocks, they have

apartment building. flat roofs and are equipped with 2-pane windows, exhaust
and supply ventilation systems and hydronic radiators for
1.2. Method heating.

Among the number of the existing apartments a typical
apartment is chosen as the reference apartment. A model o8. Apartment model
the reference apartmentis created in the IDA ICE simulation
software. The simulation model is verified using measure- A model of the reference apartment was created in the ICE
ments in the reference apartment and established calculatiorsimulation software. The location of rooms, windows and
methods. doors, as well as their sizes and construction in the model

A number of different DCV strategies is analysed by sim- correspond to the real situation. The model apartment is
ulations. Based on the simulation results a test system is in-situated in the middle of the building and it is assumed that
stalled in apartments in one occupied building. The perfor- the there is no heat flow to or from the adjacent apartments.
mance of the test system is to be evaluated by measurementé simplified drawing of the apartment is shownFing. 1
and further simulations.

3.1. IDA Indoor Climate and Energy (ICE)

2. Reference apartment The ICE software is reckoned among generally accepted
general-purpose tools. A general-purpose simulation pro-
The reference apartment is a typical apartment located ingram treats the mathematical model as input data, thus al-
the high-rise 3 storey building and consists of a kitchen, a lowing simulating a wide range of system designs and con-
combined laundry and bathroom, a bedroom and a living figurations.
room. The total area of the apartment is 67% frhe apart- ICE makes it possible to model a building including its
ment is equipped with a hydronic radiator heating system heating and ventilation system. The model can include one
and with an exhaust ventilation system with air outlet vents or more zones (rooms), a primary system (the subsystem
in the kitchen and in the bathroom facing north. Outdoor air containing chiller and boiler) and one or more air handling
inlets are applied in the form of brush sealings in windows systems. The model can be used with standardised or spec-

‘ ® ICE Simulations
i i ' /\ Measurements

ICE average

Radiator power [kW]

door temperature °C

Fig. 1. Comparison of C®concentration in the bedroom.
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ified climate data. Surrounding buildings or other objects e Heat emitted during food cooking.

shading the building can be considered. e Water vapour emitted during food cooking and showering.
ICE can be used to study the indoor climate in the zones, e Water vapour emitted during clothes drying.

as well as the energy use in the zones and the entire build-

ing. ICE models the humidity, as well as the carbon dioxide  Each type of internal loads has its own working sched-

content, of the air inside the building. A user interface en- ule, which is closely related to the occupants’ schedule. The

ables to define, build up and simulate different cases. Prede-occupants’ behaviour has a major influence on the perfor-

fined building components can be loaded from a database.mance of DCV. There are two occupants in the modelled

This can also be used to store personally defined building apartment. The occupants “move” from room to room ac-

componentg$5]. cording to the assumed time schedule. It is assumed that the
The results of simulation can be obtained on 1 h basis. Theoccupants have different amount of clothing and different

simulation itself works with time steps, which are adapted to level of activities depending on the type of the room.

how fast conditions change, i.e., if there are rapid changes,

the time intervals can be much shorter than 1 h. Measuring

points for different parameters coincide with the location of

occupants in the room. 4. Moddl verification

A number of parameters are being measured in one build-
ing with 12 apartments in order to have an initial under-

The modelled apartment is equipped with water feeded Standing of the real performance and to allow a basic verifi-
radiators in each room designed to ensure a room temper-cation of the apartment model. The heat supply is measured
ature not lower than 20C. The ventilation is provided for with heat meters on the main branches of the heating system
by an exhaust ventilation system with air outlets in the bath- (radiators) together with the electricity used by the exhaust
room and in the kitchen, where the airflow is controlled to fans. The exhaust airflow is adjusted to the same value in

be constant or demand controlled. Outdoor air is supplied &l apartments and the indoor climate, i.e. room tempera-
by air inlets in the bedroom and in the living room, which ture, relative humidity and carbon dioxide concentration is
are modelled as openings in the external walls and is mixed Measured in random apartmefith The measurements pre-
with the internal air. Internal air is distributed by openings Sented here are taken from the ongoing measurements.
in the internal walls (equal to existing air gaps under the ~ Fig. 2 shows a comparison of measured and modelled
internal doors). radiator power as a function of outside temperature for a
The radiators will cover the heat demand for heat losses Short period in the spring. The heat demand is measured for
and for heating of the supplied ventilation air. This means three apartments located on the top of each other (ground
that reduced ventilation airflow will result in reduced radi- floor, first floor and second floor). The heat demand was
ator heat. The radiators are designed fof@supply and simulated by the ICE model for one apartment (first floor)
60°C return temperature and are controlled by thermostat, therefore the modelled value is multiplied by three for com-
which has a value of P-band (proportional band) equal to 2 K. parison with the measured values. Measurements in some

3.2. Heating and ventilation

Location of the radiators and thermostat is showfim 1 apartments showed that the mean indoor air temperature was
equal to 23C, which is used as the initial condition in the
3.3. Outdoor climate computer model.

Average values presented kig. 2 are shown both for
Weather data are obtained from one hour based weathemeasured and simulated values. As it can be seen the average
data files containing information on actual or synthetic values are very close to each other and this indicates that
weather. There is a possibility to obtain different climate ICE program is reliable for simulations.
data files. The study is carried out using weather data from Fig. 2 shows that modelled and measured values are
the ICE files valid for Save, a weather measuring station slightly different, which mainly is due to the absence of

close to the Gardsten site. heat losses through the roof and to the ground in the ICE
model. Future evaluation of the system performance will be
3.4. Internal loads based on a model of the whole building.

_ _ _ _ _ Concerning C@ concentrations it is not quite clear how
Different internal loads affect the indoor climate in an ICE program handles this issue. In order to get some fee”ng

apartment, as for example heat emission, water vapour genapout the reliability a comparative calculation has been made
eration, CQ generation etc. All these factors were taken hased on basiEq. (1)

into account in the computer model. The following loads

have been considered in the simulations: M M v
Ct)=Cs+ ——(Cs+—=-C expl—(— )t
e Heat, water vapour and CG@mitted by occupants. 0 Y ( STy r(0)> p( <v> >

e Heat generated by lighting and other equipment. (1)
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Fig. 2. Reference apartment (67.5)ymand principle scheme of air flow in the apartment.

where C,(t) is CO, concentration in the room at time
(ppm); Cs is CO, concentration in the supply air, (pprit
is CO, generation rate in the room, (kg/hy;is ventilation
rate, (n¥/h): Ci(o) is initial CO, concentration in the room,
(ppm); v is room volume, (r); 7 is time, ().

The calculations with thig€q. (1) are based on the same
internal load pattern that has been used in ICE simulations.
The results are shown Fig. 3. As it can be seen, the results
correspond well in between.

Furthermore, the heating energy demand for ventilation
simulated by the ICE model is verified by the basic equation
shown below.

The air flow rate is 301/s and the number of degree hours
for a typical year in Save measuring station in Gothenburg
is about 81000C h, which results in an annual heat demand
for ventilation very close to the value of 3000 kWh obtained
by the simulation.

5. Ventilation

5.1. Reference ventilation system

The reference is an exhaust ventilation system where the
ventilation air is removed from the apartment at a constant

Energy use= 1.22 x V x degree hourﬁ(Wh], ?) flow rate, independe_nt of external or internal factprs. Air is
1000 extracted from the kitchen and the bathroom and is replaced
whereV is the air flow rate in I/s. by outdoor air inlets in the bedroom and the living room. The
air is distributed to the exhaust outlets through the openings
AIR INLETS under the doors. The size of air gap is the same under all
M M doors. Fig. 1 shows a principal scheme of the reference
U [ I [ l {} apartment with air flows indicated.
S A The outdoor air intake and air movements between rooms
Radiator will depend on if internal doors are open or closed. To some
Badeoim Living extent outdoor pressure conditions due to wind and temper-
room ature differences have influence as well. The reference case
is therefore modelled in two cases, with all internal doors
~1 open (except bathroom door during showering) and with all
U internal doors closed.
o <=4 [] W 4 Thermostate The total exhaust airflow extracted from the apartment in
2 9 {}\ the reference case amounts to 301/s: 151/s extracted from the
3 < 3 kitchen and 151/s from the bathroom. This means that the
3 ~ g Kitchen specific airflow is about 0.44 I/sfni.e. above the minimum
level of 0.351/s M according to Swedish regulations.
<‘:]:O I:H— Radiat?r——):l (ﬁ|:>
5.2. Demand Controlled Ventilation
AIR OUTLETS

Fig. 3. Comparison of measured and ICE modelled radiator power for
three apartments, as a function of outside air temperature.

Three types of ventilation control strategies are used in
the project:
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e COy, control. In the reference case with a constant ventilation flow rate
e Relative humidity control. of 30l/s the CQ concentration, as well as the relative air
e Occupancy presence control. humidity, can be kept on reasonable levetd 200 ppm and

<70%), even with all doors closed and with two persons in

d the kitch d qt irol th h tthe bedroom; the outdoor air inlet flow in the bedroom with
room an e kiiehen and are used to control the exnausty 4645 closed is 7.51/s which is close to recommended

airflow. In the model the presence of occupants is sched-
led (time based). which q 41/s per person.
uled (time based), which corresponds to occupancy sensors There is a risk for increased relative humidity in the case

in real case. . . with doors opened in the whole apartment. This is caused
The ex.haust ar flow rate varies from a b'?‘se ﬂO\.N of 10s by transport of humidity from the bathroom to other rooms.

toa maximum alrﬂovy of 30 V?' The base air ﬂ.OW IS k(_apt al Relative humidity can reach 90% level in the rooms during

the minimum sensor's set point, and the maximum air flow summertime. However, this is usually not a real problem as

IS {e"’}[Chfd _at the mapmt:n; sdet F')tzmdt' f(r)f thet Sensor. lefer; in reality occupants open windows for airing the apartment,
en f rall etghles werefsmga ed' W'Id : e;rerthmaxmur_n s€ especially during the warm time of the year. In the model
points. In the case of carbon dioxide control thré€ maximum o 'vinqows are assumed to be closed all year around.

set points were modelled: 800, 1000 and 1200 ppm. In the
case of relative humidity control the following maximum set 6.2. DCV
points were studied: 60, 70 and 80%.

The occupancy presence control strategy is directly re-
lated to the occupancy schedule, i.e. the ventilation airflow
is kept at the minimum value of 101/s when there are no
occupants and at maximum of 301/s when the apartment isIe
occupied.

The influence of the radiator thermostat settings on indoor
climate as well as on heating energy demand is studied by
simulating two different P-band values: 2 and 4 K.

CO, or relative humidity sensors are located in the bath-

Both CG, and the occupancy control strategies result in
a similar air quality (CQ@ concentration level).
The both strategies increase the risk for high humidity
vels in comparison to the reference case with open doors.
The RH control strategy results in reduced air quality (in-
creased C@ concentration level) in comparison to the ref-
erence case with open doors.

6.3. Energy
6. Simulation results ) o )
Fig. 4shows the annual heat demand for ventilation using
6.1. Reference case studied demand control alternatives in comparison to the
reference case. Both the @G@nd the RH control strategy
The reference case was simulated in two modes: with may result in >50% reduction, while the occupancy control
all internal doors opened and all internal doors closed. The strategy results in about 20% reduction of the annual heat
results show that closed or open doors has a major influencedemand for ventilation, if the indoor climate is regarded as
on the indoor climate. acceptable.

6000

@ Heating O Ventilation

5000 ]

4000 = d P

3000 +

kWh/year

2000 +

1000 +

P-2 P-4 [BOOPPM| 1200 | 60% | 80% P-2 P-4
PPM

Reference co2 RH Occupancy

Fig. 4. Comparison of annual heat demand using different control strategies.
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Lowering the maximum C@ set point from 1200 to The economic feasibility of application of DCV in resi-
800 ppm will not have a major influence on the risk for dential applications is further questionable as the economic
high humidity levels but will increase the heat demand for space is rather small and the possibility to save energy to a
ventilation with CQ control. On the contrary increasing large extent depends on the occupant behaviour. The main
the maximum RH set point from 60 to 80% will not have a outcome of the study is thus a rather simple DCV system
major influence on the air quality but will reduce the heat that is tested under realistic conditions in an occupied build-
demand for ventilation with RH control. ing. The monitoring of the test installation is still continuing

It is also shown that a less suitable radiator thermostat and therefore it is too early to draw some conclusions on
setting will increase the total heat demand. It is thus impor- the performance of the system.
tant to combine DCV with a proper radiator system adjust- The simulations carried out for the reference apart-
ment and thermostat setting in order to assure the desirednent with exhaust ventilation has made it possible to

reduction of the heat demand. get a considerable experience with the ICE model in this
application.

) ) The results obtained by the simulations seem to be correct

7. Test installation e.g. regarding room temperature, moisture content ang CO

concentration for the applied control strategies. The verifi-
cation of the ICE model did not show large deviation of the
simulated values from the calculated or measured. The ICE
model has potential to be used in studies of the detailed per-
formance of residential buildings.

Atest system based on the simulation results was installed
in one occupied building in Vastra Gardsten. The test in-
stallation will make it possible to compare the performance
of the DCV system in comparison to the performance of a
more traditional exhaust ventilation system (reference sys-
tem) under real conditions. The test installation comprises
a DCV system with an exhaust vent, a humidity sensor, a
switch in the door lock, necessary controls and a power sup-
ply unit. The exhaust vent has a variable opening r‘nanaged[l] V. Pavlovas, Demand Controlled Ventilation. A Case Study for Existin
by a small electrical mOtor.and a ?OerI unit that Op?n.s éwedish MLJItifamin Buildings, Licentiate tHesis D2003:0)é, Chalmerg
and closes the vent depending on signals from the humidity  yersity of Technology, Sweden, 2003.

sensor and the door lock. [2] J.W. Fisk, T.A. Anibal, Sensor-based demand controlled ventilation:
a review, Energy and Buildings 29 (1993) 35-45.
[3] N. Bergsge, Vurdering af ventilationsbehov: (Evaluation of ventilation
8. Conclusions demand), SBl-report, State Building Research Institute, Denmark,
2000.
The DCV has a positive influence on the heating energy [4] L.-G. Mansson, Demand Controlled Ventilation Systems: Source book,

demand and confirms in several aspects findings in previous Document 1993:2, Swedish Council for Building Research, Sweden,
1993.

StUdIe_S' I-_Iowever’ Som? aspect; may be a‘dd?d regardlng thFS] Equa Simulation Technology AB, IDA Simulation Environment, Ver-
negative influence on indoor climate from different DCV sion 2.11, Reference manual, Sundbyberg, Swedemv.equa.se
strategies and rather demanding occupant loads. 1999.
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