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ABSTRACT 
 
Ventilation in schools is very important as it has a direct relation to health and performance of pupils. 
The status quo of school ventilation in the Netherlands is presented: lots of problems and insufficient 
situations were found. Different aspects of the problems were studied to find new solutions.  
A new Integral Design approach was developed to design adequate solutions for ventilation of school 
buildings. The design procedure and a first design result are described: a displacement ventilation 
system for indoor climate control of schools. 
The design is implemented in an existing school and measurements were done in this school. In an 
existing school building a new displacement ventilation system was installed in a classroom. 
Afterwards during several weeks all relevant parameters were measured to calculate the PMV values. 
In the same period users of this classroom had to fill in a questionnaire in which they rated 
temperature, stability of temperature and air speed.  
The measurements and calculations provide an insight in the effects of displacement ventilation on the 
climate itself and the individual perception of the thermal comfort. Bench marking of specific 
parameters concerning thermal comfort gives a clear picture of the performance of the concept. 
Displacement ventilation is good solution for classroom ventilation. 
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INTRODUCTION 
 
Most ventilation systems in Dutch primary schools do not provide acceptable indoor 
air quality (IAQ) nor fulfil thermal comfort requirements ( Habets et al 2006, De Gids 
et al 2007, Joosten 2004, van Bruchem 2005). Most schools have natural- or exhaust 
only ventilation systems. These systems often have draught problems resulting in 
human intervention (especially during winter, e.g. closing windows). Ventilating fresh 
air improves IAQ, learning performance and reduces sick leave ( Myhrvold et al 
1996, Wargocki et al 2005).  Because of high occupancy, school classes need a 
large amount of fresh air supplied in a comfortable and cost effective way guaranteed 
throughout the year. A promising (cost) effective ventilation solution is displacement 
ventilation (DV) because of its high ventilation-efficiency (Skistad et al 2004).  
Dutch primary schools need a ventilation system which is able to supply and 
guarantee a large amount of air in a comfortable and efficient way throughout the 
year. Earlier design research conducted (van Bruchem 2005) concluded that a 
displacement ventilation system could be able of supplying a large amount of air with 
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a low velocity while giving no draught problems. Although this system seems to have 
a high potential as ventilation system in primary schools, more research is needed to 
obtain a better understanding of the critical factors of applying such system in a 
typical Dutch (primary) school environment. According to Skistad et al (2004) a 
displacement ventilation (DV) is in first place meant to obtain a good air quality into 
the occupied zone. DV is suitable in rooms where the main heat sources are also the 
contaminant sources (like pupils); a classroom is a good example. A displacement 
ventilated classroom needs less fresh air (when compared to often applied mixing 
ventilation) to gain the same indoor air quality. This involves an energy reduction. 
Mattsson (1999) conducted research on the performance of DV systems in 
classrooms under laboratory conditions. It seems that for example people movement 
demolishes the displacement effect, but the displacement flow pattern was re-
established fairly quickly after ceasing the activity. In all test cases of his study he 
found that the air quality in the breathing zone of seated occupants remained 
significantly better than that at perfect mixing conditions. 
 
 
METHODOLOGY: FIELD TEST WITH DISPLACEMENT VENTILATION 
 
The objective of this research is to obtain a good indoor air quality in primary schools 
by developing, constructing and validating a “standard” displacement ventilation 
solution that can be generally applied in these schools. In spite of the fact that a 
laboratory environment is commonly used for measurements to validate ventilation 
systems (because of the controlled steady state conditions that can be achieved) it is 
important to prove the efficiency of the ventilation system in an existing classroom 
environment. Several depending and dynamic physical variables need to be 
examined and monitored to obtain a reliable judgment of the DV system. With the 
help of measurements the following aspects of a DV system were formed: 
- The current status of the IAQ and thermal comfort (reference conditions without a 
ventilation system) and perception of the users with respect to IAQ and thermal 
comfort (with a survey); 
- The considered reduction of the CO2 concentration as a result of a DV system.  
 
For the measurements a tripod was used in the middle of the room on which were 
placed the different sensors. To get a more detailed insight in the IAQ in the 
classroom for the pupils a person simulator (PS) is used to validate (better) air quality 
in the breathing zone. The air quality near the body of a human in a displacement 
ventilated room is verifiable better due to thermal buoyancy which stimulates fresh air 
supply from beneath. The buoyancy forces near. Mattsson [8] also used a person 
simulator to measure the displacement effect near the body in his research. The 
dimensions of the PS are determined by the furniture of the classroom and the 
average body surface of the pupils. Thermo graphical pictures were made to 
compare the surface temperature of the PS with a real human. The PS is used to 
mount on resistance thermometers and CO2 sensors, see Fig. 1.  
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Figure 1. Tripod and Personal Simulator used for the measurements [9]   

 
An enquiry was executed two times to obtain an indication of the IAQ and thermal 
comfort perception of the pupils, one before and one after the ventilation system was 
turned on. The interval between each enquiry was one month. The pupils were asked 
to judge the indoor climate based on the last two weeks according to a 7-point scale. 
Subsequently, the perception of the pupils is weighted (according to the 7-point 
scale). The scores from the 7-point scale are weighted from negative -3 and +3 with 
a minimum appreciation to neutral 0 with a maximum appreciation. 
 
 
EXPERIMENTAL SET-UP 
 
The measurements are carried out in a full-scale classroom (in use) approximately 
the size of a typical classroom in the Netherlands (see picture 1). The floor area of 
the classroom is 7,72 x 7,3= 56,4m2 with a ceiling height of 3,13 m and a total space 
volume of 176 m3. 
Some steady state measurements are performed in an empty classroom and others 
are performed in an occupied classroom to obtain buoyancy sources in accordance 
with normal classroom activities. The classroom is used by 26 pupils from group 7/8 
(age 10-12 years) in standard school conditions. The façade has eight windows of 
which four can be opened by the teacher. The opposite wall contains six windows 
(four bordering the outdoor climate) of which none can be opened. The classroom 
has two doors, one to the classroom nearby (isn’t used) and one door to the corridor. 
The indoor blinds system (four sections) can be lowered by the teacher to avoid 
direct sun radiation in the morning. 
Three existing radiators with a total capacity of 23500 W (at 90/70ºC) are provided 
with manually controlled radiator valves to adjust the room temperature. Fresh air 
could be supplied into the classroom by the windows in the façade.  
 
New ventilation system 
An air handling unit is mounted on the outer wall of to the classroom, see figure 1. 
The air handling unit is provided with a plate heat exchange system to recover 
sensible heat from the exhaust air. The air is transported by a duct system which is 
mounted above the lowered ceiling in the classroom. An additional electric heater is 
placed which is connected to a temperature sensor nearby the supply diffusers, to 
obtain a minimal supply temperature of 18ºC in winter (only for fine tuning of the air 
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supply temperature). The ventilation flow can be adjusted by a control panel which 
communicates with electronically commutated ventilators in the air handling unit and 
is fine-tuned with control valves. The air flow can be measured by prefabricated 
measuring instruments in the supply and the extract duct system. The air supply 
temperature is regulated by an electrical heating battery which is connected with a 
temperature sensor in the supply duct system. Two semicircular textile air diffusers 
(so called air socks) for displacement ventilation are mounted on the wall, at floor 
level of the backside of the classroom. The main supply duct is vertically placed in 
the middle of the wall at the backend of the room. An air distribution box is placed at 
the end of the duct at floor level to divide the air flow over the textile air diffusers. The 
textile air diffusers have a length of 1,7 meters with a zipper at 0,5 meter to shorten 
the length (to 1,2 meter) and increase the supply velocity. Next, two exhaust grilles 
are mounted in the lowered ceiling on the opposite side of the classroom (see Fig. 2). 

 
Figure 2. Experimental set-up [9] 

 
The ventilation system of the classroom consists of: 
• 1 Air handling Unit (AHU): nom. capacity 1000 m3/h at 300 Pa with electronically 
commutated 
ventilators with free set point; 
• 1 electrical heating battery, capacity 1500W; 
• Duct system Ø 250 mm, maximum velocity 5,5 m/s ; 
• 2 horizontal displacement diffusers made of fire retardant textile; 
 
Reference conditions of the classroom  
The measurements took place during one week from 3rd till 7th of March 2008. The 
mentioned values are measured within the school lessons. Throughout the week the 
average indoor room temperature is reasonably constant, approximately 20ºC. Also 
the relative humidity is reasonably well with an average value between 40-50%. The 
indoor air quality, which is measured by the CO2 concentration, exceeds the limit of 
1200 ppm by 55% and the desired value of 1000 ppm by 86%!. This is quite 
unacceptable but unfortunately occurs often within Dutch primary schools.  
 
 
RESULTS  
 
After installing the new system ventilation measurements took place on a normal 
school day with morning and a afternoon session. The occupation was constant with 
23 persons and when the ventilation system turned on the air flow per person was 22 
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m3/h (6,1 l/s). Before the start of the school day (first period) the ventilation system 
was turned off. After one hour the CO2 concentration was between 1700 and 1900 
ppm just before the ventilation system was turned on. Within the first three minutes 
the CO2 concentration at the PS sensor was decreasing. After twelve minutes the 
CO2 concentration at the wall- and the tripod sensor were decreasing. It is plausible 
that the displacement effect at the PS causes the extract sensor to decrease earlier 
than the wall- and tripod sensors (after six minutes). The second period started after 
the morning break at 10:45 when the system was turned off again. After three quarter 
of an hour the CO2 concentration was build up again to a value between 1500-1750 
ppm. Subsequently the ventilation system was turned on and the sensor of the PS 
again decreased within the first three minutes. The other sensors follow after twelve 
minutes except for the extract sensor with an obvious decrease after six minutes. 
Just before lunch break the CO2 concentration was around 1000 ppm at the PS 
sensor and between 1200-1300 ppm at the other sensors (and declining), see Fig. 4. 

 
Figure 3. CO2 concentration curves of the efficiency measurement July 3rd 

 
Theoretically, the DV system needs an air flow rate of 6.75 l/s per pupil to obtain an 
average CO2 concentration of 1000 ppm (at 430 ppm outdoor). In our experiment it 
was shown that the mean CO2 concentration was almost 1000 ppm on the first and 
second day, achieved by a ventilation rate of 5.4 and 5.6  l/s per pupil. The measured 
ventilation per pupil is approximately 17% lower than the calculated values. This 
might be explained by the fixed ventilation efficiency of 1.3.  
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Vertical temperature gradient and draught 
Figure 4a shows that the maximum air velocity is at 2 cm above floor level and the air 
velocity reduces to 0,11 m/s at 10 cm. Moreover, the air velocity is stabilized at 5 cm 
(0.14-0.15 m/s) for all distances. Since this is ankles’ height, it is the critical height for 
draught problems. For the observed configurations the pupils can be seated at 0.5 
meter from the textile air diffuser without draught problems. 

            
 
 

 
The draught rating values remained below 20% (mean 14%) and the turbulence 
intensity values remained below 50% (mean of 16%) according to CR 1752 (1999). 
The mean air supply temperature was around 19 ºC.  Figure 4b shows the maximum 
vertical temperature gradient (between ankle and head) of all measurements 
collected and remains just below 3 K/m.  
 
Results questionnaires 
The results of the questionnaires according to the ASHRAE 7 points scale were 
transformed to a scale of 0-10. The average score between 0-10 is calculated by 
dividing the actual score to the maximum score. Figure 5 shows the perception of the 
pupils with respect to the IAQ and thermal comfort aspects. The scoreboard is scaled 
with 10 as an optimal situation. Two experiments are shown, the ventilation system 
turned off and the system turned on. On almost all aspects the ventilation system 
performs better working than not working. It’s remarkable that pupils feel the same at 
the “Satisfying IAQ”, “Comfort classroom” and the “Odors” aspect. The “Overall 
feeling” is even better when the ventilation system stays off. The pupils experience 
more “annoyance of noise” which is probably produced by the ventilation system. In 
spite of the measurements indicating more significant values, the pupils’ opinion of 
the ventilation system is slightly better than when the ventilation system is turned off 
and the windows are opened sometimes. 

Figure 4a (above) air velocity at 
different heights and distances   

Figure 4b (right) vertical temperature gradient, 
temperature gradient between 0.1 and 1.1 meter
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CONCLUSIONS 
 
High performance schools are meant to give their pupils the best surrounding for 
their learning situation. Adequate thermal comfort and good performance are 
therefore essential. The current proposed DV system could make from ordinary 
schools, high performance schools, as a major improvement could be made for the 
thermal comfort and IAQ conditions. 
The measurements were performed during normal working houres in a typical Dutch 
school buildings’ classroom. As expected, the reference conditions of the examined 
school building were not adequate: the average CO2 concentration, the indicator for 
IAQ, is high (above 2000 ppm).  
The measurements give an indication of the performance of the new installed DV 
system. The DV system is effective to improve the IAQ to an acceptable level. The 
DV system provides  average CO2 concentration below 1000 ppm with a lower 
ventilation rate compared to mixed ventilation systems. This has been achieved 
without exceeding the threshold limits of vertical temperature gradient and draught. 
The results of the questionnaires did not significant differ from the measured IAQ 
aspects.   
 
Aknowledgement 
BAM Techniek, Nijburg group, Air trade Centre and BLT Luchttechniek,  sponsored 
the materials and provided the assembly team. 
 
 
REFERENCES 
 
1. Habets, T., Van Ass, M., Duijm, F., Geelen, L., Haans, L., Van Brederode, N., GGDRichtlijn 

Beoordelen van ventilatie scholen (2006), LCM Landelijk Centrum, Netherlands 
2. De Gids, W.F., Van Oel, C.J., Phaff, J.C., Kalkman, A. Het effect van ventilatie op de cognitieve 

prestaties van leerlingen op een basisschool (2007), TNO Bouw en Ondergrond, Delft, Netherlands 
3. Joosten, L.A.H. Field study on the performance of exhaust-only ventilation in schools with regard to 

indoor air quality (2004), Faculty of Building, Architecture and Planning, Technical University of 
Eindhoven, The Netherlands  

4. Bruchem, van M., Verbeterd installatietechnisch ontwerp voor basisscholen om 
luchtkwaliteit en comfort te waarborgen, (2005), Faculty of Building, Architecture and 
Planning, Technical University Eindhoven, Netherlands 

5. Myhrvold, A., Olesen, E., Lauridsen, O. Indoor environment in school pupils’ health performance in 
regard to CO2 concentrations (1996). Indoor Air: Proceedings of the 7th international conference on 
indoor air quality and climate, Nagoya, Japan, Volume 4, pp.369-374 

Figure 5. Average opinions of 
pupils for several aspects on a 
scale from 0 to 10 
  



8 W. Zeiler et al, NL: High performance schools: displacement ventilation an improvement? 
   

 

 

4
th 

Intern. Symposium on Building and Ductwork Air tightness 
30

th
 AIVC Conference “Trends in High Performance Buildings…” 

October 1-2, 2009, Berlin/Germany 

 

      

 

6. Wargocki, P., Wyon, D.P., Matysiak, B., Irgens, S. The effects of classroom air temperature and 
outdoor air supply rate on the performance of school work by children (2005). Indoor Air: 
Proceedings of the 10th international conference on indoor air quality and climate, Beijing China, 
pp. 368-372 

7. Skistad, H., Mundt, E., Nielsen, P., Hagstrom, K. Railio, J., Displacement Ventilation in 
Non-Industrial Premises (2004), REHVA Federation of European Heating and Airconditioning 
Associations, Brussels, Belgium, ISBN 82-594-2369-3 

8. Mattsson, M., On the efficiency of displacement ventilation with a particular reference to the 
influence of human physical activity (1999), Department of Building Services Engineering, 
Royal Institute of Technology, Stockholm, Sweden, ISBN 91-628-3674-9 

9. Schuiling, D.J.B.W. Performance of Displacement Ventilation in primary schools (2008),  MSc-
thesis Technische Universiteit Eindhoven, December 10th 2008 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


