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Samenvatting

Clean Air Low Energy Samenvatting

Dit verkennend onderzoek had als doel de karakterisatie van de binnenluchtkwaliteit in energie-
efficiénte gebouwen (woningen en scholen). Fysische, chemische en biologische parameters
werden gemeten om te bestuderen of het binnenmilieu in dergelijke gebouwen verschillend is
van dat in niet-energie-efficiénte gebouwen. Bijzondere aandacht werd besteed aan de invloed
van buitenmilieu en van ventilatiesystemen op het binnenmilieu.

Het ontwerpen van energie-efficiénte gebouwen is synoniem voor een verminderd
energieverbruik, beschouwd over de gehele levenscyclus van het gebouw. Efficiénte strategieén
om het energieverbruik te verminderen zijn onder meer een betere gebouwisolatie en een
sterkere luchtdichtheid. Hierdoor blijft gegenereerde warmte binnen de gebouwschil en wordt
de warmtevraag beperkt, wat een positieve invioed heeft op het energieverbruik. Een
verhoogde luchtdichtheid in nieuwbouwwoningen en -scholen brengt echter ook een
verminderde gebouwverluchting via openingen en scheuren in de gebouwschil met zich mee.
Omdat voldoende verluchting onmisbaar is om een gezond binnenmilieu te creéren en te
behouden, is in dit type gebouwen een ventilatiesysteem noodzakelijk. Een deels of volledig
mechanisch systeem is wenselijk, want mechanische ventilatiesystemen bieden het voordeel van
een gecontroleerde gebouwventilatie. De verantwoordelijkheid voor een correct gebruik en
onderhoud ligt echter bij de eigenaar/gebruiker van het gebouw. Hierdoor worden
gebouwgebruikers of bewoners verantwoordelijk voor het creéren en het onderhouden van een
gezond binnenmilieu.

In dit verkennend onderzoek Schone Lucht Lage Energie, wordt de binnenluchtkwaliteit bepaald
in 51 lage-energie gebouwen in Vlaanderen, waarvan 25 woningen en 26 klaslokalen. Elk
gebouw is uitgerust met een mechanisch ventilatiesysteem (zowel gecontroleerde toe- en
afvoer van lucht als gecontroleerde afvoer van lucht met toevoer via ventilatieroosters
werden opgenomen in deze studie). Het binnenmilieu werd telkens chemisch, fysisch en
microbiologisch gekarakteriseerd, terwijl ook de energieperformantie en de gebouwschil van elk
gebouw bestudeerd werd.

In de eerste fase van het project werd de gedetailleerde meetstrategie vastgelegd. Deze werd
gebaseerd op literatuur met betrekking tot (inter)nationale studies, welke verwerkt werd in een
review over onderzoek naar “oorzaak-gevolg-oplossing” in energie-efficiénte gebouwen. Deze
review omvat voordelen en knelpunten, gerapporteerd over energie-efficiénte, mechanisch
geventileerde gebouwen. Het binnenmilieu, en de invloed van het buitenmilieu hierop, werden
ook opgenomen in deze literatuurstudie. Als resultaat werden relevante chemische, fysische en
biologische parameters van het binnen- en buitenmilieu vastgelegd in het meetplan voor het
Schone Lucht Lage Energie veldwerk. Binnen deze set parameters werden de parameters,
gebaseerd op de literatuurstudie, opgedeeld in (1) prioritaire selectiecriteria voor gebouwen, (2)
parameters die ter plaatse gemeten moeten worden, of (3) parameters die opgenomen moeten
worden in een bevraging naar de gebouwkarakteristieken.

Daarnaast werd uit het literatuuronderzoek ook besloten dat deze Schone Lucht, Lage Energie
de eerste studie in zijn soort is, die de interactie tussen chemische, fysische en biologische
binnen/buiten parameters en (1) gebouwschil karakteristieken, zoals luchtdichtheid en totaal
ventilatievoud, (2) ventilatiesysteem-karakteristieken, zoals ventilatiesysteemtype en
warmterecuperatiesysteem en (3) geluidshinder, ten gevolge van het ventilatiesysteem en het
buitenmilieu, nader bestudeert.

In de tweede fase van het onderzoek werden 51 gebouwen, 25 woningen en 26 klaslokalen,
geselecteerd in Vlaanderen. Deze selectie gebeurde door middel van een mailing en een
aankondiging op relevante websites. Gebouweigenaars konden zich kandidaatstellen voor
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deelname aan dit onderzoek via een registratiedocument. Dit document bevatte relevante
informatie over de woning/school karakteristieken (o0.a. luchtdichtheid, gebouwschil en details
van het ventilatiesysteem) die gebruikt werden bij de woning- en schoolselectie. Alle gekozen
meetplaatsen zijn daarom gekarakteriseerd door combinaties van gebouwschil en
ventilatiesystemen, die representatief zijn voor huidige en toekomstige trends in het
gebouwpatrimonium van Vlaanderen. Daarom maakten passiefgebouwen alsook lage-energie
gebouwen met gecontroleerde lucht toe- en afvoer en gecontroleerde luchtafvoer met toevoer
via ventilatieroosters, deel uit van dit onderzoek.

Tijdens de meetcampagne werd het binnenmilieu zowel chemisch, fysisch als biologisch
gekarakteriseerd in de energie-efficiénte gebouwen. Dit hield in: een fysico-chemische analyse
van het binnen- en het buitenmilieu, een kwantificatie van biologische contaminanten in de
binnenlucht en in de corresponderende buitenlucht, een meting van geluidshinder ten gevolge
van ventilatie (zowel door het ventilatiesysteem als door de buitenomgeving) en de meting van
de doeltreffendheid van het ventilatiesysteem ten opzichte van de theoretische ventilatie en
luchtinfiltratie. De volgende parameters werden gemeten: 18 VOS componenten, TVOS,
formaldehyde, acetaldehyde, totaal andere aldehydes, PM, s, CO,, tocht, temperatuur, relatieve
vochtigheid, bacterién en schimmels in lucht en in depositiestof, het totaal ventilatievoud, de
luchtdichtheid en geluidshinder.

Deze brede dataset werd vervolgens geanalyseerd op de onderlinge relaties tussen de
gekarakteriseerde parameters in de verschillende omgevingen. De volgende vragen werden naar
voren geschoven bij deze analyse:

Heeft een ventilatiesysteem een invlioed op de binnenluchtkwaliteit?

Heeft de luchtdichtheid een invloed op de binnenluchtkwaliteit?

Heeft het totaal ventilatievoud een invioed op de binnenluchtkwaliteit?

Heeft geluidshinder een invloed op de gebouwventilatie en is er een indicatie van een
indirect verband met binnenluchtkwaliteit?

Scholen

Algemeen werd besloten voor Schone Lucht Lage Energie scholen dat de fysico-chemische
kwaliteit van de binnenlucht in energie-efficiénte, mechanisch geventileerde klaslokalen beter of
gelijk is aan deze die typisch gemeten wordt in traditionele klaslokalen (dit zijn klaslokalen
waarbij de verluchting plaatsvindt door het openen van ramen). Voornamelijk voor CO,, PM, s en
de 1/0 ratio van PM, 5, worden aanzienlijk lagere concentraties waargenomen in de Schone Lucht
Lage Energie klaslokalen.

Voor deze dataset werd vastgesteld dat de Iluchtdichtheid van een gebouw de
binnenluchtkwaliteit niet lijkt te beinvioeden. Over het algemeen werd dus geen afname van de
binnenluchtkwaliteit waargenomen in sterk luchtdichte klaslokalen. Het type mechanisch
ventilatiesysteem (gecontroleerde lucht toe- en afvoer of gecontroleerde luchtafvoer met
toevoer via ventilatieroosters) en het totale ventilatievoud van het klaslokaal bleken echter wel
fysico-chemische en biologische karakteristieken van de klaslokalen te beinvioeden. In het
bijzonder wanneer de binnenluchtkwaliteit vergeleken werd met voorgaande studies met lagere
ventilatievouden, werd een duidelijke verbetering van het binnenmilieu waargenomen.

In de bestudeerde klaslokalen bleek CO, onafhankelijk van het type mechanisch
ventilatiesysteem. Klaslokalen met een mechanisch gecontroleerde lucht toe- en afvoer hadden
verminderde PM,s in de instromende lucht, wat leidde tot lagere binnenconcentraties en
verminderde PM,s en 1/O verhoudingen ten opzichte van zowel klaslokalen uitgerust met
ventilatieroosters en mechanische luchtafvoer als klaslokalen zonder mechanisch
ventilatiesysteem. Het verhoogde totale ventilatievoud in klaslokalen met een ventilatiesysteem
D in deze dataset leidde slechts tot matig gereduceerde concentraties TVOS, bepaalde
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individuele VOS, formaldehyde, totaal andere aldehyden en relatieve vochtigheid in deze
klaslokalen ten opzichte van de andere lokalen.

In klaslokalen met ventilatieroosters en mechanische afvoer werd een matige toename van
tocht (gemeten als windsnelheid) waargenomen ten opzichte van de klaslokalen uitgerust met
ventilatiesysteem type D. Hierbij dient opgemerkt te worden dat in de BiBa-studie (Onderzoek
naar de luchtkwaliteit in traditioneel gebouwde klaslokalen, 2010), 25 van de 90 bestudeerde
klaslokalen uitgerust waren met ventilatieroosters (zonder gecontroleerde luchtafvoer); slechts
64% hiervan gebruikte echter de ventilatieroosters tijdens de uitvoering van het veldwerk.
Hoewel de parameter ‘tocht’ niet gekwantificeerd werd tijdens dat onderzoek, werd deze
parameter in de bijhorende vragenlijst wel vermeld door de klastitularis als de oorzaak voor het
afsluiten van de ventilatieroosters.

Het totaal ventilatievoud, herberekend volgens IDA klassen, waarbij het totaal aantal aanwezige
leerlingen in de klas in rekening gebracht wordt, toonde een goede overeenstemming met CO,,
PM, s, formaldehyde, en in mindere mate met de tolueen concentraties. Klaslokalen uit hogere
IDA-klassen hadden verhoogde concentraties van de opgesomde polluenten. Hierbij dient
vermeld te worden dat in vergelijking met NBN EN 13779, voor elke IDA-klasse lagere CO,
niveaus worden gemeten dan de aanbevolen concentraties op basis van het ventilatievoud per
leerling. Dit wijst op een zekere discrepantie in deze dataset, tussen de methodes die gebruikt
worden om IDA-klasses toe te kennen aan klaslokalen: (1) door berekening van ‘het totaal
ventilatievoud per leerling’ en (2) door berekening van ‘het verschil tussen binnen en buiten CO,
niveaus’.

Het verband tussen de binnenluchtconcentraties en de IDA-klassen (luchttoevoer per persoon),
is sterk in lijn met de recent gerapporteerde conclusies van het EU project HEALTHVENT
(December 2012). Deze studie had tot doel om ventilatierichtlijnen te formuleren, gebaseerd op
gezondheid, voor niet-industriéle gebouwen in Europa (kantoren, woningen, scholen, en
kinderdagverblijven). Deze richtlijnen streven ernaar om de rol van ventilatie te verzoenen met
(1) een gezonde kwaliteit van het binnenmilieu, door mensen te beschermen die het grootste
deel van hun leven binnenshuis doorbrengen, en (2) door tezelfdertijd de nood aan een meer
efficiént energieverbruik voor comfort in gebouwen na te streven. Het resultaat van deze studie
geeft aan dat een toevoer van 7-8l/sec/pers voldoende is om significante
gezondheidsproblemen te vermijden, indien men niet over verdere informatie beschikt, met
betrekking tot dit gebouw en de polluenten die erin voorkomen. Een minimaal
gezondheidsgebaseerd ventilatievoud van 4l/sec/pers kan echter aangeraden worden, indien
alle mogelijke initiatieven voor broncontrole gegarandeerd kunnen worden. Dit impliceert: een
goede buitenluchtkwaliteit (Wereld Gezondheids Organisatie-richtlijnen), laag-emitterende
materialen en producten en geen andere binnenbronnen dan de gebruikers/bewoners zelf. Voor
meer informatie: http://www.healthvent.byg.dtu.dk/. Aangezien in geen enkele van de
bestudeerde klaslokalen in Schone Lucht, Lage Energie enige actie tot broncontrole ondernomen
werd, is het aangeraden ventilatievoud volgens HEALTHVENT gelijk aan 7-8l/sec/pers, wat dan
volgens NBN EN 13779 vertaald wordt in IDA3 of beter.

Woningen

Algemeen werd voor Schone Lucht, Lage Energie woningen besloten dat de fysico-chemische
kwaliteit van de binnenlucht in energie-efficiénte, mechanisch geventileerde woningen, matig
verbeterde ten opzichte van traditionele woningen (d.w.z. geventileerd via opening van ramen,
geen mechanisch ventilatiesysteem). De sterkste verbetering werd vastgesteld voor CO, in de
woningen, voor de andere gemeten componenten werden minder uitgesproken verbeteringen
van de luchtkwaliteit waargenomen.

In woningen bleek het grootste deel van de gemeten fysico-chemische componenten
onafhankelijk van het mechanisch ventilatiesysteem of van de gebouwluchtdichtheid. Algemeen
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kan besloten worden dat er geen degradatie van de binnenmilieukwaliteit waargenomen werd
bij een toenemende luchtdichtheid. Enkel in woningen, gekarakteriseerd door het hoogste totaal
ventilatievoud (gelijk of groter dan 0.5ACH), werden opmerkelijk lagere binnenconcentraties van
CO,, VOCs, TVOC en in mindere mate aldehyden waargenomen, ten opzichte van de woningen
met een lager totaal ventilatievoud. Er werd geen significant verschil waargenomen in de
concentraties van de bestudeerde componenten tussen woningen met de twee mechanische
ventilatiesysteemtypes.

Het verband tussen het binnenmilieu en het totaal ventilatievoud of het type ventilatiesysteem
komt minder frequent voor en is minder uitgesproken in Schone Lucht, Lage Energie woningen,
ten opzichte van Schone Lucht, Lage Energie klaslokalen. Deze vaststelling kan toegeschreven
worden aan: (1) het feit dat de groep Schone Lucht, Lage Energie klaslokalen duidelijk
homogener is dan de groep woningen, als gevolg van de grotere variéteit en het frequenter
voorkomen van binnenbronnen in woningen; (2) het feit dat bij het toekennen van de IDA
klassen een herberekening van het ventilatievoud per klaslokaal werd uitgevoerd, waarbij
rekening gehouden wordt met het aantal leerlingen aanwezig in de klas. Deze ‘IDA-klasse’-
parameter van een klaslokaal blijkt beter geassocieerd te zijn met het binnenmilieu van dat
lokaal dan het totale ventilatievoud van een gehele woning (niet omgerekend naar het
aanwezige aantal aanwezigen, wegens te variabel gedurende de dagen) ten opzichte van de
luchtkwaliteit in de woonkamer ervan.

Alhoewel een betere tot gelijke luchtkwaliteit aangetroffen wordt terwijl de geinstalleerde
maximale debieten de ontwerpdebieten niet halen, zijn deze resultaten niet direct aan elkaar
gekoppeld. Het ontwerpdebiet wordt verondersteld een goede luchtkwaliteit te voorzien bij
volledige bezetting van de ontwerpcondities en zonder luchttoevoer via kieren en openingen.
Deze volledige bezetting en afwezigheid van lekken zijn echter niet de condities waaronder deze
stalen werden verzameld.

Voor biologische binnenluchtkwaliteit wijst de meerderheid, doch niet alle wetenschappelijke
literatuur op een positieve, d.i. reducerende, impact (1) van mechanische ventilatie met filtratie
van toevoerlucht en (2) van een hoger ventilatievoud op schimmels, en in mindere mate, op
bacterién in de binnenlucht. Algemeen wordt aangenomen dat dit positief effect het gevolg is
van de verwijdering van fijn stof, inclusief microben, door filtratie van inkomende buitenlucht en
door het verwijderen van deeltjes via uitgaande lucht. Er werd echter nog nooit een
systematische vergelijking gemaakt binnen energie-efficiénte gebouwen, waarbij zoals in deze
studie woningen met mechanische luchtafvoer en ventilatieroosters beschouwd worden ten
opzichte van woningen met gecontroleerde toe- en afvoerlucht. De bevindingen van Schone
Lucht Lage Energie spreken dit concept in zekere zin tegen, voornamelijk voor bacterién in de
binnenlucht, en dit in het bijzonder voor klaslokalen. In klaslokalen met ventilatiesysteem D
werden verhoogde concentraties bacterién aangetroffen ten opzichte van type C; een lichte
trend naar lagere hoeveelheden bacterién en schimmels in klaslokalen met een lager debiet per
leerling werd waargenomen.

Het is onmogelijk om uit dit onderzoek te besluiten of deze bevindingen wijzen op een werkelijk
effect van gebouwtype op microbiéle parameters van de binnenlucht, dan wel dat ze het gevolg
zijn van de redelijk kleine dataset - uit eerder onderzoek is immers gebleken dat kleine datasets
gevoelig zijn voor de welgekende variabiliteit van korte-termijn actieve luchtmetingen bij
aanwezigheid van sterke bronnen van bacterién en schimmels - of misschien het gevolg zijn van
een ondoeltreffend onderhoud van ventilatiesystemen in deze dataset. Verder, aangezien er
voor Belgié/Vlaanderen geen informatie ter beschikking is over achtergrondniveaus van
microbiéle parameters van klachten-vrije woningen en scholen, kunnen de verzamelde gegevens
niet geévalueerd worden ten opzichte van data uit traditionele, niet-mechanische geventileerde
woningen en scholen in vergelijkbare omgevingen en omstandigheden.
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De gezondheidsimpact van een verhoogde concentratie bacterién in binnenlucht is nog niet
duidelijk. Toch zijn de resultaten van deze studie erg waardevol en geven ze aanleiding voor
verder onderzoek, om de indicaties die in deze studie aangegeven worden verder op te
helderen.

De volgende beleidsaanbevelingen en valorisatie mogelijkheden werden geformuleerd:

1. Op gebied van chemische, fysische en biologische karakterisatie

- In energie-efficiéente, mechanisch  geventileerde (zowel systeem C met
verluchtingsroosters met gecontroleerde luchtafvoer, als systeem D met gecontroleerde
toe- en afvoer lucht) gebouwen komen de meeste chemische componenten op
gelijkaardige, ietwat lagere concentratieniveaus voor, in vergelijking met traditionele
gebouwen (zonder een mechanisch ventilatiesysteem). Mechanisch geventileerde
gebouwen zijn duidelijk doeltreffender geventileerd dan traditionele gebouwen. Deze
bevinding wijst erop dat in voldoende geventileerde gebouwen nog lagere
binnenluchtconcentraties van polluenten verkregen zouden kunnen worden, indien een
doeltreffende bron-reductiestrategie toegepast zou worden. Richtlijnen over het gebruik
van laag-emitterende bouwmaterialen en consumentenproducten, productlabels of
regelgeving over materiaalemissies kunnen van grote betekenis zijn om deze doelstelling
te bereiken.

- Er is een gebrek aan referentiewaarden met betrekking tot het voorkomen van
schimmels en bacterién in klachtenvrije, traditionele woningen en scholen in Belgié en
Vlaanderen. Ook het onderlinge verband tussen chemische, fysische en biologische
karakteristieken en het voorkomen hiervan in traditionele, nieuwbouw en gerenoveerde
gebouwen zou meer in detail bestudeerd moeten worden.

- Het is onduidelijk in hoeverre een constante luchtstroom in mechanisch geventileerde
klaslokalen een invloed kan uitoefenen op het in resuspensie blijven van opgewaaid stof,
zodat het bezinken van bacterién en schimmels op oppervilakten vermindert. Om dit
fenomeen meer in detail te bestuderen is een diepgaandere analyse nodig, die
noodzakelijkerwijs bestaat uit een aanzienlijk groter aantal stalen en gelijke groepen van
mechanisch geventileerde en niet-mechanische geventileerde klaslokalen.

- Voor klaslokalen is het IDA-classificatiesysteem een zeer geschikte indicator voor de
aanwezigheid van chemische en fysische contaminanten in het binnenmilieu (PM, s, CO,,
tolueen en formaldehyde). De binnenconcentraties van deze componenten vertonen de
tendens om toe te nemen met de IDA-klassenummer. Bacterién in de binnenlucht blijken
echter antigecorreleerd te zijn aan de IDA-klassenummer in deze dataset. Zoals eerder
vermeld in deze paragraaf is meer onderzoek naar het (samen) voorkomen van de
verschillende componenten nodig (zoals reeds vermeld kunnen de gerapporteerde
concentratieniveaus beinvioed zijn door specifieke karakteristieken in de bestudeerde
klaslokalen in Clean Air, Low Energy).

- De bestudeerde gebouwen in Clean Air Low Energy zijn nieuwbouwconstructies.
Aangezien renovaties tegenwoordig en ook in de toekomst in Vlaanderen nog veel
frequenter zullen plaatsvinden, en omdat renovaties vaak complexe combinaties van
bestaande en vernieuwde gebouwelementen impliceren, is het belangrijk om deze zelfde
set parameters te bestuderen in gerenoveerde gebouwen en deze te vergelijken met de
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gegevens uit deze dataset. Een interessant aspect van deze oefening, kan zijn om de
impact van particuliere initiatieven van gebouweigenaars, te vergelijken met renovaties
begeleid door een architect.

- Het is niet voor de hand liggend om de enige momenteel beschikbare passiefschool in
Vlaanderen te beschouwen als representatief voor alle passief scholen die momenteel
gebouwd worden in Vlaanderen. Omdat de bestudeerde passief school een gesloten
instelling is, hadden niet alle klaslokalen een typische klaslokaalinrichting. Zo was
bijvoorbeeld één klaslokaal ingericht als keuken, en was een ander klaslokaal uitgerust
met een winkel. Het is niet uitgesloten dat specifieke producten aanwezig in deze lokalen
de binnenmilieumetingen beinvloed hebben, in het bijzonder de biologische
karakterisatie. Deze conclusie moet alsnog beschouwd worden als hypothetisch, meer
onderzoek naar het binnenmilieu in passief school-klaslokalen met een typische inrichting
is nodig.

- In verder onderzoek kan het zinvol zijn om het niveau van detail van de metingen nog te
verhogen. Zo kan bijvoorbeeld het noteren van het eigenlijke aantal aanwezigen, de
eigenlijke ventilatie, luchtdichtheid en luchtkwaliteit, op een kleinere tijdsresolutie leiden
tot extra inzichten, in het bijzonder met betrekking tot de effecten van vraaggestuurde
ventilatiesystemen. De kosten, en de inbreuk op de privacy van de bewoners om deze
informatie te verkrijgen, kunnen dit voorstel echter tegenwerken.

2. Op gebied van ventilatiesystemen

- Sensibiliseren en informeren over het gebruik en onderhoud van een ventilatiesysteem,
gericht op scholen en woningen, is noodzakelijk (uit dit onderzoek blijkt dat
ventilatiesystemen vaak gebruikt worden op een te laag debiet en dat ze zelfs
uitgeschakeld worden in klaslokalen) aangezien het merendeel van de gebruikers niet op
de hoogte blijkt te zijn van de impact en de functie van het ventilatiesysteem. Meer
specifiek voor scholen lijkt begeleiding bij het uitstippelen van een doeltreffende
onderhoudsstrategie, gericht op de verschillende actoren aanwezig op school (de
directie, de preventieadviseurs, de leerkrachten, het onderhoudspersoneel en externe
poetsdiensten) nuttig. De ontwikkeling van een code van goede praktijk voor het gebruik
van ventilatiesystemen op school kan hierbij een doeltreffend actiepunt zijn (cfr. Code
van goede praktijk voor ventilatiesystemen in residentiéle gebouwen, WTCB)

- Aanbevelingen over de juiste dimensionering van ventilatiesystemen, om te voorkomen
dat het dagdagelijks functioneert in de hoogste stand (dit verhoogt de waarschijnlijkheid
op geluidshinder) om een voldoende ventilatievoud in functie van het aantal aanwezigen
te verkrijgen. Informeren en sensibiliseren van relevante actoren bij het dimensioneren
van het ventilatiesysteem, zoals fabrikanten, installateurs en architecten, die kunnen
bijdragen tot de preventie van ondergedimensioneerde ventilatiesystemen, is hierbij
nodig.

- Een kwaliteitsgarantie voor ventilatiesystemen zal een toegevoegde waarde opleveren
voor kwaliteit van het binnenmilieu: een opgelegde keuring is hiervoor aangewezen. De
resultaten van dit onderzoek tonen, in overeenstemming met vorige studies, aan dat het
ontwerpdebiet zoals gespecificeerd in de standaarden niet gehaald wordt in de meeste
situaties. Uit voorgaand onderzoek blijkt dat dit toegeschreven wordt aan het simultaan
voorkomen van een onvolledig/ontbrekend ontwerp en een gebrek aan
kwaliteitscontrole bij de installatie. Momenteel is dit mogelijk omdat een keuring
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onbestaand is, en de prestatie van het systeem daardoor nooit gecontroleerd wordt. Het
is aanbevolen een keuringsrapport te verplichten

Ondanks de tekortkomingen die vastgesteld worden bij de geteste ventilatiesystemen,
wordt een voldoende binnenluchtkwaliteit gemeten. Deze vaststelling demonstreert de
noodzaak om de bediening van het ventilatiesysteem of de automatische bediening
ervan goed te begrijpen. Dit impliceert echter niet dat de ontwerpdebieten te hoog zijn.
Meer onderzoek is nodig om na te gaan of een reductie van debieten werkelijk
aanvaardbaar is. INDIEN deze verlaagd zouden kunnen worden, is een diepgaande
inspectie van de eigenlijke debieten van het ventilatiesysteem noodzakelijk, want dan zal
er minder marge zijn voor afwijkingen.

Toevoer- en afvoerdebieten hoeven niet in balans te zijn volgens de standaard. Dit leidt
tot een aantal interpretatieproblemen met betrekking tot warmterecuperatie en tot een
lager totaal ventilatievoud. Dit kan verholpen worden door bijvoorbeeld richtlijnen te
formuleren waarin het toe- of afvoerontwerpdebiet in elk specifiek project (welke van de
twee de laagste is) verhoogd moet worden om de totale ontwerpdebieten gelijk te
stellen voor toevoer en afvoer.

Er is nood aan meer aandacht voor geluidshinder geproduceerd door ventilatiesystemen
(of geluid afkomstig van buiten dat binnen treedt via openstaande ventilatieroosters). De
resultaten duiden op een risico voor verlaagdeventilatiedebieten door geluidshinder, in
het bijzonder in slaapkamers uitgerust met mechanische luchttoevoer (systeem D). Dit
kan op zijn beurt leiden tot een minder goede binnenluchtkwaliteit. Architecten en
installateurs moeten goed geinformeerd zijn over het belang van het gebruik van
geluidsbeperkende maatregelen, zoals geluidsdempers in kanalen of ventilatieeenheden
met lagere geluidsproductie, om zowel akoestisch comfort als een goede
binnenluchtkwaliteit te verzekeren.

Deze studieresultaten duiden op een mogelijk probleem ten gevolge van geluidshinder in
scholen opgebouwd uit modulaire eenheden, uitgerust met een mechanisch
ventilatiesysteem. Meerdere gevalsstudies zijn nodig om te onderzoeken of het nodig is
om het concept van mechanische ventilatie in dit type scholen te herbekijken.

Architecten moeten bewust gemaakt worden van de geluidshinder die met
waarschijnlijkheid geinduceerd wordt in slaapkamers of woonkamers van ‘open plan’
projecten (met natuurlijke toevoer, systeem C) ten gevolge van de mechanische
luchtextractie in aangrenzende badkamers of keukens. Extra geluidsbeperkende
maatregelen, zoals dempers in de eindkanalen moeten in zo’n geval voorzien worden.

Conclusies met betrekking tot de doeltreffendheid van onderhoudsinitiatieven van
ventilatiesystemen kunnen niet geformuleerd worden op basis van deze dataset.
Hiervoor is een aanvullende gedetailleerde vragenlijst over het laatste onderhoud, en
hoe en wanneer dit uitgevoerd werd, nodig. Ondanks het feit dat dergelijk onderzoek
geen deel uitmaakt van Clean Air Low Energy, zou dit een waardevol aanvullend
onderzoeksprogramma zijn.

Aangezien alle hier bestudeerde constructies gebouwd zijn na 2006 en de meerderheid
van de gebouwen slechts sinds 3 tot 4 jaar in gebruik is, kan de lange-termijn invlioed van
verouderde ventilatiesystemen en van de onderhoudsinitiatieven van gebouweigenaars
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of schoolgebouw verantwoordelijken, niet opgenomen worden in deze studie. Een
opvolgstudie in deze gebouwen, na 5 tot 10 jaar gebruik van het ventilatiesysteem, kan
waardevolle onderzoeksinformatie opleveren, waarin de doeltreffendheid van het
ventilatiesysteem, en de invloed hiervan op microbiéle en chemische contaminatie van
het binnenmilieu bestudeerd kan worden.

3. Op gebied van gebouwschil

- De binnenluchtkwaliteit van energie-efficiénte woningen en scholen uit dit onderzoek
bleek licht verbeterd of gelijk aan deze die vastgesteld werd in traditionele gebouwen
(zonder mechanisch ventilatiesysteem) met een zelfde functie. Er is dus geen indicatie
dat het bouwen van energie-efficiénte gebouwen nadelige effecten op
binnenluchtkwaliteit of menselijke gezondheid zou veroorzaken.

- Een zeer luchtdicht gebouw impliceert niet noodzakelijk een slechtere luchtkwaliteit

- Het verhogen van de luchtdichtheid van een gebouwschil (beperken van scheuren en
kleine openingen, verzegelen van ramen, ..) kan een zeer kostenefficiénte
energiebesparende maatregel zijn. Dit kan door bijvoorbeeld kennisoverdracht naar
ontwerpers en vakmensen. De gegevens van dit onderzoek tonen aan dat er bijvoorbeeld
in de modulaire eenheden van scholen een verbetering mogelijk is op vlak van
luchtdichtheid.

- Een lagere luchtdichtheid en een hoger totaal ventilatievoud van een klaslokaal leidt niet
noodzakelijk tot een reductie van polluenten, typisch gevormd in het binnenmilieu zoals
CO, en bacterién. Afhankelijk van de plaats van de openingen en scheuren, is het
mogelijk dat niet alle inkomende lucht afkomstig is van buiten (dit moet verder in detail
bestudeerd worden).

- In geval van significante geluidshinder van buiten (L, > 60 dB), moet de akoestische
performantie van ventilatieroosters en andere ‘zwakkere’ facade elementen zoals ramen
en rolluikkasten nauwgezet bestudeerd worden om te voorkomen dat gebruikers van het
gebouw de roosters afsluiten wegens geluidshinder. In het bijzonder voor geluidshinder-
gevoelige kamers (slaapkamers en klaslokalen) zijn akoestisch verbeterde roosters en
akoestische beglazing (bijvoorbeeld asymmetrisch of gelamineerd) aangeraden.
Architecten en hun cliénten moeten gesensibiliseerd worden over de nood aan een goed-
gebalanceerde geluidsisolatie van akoestisch zwakke facade-elementen in functie van
geluidshinder afkomstig van buiten, om het correct gebruik van ventilatieroosters en dus
een voldoende luchtdebiet te verzekeren.

4, Warmtewisselaars

- Op basis van deze studie is er een indicatie dat een ventilatiesysteem D uitgerust met een
bodemwarmtewisselaar, een risico voor verhoogde luchtconcentraties bacterién met zich
mee brengt. Hierbij moet benadrukt worden dat de grootte van deze dataset slechts
toelaat om een indicatie vast te stellen. Dit is een aspect dat in verder onderzoek meer
aandacht verdient.

- Andere warmterecuperatie opties, zoals de aardwarmtewisselaar, hercirculatie van lucht
en de aanwezigheid van flexibele leidingen, wezen niet op een verschillende situatie ten
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opzichte van het ‘gewone’ ventilatiesysteem type D. Hierbij moet benadrukt worden dat
de grootte van deze dataset slechts toelaat om een indicatie vast te stellen. Dit iseen
aspect dat in verder onderzoek meer aandacht verdient.
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Clean Air Low Energy Summary

The aim of this exploratory study was to assess the indoor air quality (IAQ) in energy-efficient
buildings (EEBs), including homes and schools. Physical, chemical and biological parameters have
been measured in order to determine whether indoor air in such buildings differs from non-
energy-efficient buildings. The particular focus is on how the outdoor environment and
ventilation systems affect on indoor parameters.

Designing energy-efficient buildings is synonym for a reduced energy use of the building,
considered over its complete life cycle. Efficient strategies to reduce the energy consumption
are, amongst others, a better building insulation and increased air tightness. Doing so, generated
heat is kept inside of the building envelope, which leads to a positive effect on the energy
consumption. Increased insulation and air tightness in newly built houses and schools, however,
imply a limited air leakage through openings and cracks in the building envelope. Since sufficient
building ventilation is indispensable to create and maintain a healthy indoor environment, these
types of buildings need a ventilation system. A partly or fully mechanical ventilation system is in
this case advisable, since ventilation systems offer the advantage of a controlled air exchange
rate in the building. However, since the responsibility of a correct use and maintenance is in the
hands of the users/occupants, building owners, and occupants become responsible for the
creation and maintenance of a healthy indoor environment.

In this exploratory study, Clean Air Low Energy, the indoor air quality of 51 indoor sites in low
energy buildings, equipped with a mechanical ventilation system (controlled supply and
exhaust air as well as trickle ventilators with controlled exhaust air) in Flanders has been
determined, in total in 25 houses and 26 classrooms. Each indoor environment was
characterized chemically, physically and biologically; the energy performance and the building
envelope of each indoor location are assessed as well.

In a first phase of the project, a detailed measuring strategy was designed, founded on open
literature on (inter)national studies and on reviews concerning cause-consequence-solution
research in energy-efficient ventilated buildings. Advantages as well as bottlenecks related to
energy-efficient, ventilated buildings were included in this review. The indoor environment, and
the influence of the outdoor environment on the indoor air were reviewed as well. As a result,
indoor and outdoor chemical, physical and biological parameters were included in the measuring
plan for Clean Air, Low Energy. Based on this review, (1) priority selection criteria for buildings
were formulated and distinguished from (2) parameters to be measured on-site or (3)
parameters to be included in a building-related questionnaire. Furthermore it was concluded
that this study is the first in its kind to explore the interaction between chemical, physical and
biological indoor/outdoor parameters and (1) building envelope characteristics, such as
airtightness and total air change rate, (2) ventilation system characteristics, such as ventilation
system type and heat recovery systems, and (3) noise nuisance, related to the ventilation system
and the outdoor environment.

In the second phase 51 buildings, of which 25 houses and 26 classrooms in Flanders, Belgium
were selected. Initiated by a mailing and by notification on relevant websites, a message was
sent out to recruit relevant buildings for this research programme. House and school owners
could volunteer for participation in the study by completing a registration file. This registration
document contained relevant house/school characteristics that were used in the final
house/school building selection. All selected indoor sites are characterized by combinations of
building envelop and ventilation system type, that are representative for the current and future
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trends in the building patrimony in Flanders. Therefore, passive buildings as well as low-energy
buildings, and ventilation systems with controlled supply and exhaust air as well as systems with
controlled exhaust and trickle ventilators were included in the study.

The sampling campaign focussed on the chemical, physical, and biological characterisation of the
indoor environment in these energy-efficient buildings. This implies a physico-chemical analysis
of the indoor environment as well as the corresponding outdoor air; the quantification of fungi
and bacteria indoors and in the corresponding outdoor air, the measurements of noise nuisance
due to building ventilation (both ventilation system-related and outdoor air-related) and the
measurement of the effectiveness of the ventilation system in relation to the theoretical
ventilation and air infiltration. The following parameters were quantified for each location: 18
VOC compounds, TVOC, formaldehyde, acetaldehyde, total other aldehydes, PM, s, CO,, draught,
temperature, relative humidity, total viable bacteria count and fungi in air and in deposited dust,
total air change rate, air tightness, and noise nuisance.

This wide data set has been explored with the aim to study inter-relations between the
characterized parameters in the different studied locations. The following questions were put
forward in this analysis:

Does the ventilation system have an influence on the indoor air quality?

Does building airtightness influence the indoor air quality?

Does the total air change rate influence the indoor air quality?

Does noise nuisance affect building ventilation and is there any indication of an
indirect relation with indoor air quality?

Schools

In general for Clean Air Low Energy schools, it was concluded that the physico-chemical quality
of the indoor air in energy-efficient, mechanically ventilated classrooms is improved or equal to
the indoor air quality typically monitored in traditional classrooms (i.e. ventilated through
window opening). Mainly for CO,, PM, 5 and the I/O ration of PM,;, considerably lower levels
have been registered in the Clean Air Low Energy classrooms.

In this dataset, airtightness didn’t seem to influence the indoor air quality. Overall, no significant
degradation of the indoor air quality with better building airtightness was observed. However,
the type mechanical ventilation system, as well as the total air change rate, were indicated to be
related to the physico-chemical as well as biological contaminants in the classrooms. Especially
when the results for indoor air quality are compared to previous studies with lower air exchange
rates, a clear improvement indoor air quality is observed.

According to this dataset, indoor CO, is not influenced by the mechanical ventilation system
type. However, in the studied classrooms, mechanical ventilation systems with controlled supply
and exhaust air tend to reduce PM,s in incoming air, which leads to reduced indoor levels, as
well as to reduced PM,s I/O ration compared to classrooms with trickle ventilators and
mechanical exhaust. The higher total air change rate in classrooms with a mechanical ventilation
system D, is characterised by only moderately lower indoor TVOC, certain individual VOCs,
formaldehyde, total other aldehyde levels as well as relative humidity inside these rooms.

A moderate increase of draught (air speed) was found in the studied classrooms with trickle
ventilators and controlled air exhaust, compared to controlled supply and exhaust air. In the
BiBa study (On the indoor air quality in traditionally built schools, 2010), 25 of the 90 studied
classrooms were equipped with trickle ventilators (without controlled exhaust air); only 64%
actually hereof actually used the trickle ventilation during the fieldwork. Although draught was
not quantified in that study, it was mentioned by the teacher to be the main reason for closing
the trickle ventilators.
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The total air change rate of the classrooms, recalculated to IDA classes taking into account the
total number of present pupils in the rooms, was fairly well associated with the indoor CO,,
PM, s, formaldehyde, and to a lesser extent toluene concentrations. In fact, a higher IDA class
implied increased indoor levels of the latter listed compounds. It should be noted that compared
to NBN EN 13779, for each IDA class considerably lower indoor CO, levels were measured than
the recommended concentrations. This indicates that in this dataset a certain discrepancy was
found between both methods to assign the IDA classes in schools, i.e. by calculating the ‘total air
change rate per pupil’ and by ‘the difference between indoor and outdoor CO, levels’.

The association between indoor air concentrations and IDA classes (thus air supply per person) is
clearly in line with the recently reported conclusions of the EU project HEALTHVENT (December
2012), which aim was to develop health-based ventilation guidelines for non-industrial buildings
in Europe (offices, homes, schools, nursery, homes and day-care centres). Those guidelines aim
to clarify the role of ventilation on reconciling IAQ health based quality by (1) protecting people
staying indoors most of their life time against air pollution risk factors, and (2) at the same time
taking into account the need for having more efficient energy use for comfort in buildings. The
outcomes of this study indicated that a provision of 7-8l/sec/pers is enough to avoid significant
health problem when one doesn't know anything about building and pollutants. However, a
minimal health based ventilation rate guideline of 4l/sec/pers would be advisable if all source
control measures have been guaranteed: good outdoor air (World Health Organisation
guidelines), clean materials and no other sources indoors but the occupants themselves. See
http://www.healthvent.byg.dtu.dk/. Since in none of the studied classrooms any initiative on
source control has been taken, the advisable ventilation rate according to HEALTHVENT would
be 7-8l/sec/pers, which translated according to NBN EN 13779 equals IDA 3 or better.

Houses

In general for Clean Air Low Energy residences, it can be concluded that the physico-chemical
quality of the indoor air in energy-efficient, mechanically ventilated houses was found to be
moderately improved or equal to the indoor air quality monitored in traditional buildings (i.e.
ventilated through window opening). The best improvement was found for indoor CO,, for other
compounds less distinct improvements are found.

In residences, the majority of the measured physico-chemical compounds was found to be
independent of the mechanical ventilation system or the building airtightness. Overall, no
significant degradation of the indoor air quality with better building airtightness was observed.
Only in houses that are characterised by the most elevated total air change rate (equal or larger
than 0.5 ACH), remarkably lower indoor CO,, VOCs, TVOC and to a lesser extend aldehydes were
monitored in comparison to the other total air change rate levels. Overall, no significant
differences in indoor air quality were observed between the 2 ventilation system types apart
from differences in air change rate.

Clearly fewer and less apparent relationships between building total air change rate or
ventilation system and the indoor environment were found in the Clean Air Low Energy houses,
especially when compared to the classrooms. This finding was attributed to several reasons: (1)
the group of Clean Air Low Energy classrooms is clearly more homogeneous than the group of
residences as a result of the wider variety and higher abundance of indoor sources in residences;
(2) the IDA class recalculation of the total air change rate per classroom to an air supply per
child, present in that room, is indicated to be better associated to the indoor environment than
the total air change rate of a whole house to the indoor air quality of its living room, not being
recalculated to the amount of persons present throughout the sampling period. The bulk
exposure to CO, for example will be located in the bedrooms. This relative independence of flow
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rate and pollutant concentrations that are mainly linked to indoor sources also suggests that
these sources are in equilibrium conditions with the indoor environment.

Although good IAQ results are found while the installed maximum flow rates do not meet the
design flow rate, these two results have no direct connection. The design flow rate is supposed
to provide good IAQ in fully occupied design conditions and without air supply through leakage.
This does not correspond to the occupancy and leakage levels in the measurement period.

Biological indoor air quality, the majority, but not all of the scientific literature points towards a
positive, i.e. reducing impact of mechanical ventilation (with filtration of incoming air, compared
to natural ventilation) and higher air exchanges on fungal and - to a lesser extent - bacterial
levels in indoor air. The positive effect is generally believed to be due to removal of outdoor
particles, including microbes, through filtration and due to removal of particles through exhaust
air. However, no systematic comparisons have been made within energy efficient buildings,
comparing as here for example mechanic exhaust to mechanic intake and exhaust systems. The
findings in Clean Air Low Energy generally somewhat oppose these concepts, in particular with
respect to bacteria in indoor air and in particular for schools. Higher bacterial levels were found
in classrooms with ventilation type D compared to type C; a tendency towards lower bacterial
and fungal levels in classrooms with lower air exchange rate was observed.

It is impossible to conclude from this study whether these findings actually indicate a real effect
of building types under study on the microbial contaminants in the indoor air, or whether the
results are not rather an effect of the very low sample size, susceptible towards the known
variability in short-term active air samples, the presence of strong indoor sources of bacteria and
fungi or maybe some cases of inadequate maintenance of the ventilation systems in the study
schools. Also, since there is a lack of baseline level information on microbial contaminants in
complaint-free houses and schools in Belgium, the data cannot be measured to levels in
traditional, non-mechanically ventilated buildings. The health relevance of elevated bacterial
levels in indoor air is unclear. However, the results of this study are certainly interesting and call
for further research to clarify the indications obtained in Clean Air Low Energy.

The following valorisation possibilities and policy recommendations were formulated:
1. Inthe field of chemical — physical — biological characterisation

- In energy-efficient, mechanically ventilated (trickle ventilators with controlled
exhaust as well as controlled supply and exhaust air) buildings, most chemical
compounds occur at similar or somewhat lower concentration levels compared to
traditional buildings. Mechanically ventilated buildings are clearly more effectively
ventilated than traditional buildings. This finding indicates that sufficiently ventilated
buildings may be characterised by even more reduced indoor concentration levels if
an efficient source reduction strategy would be implied. More guidance on the
usage of low-emitting building materials and consumer products; labelling of
products, or regulations on material emissions would be of considerable value to
achieve this goal.

- There is a lack of baseline information of viable fungi and bacteria in Belgium,
Flanders, in complaint-free, traditional houses and schools. Also the interrelation
between chemical/physical/biological characteristics and their behaviour in
traditional, in newly built and in renovated buildings should be studied more in
detail.

- ltis unclear in how far a constant airflow in mechanically ventilated classrooms may
affect on keeping resuspended microbial material suspended in the air rather than
supporting settling and deposition of bacteria and fungi on surfaces. In order to
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investigate more in depth into this issue, clearly higher number of samples and
equal group sizes of mechanically ventilated and non-mechanically ventilated
classrooms are necessary.

- In classrooms, IDA classes are a very appropriate indicator for chemical/physical
contaminants in indoor air (PM, s, CO,, toluene, formaldehyde). Indoor levels of these
compounds tend to increase when moving to a higher IDA class. Viable bacteria seem
to behave anti-correlated in this particular dataset. As listed in this paragraph, more
research on the (co-)occurrence of the compounds in indoor air is needed (as
specified earlier, the reported results may be influenced by specific characteristics of
the studied classrooms).

- The buildings studied in Clean Air Low Energy are new built constructions. Since
renovations are even more common today and in the future in our regions, and
because renovations often imply a much more complex interplay between the
existing and the renewed elements of the building, it is important to study this same
set of parameters in renovated buildings and compare the indoor environment with
this dataset. An interesting aspect of repeating a similar study like Clean Air Low
Energy in renovated buildings, is the impact of individual initiatives of house owners,
compared to renovations guided by an architect.

- Itis difficult to consider the one passive school studied in Clean Air Low Energy as an
indoor environment representative for all passive schools that are currently being
built or will be built in Flanders. Because of the fact that the studied school was a
closed rehabilitation institute, not all classrooms had a typical classroom setup in
this case. For instance, the first classroom was a kitchen, the second had a shop
inside. Specific products in these rooms may have biased the indoor environment,
mainly its biological characterisation. However, since this conclusion should be
reported as hypothetical, more research on the indoor environments of operational
passive schools is needed.

- In future studies, it might be interesting to increase the level of detail of the
measurements even more. Monitoring the actual amount of people present and the
actual instantaneous ventilation, infiltration rates and air quality, might provide
additional insights, especially concerning the effects of demand controlled
ventilation systems. Associated costs and the intrusion of the privacy of the
inhabitants might however hamper these research methods.

2. Inthe field of ventilation and ventilation systems

- Sensibilisation and information on use and maintenance of the ventilation system, in
schools as well as in residences, is needed (generally the ventilation system is used
at a low set point; even shut-down effect in one classroom), since most of the users
do not seem to be aware of the impact or functionality of their ventilation system.
More specifically for schools, guidance on a good maintenance strategy, focussed on
the different actors in a school (school principal, prevention advisors, teachers,
school building cleaning personnel and external cleaning services) can be beneficial.
The development of a code of good practice for ventilation systems in schools could
in this case be a suitable action (cfr. Code of good practice for ventilation systems in
residential buildings, WTCB).
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Recommendations on a correct dimensioning of a ventilation system, with the aim
to prevent a day-to-day operation in the highest position (which implies potentially
more noise nuisance) to achieve a sufficient ventilation rate as a function of the
typical amount of occupants. Informing or sensibilisation of relevant actors in the
dimensioning of a ventilation system, such as manufacturers of ventilation systems,
installers and architects, may contribute to the prevention us under-dimensioned
ventilation systems.

Quality assurance for ventilation systems would imply an added value to the quality
of the indoor environment: commissioning is necessary since this study, in
accordance with others, demonstrates that the design flow rates specified in the
standards are not met in a majority of cases. This can be traced back to
simultaneous occurrence of inadequate or absent design and a lack of quality
control during installation, allowed to exist by the fact that commissioning is
virtually non-existent and the performance of the system is therefore never
checked. It is recommended that a commissioning report becomes mandatory.

The relatively good indoor air quality that was found in spite of all shortcomings of
the ventilation systems clearly demonstrates the necessity of either good
understanding of the control of the ventilation system or automated control. This,
however, does not imply that the design flow rates are too high. Further research is
needed to assess if a reduction of the legally required flow rates is really acceptable.
IF these requirements would be lowered, a thorough inspection of the actual flow
rates of the ventilation system is essential, because there will be less margin.

Supply and exhaust flow rates in the standard are not balanced, leading to a number
of interpretation problems for heat recovery ventilation and generally lower total air
change rates for exhaust ventilation. This could be addressed by specifying e.g. in
guidelines that the total design flow rates for supply and exhaust should be equal.
The supply or exhaust design flow rates in each specific project (which ever of both
is the lowest) should be increased to achieve equal total design flow rates for supply
and exhaust.

There is a need for more attention towards the noise produced by the ventilation
system itself (or noise entering through the vents from outside the buildings.
Results indicate an actual risk of ventilation flow rates being lowered because of
noise nuisance, especially in bedrooms with mechanical air supply (system D), which
may in turn result in poor IAQ. Architects and installers have to be well informed
about the interest of sound reducing measures such as duct silencers and ventilation
units with low noise production, to ensure both acoustic comfort and indoor air
quality.

The study indicates a possibly major problem of noise nuisance in modular unit
schools due to mechanical ventilation system. More case studies have to be
examined to point out a possible need to reconsider the concept of mechanical
ventilation in this type of school building.

Architects have to be made aware of the noise nuisance that is likely to occur in
bedrooms or living rooms in ‘open plan’ projects (with natural air supply, system C)
from mechanical air extraction in adjoining bathrooms or kitchens. Additional noise
reducing measures such as mufflers in the end ducts have to be considered.
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- There is an indication that system D with an earth-to-air heat exchanger risks to
have more elevated indoor bacterial levels. Other options such as earth coupled
heat exchangers with heat transfer fluid, recirculation of air and the presence of
plastic ducts did not indicate differences to the ‘regular’ system D. It should be
stressed that the magnitude of this dataset can only lead to an indication of an
aspect that may need more attention in future research.

- Conclusions on the successfulness of maintenance initiatives of ventilation systems
cannot be formulated based on this dataset. This would have implied additional
detailed questionnaires on the last maintenance and how and when this has been
performed. In spite of the fact that this kind of study was not part of Clean Air, Low
Energy it would be a valuable additional research programme.

- Since all studied constructions were built after 2006 and the majority of the
buildings is only in use since 3 to 4 years, the long-term influence of aging ventilation
systems and the maintenance initiatives organised by house owners or school
building responsibles, are not included in this study. It will however be valuable to
organize a follow-up study in these buildings after 5 to 10 years usage of the
ventilation system, including the effectiveness of the ventilation system, and its
influence on indoor microbial and chemical contamination.

In the field of building Envelope characterisation

- The IAQ in energy-efficient, mechanically ventilated houses and schools was found
to be moderately improved or equal to the indoor air quality monitored in
traditional buildings. There is no indication that the trend towards energy efficient
buildings will cause detrimental effects on IAQ and human health.

- Avery airtight building does not necessarily imply a poor IAQ.

- Increasing the airtightness of building enclosures (reducing cracks and small
openings, sealing windows,...) can be a very cost effective energy reduction measure
and should be stimulated, e.g. by transferring knowledge to designers and
craftsmen. The data in this study indicate that e.g. in the studied modular units
improvement is possible on the level of airtightness.

- A lower airtightness and a higher total air change rate of classrooms don’t
necessarily lead to a decrease in pollutants typically formed indoors, such as CO, and
bacteria. Depending on location of openings and cracks, not all incoming air may be
originating from outdoors (needs more study)

- In case of significant outdoor noise levels (L, > 60 dB), the acoustic performance of
trickle ventilators and other ‘weak’ facade elements such as windows and roller
shutter boxes has to studied carefully in order to prevent users from closing the
trickle vents because of noise nuisance. Especially for noise sensitive rooms
(bedrooms, classrooms) acoustically improved trickle vents and acoustic glazing (e.g.
asymmetric or laminated) seem to be necessary. Architects and their clients have to
be sensitized about the need of a well-balanced sound insulation of acoustically
weak facade elements according to the outdoor noise exposure to ensure the use of
trickle vents to supply sufficient air flow rates.
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4. Inthe field of heat exchange system selection
- The relation between the presence of an earth-to-air heat exchangers and indoor
bacterial levels should be studied more in detail, in order to formulate a
representative conclusion.

- According to Clean Air Low Energy there is no indication for negative influences of
other heat exchange systems on the indoor environment
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CHAPTER 1 Introduction

CHAPTER 1 INTRODUCTION

The study to be conducted is an exploratory study on the indoor environment of energy-efficient
buildings (EEBs). The overall aim is to assess the indoor air quality (IAQ) in energy-efficient
buildings, including homes and schools; physical, chemical and biological parameters will be
measured in order to determine, whether indoor air in such buildings differs from non-energy-
efficient buildings. The overall study strategy follows the approach to determine various
parameters in EEBs and compare the data generated in this study to data available from previous
studies on non-energy-efficient buildings. The particular focus is on how the outdoor environment
and ventilation systems affect on indoor parameters.

Designing energy-efficient buildings is synonym for a reduced energy use of the building,
considered over its complete life cycle. Efficient strategies to reduce the energy consumption are,
amongst others, a better building insulation and an increased air tightness. Doing so, generated
heat is kept inside of the building envelope, which leads to a positive effect on the energy
consumption.

Increased insulation and air tightness in newly built houses and schools, however, imply a limited
air leakage through openings and cracks in the building envelope. Since sufficient building
ventilation is indispensable to maintain a healthy indoor environment, these types of buildings
need a ventilation system.

A partly or fully controlled mechanical ventilation system would be advisable, since ventilation
systems offer the advantage of a controlled air exchange rate in the building. However, since the
responsibility of a correct use and maintenance is in the hands of the users/occupants, building
owners, and occupants become responsible for the creation and maintenance of a healthy indoor
environment.

In this exploratory study, Clean Air Low Energy, the indoor air quality of 50 indoor sites - 25 houses
and 25 schools/classrooms - in Flanders is determined. Each indoor environment is characterized
chemically, physically and biologically; the energy performance and the building envelope are
assessed as well. Mainly in the school monitoring part, the project’s name will be translated to
Schone Lucht Lage Energie.

In agreement with LNE and VEA, the logo shown in Figure 1 has been designed in order to
contribute to an efficient communication on the project to participants of the study — children as
well as the inhabitants of the houses - to policy makers and to inhabitants, and school directions.

Figure 1: English and Dutch logo for the Clean Air, Low Energy study

WP1 - Measurement Strategy 1
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1.1. STRATEGY

1.1.1. PROJECT WORKPLAN

In a first phase (Work Package 1) a detailed measuring strategy is designed, founded on open
literature on (inter)national studies and on reviews concerning cause-consequence-solution
research in energy-efficient ventilated buildings. Advantages as well as bottlenecks related to
energy-efficient, ventilated buildings, are included in this literature review. The indoor
environment, and the influence of the outdoor environment on the indoor air is included as well.
Therefore indoor and outdoor chemical, physical and biological parameters are included in the
measuring plan.

Based on this review, (1) priority selection criteria for buildings are formulated and distinguished
from (2) parameters to be measured on-site or (3) parameters to be included in a building-related
questionnaire.

In the second phase (Work Package 2) in total 50 buildings, of which 25 houses and 25
schools/classrooms in Flanders, Belgium will be selected. These 50 buildings are characterized by
combinations of building envelop and ventilation system type, that is representative for the current
and future trends in the building patrimony in Flanders. Therefore, passive buildings as well as low-
energy buildings (if available zero-energy buildings), and ventilation systems with controlled in-and
outlet as well as systems with controlled outlets are included in the study.

The sampling campaign focuses on the chemical, physical, and biological characterisation of the
indoor environment in these energy-efficient buildings. This implies a physico-chemical analysis of
the indoor environment as well as the corresponding outdoor air; the identification of fungi and
bacteria inside the houses and the corresponding outdoor air, the measurements of noise nuisance
due to building ventilation (both ventilation system-related and outdoor air-related) and the
measurement of the effectiveness of the ventilation system in relation to the theoretical
ventilation and air infiltration.

This large dataset will allow an exploratory comparison in the third work package (Work Package
3). In this step the indoor environments of passive, low-energy and traditional houses and schools
in Flanders will be evaluated and compared, and different ventilation system types will be
contrasted.

The indicative results of this research will lead to the formulation of policy options and guidance for
environmental policy and other entities. Needs for further research, and practical guidelines for
citizens will also result from this research. For this reason, in the building selection phase significant
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attention will be put on the possibility to extrapolate the data obtained from this relatively limited
set of buildings, to the whole region of Flanders.

A schematic overview of the different work phases in Clean Air, Low Energy is shown in Figure 2.

WP1 - Measurement Strategy 3
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Figure 2: Clean Air, Low Energy flowchart

WP 1.1 Literature review vg}f’a%ézcé ?lll%lélsg WP 1.3 Indoor Environment WP 1.4 Sampling Strategy
Cause-consequence + Seloction criteriac characteristics Strategy for recruting +
bottlenecks Questicnnaie Sampling + Questionnaire measurement plan
WP2.1 Recruting WP 2.2 Measurements in the field WP 2.3 Measurement methods
. . WP3.3 Data interpretation WP3.4 Valorisation
WP 3.1 Data pocessing Y:ﬁ:i‘iﬁjﬁ ;I:ltgrplfi%t;tilg; in relation to other study possibilities and policy
g results guidance

1.1.2 MULTIDISCIPLINARY APPROACH

In order to achieve the workplan as presented in section 1.1.1, several scientific disciplines, all
related to healthy energy-efficient building, are involved in this study. The various scientific
disciplines and the respective research teams involved in Clean Air, Low Energy are listed in Table 1.

Table 1: Overview of the different scientific disciplines and responsible institutes

Discipline Involved team

Chemical and physical contamination of the VITO, Unit Environmental Risk and Health, team Air
indoor and outdoor environment Quality Measurements

Biological contamination of the indoor THL, National Institute for Health and Welfare,
environment Department of Environmental Health, Environmental
Microbiology Unit (Finland)

Noise Nuisance due to ventilation - WTCB, Technological Advice centre Acoustics.
Acoustics
Building Ventilation — ventilation systems University of Ghent, Architecture and Urban

Development, Building Physics and Installation techniques

Building insulation — Sustainability of VITO, Unit Transition Energy and Environment,
buildings

4 WP1 - Measurement Strategy
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1.2. WP 1 INTERIM REPORT STRUCTURE

This first work package aims at the formulation of the most suitable sampling strategy to assess the
indoor air quality in energy-efficient buildings (houses and schools), equipped with mechanical
ventilation systems. The measurement strategy was determined in 3 phases:

Phase 1: An inventory of existing knowledge
Phase 2: The development of a strategy for building selection: recruitment & selection
Phase 3: The development of a detailed sampling strategy for the fieldwork

The sampling strategy will fit the conclusions and recommendations from relevant regional and
(inter)national studies and will be based on knowledge reported in relevant scientific literature.

This report on ‘WP1 Sampling Strategy’ includes the literature review on current knowledge
concerning the indoor environment in energy-efficient, energy-efficient buildings. Relevant studies
are listed (CHAPTER 2) in a table format. The conclusions of this literature review will lead to the
identification of building characteristics to be studied in Clean Air, Low Energy (CHAPTER 3). The
literature review will also lead to the identification of the indoor characteristics, to be studied in
Clean Air, Low Energy (CHAPTER 4). In the last chapter (CHAPTER 5) the conclusions and the final
recommendations contribute to a detailed sampling strategy for Clean Air, Low Energy.

WP1 - Measurement Strategy 5
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CHAPTER 2 LITERATURE REVIEW

2.1. RESEARCH STRATEGY

Relevant conclusions and outcomes, resulting from studies related to the characterization of the
indoor environment, and to the influence of low-energy building and ventilation systems on the
health of occupants on Flemish, Federal or European level, are included in this literature review.
Also recent research results, reported in international, peer-reviewed journals are summarized in
this review.

Doing so, the most important national and international conclusions and recommendations
concerning cause-consequence in these characteristic indoor environments are collected. The
result is reported in a table, including information on the health situation of occupants/building
users, the indoor environment (indoor air quality, biological contaminants, noise nuisance, and
outdoor environment), the building characteristics (ventilation systems, energy presentations,
building envelope) and critical aspects (bottlenecks) and conclusions related to this building styles.

The following list of key words is used in the literature review:

Indoor (environment/air/air quality), energy-efficient (construction), passive
(construction/building), energy-efficient (construction/building/design), low-energy
(building/design), architecture, disturbance, comfort, background, level, grids, facade, speech,
privacy, isolation, ventilation, ventilation systems/devices, green, health, noise, acoustics, outdoor
environment, energy performance, building envelope, bottle necks (filter contamination, filter
inefficiency, ventilation rate, usability of the ventilation system, maintenance, noise nuisance due to
ventilation systems, noise nuisance due to outdoor environment, ventilation system types.

Furthermore the following search combinations gave most hits in a search on the Web of Science:

‘ventilation and indoor quality’, led to 1100 hits, and ‘indoor air and ventilation system and
chemical’ led to 34 hits. It should be mentioned also that the combined search on ‘Indoor air quality
and low energy building’, resulted in a very short list of publications.

2.2. LITERATURE REVIEW ON THE INDOOR ENVIRONMENT IN ENERGY-EFFICIENT BUILDINGS
Table 2 shows an extensive overview of relevant international literature in the indoor environment

in energy-efficient, ventilated buildings. Table 3 gives an overview of finished and currently running
relevant studies on aspects related to this topic.

WP1 - Measurement Strategy 7
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Table 2: The most relevant publications concerning Physical, Chemical and Biological parameters in energy-efficient, mechanically ventilated buildings

reference

study design?

location

chemical physical

biological

acoustic perceived IAQ building envelope /

type

energy
performance

ventilation system

outdoor

health of occupants

bottle neck/conclusion

1

Aubin et al. 2011

Study on seasonal
variation and
intervention study
investigating the
impact of increased
ventilation rates in
different seasons on
IAQ and the
respiratory health of
children

Canada

CO,, NO,, 03, temp, RH, SF6

airborne
mould
spores,
settling
mould
spores,
allergen
samples in
dust (not yet
reported)

- air tightness of the
building (blower

the effect of
increasing the
ventilation rates: if
ventilation rate < 0,3
h'l, then ventilation
rate is increased;
comparison between
seasons

seasonal variability:
except for aldehydes,
NO,, Os; all chemicals
higher concentrated in
winter/fall;
intervention: average
Canadian homes don't
meet the nominal
ventilation goal of 0,3/h;
85% of the houses don't
meet this in winter time.

2

Bogers et al. 2011

A questionnaire based
study on perceived air
quality and subjective
health in residences
with mechanical air
supply and exhaust
ventilation and natural
supply and mechanical
exhaust systems

NL

houses with
mechanical air supply
and exhaust versus
natural air supply and
mechanical exhaust

questionnaire on
subjective health

lower perceived IAQ in
mechanical supply and
exhaust ventilation
system; better
perceived IAQ when
natural air supply and
mechanical exhaust

3

Breysse et al.,
2011

investigation of
resident health and
building performance
after rehabilitation of
low-income housing
according to green,
energy-efficient
techniques

USA

door)
perceived IAQ -
and subjective
health
via low income housing,

questionnaire renovated according
to green and healthy

principles

energy use
was reduced
by 45 % over
the one year
post
intervention
period

after renovation: MV
installed (no
ventilation
previously)

questionnaire: overall
health, asthma, and
not asthma-
respiratory problems

significant
improvements in overall
health, asthma and not-
asthma problems for
adults and children

4

Dodoo et al., 2011

simulation study on
the effect of heat
recovery unit
integration on the
total primary energy
use of residential
buildings

Sweden

Passive house
and
conventional

Heat Recovery
Ventilation

VHR systems can give
substantial final energy
reduction, but the
primary energy benefit
depends strongly on the
type of heat supply
system, and also on the
amount of electricity
used for VHR and the
airtightness of buildings.

5

Raja et al. 2011

intervention study on
the effect of the
installation of a
ventilation system
with air filtration on
the respiratory health
in children

USA

comparison of
bedroom with
ventilation system
turned on, ventilation
system + filter (95%
efficient PM
removal), and
ventilation system
turned off.

pulmonary
inflammation and PEF

statistical improvement
of IAQ and pulmonary
function with the unit
running as compared
with the placebo mode
both with and without
ventilation.

6

Stranger et al.
2011

comparison of the IAQ
in 3 classrooms with
different
ventilation/aeration
systems

B

formaldehyde, AER and PFT
benzene, toluene, AER,
hexanal,

dichloromethane,
tetrachloroethylene,

a-pinene

CO, radon

VOCs, PMy,, CO, CO, temp, RH
PM,5, TVOC temp, RH

first classroom
equipped with heat
recovery ventilation
system and air supply
filter, second is
naturally ventilated
with aeration surface
0,01 m”.m’; third is
naturally ventilated
with aeration surface
of 0,5 m’.m>

IAQ in mechanically
ventilated classroom
better than aerated
rooms; however in
wintertime low indoor
RH in ventilated room (<
30%)
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7 Sundell et al.,
2011

literature review
investigation influence
of  ventilation on
health

Non specific

Up to 25 I/s/pers of
fresh air supply, a
negative correlation is
found between adverse
health  effects and
ventilation rates

8 van Dijken et al. evaluation of the NI - ventilation - installation noise levels - - - houses with balanced - - insufficient air supply
2011 quality of ventilation rates mechanical and exhaust rates,
systems (technical ventilation and improper construction
installation, houses with of ductwork, insufficient
maintenance and mechanical exhaust, control options and
performance) built between 2006 poor maintenance;
and 2008; overheating if no bypass
questionnaire on use section in installed as
and maintenance of well as draught under
the ventilation the supply valves; wrong
system position of the
ventilation unit, absence
of properly installed
silencers and improper
construction of the duct
work causes noise
nuisance
9 Baird and Dykes, Post occupancy Australia, based on survey (other environmental factors: lighting, overall comfort, thermal comfort in winter, commercial or selected on from full air despite high overall
2010 evaluations on 36 Canada, D, thermal comfort in summer) institutional basis of conditioning through rating for interior
energy-efficient India, Ir, buildings sustainability mixed-mode, to environment of energy-
buildings in 11 Japan, 'credentials’ natural ventilation efficient buildings,
different countries Malaysia, (LEED, acoustic aspect scores
(Victoria university of New BREEAM, less well. Strong
Wellington, New Zealand, CASBEE, Green correlation between
Zealand) Singapore, Star Australia, overall perception of
UK, USA Green Globes) noise and perception of
productivity and overall
comfort
10 Briere, Bernard, Overview evolution of F condensations, fungi Equipment noise, sound No ventilation, Acoustical dysfuntions
2010 different ventilation draught insulation of fagades ventilation of (fagade insulation +
systems according to individual rooms, equipments), 70%
applied building overall natural related to concept and
system in time (1900- ventilation, overall workmanship, 22% to
...), referring to field mechanical lack of maintenance or
study AIR-H " (see ref. ventilation use, < 1% due to
AC.S.2) product/system
dysfuntions. Problems
related to IAQ remain
predominant, reinforced
air tightness leads to
high sensitivity to
equipment noise.
11 Haverinen- Cross-sectional study
Shaughnessy et investigates the 5.chc.\c.>l result.s are
al., 2010 possible effect of low significantly |nf|ue.nc'.ed
USA - - - - - schools - - - - by the mean ventilation

ventilation rates on
academic
achievement

rate per pupil in the
classroom

12  Maclntosh et al.,
2010

modelling study, using
multizone IAQ model
to integrate data on
ambient PM2.5,
meteorology and
ventilation and air
cleaner configurations

PM, s - - - -

homes with natural
ventilation (NV);
homes with central
AC with conventional
filtration (AC CF) and
homes with central
AC with high
efficiency in duct
clears ( AC high eff)

PMzs

median |/O ratios of 3
ventilation types: 0,57
(NV), 0,35 (AC CF) and
0,1 (AC high eff)
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13  Madhavi et al. performance AU Cco2 temp, RH - thermal passive building and passive building has a - performance on thermal
2010 comparison of a comfort low-energy building controlled comfort and IAQ
passive and a low- assessed with ventilation; the low- contictions (CO,) slightly
energy building block PMV and PPD energy building relies better for passive
on user-operated house; a controlled
natural ventilation ventilation system leads
(window opening) to lower indoor CO,
concentrations ,
especially in cold
periods and in multi-
occupancy apartments
14 Nohetal, 2010 experimental study, PM - - - residential housing - mechanical appropriate
PM levels measured at with mechanical ventilation system combinations of filter
various ventilation ventilation system with filter type and ventilation rate
rates and filter types was crucial for reducing
in a residential PM levels indoor;
housing inappropriate filters and
rates leads to higher PM
levels indoor compared
to no mechanical
ventilation
15 Paul et al. 2010 experiment in a test USA PM particle number temp, RH, wall - - energy-efficient one- mechanical induced - fan'on': RH, wall
house (Tuskegee moisture level test house fresh air ventilation + moisture and indoor PM
Healthy House) with HVAC system increases; Fan 'off': RH,
mechanical induced wall moisture an indoor
fresh air ventilation. PM decreases. In HVAC
buildings: RH is low in
winter time (dryness of
skin, ..) ; in summer RH
is high (humid and
sweaty)
16  Viitanenetal,,
2010
investigation of the Proposed model makes
susceptibility of it possible to evaluate
building materials to  Finland - RH - - - - - - the mold growth risk for
mould if moisture different materials ifo.
exposure Humidity
17 Xuetal., 2010 intervention study: PM10, TVOC, CO, CO, - - - bedrooms in - HEPAIRX (3 AER per children with pre- 2- fold lower PM 10 and
influence of air participants hour of outside air + 9 existing asthma; TVOC concentrations
cleaning/ventilation dwellings (type: changes per hour of significantly when HEPAIRx system
unit in bedrooms of 30 undefined) recirculated air, all improvement of was operating; 20 %
asthmatic children: over HEPA filter) units health outcomes (EBC  decrease in CO, levels
effect on health and in bedrooms; average nitrate, pH, PEF rate)
1AQ air exchange rate was on HEPAIRx operating
15,6 per hour status
Existing evidence is
insufficient to draw solid
conclusions  regarding
positive impact of duct
. . cleaning on IAQ, health
literature review on . )
the influence of duct benefits, cost savings
18  Zuraimi, 2010 . . - - - - - - - - - and HVAC performance.
cleanliness on indoor T
air quality Malnt'ammg duct
cleanliness has to be
properly balanced by
the probable generation
of indoor pollution and
potential health risks.
19 Bridger and Paper about HVAC USA - - Calculation of SPL due to - Public buildings, Green mechanical need for practical design
George, 2009 mechanical systems mechanical ventilation Schools Buildings ventilation devices methodologies and

and noise control as
part of acoustics in
green schools (in LEED
Buildings)

devices

(LEED)

effective analysis tools
for acoustical and
mechanical engineers

10
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20

Claeson et al.,
2009

This work investigated
perceived air quality
and health effects
from exposure to low
to high levels of
volatile organic
compounds (VOCs)
emitted from damp
building materials and
a mixture of moulds
growing on the
materials

voC

PIAQ

This study showed that
exposure to high levels
of VOC emitted from
damp building materials
and a mixture of mold
may cause poor
perceived air quality. It
also indicated that
stimulation of chemical
warning systems (the
nasal chemosensory
part of the trigeminal
system and the olfactory
system) may enhance
skin symptoms.

21

Coudriet, 2009

paper about various
instances where
energy-efficient
building practices
have degraded
acoustical
environment

with 'energy-efficient
design' often: missing
finishes, missing
barriers, transom
glazing, low pressure
system and transfer air
ducts, radiant heating,
natural ventilation
system, access flooring
... Implying ultra-low
background noise,
limited use of solid
partitions, absence of
common finishes -->
poor acoustical
conditions

22

Crump,2009

review report on IAQ
in highly energy
efficient homes

in UK, there have been
no published studies on
IAQ in highly energy
efficient homes. There is
a high need for more
data on this topic.

23

Guigou-Carter et
al., 2009

paper about effect of
thermal retrofit on
acoustic performance
of a building from the
80s, based on
prediction calculations
(including the effect or
air-inlets) - CSTB,
France

apartment building
80’s, 28

dwellings of
different size,
external walls 20 cm
concrete with
thermal lining (50
mm XPS+13 mm
gypsum board), floor
slabs 20 cm
concrete.

The specific low-
frequency sound
reduction is in all cases
above 30 dB. Including
an air-inlet of
performance 36 dB will
generally reduce the
fagade sound insulation
by 2 to 3 dB, while an
air-inlet of performance
42 dB will generally
reduce the fagade sound
insulation by 1 dB only

24

Maier et al. 2009

study on 22 identical
houses in Germany,
with 4 different
ventilation strategies

CO,

temperature

perceived
thermal
comfort

timber framed
construction

energy
consumption
was measured

- - Non specific
4 ventilation types: 1) - comfort was
natural, 2) ventilation measured

system with air
heating, 3) MVHR and
4) MV with single
ventilators

MVHR: 10 - 30 % lower
energy consumption
that other ventilation
systems; MVHR: CO,
concentrations 40 -50 %
lower than with natural
ventilation: perceived
air quality was (very)
good; no differences
between systems;
bottleneck: no other
chemicals than CO,
measured

WP1 - Measurement Strategy
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25  McKell, Willmot, paper indicating Glasgow facade containing natural ventilation (1) : approximately 15
2009 achievable acoustic elements comprising with partially opened dB reduction,
and ventilation glass and masonry windows (1), ventilation rate of 4 air
performance with and a free area, secondary glazed changes per hour, not
different ventilation standard bedroom windows suitable for areas where
strategies, calculations size with a mid incorporating the noise levels exceed
based on frequency staggered openings 50 dB during the night,
manufacturers’ data reverberation time (2) and trickle vents (2) : sound reduction of
and studies of 0.5 seconds to provide 26 dB to be expected,
background ventilation rate similar
ventilation (3) to (1), (3) : sound
reduction of 31 dB,
additional ventilation
necessary

26  Roy, 2009 About the recurrent USA - - - speech privacy (survey- Open plan spaces, Green - referring to research Acoustics = least
conflicts between wise) closed spaces Buildings at UC Berkeley's satisfactory IEQ factor
recent trends in (offices, conference (LEED) Center for the Built for all studies buildings,
architectural design rooms, ...) Environment (post- even slightly worse for
(open structures) or occupancy IEQ green buildings (!)
green design if evaluations, 400 mainly focussing on lack
buildings for buildings, 50000 of speech privacy (due
sustainability and respondents - 10% to lack of insulation +
effect on speech green buildings) absorption) (no
privacy. measurements - only
Recommendations for surveys)
architectural and
acoustic design (LEED
buildings)

27  Brager, L. Baker, describes the results USA air quality (occupant  thermal cleanliness speech privacy (occupant broad range of - mixed mode mixed-mode buildings

2008 of web-based surveys survey) comfort, (occupant survey) climates, building (combination of performing better

in 12 mixed-mode lighting survey) types, sizes and uses natural ventilation compared to the overall

buildings, focuses on (occupant form operable building stock for

IEQ, compared to 358 survey) windows an thermal comfort and air

other buildings with mechanical systems quality; best performers

conventional air for air distribution in more moderate

conditioning systems and cooling) versus climates, newer, with

(University of air-conditioning radiant cooling or

California, Berkeley) systems mechanical ventilation
only, with high degrees
of direct user control;
overall lowest
satisfaction scores for
acoustics, only slightly
better for mixed-mode
buildings (no
measurements - only
surveys)

28 Brugman, 2008 Conclusions from the primary schools 3 bottle necks : IAQ
several Netherlands during heating season,
studies/researches on noise; control of
indoor climate in temperature in rooms
schools during summer period.

CO, controlled
ventilation with control
of SPL
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29 Versteeg, 2008 Article with 60 primary Simultaneous registration of CO, —concentration, Background noise level IAQ during 4 room types: natural Occupant survey Besides air quality in
conclusions from schools (120 temperature and relative humidity (at least for 3 weeks) LAeq, reverberation time heating in- and outlet by tilt- heating season, other
study “Lichtveld Buis class rooms) T60, speech intelligibility season and and turn windows, bottle necks: less
& Partners" on indoor in 30 STI, characteristic fagade insufficient idem but with inlet controllable room
environment in different insulation GA;k ventilation are ventilation grids in temperature when no
primary schools Dutch cities seams to be fagade, system C and heating season, sound
ordered by. VROM, hardest bottle system D pollution due to outdoor
OCW, SZW en VWS - neck: caused noise (natural
measurements + by human ventilation) leading to
survey (part of behaviour insufficient use of
research study AC.S.1) (draught, ventilation devices +

noise) + equipment noise
technical (mechanical ventilation).
equipment Most noise disturbance
(insufficient form mechanical in- and
capacity), CO, outlet. Room acoustics
concentration parameters (STl and

for rooms with reverb time) not related
system D to ventilation system
seams lower,

30 Harm, 2008 Article base don The CO,-concentration, draught and SPL living room and most Apartments, four, averaged EPC Type C (local natural Experienced noise Most important
report Health and Netherlands presence of van formaldehyde and VOS used bedroom (3 three and two of 0.9 inlet and central disturbance seams to compaints for dwellings
Ventilation in 99 ventilation intensities) — fagade dwellings mechanical outlet), go with extreme with system D (case
dwellings in Vathorst; more noise disturbance built after 2000 (+/- type D (central tiredness and asthma group and matched
research on relation with balanced ventilation 5 years old) mechanical outlet (cause-consequence group) are noise
between health (though lower and inlet with heat relation not clear), disturbance and draught
complaints, indoor background noise) recuperation en health complaints from ventilation system,
environment and sometimes bypass) seam to be more unpleasant smelling
dwelling only few dwellings related to balanced indoor air; faults in
characteristics where ventilation ventilation as to other  concept, material
(September 2007, GG capacity meets indoor environment choices, execution and
Eemland) prescriptions (15% for influences adjustment,

type D, 28% for type expectations of habitant

Q) play an importent role
in appreciation of
indoor environment:
more informed = less
complaints. Link
between balanced
ventilation and health
complaints inthis
research can by a result
of media attention
(negative expectations —
more attentive —more
problems noticed))

31 Hodgson, 2008 occupant-satisfaction Canada - - background noise level, - mainly glass fagcades, - one building studies measurements - inadequate noise
surveys and acoustical reverberation time, STI, sun shades and with natural made with isolation due to natural

measurements in 6
green office buildings
(University of British
Colombia)

noise

operable windows,
mix of private and
shared offices, open-
office cubicles

ventilation system

quiet or noisy
external source

ventilation opening is a
big problem, lack of
speech privacy was
found the biggest
acoustical issue, next:
HVAC noise, phone
ringing, external noise,
people moving and
talking, office
equipment,
reverberation, mainly
due to open office
design, lack of
absorption, ventilation
openings in walls, floors,
ceilings (= typical in
Green buildings)

WP1 - Measurement Strategy
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32 Palonenetal.
2008 comfort, perceived
IAQ and ventilation in
102 single family
homes built since

assessment of thermal

FIN -

ventilation noise

perceived I1AQ

single family houses,
built since 1980

passive stack
ventilation,
mechanical exhaust
ventilation and
mechanical supply

1/3 of the homes: free
of complaints; 20 %: at
least 3 problems; most
common problems:
dustiness of surfaces

1980 and exhaust and stuffy air, and
ventilation with heat ventilation noise related
recovery; AER: 0.3 to the ventilation
ACH (passive stack system. Measured ACR
vent), 0.34 ACH low compared with
mechanical exhaust; Finnish building
0.41 mechanical regulation of 0.5 ach,
supply and exhaust with av. values of 0.30

ach for passive stack
ventilation,
0.34 ach for mechanical
exhaust and 0.41 ach for
mechanical supply and
exhaust ventilation
33 Howden-Chapman The study objective New Zealand - RH, Temp self reported: - questionnaire, Bottleneck: few
2007 was to determine musty smell, general practitioner objective outcome
whether insulating observed visits measures; with respect
existing houses mould; to biologcial cont., only
increases indoor measured: self-reported data on
temperatures and mould 'any mould’;

improves occupants' speciation, Conclusions: insulating

wellbeing; community endotoxin, b- existing houses led to a

based, cluster, single glucans, dust significantly warmer,

blinded randomised mite drier indoor

study; intervention: allergens environment and

installing ceiling (outcomes resulted in improved

insulation, draught not reported self reported health, self
stopping around in the results) reported wheezing, days
windows and doors, ... off school and work,
visits to general
practitioners as well as
trend for fewer hospital
admissions for
respiratory conditions;
statistically significant
redcution of self-
reported mould in
intervention homes
(aOR 0.24)
34  Khaleghietal., pilot project at Canada (glass) fibre dust, PC, - - background noise level, - office spaces, small 3 types: natural next to campus resulting ventilation
2007 University of British UPC, VOC reverberation time, noise classrooms, large ventilation, roads, quality and noise levels

Columbia, direct concentration isolation spaces with displacement generally quiet inversely related,

monitoring of substantial acoustic ventilation, forced-air  external introduction of noise-

ventilation, IAQ and treatment, large ventilation (for environments control measures may
acoustical conditions spaces with some ventilation and air adversely affect

in 'green' and 'brown’ acoustical conditioning) ventilation quality and

buildings on ABC treatment, with or IAQ; optimum building

campus (3 buildings, without thermal design = mechanical

13 rooms) - slabs, 2 building ventilation carefully

investigation of concepts : 'brown' selected amount, type

correlation and 'green’ and location of
acoustical treatment
35 Ramalho et al. 567 dwellings in FR F 20 VOCs, CO, PM radon and allergens - - guestionnaires exhaust flow rate was - guestionnaires
2006; Kirchner et gamma (dog, cat dust recorded house measured recorded occupants
al. 2007 radiation mite) characteristics allergic and

respiratory symptoms

14
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36 Abbaszadeh et al., Discusses about the USA, Canada, air quality (occupant thermal cleaning, sound privacy, distracting in green office buildings green/LEED - - occupant survey In green buildings more
2006 results of a IEQ survey  FIN survey) comfort, maintenance  noise from people's buildings more  (green, LEED en buildings about IEQ, overal satisfied with air quality
for 160 'normal’ office lighting (occupant conversation, telephone satisfied normal) satisfaction with and thermal comfort,
buildings compared to (occupant survey) rings (occupant survey) occupants building and but more problems with
21 'green/LEED' survey) compared workspace lighting and acoustics
buildings (University because of open plan
of California, Berkeley) workspaces and cubicles
; need for innovative
strategies providing
optional spaces where
quiet and privacy can be
obtained when required
(no measurements -
only surveys)
37 Aizlewood 2006 In the frame of HOPE UK CO, CO, NO,, 03, temp active air - via via questionnaire via via questionnaire - comfort occupant health and
(Health Optimisation PM10, PM2,5 sampling for questionnaire questionnaire (questionnaires) comfort were not
Protocol for Energy- bacteria and consistent with physical
efficient Buildings) fungi (1 stage environmental
cross-sectional study impactor), measurements,
using building house dust indicating that
checklists and mites; perceived health and
occupant assessed in comfort was based on
questionnaires, and a multiple more than the physical
detailed study of IAQ locations parameters and cannot
in a small number of be fully explained by the
home and office measurements
buildings.
38 Jarnstrom et al. 8 residences FIN TVOC, formaldehyde, - - - - new buildings - natural ventilation or - - lowest concentration of
2006 constructed with low ammonia MV and exhaust chemicals was achieved
emitting materials; systems; AER: 0.7 - in houses with MV and
follow up of chemical 1.5 ACH exhaust systems
IAQ after construction
phase
39 Hornetal., 2006 study investigation D CcO, - - - thermal Via demand-oriented - - the split ventilation
influence of comfort quesitionnaire  supply with fresh air; appeared to be superior
ventilation on demand split ventilation - to shock ventilation in
on thermal comfort, shock ventilation terms of thermal
air quality and energy comfort, air quality and
conservation energy conservation in
residential homes
40 Leech et al., 2006 telephone- Canada - - - - - new homes - control homes (53) + 'case' homes (52) build - questionnaire for in comparison with

administered
questionnaire in new
homes - control
homes (53) + 'case’
homes (52) build
according the R -2000
TM standard for
energy efficient
ventilation and
construction practices

according the R -2000 TM standard for energy efficient health status

ventilation and construction

control homes,
occupants of case
homes (R 2000 -TM)
reported more
improvement over 2
years in throat irritation,
cough, fatigue and
irritability. Authors
conclude that further
research is required to
determine if these
perceived health effects
relate to objective
indoor air quality
measures

WP1 - Measurement Strategy

15



CHAPTER 2 Literature review

Richardson, 2006 intervention study: UK particles 0.3 - 3 um; RH, temp, wall dust mite, - sounds - before intervention: self completed changes in health
upgrading social rental particles 3-7 ug to wall surface microbial constructions, semi- natural ventilation; questionnaires on outcome between
houses including wet dampness colonies detached or terraced after intervention: health status intervention group
central heating, on single family, 2 MV (on demand (upgraded houses): not
demand ventilation, storey buildings with ventilation) significant compared to
double-glazed doors, 3-4 bedrooms control group: no
cavity wall and significant changes in
roof/loft insulation particles association

41 .
indoor - outdoor. The
housing upgrades
increased bedroom
temperatures in all
houses. Other indoor
environmental variables
were not affected
42 Typically 1-3 % of
. . improvement in
Literature review
Seppdnen et al., investigation influence performar}ce was found
2006 of ventilation on ) ) ) ) ) ) ) ) for each increase .of.10
L |/s/pers of ventilation
productivity .
rate, strong correlation
up to 20 I/s/pers
43 Yoshino et al. investigation of IAQ in Japan TVOC, formaldehyde, - - SHS air tightness - AER measured homes with people concentrations of

2006 60 houses where toluene, measured suffering from SHS chemicals where higher
occupants were ethylbenzene, (sick house in homes with high air
suspected of suffering xylene, p- syndrome) tightnesss and low air
symptoms caused by dichlorobenzene exchange rate, and
indoor pollution where there was new

furniture or moth
crystals used
44  Bornehagetal.,

2005 study investigation Lower ventilation rates
|nf|u?nc.e (.)f Sweden Passive tracer - - - - - - Allergies w'ere found. in subgroup
ventilation on allergic with allergic symptoms
symptoms in children vs. healthy subgroup

45 Engvall etal, 2005 intervention study on Scandinavia CO, temp, RH - perceived IAQ multi-family building mechanical guestionnaire on a significant increase of
44 subjects: measurement ventilation: perception of odour, stuffy odour at reduced
assessment impact of seasonally adapted draught, temp, stuffy  airflow, and the IAQ was
'seasonally adapted ventilation (SAV) : air perceived as poorer.
ventilation' (i.e. 25 - shift from AER Authors advice
30 % reduction in standard flow rate 0.5 combined evaluation of
ventilation flow during - 0.8 ACH to reduced energy saving measures
heating season AER( 0.4-0.5 ACH) with longitudinal

during heating season evaluation of occupants
reactions

46  Dimitroulopoulou 37 homes in UK, built UK VOCs, NO,, CO and - - - fan pressurisation all houses natural ventilation (in - relationships between

et al,. 2005 since 1995 formaldehyde test performed (air double glazed windows: trickle ventilation and
(passive sampling 3d tightness) with trickle ventilators); in concentration of
- 2weeks) ventilators; all winter: 68 % of pollutants were found
houses central homes: AER < 0.5
heating with ACH; in summer: 30 %
radiators homes: AER < 0.5 ACH
47  Isbell et al., 2005 simultaneous Alaska benzene, toluene - - - detached dwellings, - one home with MV - in home with MV: less

measurement of
ventilation, benzene
and toluene in
residential indoor air
of 2 homes

one air tight home
with MV system
(with heat
exchanger) and one
less air tight
construction (natural
ventilation)

system (air-to-air
heat exchangers);
other house:
unventilated

transport of aromatic
compounds from garage
to living room than in
unventilated house
(source of aromatics:
gasoline in attached
garages)

16
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48  Mysen et al. 2005 157 classrooms from No - - - energy use strategy 1: constant DCV-CO2 and DCV-IR
81 schools were air volume (CAV); reduce the energy use
inspected, the strategy 2: CO,sensor due to ventilation in the
ventilating air volume based demand- average classroom to
and energy use has controlled ventilation 38% and 51%
been analysed for 3 (DCV- CO,); strategy respectively, compared
ventilation strategies 3: infrared occupancy to the CAV

sensor based
demand-controlled
ventilation (>DCV-IR)

49  Ubbels A., 2004 Users experiences NI Not more complaints
with indoor compared to regular
environment in dwellings — most
energy-efficient complaints confirmed
buildings (based on by measurements,
Rigo research 1996- causes : installation-
2000 on the initiative technical defects,
of SEV-Novem) — large incorrect settings and
number of energy- insufficient capacity
efficient and energy- (also for regular
efficient exemplary dwellings). Need for
projects in category of information on applied
residential (15) and techniques
non-residential
buildings

50 Wargocki et al., Literature review - - - - - - Both studies show that

2002 comparing two ventilation rate is

experimental studies significantly possitively
on the effect of related to academic
ventilation rate on achievement
academic
achievement

51 Tuomainen, 2001 comparison of IAQ FIN TVOC, limonene, fungal spores new flat (1997), windows K- "control" building: lower conc. chemicals in
between 2 new flats; toluene, and bacteria "control" building: value 1.1 (case  mechanical exhaust, flat type with MV type D
one constructed formaldehyde, with normal practice for building) - 1.7 ventilation rate comp compared to MV
according Finnish ammonia, TSP Andersen 6- design, construction (control (design value): 0,8/h; Type C ventilation
classification system, stage and finishing building) "case building": system (largest
and one according to impactor; materials; and new mechanical supply differences for TVOC
normal, traditional cat, dog and flat (1996), "case" and exhaust, and
practices house dust building: design, ventilation rate ammonia);confounding

mite allergen construction and (design value): 1,7/h; factor: use of low

finishing materials: heat recovery unit; emitting materials in

according to Finnish glass fiber filter EU 7 case building compared

classification scheme class to control building;

(low emitting lower levels of airborne

materials,...) fungi and bacteria in
case buildings were
influenced by the
twofold higher
ventilation rate and
controlled supply air
systems with filtration in
the case building

52 Literature review on - - - - - -

Fisk, 2000

the potential of
productivity gains
related to high
ventilation rates

Productivity gains that
are  quantified and
demonstrated could
serve as a strong
stimulus  for energy
efficiency measures that
simultaneously improve
the indoor environment.
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53

Toftum et al.,
1998

climate chamber study
on the effect of
humidity on thermal
comfort

The model predicts that
the relative air humidity
may be close to 100%
without causing much
discomfort from humid
skin among thermally
neutral persons
performing  sedentary
work.

54  Prowskiw 1992 IAQ monitoring in 20 Canada formaldehyde, PM, radon - homes constructed some homes: all dwelling had some - for formaldehyde:
detached bungalows: NO,, CO, to R2000 TM R 2000 T™M MV system, some homes operated
16 constructed to R- standards: tight energy only a bathroom according to R-2000-TM
2000TM standards building envelope conservation exhaust fan ventilation standards
(energy conservation with MV by a HRV standard had lower conc. than
standard), and 4 to homes not complying to
conventional energy that standard;
conservation homeowners explained
standards why they did not use
the MV system:
concerns about energy
waste, noises and
discomfort (cold
draughts)
55 P.O. Fanger, 1988 Test subjects are Denmark - - PIAQ - - - -
expos?d tothe The acceptability of air
pollution produced by X g ]
a single person under is correlated with bio
different ventilation effluents
rates
56 Poupardetal., IAQ monitoring in 8 France 03, NO, NO,, PMO.3- Temperature, - School buildings of Both naturally and O3, NO, NO,, Air tightness is less
2004 French school 0.4, PM1.6-2.0 humidity different ages mechanically PMO0.3-0.4, accurate than air change
buildings. ventilated PM1.6-2.0, rate, but has several
Measuments are Temperature, other advantages for
compared with humidity IAQ studies. The
simultaneous outdoor building air tightness
sampling. has a great influence on
the Indoor/Outdoor
concentration ratios of
Ozone. Paper discusses
transformations that
contaminants undergo
after entering the
building.
57 Hady et al., 2009 The relationship The CO,, Formaldehyde Temperature, - Recently occupied Mechanical exhaust - Health complaints can
between health Netherlands humidity dwellings ventilation versus full be associated with

complaints, the quality
of indoor air and
housing characteristics
in Vathorst

mechanical
ventilation with heat
recovery

shortcomings in the
design, construction and
maintenance of the HRV
system.

18
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Table 3: Overview of the most relevant regional, national and international studies

reference

Caillou (still running)

BBA binnenmilieu

Haverinen-Shaughnessy et
al. (still running)

www.insulateproject.eu

http://hope.epfl.ch/index.ht
m

www.healthvent.eu

De Brouwere and
Caillou,2009

Clean Air
Low Energy
of study

Optivent

INSULALE*-
project

HOPE

Healthvent

Q-INTAIR

Country
/ Area

FIN

EU

EU

short description

measurement of the
performance of residential
ventilation systems

measurement of the
performance of residential
ventilation systems

Indoor environmental quality is

influenced by ventilation,
thermal conditions, noise,
lighting, and indoor air

pollutants such as particles,
microbes, chemical impurities,
and radon. INSULAtE*-project
aims to demonstrate how
energy improvements impact
on these indoor environmental
parameters, and to develop a
protocol for assessment of the
impacts

Health Optimisation protocol
for energy-efficient buildings:
definition of energy-efficient
building, an energy efficient
building and an energy-
efficient healthy building.
Provides a protocol to assess
the performance of a building
with regard to health, comfort
and energy-efficiency.

The aim of the HealthVent
project is to develop health-
based ventilation guidelines.
They will protect people in
places like schools, nurseries,
offices and homes against
health problems caused by
poor indoor air quality, and at
the same time will ensure that
energy is utilized efficiently.
(national study) modelling of
chemical concentrations in
dwellings under various
settings of building materials
and related emissions, under
various scenarios of ventilation
types and design. Modelling
taking into account 1-year
dynamic meteorogical
conditions in Belgium

indoor environment building type
chemical physical biological acoustic building energy
envelope performance
_ ) ) ventilation )
components

co, CO,, T,RH Microbes

PM,  NOx, and

VOC, Radon microbials

guidelines for
CO,, CO, NO,,
0;, PM10,
PM2,5

TVOC,
formaldehyde

questionnaires on building characteristics, systems and use

V50 = 3 m3/h.m?

ventilation system

Cand D

CandD

Dstandard, Doccupancy, C

outdoor
environ
ment

health of
occupants

health- and
comfort related
questionnaires

bottle neck /
Conclusion

Performance of most of
the test cases is sub
optimal

Performance in virtually
all of the test cases is sub
optimal

Based on the information
collected, impacts of
renovation on energy
consumption of the
building will be assessed.

In the apartments,
impacts of renovation on
thermal conditions,
indoor air quality, and
occupant health and
wellbeing will be
assessed

Assessment of target
values for several
chemical pollutants: CO,,
CO, NO,, 03, PM2,5,
PM10. Assessment of an
energy index to evaluate
the energy efficiency
(scaled good - medium -
low). Databases and
questionnaires

under equal conditions of
house characteristics,
material use: average
indoor concentration to
formaldehyde is 2 fold
higher in home with MV
type C compared to MV
type D standard; average
concentration to
formaldehyde is about 20
-30 % higher in home
with MV type D
occupancy compared to
MV type D standard.

WP1 - Measurement Strategy
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http://www.smartenergyho Energy
me.eu/eng/vision.php Smart Home

http://www.beau.group.shef ~ EESH
.ac.uk/?w=projects

Woonkwaliteit Binnenmilieu NI
in nieuwbouwwoningen,

i.0.v. VROM-inspectie Regio

Oos (Arnhem, NL)

Installations de ventilation
dans I'existant — Enjeux et
propositions d’amélioration
a travers les diagnostics

The WHO
Frankfurt
housing
intervention
project

http://www.euro.who.int/ t Germany

Smart Energy Home aims to
accelerate the uptake of
energy-efficient, healthy
homes that by integrating
smart technology and solutions
consume radically little
resources while enhancing the
quality of life. SEH is about
providing a high quality,
energy-efficient living
experience without any radical
increase in costs.

Energy Efficient Social housing

Research on housing quality of
indoor environment for new
dwellings (78 projects, 154
dwellings): for instance
ventilation devices, fagade
sound insulation, fagade air
tightness, users’ instructions
ventilation system,
temperature exceedings and
equipment noise. Checks:
realised situation = permitted
situation, compliance with
Bouwbesluit

Diagnosis of buildings(dwelling
+ service sector) and their
equipment to improve the
practice with respect to
ventilation installations
regarding energy performance,
acoustics and air quality.
Analysis of advantages and
discomfort of different
technologies regarding energy
performance, IAQ, thermal and
acoustic comfort.

The WHO housing and health
programme implemented a
health-monitoring project in
Germany. The project collected
data before renovation work,
and after renovation was
carried out. In parallel, a
control group of dwellings
without interventions was used
to collect additional data to
identify changes caused by
building rehabilitation in the
intervention group. The main
objective was to assess the
impact of thermal insulation
changes on indoor
environments, and evaluate
potential effects on residents’
health.

Measurements of air
tightness, temperature
exceedings, control of quality
of execution cavity insulation
with infrared shots (15
projects), EPC-calculations
and field measures

dust
samples
determina
tions, self
reported
mould

VOCs T, RH

Airborne and
impact sound
insulation,
fagade sound
insulation,
equipment
noise

Newly built dwellings
(subject to Bouwbesluit), 104
dwellings + 42 apartments

see ref. AC.13

Control of in- and outlet capacity,
users’ manual (functioning, use,
maintenance), 32% system D, 68%
system D, other A and B

questionna
ire,
exhaled
NO, peak
flow
measurem
ent

Aspects snot treated in
Bouwbesluit such as
equipment noise,
users’manual ventilation
and temperature
exceedings, mostly do
not meet the usual
guidelines

Preliminary conclusions: 1)
thermal insulation measures
have expected positive impact
on indoor temp. and thermal
comfort; 2) insulated dwellings
may be more sensible to
indoor humidity changes
which in turn would enhance
the relevance of ventilation
and air exchange in order to
reduce accumulation of indoor
pollutants and mould growth;
and 3) health constraints may
be restricted to diseases such
as asthma which make the
individual person more
vulnerable to the indoor
conditions and contamination

20
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La ventilation dans les écoles

www.hitea.eu Health
effects of
indoor
pollutants:
integrating
microbial,
epidemiolog
ical and
toxicological
approaches
(HITEA)

PREBAT: Performance de la
ventilation et du bati

USA, EU, Report based on newest

F technology articles from the
CETIAT bulletins, on a state-of-
the-art of the situations in
North America, Europe and
France, an inventory of causes
and consequences of bad IAQ
in schools

Europe The HITEA School study is
performed in three European
countries, representing three
different climatic regions:
Spain, the Netherlands, and
Finland. The overall aim of the
study is to identify the role of
indoor biological agents
(relating to moisture damage
and dampness issues in
buildings) leading to short term
respiratory and inflammatory
health effects in pupils and
teachers exposed to poor
indoor air quality in schools
across Europe. Such short term
effects may potentially lead to
chronic, long term respiratory,
inflammatory and allergic

health impacts among children.

Cross-sectional as well as
longitudinal study designs are
applied.

Permanent observance of about thirty apartments on two sites of ventilation parameters
such as flow rates, pressures, temperatures, humidity, CO, concentrations... and telemetry
for almost two seasons (Villeurbanne, 14 residences - Paris, 80 residences)

PM2.5,
NO,/Nox,
cleaning agents,
Co,
(continuous)

various
microbial
parameter
s from
settled
dust
(endotoxin
, glucans,
extracellul
ar
polysaccha
ride,
various
fungal and
bacterial
groups
(qPCR),
ergosterol,
3-OH fatty
acids,
muramic
acid)

A Scandinavian study in 32
schools pointed out more
problems in schools built
with bricks than wooden
constructions.

school buildings, different
building types

mechanic
al and
natural
ventilatio
n

outdoor
contaminant
levels are
assessed

Numerous Ventilation of classrooms
publications is inadequate (ventilation
discuss the rates, CO2

consequences concentrations),

of a poor IAQ : exposure to pollution

fatigue, seems to be related to

sleepiness, asthma attacks and other
concentration respiratory disorders,
difficulties, increase of air renewal
irritations of flow rate, appropriate
eyes, skin, ventilation systems,
mucous choice of materials
membranes,

dizziness, cough
detailed cross sectional and
longitudinal health assessments:
questionnaire, symptom diary, lung
function, exhaled NO, cytokines from
blood and nasal lavage, exhaled breath
condensate
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2.3. LITERATURE REVIEW CONCLUSIONS

None of the studies, cited in 2.2, reports on a combined assessment of physical, chemical, as well
as biological pollutants, with a simultaneous characterization of the building envelope (air
tightness, energy performance) and the ventilation system (efficiency, acoustics) by
measurements.

In fact the studies included in paragraph 2.2 report on distinct aspects of this integral
characterization of the indoor environment. They mostly study:

- The perception of the indoor environment in ventilated houses and schools

- Physical characterization of the indoor environment in various mechanically ventilated
houses and schools

- Aphysical, chemical or biological characterization in (energy-efficient) buildings

- Monitoring campaigns on one of the physical, chemical or biological parameters and
assessment of building related (ventilation system performance as well as energy
efficiency) via questionnaire based research.

Therefore, none of the study results enables to conclude on a clear relationship between all
parameters included in Clean Air, Low Energy. However, the urgent need for more knowledge on
this integral, multidisciplinary approach, as proposed in Clean Air, Low Energy, and the interrelation
between the different factors, has been concluded and emphasized by Crump (2009), stating that
there is a dearth of information about the indoor air quality in highly energy efficient structures.

Finland is the EU country with the highest market penetration of mechanical supply and exhaust
ventilation (Kurnitski and Seppanen, 2008); almost all new dwellings are fitted with MVHR systems.
This was induced by changes in the Finnish regulation in 2003, which increased guideline
ventilation rates from 4 to 6 I/s per person and required a minimum of 30% heat recovery from
exhaust air. This regulation caused a change in the ventilation practice in Finland from primarily
mechanical exhaust, to balanced supply and exhaust with heat recovery. Finland also has been
reported to be one of the countries with the best IAQ in Europe, having the best isolated, energy
efficient houses in the EU (Crump, 2010). The high indoor air quality in Finland will probably also be
related to the Finnish M1 product label for building materials that led to a good market penetration
of low-emitting materials and guaranties the use of these materials in new buildings (Kurnitski and
Seppanen, 2008). The formulation of the emission tests for Finland has led to a remarkable
reduction of material emissions. It has been noted that this might have consequences on the
required airflow rates; however this has not yet fully been addressed. It was reported that in 2007,
more than 1100 building material products and 100 clean ventilation products achieved the Finnish
emission criteria. It is claimed that this suggests that the great majority of building materials
currently available on the Finnish market is labelled. This statement is supported by Tuomainen
(2001), who compared the 1AQ of 2 new flats, of which one was constructed according to the
Finnish classification system and the other one according to normal, traditional practices. They
reported lower concentrations of TVOC, limonene, toluene, formaldehyde, ammonia and TSP in the
flat with mechanical intake and exhaust and highlighted that the use of low-emitting building
materials was a confounding factor. So Finland actually takes into account the 2 main prerequisites
for good chemical IAQ in houses: (1) the installation of a good ventilation system, (2) the use of low
emitting material (Crump, 2010).

Therefore, in a study like Clean Air, Low Energy, Finland should be considered as an example
situation. However, it should be emphasized that the beneficial indoor environments in Finnish
low-energy buildings might not or only to a limited extend, be transferable to our typical situation
in Flanders, Belgium. The different Belgian climatic circumstances, the ventilation system suppliers
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and the individual responsibility for the maintenance of the ventilation systems, combined with
fewer low-emitting building materials available on the market, might all impact on the quality of
the indoor environment in ventilated energy-efficient buildings. This supports the high need for a
study on the indoor environment of energy-efficient buildings in Belgium.

Several different types of research in this field can be distinguished in the literature overview,
shown in Table 3. Controlled experiments have been performed. In these experiments as much as
possible of the factors, potentially influencing the indoor environment, have been kept constant
whilst only one or few parameters varied. These experiments have been performed in test houses
(Paul et al. 2010) or in similarly constructed houses (Maier et al. 2009).

However, most of the reported information results from field studies or intervention studies. Data
collection in both research strategies has been performed by measurements, by questionnaires or
by a combination of both.

2.3.1. ON CHEMICAL AND PHYSICAL PARAMETERS IN INDOOR ENVIRONMENTS OF LOW-ENERGY BUILDINGS

The importance of noise nuisance in relation to the IAQ perception was confirmed by Khaleghi
(2007) who concluded, based on field measurements in 13 rooms, that the ventilation quality is
inversely proportional to the noise levels of the ventilation system. This study typically supports the
(inverse) relation between indoor air quality and ventilation noise nuisance. According to this
literature review however, no study has reported on the relation between noise nuisance and the
energy-efficiency of a building. The relation between acoustic comfort (room acoustic comfort) and
the sustainability of a building has been reported.

Other field studies have reported air pollutant levels in the indoor air of ventilated rooms. Several
authors have reported lower indoor air concentration levels of various chemical pollutants, such as
VOCs, aldehydes, and PM in mechanically ventilated rooms, especially if the system is equipped
with an air cleaning unit, such as a filter unit (Aubin et al., 2011; Stranger et al., 2011; Raja 2011; Xu
et al, 2010; Jarnsrom, 2006). In this context Noh et al. (2010) emphasized the importance of an
appropriate combination of filter type and ventilation rate in order to efficiently reduce indoor PM.
The risk of a reduced classroom relative humidity in wintertime was reported as a result of a case
study in Belgian classrooms (Stranger et al., 2011) as well as in an experiment in a test house (Paul
et al., 2010).

Improving the bedroom IAQ by installing a ventilation system equipped with a filter unit (95% of
PM removal) during 14 weeks, significantly increased the pulmonary function of 20 American
children aged between 5 and 16 (Raja et al. 2011). Xu et al. (2010) reported, besides an
improvement of the indoor air quality, an improvement of the health outcomes of asthmatic
children after installing the HEPAIRx system in their bedrooms.

Also in ventilated buildings a seasonal variation has been identified in the indoor air quality. Aubin
et al. (2011) reported higher CO,, and VOC concentrations in wintertime and fall. They also
concluded that 85% of the studied mechanically ventilated houses doesn’t reach the Canadian
nominal ventilation goal of 0.3/h.

The basic aim of building ventilation is to remove/dilute emissions in the indoor air related to the
presence of occupants: moisture, CO,, and unpleasant odours (Crump et al. 2009). It is thus in the
first place not focused on removing chemical pollution, arising from other indoor sources, such as
building materials and furniture (this should be prevented by selecting low-emitting products). This
might particularly impact on the indoor air quality in buildings with mechanical exhaust and those
with mechanical intake and exhaust: whereas the system is designed to remove occupant related
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IAP at the right moment, it might function less effectively to remove chemicals with a continuous
source (when the source is independent on use: e.g. furniture, building materials,...).

2.3.2. ON BIOLOGICAL PARAMETERS IN INDOOR ENVIRONMENTS OF LOW-ENERGY BUILDINGS

A study conducted in 1350 households in seven low income communities in New Zealand looked at
the effect of insulating existing houses on health inequality (Howden-Chapman 2007). The
intervention in this community based, cluster, single blinded randomised study consisted of
installation of a standard retrofit insulation package. Main outcome measures included indoor
temperature and relative humidity, energy consumption, self reported health, wheezing, days off
school and work, visits to general practitioners, and admissions to hospital. In terms of biologicals,
several outcome measures were mentioned in the methods (mould speciation, mould mass,
endotoxin, b-glucans, dust mite allergens), however, only self-reported mould was reported. The
paper concluded that insulating existing houses led to a significantly warmer, drier indoor
environment and resulted in improved self reported health, self reported wheezing, days off school
and work, visits to general practitioners as well as trend for fewer hospital admissions for
respiratory conditions. In terms of biological indoor contaminants, a statistically significant
reduction of self-reported mould in homes after intervention was stated (aOR 0.24). Bottleneck in
this study certainly was that only few objective outcome measures were included.

In another intervention study assessing the effect of thermal insulation on indoor climate
parameters and occupants' health, the WHO housing and health programme implemented a
health-monitoring project in cooperation with a large housing agency based in Germany (Braubach
et al. 2008). The project collected data from 374 single family homes in the Frankfurt area in spring
2006 before renovation work, and re-contacted all households in spring 2007 after renovation was
carried out. In parallel, a control group of dwellings without interventions was used to collect
additional data to identify changes caused by building rehabilitation in the intervention group. The
main objective was to assess the impact of thermal insulation changes on indoor environments,
and evaluate potential effects on residents’ health. The data suggest that the intervention had little
impact on visible mould, with more than 80% of surveyed dwellings not showing a change in mould
status. When mould occurrence was analysed together with relative humidity in the dwellings, an
increase in humidity was found to be potentially associated with both, and increase and decrease
in mould, while the decrease of humidity levels was more clearly related to a reduction in visible
mould. Interestingly, higher humidity lead to a strong increase in mould in the intervention
dwellings, while this was not the case for control dwellings. Likewise, lower humidity was
associated with a strong reduction in visible mould in the intervention dwellings only. In
conclusion, well-insulated dwellings may react more sensitively to humidity changes than less well-
insulated dwellings, and that mould could be a frequent consequence when humidity rises in well-
insulated buildings.

In the absence of data on levels of indoor allergens, most importantly house dust mite allergen
(Der pl), in energy-efficient buildings there is good documentation on the association between
house dust mite levels and several indoor parameters considered highly important and frequently
monitored in energy-efficient building. There is sufficient epidemiological data on the occurrence
of house dust mites in dwellings that show a clear association between increased indoor air
humidity and the increased occurrence and higher levels of house dust mites in floor and mattress
dust, as reviewed by Korsgaard (1998). The author suggests that increased indoor air humidity due
to sealing of the building envelope — as can be found in energy efficient houses as well as
renovated older buildings — may be responsible for the fourfold increase in the occurrence of
house dust mites in Danish dwellings. In turn, a reduction of indoor air humidity by controlled
mechanical ventilation is suggested to reduce inhabitant exposure to house-dust mites. Note that
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this review was written 13 years ago, where the quality and performance status of 'energy-efficient
houses' was certainly lower than today and where mechanical ventilation is many times
implemented in energy efficient houses. Van Strien et al. (1994) have shown earlier that lower
house dust mite allergen (Der pl) levels mattress dust samples from 516 dwellings in the
Netherlands were found in homes with mechanical ventilation; higher Der pl levels were
significantly associated with the absence of floor insulation and there was also a positive
association found between relative humidity in the bedroom and Der pl concentrations in mattress
and floor dust (similar findings were presented by Sundell et al. 1995). Wickens et al. (2001)
conclude from their study in New Zealand homes that the presence of insulation is the single most
important housing characteristic explaining the lower Der pl levels in carpeted living room floors.

Hirsch et al. (2000) report on changes in house-dust mite allergen and mold spores in apartment
bedrooms after installation of insulated windows and central heating (replacing mostly single-oven
coal stoves) in the Dresden area, Germany. Their results indicate that the intervention was
followed by a decrease in air exchange rate and an increase in temperature and absolute humidity.
Not surprisingly, also levels of house-dust mite allergen increased. Levels of viable Cladosporium
spores in carpet dust were reduced statistically significant, relating to reduced outdoor
contribution of indoor microbial content after installing well-insulated windows. Changes in
Penicillium, Alternaria and Aspergillus (grown at 25 °C) in carpet and mattress dust and
Cladosporium in mattress dust were not significant. Levels of thermo-tolerant Aspergillus spp.
(grown at 37 °C) were found lower after renovation in the house dust samples; however an
increase was noted for thermo-tolerant Aspergillus fumigatus in carpet floor dust.

Richardson et al. (2006) reported no statistically significant short-term changes in airborne viable
microbes in bedroom and Der p1l concentration in bedroom mattress after a housing intervention
including installation of wet central heating, on demand ventilation, double-glazed doors, cavity
wall and roof/loft insulation in the Watcombe housing study conducted in the UK.

A comparison of air-conditioned versus naturally ventilated homes in the city of Honolulu (Kodama
et al. 1986) identified differences in the indoor microbial content in the study buildings and also in
relation to outdoor air. Levels of Cladosporium spp. — the most commonly occurring outdoor fungi -
were lower in air-conditioned buildings, compared to naturally ventilated buildings and outside air.
In contrast, Aspergillus spp. were clearly higher in air-conditioned buildings, indicating indoor
source ort accumulation. Similarly, but even more pronounced, levels of Gram-positive cocci —
representing the most common human derived bacteria, eg. staphylococci etc. — were found an
order of magnitude higher in air-conditioned buildings compared to outdoor air and naturally
ventilated buildings, which indicates that human derived microbes seem to accumulate in the AC
buildings. Even though not directly relating to the topic of this review — 'energy-efficient buildings'
— this study shall be mentioned here as probably one of the first ones to indicate the dynamics in
indoor microbial content following a transition from naturally ventilated buildings to mechanically
ventilated/air conditioned buildings.

The HOPE (Health Optimisation Protocol for Energy-efficient Buildings) project was conducted in
order to prove that energy-efficient building can be both healthy and comfortable for their
occupants. Following a general assessment based on questionnaire and checklist, more detailed
measurements in a subset of homes and offices in the UK (Aizlewood et al. 2006) included indoor
and outdoor air sampling for bacteria, fungi (using a single stage impactor) and house dust mite
(Der p1 from vacuumed surface dust). The main overall conclusion was that occupant health and
comfort were not consistent with environmental measurements, i.e. perceived health could not be
fully explained by the measurements. With respect to biological agents, in particular bacterial
levels were found to be in the higher concentration category in case of the two surveyed homes
(including several flats). Bacterial levels were in the intermediate area for one office building and in
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the higher to very high concentration levels for the other office building, however, little data were
provided to explain these results.

Tuomainen et al. (2001) report in a 3-year follow-up study in two blocks of flats — the case building
being built for people with respiratory disease by following the instruction of the Finnish
Classification of Indoor Climate, Construction and Finishing Materials, while the control building
was built using conventional building technology. Up to one order of magnitude lower levels of
airborne bacteria and fungi (samples via Andersen 6-stage impactor) in the case compared to the
control flats were at least partly influenced by a twofold higher ventilation rate and the controlled
supply air system with efficient filtration in the case buildings. As for indoor house dust mite (Der
f1), cat (Fel d1) and dog (Can f1) allergens it was confirmed that prohibition against keeping furred
pets retained the allergen levels low in case building, while the presence of pets in the control
buildings cause increased allergen levels with a high variation. Der F1 allergen was found to be low
in both building, attributable to low RH and no signs of water damage in both buildings.

2.3.3. ON THE PERCEPTION OF THE INDOOR ENVIRONMENT

Besides physical, chemical, biological and acoustic measurements in indoor environments, an
important aspect of health and wellbeing is the occupants’ perception and satisfaction with the
indoor environment, i.e. the perceived indoor air quality (Adan et al. 2007).

A typical questionnaire based field study on the perception of indoor environments, is reported by
Bogers et al. (2011), where was concluded that buildings with mechanical air supply and exhaust
are associated with a lower perceived IAQ, whilst a natural air intake combined with a mechanical
exhaust control is associated with a better perceived IAQ. In the Netherlands, several other studies
support this conclusion of dissatisfaction and lower perceived IAQ in various mechanically
ventilated buildings (Van Dyken et al., 2011; Brugman et al, 2008; Versteeg et al. 2008; Harm et al.
2008). On the other hand, other surveys have reported contradictory conclusions, such as Hodgen
(2008) who reported increased noise nuisance due to natural ventilation. Aizlewood reported in
2006 an inconsistency between the health situation of occupants and the IAQ in passive houses
studied within the HOPE project. A study in passive (mechanical intake and exhaust) and low
energy housing (in that study defined as naturally ventilated), lead to the conclusion that passive
buildings are characterized by a better thermal comfort and lower CO, levels (Madhave et al.
2010). And also Abbaszadeh et al. (2006) reported that inhabitants of green buildings are more
satisfied with the IAQ, although he stated that noise and lighting are critical factors in this type of
building.

2.34. ON THE BUILDING ENVELOPE AND THE VENTILATION SYSTEM

Buildings account for about 40% of the total energy consumption in Europe. In order to reduce the
dependency on fossil fuels and the related carbon dioxide emissions, the European commission
and member states have set targets on the energy demand of newly constructed buildings. Former
regulations by the Flemish government focused on insulation standards for roofs, walls, windows
and floors. Within the framework of the European Energy Performance of Buildings Directive
(EPBD) focus has shifted towards the total energy consumption of buildings, including ventilation
losses, cooling energy and boiler efficiency (European Commission, 2002; 2010).
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(source: Passive House Platform http://www.passiefhuisplatform.be )

Figure 3: Comparison of the final energy demands for the different types of buildings, available on
the Belgian market

In the Belgian climate, space heating energy is the predominant factor of energy use in traditional
houses and schools. In order to reduce the energy demand for space heating, heat losses should be
minimized during cold periods. The conductive energy losses are minimized by applying building
materials with low thermal conductivity such as thermal insulation materials and low energy glass
with reduced thermal radiation losses. Another important factor in the energy balance of a building
is the convective heat loss through ventilation and air infiltration. Reducing ventilation rates might
sound beneficial for reducing the energy demand of a building, but can have a negative impact on
the indoor air quality. As a consequence, the Flemish EPB regulation does not only cover the
energy demand of buildings, but also imposes regulations on minimal ventilation rates (Wouters et
al. 2008). These ventilation rates are supposed to induce a healthy indoor climate, but little or no
scientific evidence is present. Technologies which limit the energy consumption due to ventilation,
such as heat recovery ventilation, may even harm occupants’ health if poorly designed, installed or
maintained (Hardy et al. 2009).

In the pursuit of more energy efficient building concepts, ventilation and air infiltration play an
important role. Many promising technologies have been developed, but the impact of these novel
systems on IAQ is still poorly documented.

Concerning the energy-consumption of a ventilation system Mysen (2005) and Laverge (2011)
reported the benefits of demand-controlled ventilation systems, based on infrared detection of
occupants or based on CO,, compared to a continuous running ventilation system.

Flickiger (1998) and many others commented on hygienic aspects of ground-coupled air systems.
Instead of underground air tubes, an underground fluid network coupled to a heat exchanger is
nowadays gaining popularity.

2.4. GENERAL CONCLUSION
In general it can be concluded that literature is not univocal on the influence of low-energy housing

and mechanical ventilation systems on the indoor environment in schools and in houses. None of
the reported studies has addressed all of the issues that will be studied in Clean Air, Low Energy.
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Furthermore, in practice only few or even no studies on IAQ include aspects on energy demand or
ventilation systems.

The ‘ideal’ measurement strategy to elucidate the difference between the various mechanical
ventilation types would be a study in identical houses (design, use of construction materials,
consumer products, etc...) with the only variable factor being the ventilation system. This type of
study has been performed in the past, however only CO, was monitored (no other chemical
pollutant).

The major part of the available literature concerns field studies and intervention studies. Although
they only focus on distinct aspects of Clean Air, Low Energy, they allow an evaluation, and in
necessary an optimisation of the measuring plan, proposed in the project description. This will be
discussed more in detail in CHAPTER 4 Indoor characteristics; aspects to be studied.
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CHAPTER 3 BUILDING CHARACTERISTICS; ASPECTS TO BE STUDIED

3.1. LOW ENERGY BUILDINGS

3.1.1. VENTILATION AND INFILTRATION

In well insulated buildings, the convective losses become relatively more important compared to
conductive and radiative heat transfer, and may even account for the largest share of energy
losses.

Simply reducing ventilation rates has a negative impact on IAQ, thus national and regional building
regulations have imposed minimal ventilation rates for new buildings.

Architects and engineers try to design ventilation systems that limit the total heat loss by better
controlling the ventilation rates, adopting demand controlled ventilation strategies, or increasing
the temperature of the incoming air by heat exchangers. Air flows through cracks and small
openings, account for a large share of the air intake in older (traditional) buildings. The air
infiltration rate is not controllable, and varies depending on pressure differences, e.g. by wind
forces and temperature gradients. In low energy buildings, this air infiltration is considered
unwanted, because it surpluses the controlled ventilation needs, and thus imposes an extra heat
demand for the building in cold periods. Furthermore, the infiltration through cracks may cause
other problems such as draught and moisture risks. In conclusion, state of the art energy efficient
buildings is mostly characterized by airtight building enclosures. Some standards for highly energy
efficient buildings, such as the Passive House certification, impose a maximum level of air
infiltration. A few EU countries even include airtightness requirements in their national energy
regulations (2009, Erhorn et al.).

3.1.2. VENTILATION SYSTEMS

In order to control the airflow in and out of the building, any new building which has to comply
with the Flemish EPB regulation has to be equipped with a dedicated ventilation system. The
ventilation systems are grouped into 4 main categories:

A. Ventilation system A: natural air intake, natural air exhaust

B. Ventilation system B: mechanical (or ‘forced’) air intake, natural air exhaust

C. Ventilation system C: natural air intake, mechanical air exhaust

D. Ventilation system D: mechanical air intake, mechanical air exhaust

Ventilation system C is the most widespread type of ventilation system in Flanders, with an average
market share of 65,31% in the new buildings of past 5 years (2011, VEA). The relatively low
investment cost and ease of installation is probably the main reason for this high market share.
Different companies have introduced demand controlled ventilation systems which adapt the
ventilation rate based on humidity sensors or occupant presence detection in houses. In school
buildings measurement of carbon dioxide is more common.

Ventilation system D is swiftly gaining popularity in new buildings: in 2006 9,93% of the new
buildings was equipped with this system, in 2009 this market share has risen to 25,01% (2011,
VEA). To our knowledge, a ventilation system D with demand control for domestic use is not yet on
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the market. Instead, most installations comprise a heat exchanger: the heat of the exhaust air is
transferred to the fresh incoming air to reduce the heating demand. More advanced systems may
include a ground-coupled heat exchanger which elevates (or lowers in summer time) the incoming
air temperature to the nearly constant subsoil temperature. Ventilation system D is mostly
equipped with a central air intake and thus requires air ducts to distribute the fresh air to the
different rooms. Filters are used to clean the largest particles from the air stream before entering
the ducts. These ducts, filters and the heat recovery unit impose a rather large pressure drop.
Therefore buildings with ventilation system D with heat recovery ventilation must be very airtight,
otherwise the induced air infiltration will severely degrade the efficiency of the heat recovery.

3.2. BUILDING CHARACTERISTICS

3.2.1. ENERGY PERFORMANCE

In this study, the indoor air quality of energy efficient buildings is investigated. Most energy saving
measures, such as the application of additional thermal insulation materials, photovoltaic panels,
condensing boilers or high efficiency glazing, aren’t expected to have an impact on the indoor air
quality, apart from the thermal properties. Therefore, indicators of the total energy performance of
a building such as calculated heating demand or the E-level (in Flemish EPB regulation) will not be
used to group the buildings into different categories.

Instead, the eventual impact is expected to result from the ventilation and infiltration properties of
the building. Ideally, the total amount of air exchange would be a criterion to divide the buildings
under investigation into different categories. This is however not a constant value, and is amongst
other factors heavily dependent on user behavior. Instead the building airtightness will be used to
categorize the different buildings. This factor is not dependent on the behavior of the building
occupants, but is a fixed value which shows the measured air permeability of the building skin. As
stated before, airtightness is an important feature for most energy efficient homes. By reducing the
air flow through cracks and openings, the total air exchange is limited to the controlled rates which
are established by the ventilation system. This is beneficial for the energy performance of the
building, especially for buildings with heat recovery ventilation. As a consequence, the rate of air
exchange to maintain a healthy indoor environment now depends solely on the ventilation system.
A low air permeability (very airtight building) indicates that the building is very dependent on the
ventilation system, whereas in a building with a high permeability the building infiltration may
contribute substantially to the total air exchange of the building.

A very airtight building cannot be obtained unless the designer pays special attention to the
airtightness when designing construction details. Even so, the contractors have to alter their
business-as-usual construction methods, in order to create airtight buildings (2010, Wei Pan). This
extra work load is in present building practice only to be expected if the aim is to realize a very
energy efficient building. Therefore, the building airtightness is expected to have a high correlation
with the total energy efficiency of the building. The results of the calculated energy efficiency
according to the Flemish EPB methodology (E-level and K-level) will be requested from each
building participating in this study for later reference. This fact limits this survey to buildings for
which the building permit was requested from January 2006 on. If the building is certified by the
Flemish Passive House Organization (PHP, Passiefhuis Platform) additional documents are
collected.
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Passive houses/schools need to prove their high airtightness through a measurement in order to
obtain a certification document. With a big fan, the building is pressurized or depressurized to
measure the prevailing infiltration rate at a fixed pressure difference, often 50 Pa. For ordinary
buildings, an airtightness measurement or ‘blowerdoor-test’ is seldom conducted. From 2006 till
January 2011, only 3,86% of all buildings with a Flemish EPB-certificate had proven their
airtightness. Presumably, most of these tests are conducted for low energy buildings, where
owners want to gain some extra points on their EPB certificate, in order to gain subsidies or tax
credits. The average measured vs, value for these buildings is 3,59 m3/hm? (2011, VEA), which is
considerably lower than the fairly high default value of 12 m3/hm? in the Flemish EPB certification
software. For this study, the nsovalue will be used, which expresses the air changes per hour due to
infiltration at a pressure difference of 50 Pa, instead of the vsy value used in EPB, which relates the
air changes to the exposed area of the building envelope.

A building needs to obtain an infiltration rate nsy < 0.6 in order to obtain a passive house
certificate. In this study buildings with an infiltration rate nsy < 0.6 will compose the category of
‘very airtight’ buildings. Buildings which comply to 0.6 < n5y < 2.5 are considered ‘moderately
airtight’. The category of ‘poorly airtight’ buildings consists of buildings with an infiltration rate nsg
>2.5.

3.2.2. VENTILATION SYSTEMS

This exploratory study focuses on mechanically ventilated buildings, so buildings equipped with a
ventilation system category A (fully naturally ventilated) will not be considered. For reference,
naturally ventilated buildings in Flanders have been investigated in previous research projects
(Surveillance of the health quality in Flemish residences, 2007-2008-2009-2010-2011, Flemish
Agency for Care and Health/Vito; 2009, Biba Project, Environment, Nature and Energy Department/
Flemish Agency for Care and Health/VITO; 2007 FLIES Project Environment, Nature and Energy
Department/VITO). Ventilation systems with mechanical air intake and natural air exhaust are
rather seldom in Flanders: according to the Flemish Energy Agency a mere 0,44% of the new
buildings subject to the EPB-regulations are equipped with this system, and this number is steadily
declining (2011, VEA). Therefore buildings with ventilation system B will not be considered in this
study.

When recruiting the buildings for the survey, the type of the ventilation system and possible
options will be questioned. For ventilation system C (natural air intake, mechanical air exhaust),
distinction is made between a traditional manually controlled system, and ventilation systems with
demand controlled operation. For ventilation system D, the options are a system with or without
heat recovery unit. The latter will be rarely present in a house, but may occur in schools.

Many alternative versions of ventilation system D are present in today’s building stock. Although
most of those versions are rare, these systems have promising benefits for large scale deployment
in future low energy buildings, or may alternatively exhibit hazard for indoor air quality. Therefore
attention will be paid to include some of these seldom used systems in this survey. Following
properties are questioned before selecting the buildings of this survey:
- Presence of earth-to-air heat exchanger (earth tubes). During the visit of such a building,
extra attention is paid to the possibilities of mould growth in the underground air ducts
(1998, Fliickiger et al.)
- Presence of ground coupled heat exchanger with a heat transfer fluid.
- Presence of a thermal recovery wheel. This system requires extra attention due to the
possibility of contamination between fresh air and exhausted air (Roulet et al. 2002).
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- Recirculation. Belgian regulations allow for partial recirculation of air from bedrooms,
corridors,... to the living room in order to reduce the prescribed fresh air intake. Findings in
(2011, RIVM) suggest that this may lead to a lower perception of IAQ by the building
occupant.

- Presence of heating equipment within the ventilation system. In very low energy buildings,
a limited extra heating of the incoming air may be sufficient for heating a building.

Furthermore the nature of the air ducts is questioned. Apart from the well known circular metal
sheet ducts, smaller plastic ducts have gained significant popularity in dwellings. If possible, one or
more buildings with rubbed plastic ducts will be investigated in this study, to preliminary assess the
impact of this air distribution system on IAQ.

Many more aspects of the ventilation system are investigated during the measurement campaign
after the building has been selected for this study. Properties such as installation brand, frequency
of manually adjusting the ventilation rate, measured properties for the demand controlled
systems, etc. will be questioned. These facts are potentially interesting when evaluating the
measurements, but are not essential for the selection of the buildings and often require technical
expertise of a research assistant. When investigation the acoustic properties of the ventilation
system, attention will be paid to possible exterior noises (neighbors, traffic,...), and the location of
the different components within the building.

3.2.3. BUILDING TYPOLOGY AND INTERIOR

In order to have a good mix of apartments, free standing houses, etc., the building typology is
questioned beforehand.

The location of the building is also requested, as an urban environment differs greatly from a rural
environment regarding outdoor air quality and noise levels. This may in return also affect the users
control of the ventilation systems, e.g. shut down of the system because of smells or excessive
noise.

Furthermore, there will be a differentiation in building method: heavy weight masonry buildings
versus wood frame buildings. For schools, a third category of prefab ‘modular unit’ classrooms is
added. These buildings behave different with regard to thermal comfort, and have distinguished
acoustic properties which must be taken into consideration when investigating the acoustic
performance of the ventilation system. The different materials may also have an impact on the
indoor humidity levels and construction related contaminants. In newly constructed buildings, the
relative humidity may be very high because of water which needs time to evacuate from the
construction materials, and building materials may still have high emission levels of several
contaminants. Therefore we exclude buildings from the survey if they aren’t inhabited for at least
12 months.

Interior finishes or furniture can also have an impact on building IAQ. These properties are not part
of the selection process, but will be evaluated while visiting the houses or classrooms. Also the type
of heating delivery system is recorded, as there are important differences with regard to internal
air distribution and velocities between traditional hydraulic radiators, convectors, under floor
heating systems and forced air heating.

In the case of a house, the presence of a cellar or garage integrated in the building is also noted,
because these rooms may be the source of specific contaminants. During a visual inspection, it will
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be investigated how well these rooms are sealed off from the living compartments of the house.
Inspectors will also describe the kitchen: whether or not it is integrated in the living room, whether
the cooker uses gas or electricity (important according to (2007- GGD Eemland)), and whether the
cooking hood is connected to the exterior of the building. An open cooking hood compromises the
airtightness of a house, and therefore many owners of a low energy house opt for a re-circulating
cooking hood, which filters the air and returns it to the kitchen environment.

3.2.4. OCCUPANTS

Building occupants have a major impact on the building IAQ, because they can decide on the
ventilation rates of mechanical ventilation systems, and they are responsible for maintenance of its
components. Furthermore, the building occupant has to a great extend impact on the
contaminants which are released into the indoor air. To minimise the latter impact in this study,
occupants are asked to avoid some activities (like vacuum cleaning during the measurement of
biological contaminants or window opening during the blower door tests) during or shortly before
the measurements, and buildings in which the occupants smoke or in which a wood burning stove
is used are excluded from the survey.

The owners are asked to answer some simple questions regarding their control of the ventilation
rates and window opening behaviour. In a limited number of indoor locations (2 residences en 2
schools/classrooms) the measurement period is repeated in the non-heating season to investigate
the user behaviour more thoroughly.

The timely replacement of filters and possible cleaning of the air ducts is expected to have a major
influence of IAQ. Therefore, owners will be questioned after their maintenance strategy,
supplemented by a visual inspection of the condition of filters and ducts during the measurement
campaign. If the house or apartment is not owned by the occupant, maintenance may become
even more difficult, or completely overlooked by a lack of responsibility or knowledge. This aspect
will be taken into account by comprising privately rented and public social houses in the building
selection.

3.3. CRITERIA FOR BUILDING SELECTION AND QUESTIONNAIRE

The airtightness of the building is the main characteristic to categorise the buildings. We seek a
balanced distribution of houses and schools in the three categories ‘very airtight’, ‘moderately
airtight” and ‘poorly airtight’. The infiltration rate of a building is not known until the airtightness is
tested. The initial division of the buildings into the three categories is based on estimation for
buildings without a test report, and may alter after the blowerdoor-test is performed.

In the previous paragraph many other building characteristics have been analyzed. Due to the
limited amount of buildings under investigation in this exploratory study, it is not possible to
include every combination of relevant building, occupant or ventilation characteristics in the
survey. Instead, the buildings will be selected in order to have a wide range of different
combinations, while still preserving a representative view on present and future technologies for
low energy buildings.

The following tables (Table 4 and Table 5) indicate the three main building categories, and probable
combinations of ventilation systems.
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Table 4: Overview of dwelling characterisation

Dwelling category Very airtight Moderately airtight Poorly airtight
Selection criterion Nso < 0.6 0.6<ngp<2.5 Nso > 2.5
g (C) C
SExgz;:ed ventiation C demand controlled C demand controlled
¥ D with heat recovery D with heat recovery (D with heat recovery)

Earth-to-air heat exchanger
Ground coupled heat exchanger with a
Ol GRS heat transfer fluid i
Thermal recovery wheel
Integrated heating

Small plastic ducts

Table 5: Overview of school characterisation

School category Very airtight Moderately airtight Poorly airtight
Selection criterion Nso < 0.6 0.6<n5<2.5 Nsg = 2.5
() C
. C demand controlled C demand controlled
Expected ventilation . . ;
system (D without heat recovery) D without heat recovery D without heat
D with heat recovery D with heat recovery recovery
Optional features Earth-to-air heat exchanger -

The questionnaire (in Dutch) distributed to select possible buildings for the survey can be found in
Annex 1. The questionnaire for building and ventilation characteristics during the measurement
sessions can be found in Annex 2.
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CHAPTER 4 INDOOR CHARACTERISTICS; ASPECTS TO BE STUDIED

Established protocols (eg Crump et al., 2002), international standards concerning indoor air quality
measurements in the ISO 16000 series and study reports on (field)studies on IAQ should be taken
into account as a guideline to define the parameters to be measured in an exploratory study of the
air quality in energy efficient homes. These latter studies include regional monitoring campaigns
(Surveillance of the health situation in Flemish residences (2007-2008-2009-2010-2011 Flemish
Agency for Care and Health/Vito; 2009), BiBa on the indoor air quality in primary schools (2009,
Environment, Nature and Energy Department/ Flemish Agency for Care and Health/VITO) and
FLIES, the Flanders Indoor Exposure Study (2007, Environment, Nature and Energy
Department/VITO as well as national and international surveys on the indoor air quality (Sinphonie
2010-2012 DG Sanco; INSULAte Finland, HITEA 2008-2013 FP7; WHO Frankfurt Housing
intervention project 2008; HOPE EU 2005) as well as published research results (literature overview
paragraph 2.2).

Based on these previously mentioned studies and the literature cited in paragraph 2.2, a set of
parameters, relevant for the characterisation of the indoor environment in energy-efficient
ventilated buildings, can be identified. The critical aspects and determining factors, linked to the
occurrence of these parameters in energy-efficient buildings, will lead to a distribution of the
parameters in two groups:

(1) parameters that should be monitored in the indoor micro-environments, and
(2) parameters that should be inventoried in a questionnaire.

The parameters, to be studied in order to characterize the indoor environment in energy-efficient
buildings, can be subdivided in chemical, physical and biological parameters. They will be discussed
separately in the following paragraphs.

According to Crump et al (2010), the association of any measurement with records of the
occupants’ activities, including changes in the ventilation conditions, and the use of (consumer)
products indoors, are of significant importance. Also information on the occupants’ understanding
and undertaking maintenance of the system should be collected. The occupant’s perception of the
indoor environment with respect to thermal comfort, perceived odour, and freshness of the air,
and the occurrence of SBS symptoms should be undertaken. This note will be addressed in the next
paragraphs as well.

4.1. CHEMICAL CHARACTERISTICS, ASPECTS TO BE STUDIED

We can distinguish indoor and/or outdoor generated chemical pollutants. For each pollutant,
occurring in the literature review, the main source and/or the possibility to occur at concentration
levels, influenced by the ventilation system, is indicated in Table 6. Furthermore, the table also
indicates whether study results on the regional occurrence of these pollutants in traditional
buildings are available.

In Table 6 it can be seen that several international publications report that TVOC, VOCs, aldehydes,
CO, and PM2.5 are relevant compounds to study in the indoor environment of energy-efficient
buildings. For these compounds, reference values on their occurrence in Belgian traditional houses
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and schools are available, which is necessary to evaluate the data collected in Clean Air, Low Energy

with data collected in traditional buildings.

Table 6: Chemical parameters occurring indoors, and the possibility to occur at indoor levels,

influenced by ventilation

Included in field studies
in traditional buildings

Chemical compound

Potential Source

Potentially influenced
by ventilation

TVOC Surveillance of the health
situation in Flemish
buildings; BiBa; FLIES

VOC Surveillance of the health

(MTBE, benzene, situation in Flemish

trichloroethene, buildings; BiBa; FLIES

toluene,

tetrachloroethene,
ethylbenzene, xylene
isomets, 1, 2, 4
trimethylbenzene,
1,4-dichlorobenzene)

Aldehydes
(total

Surveillance of the health

aldehydes, situation in  Flemish

formaldehyde and buildings; BiBa; FLIES
acetaldehyde)

PM, 5 (mass  Surveillance of the health
concentration) and situation in  Flemish

PMx (time evolution)  buildings; BiBa; FLIES

PMio

NO, Surveillance of the health
situation in Flemish
buildings

0;

Cco, Surveillance of the health
situation in Flemish
buildings; BiBa; FLIES

co

traffic and indoor sources
(building materials and
consumer products)
related

traffic and indoor sources

(building materials and
consumer products)
related

building materials,

consumer products, new
furniture

outdoor air, indoor
generated
outdoor air, indoor
generated

traffic, indoor combustion
appliances

(summer) outdoor
specific sources

air,

occupants

combustion appliances

Aubin et al., 2011;
Stranger et al. 2011;
Raja et al. 2011; Xu,
2010 ; Jarnstorm et al.
, 2006; Yoshino et al.
2006 ;

Aubin et al., 2011;
Raja et al. 2011;
Yoshino et al. 2006 ;
Dimitroupoulou et al.
2005

Jarnstorm et al. , 2006;
Yoshino et al. 2006
Dimitroupoulou et al.
2005

Stranger et al. 2011;
Maclntoch et al. 2010 ;
Noh et al., 2010 ; Paul
etal. 2010;

Raja et al. 2011

Aubin et al., 2011
Dimitroupoulou et al.
2005

Aubin et al., 2011;

Raja et al. 2011;
Breysse et al. 2011;
Madhavi et al, 2010;

Raja et al. 2011 ;
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PM10 was reported to be subject to the influence of ventilation as well, however, for research and
exploratory aims, it is more interesting to give priority to smaller sized particles (inhalable size
fraction) such as PM2.5. NO, has been reported to occur at lower indoor air levels in ventilated
buildings. However, as a consequence of its close relation to the presence of gas stoves, the indoor
levels are also related to the efficiency of the cooker hood. Furthermore, the use of NO, as an
indication of the influence of traffic on the indoor air quality is not essential, since more accurate
tracer compounds for traffic are part of the VOC compounds (such as MTBE) that will be assessed
in the houses and the schools. Indoor Os is linked to specific indoor sources (such as printers or
computers), but mostly highly depending on the ambient concentration levels, which on their turn
therefore are known to be higher in summertime. Since the Clean Air, Low Energy field study will
be organized during the heating season, Oz will only be monitored during the seasonal variation
case study (foreseen in 2 houses and 2 schools/classrooms). Since CO is related to disfunctioning
combustion appliances, it is not included in this particular study, only few information has been
reported on its occurrence in relation to ventilation systems.

Certain indoor contaminants, listed in Table 6, could be highly influenced by building related
characteristics or by habits of or consumer products used by inhabitants. These include influences
related to the outdoor environment, to indoor smoking or to new building materials. Therefore, a
few selection criteria in relation to the chemical characterisation of the indoor environment are
defined:

- We aim for an equal distribution between houses/schools in urban and rural environment

- There is no indoor smoking (nor by building occupants, nor by visitors) in any of the
buildings, participating in Clean Air, Low Energy

- No major renovation activities have been organized in any of the buildings in the last 6
months, participating in Clean Air, Low Energy

- Buildings participating in Clean Air, Low Energy are older than 6 months.

Furthermore also smaller impacts on the indoor air quality can be expected, resulting from various
indoor sources. This information is included in the Clean Air, Low Energy questionnaire, which is
completed by the building occupants. The topics included are: recent (within the last 6 months)
achievement of new furniture, recent (small) renovations (like room painting), odour nuisance, and
the use of consumer products known to emit VOCs and/or aldehydes. In order to obtain a
maximum comparability with existing regional studies in Flanders, the questionnaire for schools
will be based on the ‘BiBa’ questionnaire (BiBa, 2009) and the questionnaire for residences will be
based on the questionnaire from the study ‘Surveillance of the health situation in Flemish
buildings’.
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4.2. PHYSICAL CHARACTERISTICS, ASPECTS TO BE STUDIED

Relevant physical parameters, listed in the literature overview in paragraph 2.2, are summarized in
Table 1.

Table 7: Physical parameters occurring indoors, and the possibility to be subject to ventilation

Physical compound

In other field studies

Potential influence by

ventilation
Temperature Surveillance of the health Aubin et al. 2011;
situation in  Flemish Raja et al. 2011;

Relative humidity

Draught

Noise nuisance due to
ventilation system

Noise nuisance due to
outdoor environment

Ventilation rate

Air leakage

(air tightness)

Wall moisture

buildings; BiBa; FLIES

Surveillance of the health
situation in Flemish
buildings; BiBa; FLIES

Surveillance of the health
situation in Flemish
buildings

Optivent

Optivent

BiBa

SENVIVV study 1999

Stranger et al. 2011,
Madhavi et al., 2010 ;

Paul et al. 2010;
Maier et al. 2009;
Versteeg 2008 ;

Aizlewood 2006

Aubin et al. 2011;
Raja et al. 2011;
Stranger et al. 2011,
Madhavi et al., 2010;
Paul et al. 2010;
Versteeg 2008 ;

Briere 2010; Harm
2008 ; Hodgson
2008 ; Palonen et al.
2008 ; Khaleghi et al.
2007 ;

Versteeg 2008 ;

Aubin et al. 2011;
Van Dijken et al. 2011

Aubin et al. 2011;
Yoshino 2006;
Dimitroupoupou et
al. 2005

Paul et al. 2010;
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For the physical characteristics, listed Table 7 in reference values are available in traditional houses
and/or schools in Flanders, Belgium. The relevance of the proposed parameters in a study on the
characterisation of the indoor environment in energy-efficient buildings, is supported by sufficient
literature. No reference values are available for wall moisture; however, this parameter will be
included in the questionnaire (visual moisture damage present in the house/school?) for the indoor
monitoring programme.

4.3. BIOLOGICAL CHARACTERISTICS, ASPECTS TO BE STUDIED

The study to be conducted is an exploratory study on the indoor environment of energy-efficient
buildings (EEBs). The overall aim is to assess the indoor air quality (IAQ) in energy-efficient
buildings, including homes and schools; physical, chemical and biological parameters will be
measured in order to determine, whether indoor air in such buildings differs from non-energy-
efficient buildings. The overall study strategy follows the approach to determine various
parameters in EEBs and compare the data generated in this study to data available from previous
studies on non-energy-efficient buildings. The particular focus is on how the outdoor environment
and ventilation systems affects the indoor parameters Thus, the study question — specified for
biological agents — could be formulated as follows: "Do levels of biological/microbial agents in
energy-efficient, mechanically ventilated buildings differ from ‘reference’, non-energy-efficient
buildings and what is the influence of the outdoor environment on the indoor microbial content in
energy-efficient buildings?" By answering this questions one should be able to conclude on
whether ventilation systems, additional insulation and other measures applied in EEBs, in contrast
to non-energy-efficient buildings, affect on the indoor microbial levels in homes and schools.

The overall study strategy is pre-defined in this project and will be followed for all parameters
measured, including biological/microbial agents. However, based on the literature review, the
complementary assessment of microbial contaminants inside the ventilations systems of the 50
study locations would be a complex operation, with the likely results of contaminant levels that are
only little comparable and difficult to interpret. Contrary to the above described objective, data on
the microbial contamination of ventilation ducts cannot be evaluated based on their difference
with ‘reference’, non-energy-efficient buildings or on their difference between the different
ventilation system types. In a recent literature review (Peretti et al. 2011) it was concluded that no
univocal way to effectively describe duct contamination has been developed so far. Available
experimental work is not inter-comparable due to major differences in the data collection and
analysis methodologies and furthermore, instrumentation is often adopted by the authors. The
unequal distribution of dust on duct surfaces leads to a considerable variance and discrepancies in
surface dust evaluation (Peretti et al. 2011, Holopainen et al.,2002a, Fransson et al., 1995).
Therefore in ‘Clean Air, Low Energy’, it will be difficult to (1) obtain reproducible results and to (2)
interpret and compare the results from different ventilation systems. E.g. a swap sample, collected
in the air inlet of a system, which after analysis indicates no fungi, yeast or bacteria, does not
naturally lead to the conclusion of a clean ventilation system. A microbial contamination may still
be situated in another location in the ventilation system. A sound assessment on the microbial
contamination of ventilation systems would require a dedicated study and considerable additional
resources. On the other hand, in case of contaminated ventilation systems, microbes are likely to
be present and measurable as elevated levels in indoor air; elevated microbial levels indeed would
indicate the probability of a contaminated ventilation system. In order to maintain a maximal
comparability of the results from ‘Clean Air, Low Energy’ with (national and international) existing
studies, the biological characterisation of the indoor environment in this study will focus on the
assessment of the indoor air quality.
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In addition, there are certain definitions/limitations to be considered with respect to the feasibility
of field work efforts and the sampling and analyses methods available at the partner responsible
for conducting the sampling/analyses for biological agents. We therefore choose here to propose
both, an ‘ideal’ sampling strategy (to be applied maybe in future, more extensive studies on these
or related issues), as well as a sampling strategy feasible and applicable in the pre-defined
framework of this project, considering available resources and methodologies.

4.3.1. ‘IDEAL’ SAMPLING STRATEGY FOR COMPARING BIOLOGICAL AGENTS IN ENERGY-EFFICIENT AND NON-ENERGY-
EFFICIENT BUILDINGS

— Sampling sites

As outlined above, the overall study strategy follows the approach to determine various
parameters in EEBs and compare the data generated in this study to data available from previous
studies on non-energy-efficient buildings. For the physical and chemical parameters to be
measured, more or less standardized and comparable sampling and analysis methods are
commonly used and will allow comparability to data generated in previous studies on non-energy-
efficient buildings. For biological agents, sampling as well as analyses methods used in various
studies vary widely and thus, direct comparison to existing data will be challenging. Considering
this fact and the study question to be answered, i.e. “do levels of biological/microbial agents in
energy-efficient buildings differ from ‘reference’, non-energy-efficient buildings”, following a study
design including both index (energy-efficient) and reference (non-energy-efficient) buildings would
allow answering this question more accurately, rather than trying to compare newly generated
data to existing data sets. Various building and other factors, such as geographical location and
season, may affect on indoor biological levels and thus should be considered in choosing the study
sites. Index and reference building pairs should be in close geographical vicinity to each other,
sampled at the same season at least, preferably during same weeks/a month and be comparable
with respect to building age, building type/use, and building frame/materials. Conditions of
dampness/moisture damage/mould are important factors that may affect microbial levels indoors
and thus such conditions need to be assessed prior to sampling campaigns; if such buildings are
included, they should be equally included in index and reference buildings.

— Timing of sampling campaigns and other general considerations

Outdoor air is a major source for the microbial content of indoor air; seasonal variation in indoor
microbial levels has been described in various epidemiological and exploratory studies. In order to
identify indoor sources of microbes and measuring the resulting levels, sampling is preferably done
during the winter months (heating season), when outdoor contribution to indoor microbial levels is
reduced (Hyvdrinen et al. 2001). However, since the scope of this project includes also the
contribution of outdoor air on the indoor air microbial content, a strict control for season is not
necessary. Outdoor sampling will be conducted in parallel to indoor sampling campaigns, in order
to assess this contribution. Nevertheless, in proposed index/reference design it will be important to
conduct sampling campaigns in index and reference building pairs during the same season/months,
as already outlined above.

Another common source of airborne microbes is occupancy and everyday activities in the buildings.
A general decision on whether to conduct the indoor sampling campaigns during occupied or non-
occupied situations will have to be made and to be followed in all sampling sites to guarantee
comparability of results. In any case, during the short measurement time, occupants should be
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asked to avoid activities such as vacuuming, handling potentially mouldy (eg. cheese, sausage,
bread, fruits) or unwashed food stuffs, plants or firewood, and opening windows or doors to the
outside during or shortly before the sampling campaigns. When monitoring indoor environments
using ventilation systems, it should be controlled that those are operating during sampling, as they
are used in a normal living situation.

Pets represent another common source of indoor biological agents; again, if pets are present in an
index building, the reference building should be matched with respect to pet keeping. All factors
affecting microbial levels listed above added, as well as hobbies such as horse back riding,
gardening etc. should be recorded and taken into account when considering the results.

— Sampling strategy

Two different sampling approaches for biological agents in indoor air seem adequate to answer the
scope of this project, i.e characterising the indoor environment of EEBs and compare this situation
to non-energy-efficient buildings: sampling of bioaerosols (air sampling) and sampling of settled
dust.

A) Sampling of bioaerosols:

Bioaerosol samples potentially relate best to actual human exposure situations, as only
airborne, potentially inhalable compounds are collected. Several sampling methods are
available for bioaerosols, being differentiated by different physical forces applied: inertial
impaction (eg. Andersen impactor, Burkhard spore trap), centrifugal impaction (eg. Reuter
Centrifugal samplers, cyclone samplers), liquid impingement (all-glass impingers, BioSampler),
filtration (cassette filters, Button sampler) and gravitational settling (Willeke and Macher 1999,
Reponen et al 2001). The selection of the method must be based on the aim of the
measurement, the environment and the resources available (Hyvarinen PhD thesis 2002).

Typically conducted as short to medium term sampling campaigns (minutes to hours), all air
sampling techniques have in common that they are heavily susceptible towards the known
temporal changes in airborne concentrations of microbes. Exceptions here are long-term, high
volume air samples, which, however, are very laborious and not commonly applied in field
surveys.

Bioaerosol sampling directly onto agar plates using Andersen impactors are probably most
commonly used and referred to in the existing literature. However, since sampling durations
with Andersen impactors are typically in the range of minutes, this sampling approach requires
repeated sampling in order to obtain meaningful data. Hyvarinen et al (2001) have studied the
temporal and spatial variation of fungal concentrations of indoor air in two single-family homes
using Andersen impactors (sampling duration 10 minutes, total sampling volume 283 L of air).
Based on the between-rooms, within-day and within-season differences of concentrations of
airborne, viable fungi the authors concluded that a one time measurement in one room over
one season is not sufficient to characterize fungal levels in a residence. The authors calculate
that sampling campaigns required to characterize the fungal concentration in a residence is 11,
but mention that the sample size — relating to the precision of sampling — must also consider
time efforts and costs. Samples are advisable to be taken in more than one room in a residence
and in different times of a day. In any case, in parallel to indoor assessments, sampling of
outdoor air with Andersen impactors need to be conducted in order to conclude on the
outdoor contribution of indoor airborne, viable microbes.

Bioaerosol sampling via filtration using e.g. Button samplers can be conducted for a longer
duration (e.g. 4 hours per day during occupancy, over 5 days of a week), which can circumvent
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the need for many repeated samples. Again, outdoor air samples would need to be taken in
parallel to indoor assessments. However, the back-draw of such sampling approach is that a)
filters get clotted after certain sampling duration and need to be exchanged; and b) the viability
of spores is heavily compromised by extended periods of sampling and thus, cultivation based
analyses methods are not advisable to be combined with longer term air samples. Analyses of
such filter samples could be done using cultivation independent methodology (see below under
Analyses of samples). This latter mentioned limitation, however, applies mostly only when
using common polycarbonate filters and can be circumvented to a certain extent by using
gelatine filters that maintain viability of spores better (ISO 16000-16).

B) Sampling of airborne, settled dust:

Dust settled on surfaces above floor level is considered a long term integrated sample of
previously airborne material. Therefore, such sample is less prone to temporal variations of
microbial concentrations indoors. One has to be aware, however, that with passive sampling all
particles are not equally collected; larger particles may be overestimated and smaller
underestimated. In addition, depending on the collection surface, resuspension may happen
and during the long sampling period the open sampling area may be prone to disturbance by
eg. cats and children. Different sampling approaches have been proposed, including sampling
dust settled into settled dust boxes or onto electrostatic wipes (Noss et al 2008), both aiming at
collecting dust over a defined period of time onto a defined surface area. Dust can be retrieved
from these samplers and analysed using both, cultivation based as well as cultivation
independent methodology. Back-draw here is that little data have been generated thus far for
comparison. However, if using a proposed index/reference building approach, sampling of
airborne settled dust could be considered an alternative sampling approach with certain
advantages compared to other bioaerosol samples — but obviously also with limitations -, in
order to answer the specific research question defined for this project.

— Analyses of samples

Even though not being within the direct scope of this chapter, a few issues to be considered in the
analyses of sample materials shall be mentioned here.

Cultivation based methods to determine viable spore counts of fungi and bacteria have been and
are widely used in studies on microbes in indoor environments. While total spore counts give
information on quantitative aspects of microbial levels, also qualitative aspects should be
considered. Thus, differentiation in enumeration of different fungal genera (via microscopy) would
be desirable. While total levels of microbes may be the comparable in different sampling sites, the
qualitative content may vary considerably and may indicate ‘abnormal’ conditions with respect to
indoor microbial pollutants (such as the presence of ‘indicator’ microbes in situations of dampness
and moisture damage).

Recently, cultivation independent methods in analysing indoor sample materials have been
introduced, in an effort to circumvent the limitation of selective/restricted coverage of the total
microbial flora by cultivation based methods. Analyses of chemical markers and surrogates of
microbial content are commonly applied in epidemiological surveys including indoor microbial
exposures. These methods include measurement of endotoxin activity (via Limulus bioassay) and 3-
hydroxy fatty acids of lipopolysaccharide (via gas chromatography/mass spectrometry (GC-MS)) as
proxy for the presence of mainly Gram-negative bacteria; muramic acid (via GC-MS) as proxy of
mainly Gram-positive bacteria; and of ergosterol (via GC-MS), B-glucans and fungal exo-
polysaccharide (via immunoassays) as marker of fungal biomass. In addition to these, DNA-based
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methods, most prominently quantitative polymerase chain reaction (qPCR) is used to quantitatively
assess the presence of DNA of different microbial groups at different specificity levels (species,
genus, group specific), depending on the assay applied. Such methods will be widely used in the
near future and are expected to strongly complement, if not replace analyses methods based on
cultivation of microbes and may thus be considered in up-coming research.

In addition to microbes, allergens — and here most commonly house dust mite allergens - are
commonly assessed in indoor environments as representing part of biological indoor pollutants. As
increased levels in house dust mites have been frequently linked to conditions of elevated relative
humidity in homes, a factor of concern also in energy-efficient building, measurement of house
dust mite allergens from indoor dust could complement indoor assessment of microbes.
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CHAPTER 5 DETAILED SAMPLING STRATEGY

The detailed sampling strategy to be applied in Clean Air Low Energy is summarized in this chapter.
In this section the different measurement techniques which will be applied are presented and
measuring programmes are adapted to be feasible within the proposed time frame and budgetary
means of this exploratory research programme. Details on the sampling protocols for chemical,
biological and physical measurements will in the first place aim for the generation of new data,
comparable to data generated in previous research programmes. Therefore, the measurement site
for sampling inside the house or the school might differ between chemical, biological and physical
measurements.

5.1. SAMPLING STRATEGY FOR CHEMICAL PARAMETERS IN ENERGY-EFFICIENT BUILDINGS

The compounds listed in Table 8 will be assessed simultaneously in the indoor and corresponding
outdoor environments. Samples will be collected at a distance of 1 meter from a wall, in the
residences all samples will be collected in the living room; in the schools indoor samples will be
collected in the classroom. Note that, in order to obtain data comparable to existing datasets on
the indoor air quality in Flanders, Belgium, a different sampling time is selected in houses and
schools.

Table 8: Measurement strategy for chemical parameters

Compound Measurement technique Sampling time Sampling site
TVOC Radiello passive sampler Houses: 7 days Houses: living room
Schools: 5 days Schools: classroom
Parallel outdoor
VOC Radiello passive sampler Houses: 7 days Houses: living room
(MTBE, benzene, trichloroethene, Schools: 5 days Schools: classroom
toluene, tetrachloroethene, Parallel outdoor

ethylbenzene, xylene isomets, 1, 2, 4
trimethylbenzene, 1,4-
dichlorobenzene)

Aldehydes
(total aldehydes, formaldehyde and
acetaldehyde)

Umex passive sampler

Houses: 7 days
Schools: 5 days

Houses: living room
Schools: classroom
Parallel outdoor

PM, 5 (mass concentration) MS&T  Harvard type Houses:7 days—24h  Houses: living room
impactor Schools: 5 days — Schools: classroom
teaching hours Parallel outdoor
) luti Grimm optical PM Houses: 7 days
PMx (time evolution) monitoring Schools: 5 days

co,

Catec Klimabox
+ other

Houses: 7 days

Schools: 5 days

Houses: living room
+ bedroom(s)
Schools: classroom
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5.2. SAMPLING STRATEGY FOR PHYSICAL PARAMETERS IN ENERGY-EFFICIENT BUILDINGS

The user satisfaction concerning the indoor environment, the thermal comfort and noise nuisance
is assessed via the questionnaires. In classrooms, attention will be put to the sound privacy inside

the rooms; this will be assessed via questionnaires.

Table 9: Measurement strategy for physical parameters

Compound

Measurement technique

Sampling time

Sampling site

Temperature

Relative humidity

Draught

Noise nuisance due to ventilation
system

Noise nuisance due to outdoor
environnent

Ventilation rate

Air leakage

(air tightness)

Catec Klimabox

Catec Klimabox

e.g. OMNIPORT 20

Measurement installation
noise, reverberation time
and background noise
levels

Measurement of
installation  noise  for
different ventilation
positions (normal rate,
rate ‘2’, and maximal
rate), measurement of
outdoor noise for rooms
with natural air supply

Catec Klimabox
CO, based

Flowbox measurements
Pressurization tests

Houses: 7 days
Schools: 5 days

Houses: 7 days
Schools: 5 days

Houses: 1h
Schools: 1h

Rooms with natural
air supply: 1 hour
(sampling time per
measurement =
min. 30s, max. 15’)

Rooms with
mechanical air
supply : 30 minutes
(sampling time per
measurement =
min. 30's)

Houses: 7 days
Schools: 5 days

- (instantaneous
measurement)
(instantaneous
measurement, total
time +- 1h)

Houses: living room
Schools: classroom
Parallel outdoor
Houses: living room
Schools: classroom
Parallel outdoor
Houses: living room
Schools: classroom
Houses (8): living
room, bedroom

Schools (7): classrooms

Houses: living room
Schools: classroom

Houses: all vents
Schools: all vents
Houses: front door
(intervention in rest

of dwelling)
Schools: classroom
door

5.3. ADAPTED SAMPLING STRATEGY FOR DETERMINING BIOLOGICAL AGENTS IN ENERGY-EFFICIENT BUILDINGS

5.3.1. GENERAL CONSIDERATIONS WITH RESPECT TO SAMPLING SITES AND TIMING OF SAMPLING

The overall study strategy follows, as discussed above, the approach to determine various
parameters of the indoor air in energy-efficient buildings and compare the data generated in this
study to data available from previous studies on non-energy-efficient buildings. It was also
discussed that this will be challenging thing to do for biological agents. It is planned that sampling
campaigns will be conducted in 15 homes and their gardens, as well as 5 schools and their
playgrounds (15 classrooms), all of those categorized as ‘energy-efficient buildings’, but still
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including different building types, in particular with respect to ventilation systems in use. In fact the
selection is performed as follows:

- Houses: 5 very airtight houses, 5 moderately airtight houses and 5 poorly airtight houses.

- Schools: 1 very airtight school (only one available in Flanders, 3 classrooms), 2 moderately

airtight schools (6 classrooms) and 2 poorly airtight schools (6 classrooms).

As partly, this exploratory study also aims to look at differences in microbial levels between those
different ventilation types, best possible comparability of the data generated within this study
should be aimed at.

In the following we list a few factors that potentially influence indoor microbial levels and thus
should be addressed when sampling is conducted at the sampling sites.

1) Dampness/moisture damage/visible mould growth: such conditions are frequently
accompanied by elevated levels of fungal, bacterial and allergen (in particular house dust
mite) loads indoors. Thus, the sampled homes and schools should be assessed prior to
sampling for whether or not such conditions prevail in the buildings. This is ideally done by
a walk through building inspections by a trained civil engineer; alternatively, a short
guestionnaire on these items could be addressed to the occupants (or school personnel in
the case of schools), as done in many epidemiological studies aiming at linking (biological)
indoor exposures and health.

2) As communicated earlier by the coordinator of this study, the sampling sites will be in
relatively close geographical vicinity, which should allow comparability with respect to
geographical variability of study buildings. Also the vegetation near sampling sites should
be considered, ie. building next to park vs. building next to high way/urban surrounding.

3) General building factors, such as building age, building type/use, and building
frame/materials should be recorded.

4) As communicated earlier by the coordinator of this study, sampling will be conducted
during occupied hours. As everyday activity may influence microbial levels, effort should be
put on that all the sampling sites are really occupied during sampling campaigns.
Occupancy should be recorded. Within-day variation in levels of airborne fungi — possible
due to activity patterns of occupants - has been described (Hyvdrinen et al. 2001), which
makes it advisable to aim at comparable activity in all sampling sites.

5) Occupants should be asked to avoid activities listed above such as vacuuming, handling
unwashed food stuffs or firewood, and opening windows or doors to the outside during or
shortly before the sampling campaigns (2 hour minimum).

6) When monitoring indoor environments using ventilation systems, it should be controlled
that those are operating during sampling, as they are operating during normal use of

buildings.

7) Pet keeping and the presence of pets during sampling campaigns should be recorded in
addition to above mentioned factors.
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5.3.2.

SAMPLING STRATEGY AND SAMPLE ANALYSIS — FINAL MEASUREMENT STRATEGY

The sampling strategy in this project needs to be adapted to the resources and sampling/analyses
methods available at the collaborator conducting the sampling and analyses of microbial samples,
all in compliance with the project aims. Andersen impactor sampling will be used, followed by
enumeration of total fungi+ yeasts (on DG18 agar medium) and total bacteria (on plate count agar).
A sampling duration of 5 min, at 28.3 L/min flow rate (~150 L) is applied. In addition, surface swab
samples are taken, again, followed by total enumeration of fungi, yeasts and bacteria.

The use of the Andersen impactor is preferred over other, simplified and more commercially used
techniques, because of the following reasons:

The Andersen impactor has been used on a worldwide scale, in various studies. The results
have been reported and discussed in open literature. Using the same technique with a
comparable method, guaranties a high comparability of the results from ‘Clean Air, Low
Energy’ with other study results as well as an increased reliability of the outcomes.

Sample collection on the 6 successive agar plates in the Andersen impactor guaranties a
distribution of the collected particles over several impactor stages. This separated growth
on the 6 plates leads to a more accurate count. Sample collection on one plate (using the
commercial, simplified and cheaper method) on the other hand, may lead overloading of
the medium. This overloading, results in overgrowing of different species, due to both fast
and slow growth on one plate, which leads to decrease in the accuracy of the outcomes.
Reducing the sampling time would reduce this risk of overgrowing, however it would
significantly reduce the representativeness of the sample, due to high variability between
air samples of short sampling times.

Following recommendations as concerns the sampling strategy:

48

Andersen impactor samples are taken in two rooms of each residential home (additionally
respecting the general considerations listed above).In school settings, samples are
collected in at least two classrooms. Ideally, sampling would be repeated on a different day
to confirm abnormal conditions, however, this is not feasible to be done in the scope of the
current study. Outdoor samples are taken in parallel to each indoor assessment.

Sampling duration is 5 minutes per sampling campaign; a total volume of ~150 L air should
be sampled during this duration. The Andersen sampling has to be used at 28.3 L/min flow
rate, otherwise the impaction is imperfect

Samples are collected in the middle of the rooms in a height of 1 — 1.5 m. Control human
activities as outlined under point 5 above.

In order to allow maximum comparability to previously published studies, media used for
fungi may include two non-selective media: 2% malt extract agar and dichloran glycerol
agar (DG18), as recommended for detection of viable fungi (Samson et al 1994; see also
ISO 16000-17)). Sabouraud agar medium should be used if the responsible collaborator is
specialized on working only with this type of agar medium and also if resources are limited.
Ideally, in that case the collaborator should provide reference datasets from reference
homes/schools they have assessed earlier.

As sampling is anticipated to span from September to May, the issue of seasonal variation

needs to be addressed. This will be possible by relating the indoor air measurements with
in parallel conducted outdoor air assessments.
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e Ideally, enumeration of the main fungal genera would be approached from the agar plates
after sampling in order to not only quantitatively, but also qualitatively describe the indoor

microbial content to some extent.

e Swab sampling in this study, is considered to complement the bioaerosol sampling.
However, swab samples should be taken from a defined area of a previously clean surface
in a height of 1.5 to 2 m (eg. swab from a glass plate placed in the room on a shelve after

one week).

This leads to the following overview of microbiological samples to be collected (Table 10).
Guidelines and questionnaires on the occupants’ activities during the microbial sampling are

formulated. They are inserted in Annex B.

Table 10 Measurement strategy for biological parameters

Measurement technique

Sampling time

Sampling site

Compound

Bioaerosol samples — fungi and Anderson

yeast impactor

Bioaerosol samples — total bacteria  Anderson
impactor

Settled dust sampling — fungi and yeast Swap sampling

Settled dust sampling — total bacteria Swap sampling

6-stage

6-stage

5 minutes
total volume ~150L
28.3 L/min flow rate

5 minutes
total volume ~150L
28.3 L/min flow rate

Not applicable -
height of 1.5t0 2 m

Not applicable -
height of 1.5t0 2 m

15 Houses: living
room, bedroom

15 classrooms
Parallel outdoor

15 Houses: living
room

15 classrooms
Parallel outdoor
Houses: living
room, bedroom

15 classrooms
Houses: living
room, bedroom

15 classrooms
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