Ventilation

Naborgg og overforsel
af partikelforurening

Det er vigtigt at reducere overfarslen af luft mellem etageboliger, sa risikoen for at blive udsat
for passiv rygning nedbringes, og boligernes luftkvalitet forbedres. | denne undersagelse
kvantificeres overfarelsesluften og risikoen for overfarsel af partikelforurening. Endvidere udarbejdes
der vejledninger om de bedste ventilationstekniske og byggetekniske tiltag til reduktion af
overfarsel af luft mellem lejligheder
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Det er ikke ualmindeligt at be-
boere i etageejendomme oplever
generende lugte knyttet til na-
boens aktiviteter, fx madlav-
ning. Problemet er serlig alvor-
ligt, nar det ogsd drejer sig om
sundhedsskadelige stoffer, sa-
som partikler fra tobaksryg-
ning.

Det kaldes passiv rygning, nar
man ufrivilligt udsettes for luft
forurenet med andres tobaks-
rog. Studier har vist, at rygning
kan give hoje koncentrationer af
ultrafine partikler (UFP). Mil-
jomedicinske undersagelser ty-
der pa, at eksponering for to-
baksrog er en betydelig kilde til
sygelighed og dodelighed 1 EU
og i Danmark. Det medfarer
store udgifter for samfundet
som helhed.

[ et tidligere forskningsprojekt
udfgrte SBi malinger i en @ldre
bygning, hvor mere end halvde-
len af den tilforte luft var
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"brugt” luft fra andre lejlighe-
der og trappeopgange. Luften
kom ind ilejligheden gennem
utetheder. "Brugt” luft har ikke
udeluftens evne til at fjerne for-
ureninger og fugt, og det giver
risiko for darlig luftkvalitet.
Ogsa i nye etageboliger kan til-
svarende problemer forekom-
me.

Derfor er det vigtigt at fokusere
pa at reducere overforslen af
luft mellem etageboliger, dels
for at nedbringe risikoen for ud-
settelse for passiv rygning, dels
af hensyn til luftkvaliteten i bo-
ligerne.

Formalet med denne undersg-
gelse er at kvantificere overfo-
relsesluften og risikoen for
overforsel af partikelforure-
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Figur 1. Skitse af en komplet unit. lejl.=
Lejlighed

ning, og at udarbejde vejlednin-
ger om de bedste ventilations-
tekniske og byggetekniske tiltag
til reduktion af overfgrsel af luft
mellem lejligheder.

Metoder

Der blev udvalgt 19 etageboliger
i 7 trappeopgange i 6 bygninger
(A til F) bygget mellem 1860 og
1934. De udvalgte lejligheder
var i ikke-renoverede og renove-
rede bygninger. Her prasente-
res malingerne i bygning A, B,

D og E. Resultaterne fra byg-
ning C og F behandles ikke i
denne artikel.

Kilder til generering af partik-
ler bestod af cigaretter og stea-
rinlys. Mdlingerne med cigaret-
ter blev foretaget 1 ubeboede lej-
ligheder i en ikke-renoveret
bygning (bygning A). Mélin-
gerne med stearinlys blev bade
foretaget 1 renoverede og ikke-
renoverede lejligheder (bygning
B, D og E). Der blev ogsa malt
uftskifte, CO,, temperatur- og
uftfugtighed over en uge. M-
ingerne blev foretaget i februar
og marts 2008.

Koncentrationer af ultrafine
partikler blev malt vha. tre par-
tikeltallere. En var placeret i
kildelejligheden (lejligheden
hvor partiklerne blev genere-
ret), én i eksponeringslejlighe-
den (lejligheden som blev infil-
treret af partikler fra kildelej-
ligheden) og én blev brugt til >
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hvor:
V = luftstrom, m’/h
M =Overforing af partikler mellem lejligheder, [(p/m*) * (m*/h)]
¢, = koncentration af UFP 1 tilluften, p/m’
¢, = koncentration af UFP i lejligheden, p/m’
V = lejlighedens volumen, m’
r = fjernelse af partikler, h”
Ligning 1.
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> Nahﬂrﬂg 0Q OVer... Eksponering | Fjernelse | Luftskiftei | Leekage Eksponeringen vises i anden
Fortsat iillr;;ﬂzraﬁﬂﬂ} ijlugpi lejl. 2 kolonne i tabel 2, og omfatter
o ' x infiltration inklusive reduktion
) ) ) ) pga. AC-drift. Storrelserne be-
regnes ved at sammenligne det
i Fralejl.1 til lejl.2 8,6 0,9 0,41 14 totale antal tobaksrelaterede
et o _§S partikler i eksponeringslejlig-
i L £ Raeidtlele L hie %41 . heden med det totale antal to-
E& | Fra lejl.3 til lejl.2 1] 1.4 0.41 5 baksrelaterede Pﬂl"tiklﬁ‘l’ i kilde-
g . lejligheden.
e Mu:mr:mmﬁmm Tabel 1. Mélte og beregnede parametre af cigaretrag i eksponeringslejligheden i Tredje kolonne viser summen af
- 1 hygningA. deponering, ventilationens
Figur 2. Malt koncentration af UFP i lejlig- borttransport og andre meka-
hed 109 2 samt udendars ved bygning A. centrationsforleb for cigaretrog  forudsetning indebarer, at ud-  nismer, som reducerer luftens
1 lejlighed 1 (kildelejligheden) sugningsluftens UFP-koncen- indhold af UFP.
maling af partikler udendors. og lejlighed 2 (eksponeringslej-  tration er lig med lejlighedsluf-  Fjerde kolonne viser luftskiftet i
To af partikeltellerne var TSI ligheden). To cigaretter var tens koncentration. eksponeringslejlighederne.
model P-trak 8025, og den tred-  tandtilejlighed 1, den ene i Modellen bruges til beregning Sidste kolonne viser luftover-
je var CPC 3007. stuen og den anden i sovevaerel- af UFP-koncentrationen i de un- forslen fordrsaget af en leekage
Figur I illustrerer en komplet set. Baggrundskoncentrationi  dersogte lejligheder. fra kildelejlighederne til ekspo-

unit af lejligheder. I bygning A lejlighed 2 var ca. 4,0E+09 p/m”’ Tabel 1 til 3 viser malte og be- neringslejlighederne. Luftskif-
anvendes en komplet unit. Ide  (partikler pr. m”) om natten.

ar?c!re bygnmgeF fﬂnvendgs kun  For at kunne beregne ekspone- Efcboneiic | Flernees | Liteiniel | e
lejlighed 1 og lejlighed 2 1 un- (Infiltration inkl. | af UFPi | lejl. 2
dEfSﬂgElSEH. reduktion ved | lejl. 2
= drift af AC) (1/h) (1/h) (m°/h)
i (%)
Resultater ) e i
Mdling og beregning af UFP- 3" t ; Fra lejl.1 til lejl.2 5.0 1,0 0,41 15
koncentrationen i | 1 AC i lejl.1
Figur 2 viser de opmalte kon- ,ﬁ% |
54 Fra lejl. 1 til lejl.2 4,2 1,9 0,41 15
1AC i lejl.2
g - Fra lejl. 1 til lejl.2 2,6 3,9 0,41 16
| Figur 3. Resultat af maling og beregning 2 ACilejl.2
af UFP-koncentrationen ilejlighed 1 og

2 1buygning A. .
Tabel 2. Malte og beregnede parametre af cigaretrag i eksponeringslejligheden i
bygning A. Med luftrensere.

ringskoncentrationen er det

ngdvendigt at beskrive malere-  regnede parametre af cigaretrog tet og luftoverferingen er uge-
sultaterne matematisk vha. en 1 eksponeringslejlighederne i middelveerdier.
.- model. Figur 3 illustrerer mdlt  bygning A, B, D og E. Rakkerne 2 til 4 i tabel 1 viser
\\\ H/ og beregnet UFP-koncentration =~ Anden kolonne i tabel 1 og 3 vi-  kildelejlighederne i successive
e i eksponeringslejligheden. Be- ser eksponeringen. Det er den undersogelser. Kilderne var pla-
fle 5'b|9d'ﬁumr* regningerne er udfert ifolge lig-  procentvise andel af de ultra- ceret ilejlighed 1, 4 og 3.
" ning 1, side 24. Det er forudsat,  fine partikler, der genereres i Tabel 2 viser madlte og bereg-
at der er fuldstendig opblan- kildelejligheden, og som infil- nede parametre af cigaretrog i

ding af partikler og luft. Denne  trerer eksponeringslejligheden.  eksponeringslejligheden i byg-
ning A. Undersogelsen er gen-

Eksponering Fjernelse | Luftskiftei | Laekage l'lﬁimfﬁirt.l IE]llghEd I 08 IEJllghEd
(Infiltration) af UFPi | lejl. 2 2 1 bygning A.
i lejl.2 lejl. 2 3 Kolonne 1 itabel 2 viser antal
() (Hh) C1h) LBl luftrensere (AC; Air Cleaner)
anbragt i kildelejligheden eller i
Fra Igh.1 til lejl.2 2,6 27 0,74 10 eksponeringslejligheden.
Bygning B
Fra Igh.1 til lejl.2 0.3 4.4 0,92 2.3 gﬂydgﬂﬂ‘fgen ﬂ"ﬁmﬁmnfre[
Bygning D tandet formal var at Kortlegge
ventilationsforhold og luftteet-
Fra Igh.1 til lejl.2 0,7 1.5 0,36 5 hed, og derved beskrive nye tek-
Bl = Vs o o RYONINgG & niske lgsninger til afprovning i
[ - | -'3",.;' o :f,ﬂ | B Tabel 3. Malte og beregnede parametre af stearinlys i eksponeringslejlighed i byg- ikke-renoverede lejligheder/
- ning B, D og E. Bygning B var ikke renoveret, hygning D almindelig renoveret og byg- bygninger. Boligselskabet on-
WWW.halton.dk ning E total-renoveret. '

skede ikke at medvirke ved af- >
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Naborgg og over...
Fortsat

prevningen, derfor blev der to
renoverede bygninger, D og E,
udvalgt og undersogt. Malet var
at undersoge, hvordan renove-
ring af bygninger kan pavirke
UFP-infiltrationen mellem to
lejligheder.

Luftrensere bruges til at redu-
cere koncentrationen af UFP i
rumluften. Det er undersogt,
hvordan placeringen af luftren-
sere i forskellige rum kan ind-
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Figur 4. Skitse af den studerede lejlig-
hed i hygning A.

virke pa reduktionen af koncen-
trationen af UFP i kildelejlighe-
den. Tabel 4 og 5 viser resulta-
terne. Der bruges to elektriske
luftrensere (ifglge fabrikanten
har hver luftrenser en Clean Air
Delivery Rate pa CADR=240
m?/h).

Undersagelsen bestar af forskel-
lige situationer, hvor cigaretrog
og luftrenser enten var i samme
rum eller i forskellige rum, abne
eller lukkede rum og med brug
af en eller to luftrensere.
Verdierne i tabel 4 og 5 er base-
rede pa en beregning af partik-
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Eksponering i forhold til eksponering i
D@rposition Driftsituation kpkken uden luftrenser
AC Eksponering i Eksponering i
kokken soveveerelse
Dar til kekken Ingen AC 100% 102%
aben 1 AC i kekken 88% 78%
Dar til kakken Ingen AC 163% S5%
lukket 1 AC i kakken 40% 4%

Tabel 4. Eksponering af UFP i kekken og sovevaerelse. Resultaterne er udtrykti % af
eksponeringen i kekkenet uden luftrenser og med aben der. Cigaretregen blev gene-

rereti kekkenet.

eleksponeringen, mens der var
tobaksrog ilejligheden. Parti-
kelkoncentrationen var forhgjet
1 ca. tre timer, efter cigaretten
blev roget. Eksponeringen be-
stemmes derfor som den totale
mangde partikler, der findes i
luften, fra det tidspunkt ciga-
retten bliver teendt og tre timer
frem.

Aftabel 4 fremgar det, at ekspo-
neringen for partikler var no-
genlunde ens 1 kakken og sove-
varelse, nar dgrene mellem dis-
se rum var abne, selvom ciga-
retten blev roget i kgkkenet. Nar
deren var lukket, faldt partikel-
koncentrationen i soveverelset
markant. Resultaterne fra for-
soget med lukket dor viser ogsa,
at koncentrationen i kokkenet
var ca. 75 % lavere, nar der blev
brugt luftrenser, sammenlignet
med situationen uden luftrenser
og lukket dar.

Tabel 5 sammenfatter resulta-
terne fra en serie forseg med ge-
nerering af cigaretreg i daglig-
stuen. I alle maleserierne var
doren mellem dagligstue og so-
veverelse lukket. Dorene ud til
entreen var dbne (figur 4). Nar
én luftrenser var i drift faldt
partikeleksponeringen i daglig-

stuen til 37 % af eksponeringen
uden luftrenser, og ved to luft-
rensere i drift faldt eksponerin-

gen til 29 %. Det er ikke klar-
lagt, hvorfor effekten af den an-

Eksponeringen er i dette tilfel-
de kun 10 % af eksponeringen i
dagligstuen, hvor cigaretrggen
blev genereret.

Konklusion og anbefalinger

Infiltrationer

Mange problemer med naboreg
opstar, fordi mange @ldre eta-
geejendomme er blevet mere
tette udadtil. Herved reduceres
udelufttilforslen gennem ude-
luftventiler, og en stgrre andel
af lufttilforslen til lejligheden
tilfores via trappeskakte og lej-

lighedsskel.
Ved utetheder mellem lejlighe-

Eksponering i forhold til eksponering i
Derposition | Driftsituation AC dagligstueuden lunenser
Eksponering i Eksponering i
dagligstue soveveerelse
Ingen AC 100 % 85 %
Dar mellem LAG 1 aaglg- 37 % 31 %
dagligstue Sie
0g sovevae- 2 AC i daglig- 59 % 25 o,
relse lukket stue
2 AC i sovevee- 45 % 10 %
relse

Tabel 5. Eksponering af UFP i dagligstue og sovevarelse. Resultaterne er udtrykti %
af eksponering i dagligstuen uden luftrenser. Cigaretrggen blev genereret i daglig-

stuen.

den luftrenser var mindre end
den beregningsmassigt forven-
tede effekt, nemlig 23 %.

Tabel 5 viser, at eksponeringen i
sovevarelset i de fleste tilfelde
var noget mindre end i daglig-
stuen. At der ikke var storre for-
skel mellem sovevarelse og
dagligstue skyldes formodent-
lig, at begge rums dore var abne
ud til entreen. Der var altsd in-
gen direkte kontakt mellem
dagligstue og sovevarelse, sa
tobaksreg fra dagligstuen
spredtes til sovevarelset via en-
treen. Dette resultat kan sam-
menlignes med resultatet i tabel
4, der viser, at spredningen af
tobaksreg fra kekkenet til sove-
varelset var meget begranset,
ndr kekkendegren var lukket. I
dette tilfelde fandtes der ikke
andre abninger for spredning af
tobaksreg fra kekkenet.
Nederst 1tabel 5 ses resultatet
af en maling, hvor luftrenseren
er flyttet ind i soveverelset.

Bedre indeklima. Nu! I www.lindab.dk

derne udsattes beboerne for de
omkringboendes lugte fra f.eks.
madlavning, men verre er det,
hvis naboen ryger.
Hovedformalet med undersg-
gelsen var at kvantificere over-
forslen af partikelforurening
mellem nabolejligheder ved to-
baksrygning. Resultaterne tyder
pd, at nesten 9 % af den meng-
de UFP-partikler, der genereres
i kildelejligheden, infiltreres til
eksponeringslejligheden (tabel 1).
Ved malinger med stearinlys
under samme forhold som med
tobaksrygning var resultatet 2-3 %
(tabel 3). Forskellen skyldes
maske at tobaksreg og rog fra
stearinlys har forskellige egen-
skaber.
Baggrundskoncentrationen af
UFP var om natten 4,0E+09 p/m’,
og om dagen kan denne vardi
stige til det dobbelte.
Resultaterne viser, at to cigaret-
ter genererer en middelverdi-
koncentration pa 22E+09 p/m° >
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fra cigaretterne teendes, til kon-
centrationen aftager til samme
niveau som baggrundskoncen-
trationen. Ved maks. veerdi ge-
nereres 95,8E+09 p/m”.
Antages det, at 8,6 % af middel-
koncentrationen pa 22E+09 p/m’
infiltreres til nabolejligheden,
modsvarer det en middelveerdi
pa 1,9 E+09 p/m’, dvs. en for-
ggelse pa 47 %. Ved beregning
af maksimumverdien fas
8,2E+09 p/m’, hvilket svarer til
en forggelse pa 205 % i forhold
til baggrundskoncentrationen.
[nfiltrationen fra kildelejlighe-
den til eksponeringslejligheden

<

-

' "".

var mindre i de renoverede byg-
ninger - D og E - end i bygning
A, der ikke var renoveret.

Losningsforslag
UFP-koncentrationen i ekspo-
neringslejligheden kan reduce-
res vha. tre metoder: kildekon-
trol, ventilation og rumluftrens-
ning.

Kildekontrol

Rogfrie etageboliger eller rog-
frie boligblokke er en af de af-
hjelpningsmetoder, der foreslas
og er kendt i flere lande, bl.a. i
Sverige, Canada, USA og Norge.

e
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For at kunne gennemfore dette i
almene boliger kraeves en lov-
endring eller en dispensation
fra Indenrigs- og Socialministe-
riet. [folge loven er det tilladt, at
beboere ryger i deres egne lej-
ligheder. Det kan derimod for-
bydes at ryge pa fellesarealer-
ne.

En anden afhj®lpningsmetode
er byggetekniske lgsningsmo-
deller, dvs. en effektiv tetning
af utetheder i bl.a. etageadskil-
lelser via rorgennemforinger,
vaegge, revner og huller i gulv
og tag, utette murede ventilati-
onskanaler, brevspraekker og
utetheder omkring yderdore.
Forskellige typer utetheder be-
tyder, at hver etageblok, og ma-
ske hver lejlighed, kan kraeve

'

T

specielle tetningsmetoder.

[ Iobet af vinteren 2010 underseo-
ges betydningen af teetning for
overforsel af partikelforurening.
Der gennemfgres tethedsmalin-
ger for at vurdere lufttaethed af
etageadskillelser mellem to lej-
ligheder i en ®ldre etagebolig.

Ventilation

Ventilation reducerer vha. for-
tynding, koncentrationen af alle
forureninger i en bygning og er
derfor velegnet til at sikre et
godt indeklima. Luft skal be-
vaege sig fra sovevarelse og dag-
ligstue til kokken og badeve-

relse og ud. Ved naturlig venti-
lation anvendes der ikke en ven-
tilator til at suge luften ud fra
lejlighederne. Ventilationen er
bestemt af temperaturforskellen
inde/ude og af vindpdvirkning
af bygningen.

De ikke-renoverede bygninger
havde et naturligt ventilations-
system. Luftskiftet i bygning A
var 0,41 h' og 1 bygning B 0,74 h"'.
Ventilationens betydning for
reduktion af UFP i ekspone-
ringslejlighed og 1 kildelejlighed
undersoges yderligere i vinteren
2010.

Rumluftrensning

Et virksomt middel til at redu-
cere tobaksreg i bygninger er
lokal rensning af luften ved kil-
delejligheden eller ekspone-
ringslejligheden. Det forudset-
ter, at der vaelges tilstrakkelig
stor kapacitet 1 forhold til venti-
lationen. Teknikken giver ogsa
mulighed for at reducere parti-
kelniveauer i bygninger, hvor
filtrering af tilluften mangler,
dvs. bygninger med naturlig
ventilation eller mekanisk ud-
sugning. Ved valg af luftrenser
er det vigtig at vaere opmark-
som pa sideeffekter som eksem-
pelvis stoj.

Tabel 2 viser beregnet infiltra-
tion af UFP fra kildelejlighed til
eksponeringslejlighed i bygning
A. Ved placering af en luftren-
ser i kildelejlighed, reduceres
overfarslen af UFP fra 8,6 %
(uden luftrensere) til 5 % (med
lufrensere). Resultatet viser
0gsd, at placering af en luftren-
ser i eksponeringslejligheden er
lige sa effektiv, som hvis luft-
renseren havde varet placeret i
kildelejligheden. Ved brug af to
luftrensere i eksponeringslejlig-
heden, fordobles fjernelsen af
UFEP.

Tabel 4 og 5 viser, at den luft-
renser, (CADR=100 m°/h), der
blev brugt i denne undersogel-
se, var effektiv nok til at kunne

reducere eksponeringen fra ci-
garetrog i kildelejligheden (vo-
lumen 110 m’) med 60-70 %.
Ved brug af to luftrensere blev
eksponeringen reduceret med
70-80 %. Effektiviteten ages
yderligere, nar luftrenseren pla-
ceres i det rum, hvor cigaretrog
genereres. Isolering af et kilde-
rum i kildelejligheden har stor
betydning for spredning af ci-
garetrog til andre rum. Isole-
ringen antages at have tilsva-
rende betydning for rensning af
luft i eksponeringslejligheden.

Anbefalinger

- Den mest effektive losning er
at fjerne forureningskilden.

- T kildelejligheder bar genere-
ring af forureninger ikke inde-
bare spredning til andre lejlig-
heder.

- Tobaksrygning bor ske i kok-
kenet med lukket dor og tendt
udsugningsventilator/emhette.
- Ved brug af luftrensere i kil-
delejligheder skal renseren pla-
ceres ner kilden for at opna den
storste effekt. Udsugningsventi-
lator skal veere indstillet til
maks. effekt.

- Luftmangden, som luftrense-
ren behandler, skal tilpasses
ventilationen i lejligheden, hvor
luftrenseren anbringes.

- De fleste luftrensere reducerer
koncentrationen af partikler,
mens koncentrationen af gasser
kun reduceres i s@rlige luftren-
sere.

Tak

Der rettes en tak til de boligfor-
eninger, der har hjulpet med at
finde og udvalge bygninger og
lejligheder til undersogelserne.
Projektet er gennemfgrt med
stotte fra Indenrigs- og Social-
ministeriet, Grundejernes Inve-
steringsfond og Landsbyggefon-
den.
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Naboroegg

til reduktion af naborgg

Passiv rygning pa grund af luftoverfering mellem lejligheder, sakaldt naborag, er et vigtigt spargsmal for
beboere. Ingen gnsker at blive udsat for lugt og skadelige partikler fra andres tobaksrygning. Der er
grunde til at antage, at problemet med naborgg is@r gaelder ldre etageboliger. | denne artikel redegares
for undersggelser af to tekniske lgsninger

Af Alireza Afsharil,

Niels C. Bergsge, Siamak Rahimi
Ardkapan fra Statens
Byggeforskningsinstitut, Aalborg
Universitet samt Matthew S.
Johnsson Kgbenhavns Universitet,
Center for atmosfareforskning

Der er forskellige mader, rogen
kan sive fra én lejlighed til en
anden. Det afhenger af bygnin-
gens ventilationssystem, kon-
struktion, tethed og alder.
Resultater fra projektets - Tek-
niske lgsninger til reduktion af
eksponering for indendors ul-
trafine partikler fra naborog

- forste fase viste, at 1 de mest
kritiske tilfeelde var overfarin-
gen af ultrafine partikler ca. ni
pct. [ det tilfelde 1a ekspone-
ringslejligheden over kildelej-
ligheden. Kildelejligheden er
lejligheden, hvori partiklerne
genereres, mens eksponerings-
lejligheden er lejligheden, hvor-
til partiklerne fra kildelejlighe-
den overfores.

Formalet med projektets anden
fase er at identificere mader,
hvorpa rog overfores fra én
lejlighed til en anden samt at
undersoge tekniske lgsninger
for at forebygge eller mindske
overfgringen af ultrafine par-
tikler fra en kildelejlighed til en
eksponeringslejlighed.

[ denne artikel redegores for
undersagelser af to tekniske
lgsninger. Den farste er forseg-
ing af gulvet i eksponeringslej-
ligheden, og den anden er an-
vendelse af et nyt luftrensende
kanalsystem (Photochemical
Air Purification).
Undersogelser af den farste

losning blev gennemfert i en
lejlighed 1 en etageejendom fra
ca. 1930. Pap og plastfolie af
polyethylen blev anvendt til
teetning af hele det eksisterende
treegulv i eksponeringslejlighe-
den. Resultatet af undersogel-
serne viste, at efter teetningen

var koncentrationen af partik-
ler 1 eksponeringslejligheden
uafhangig af genereringen af
partikler i kildelejligheden.
Den anden lgsning blev under-
segt under laboratorieforhold.
Undersogelserne viste, at syste-
mets effektivitet med hensyn til

fjernelse af partikler varierede
fra ca. 30 pct. til 60 pct. efter 10
minutter, dvs. 1 den periode,
hvor cigaretten var tendt.

Baggrund

[kke-rygende personer, der bor [

STUE

STUE

HOVEDTRAPPE

VAERELSE

GANG

el

TOILET/BAD

KOKKEN

BAGTRAPPE

Figur 1. Plan over eksponeringslejlighed.
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1 etageboliger, er bekymrede,
nar ugnskede gasser og partik-
ler treenger ind 1 deres lejlighed
fra rygende naboer [1]. I de

Undersagelsen, der beskrives i
det folgende, har som formal at
identificere, hvordan rog kan
overfares fra én lejlighed til et
anden samt at undersoge to
tekniske losninger til at fore-
bygge eller reducere overfgring
af ultrafine partikler fra en
kildelejlighed til en ekspone-
ringslejlighed.

mellemgang. I lejligheden er
gulvet blotlagt til lakeret traeg-
ulv i de to stuer og i veerelset. I
mellemgangen og i kokkenet er
gulvet belagt med vinyl. T kek-
kenet er der kekkenskabe langs
én vag. [ bad/toilet er der be-
tonplade. Mellem gulv og vag i
stuerne, vaerelset og mellem-
gangen er ca. 150 mm fodpanel
med fejeliste. Der er opsat ra-
diator under vinduerne i stu-

senere ar har undersogelser Metoder erne og verelse. Varmergr er
peget pa en mulig sammen- Identifikation af spredningsveje  fort gennem gulvet ved lysning
heng mellem udszttelse for og teetningslosninger i veerelse og i en stue. Varmeror
=
.
*
-
.
)

Figur 2. Teetning af eksponeringslejligheden.

ultrafine partikler (UFP) og
menneskers sundhed [2].

Der er forskellige mader, hvor-
pa rog overfores fra én lejlighed
til en anden. Det kan f.eks. vere
gennem stikkontakter, kabler
eller telefonstik, rer-gennemfg-
ringer og revner 1 vegge 0g
gulve.

Tidligere resultater viste, at i de
mest kritiske tilfelde var over-
foringen af ultrafine partikler
cirka ni pct., nar eksponerings-
lejligheden 13 over kildelejlig-
heden. Overforingen af ultra-
fine partikler var en-to pct.,
nar kildelejligheden var pa
samme etage som, eller over,
eksponeringslejligheden. Des-
uden viste resultaterne, at med
en aktiv luftrenser 1 kildelejlig-
heden, reduceredes overferslen
af ultrafine partikler fra ca. ni
pct. (uden luftrensere) til ca.
fem pct. (med luftrenser). Re-
sultaterne viste ogsa, at 1 ekspo-
neringslejligheden er effekten
af luftrenseren uathangig af,
om den anbringes i ekspone-
ringslejligheden eller i kildelej-
ligheden.

I-'"' 1 .r"..ir'." = -"\-I-". O e N | T FauY it k)i ik i
Al M NVdlllel MNeie velell Idel e
- S 8 . 1

Undersggelsen blev gennemfort
1 en femetagers karrébygning
fra ca. 1930.. Kildelejligheden
var beboet mens eksponerings-
lejligheden var ubeboet. Ekspo-
neringslejligheden 1a umiddel-
bart over kildelejligheden. Un-
derspgelsen blev gennemfort i
vinteren 2010, hvor ingen in-
denders aktiviteter fandt sted i

for en stue er fgrt gennem skil-
levaeg mellem stuer. Lofter
antages at vare forskallings-
bredder med rervaev og puds.
Mellem loft og veeg er stuk.
Midt pd loftet i stuer og veerelse
er loftroset med eludtag. Der er
aftraek 1 keokken og bad. I begge
stuer er der udeluftventiler i
ydervaeggen. Desuden er vindu-

lejligheden far og efter teetning
af lejligheden. Tetningen, se
figur 2, blev gennemfort pa
folgende méade: Indgangsdor fra
hovedtrappen lukkes og brev-
sprakke lukkes indefra med
tape. Kokkender til kekken-
trappe samt dgr mod bad/toi-
lette lukkes og tapes. Alle vin-
duer og alle friskluftventiler
lukkes. Aftrekskanal i kgkken
lukkes med ballon. @vrige dere
i lejligheden dbnes. P4 det blot-
lagte treegulv udlegges en gulv-
filtpap (500 g/m2). Gulvpappen
tilskares ved fejeliste og fares
over trin mellem stue og ve-
relse. Samlinger stgdes og tapes
med 50 mm crepetape. Efterfol-
gende udlegges CE-market 0,2
mm polyetylenfolie. Folien
fores op ad fodpanel og fastge-
res til vag lige over fodpanel
med enkeltklabende crepetape.
Ved dertrin tapes folien til
anslag. Ved rergennemfgringer
for varmergr tapes.
Teethedsmalingen udfores i
henhold til DS/EN 13829, dvs.
ved savel over- som undertryk.
Til undersogelsen anvendes en
Blower Door, som opsattes
midlertidigt 1 det fuldt abne
kokkenvindue. Inde- og ude-
temperatur samt vindhastighed
mdles med termoanemometer.
Foruden tethedsmaling blev
der foretaget en termografisk
undersggelse 1 henhold til DS/
EN 13187, dvs. ved 50 Pa under-
tryk. Der benyttes et infrargdt
kamera med hgj oplgsning og

ozonfilter  clektrostatisk filter  UV-lys Ventilator

Figur 3. Luftrensende kanalsystem.

lejlighederne i lpbet af malin-
gerne.

Figur 1 viser lejlighedsplan for
eksponeringslejligheden. Lej-
ligheden bestdr af to stuer (en
suite) mod beferdet vej, et
varelse og kekken mod gard,
kombineret bad og toilet samt

erne forsynet med udeluftventi-
ler. Lejlighedens gulvareal er 64
m2, og volumen er 173 m3.
Kildelejligheden er tilsvarende
opbygget

Identifikation af sprednings-
veje blev udfort ved hjeelp af
teethedsmaling i eksponerings-

termisk sensitivitet pa < 0,08
0C. Afkglede overflader og
typiske utetheder registreres
med termografiske billeder og
simultant med digitale billeder.
Ved de omrader, hvor den ter-
mografiske undersggelse viser
tegn pd utethed, foretages stik- -
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pravekontrol med lufthastig-
hedsmaler.

Kilder til generering af partik-
ler bestod af to cigaretter, som
blev placeret i kildelejligheden.
Koncentrationer af ultrafine
partikler blev malt simultant i
tre forskellige positioner - i
kildelejligheden, i ekspone-
ringslejligheden og udendars.
Partikeltellerne var TSI model
P-trak 8025 (2 stk.) og TSI mo-
del CPC 3007. I begge lejlighe-
der blev der endvidere malt
luftskifte, CO2, temperatur- og
luftfugtighed over en periode
bd en uge. 0gsa udeluftens
temperatur og fugtighed blev
malt.

Ydeevnemadling af luftrensende
kanalsystem

En anden potentiel lgsning til
reduktion af koncentrationen af
ultrafine partikler fra ciga-

Luftstrem gennem utaetheder
(Med teetn.) (Med taetn.) (Uden tatn.) (Uden taetn.)
Enheder I/s 1/(s, m*) /s I/(s, m*)
ved 50 Pa ved 50 Pa ved 50 Pa ved 50 Pa
Overtryk 342 (£ 0.5%) 5.34 405 (£ 0.5%) 6.32
Undertryk 319 (£ 0.5%) 4.99 361 (= 0.5%) 5.65
Middelvaerder | 330.5 I 383 5.99

Tabel 1. Tethedsmalinger i eksponeringslejligheden med og uden tatning.

retrog er et luftrensende kanal-
system. Systemet blev under-
sogt ilaboratoriet under kon-
trollerede forhold. Systemet
omfatter en luftrenserenhed, se
figur 3, som bestar af otte UV-
lamper, en ozongenerator, et
elektrostatisk filter og et ozon-
filter. For at undersege virknin-
gen af de forskellige dele i enhe-
den, blev der gennemfort seks
scenarier. Scenarierne er be-
skrevet nedenfor.
Koncentrationer af ultrafine
partikler og TVOC blev malt
ved luftrenserenhedens ind-
blesning og udsugning. En
teendt cigaret blev anvendt som
partikel- og TVOC-kilde. Kon-
centrationer af ultrafine par-
tikler blev malt ved hjalp af to

kondenspartikeltellere, dvs.
TSI model P-Trak 8025 og TSI
model CPC 3007. Koncentratio-
nerne af TVOC blev malt ved
hjelp af to gasanalysatorer,
Innova type 1312 og Briiel &
Kjer type 1302.

e Scenario 1: Luftrenserenhe-
den i drift som tiltenkt.

e Scenario 2: Luftrenserenhe-
den i drift som tilteenkt i de
forste 10 minutter, mens
cigaretten brendte. Derefter
blev luftrenserens ozongene-
rator slukket, indtil UFP-
koncentrationen havde naet
sit oprindelige niveau (bag-
grundsniveau), hvorefter den
blev teendt igen.

e Scenario 3: Luftrenserenhe-

Eksponeringslejlighed med forsegling

Eksponeringslejlighed

Kildelejlighed

Udendgars
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Figur 4. Malt koncentration af ultrafine partikleri kildelejlighed, eksponeringslejlighed og ude efter tetning gulvet af ekspone-

ringslejligheden.
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den i drift som tiltenkt i de

forste 10 minutter, mens

cigaretten braendte. Derefter

blev luftrenserens ultravio-

ette lys slukket, indtil UFP-

concentrationen naede sit
oprindelige niveau (bag-
grundsniveau), hvorefter den
blev tendt igen.

e Scenario 4: Luftrenserenhe-
den idrift som tilteenkt i de
forste 10 minutter, mens
cigaretten braendte, hvorefter
luftrenserens elektrostatiske
filter blev slukket.

e Scenario 5: Luftrenserenhe-
den 1drift som tiltenkt, dog
var det elektrostatiske filter
slukket fra begyndelsen til
slutningen af malingen.

e Scenario 6: Luftrenserenhe-
den 1 drift som tiltenkt, dog
var det elektrostatiske filter
og ozongeneratoren slukket
fra begyndelsen af malingen.
Efter at cigaretten var brendt
ud, og koncentrationen af
partikler ndede sit oprinde-
lige niveau, blev der tendt for
det elektrostatiske filter og
ozongeneratoren.

Resultater

[dentifikation af sprednings-
veje og teetningslesninger
Tabel 1 viser resultaterne af
tethedsmdlingerne i ekspone-
ringslejligheden med og uden
tetning. Resultaterne viser, at
tetningen reducerer luftstrem-
men med 16 pct.
Koncentration af ultrafine par-
tikler blev malt i kildelejlighe-
den, i eksponeringslejligheden
og udendgrs for gulvet i ekspo-
neringslejligheden blev forseg-
let. Beregninger viser, at over-
feringen af ultrafine partikler
fra kildelejlighed til ekspone-
ringslejlighed var omkring en
pct.
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Figur 4 viser koncentrationsfor-
Igbet af ultrafine partikler i
kildelejligheden, i ekspone-
ringslejligheden og ude efter
teetning af gulvet 1 ekspone-
ringslejligheden. Overfgringen
af partikler mellem de to lejlig-
heder er beregnet efter en mas-
sebalancemodel, der tidligere er
anvendt til analyse af partikel-
koncentrationer [3]. Det er
forudsat, at der er fuldstendig
opblanding 1 eksponeringslej-
ligheden, sdledes at udsug-
ningsluftens partikelkoncen-
tration er lig med rumluftens
partikelkoncentration. Resulta-
tet af beregningerne er, at over-
fgringen af ultrafine partikler
fra kildelejlighed til ekspone-
ringslejlighed 1kke var signifi-
kant, mens cigaretten (kilden)
breendte i kildelejligheden.
Termograferingen i ekspone-
ringslejligheden med og uden
tetning viser, at der generelt er

mange utetheder, serligt ved
bjelkelagets anleg i facaden,
men ogsd langs fodpaneler og i
gulvets fer/not-samlinger. Isar
ved fodpanelerne er der mange
utette foringslister for kontak-
ter og besninger for ror-gen-
nemforinger. Ligeledes ses
utetheder ved gennemforinger,
ved skorstene og ved loftsroset.

Ydeevnemdling af luftrensende
kanalsystem

Figur 5 illustrerer forlgbet af
mdlte koncentrationer af ultra-
fine partikler ved luftrens-
ningsenhedens indblasning og
udsugning. C1 betyder kalibre-
ring af alle instrumenter 1 ind-
bleesningsluften af luftrens-
ningsenheden, herunder to
kondensationspartikeltallere
og to TVOC instrumenter. C2
betyder kalibrering af alle in-
strumenter 1 udsugningsluften
af luftrensningsenheden. Kali-
breringerne blev brugt til at
beregne koncentrationerne af
ultrafine partikler og TVOC. S1
til S6 star for Scenario 1 til
Scenario 6, som beskrevet tidli-
gere. Resultaterne af malin-

gerne af TVOC-koncentratio-
nerne havde et monster, der
svarede til resultaterne af ma-
lingerne af partikelkoncentra-
tionerne.

Diskussion

Identifikation af spredningsveje
og tetningslosninger
Overforing af luft mellem to
lejligheder i en etagebygning
atheenger af ventilationssystem,
konstruktion, tethed og byg-
ningens alder. Bygning som er
undersegt i dette projekt var
naturlig ventileret.
Resultaterne af tethedsmalin-
gerne med og uden tetning af
eksponeringslejligheden viste,
at tetning af gulvet reducerer
luftoverferingen med 16 pct.
Resultaterne af malingerne af
partikelkoncentrationerne
viser, at overforing af ultrafine
partikler fra kildelejlighed til
eksponeringslejlighed var om-
kring en pct., nar gulvet i eks-
poneringslejligheden ikke var
forseglet. Figur 4 viser de malte
koncentrationsforleb i kildelej-
lighed, eksponeringslejlighed

og udenders efter teetning af
gulvet 1 eksponeringslejlighe-
den.

Efter at gulvet i eksponerings-
lejligheden blev forseglet, ob-
serveredes ingen stigning af
partikelkoncentrationen i eks-
poneringslejligheden i forbin-
delse med partikelgenerering i
kildelejligheden. Der kan ten-
kes flere forklaringer, som
ydermere kan kombineres, pa
det observerede: En er, at etage-
adskillelsen mellem kildelejlig-
heden og eksponeringslejlighe-
den var forholdsvis tet allerede
inden tetning; overforingen af
partikler var lav (en pct.). En
anden forklaring kunne veare,
at overforingen til ekspone-
ringslejligheden reduceres ved,
at partikler adsorberes i tet-
ningsmaterialerne. En tredje
forklaring kunne vere, at over-
fgrte partikler deponeres pa
plastoverfladerne i1 ekspone-
ringslejligheden.

Ydeevnemaling af luftren-
sende kanalsystem
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Figur 5. Malte partikelkoncentrationer i luftrensningsenheden indbla@sning og udsugning.
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gor det ngdvendigt at under-
soge mulighederne for at for-
bedre ventilationssystemer i
boliger. En forbedringsmulig-
ned er at udvikle behovsstyrede
ventilationssystemer til boliger.
En anden tekniske losning kun-
ne vere luftrensende kanalsy-
stemer. For at afklare i hvilket
omfang en sadan teknisk lgs-
ning er brugbar, testedes en ny
luftrensnings-teknologi i et
kanalsystem.

Den ferste kolonne 1 tabel 2 er
en kort beskrivelse af de for-
skellige scenarier. Den anden
kolonne 1 tabel 2 viser bereg-
nede tilbageholdelsesgrader af
ultrafine partikler. I alle scena-
rier var en cigaret placeret ved
indgangen af systemet. Cigaret-
ten blev efterladt breendende i
10 minutter.
Tilbageholdelsesgraden af ul-
trafine partikler 1 procent i
tabel 2 blev beregnet ved at
subtrahere det beregnede areal
under kurven i figur 4 for ind-
bleesningskoncentration, og det
beregnede areal under kurven
for udsugningskoncentration
og derefter dividere med det
beregnede areal under kurven
for indblesningskoncentration,
ganget med 100.

Resultaterne fra scenario 1 til
scenario 4, som havde samme
betingelser, de farste 10 minut-
ter, viste, at tilbageholdelses-
graden af ultrafine partikler
varierede mellem ca. 30 pct. og
60 pct. efter 10 minutter, dvs.
nar cigaretten var braendt ud.

[ scenario 5, hvor det elektro-
statiske filter var slukket fra
begyndelsen, var tilbageholdel-
sesgraden ca. 30 pct., og i sce-
nario 6, hvor bade det elektro-
statiske filter og ozongenerato-
ren var slukket fra begyndelsen
ca. 60 pct.

Desuden viste resultaterne fra

Scenario Beregnet
tilbageholdelse
af ultrafine
partikler (%)

S1: Alle dele arbejder kontinuerligt 40

S2: Slukket ozongenerator efter aftbreending af en

cigaret 45

S3: Slukket UV-lys efter afbrending af en cigaret 39

S4: Slukket elektrostatisk filter efter atbraending

af en cigaret 477

S5: Slukket elektrostatisk filter fra begyndelsen af

malingen 30

S6: Slukket UV-lys og ozongenerator fra

begyndelsen af malingen 60

Tabel 2. Beregning af tilbageholdelse af ultrafine partikler
scenario 2 og scenario 3, at ndr  gulv. Der forekom ogsa op- Referencer:

ozongeneratoren og UV-lyset
blev teendt, egedes koncentra-
tionen af ultrafine partikler
igen. Samme fanomen opstod i
scenario 6, da det elektrostati-
ske filter blev tendt igen. Arsa-
gen er, at cigaretregg genererer
bdde partikler og kemiske stof-
fer 1 systemet.

[ lobet af de forste 10 minutter
kan en del kemiske stoffer vaere
blevet adsorberet pd overfladen
af kanalsystemet, da luftstrem-
men og den medtransporterede
ozon ikke var i stand til at fjer-
ne alle kemiske stoffer. Dette
kan forklares ved, at ozonet,
der tilfores systemet, reagerer
med de kemiske stoffer, som
adsorberes i kanalsystemet og
skaber nye ultrafine partikler.
Samme fenomen forekom, nar
UV-lyset blev tendt igen, da
UV-lys bidrager med en del af
ozonet 1 kanalsystemet. Endelig
conklusion nedvendigger yder-
igere undersogelser for at be-
krefte disse resultater.

Konklusion

Tetningsundersogelsen viste,
at der var mange utetheder i
eksponerings-lejligheden. De
fleste utetheder forekom i
overgangen mellem vag og

. JOIT=

treengning gennem gulvet. Re-
sultaterne af tethedsmalin-
gerne med og uden taetning af
gulvet viste, at teetning reduce-
rer overfgringen med 16 pct.
Der er vigtige udviklingspoten-
tialer 1 metoden, men den skal
udvikles og afpraves yderligere,
for det er muligt at anbefale
metoden.

Resultaterne fra det luftren-
sende kanalsystem med luft-
renser viste, at tilbageholdel-
sesgraden af ultrafine partikler
varierede mellem ca. 30 pct. og
60 pct. Luftrenserteknologien
er stadig under udvikling for at
forbedre systemets ydeevne og
den praktiske anvendelse i
indeklimaet. Derudover er det
nodvendig at foretage detalje-
rede undersagelser af teknolo-
gier baseret pd anvendelse af
UV-lamper, ozongenerator,
elektrostatisk filter og ozonfil-
ter for at sikre systemets funk-
tionssikkerhed.

Projektet er gennemfort med
stotte fra Indenrigs- og Social-
ministeriet, Grundejernes Inve-
steringsfond og Landsbyggefon-
den. Tethedsmdlinger er fore-
taget af Bygge- og Miljoteknik
A/S.
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SUMMARY

The purpose of this study was to investigate how the effectiveness of portable air cleaners
(ACs) against tobacco smoke is influenced by the clean air delivery rate (CADR), the location
of the AC in relation to the pollution source and the apartment structure. The study was based
on field experiments and simulations with the CONTAM software. The AC effectiveness was
about 80% for one AC, and 93% for two ACs in the studied apartment (Volume=110m3).
Ultrafine particles (UFP) exposure in a room without tobacco smoking (clean room) could be
much less than in the source room if these rooms were not directly connected with each other
(but indirectly connected via doors open to other rooms). Operating the AC in one of the
rooms without cigarette smoking could develop a partly isolated clean environment.
However, this led to a rather low cleaning effectiveness for the concentration of ultrafine
particles in the apartment as a whole. If operating the AC in the room where cigarettes are
being smoked, the UFP exposure in the whole apartment can be further reduced.

INTRODUCTION

Environmental tobacco smoke (ETS) exposure relates to an increased risk of many adverse
health effects, including lung cancer, asthma onset and exacerbation and acute respiratory
illness [1]. In Denmark, about 20% of deaths among adults aged >35 years are due to tobacco
smoking [2]. Although tobacco smoking is banned in public places, it appears that children
are still at risk of high exposure to secondhand tobacco smoke (SHS) in their home [3, 4].
Therefore, controlling ETS exposure in residential buildings is important to protect smokers’
families, especially their children. However, the ventilation rates in residential buildings are
generally too small to efficiently remove the tobacco smoking particles (the average air
change rate for all studied apartments was 0.48h™). For residential buildings, especially those
with natural ventilation, implementation of room air cleaners may be convenient and effective
to control indoor air pollutants. However, the clean air delivery rate of the air cleaners, the
relative location of the air cleaner to the pollution source and the apartment structure, as well
as the indoor air change rate, all affect the AC effectiveness.

The purpose of this study was to investigate the AC effectiveness against multi-zone tobacco
smoke under different CADRs and different locations of the AC. Special attention was paid to
the apartment structure and the influence of room dividing doors being open or closed.

METHODS

The field experiments were carried out in an apartment (see Figure 1) with natural ventilation.



The natural ventilation system had air inlets in the living room and bedroom, and air outlet
chimneys in the kitchen and WC. The apartment entrance door and all windows were closed
during experiments. Indoor and outdoor UFPs concentrations were measured by two
condensation particle counters, and temperature and relative humidity were also monitored. A
passive tracer gas method was used to measure the air change rate, infiltration from outdoors
and air transfer between apartments. Two electrical ACs (each with CADR=240m"/h
according to the manufacturer) were used as air cleaning devices. The door between the
bedroom and the living room (BL door) and the door to the kitchen (K door) were open or
closed during different experiments. The other doors were open during all experiments. The
cases of cigarette smoking and AC in the same room and in different rooms, keeping the BL
door and K door either opened or closed, or using none, one or two ACs were studied. The
AC was started at the same time as smoking started.

l Inlet

Living room

\ < / Corridor
I S

""" 1 / Outlet
*7 Kitchen el

Bedroom

1 Inlet

Figure 1. Configuration of the test apartment. The door between the bedroom and the living
room is denoted BL door, and the door to the kitchen is denoted K door.

In an apartment, even small temperature differences between rooms can induce large inter-
zonal air flows [5], which, furthermore, results in the smoking pollutants being well mixed
between the zones. The multi-zone temperature differences were smaller than 2°C in all
measured cases. Thus, in the CONTAM simulations the temperature differences (At) 0.1°C,
1°C and 2°C were applied according to the following relationship, tpedroom=tiiving
roomTAt=tcomidort2At. The agreement between measurement data and the simulation under the
same environmental conditions was tested, and an example, shown in Figure 2, indicated a
high degree of agreement between the CONTAM simulation and the measurements.
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Figure 2. Comparison between CONTAM simulation results and measurement results.



RESULTS
1. Influence of apartment structure on the mixing of indoor particles

Indoor air distribution directly influenced the distribution of tobacco smoking pollutants and
the AC effectiveness. Apartment structure, temperature differences between rooms and
ventilation can all affect air distribution. Therefore, with the ventilation rate of the apartment
kept constant, UFP distribution and AC effectiveness were studied for the following cases:
open BL door (directly connecting the “clean” bedroom and the polluted living room - the
source room) and closed BL door (the clean bedroom and the living room still being
indirectly connected via the corridor), open K door and closed K door (isolating smoke
pollutants in the source room — when smoking in the kitchen). CONTAM simulations of the
above cases were carried out with multi-zone temperature differences of 0.1°C, 1°C and 2°C,
according to the relationship given in the previous section.

1.1 Indoor air well mixed

Figure 3 shows the measured UFP concentrations for the case of keeping the BL door open,
smoking 2 cigarettes in the living room and without any AC. The curves of UFP
concentration in clean room (bedroom) and source room (living room) almost overlap each
other, which mean that keeping the BL door open resulted in well mixed indoor air.
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Figure 3. Indoor UFP concentrations for the indoor air well mixed case (BL door open).

1.2 Indoor air not well mixed

The measured UFP concentrations for the case of closed BL door, smoking 2 cigarettes in the
living room and without AC in any room are shown in Figure 4. The different peak
concentrations and a time delay are obvious between bedroom (clean room) and living room
(source room), which means that keeping the BL door closed limited the spread of indoor
tobacco smoking pollutants from the source room.

The above results are also shown in Figure 7. UFP exposures were about the same in the
living room and in the bedroom if the BL door was open. Otherwise, the UFP exposure was
lower in the bedroom than in the living room, when the BL door was closed, as expected.
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Figure 4. Indoor UFP concentrations for a not well mixed case (BL door closed).

Comparing Figure 3 and Figure 4, it can be seen that keeping the BL. door opened or closed
clearly influenced the UFP transport from the source room to the clean room. In other words,
keeping the BL door closed, to some degree isolated UFPs from the source room to the clean
room. The UFP exposure difference (S) between clean room and source room could be
defined according to Equation 1, where Ecieanroom 1S the UFP exposure in the clean room and
Esourceroom 18 the UFP exposure in the source room.

E

S =1- cleanroom

sourceroom ( 1 )

The parameter S represents UFPs exposure isolation between the clean room and the source
room. Larger S means that more pollutants are isolated from the clean room. The influence on
S by the temperature difference between the rooms was simulated by CONTAM, and the
results are shown, together with measurement, data in Figure 5. When the BL-door was
closed, but the clean room and the source room indirectly connected, via open doors to the
corridor, the UFP exposure could be somewhat less in the clean room than in the source room.
The CONTAM simulations showed that, depending on the temperature difference, the
exposure difference varied from 38% to 10% for the case without AC and 14% to -1% for the
case with two ACs in the source room. The former figures mean that, without AC, when the
multi-zone temperature difference was smaller than 0.1°C, the UFP exposure in the clean
room was less than 62% of the exposure in the source room. But when the multi-zone
temperature difference was increased to 1°C and 2 °C, the UFP exposure in the clean room
was close to 90% of that in the source room. The negative value of S means that the UFP
exposure in the source room was lower than that in the clean room, which occurred when two
ACs were running in the source room.

In conclusion, indirect connection between the source room and the clean room partly isolates
tobacco smoke UFP from the clean room. Furthermore, a smaller multi-zone temperature
difference results in more UFPs being isolated. Additionally, although the apartment structure
can to some degree isolate pollutants, the CADR should be chosen according to the whole
apartment’s volume to avoid low S values induced by large multi-zone temperature
differences.
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Figure 5. UFP exposure difference (S) between source room (living room) and clean room
(bedroom). The ACs were located in the source room.

1.3 Indoor air isolated

In one case the pollutants were close to completely isolated, i.e. when smoking in the kitchen
and keeping the K door closed. The results show that less than 3% of the UFPs infiltrated
from the polluted kitchen to the bedroom (see Figure 6) regardless of whether an AC was in
operation in the kitchen, or not. Thus, in this case the previously described S-value was higher
than 97%. Therefore, an easy solution to SHS exposure appears to be smoking in kitchen
while keeping the K door closed. With the K door open there was practically no difference
between the exposure in the kitchen and in the bedroom, i.e. the S value is about 0%. This
was most probably due to large temperature differences between the rooms.
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Figure 6. UFP exposure in kitchen and bedroom with open and closed kitchen (K) door. The
AC was located in the kitchen. The source was located in the kitchen.

2. Air cleaner effectiveness H
The exposure in the kitchen was reduced by 76% by using one AC when keeping the K door

closed; see the data in Figure 6. Similarly, the exposure in the living room was reduced by
64% by using one AC when keeping the BL door open; see the data in Figure 7. The kitchen



was smaller than the living room and also isolated by the K door being closed, which explains
the larger exposure reduction in the kitchen. Using one AC, the UFP personal exposure was
reduced from 6.9-10° pc/cc'min to 2.5-10° pc/cc'min during a 3h period, when the BL door
was open. Additional experiments showed that when two ACs were used, the exposure
dropped to 2.1-10° pc/cc-min. The AC reduced the indoor UFP exposure close to the outdoor
exgosure level, see Figure 7. In the experiments, ambient UFP concentration was about
10 pc/cc.
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Figure 7. Indoor UFP exposure during 3 hours for the above cases. Source room = living
room, clean room = bedroom. The AC was located in the living room.

For to these well-mixed cases, the AC effectiveness H in the whole apartment was calculated
by Equation 2, which is defined by Miller-Leiden et al. [6]. Here, C,. is the indoor
concentration with AC; C,, 4 1s the indoor concentration without AC. The effectiveness H for
one AC and two ACs are shown in Figure 8.

H=1- C?ac
noac (2)

The AC effectiveness under stable conditions was 80% for one AC, and 93% for two ACs;
see Figure 8. Note that it took more than 1.5 h before steady-state conditions were reached.
During this period the AC effectiveness, H, was substantially lower than the maximum value.
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Figure 8. The air cleaner effectiveness H for one AC and two ACs



3. Influence of AC location relative to the pollution source

The relative location of AC to pollution source is another factor influencing UFP exposure.
The UFP exposure reduction percentage (R) is defined by Equation 3, which evaluates UFP
exposure reduction in one room by comparing UFP exposure with AC (Eyin ac) and UFP
exposure without AC (Eyithout AC)-

R=1-— EwithAC
E withoutAC (3)

Figure 9 shows values of R, calculated for the clean room (bedroom) and the source room
(living room). Data are shown both for the case with two ACs located in the living room and
for the case with two air cleaners located in the bedroom. The BL door was closed in all of the
cases. Similar to the analysis of the parameter S, the influence of room temperature
differences was also analyzed by CONTAM simulations. When tobacco smoking occurred in
the living room, and two ACs were located in the bedroom, a relatively isolated clean
environment was developed in the bedroom (R about 85% in the bedroom and 45% in the
living room. This situation can be expected to result in a rather low cleaning effectiveness in
the whole apartment regarding UFPs. While operating the AC in the source room (living
room), the exposure-value in both the living room and in the bedroom was about 70%. It can
be assumed that also all other rooms would show similar R-values, i.e. a rather large exposure
reduction in the whole apartment.
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Figure 9. UFP-exposure reduction percentage (R) for different locations of the ACs

CONCLUSION

For this apartment (V=1 10m’ ), one AC (CADR=24Om3/h) was, in most of the studied cases,
enough to reduce the indoor UFP exposure by about 65%-75% in individual rooms. The
highest exposure reduction, R=85%, was observed when two ACs were used in the bedroom
when keeping the door between the bedroom and the living room closed.

The lowest exposure reduction, R=12%, was observed when using one AC in the kitchen and
keeping the kitchen door open while smoking took place in the kitchen. Isolation of the



kitchen by keeping the door closed increased the exposure reduction obtained by the AC to
76%. In this case, when the kitchen door was closed, the exposure to smoke particles in non-
smoking rooms was only a few percent of the exposure in the kitchen. When the kitchen door
instead was left open, a massive spread of particles within the apartment was observed. The
particle spread is due to large inter-zonal air flows induced by large temperature differences
between rooms.

Although the apartment structure could, to some degree, isolate pollutants, the CADR should
preferably be chosen according to the whole apartment’s volume. Furthermore, the ACs
should be placed in the same room as the strongest particle source. For example, operation of
two ACs in the living room, where cigarettes were smoked, reduced the UFP exposure by
about 70%, both in the source room and in the adjacent non-smoking bedroom. The total
capacity of the two ACs corresponds to 4.4 air changes per hour, expressed as an average
value for the entire apartment. This is about ten times the ventilation air change rate.
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SUMMARY

This paper presents some of the results of a second-hand tobacco smoke intervention study
carried out in 19 flats in four different buildings. Two of the investigated buildings were non-
renovated and two others were renovated. The aim of the study was to quantify infiltration of
ultrafine particles from a smoker's flat into a non-smoker's flat. In addition, several tests were
carried out to describe some solutions for reduction of particle concentrations in the smoker's
flat and the non-smoker's flat. The air change rates and the indoor particle concentrations
were measured continuously during the measuring periods. The particle sources (particle
generating activities) were cigarette-burning in the un-occupied buildings and candle-burning
in the occupied buildings. Reductions of the concentration of ultrafine particles using air
cleaning devices were studied. Results showed that the transfer of ultrafine particles was
about 9% when the source flat was located below the receiving flat, whereas the transfer was
1-2% when the source flat was on the same floor as, or above, the receiving flat.

INTRODUCTION

Second-hand tobacco smoke (SHS) in flats is an emerging public issue in the Nordic
countries, in particular in Denmark, where people spend approx. 16 h/day indoors [1]. Smoke
can infiltrate a flat in various ways. The infiltration rate depends on the tightness of the
building envelope and its design. A Danish study shows that window slits only replace 14%
of the exhausted air; the rest comes from elsewhere in the building [2]. Some of the common
openings where smoke seeps from a smoker's flat into a non-smoker's flat include electrical
outlets, cable or phone jacks, pipes (plumbing), cracks in walls and floors, etc.

Numerous studies have documented the contribution of tobacco smoke to elevate the
concentration of ultrafine and fine particles indoors [3]. During recent years investigations
have indicated a possible association between exposure to ultrafine particles and human
health [4].

Several studies show that the concentration of particles indoors may be reduced to a certain
extent by means of ventilation or by filtration using portable or in-duct air cleaners [5].
However, the ventilation rate in residential buildings is generally not designed to remove
particles and gases originating from smoking.

Most previous studies have focused on the quantification of particles from direct exposure to
SHS. However, very few studies have examined quantification of particles from indirect



exposure to SHS. Therefore the aim of the present study is quantification of ultrafine particles
(UFP) from SHS infiltration in flats.

METHOD

The study was carried out in four different residential buildings. Two of the buildings
(Buildings A and B) are of exactly the same type and design, they are approx. 70 years old
and not renovated. The third building (Building C) is 100 years old and recently partially
renovated, whereas the fourth building (Building D) is 140 years old and recently completely
renovated. Four flats were included in the study in Building A and two flats in Buildings B, C
and D, respectively. In each building the studied flat (Flat 2) was placed immediately above
another flat (Flat 1).

Figure 1 illustrates a complete unit of flats for the present study. In Building A a complete
unit was used. In Buildings B, C and D Flat 1 and Flat 2 were used.

Flat 4

Flat3  +—

Flat 1

Figure 1. Sketch of a complete unit of flats.

Particles were generated in one flat and the infiltration of UFPs was measured in the flat
above. The particle sources (particle generating activities) used in the source flats (Flat 1) was
cigarette-burning in the un-occupied buildings (Buildings A) and candle-burning in the
occupied buildings (Building C and D). Building B was an un-occupied building, which was
used in both cases, i.e. cigarette-burning and candle-burning. Two cigarettes were burned for
approx. 10 minutes each in the un-occupied flats and three pure wax candles were burned in
the occupied flats.

The UFP concentrations were monitored by means of three condensation particle counters.
One of the particle counters was placed in the source flat (Flat 1, where particles were
generated), the second one in the exposure flat (Flat 2, which was infiltrated by particles from
Flat 1) and the last one was used for sampling the outdoor concentration. Two of the particle
counters were TSI model P-Trak 8025. The third one was a TSI model CPC 3007, which was
used for measurements in the outdoor air.

The P-Trak 8525 instrument enabled real-time measurement of particle number concentration
and data collection. The particle detection range of the instrument was between 0.02 and
about 1.0 um. The CPC 3007 was similar to the P-Trak 8525 with data recording in the
diameter range from 0.01 to about 1 um [6].



The PFT technique (Per Fluorocarbon Tracer) was used to measure air change rates, air
infiltration and air exfiltration in the apartments. The technique is a multiple tracer-gas
method based on passive sampling. CO,, temperature and relative humidity were recorded
during the experiments. Possible solutions, such as placement of one or two electrostatic air
cleaners (AC; CADR=240m%h), were investigated for reduction of exposure concentration in
Flat 1 and Flat 2.

RESULTS

Figure 2 illustrates an example of the measured concentration course for tobacco smoke in
Flat 1 (source flat) and in Flat 2 (exposure flat). Two cigarettes were burned in Flat 1, one in
the living room and one in the bedroom. Background concentration in Flat 2 was approx.
4.0E+09 p/m® during the night of the measurement.
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Figure 2. Measured concentration of UFP in Flats 1 and 2 and outdoors at Building A.

Figure 3 illustrates measured and calculated concentration of UFP in the exposure flat ( Flat
2) in Building A. A mass balance model, previously applied to analysis of gaseous
contaminant concentrations was used [7]. The basic assumptions that govern the model are
that particles are perfectly mixed within Flat 2, i.e. the concentrations of particles are uniform
throughout the whole volume.

c,V M v M Vrv {\;H}
Cry == +- - Cc+—~—————FCn v (1)
V+rv V+rv V+rVv \Y V

Where V = air flow rate (m*/h), c, = supply air concentration of UFP (p/m®), c, = air

concentration of UFP in flat (p/m®), V = flat volume (m?), r =particle removal rate (1/h). M =



particle transfer from Flat 1 to Flat 2 ((p/m3)*(m3/h). M was estimated by multiplying the
UFP concentration in Flat 1 (the source flat) by the air leakage from Flat 1 to Flat 2.
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Figure 3. Results of measured and calculated of concentration of UFP in Flats 1 and 2 in
Building A.

Tables 1 to 2 show the measured and calculated parameters of tobacco smoke in the exposure
flat (Flat 2) in the Buildings A. Table 3 shows measured and calculated parameters for
experiments with burning candles in Building B, C and D. It should be noted that Building B
was a non-renovated building of exactly the same kind as Building A. Building C was
recently partially renovated and Building D was recently completely renovated.

The second column in Tables 1 and 3 show the relative exposure in Flat 2, which means the
percentage of UFP generated in Flat 1 that infiltrates Flat 2. The exposures in Flat 2 in Table
2 comprise infiltration inclusive reduction because of operation of the air cleaning devices.

The relative exposures in Flat 2 were obtained by expressing the total number of tobacco-
related particles or candle related particles in Flat 2 as a percentage of the total number of
particles measured in Flat 1 including background concentration. The total number of
tobacco-related particles (or candle related particles) in Flat 2 was assessed as the area
between two concentration curves calculated using equation 1. The first curve was calculated
with consideration of particle transport by air leakage from Flat 1 to Flat 2. The second curve
was calculated with the air leakage set to zero. Thus, the difference between these curves is an
estimate of the particle transport from Flat 1 to Flat 2.



The third column shows removal rates of UFP in Flat 2. The removal rates are the sum of the
deposition of particles on the inner surfaces of the rooms, removal by ventilation, and other
sink mechanisms. The fourth column shows the air change rate in the Flat 2. The fifth column
shows the air transfer due to leakage from Flat 1 to Flat 2. The air change rates and air
transfer were set at weak mean values.

The rows 2 to 4 in Table 1 show data for successive experiments in Building A, where
sources were placed in Flats 1, 4 and 3 respectively.

Table 1. Measured and calculated parameters of tobacco smoke in Flat 2 in Building A.

Relative Removal of Air change rate in Leakage
exposure(infiltration) | UFP in Flat 2 Flat 2
in Flat 2 (1/n) (1/n) (m¥h)
(%)
From Flat 1 to Flat 2 8.6 0.9 0.41 14
From Flat 4 to Flat 2 1.8 15 0.41 5
From Flat 3 to Flat 2 1.1 14 0.41 5

Another aim of the study was to describe to what extent air cleaner devices and the different
states of renovation of buildings would affect the transfer of UFP between two flats.

Table 2 shows measured and calculated parameters of tobacco smoke in Flat 2 in Building A.
The experiments were carried out in Flat 1 and Flat 2 in Building A. Colum 1 in Table 2
shows the location and number of air cleaners (AC) operated in Flat 1 and Flat 2.

Table 2. Measured and calculated parameters tobacco smoke in Flat 2 in Building A. With air

cleaner (AC).

Relative exposure Removal of Air change rate in Leakage
(infiltration incl. UFP in Flat 2 Flat 2
reduction by AC (1/h) (1/n) (m*/h)
operation)*
(%)
From Flat 1 to Flat 2
1ACinFlatl 5.0 1.0 0.41 15
From Flat 1 to Flat 2
1 ACinFlat2 4.2 1.9 0.41 15
From Flat 1 to Flat 2
2 ACs in Flat 2 2.6 3.9 0.41 16

Table 3 shows that the test with burning candles gave a relative exposure of 2.6% in Building
B. This is about 1/3 of the value obtained with tobacco smoke in Building B, which gave a

relative exposure of 7.1%. However, the tests with tobacco smoke in Building A and Building
B showed similar results, see Table 1.

Table 3. Measured and calculated parameters of burned candles in Flat 2 in Building B, C and

D.
Relative Removal of Air change rate in Leakage
exposure(infiltration) | UFP in Flat 2 Flat 2
in Flat 2 (1/n) (1/n) (m¥h)
(%)
From Flat 1 to Flat 2
Building B 2.6 2.7 0.74 10




From Flat 4 to Flat 2

Building C 0.3 4.4 0.92 2.3
From Flat 3 to Flat 2

Building D 0.7 15 0.36 5
DISCUSSION

There are various ways that smoke infiltrates from one flat to another. The air infiltration rate
between two flats depends on the age, construction and tightness of the flat after renovation.
A leaky flat exposes its occupants to pollution from surrounding flats, especially adjacent
ones, and especially from smokers living in a flat below.

The results from the experiments in the two non-renovated buildings, A and B, indicated that
7-9% of the amount of UFP, generated by tobacco smoke in the source flat (Flat 1), infiltrated
the flat located above (Flat 2), see Table 1.

The measurements with candle-burning in Building B, under the same test conditions as the
tobacco smoke experiments, indicated an infiltration of 2-3% of UFP from Flat 1 to Flat 2, see
Table 3. The difference in the infiltration rate of UFP has not been clarified but might depend
on different characteristics of the particles generated by tobacco smoking compared with
candle-burning.

It should be noted that the background concentration of UFP was 4.0E+09 p/m?® during night
time while it increased to approx. the double during day time.

The results from the example case (see Figures 1 and 2) showed that two cigarettes generated
a mean value concentration of 2.2E+10 p/m® with a maximum concentration of 9.6E+10 p/m*
in the source flat (Flat 1). The maximum concentration in the exposure flat (Flat 2) was
somewhat less than 1/10 of that in Flat 1. The concentration declined to the background
concentration after approx. 3 hours. Thus, occupants were exposed to a higher particle
concentration compared with the background concentration during several hours.

Table 3 showed that the infiltration from the source flat (Flat 1) to the exposure flat (Flat 2)
was lower in the renovated buildings, i.e. Buildings C and D compared with Buildings A and
B which were non-renovated.

Technical solutions
The concentration of UFP in the exposure flat can be reduced by three different control
methods; source control, ventilation control and use of portable air cleaning devices.

Source control: A smoke-free residential building is one of the remedial solutions suggested
to private building owners, and it is known in several countries, including Sweden, Canada,
USA and Norway.

In order to implement smoke-free residential buildings in public residential buildings, it is
required to change the law or grant exemptions by the authorities. According to the law in
Denmark, it is allowed to smoke tobacco in private homes.

Another method for reducing exposure to neighbour smoke is efficient sealing of the leaks in
electrical outlets, cable or phone jacks, pipes (plumbing), cracks in walls and floors, etc. On




the other hand different types of building construction and different types of leaks and cracks
require different sealing methods. The results in the present paper shows that renovation of
the buildings reduced the infiltration of UFP from the source flat to the exposure flat, see
Table 3. However, the project also aims to study more in detail the sealing-effect on the
transfer of tobacco smoke between two flats. This part will be carried out during the winter of
2010.

Ventilation control: Ventilation reduces the concentration of pollutants by means of dilution
in order to ensure an adequate indoor air quality. Generally, the air in a flat should be supplied
to the bedrooms and living rooms and exhaust should take place from the bathrooms and
kitchen. In a non-renovated building, like Building A, the ventilation system was natural i.e.
there was no fan to exhaust the particles from the flats. The amount of air that enters a
building with natural ventilation depends on the wind and the thermal effects occurring within
the building. The air change rate in Building A was 0.41 h™ and in Building B 0.74 h™*. This
project also aims to find the ventilation effect on the transfer of the tobacco smoke between
two flats. This part will be carried out during the winter of 2010.

Portable air cleaning devices: Portable room air cleaners can be used to clean the air in a
polluted room when continuous and localised air cleaning is needed. For air cleaning devices
to be effective, the capacity of the air cleaner must match the ventilation rate of the room.
This cleaning technology is useful when there is no opportunity to clean the supply air by
filtration, i.e. buildings with a natural ventilation system or with an exhaust ventilation
system. Consumers should also consider possible side effects such as noise and ozone
generation, when considering using air cleaning devices.

Measurement and calculation in Building A showed that, when one air cleaner was placed in
the source flat, the relative exposure in the exposure flat (receiving flat) was reduced from
8.6% (without air cleaner) to 5% (with air cleaner). However, operating an air cleaner in the
source flat will reduce the exposure in the source flat, and the exposure in the receiving flat
can be expected to decrease accordingly. Thus, it was expected that the relative exposure (the
ratio of the exposure increase in the receiving flat to the exposure in the source flat) should
remain unchanged. The reason for the deviation has not been clarified. However, when using
an air cleaner in the source flat the concentration varied rapidly. The peak concentration was
reached after 9 minutes and decreased to 10% of the peak concentration within 1.4 h. Without
an air cleaner in the source flat the concentration changed more slowly; the concentration
decay to 10% of the peak value lasted about 5 h. It is not likely that the particles will have had
the time to spread well between the rooms in the source flat so probably, when using an air
cleaner in the source flat the source is mainly limited to one room. The measurement may
therefore have lead to an overestimation of the exposure in the source flat, since the
concentration was measured in the same room as where the tobacco smoke was generated. An
overestimation of the exposure in the source flat will lead to an underestimation of the relative
exposure in the receiving flat. In the case without air cleaner the measured particle
concentration probably reflected the average concentration in the source flat more accurately,
due to the much slower concentration changes.

When two air cleaners were placed in the exposure flat, a double removal of the UFP was
recorded. However, theoretically, the marginal effect of the second air cleaner should be less
than observed, a factor of around 1.5 rather than 2. The deviation between theory and
measurements may partly depend on a change of the ventilation rate between the
measurement series.



CONCLUSIONS

The results indicated that:

¢ In the non-renovated buildings between 1% and 9% of the UFPs generated by tobacco
smoking infiltrated to a neighbouring flat.

e The transfer (infiltration) was highest (about 9%) when the source flat was located
below the receiving flat.

e The transfer was less (1-2%) when the source flat was on the same floor as, or above,
the receiving flat.

e The UFP-transfer was lower in the renovated buildings than in the non-renovated
buildings.

e When one air cleaner was used in the receiving flat in one of the non-renovated
buildings, the exposure to the neighbour’s tobacco smoke decreased from 9% to 4%.
When using two air cleaners the exposure decreased further down to less than 3%.
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SUMMARY

An emerging public issue in Denmark is passive smoking in residential environments where
non-smokers are exposed to harmful smoke from their neighbours. There are various ways
that smoke infiltrates one flat from another. The air infiltration rate between two flats in a
multi-storey building depends on the construction, tightness and age of the building. Earlier
results from this project showed that, in the most critical cases, the transfer of ultrafine
particles was about 9% when the source flat was located below the receiving flat. The purpose
of the present study was to identify the ways in which smoke infiltrates from one flat to
another and also to examine technical solutions for preventing or reducing infiltration of
ultrafine particles from the source flat to the receiving flat. One of the technical solutions
examined was sealing of the floor in the receiving flat. The study was carried out in the field
in a multi-storey building and cardboard and plastic foil of polyethylene were used for sealing
the entire wooden floor in the receiving flat. Another technical solution examined was a novel
air circulating ductwork. The efficiency of the novel air circulating ductwork was examined
by investigating the removal of ultrafine particles from a lit cigarette in a laboratory
environment. The results showed that in the case where the receiving flat was sealed, the
concentration of particles in the receiving flat was non-correlated with (or independent of) the
emission of particles in the source flat. The test of the air circulating ductwork showed that
the removal efficiency ranged from approx. 30% to 60% after 10 minutes, i.e. when the
cigarette had burned out.

IMPLICATIONS

A number of non-smokers in residential buildings in Denmark are concerned that they may be
exposed to gases and particles transferred from a neighbouring smoker. There is an urgent
need for technical solutions that can reduce indoor exposures to ultrafine particles from
second-hand tobacco smoke infiltration. This study proposed two technical solutions for
reducing indoor ultrafine particle concentrations.

KEYWORDS
Second-hand smoke, cigarette, ultrafine particles, in-duct air cleaner, sealing

INTRODUCTION

Occupants living in multi-unit dwellings are worried when unwanted gases and particles
infiltrate their flats from smoking neighbours. Second-hand cigarette smoke (SHS) and
particle exposure in flats in multi-unit dwellings are considered harmful among non-smokers
(Brink, and Clemmensen, 2007). During recent years investigations have indicated a possible
relation between exposure to ultrafine particles (UFP) and human health (Brduner, et al.
2007).



There are various ways in which smoke is transferred from one flat to another. Some of the
common openings where smoke infiltrates from a smoker's flat to a non-smoker's flat include
electrical outlets, cable or phone jacks, pipes (plumbing), cracks in walls, floors etc. The
earlier results of this project showed that, in the most serious cases, the transfer of UFP was
about 9% when the source flat was located below the receiving flat (Afshari et al. 2010). The
transfer of UFP was 1-2% when the source flat was on the same floor as, or above, the
receiving flat. In addition, the results also showed that when a single air cleaner was used in
the receiving flat, the exposure to the neighbour’s cigarette smoke decreased from 9% to 4%.
When using two air cleaners, the exposure further decreased to below than 3%.

The aim of this study was to explain how smoke is transferred from one flat to another and
also to examine two technical solutions for preventing or reducing infiltration of UFP from
the source flat to the receiving flat.

METHODS

Identification of the ways of infiltration and sealing solutions

This part of the study was carried out in a residential building, which was 85 years old. The
receiving flat (Flat 2) was placed immediately above the source flat (Flat 1). Flat 1 was
occupied and Flat 2 was unoccupied. The study was conducted in the winter of 2010 while no
other indoor activities took place in either of the flats during the measurements.

Identification of ways of air and smoke transfer were carried out using a fan pressurisation
method (Blower door technique) in which a fan was used to create a steady-state pressure
difference of 50 Pa across the envelope of Flat 2. The measurements were carried out before
and after sealing of the floor of Flat 2. In order to measure the resultant airflow and pressure,
Flat 2 was pressurised and subsequently depressurised. In addition, thermography was used
when Flat 2 was depressurised. The entire wooden floor of the living room and two bedrooms
of Flat 2 were sealed using cardboard (500 g/m?) and plastic foil of polyethylene (0.2 mm).
The plastic foil was pulled up above the skirting boards and attached to the wall by crepe tape.
The floor of the hall and kitchen was already covered with Poly Vinyl Chloride (PVC), and
therefore not with cardboard and plastic foil. The doors of the flats were closed and the letter
box opening in the front door was sealed using crepe tape. All water traps in the kitchen,
bathroom and toilet were filled with water.

In addition to the above-mentioned measurements, the transfer of UFP from Flat 1 to Flat 2
was quantified before and after sealing Flat 2. The air change rates and the indoor particle
concentrations were measured continuously during the measuring periods. The particle
sources (particle generating activities) were cigarette-burning in Flat 1. Two cigarettes were
burned for approx. 10 minutes each in Flat 1. The UFP concentrations were monitored by
means of three condensation particle counters (Afshari et al., 2010).

Air circulating ductwork

An air circulating ductwork was investigated in a laboratory environment as a possible
solution for reducing exposure to UFP from cigarette smoke. The system consists of an ozone
generator, 8 units emitting ultraviolet light (UV-light), an electrostatic precipitator and an
ozone filter. In order to understand the effect of the different parts of the device for removing
UFP, TVOC and ozone, 6 scenarios of measurements were carried out.

Scenario 1:The air cleaning device was used as it was designed to operate in the ductwork.
Scenario 2:The air cleaning device was used like in Scenario 1 during the first 10 minutes
when the cigarette was burned. Then the ozone generator was turned off until the UFP
concentration reached its initial level (background level) and then it was turned on again.
Scenario 3:The air cleaning device was used like in Scenario 1 during the first 10 minutes
when the cigarette was burned. Then the ultraviolet lights were turned off until the UFP



concentration reached its initial level (background level) and it was turned on again. Scenario
4:The air cleaning device was used like in Scenario 1 during the first 10 minutes when a
cigarette was burned, i.e. after approx. 10 minutes the electrostatic precipitator was turned off.
Scenario 5: The air cleaning device was used like in Scenario 1, however in this scenario the
electrostatic precipitator was turned off from the beginning to the end of the measurement.
Scenario 6:The air cleaning device was used like in Scenario 1 with the exception that the
UV-light and the ozone generator were turned off from the beginning of the measurement.
When the cigarette was burned and the concentrations of particles reached its initial level, the
UV-light and ozone generator were turned on.

The UFP concentration and TVOC were measured both in the supply air and the exhaust
air of the air cleaning device. A burned cigarette was used as a source of particles and TVOC.
The UFP concentrations were monitored by means of two condensation particle counters, i.e.
TSI model P-Trak 8025. and TSI model CPC 3007. The concentrations of TVOC were
monitored by means of two gas-analyser i.e. INNOVA type 1312 and Briiel & Kjer, type
1302.

RESULTS
Identification of the ways of infiltration and sealing solution
Table 1 shows the results of pressurising and depressurising Flat 2 with and without sealing.

Table 1. Airflow with fan pressurisation of Flat 2 with and without sealing.

Airflow Airflow Airflow Airflow
infiltration  from | infiltration  from | infiltration  from | infiltration  from
Flat 1 to Flat 2 Flat 1 to Flat 2 Flat 1 to Flat 2 Flat 1 to Flat 2
(with sealing) (with sealing) (without sealing) | (without sealing)

Units I/s at 50 Pa I/s, m*at 50 Pa I/s at 50 Pa I/s, m at 50 Pa

Pressurising  of | 342 (+ 0.5%) 5.34 405 (£ 0.5%) 6.32

Flat 2

Depressurising of | 319 (+ 0.5%) 4.99 361 (+ 0.9%) 5.65

Flat 2

Calculated 330.5 5.17 383 5.98

average values
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Figure 1. Measured UFP concentration in Flats 1 and 2 and outdoors after sealing the floor of
Flat 2.




The results of the thermographic photos showed that there were many leakages in Flat 2. The
leakages were paths to Flat 1 as well as to the outdoors. Most of the leakages were at the
junction between walls and floors. There were also leakages through the floor of Flat 2.

The infiltration was calculated according to a mass balance model, previously applied to
analysis of gaseous contaminant concentrations [3]. The basic assumptions governing the
model are that particles are perfectly mixed within Flat 2, i.e. the concentrations of particles
are uniform throughout the whole volume. The results of the measurements of particle
concentrations showed that the UFP transfer was about 1% when Flat 2 was not sealed. In the
case when Flat 2 was sealed, no increase of the concentration of particles in Flat 2 was
detected.

Air circulating ductwork

Air cleaning device in duckwork
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Figure 2. Measured UFP concentrations generated by cigarette in the inlet air and in the
exhaust air of the air cleaning device.

Figure 2 illustrates the course of measured UFP concentrations of cigarette smoke in the inlet
air and exhaust air of the air cleaning device tested in the laboratory environment. C1 means
calibration of all instruments in the inlet air of the air cleaning device including two
condensation particle counters and two TVOC instruments. C2 means calibration of all
instruments in the exhaust air of the air cleaning device. The calibrations were used for
calculating the concentration of UFP and TVOC. S1 to S7 stands for Scenario 1 to Scenario 7,
described in detail above in section Methods. The results of TVOC concentrations showed a
pattern similar to that of the UFP concentrations. The outdoor concentration was not
measured, since it had the same influence on inlet and exhaust concentrations.

DISCUSSION

Air circulating ductwork

Ventilation reduces the concentration of pollutants by means of dilution. Generally, in a flat
air should be supplied to bedrooms and living rooms and extract should be from bathrooms
and kitchen. This can be effectively achieved if the building is equipped with a mechanical
ventilation system. In Denmark the energy consumption for climatisation of buildings make
up almost 40 % of the total energy consumption. One possibility of reducing energy
consumption could be to enhance control of air-conditioning and ventilation rates in relation



to the actual needs, i.e control-on-demand air handling system in residential buildings. A
practical application is to investigate the possibility of using air recirculation together with air
cleaners as a technical solution to improve IAQ while reducing the outdoor air supply and
hence energy consumption for ventilation. In the present study a novel air cleaning
technology was tested in a ductwork.

Table 2. Calculation of UFP removal efficiency from cigarette smoke.

Calculated UFP removal after burning a cigarette | Scenarios explained
(%)
39.98 S1; All parts work continuously
S2; Turned off ozone generator after burning of a
44.99 cigarette
S3; Turned off UV lights after burning of a
58.67 cigarette
S4; Turned off electrostatic precipitator after
46.81 burning of a cigarette
S5; Turned off electrostatic precipitator from the
29.75 beginning of the measurement
S6; Turned off UV light and ozone generator
60.04 from the beginning of the measurement

The air cleaning system consisted of four main parts, 8 ultraviolet lights, an ozone generator,
an electrostatic precipitator and an ozone filter. In order to understand the effects of the
different parts of the device for removing ultrafine particles (UFP), TVOC and ozone, 6
scenarios of measurements were carried out. Table 2 shows the calculation of UFP removal
efficiencies of the cleaning system in 6 different scenarios. In all scenarios, a cigarette was
placed at the inlet of the system and was left burning for 10 minutes. The second column in
Table 2 shows the UFP removal efficiency after burning a cigarette, i.e. 10 minutes after the
start of the measurement in each scenario.

The percentage of UFP removal efficiencies in Table 2 was calculated by subtracting the
calculated area under the curve (Figure 1) for inlet concentration and the calculated area under
the curve (Figure 1) for exhaust concentration, divided by the calculated area under the curve
(Figure 1) for inlet concentration multiplied by 100. The results from Scenario 1 to Scenario
4, which had similar operation conditions during the first 10 minutes of the measurements,
showed that the UFP removal efficiency ranged from approx. 30% to 60% after 10 minutes,
i.e. when the cigarette had burned out. In Scenario 5 where the electrostatic precipitator was
turned off from the beginning of the measurement, the UFP removal efficiency was approx.
30%. In Scenario 6, where both the UV-light and the ozone generator were turned off from
the beginning of the measurement, the UFP removal efficiency was approx. 60%.

In addition, the results from Scenario 2 and Scenario 3 showed that when the ozone
generator and the UV lights were turned on again the concentration of UFP increased. The
same phenomenon was observed when the UV light was turned on again in Scenario 6. The
reason was that cigarette smoke generated not only particles but also chemical substances in
the system. During the first 10 minutes a lot of chemical substances might be adsorbed on the
surfaces of the system, since the airflow and the supplied ozone were not able to remove all
chemical substances. The ozone supplied to the system reacted with the chemical substances
and generated new UFPs. The same phenomenon was seen in the case where UV light was
turned on again, since the ozone photolysis by UV light leads to production of the hydroxyl
radical OH and consequently leads to the removal of hydrocarbons from the air and also




generation of UFPs. To clarify the phenomenon further investigations are needed in this
research area.

Identification of the ways of infiltration and sealing solutions

In an old and non-renovated building, like the building in the present study, the ventilation
system is based on natural ventilation i.e. there is no fan to extract the particles from the flats.
There are various ways that smoke is transferred from one flat to another. The air transfer rate
between two flats depends among other things on the age, construction and tightness of the
flat. The results of the fan pressurisation method (Blower door) of Flat 2 with and without
sealing showed that the sealing of the floor of Flat 2 reduced the infiltration by air by 16%.
The results of the measurement of particle concentration showed that the transfer of UFP was
about 1% when the source was located in Flat 1 and Flat 2 was not sealed. Figure 2 shows the
UFP concentration in Flat 1, Flat 2 and the outdoor concentration. In the case where Flat 2
was sealed, the concentration of particles in Flat 2 did not increase. There could be three
reasons why the UFP concentrations in Flat 2 did not increase. One possibility was that the
infiltration of particles before sealing was only 1%. The second reason could be that the
sealing materials on its own reduced the amount of particles that infiltrated Flat 1 from Flat 2.
The third reason could be that the infiltrated particles to Flat 2 deposit on the plastic surface in
the Flat 2.

CONCLUSIONS

The thermographic photos showed that there were many leakages in Flat 2. The leakages were
paths to Flat 1 and to the outdoors. Most of the leakages occurred at the junction between
walls and floors. There were also leakages through the floor of Flat 2. The fan pressurisation
method (Blower door) of Flat 2 with and without sealing showed that the sealing of the floor
of Flat 2 reduced the infiltration by the air by 16%. The test of air circulating ductwork
showed that the UFP removal efficiency ranged from approx. 30% to 60% after 10 minutes,
i.e. when the cigarette was burned. In addition the results showed that ozone generated by an
ozone generator and UV light reacted with chemical substances adsorbed on the surfaces of
the system and consequently generated ultrafine particles.
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