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Effects of Different Ventilation
Parameters on lndoor Pollutants
E.M. Sterllng T-D. Sterllng, Ph'D

ABSTRACT

For conÈro1)fng and for aettlng ventllatlon st.andarde to ¡rafntaln accePtable lndoor afr quallÈy'

fcr¡oul<lapPeartobeofgreate6tfmportancetodeternfnethestrengthofrelaÈtonahlpgbet}¡een
contaoinant concenÈratlonã on one hand änd different rates of ve'ntllaÈlon and how theee rates

are expreaeed on the other.

tmporEant dats to do Just that are now ¿vallable an<i are contafned ln a computer etored archlve

of br¡lldlng lnveettgâtlons of lndoor alr quallty conducted 1n Canada and the U'S' Thle archive

contalne adequate vãntllatlotr fnforrnatlon for 2l lnetances for courparfng pollutant

concentreÈÍons rrnder varfous ventllatlon condftlons'

Four observations ernerge from the analysls of Èheee data: 
:

l. So¡ne ventllatlon ¡neaeures are ¡nore sensfEive Co occ'uPancy requirements than are others'

2. Pollutante reepond dlfferently to ventllatlon' No onä pollutã'nt can serve ae a predlctor of

t. Bulldlnge rnalntaln an a¡oblent level of
n, Lndoor ãctlvltteet occupancy, oaterlals'
e operatlonal, nanlpulatlon of ventflatfon nay

lndoor Pollutants,
nay undàr-estlnate actual occuPency loade'

II{TRODUCTION

need to mafnÈaln acceptable alr quallty 1n

Thts telatton fs frnpl.Jcltly acknowledged by attemPts-t'o regulate the quallty of lndoor afr'

eepecJ.ally the conclntraÈfån of polluiants by manlpulattng ventllâtion standards' But to do so

requtrea *r" k.,o'i;i;;-;;;J. <r) t'o"'äii;";átl v""ttlat1ãn parameÈers (wavs of measurlng
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ventilåtlon) ere relaÈed to eech oÈher Jn practlce, and (2) how different ventfletfon pereneters
¿,re relaEed to concentrátlòns of gaseous and partlculate componcnts of lndoor alr.

Ventllatlon fe expreesed Ln a large varlety of measurements. The rnost wJ.dely ueed meaeurea are
Air Changcs per Horrr (ACH) and Cubtc Feet per Mfnute (CFlf) or Lltres per Second (L/S). ACII ts
the neaaure of toÈal alr exchange Jn an enclosed aree based on tlme, whlle CFil (L/S) te a

volunctrlc meaaurenent of alr movenenÈ. Requlrenents for ventllatlon of enclosuree llsted fn
lable 3 of che ASHRAE standard 62 - I98L are calculated on the basfs of occupant density
(CFl.t/person, L/S.person), end ln some cases bãsed on other variables, such as floor space or
nunber of becls J.n hospitals. The ToÈal a¡rount of afr eupplfed or CFll (Total Srrpply Atr) fs a

mlxture of Reclrculated alr, or CFll (Reclrculated Afr), and Fresh outsfde alr, or CFll (Fresh
Makeup Air). Ho¡¡ever, lÈ ls noÈ often knor¡n what Ehe occupânt load w1ll be over the lffe of the
buflding. For thls reaaon, oc.cupant load ls often predlcted on a square foot baela. The standard
predlctfon.factor 1e one peraon per 180 eq. fc. (Leaneyr 1983)

Ag a conaeqúence, a nunber of ventflatfon paraneters åre desfgned lnto Èhe bulldfng to satisfy
eetlnated ventflatlon requirenents. The bas1c, deslgned-J-n paraneter te CH,f (Total Supply Afr).
The amount of CFM (Freeh Makeup Afr) and GFM (Recfrculâted Alr) are regulated by use of dampere,
and ai all tfnes they are ¡related as CFM-(Total Supply Ä1r) - CFì,l (Fresh Makeup Afr) + CFM

(Reclrculeted Atr).

Desfgned-ln CFll (lotal Supply Afr) wtll of course vary wlth the sfze of the bufldfng, fts basfc
characÈerietlcs, nunber of occupants, fte locatlon, and oÈher expectatlons of use and
perfor-¡nce. In general, CFM (Total Supply Atr) wí.ll be larger r.tlth larger bulldinge that w111
be expected to have greater i¡se and occupancy than snaller bulldfnga wfth leàe antlcfpated u6e
and occupancy. However, any stendard settlng atLempt needs to be ar.¡are of the degree to r¡hlch
theee deelgned-ln ventllatlon parametero correlate wíth each other and wfth parametere affected
by actual uee and occupancy.

There are of course a number. of ventllatfon parameters that can be deflned by expresslng tota1,
fresh and recircu}ated afr wfth respect to actual occuPâncy and actfvftles in the bufldlng.
Perhape the ¡rogt lnporÈant are venEllatfon parameÈers reLatecl to actual occupancy. These can be

expreäsed as an opeiatfonal CFM/PERSON (Tota1 Supp)-y Alr) cFil/PERsoÑ (Fresh Makeup.A.lr) and

CFI'!/PERSON (Recl¡:culated Atr), where CFI'Í/PFRSON (Total Supply Alr) equale lo C¡'l'l (Total Supply
Afr) dfvfded by the actual number of occupants and CFM/PERSON (Fresh Makeup Atr) and CFII/PERSON

(Reclrculated Afr) are calculated ln llke manner

The currenr ventflaÈfon standerd (ASHRAE 62-1981), as lts predecessor (ASHRAE 62-73), ls based

prinarlly on chanber etudles such as those conducted ln the 1930's by Yaglou eÈ al (1936) or
ro." r.""rrtly by Cain ct al (1983). ResulEs wer:e reportecl ln CF'!'{/PERS0N of fresh air véntllaEfon
needed to prôvtãe "odolfËe" envfron¡nente (I{oode, 1979). In the 50 years slnce the Yaglou
studfee, eigniflcant advances have occurred 1n both alr quallty and ventflatlon measurement

technology. Also ln the past lO yeare, both ventflatfon and alr qualfty'havel been measured

sfuultenããuely 1n lnvestigatlve eÈudies of nany nodern eeeled bulldfngs. For conLrolllng and

setting ventlietlon btandards to malntaln acceptable fndoor alr quallty, ft would appear co be

of greatest lnPortance noq to deterurlne:
l. the etrenglh of relaÈlonehlps betl^teen ventflåtfon and contanlnant concentratfone, and

2. the moet effectlve neasure of ventLlatlon for the purpose of alr qualfty control.

In 2l cases s¡here adequaÈe data exlst for venÈllatl-on and afr qualtty we examlne relatlonshlps
.rnong rtffferent wsys áf measurlng ventllaton and between these possible meaeuree of ventllatfôn
.,.nd òbeerved concenEratfons of gaseous and partlculate alr contarolnants.

}TETHOD

A large nunber of offtce bulldtngs havc been lnvestlgaÈed durlng the lasÈ few years ln order to
deterurine the relatlonshfp of lnãoor polLutants either to health and comforË conPlalnts of

occupânÈs or to bulldl.ng characÈeristr.cs. At the tl¡re of thls report, 143 euch etudlee had been

revfer¡ed and inforoatlon contafned ln theur placed tn a conPuter based Bufldfng PerforrnÂnce

Infornatlon systen (BPIS). ConÈaÍned fn thls data base are 2l fnstances ln whlch lnvestlgators
provfde,d infoinetlon on venÈilatlon characterletlce of the bufldfngs analyzed ae well ae leveIs
of eone key pollutants. That lnformatfon eras extracted fron BPIS and prepared for furÈher

.- ãnafy'et's.

Ventilation charecterieÈlce were obtained elther as Ehey'urere ataEed ln or calculated fron
lnformatlon fn each report. Feasr¡rp<l chår¿cterlstlcs !.nc1u<ìc: percent of fresh air, percent of
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reclrculated afr, CFM (Frcrsh Hakeup Afr), CH (ReclrculaÈed Alr), CH (Tota). Supply A1r)
Cfil/pERSON (Fresh Makeup Air), CFI,I/PERSON (Reclrculated Afr), Ctl'l/PERSoN (Total Afr Supp

. Tq_tat Afr Changes per Hour (TACtl), Freeh Alr Changes per Hour (FACtt), and number of l.ndl
occupyfng a 6pace (PoPulatlon).

,
lv),
viduals

An adequaÈe nunùer of these srudles also measured the sune polluÈants so chat rhelr analysls
cou¡j úe Included. These were carbon dloxlde, carbon monoxlde' PartÍculatee, and hydrocarbons.

The rèsults of analyafs of these data are presented fn Chree 8ect1on8. Flrst, the
lnÈerconparleon between the dlfferent venÈllatlon ¡neasures; secondr Ehe relatlonshlp betr.teen

ventllatfon 6nd pollutant concenÈratfons acroaa butldlngs and thlrd, the relatlon of polluÈants
to ventllatfon neasures ln sPeciffc bulldinga.

ReeulÈe Part I: InÈerconparison Bet$teen Ventllatlon Measurea_-
f]b-ie i ffiarfzãE resu1c6 of correlattng naJor venÈflatlon Paranetere acroaa buildtnge for
whtch theae EeaBurea can be conputed (uslng Peareon Product HonenÈ Correlatfon Coefffcfente). It
is túnediately apparent that deefgned-1n paraneÈere CFM (ToÈel Supply Atr),'CFU (Freeh Makeup

Alr), end CFll (Rectrculated Atr) are hfghly lntercorrelaÈed ae wotrld be expected. After all,
they ar.e deterolned by the aaoe requlrenenta dlctatfng the propertlee of ventllatlon oyBtena. On

the oCher hand, lnÈercorrelatlons fatl Èo be slgniflcanE between nost deeigned-ln parameÈers and

parenetcrs relãttng Èo ectual uee. However,, these latter áre aga!.n h{ghly lntercorrelated.

CFM (Total Supply Alr) ls slgnfflcantly and highly correlated Èo both CFll (Freah HakeuP A1r)
(r -.89) an¿-bfU (Reclrculated Afr)(r -.99). That fs, aa CFll (Total Supply Afr) lncreaeee, 8o

doea CfU (Reclrculared AJr) and CF}l (Fresh Ì'fakeup Air). l{hlle C¡Ï (Freeh Makeup Alr) 1a

correlated with CF¡1/pERSON (Fresh Makeup Alr) (r - .41) and PopulaÈfon (r -.56)' lt fs not
y Atr) or C¡Ì,Í/PERSoN (Rectrculated Afr). Thts
g f fndtng. Amng the deÈerrûfnante of CF!{ (Total
ls che expected use of the bullding, especfally
ld expect calculated CFM/PERSoN (Freeh Makeup

esh llahr:up Alr) to correlate hfghly. Although

that correlatlon fs'posltlve and stetistically slgntficant'' lt fB relatfveLy snall
ii-- .qf, p -.05). Further rhe correlatfon beth,een CFIJ (Freeh Èlakeup Alr) end CFIf/PERSON

ifor.f Sippfy Alr) ls small and not slgnfffcant (T:.31, P ',2), A further clue for Èhe

coDplexfty of Èhese lnÈer-relaElonshlp; fs offered by the àegatlve correlatlon betneen actual
."".p"i"y'and cFf,f/pERSoN (Fresh Makeup Atr). Thl.a-correfaÈlon J.e eÈaEletically èlgnlflcant and

n.g"i1.,"- (r - -.37, P - '05)' (See Flgures I and 2')

Flgure I Le a scatÈergraur c¡f CFll (Freeh Makeup ¡fr) by Populatlon' Flgure 2 le a elnllar ploÈ

wfitr CW/pE¡,SON (Fresñ Makeup Alr) by Populatlon. Fron vleual lnepectlon lt can be seen that as

populatlon Lncreaces eo does'cFll (Freah Makeup Alr). But a negative relatl-on exiaÈs between

CfM/psRSON (Fresh Makeup Atr) and PopulaÈfon

Insofar as CFH (Fresh Makeup Alr) fs baeed on an esÈfnate of the rn¡mber of people anÈlclPated to
tfon beÈween Cril/PERSON (Fresh Makeup Afr) and

. That ls, the nore people åre Presentr Èhe

ls true in parÈ becauee the correlatlon between
osltlvr: (r - .56, P - .01) (See Fl8ure 2)
alrre of CF'Í/PERSON (Fresh Makeup Afr) and

gatfve correlatfon lndica[es that whfle 1c nay
o occupy a spdce lncreaees, the anount of CFil

(Frestr Hakeup Afr) supplled to thls space also fncreasc.:r y€t that lncrease falls Èo be

ù.åpri.rii"iå to ttr" åår,r"r mrnber of indtviduals who occupy Èhat space once the bufldlng ls
br¡tlÈ. Or, stated ano¡her way, the nunber of lndlvlduals who actually occupy a aPace tend Èo be

conai¡tently Iarger Èhan Ehe nunber of lndlviduala who were exPected to occuPy Èhat apace' Thus

rhe ohserved correlatlon beÈureen CFil/PERSON (Freeh Makeup Alr) and populaÈlon ls negatlve. As

one irnportanÈ conscquence, the arþunt of freeh atr per Person sPPeers to be consÈanÈly and, what

nay be more lmporÈant' proS,rcssfvely unclercstfmated'

Conc .: tts lon . Par t I
#;ffi"åtiËiron paranccers mr:asurc the sa¡ne sspect <¡f ventllaÈlon. cF'M (Freeh Hakeup Alr)

rnd cFltipERsoN (Fres¡ Makeup Âlr) m.ay be very dtfferent measures of ventllaÈlon' cF}t (Fresh

llak.'rrp Afr) is thc addit!ve, predlcted fresh alr requfrement for a Èotal bulldlng baeed on

certaln n6sunpcfonsiÌ,.."a gárn frorn llghting, solar exposure and equlporent a6 well as the nu¡nbcr

of occupirnts exp\'r'red..qltliough heat gã1n lncreases sornéwhaÈ t^tfth populaÈlonr other maJor
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sourcea of heet are lfghÈfng, solar radfaÈlon and erorklng equipment. These facÈors do not
nécesearfly fncrease wlth an lncrease ln populatlon. VenÈllatfon englneers concerned wlth
provlelon of acceptable afr qualfty ehould select the most appropriste ¡neâBure of ventilatlon as
the-baele for systene desfgn. At present, CFll (Fresh Makeup Air) and CFI'{/PERSoN (Fresh Makeup
Afr) are not ProPortfonally related. Attenpts at developlng new standards need to take theee
factors fnto conefderatlon.

Resulte Part II - Relatlons bethteen Ventllatlon Parameters and Pollutant ConcenÈratlons.--- 

-

ventflalfon fs the prfunary nechanfsm used ln modern offfce bulld1ngs foi ãchtãvfngìõãptaUte
air qualfty. CFlr (Tàtal Supply Atr) and cFMlPERSoN (Total Supply Alr) are the ûrosr widely used
measures of ventllatlon. Table 2 shows the correlatlon between the6e ventllatloo rur",rre", Cnf(Total Supply'Alr') and CFIÍ/PERSON (Total Supply Afr) with, Ievele of carbon dioxlde , carbon
monoxf.de, partlculatee and hydrocarbone. The èorrelatlon betneen CFll (Tota1 Supply Air) and
carbon dtoxlde fe negatlve and sfgnfffcant (r - -.85, p ó .01). As total air supply lncreâsee,
carbon dfoxfde decreases. Hos¡ever, the correlatlon betl¡een CFll (Total Suppty Afr) and
þdrocarbons 1e posftive and slgnlf.fcant (4 - .85, p ¿.01 ). As c¡u (Total supply Atr)
Lncreasäg, þdrocarbons aJ-so lncrea'ee. Nelther carbon monoxlde nor partléulatã lãvele appear to
be related to CFM (Total Supply Air) neasures. CFil,/PERsoN (Tota1 Supply Alr), shows sfgniffcant
nêgatfve correlatfon wlth carbon dloxl.de (r - -.62, p ¿ .05), as does CFM (Total Suppfy Afr).
However, correlatlons w1Èh hydrocarbons, partl.culatee and carbon nonoxLde are euåll and
etatletfcelly not elgntflcant.

Concluelon Part II
Carbon dloxllde cõcentratfons are often used to predlct the level of acceptabllfty of fndoor
afr. However, the exfstlng data shows that carbon dloxlde levele reapond dlfferently to changes
ln ventllaÈlon than do hydrocarbons, carbon nonoxlde and particulates (epeclfically to changes
ln CFlt (lotal Supply Alr) and CIIr/PERSON (Toral Supply Afr)).

Concentratlone of pårÈlculåtes åppear not to be related to CFM (Total Supply Atr) and CFM/PERSON
(Total Supply Alr). However, concentratlons of hydrocarbone (very sna1l partfcles) lncreaee
stgnfffcantly wfth CFll (Total Supply Atr). The Lncrease fn concentratfon of very snall partlcles
could be accounted for by Èorn or poorly rnalntalned flltere wtrlch fatl to rèmove snaller
partlcles fron the afr eupply once they are entrapped lnsfde the bulldlng structure.

Carbon nonoxlde levels are unrelated to changes 1n ventflatlon'parametere. Carbon uonoxlde and
cårbon dloxfde are both gaseous alr consÈltuents. Lf naJor aources of both are located fndoors,
euclr ae hunån netebollao for carbon dfoxfde or tobacco emke for carbon monoxfde, then they
should reepond afnflarly to all nreasures of ventflatlon. Thle le not the caee. Carbon dloxlde ls
reduced by lncreaeed ventllatfon but carbon monoxlde fe not. The ¡rost logfcal explanatfon ls
thet although Bourcee exlet lnefde eorle butldlngs, the maJor proportlon of carbon nonoxide found
lndoora lnflltrateg the buflding fabrfc frou outdoors. Measurement data froqr 143 bulldfnge
preeented et the ASHRAET l{aehlngton, DC, neetlng (Sterllng g! al, 1983) lende support to thfg
explanatlon. Levela of oarbon monoxfde are unfformly surallr'lrregardless lf enokfng ts
prohibfted, restrLctêd or pernitted. These ftndlngs also agree wlth revfews and studfee ln the
publfehed lfteratu_re. (Sterlt'ng et al, 1982,1983) Carbon monoxlde levels meaeured lndoors
prfunarlly reflect ouÈdoor noÈ fndoor sources. (also shown 1n Yoc.un, 1982)

Resulta Part III Relatlon of Pollutants to Ventllatlon
Three studlee ln the satple no tored pollutant levels sl

Measures ln Specfflc Bul.ldlngs
rmrlf.aneous wfth manlpulaÈ1on of

ventllatlon ratee. Pollutants that have been conslstently measured lnclude carbon dioxide,
carbon monoxlde, partlculatee and hydrocarbons.

Table 3 presents coneolfdated results of Ehree such sÈudfes. Here the relatfon of pollutanÈ
levele wlth variatlons of ventllatfon rates can be seen wfthln the sane bufldfng. Table 3

presente vdntllatfon measures as they could be deEermlned from the reports obtalned frour the
lnvestlgetore. Turlel et å1 (1981) ¡neasured lndoor leveIs of cerbon dloxlde, hydrocarbons,
purtfculates, and carbon monoxide fn a new San Franclsco offl-ce bulldfng under both 152 and 100i1

fresh afr condftlone. Serk et al (1979) measured carbon dioxide and carbon monoxlde fn a new

hlgh achool under 5,ll ,8.4Tartd 452 fresh alr condltlons. Saltsbury eE af_(1979) mcasured
cerbon dloxfde, csrbon nonoxide and partlculates on six dlfferent floors of a 36 story nes,

offfce bufldfng ln Attanta. Ventllatlon condlÈlons varfed from li,2 to 29.57" freslt alr. For Berlr

-et -a1..¡nd galtabrlry.-€t .al lable 3--only lncludes- lor.¡est and hlghest f resh af r condl tf ons f or
plr!-osus of conparfson.-

In nll three caaes, r.rJth fncreased fresh a:f r r¡enl:JJ¡tlon, tha only s{¡rrJ,flcnnl redttctlon ln
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---r r^ 1^.,^1 la¡¡aÁeê.1 uhpn DercenE Of

Pollutantlevels.occurredforcarbondloxtde.Thecarbontlioxldeleveldecreasedr'henpercenl
freeh alr lncreased. A1l other contamlnsnts Dål-ntalned a steady level wlthln each bulldlng'

Carbon¡ronoxl.dereflectedoutdoorleveleatallrlmes.BothftndlnEsereconslstentwlthresult6
of part II where relatlon of measurea-páffrrtfon levels "i.t¡ 

,'tnrrlãtton lncreases were conpared

across butldfngs

e levels. Howevert s betcer meang for
Id appear to be ftlcraÈ1on of outdoor alr'

CONCLUSIONS

Theeedataareonlythebeglnnlngofa'revl'ewofact'ualbutldlngventflatlonsystemPerfornance
whtch ¡rust be undertatuo "ã 

basfs for a ner^t^consenaus ventllatfo" ?t"i9i:f 
i'le have 6een that:

l. sone ventlletfon measureB are more sensltlve to occuPancy requlreme'nts than are oÈhers'

z, PollutanÈs respond dlfferently !o ventfl.atlon, ^o 
o,'" pollutant can aerve as a predlcÈor of

t. Bufldtngs rnalntain an a¡¡bient level of
n, indoor ãcttvlties' occuPancy' oaterlêLst
I operatlonal, nanlpulatlon of ventllatlon may

fndoor Pollutants
nay ,rndàr-e8tfnaÈe actual occuPancy lo¿ds '
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Table 2: ProducÈ Moment Correlatfons of Total CFM and Tota1 CFM/Person wlth Levels.of Conmonly
Meaeured Indoor Alr PolluÈants from 2l Case Studles

POLLUTANT

CARBON DIOXIDE

CARBON MONOXIDE

PARTICULATES

HYDROCARBONS

- not sfgnfflcanC

cFr,f ('ioTAL) cFM/PERSoN (r0',ril)

r P

-.tt5 < .0I < .05

r p

62

-.I3-.07

+. 06 -.20

+.85 <.. 0l +.31

Table 3: Conparfson of Pollutant Levels with Ventilatlon Measures fn Three Bulldlng
Air Quallcy InvestlgaÈlons

Â B A b A B

l5 t00 5,t 45 t3.2 25.9

85 0 94.9 55 8ó.8 74,1

VENTILATION PARAI{NTERS

T FRESH AIR

I RECTRCUIjATUD AIR

POI,LUTION t{ÈASURES

C.{R8ON DIOXIDE ppo

CARION IONOXIDE ppo

IÍìIDROCÂRBONS ppo

PARTICU!.AIBS oBlDt

TURIEI. er llr BERX eÈ a¡.r SAI,ISBURY "t ¡lr

976.0 645.8 127 5 850 ó50 600

<1. <4 4.5 4.5 1.,15 3,2i

2.5 0.56 3.55 l.3t

.031 .021 023 oz4
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Figure 't. Scattetgran of CIM (ftesh makeup air) bg popuTation
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Fígure 2. Scattergtan of CFvy'Person (fres\ nakeup air) by populations


