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Member ASH RAE 

ABSTRACT 

A number of approaches exist to evaluate building venti­
lation and indoor air quality. In some situations, the measure­
ment and analysis of indoor carbon dioxide concentrations 
can be useful for understanding indoor air quality and ventila­
tion. On the other hand, oversimplified descriptions of mea­
surement procedures based on carbon dioxide have been 
presented, and there have been many instances in which 
indoor carbon dioxide concentration measurements have been 
misinterpreted and misunderstood. This paper describes vari­
ous applications of carbon dioxide concentrations for evaluat­
ing building air quality and ventilation and the factors that 
need to be considered in their use. While carbon dioxide con­
centrations do not provide a comprehensive indication of 
indoor air quality, they can be used to indicate the acceptabil­
ity of a space in terms of human body odor. Also, under some 
circumstances carbon dioxide can also be used to estimate 
building air change rates and percent outdoor air intake at an 
air handler. These uses of indoor carbon dioxide concentra­
tions, and the situations in which their use is appropriate, are 
described. In addition, the factors that must be considered 
when using indoor carbon dioxide concentrations in these 
ways are also described. These factors include building and 
ventilation system configuration, occupancy patterns. nonoc­
cupant carbon dioxide sources, time and location of air sam­
pling, and instrumentation for concentration measurement. 

INTRODUCTION 

There are a number of situations in which it is useful to eval­
uate building ventilation and indoor air quality. These situations 
include building commissioning, proactive building manage­
ment, diagnosis of indoor air quality complaints, and investiga­
tion of building energy consumption. A number of techniques 
are available to perform such evaluations, and some of these 
techniques involve the measurement and analysis of indoor 

carbon dioxide concentrations to evaluate specific aspects of 
indoor air quality and ventilation. However, as with all measure­
ment techniques, the user needs to understand the procedure 
being employed and must use it properly to obtain reliable infor­
mation. 

The usefulness of carbon dioxide in understanding indoor 
air quality and ventilation in buildings is based on two concepts. 
One is the fact that people emit carbon dioxide at a rate that 
depends on their size and their level of physical activity. The 
other factor is that when the indoor carbon dioxide concentration 
is elevated above the outdoor level, it can be used as a tracer gas 
to study building ventilation using a number of well-established 
tracer gas measurement techniques. 

There have been cases in which oversimplified descriptions 
of measurement procedures have been presented and in which 
indoor carbon dioxide concentration measurements have been 
misinterpreted and misunderstood. For example, a study of the 
indoor environment within office buildings reported no associ­
ation between high ventilation rates, 15 Lis and 32 Lis per person 
(30 cfm and 64 cfm per person), and the rates of occupant symp­
toms (Menzies et al. 1993). However, the reported ventilation 
rates were based on the analysis of indoor carbon dioxide 
concentrations using a simple mass balance equation based on an 
assumption of steady-state conditions. The existence of steady­
state conditions was not mentioned in describing the measure­
ments and data interpretation. If the carbon dioxide concentra­
tions in the buildings were not at steady state, the actual 
ventilation rates could have been much lower-by as much as 
50% (Dols and Persily 1995). Other misunderstandings concern­
ing indoor carbon dioxide concentrations include statements that 
describe carbon dioxide as an indicator of overall indoor air qual­
ity, that express health concerns for indoor concentrations above 
1,800 mg/m3 (1,000 ppm(v)), and that imply ifthe carbon diox­
ide concentration in a space is below 1,800 mg/m3 (1,000 
ppm(v)) then the space complies with ASHRAE Standard 62-
1989 (Persily 1993). 
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Tl).is paper describes various apprpaphes to using in,door 
carbo11 dioxide ~oncentrations to understand building indoor air, 
quality and ventilation. The relationship l?etween carbpn dioxi.Q.e, 
concentrations and iµdoor ai,r qualityjs, discllsse<l, wit)l_ ·an 
emphasis, on the, ex;pyr;imen,tally lf~moqstratec.\' ,rel~tionship, 

between conceI).trfltion and the ae,cepta\Jility, pfquma~ body odor 
i~ ~.ccµpied spac;es. A n4µtber of approacl;ws in which qrbon 
diQ,xWe '::lln, l;ie 1.\sed .ll~ ~ ti:&.cer gas to, qetermine l;mi~ding VyP,ti­
l;:1tioi:i, par.ameters are also.described. Iv1uchofthe material in ~his 
paper is. based on :ll proyisipnal st.ii.nd~rd rOI), ith.e \ISe. Of indmir 
carbon diox,ide concentn1tipns to evaluate iJildoor. air quality and 
ventilation ({iSTM J, ~9~). " , 

. ' I . ii I\ I 

CA~BON ,PIQ,XlpE GENE~TION ~l:\TJ::S 

. 'B0th the .relationship between indoor carbcm dio!<:ide 
concentrations and .1iiidoor air quality' and . .the relatiorish1p 
hetween carbon dioxide and velHilatton are·hased on1the rate:ar 
which people generate carbon dioxide, People generate carbon 
dioxide, and consume oxygen, at a rate that depends primarily brr 
their level of uhvsical· acri:vitv and· their size. The relationshit) 
between activity· level, size and the rates of carbon dio'Xiide gen:er­
ation ·and:oxy.gen consumption,is discussed in ASHIMBFunda~ 
mental<'J (ASHRAE 1993) and fa .summarized below: 1 •• 

The rate of oxygen consumption, V 0 , in Lis, ofil'persoi\. is 
2 

given by the.following equation,:. ,., \.; 

·0:0027&A~M . ,. 

V 02 ~ .. (~ . 23 RQ.+ .o. 77) ·. 
(la) 

" 

AD is ttt.e DuBois surface 'area 'in' ni12
\ which is described· 

belowl· When using inch-pountl (1-P)' units, AD is 'in: ft2' and' 
V 0 is,in cfm, and Equation la:takes'the form 

2 ' 
, . ,f' ', : < .~ I' • 

V '= 0.000.~,43ADM •1 • 

0
2 (0~43RQ+ 0.77) · -'" 

(lb) 

•· . • ,·1 • , • , 1. fr 1fl1 "'( . ' .' I 
where RQ 1s the respiratory quot1ent, .1.e. the relative volume~-

! ·u ,, " "' • · · 1. -
.ric' rat~s ?f carbon _qi oxide pro'duced to 8 xygen con.sl1med.)vJ 
is the 1Jvel ~f physicai activity, or

1
the metabo~c 'rat~ per unit 

I' ') ' ' ' J ' lj 'l I l> l l t•1 <;· h .) I" 
Of'surface

1
arF,a, m n1ets (1met = 58.2 Wfm = _ ~-.5 ~Btt1fh·fr-) , 

1@ . th~.n~:B~is. surface .area ini 1~2 '.c,an ,pe esfimatfd ~ ' :v~~ 
f9_L ~'.'i'~ng eq~~t1~11: 11• ..,. ,, • rr , ,, , i,,, , , 

,,.!.,IW• ,i . ,) .A ::~ o.2d
3
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1

s Jc. ), : 1' . 
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where His the body height 'ill fu 1and Wi~ the bdily 'inass· i~ kg'. 
Whwi U.liing in,Qh,pound units, AD is in ft2, His in'ft, Wffi in lb, 
and EqJlatiPn 2a ~kes 1the:fonn : : • 1 -· · " , , 

1!(:i_.j, r.:t'~~ !, ·J\i(',':ji.):Jn:.~"·)' __ );,·.! ;,,::~_, j:, : •'•l.,;:·r(1,,) 

I :·, .. ,:·,;y,! .:-',; '"; r,\.D;~ ~.(i6!JH°•?.2f \1f.::-2~1 · .. , , ' ·, r;.: ·,(2b~: 

"
1
· P.~~~~'~ ct.ul! 9' i~ve~~ge,s· ~ ~ AD~~11~1~ ~bo-~~ l .S µi2,(19 ~)c: 
· lf 1 ' ... I ' I I ~ > - ' • •• . •J _, .'1' f.. ' I. ' ~ ' ' ·,/ . 

Add( ioual info>,ma~io11 Qn body surface area is ayaj,\abl(). in the 
I , .llf" > • '• •... . l I 

E,PA~ s . ~posµre Fa,cto,rs/ f,andbook.(EP,A 1989). The ,ya,!l e, of 
~q.ct,epends Qn 9 iet. th~i le'jel gf physic,i,i.l ,~c,~ivify,, ,c,in41 the p!u'.s-, 
ical cq~,dit~?Jl •Qf t~e1 perspn .~d 1is ~qu<J,P9,0.8~,f~r ~n,ad11It of 
ayera~~. size ~~~It ei;igag~d)_n F~htp{: Stf ?tfntao; ~stiyjli~s. R,Q 

2 

increases to a value of about 1 for heavy physical activity, about 
5 met. Given th<:_ie~pected,range of RQ, it has only ·a ~condary 
effect on carbon dioxide generation rates. -

1· . The carbon dioxide generation rate of an ind;i~ldua l is there-. 
fore equal to V0 multiplied by RQ. Figure 1 shows oxygen' 
sonsumption and\arbon dioxide generatien rates.as a.function 1 

pf physkal aetiyity for an average-siZed adult with a surface area: 
of 1.8 m2 (19 fi2}and RQ =-0.83. - ·· ; 

. " ii. 

I ' 

, .•. n .· 

Physical Activity (~e~J : 
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figur~ ~· Ca;pon .. '. dioxid1~
1 1g~~e~~f9n " r~nd .. !'.9tfgen 

. , ·: ,, , con~,umption. as a fun,ctiO[!r,?f Jl.hy.sf~al _actjvit.X;, 

: , Bas(ld ,on Equation: 1, the carbon dioxide generation rate 
com,sponding to an average-sized adult engaged in office work 
O ,4 met) is about 0.0052,,L/s (0.011 cfm). However, the gener­
ation- nite depends strpngly on ~c.tjyity level and can cover a 
range fr.om less tha11 Q.005.0 Vs (0,911 cfm) at 1 met to as h\gh 
lJ.S O.OIQ L/s (0.021 ~:@) atiabo.ut 2 met'for the occupants ~f1an, 
qffice bJ,lil(;iigg .. '.f.h~ ClJ.r.\)on qioX;\de generation rate, for a child: 
with Av ff 1.qi~(l,l fi2) and <J, pqysical ~ct,vity lav~l,~f~;21met 
is equal.to O.OQ,49J./s (0.0061 cfm). Wi4en,nwJ<i,ng calcµlati~ns 
th'1t: u.se jhe qarbon dioxide gener!J.tjon i;ate, in1 a[}mildiJJ,gr·Of113; 
must consider the level of physical activity and the ;~jz~ oOh.e 
building ocCl!P.a_n~s: Chapte 

1 
,? .!"Jf ASlfRf..~.,Efun.~amen/als 

' Physiolqgici! :principles aria , herm'a! q,om·f<?.rt' · A. }JRAE 
1993), '9?nt~in~ . typical m~f l~v~l~'~'.~~r,"~. ~ai;if~ , q,~ractivities . 
Som~1 of these :va!ues ar~r? rodu~eq, 111 T~p e !'° 

1
, 1 • , 

.'Oxygen depl,etion,js s.om~tim,es cn~d1aS:l!.if~\l?e ofindoor ai~ I 
qvl\lity1cpipplajQ,t~ inbuild;ing~. ~11se~ 01!1 th~jOXMg~n, consuw,p;-, 
t~on rates de,t~rniµed 1 ,\Vitl;i E,quation, l 11 it qa,n . b!:) 1.SQP}"ll! that; 
oxygen d,epletipq 4u~ tp: lo~: ,ventilai\~M ~ates ~s ~ot fypi€31Uy; i:.t'J:J 
issu~ of conceJ.'.i;i. Q~vep 11n a!o;t,iyi:ty )eyeJ F.orre~JNl].,dinR to offi.pJi-1 
work~ ,about 1.2 inet1 the O)fygep. ~,GHIS,\lJ:APtion, riii.!e! o(an-,i,ppi;;: 
vi~ual equaJs 0.00Pc!/s (G.Q,13 cfm)°',A.t:a~10utpoor ~jr V()ntin1 
lation rate of,,7 .5, ,vs {)q SJJI:l.) ,p,lfli,Jl~F.801\~ .tqe, Stt;;acb£r!!,\~t~1 
indo9r, Qx;y.gen COllC((,Jltr;tti0,11; i~'J ~educed, ff~ID : i~S 1 ,ty,ptQl\:l: 
oµt;d_oor, ~iyv,el:of.41,'}·Ho.2:0.!]%.;i\1 2,.$ ~(~,(5) 9fm),ap~1.0,,~: 1 
Lis (1 cfm) per person, the indoor ox;yg<1n. _yQnc.e,?,tratiol.'l ;_is 



TABLE 1 
·1 •1.'11< Typical Met Levels for Various Activities ~ ": ' 

.. {\cti~ry Met , I• 

.. Seated,1 qui~ . J: 1.0 :, . ·'·· 
i ·Reading and.writirtg,seated~: . , v: I l .O" 

.. ;.: ri1 1: I' 

I 1; ••; : ... ) I ~typing 
11.-_,1 ,:,t\ ! 1 

" L : , , iO'i'J It,' 

I 

Filing, seated 1.2 

Filing, standing 1.4 

Walking at 0.9 mis (2 mph) ·--- 2:-0. 

Bouse cleaning 2.0-3\4 

~o i; Exe~cise 3.0-4fo 
-

reduce~ Jt9 20"8% and 1_9.8%, respectively . Health effects do 
not generaUy o'Ccur until oxygen levels decrease to less than 
19.5% (NIVSH 1987), whic'h corresponds to an outdoor air 
ventilation (ate of0.4 Lis (0,8"cf.m) per person. 

CARBON (DIOXIDE AND INDOOR AIR QUALITY· 
·~ . . 

Indoor carbon dioxide concentrations h~ve, been referred to 
as an indicator of indoor air quality, often without-describing a 
specific association between carbon dioxide and indoor air qual­
ity . There are a number'ofrelationships that could be implied in 
discussing carbon dioxide and indoor air quality; these incl1,1,de 
the health effects ofelev~ted carbon dioxide cdncentratibns; the 
impa:d\)f'carboh dibx·icte on occupant perceptions of the indoor 
environment, the relationship between carbon dioxide concen­
trations and the concentrations of other indoor contaminants, and 
the relationship between carbon dioxide and outdoor ainrenti: 
lation rates. In addition, references are often made between 
carbon dioxide concentrations· of 1,800 mg/m3 (1,000 ppm(v)) 
and ASHRAE Standard 62-H89-. While some of these relatioh-1 

ships are relatively wel1'·1underi.'t6°od, arid ' in some case~ w'elJ: 
founded, others have not be~b' docu'tnerlted experimentally or 
theoretkaHy>' Ih otlieriwords, iiitloor carbon dioxide concentra-· 
tions: dah': be 1Isect: tb iril:licate''specific and lirilited asipects of 
indoot air· 4 uality 'but are1 ndf an overalr indicator·of rtiie qualify 
dHntloon1it: · " " ·•' ·;· ·'r. : .,; · , 

: 
11 ' 'tarp~ri 1dioxid~ i' r~ g~r,er~lly conside're~ 'to b~ a health 

. \. · ... ·1 jf • 1• ' • ' 1 , · .] • I I 1 JI • ' 
concern at the concentrations that typically occur mdoors. The 

time~weighted b~er~2~'i1i~e~lloi~)1(~~i.t value (b<ll!~d .§.h .~n 8-hour 
d 0.1!'1. r i . 'k'· . tf)l fi " b • iv. 'd . ' 9 OIJ..O exposure an a 4 -nour wor wee11. · or car on a1ox1 e is , u 

mg/m3 (5,ooo ppmM), •firid thie shore-term exp~ure · limit-1(15-
mmt'tte ~xposur~) ·is1'54,obo nig/n\i3:(30,000 pp'm(v))l(ACGIH 
1'995}.' Nhum15er Ciflstudles 'at elevate'cl concentrafidil§, about 5% 
darboli dioxid'e'ih ·~if cii-90 ;OO'O lng;mJ:· ( 5b;oooipprri(v) y; h'av-e beet\. 
pertHtm't!d; and'the.lowestlevetatwhich effeets hitve been se&n in 
huhilins ' aritl~· iifiimalSC 1is 'abdtit '1%,• f.e.; ·r8,000 mg/m3

' (lE>,'000 
~rfi(v)) $PA 1~1 )!'Ihtloor ~arboil ·dfoxide·concentnitions will 
ncitfeach tflese'levels'eXlc'ept!when•the ventilation rate is ex'ttefuely 
lfflV}· a~mit ·I IE:fil'('.21 ofin) per petsd11 for · 9,0"0 irig!m3 (5,000 
ppmCV)}attdlessthitrt abootd.2L!s'(o.4 cfih) pbrpetd6n'f6r 54,1000' 
rrtg!m~{30,000pprrifv)). (' · r,: .' n '.",, · .... • 11 •·• : '. , ) : 

· Associations betWeen carbon dioxiiie c'onceniratiort~ and 
ot:ctlpifot per6bptions of the"iildoor environment in' term's of 
G!bmfort and irritation ai'e compre'.i{ because they combine se~eral 
different iSisues,~ ihcladirig the' comfort 'impacts of the 'carbon 
dio'Xide ; itself, Jassociation~ betWeeti ' carbon dibxide levels · and 
th~ concenttatioris ' of' other· eontamiriants, and tile relationship 
beMeen carbon didxide'ah<l ventilation. A fo1mber of peer~ 
reviewed; studies' of occupant symptom's nave ·shown n'o'-' ~ignif­
iciil'tt relationilhi~ between the prevalence of symptoms and 
catbon dioxide-coneentrations (Hodgson et al: '1991; J~akkola et 
al. 1991;•Skov;et 'al 19&7, l990). 'However, soine indoor"air 
quality investigators associate indoor carbon dioxide concentra­
tions from 1,100 mg/m3 (600 ppm(v)) to 1,800 mg/m3 (l,000 
ppm(v)) or higher with perceptions of stuffi'ness ~nd othhr1indi­
cators, of discomfort .and irr;itation (Bright et al. 1992;Jtajhans 
19:83; Bell,~nd Kh11.ti 1983). These associations are ofteni based 
on anecdotal observations of1the investigator 'Or.· (!):Il informal 
occupant . suryeJ'Si It . may be that the observed •associations 
between carbon dioxide, and occup<mt comfort are due td,other 
f~ctors, ,s.u-ch as thermal c.0mfort or-.thecconcenfrations of other 
contaminants· in the space: ·Howev.ei;,'. as discuss.ed below, there 
is a demonstrated correlation betwe(}n indoor o~rbon. dioxide 
concentrations and the level of a'Qceptability of the 'space in terms 
ofl:).uman,body odor. ., ,11 , ' ,,, c 

The relationship between carbon dioxid~! ·tbncentrations 
and the concentrations of ptqer indoor contaminants depends on 
the characteristics of the sObrces of.these other contaminants. As 
discussed earlier, the rate at whi6h c~hhn dioxide is generated in 
a space depends on the'~~m.ber of people in the space, their size, 
and. their level of physical actjvity. !(:other contaminants are 
generated at a rate that also..depends on the occupancy Jev;el in the 
space, then carbon dioxide may be a good indicator of the 
concentrations of these contit'minants. , However, only some 
contaminants are generated at a·irate that depends on occupancy, 
and many contaminant sources are not a function of occupancy 
a all '. For 'e~~;~~ple; e_iniss_i~1)~ 'from b~ii~i'in~ r:i:i;~t~rials . a!ld 
ru'rnishings and tlf~ intake ofou'tdoor contamin~ntsoy the ven i­
laHon sh1irh · ctcY;·ot depend on" uie nurhbe'r of o~cui>~nts 'in a 
space. Regarcttess ofthe'inaoor carbon dim~ide ieve!. th~ concen­
tration bf tontaminant~ emitted by ·~ccupani:lnCi~pe~~ent 
sources may be high, low or in between and the carborl dioxide 
cm;1centration will not provideany information on their concen­
tration. This fact can limit the usefulness of carbon dioxide-

based d~mi+nd~controlle4y((ntilati~" ~ .. ,,, , .1 . 

·n The relationship 'betWeen. ;carbon dioxide .and outd'd©:r air 
ventilation rates is well understood and is :based on tl\e!tlonsid· 
eration of carbon dioxii;le as a trac;er gas (Persily and Dols 1990). 
Ba~i!ld on the mass bala~'ce df~ fr~cet ga~ irf a bililding, measured 
carbon dioxide concentrations can be related to information on 
tf1e!tate of c!.trbou dioxide'gerieration in the' space' TO ' dete~mine 
some ventil~fion characteri'stics of a·burlding:LateFin this ~~p1er 
ii' miill'ber 'of approac"1e's fo detbirilning ;b\iilding ventilation 
p·erformance are 'descMl'>'ed tliat at'e b'ase'd ·on rhe11se of o<fo'u~ant­
ge'nerai:ed'cafbon'dib'Xide is a frac · gas. Wll' els~ 'being etjual, ·if 
tbe ·ventilati8n rate' iii' a'space d'ecrea~es, tlfon 'tlVeTndoor c~rbon 
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dioxide concentration will increase. However, to make a quan­
titative estimate of ventilation based on mea,siired 'carbon diox­
ide concentrations, one must employ ·~· 'specific tracer gas 
technique that is. appropriate to the cond~tions that exist in the 
building. : . · 

Carbon Dioxide and· ASHRAE Standard ~2-1989 
. . ' I 

A common misunderstantlmg exists that if indoor carbon 
dioxide concentrations in a building are maintained below 1,800 
mg/m3 (1,000 ppm(v)), then the building is in compliance with 
ASHRAE Standard 62-1989. ASHRAE Standard 62-1989 
contains two paths to compliance-the ~entilatio11 rate proce­
dure and th~ indoor air quality procedure. The vyntilation rate 
procedure requires that one determine the design ventilation rate 
of a building based on the space use in the building, the number 
of occupants, !ind the outdoor air requirements for various space­
use categories contained in Table 2 of the standard. The ventila­
tion rate procedure also contains requirements 'for contaminant 
levels in the outdoon,~ir and that qo unusmHcontaminants or 
sources exist. While compliance with the outdoor air require­
ments of the ventilation rate procedure is likely to maintain 
indoor carbon dioxide, concentrations below 1,800 ·mglm3 

(1,000 ppm(v)), the other requirements of the procedure must 
also be met to achieve compliance with the standard. 

:the indoor air·quality procedure contains a g11i'1P.lin:p, fnr 
indoor carbon dio~ide concentrations of 1,800 mg/m3 (1;000 
ppm(v;)), but the •standard also contains limits for four other· 
contaminants ofpredomin1mtly outdo0r origin in Table 1 of the 
standard and three other indoor contaminants in Table 3'1 In addi• 
tion, one must keep al11other.known contaminants.of concern 
below speci(lo levels, and a.subjective evaluation is required for 
those contaminants for which n0 objective measures o.f accept-
ability are available. ' 1 , _ •:u, 

Carbon Dioxide C9ncentratiqns 
and Body Odor Acceptability 

'! ' 
At the same time people are generating carbon dioxide, they 

are also producing odor-causing bioeffluents. Similar to carbon 
dioxide ge11eration,,the r~te ofbioyffluent generation depends Oil' 

the level of physical. activity. Sioeffluent g;eneration alsp, 
depends on diet and on,per~<;mal hygi,e~e (such as the frequeridy . 
of bathing). Because both ci1l·bon dioxide and bioeffluent gener­
ation rates depend dn'physica1 ~cHvity, the cont~ntrations ci.f 
carbon dioxide and th~'cidcif int~risiey frorh human bioeffluents 
in a space exhibit la similar depet'tdence on'the 'number of occu-
pants and the outdoor air ventilatio~ rate. ! : • 

1 ,., ,f'.xp((rirn~nt<!l ~t\1d\es,~11v1; 1bee11 c,an~ncted i!lchambt;i,·s,f!11P; 
i11 1oi;:9~p~q,~pa".es in »:hi~},l p~op)y ((¥~1.i,ated !h~a<;ceptaqi\ity pf 
th~ !fl~.iY:-Wims pf.~Od)'. odm{B~rg;/viu.ncp.et al. \Q86; C,\Ul). et 
al., ~9,,83; Faµg~r. aQ.q B,erg,JWµpep lf)83; Fanger 198~; I"'.ashita. 
e~ at,) ~90,;. RaSJ.Plfs~e:i.irt,aL 198~). The~e ,experimen(s !\~uq\~4 
thy, rela.tio~sP.jp. penyeen qptdoor ~r v,el,ltjlatiqn r.ates and pQ(jlr 1 

ar;;ce{J,tab/J!ty .and 1 ,~r,e a major con,sisJer<1-~~o,n in pevelqping1 the 
v_~mill\tion fiJ;le r~Fomw.eµga~iop.~ in 1y\Om~illl~ipµ standwJ,~. So}ll,e . 
of the experimems,~l.s9~istw!,~e,d th~ n;latiqµs}lip,~e~e,eµ carbpn, 

dilil:i<:kl,e cpncentratjons and the acceptability of the air in' the 
space in teri:ns of odor. '{'. ·r!: •cl" 

•) These'.studies have conchlded that 1about7 l.'./s'(15 cfih):of 1 

outdoor ai11:ventilat ion per persCin-will control human body odor' 
such tliat ro l:lgllly 800/G 'of unadaptel:I perso'ns'.(vis itbts) wiil ff lif 
the odor to be'' a · n accl;jptable level: Tl el· aine 'level 'o'f·odor· 
acc:eplab ili ty was foun1d toloccur' at carbo'ti dioxide1concenfra­
ti'ons that are'abOut '1,250 mglm3 (700pprh(v}) above the dutdoor · 
con:c~htratidn, which 1at a"typical outdoor' level of 630 li1g/Ili3 ' 

(350 ppm(v)) yields an indoor carbon dioxide concentration of 
1,880 mg/m3 (1,050 ppm(v)). These considerations yield the 
commonly disc'ussed guidelin.e' value for carbon dioxide'ofl,800 
mg/m3 (1,000,• ppm(v)) ,(ASHRAE 11!989), Tihe differential 
between indoo:r and outdoor levels ofl,250 mg/m3 (700.ppm(v)) . 
is a measure of acceptability with respect to body odor, imespec, 
tive of the outdoor carbon dioxide.concentration. F igure;2 shows 
the percent of unadapted persons {visitors) who are dissatisfir~d 
with the level ofbody odor in a space as a function oftll.e.oarhon. 
dioxide concentration above that outdoors (CEC,l992)_. Reople 
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Figur~l .P;erc~nl of yisttqrs dJss.atJsfied,~s a f~nction o~. 
~· "I c~r.Nm diof{9~·~oncery!fa.l!onJCEC 199?). ·,::;;, 

' .. . ' ~ . I ~ ! I I ' ' j 

adaJ?t, ~JHi"~'Y to bio.efflu~ntsr For ~pa,p~~~ pei:s.ons ( occuparits ),, 
the ventilatiq,n rate P,t(r person; to PPWi~e. ~,he s~me .\IPPe~t~l}F~ ~ 
approximately one-third of the value for unadapted persons 
(visitors) and the correspondihg carbon dioxid.~ concentrations 
11hove ontcloors are threetime~.higher'(Rerg~~unch et al. 1986; 
Cain et al. 1983). 

The relationship between percent dissatisfied and car6on 
dioxide concentrations for visitors' showrl hi Figure 2 was seen' 
experirt1erttally (Berg~Munch' et al. 1.9,86~, Fanger and Berg-: 
Munch 1983; Rasmussen et'i'tl.· l98·5), ·and the correlation was 
not strongly depen<;knt 0,1,1 the1lev:e.l.of,phy.sic;al1ll(i:tiyjty. In addi" · 
tion, the relationship did not req~~ire th11t th.~ incJoor carbon diox­
ide cop.ce,nt~at~on bell;~ r,q,1i1~librimn .. T~~ 1 wI!!~iqns,hip described) 
in Figure 2 can also be derived based on the experimentally 
<4:termined, reli,i#qp~hip lwtweeQ" p,erFen~ dissatii;fie,~. ,and 
outdo.or air.v(Jntil_ation rlltes in L/s (cfui.), 3i11,d the.rel!Jthn~•1ip_, 
bet\¥e@ 01.M.oor ,air ventila~ipn irate~ i!:P.P .~uil~wium i(i:.arbo~) 
dioi<ic,le c<;mcent1iitions,thpt 1 i~ d~sorilw4,later,.in this papet\ "·", 



·.·~While carbon dioxide concenfrations·eart1he an appropriate 
means of characterizing the acceptability of a space in' terms of 
body: odor, !\S stated ear~iyr.;1t~ey ,do not provide inforn;iat~on on 
the conc~ntrations of cQ~tam inants fro111 othe11 poll1Jtant sources 
such as· building materia\s, furn,ishings,,and o~c.µpai;i.t ~ctiwities.~ 
An.d , W;hile ,maintainilJg. carhop dioxide .. conc;entratioIJ.s ~ithin 
1,250 n;i,g/111~.(700 ppm(v)) of outdoor leveJs,1>hould provid11·: 
ac,q~ptable,percei:v~4-.air,,quality !ih terms ofhum11n bqdy odor, it· 
doe~ nQt necessarily im,p\y ad~qµateicontrol ofthese.othe,r pgl1µt­
ant squ~ces. , . 11 , ... , . , . 

EVALUf\TION OF BUILDING ~~NTILAT~ON 

. Thete are a number M different approaches in which indoor 
carbon·dioxide concentrations can be used•to evafoate building 
ventiJati:on. These approaches include the determination of the. 
percent outdoor air intake at an air handler and the determination 
of building air change .rates us'ing tracer gas decayland equilib• 
rium 1 analysis. These three techniques are described ·in the 
followlng'sections'.- •1 

Percent Outdoor Air Intake 

The· percentage of outdoor air in the supply airstream of an 
air handler can be determined using carbon dioxide as a tracer gas 
based on mass balaIJ.ces of air and tracer at the air handler (Gothe 
et al. 1988; Olcerst 1994). The value of the percent outdoor air 
intake can then be used to estimate outdoor air intake rates, whi9h 
is particularly helpful when the outdoor air intake rate is difficult 
to measure directly using a pitot tube or hot-wire anemometer 
traverse. In these situations, the outdoor air intake rate-is o~tained 
by multiplyi,ng the measured value of the percent outdoor air 
intake by the value of the supply airflow rate measured, for exam­
ple, with a pitot traverse of the supply air duct. 

The percent outdoor air intake of an air handler is equal to 
the volumetric airflow rate of outdoor air into the air handler, Q 0 , 

divided by the airflow rate of supply air being delivered by the 
air handler, Os· These airflow ratd~; and the recircuiation airflow 
rate, Qr> are shown schematically in Figure 3. Based on a mass 
bal.rnce 'of air and'c'arb'on dioxide at the air handler, the' percent'' 
QUtddbr.-air ifflake'is given by the following equation: . : ' . , . j I 

I; -w: •.1 '..:."l~, jf j,_, "'" 01 (1' 1 
1

) 

/' , (C~ t"o C5) 1 

~pA '.1'1,100 x (G _ c ) 
li. · · r · out 

II , j i1 'c 
r •• , (3) 

. Jf.,· •I " 

. , . 
where 

• · f; . ~J ~. , ,I .j 1 ; • 1 · • 1 •, 

%PA :~~,1 percent~gµtqq,Rr.~ir,intake, .'.,. . , , .1.,; 

Cr 1 • "'" ·carbon diooi:i~ concentl!ation in; the recirculation 1, 

·f> . • .• airstreamofth~att·ha.ndler,,.;, '5'. ,,., 'r• .. 

Ci iot; "' -:carbon ·dio~ide coricentration in th'e supply airs'l!reatn: 
- :.., ;1 ,.:;., ofthe·alt'halldleir,.a'a:d r :· " ··::·1 , ' ; 

C''"'(i I ... ~ c'ir'bdh dibxid{torlceritration in the oMdodr air.'·' . : 
?~~~· !. ,'- I: L: .':: '.!i "_i_.' ! ! ' I r.. ' •; f• . " • , I, : · .. 11 

i· ,:;Wheih.l!iing this'appro'ach, Cjcan be measured in'tMreturn 
dud;whitlh is :often m6re accessible tli.an the redirculittion dtict. · 
05si\ouid be·rneas'hted 'at the 8.ir himtllet; as far 'd'owristrea'm ·of' 
where the otitdo0t arltl'retl.trn :a'.irstreams '.fill.ix' (fate must be exer~· . 
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Figure 3 Air-handlirtg system schematic. 

cised to ensure that the values of Cr and Cs are ;truly representa-· 
tive oftheiaverage concentrations in these airsfreams'. Multipoint 
sampling.may be necessary• to v.edfY the.Jtepnisentativeness of 
these .concentrations. Typical variations in indoor C02 con'cen-· 
trations with:time are generally. not a. pwblem itj. the determina­
tion of%0A; however, Ct and Cs should~be measured ov.er the 
shortest time possible. Measurements 0f1Cj.. and Cs made within 
about 10 minutes of each other usually will be. adequate. 

The precision.in the percent outdoor air: intake determined: 
with Equation 3 can be estimated using Equatiori.4'. 

Li%= %0A 

where . 1 ,. ' 

L1% '±'''precision of the percent out'd'oor air infake;' 

!1'C
1
: = ·precision of the ~kasured: carbon dioxipe 

(4) 

I ·~ 1. 

•• ,. :..J , ' ' I ","I €Ql!Centration i'i'.(t'n~I recirculatioh air,' ,I,• 
. •• , · ~ 1 ~ , 1 :·. , .- . · ~ 1. . : '' rr ,, • 

!J.C5, . ,= . .P/~9i~Lo~ .~fth;, in~psur~9 .c~~~?n ~ioxi~~ , , ,, ,; 
·' ·ii i; onc~n~~~tm~ m th~ ~~P:~ly:~ 1r, .. , ,,, ,.. '·1i ... 

!J.~out 1~ .. pre~isiop. 1qfthei;rJf1jl,Sl.lrt'.dc;i!r~ondio~i\f~ ~ ·'·' ;, 
concentratiolJ:, in the outpo9r air,. . :J '. ri•.~ 2,' · 

Equation 4 only accourlts foflhe':preclsi·&1 :6fthei·ritea11'ured 
concbnttatibns 1 a'tid h~gleet's; itnY: bla~ dtle' to 'ealibtatrofi" ana· 
opet a'tor ei'r'dts.1 The!1nfag°nitulle loNfre' clitre'rb'r\C'e"lfotVieen' l }: 
aLi'd"Cdtii i ~ 'the main faefo~1 alfect'in1fth~ p~ cisioi\· in •~olV;· 
with large alues'of lhls differerice-i'l1crea'singlhe predili.on· of 
o/o'OA. This cfifference 'can be maximized 'l:iy ma~ing 'ttici°con-

. t . -· 

centratioh mea·sureme)1ts · w~ll into the' occupied peridd oftfte 
day;- wheh ;the· 'ifid6otf' '-Catbon dibxid'e r,cdnc~hfratiori . has 
increased well above•theiciutdoor confontr~tion~· · · ,, · 
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I The us,e or ~arqon dioxi~~ ;soncentr'lti,cms to . ~e,te,ipiine th~ 
percent outdoor air intake is similar to the use of an energy 
balance to determine the percent outdoor air intake from the air 
temperatures in the supply,·n1turn, and outdoor airstreams. The 
so-called "temperature balance" -method has been described in 
many places, but it has two major'dr~wbacks . First, the value of 
the percent outdoor air intake will be associated with a larige 
measuremen~ mwe.rtait1ty ~~e~ th.e re~,urn . ~i:i:~ outdoor air 
temperatures-are dose together (Persily 1994). Depending on ti)e 
value ·Mthe'percerit outdoot'ait liitake.arr~ the uncertainty in th~ 
air temperature measurement. :techniqua; an uncertainty in the 
percent outdoor air intake of 50% to lOO'Yo can exist when the 
outdoor air t~inperature .is within ~,0°C (l 8~F) 9f the retur11

1
.air 

temperature. Another problem with the temperature balance 
method is' the existence of imperfect mixing of the outdoor and 
return airstreams a:nd the ditliculty 'in determining the ·supply air 
temperature upstream of the heating or cooling of the · supply 
airstream. The carbon dioxide approach avoids the first problem 
a,s long as the measurements are made after the indoor carbon 

'dioxide concentration has increased sufficiently above the 
outdoor level, i.e., after the building has been occupied for 
seV-eral ho~~s. The second problem is alsofoss of a concern with 
C'arbon diox'ide because 'the ' supply concentration can ;be 
measured farther downstream of where the return and outdoor 
airstreams mix without any ilnpact from the heating and cooling 
coiis. 

Tracer Gas Decay Measurements 
of Building Air Change Rates 

Whole-buiJding air change rates can be measured using the 
tracer gas decay technique in which occupant-generated carbon 
dioxide is used as a tracer gas and the measureinent is conducted 
after the occupants leave' 'the building. ASTM Standard E741 
(ASTM 1995) contains a test method for tracer gas decay 

me~surem7rts 1~f ~i_r ch~~g~ r~~n,i~, ~ sir~&!e zone,_
1
wl_1 ich ct:~er­

mines the total rate at ,)Vh1ch outdoor arr enters a su:ig~e-zc>ne 
space divided by ' the volume'°of that space. Tl1i's o~itdoor' air 
change rate includes both infi.ltra~ion through leaks and other 

' openings in the building. envelop~ ~nd intentional outdoor air 
intake through mechanical veiitHatioh systems. This test method 
applies to single-zone.s~aces, defined in the standard as a.space 
or sclof spaces wher.ein tl}g tracer gas concentration i~n 'be

1
main­

tai~~d at a uniform Je~er arid which ex~hange a.ir ·J~'ly with the 
11: d' I I , o i . l 'H, • IJ a J , • ~ ~\J · I 
out oors. ' . . 

1 • , .. 'L , .. 1 r 1 , , I• 1 :. ., j .• u , 
.,.1 1 ~1~ .t\1e 't!'~cpr ~a~ P,ecay technique, a tracer.~a$.is r!!lea~1ed into 

. ~ .~Btfe. tp, 919,tain, ~ pµ,ifo,rµt t~ape~ it?np_ent~a,t!.op thr.9~gll?ut the 
. :\)?,~&r. b ~ 11!'?, rest1~,91\}~e!.! cj~c~y , i,J?; 1 t~(\Ce( gas, c,9n~yptfati<!9-• i_s 
~9)lifpft~d ,P ef. tim. ; IJ~(th,e air Y,~~~ H\~\l _i~, <jp~erpiine:<;i, ;~!JI 

1 flw 5~~~i?iso(l8entr~ti9p ~~~ax,)~t~t; ~iF ,change x~te, is,pon,,stant, 
- ~\ir~i t~Y tr~yef gM <;o_q.p,~ntratJ9n,, ,C(t), d~c;ays, 1assu,minfPt a :z(fro 
_ ~on~~nrration o1~tdswrstaccorqi~g t? ,, . , , , h ., , ,. • ; 

, 1 !.·, t' 1J t/! 1 "~ r·· : ~It 1, .. i1 1 • I 
•f'il; .1.,. .• :·> ;, .' ~(t) =Ca~ 11 ,.,.- , ,, (~) 
:, ' 111 ~ J . 

where 
• • 1 '.:.J · - 1· , , ') ':; '. ·-; rr ; · ; ) : · ·! q · t' r; 
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,, ·_,; ;· 1 

Ca• ·' =r tracer gas concentration att= O; ·and "' " 
I air change rate, h-1': >'. •: • · 

• "t i' ·• . .: : •' ' , \ ' ~ ', : I / ) I 

Tht.; air1 ;0haqg~, ,;ate, I, is equal_ to ~he qµtdoor a~f1R~r ratp,iqtp 
,the s_pac~ .~int<ike ard il}liltrfl.~ion~ ~ivi~e,d b¥ the Vl_)]j1m~pf t~e 
sn~ce, y. Tra~wr gas Goncentratiorys me~~ured 1in decaY; test~ 
are q~u.~11_¥ fl~alx~ed,;bY. takin.g;1t]J.e n,11t,ur~l log~rithni _of eflyh 
sid.~ 9f ERu~tion ~ ,t1yyield " (: . , ; : 1 1 1 • • 

'. : I '(6) 

The value of I can be determined with least-squares .linear 
regression. to calculate the slope of the line for a series of con-
centration readings over time. . r 
'' . . Tli~ avera~t::air chluigt: ratt: ·C<tll alsu bt: dt:Lt:rlllint:J Ovt:r a 
time period, from t1 to t2, using the following equation: ,, 

(7) 

where C(t1) is the tracer rgas cdncel1tration at th~· begirthing of 
the>time period 'ahd C(t2)'is the•cbncentration at the end of the 
petiod . ! 

When using occupant-generated carbori'dioxide to conduct 
a tracer gas decay test, the requirements of A TurE7 41 tnu t be 
followed. These requirements Cover test equiipment, sampling 
duration and frequency' uniformity oftracei1gas ~oncentration irt 
the space being tested, arid·calculiltion \tiethods. However, using 
the tracer gas decay technique with occupant-generated carbon 
dioxide involves some considerations not explicitly covered' in 
ASTM E74LFor example,, theidecay technique is based on the 
assumption that there is no source of tracer gas in the building, 
which, in the case of carbon dioxide; means that the building is 
unoccupied. In practice, an.occupancy density ofone person ,per 
l ,OOO.m2 (10,000 ft2) or less' should not impact themeailurement 
results,: In addition, th~1 tracer gas decay: .technique las described 
in ASTM E741 assumes that the outdo"'r ·tracer1gas concentra­
tion is 1zero;· which is not the case with carbon dioxide. How@ver, 
if 1 the ,:outdoor conce~tration is constant; during; the 1deoay 
measurement, then the tracer gas decaytachRique '..::an l)e used by 
substit1,1ting the c;l,iffer~wce between th~ : jncipor and Jh!l outdoor 
conc,l)ntrgtions for: , _the , indoqr,, ,conp~ntration in . th,e, , !\n~y,sis 
contfliJWd ~n AS1JM E7 41. ~,tangard, E; 74,11 also :r,qquirns thaUP.e 
,c.onc;entriJtion wea~ure~tJ-~ pi;ec,i~.ion, , pe p.etter than ±~!Yo o f~e 
concep.tn1tion~, purlJJ.g1 tl].e decay1, ;W)len - .µsing ;s;~~l)op. diQ~~de . (ls 

,~tracer gas_, Jhi& precjs~~~. requirement-must qe applied to tl;w 
,dj,ffereqce, 1byt\V.eyn.Jhe .ip,goor . and,,outcjpQr 1 carb,on_Aio~ide 
concentrations. 

.. : In. Jnest .9uil4~ng~,itta,k~~ ~ome tii;nt; fq~; ~~ ~ft~~. o<;;cupants 
~~ 1~~:ye Jh,ll buildi!1~· a~~ ; d_,u~ing 1 ,th,j~ 1 ~i.m~,,the jn~oor R~rq~J.1. 
qipxide cp11ce,ntratiqn, _'rill q~c~ri. The i!14~?' i;;a~l;>-~~l cj.joicµj~ 
9,9i11centr~ion. :w/l~J?: t~e , quildin& ~~ , fin)l.~ly µnoccµpi,ed 4-t\P~li\.9~ 
r?ll; tht; c,~µceqtrM\pn,in the q~ildig~,.wh~n , theiopcupai;i~s . mm-i: 
J~a_y~ng, t~e ~~H~t pf: 1ti~y, jt t;l~~s, fot.J~rW ~p.)eAlve, ,ru,:i~Uht( 
0\1,t<;icl?fi air ~hang7 rajY:,qf: the bµi!_pi,~. ,P.~peJl4i.rm ,\)n,tne, Y.~4ys 



of these parameters, the indoor carbon dioxide concentration 
may be too low once the building is unooeupied to perform a ryli-
able tracer gas decay measurement. ,., 

ASTM E7 41 also requires that the indoor tracer gas concen­
trations at'Muftipfe pdiri~ w'ithin the building differ by less iii.an 
10% of'the a\rerage:c·oncenthition'in the building'.i'W'hen using 
carbon dio:XH:ie, this ' c'oric~ritration tinifoTniity :requir~ment 
should) l:ie . applied 't8. the difference b~tweetl tile "in.ddor and 
outdoor concentrations. It may be difficult!to tneet tHis tlnifor­
mity requirement in buildings fith !argy_ spatial variations in 
occupancy and/or outdoor air delivery rates. 

Carbon dioxide can also be :eleased· into an unoccupied 
build~ng to perform a tracer gas decay test when occupant gener­
ation of carbon dioxide is insufficient to increase the;indoor 
concentration. In this case, .one shoul,drefer:t.o ASTM EV41 for 
guidance on tracer gas injecti<m. , .• , , 

Estimating Ventilation}~(l.tes ': .. 
Using Equilibrium Analysis 

Ul)der some circumstanc:e,s,i.nqoor carbon dioxide conc,en­
trations can. be used to estim.a~e outdoor air yentilation rates 
based on the constant injection tracer gas technique. The appli­
cation oft~. constjlnt,injection techniq1:1e using occupant~gener­
ated carbon ~i.oxide· ;is sometimes .ref1;rred to as equilibri1:1m 
carbon dioxid~ 11p.a~ysis. ASTM E741 cpntains a test method for 
~onstant-inje~~ion_ !racer gas r~P,ay me~surem~mts of air change 
rM,e~in .a single zone. Equilibrium c~rppn djo~ide analysis i~ a 
~pecial pase of the constant-injection approach described in the 
A&Tlv1,1ltandard. 

The constant-injection technique in ASTM E74l involves 
injecting tracer gas into a single-zone space at a constant and 
known' rate. The gas is distributed in the zone such that it meets 
a concentration uniformity criterion. The tracer gas concentra­
tion in the zone is then measured in real time. The mverage 
outd::ior airflow rate into the zone during· some time interval.is 
cabl1lated from the av..erage concentration duril'l.g that ;jnterval, 
~he, tracer gas injection rate, the zone volume, the length.of the 
time• interval, .and the .tracer gas concentrations measured althe 
beginning and end of the interval. · . , 

A coristant-injectibh tracer gas measurdfiient performed in 
aco.ordance: with AS TM E7 4 l"cleterrt'Jines the total rate at which 
outdoor ait enters a singie-:i:one 'sp'ace. As wrtil. tracer 'gas decay 
measurefuerits; the oi'.itdbot air' entry irtclUde'sifboth: infilttatidn 
through' 1leaks ·iind _other ·opetiings'.lin·'the buildibg env'efope and 
intentional '6utdoor'-'a1r intake ' thfough i\le'chanitlal ventilation 
s9stems. Also;·as 'Aiitli'trace·fgas 'decay;'tttis'test ttie'thod appl~es 
to single-zone spaces. · • 1 ·1 :; _,, ; 

>l p;·r!the' equilib
1

r1iim ' cafbon dioxide afialysi ' approach !s a 
sp_ 'cl~ ca.Se"of 'the) ' l:ohst~t-injection teclini~ue described in 
~ St11tv\ E~'4 hn wl11eh th~ outdodr airflow (are iS-Constant, the 
dn't<ltlor tratet ga:s'' tdr\cethration 1 is nonzero" and· collstant, 11're 
Htdbor'tarbon dlo>!ide conoentrailon is at equ!libtium; ther.e i's' a 
cbhstant gener~Hd fi ·fcite'of cnJ'bon ·dldXide ir\'tHe space/ and ~li~re 
arll nd rri~chanism's ut~arbon dioxid& lciss otheii'tliart v n~ilarldn . 
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Iii th'is a'.pproach; th~ o!JtdooY 'airflow rat!l' 'is. given' by Equation 
8~: .•. ' 4 I , ,. ' r I 0 ~ 'i : 1 I 

_;, I . , •• I I I ~ '_-' j• I I 

.. I 1 : ' ·~ • I • 1 ; f 1 ~: • • I I 

'
. .· . . .. (8a) 

f ' . • • • 

( i 

whern 1 .. l: ' fl ' - • : ; ' ' : ~ • I ) 

lJo 
c· · 

oufdoo'r aii:flo~ ' rat~ ihto the spac~,' Lis';' • . J /: 

H J, t: , !':\. j ; . . :! I 1
: • ·, ·; f p :~ _j '" .' l ! "; - · : · ' . · 1 _) ", ' 

,carbon <p,oJide gel)~~~tio'1 rarn.in ,the.s~~r_e, I,,f.s; . 

Ctn,eq equilibrium c11rbon dioxide concentration in the 
space, mg/m?; and : ' Iii: : l' 

- outdoor 0carbon'dioxide cdncentratiori, tng/m3• · 
.; ' .. 

f'.gr in9h-pound uµit~,. with ~he flo.'Ns in cfrn. and •the .carbqn 
dioxi.de concen.tratioQ.s in ppm(v),! EquatioQ. 8a takes the fol-
Io:wing forrp: . . ", 

• ol • I 
6 

.J Q =· v , 10 x G 
0 

'( c,n, eq - cout) . 
(8b) '· 

· .. :; . ! ' . I 

Equations 8a an.d 8b can be written in terns of the outqoor 
ai.rflow rat~, per pers~n by substit~ting tlw carbor. dioxide gene~­
ation rate per person for ,G. In thi~ c_a.se, the °'utdoor airflow rat_e 
per person is given by Equation ?,a: . , , 

6 
_ 1.8xlOGP 

QP - <r;.111,eq-Cou:;' 
(9~) 

where 

Op outdoor airflow rate per pers.on intb'the zone, LI~ Pl?r 
pers~n, and '· . . i :. ,f) 

GP carbon dioxide generation rate in the. zone per 
::" · person; Lis per pl')rson, ? . ·-: ,., 1. 

Again, if the flows are ir{ Cfni and the carbbn dibxide coil:cen-
. . ). . ' j' ; : . . . ' ,: ~ ! : • ' • • . . ' .-, . 

trat1ons are ih ppfo(v), theh Equation 9a takes the form: 
• . fJ : .1 '•'.1 : I , (I , :°' ' j\ I l ! ) 

·' ,, ·\<fxc · i · ;, . • ~ I 

, f~ • !;_. '. •. Q = . .. e . 
P (C. - C ) ' 

~: i (9b) 
' Jll, M .... ·1 DU_t ' 

1'hr Y~Vqify of Equ3:~/6'rJ.s 8 •. and f \s based on i~.yhal 
requirem~?.~' ~nd a~sll!11ptjqn.s r~e1a~~d1 .t~ the single-~one:H~~er 
gas mass oalance on .. wh'icli the equations ar'e based . . f ir~'t, , ~he 
zone to which the procedure is being appli,ed is assumeq'to 'act'as 
'a single'zbttew ith respect to 1C'ar~on dfoxil::le co,ic~ntr~ ion, i.e., 
the car~oh'dioxide·c'ohC'e"fif(atf 8 'ttlrblight>ut the 'zo~·e i.s1 tib~fbrm. 
ASTtvfi;14 I 's'Jieclfies tltat· th' tr~cet'~a~ cOJ'iWntlaiifo'l at'te~re­
sen'tatlve locations 'ikfb~grtcMt tHkidntd.i1'fer i·iY'l~~~ ·il\'art,.10% 
of th'e average "c<fode'ntrh {o'nl.fifi 'ilit! · ~dn'e1•11ThQ' 'exl telfoe' 'bf 
concen'tration ·unif6rniit)l°1 tchn· ~·f>e· 'ver1rl'Tect _'Hy ITI'ela'su'riHg' "'f.l~e 
indoor carbon dioxide con'.C'entratt'on'-tl1?ou'glt'o\it the io11e t>' Ing 
tested. The measurement points should be well distributed both 
'liorizontally and vertically ih the zorte' being tested, including 
points in the individual rooms comprising the zone and multiple 
locations within the individual rooms. ' ' · 
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Equations 8 and 9 also require that the zone being tested be 
isolated from any other zories in the building in terms of airflow 
unless those zones are at the same ·carbon dioxide concentration 
as the zone being tested. That is, there can be no airflow into the 
zone being tested from any other zones with a different carbo'ri · 
dioxide concentration (except the outdoors). In prac;tice, this 
requirement means that these equations.cannot be:applied to an 

individuaI rpom up.less the c9,i;i.9~~trittiqr,i in, t~~ r~st ofthe build1 , 
ing minus the outdoor concentration is,withi.n 10% of the aver­
age carbon dioxide conce~trati~n· differ~nce in the zone being 
tes,ted. For room.s that,d9 po,t ~eet this 10% criterion, one must 
demonstrate, ~hat the~e is ~o significant airf}ow from such room,s, 
to the test zone. This lac~ pf airfl.?}V can be demonstr~ted u,sirg 
smoke at the airflo.\(V paths between rooms. 

The approach also requires that the carbon .dioxide geneya­
tion rate be constant anc;I k:nown. This requirement meansthatthe 
num,be.r. of o~cupants in ,the spac,e and the rate at which they 
g~nerate carbon dioxige ar,e coq~tant for ~, sufficiently long 
pe~iod »'bile t~e: ,y,oncentration bui.lds up to ~quilibritlm. When 
using Equation,?, qne needs ,t9 know the nu~nber of occupants,,,, 
and thei~ average carbon diqxide geu~rittion rate. When using 
Equation 9, ,oqei<?nly needs the ~verage carbon dioxide genera­
tio,i;i rate p,er pers01;1. Determination1ofthe average carhop diox­
id.e g;er,i~ra~ior rat!( requirys con~id.~ration of the activity lev:el 
and.~ize ofithe occ;upam~ as. ~iscu~sed earlier. • ·· , 1 

· The derivation of Equations 8 and 9 is, also based on 1 a 
con&tant o,1,1td,oor, .carbon .dioxide concentration. This ·requite­
meut is generally not a problem, but the outdoor concentration 
must be measured prior to and during the measurement of the 
indoor equilibrium co11centratiop~ It is not suffipient to assume 
that the.mitdoor concentration is 11t a typical value such as 630 
mg/m~ 1 .(350 ppm(v)). Ouf4oor carbon dioxide ,concentration~, 
can range from about 550 tp 900 ll)g/m3 (3q9 to.500 ppm(v)), · 
dependiqg on .the time of day, seasop •of the year, weatJwr 
patter~s, \lnq:building )qcatio~, 

1 
, • •. • , •• , 

EqµatiQI\S 8 and 9. are ba,sed, on the: additioual l}!>Sumptipn 
that the Qutdoor air ventil\ltion rate is .c.onst,aut. Th~refore, .oqe 
must understimd and cQnsicJer the factors affecting the ventiJ;t,. 
ti on rate of the space qeing tested. These. fa,ctors include out,do,or 
weather;<;onditions ancl the operation and control ofany mechanr 
ical ventilatiqm system .. If the space is mechanic;ci.lly:venti!ated; 
th,c c0ntrpl sy~tcm rpuy m.qdulutc the rajc of oµtdoor 1;1ir intake:, 
based on the weather. The11e pontrol systems ciin i:ilso vary intake 

rates .~a~e~ on ~\i;p.e ,of ,d.l}y, \ntt;rjor, ,\Lil .~~mpe.i;a~ures, .~nd other 
fa9to~s. If~e bµ,~lging i~ mech~nica/Lx yt;ntgateq, th~. qµtdoor !'lM°· 
int~k~ co,mrols. m9st b~ und~r~toqq, ,aqd: th~, ~ystem oper.ation, 

sta.!'% anq( th~ :il;1t11ktt .4.amp~r 1msitio11 !Dust ~e, d~~erwin~4 prio~,. 
to, .'l·P.~,duriIJg the,9~r,b?11,1,d\o:iside cpqp~µtra~i9n,m~a~u,~e,men,ts t9 , 
v~rifY: th,at tpey &ry no(y)uipgip,g'° J, ;1 , , , , . 

: ,,This app~o~<;:h ~l~o i:equirns ~hat tJ;i~iindQor carbon diox,ide 
conqentrat~on l?e 11t equiJi,brium,, meaning that the indoor carb.on. 
diox;id.y gener11tion r~te, the o,utdqor carbol;l•.dioxide cqncentra, 
tiqn, an.d.·the OU:tdom,· airflow rate are .con$tan,t for a sufficiently 
lqng ·p~r,ioc,l of time suc;h that the. i.nd9or.con~ntration stabilizt<s 
to a constant value. Atthis point, tht;,J.:ll~~ at,which carbondioxid.e 
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is generated in the space plus the rate at which carbon dioxide 
enters• from the outdoors is equal to the rate, at which carbon diox­
ide leaves the space via ventilation. 

The time required to reach equilibrium depends only ori'the : 
outdopr air ventiJation rlite of1the space i:li;viped by ¢..e.volume pf; 
that space, sometimes referred to as the outdoor air change rate 
in units of air change.~ per hour (h-1 ). This rel(ltion~hip can also 
be d~scrib~dlhterms of the time constant Ofthd space, which is 
equal to the inverse of the outdoo'r·itii" chahge rate. ffthe carbon 
dioxide generation rate ( occupa!1CY level), outdoor concentra,. , 
tion, and venti latioii rate are ~11 'cori.starit ;~d the iqdoor, carbon 
dioxide conc'entr; tion starts at the' outdoor concentration, theri 'it . 
takes three time constants for the difference between th'e illdo~~ . 
and outdoor concentrations to reach 95% of its equilibrium 
value. Figure 4 is a plot of the calculated buildup of indoor 
carbon dioxide concentration for several different air change 
rates, assuming an outdoor concentration of 630 mg/m3 (350 
ppm(v)) and an occupant density typical of office space. 

1 
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Figure 4 CalCulated carbon dioxide build up. 

At an air chaqge rate of 0.25 h-1, it takes 12 hours of 
constant occupa~cy t~ reach 95% of the equilibrium' carbon 
dipxid€;1 c~ncentratlbn difference. This air change rate corre­
spoiids t<; about 3 Lis ( 6 cfm) pgr petsc?,ii and an bccupant den'sify · 
of7'~eople 'per 100 nl(l OQO ft2) offl'oor area and is not 1.Hlcoin­
m01i in office tiu'ildlhgs under 1h inimuin outdoor ai r lntake (P~r ._ . 
ily l9S9). ~t 0.7~ 11- 1 (corresponding b about I ci Lis [2.0 cfrn] 
per1perfon an1d more typical of office ~uil 

0

ing ven~i'f~"tio11. ~aJes);' 
it takes four hours for the indoor concenitation to reacl195% of 
equilibrium. At high air change rates, well above 1 h-1, equilib­
rium. is reached in ,three .homs or less .. ~,' 

In a classroom with 30 people' per l
1

00
1

m2 (1,000 ft2) offloor 
area and an outdoor air ventilation rate of 7 .5 Lis ( 15 cfm) per 
person, the air change rate is about 3.2 h-1. Under these corldi~ ,, 
tions iLwill take;only·about one hour to reach.95%ofthe eqvi" '' 
librium carbon dioxide concentration difference, If the outdoor 

ai~_y~ntiJation r~tej~ I~ .L1~ 1 (~1 cfni) per , pepi~ , men d1e a\r-11 
cbru1ge rate will be U1811- 1, and i~ wiJl , f~l<e abo11t 2.8 hours to 
reach 95% of equilibrium. · , 

. .~ . . ' 'I~ I ), 'i , ., . , . .. . 
ln practice, the eq ,ili~rium regu.iryn~enr~ .cap_!~~ considered 

to be met when the change in the indoor-outdoor concentration 
difference~over .one hQ.Uds less thim the,amoun.t dete~mined w;ithi ~ 

Equation 'lOa:,· i _ '·'' ,., ,, , .i. ') '! :1oi;1 ••:··: .. 1:" ,)~ ,; .. , 



·;. ·. ~ · . •." 6 . •c . = 324 x 10 G, 
~ eq· V (.10().). •·' a it• ' • 

~ I I ,. 

where 

LiCJq; · = change in indoor-outdoor coneentratfon difference; · 
,fu.g/m3; ,, -'1"' • "':' 

G - carbon dioxide generation rate in th~'~cine, Lis; arid 
• I j : : • I ~ ' ; l '\ - • ; • I ' : : . ' , : '. ' ' 

V vqlume of.the ZOQ'l,-L. , . 
. • .~ l • r I' ·: . ; ' -

When using iiich~pouhd units, with the flows Tn cfm, the vol-
um~' ir\ ft:3, and the concentratl~~ differen<;:~ ir)}pm(v)), Equa.-
tion 1 Oa takes the form: · 

.. 
• '6 

~C = 3 x 10 G 
eq V (lOb) 

The values' of both G and Vin Equations lOa and lOb need'· 
only be approximate. 

In an office space with an average carbon dioxide generation 
rate of 0.0052 Lis (0.011 cfm) per person, an occupant density of 
7 people per 100 m2 (1,000 ft2), and a.c.~iling heightof3 m (9.8'ftf, 
Equation 10 yields a rate of change in the indoor carbon dioxide 
concentration of3 9 mg/m3 (24 ppm ( v)) over·one hour to verify the 
existence of equilibrium. For a classro~ with an average carbon 
dioxide generatioll' ~ate of0.0029 Lis (0:6061 'cfm) per person, an 
occupant density of30 people per 100 m2 (1,000 ft2

), and~ ceiling 
height of 2.5 m (8.2 ft), Equation 10 yields a rate of change in the 
indoor carbon dioxide concentration of 113 mg/m3 (67 ppm(v)) 
over one hour to verify the existence of equilibrium. Continuous 
monitoring ofindoor carbon dioxide concentrations can be useful 
for determining if equilibrium conditions e~ist. However, one 
must still monitor building occupancy and ventilation system 
operation to ensure that these param~ters are also not changing. 

When Equations 8 and 9 are used to estjrnate outdoor air 
. '!' ' '• 'I' 

ve9tilation rates, t!i~ pr~ci~\i;>P .~~.~h.ere ventilation rates _ i; ll~};l.ld 
be ·estinwted and ~rforted. T,hi:t~e e~tiw~te..s oft~e r,re.cisi1on _are 
base~ .on.H1e Pf~ci~19P of the carb?,n~ dioxide g~o~~~tiol'\ r~te.ap~ . 
of the carbon dipxide concentration measurements. The preci-

• 11 .J .J ....:-.. 1 ~ ,1 • • ' • I , 4 f • .; .. •. 1 i _ ' 

sion ?f. t1~1~. o,u_td9?r ~f~Ow ,rate i_~(R ,the z~n~ ~.7f.er\~ined . wit~ · 
Equation, 8 can be estimated using Equation 11: 

. r. .r • • JJ i. I I ' ' ; • • r '. q ~ ) 1' ' , i ' ' . .' . . . .. ,. . J" . .. 
tlQ0 = Q{(~c?t ~-cc,n.::~9o~;).2 ,·,, .:··:·· , (¥1) 

1- ~ ; · ' i ·.. . • ~ . . . ; ! ') f; ~· 
whe~~. . ,1 , • ' , ,, • .- , .,, •• 

LiQl:J' ,. = precision of the outdoor airflow rate.into the zone1,L/s: j 

';, ''•j; • ,1 .(tfih);l ,.IJ :: tff .. ~ .• 1; 1") )I • :< " : >, ·;1!:. •J d(' 

LiQf. j, = pr_ecisioh'ofthe carbon ~ioxide,gehe(~tiori rate in the'!: ': ; ·. ;, ; zone Lis .(c'frh)1
• and ,- ; '.i.' . ' :;• ;! w .. 

' ' .. '.·:: !ti ,· '.·_;:.1 

tiC .· = .. precision of the ca. rbon. dioxipe concentration 
Ti'.r,; ' '' "· mi~'sUrem1M1i, hi'g/hi3 'PP~(v)Y: · ' · .. · '· . 
. .'1~)Jif. ',[, . • I ; l' II ~I.-. i)(~~ 1: _.;~', .1, .. , ~!.1.· 1 

: :1 ;(· (J 

The ipr~cision ofth'e' outdoor· airflow-rati.l'~r person;-' Qp. detet~i '­
mined with Equation 9 can be estimated using Equation rn:· '!'· 

4072 ' 

(12) 

where 
I I 1· · .. '· ! :,:..1' 

,, 
J· .', ,,! 

; ! . 

' I' 

tiQP =c)' precision.of·the outdoor airflow rate per person, Lis 
, (.efm) per person and ,. 

Li cf . . = . :~reci~iort oft~e c~~b~n cfio~ide generation rate per 
person, Lis (cfm) per'person. · - · · ., 

,.. ''''_.! I . '-

. !he precision 'of the rrieasui'ed carbon dioxide concentra­
tion, tiC, can sometimbs 1b'e obt~iried from the ihantifac'tuter''s 
literature. Alternati~e!y, bne cari ·d~tertnine-'the measurement 
precision based on laboratory and · field calibrations. ASTM 
Standard D'31249' (ASTM 1·990) contains a discussibn of issues 
related to measuremefit accuracy of ail" analyzers. 

The precision of the carbon diOxide generation rate per' 
person, ll.GP, depends on lhe u~hcertairlty iri the-site and level! of 
pliysical itcti'vity of'ttte building occupants. Equation l -'can-:ee 
used to estinu\te the precision'of ~GP' based oH tlte uncertainti~s 
in A0 and 'M using standard calculation proceaures for the prop-·:• 
agation of error. For example, 'if A0 = ·1 :8 nP·CI9 W) wltli'ari : 
uncertainty of0.1 m2 (1 ft2) and M= 1.2 met with an uricertai'nfy· 
of o~ 1 met, then the carbon di{ixide ge'neratiori rafo will ;equal '' 
0.0052 Lis (0.011 cfm) with antincettahtty clf'b:boos'L/s (0:001 
cftn): The precision in the carbon dioxide generation rate, G, for 
a gFoup of people in.the space is based em the·uncertainties irt the 
average •·carbon ; dio·xide generation· rate per person and '1he 
number of people. ; 

The use of the equilibrium:'analysis approach requires the·' 
consideration of sources of carbon dioxide in the sp'ace other 
than people as well as carbon dioxide. removal mechanisms.'" 

Other sources include combustion processes in or nea'r the space; 
carbon dioxide' rembval mechimism's include large numbers of' 
plants. The existence of other sources will' increase carbon diox­
idei·concentrations, and these eleva:teid. concentratioris oolild be 
interpreted n:s- l~wei'•VentHatiorl rates. The'existence•of.removal 
me'chanisms'will"decrease carbon dibxide cohcetittations and 
lead fo the conclusi01f.that the 'venfilation rate is higher than its· 1 

actual!value,There B-rtcf·practical way to adjust for the existence 1 

of significant so.xrces or removal me·ehanisms~ therefore, carbon ·: 
dioxide concentrations m'easured in these circumstances 'cannot 
genetally be used •to.estimate ventilation rates reli'ab'ly; I ' 

·'Even ifthe indoor citrbbndioxide cbhcentratfon has'not yet 
rdched eqiiilibri~rri, ~cjuatiort'.s 8 and 9 'can be used'to. 'cleteiin'ine· 
ari upfrer bound on the i~~ntilatibrt1tate-: F of example; iftHe differ•:. 
eridbetweeri the i'nd~bdl.!id 1ohtdoor carbon di'axr<le ·conbertttM~ 
tiorls aft:quinbritim i~;r ;r?b 'riigYnP :( 6S6 ppfu:{v)'Y dhMHe18atlibh 
dioxide generation rate in the space'is o.5' L/f(l. f cfffi); llien' . 
Equation 8 yields Ja~ventilatfom mte of T1~ L!s"·C1';6901 Cfm). 
However, if the indoor concentratibtfli~' not yet a~ eqliHibritim, . 
then Equation 8 cart: still be•used to determine that the verititation 
ratti is M higher than 170 L/s·(l,690 cftn).':ln other'words; these 
equations <>ah be used·to cotl'finti- tHe·ihatletj_uacy oflventilation · 
but' hot'tlecessarily its adequacyi .. i 
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Mass Ba.~a.r:ice Appr;oaches to,.· 
Cal~1,.llf)ting Ve.ntiJ~tion ·Rates i , 

.,,1 I 

Indoor carbon didxide concentrations have• allso been used 
·Lo t:alculale building vbnlilaliorl' H1lbfo1,~e'd on ai1 aAalysis of the 
carbon dioxide mass balance equati6n without the slfuplifying 
.assumptions, oLstcady . state or 1.a ·COnStaht gcncrati6n rate 
(Penman 1980; Penmah and Rashid,"19&2; Persily1.and Dols 
1990; Smith,'1988;• Tulliel at'\d•Rudy 1980).•:Tihese•approaches 
have errtployed.eith~r·ardifferential.or integral form1·ofthe mass 
balance equation\ 1The·use.ofthese equations involves a nonlin­
ear curve-fitting approach to analyzing thememmred data which 
is gem;rally ~mplo}led .cwlx. in research,s~udies. 

co'NflNUOUS 
1
MONITORING OF 

1NodoR cAti'shi\t 01ox10E: 
II 

I ' . " 
Continuous rrtoniWi\\)I; pf indoor ca,rb9n dioxidt; .concen­

t~ations using a d,ata-lo,gging devke can; ~e ~Sf'ful in inypstiga­
t~\:>nS of buildi!]-~ . .ve9tf!ati9n <tnd indoor flit 1:quality, Such 
mo~,itoring ,g~l).erally. l~sts ,one qr more days and can I:/~ ,useful in 
+\......,, ,....uf...l,....,.,. ... ,...; ... ..,.;., h..,,-n,.U .a. ...... 0 +11¥1'\ ....111,..+"' nn...l ,..,,,..,..11...,.; .a ...l C'lnn,-. o, ('1 
" .. .._.., .., .... - vv• '"'"'",. ......... ., ...... ._ ... ,_ .. ..,. .... • • ..... _ .......... , "'1' ..... ...,. ...,..,...,.,.t"_._..,. ...,t' .................. 

Continuous moni.toring °6f' ilidoor carb6n dioxide concen­
trations ~fil1 be used 't~ dete,m1ine'if equil ibriurri;conditi~ns exist, 
as discussed "'in cohjunction ·with the equilibrium analysis 
approach. However, to verify the existence of equilibrium; one 
must monitor building'otcu[)ancVand•ventifation svsteftflmer­
atioil to ensure th\\t these' pa~am6ters are also const~nt. c~~tin­
uous monitoring can also ·befused to d

0

eterinine the actifal peak 
carbon dioxide eoncent'rations in a building ·or a space within a 
building. ' ·': 

Continuous monitoring.can also he used to determine build­
ing oc.cupancy pattems,ie.,,when the occupants ofabuilding or 
a zone within a building arriiVe and leave. If the building or zone 
ventilation rate is relatively constant, variations in indoor carbon 
dioxide CQf1Centrafions, can be 4seq,to incj\cate when the buijping 
or spa~e \s .qccupied itn~ to provid~~P,'R~)ndic.ation oft~~ occu-

pancy, 1~".l'J,L . '·" ' .. ".' , . : ' , , "'I" ,.. '. , :, " i 

; . ~ow!Pu~'t~;,mp11it~ti!1g qt_ indopr ~~rbo~ diopd~. ~<?,ncen­
trat10ns can also be used to monitor HY AC system'.op~ration in 
s.on;ie situations,. If the OCC\Jparn,;y pf a building pr zone is, rela­
tiveJ:y · coilstan( variatibn'{in .the cfarl:ioll' 'dioxid~ co~c~Miatibn 
can'be u~ed,to ind.icate 'modulatiohs in outdbo;' air ventilation 
r~lb (Ii.Je' Lo eto11l/11'1&~) upe1aliUJl

1

i:lhi10uulail'ui1 of v ~i iab~e-air-
volti~e( (VA V) sysfefus." ' . "' 1 ' ' 1 • " . ' • 

()1 1 ' ')~{11-1 ':, , , J i ~,. ~i! ./i,··. ·1) 

CARBON>DJOXIDE:MEASUREMHNT ISSUES .' , 

.. ~O'Wfi.'iJ& jfhe~e' tS C~rr'en~ly 1n9: ~tan.ct:arCffied tes( ilietfyod for 
measuring indoor carboh tlioxide1 dficeht'rationS.,1 ·~ome' ·guid­
anoe <is ravfillabl(l'. oo' measuring these ootreentmtions{iD'ue to the 
possibilit'y 0f i~trU)Ileni drtftcfver .tifue and' the impacts· oftravel 
Dn:instriun:ent perfotruarrce, it is•important that the instrument 
ca1.ibration' be checked 'irllthe fieJdl before .. ·and after the carbon 
dioxide concentration measurements. The field check 'should 
!11ql4\1\: challe,nging the deyice :with.two 9aj.ibration gases with 
!l91J1ill~l (fpncentrations ofaboi.Jt5~0, an~Ll ,800 :mg/m~i(300 and 
l,OOOppm(v)). 'I ::. , .... r . .i 11 ,. 

l~ 

Many ·carbon dioxide concentration measuremebtJ in ·u · 
ments require a "warm-up'~.periodfortheirnperation tO stat ::izel 
The' manufacturer's· instructions shouldi, be coilsulte'd:lfo'r the 
app~opriate warm"up, timel iSome carbon dioxide 1concoot. ati0n 
measurement instruments are affected by thei!temperature;and 
relative. humidity" The: ,manufacturer.'1s instructions :should be 
cpnsulted for.the suggested operating,conditions. i · ,,. 

; ' .When: using. indoor carbon dioxide. concentrations .,for. ithe 
purp:i,,~es described in this papen;rthe outdo0t carbon diG>xide 
concentration mus~ be measured,Oue·t0,the existence oft'3cal 
variations ,in .the outdoor carbon. dioxide• concentration and the 
possibilit}I of exhaust air.entrainment, the outd.oor carbon.diox­
ide concentration should be measured where the outdoor air .. is 
brought into. the ventilation system serving the space. If the spa;;e 
is; not mechanically ventilated, Alhen• the outdoor con:centratim1 
should be measured near those vents, windows, and other open'­
ings through which outdoor air would be expected to enter the 
space. :r'• 'i ·,;. :: 

The outdoor <;oncentration should be measured 1 ~IJveral 

times .before, during, an<I .11-fter the,jndoor ca~·bon dioxid~ 1<oncen­
tration measuremen.ts tq determine a reliable value of the outdoor 
concentration and to verify its stability, (IourJy rneasurements of 
th\) outdoor concentratiQn sho.uld be sti_ff\cient. Jf the instrument 
measuring the carhop. dioxjdf concentration is ,sensitive to 
temperature, this effect mustbe.taken,.,into accouIJ.tyvhen IIl~flsur-
ing outdoor carbon dioxide concel)~rati.ons,.. 1 • 

I11qqo~ carbon dioxide concentration sampling •lo,cations 
should be seh;cted to ensufie a representative concentrationNalue 
that is not unduly bia~~d l;ly the carbon dioxide sources (pt;pple) 
and ventilation air with ,a Jo~ ~on~entration. Indoor smIJp!ing 
locations shoulq b~\ ~elect\ld b)l,.making measurements at n;rnlti­
ple locations iµ the space ,lpl.d, iflentifying one or more locations 
that yield a reBresentative yalue.,The carbon dioxide concentra­
t~pn ip an occupied space ~ill.gener.~ ly not ~e un.iform due to the 
~h car!wn ~io~ide ;oncentratio Ln the air e~ale_d by pepple 
about 72 000 mg/m (40,000 ppm(v)). Ther~~o re, tl~e indoor 
c~~c.entration J1ould no, , be m~asured flose to 1pyopJei' A 
d1sti1n5e of ab,o~t 2 m, ~:9 ~).from oc~upfln~s ,is p~obah!x.~uffipient 
!?, p.vmd these effects, ! 1qpor sampl,~.~g lpc~,t.ions, ~pquW ~\~o be 
se)1ec.~_7i~: .to avoi_d the lpw co11c,eptrati,on ai,~ ente,~ing;: *"~ ~pace 
tl~r,o :~gh o_pen, :-r1 i~do~s,,a~~ ~.upply air v~qt~. . . 1 . , ' I 

'fl.1e._ mdoq1'. ~'1fi~O.ll dlOX \~e ~'\>:icentra.t:on Gan b,,, rnew;ured 
~t ~ .retu,r;i;i or expl,\u~t ve~Jseryin~ 1 h~ ~ ace!? ~~tain,Wf aPPJ%­
un1 ate ,l,\.VCfj:lge ,concentr;;1,tion ti r the spac~. Tfthere arJi multiple 

• ~I J"l < I I • 1 I tl ,, .... r, i \t& f 

re~µ~~ - ?r. e!flla: t .Yi~qW iu th~ .~P.~9e, i~ 1n.~y11p~ nee.~. ~ry to 
sample at multiple vents to identify a vent that yield11 i\ represen-

t~~iv~ ~a!ue: C9p~e~n, 1~~~1 .p_een.,ewres1s~d abr,.ttt th~~ ~PRfp~ch 
dite t°:)P~ ~R~s_i!~~!!~ .. o~s~ppJ~. air slJ.ort-.~i~1~1Jitifg}p t~~~r~turn, 
resultmg m a low return mr .concentration. , .. .. r., ' I • , , 1; I ~.. fi I·; .• ; ; .. \)· i':' .1! I \ 11

. { 
1

\ - f I ' 

' ff, 
CONCLUSIONS 

: ":) ·~ : I I ! ! ·~: ' I : ;·1 : ::.( ; ,-, .: I ; • ... , I . ;\ I [, -) 

. ,Jhe measurement. an<! interpretation;Qf indoor carbon 41iox­
i~e .cqncentrations .can provide, us.eful information, on J:iuilding 
indoor, it:ir ·quality andi ,ventilation1 ,H0WCY.Cl',;.Wheni:evaluating 
indoor air quality and/or ventilation.usilfg·earbon'Oioxide, the 
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usMmust;\lnderstand the technique being employed arnd verify 
its.applicability to theibuilding and situatiol'I' at hand. , · ·: ! '· 

,while· indoor cai:bon dioxide:."eonc·entrati.ons have' been 
:;h0wn'tlll. be:a r'eliable indicatm ofthe•aecepta:bi:Jity of a: sp·ace 
in terms of human b'ody odor,ithere is little evid'enoe supporting 
the tlse . of oaiibon; ·dioxide : la's a comprefiensive indicator iof 
indoor air quality>t\1any buiMing $tlidies nave shown nO'sigrtif­
icant iielationship between <oorbon dioxide .. eoncentrations and 
the p!evalence of occup.ant:symptoms. Also; many contaminant 
s0urclts are not: associated, with. occu~ancy levels\ 1.and their 
concentrations will no't •be associated· with carbon dioxide 
levelsr · The analysis. of carbon::dioxide :comcentrations: dm be 
u>etl to obtain information on building~ventilation performance 
ba5ed oora number of tracer gas techniques, but the assumptions 
associated:with these-itechniql;~s must be understodd and v:ali~ 
dated.bytheuser. _, ,, .y '-· 1 

..... ~ ', . 
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