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with Indoor Carbon Dioxide
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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 anumber 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 L/s and 32 L/s 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/m? (1,000 ppm(v)), and that imply if the carbon diox-
ide concentration in a space is below 1,800 mg/m® (1,000
ppm(v)) then the space complies with ASHRAE Standard 62-
1989 (Persily 1993).
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This paper describes various approaches to using indoor
carbon dioxide concentrations to understand building indoor air,
quality and ventilation. The relationship between carbpn dioxide,
concentrations and ipdoor air guality, js, discussed, with -an
emphasis, on the, experimentally. demonstrated relationship,
between concentration and the acceptability, of human body odor
in occupied spaces. A nymber of approaches in which carbon
dioxide can.be used as a tracer gas to,determine building venti-
lation parameters are also,described. Much.of the material in this
paper is based on a provisional standard on the use. of indopr
carbon dioxjde concentrations to evaluate indoor air quality and
ventilation (ASTM 1996). | : .

CARBON DIOXIDE GENERATION RATES

‘Both the relationship between indoor carbon dioxide
concéntrations and sindoor air quality ‘and. the relatiorship
hetween carbon dioxide and vehtilation are based onirthe rate at
which people generate carbon dioxide. People generate:carbor
dioxide, and consumc oxygen, at a ratc that depends primarily or
their level of phyvsical activity and. their size. The relationshit
between activity level, size and the rates of carbon dioxide gener-
ation-and:oxygen consumptionis discussed in ASHRAF: Funda-
mentals (ASHRAE 1993) and is summarized below: 1

The rate of oxygen consumption, Vo, inL/s, of a'persoi is
given by the following equation: ..., | ‘_ '

 0.00276A,M a

o WHRGTOT :
Ap is tHe DuBois surface area 'in m ; which is described
below:: When using inch-pound (I-P) units, Ap, is in ft2 and

Vo, isn cfm and Equatlon la takes' the form
e  0000S43ApM 1,
VOz. ~ (0:28RQ+0.77) . S (lbv)_

where RQ is the respiratory quotient, i.e., the re]a'tive.vo[umet’-
ric rates of carbon dioxide proddced to oxygen consumed. M
lS the Ievel of physrcal actmty, or the metabollc rate per unlt
of surface: [arga, in mets (1 met = 58 2 Wlml = 18.5 Btu/h* ﬂ']

AD. the DuBois surface area in m?, can be estimated by the
followmb equat:on
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where His the body helght firl ¥l 'and Wls the bo'dy“fnass in kg.
When using ingh-pound units, Ap is in ft2, His in'ft, Wns inlb,
and]iquanon 2a takes the: form R Ceeend :
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For an adult of averag,e 'u?e Apequals about 1.8m (19 ftz)
Addmonal information on body surface area is available in the
EPA’s Exposure F: aclors. ”andbook (EPA 1989). The value of
RQ depends on d:et, the, level of physwal activity, and.the phys-,
ical condition of tha.person apd is.equal, to, 0.83 for gn, adylt of,
average size adylt engaged in. hght or.sedentary, activities. RQ

increases to a value of about 1 for heavy physical activity, about
5 met. Given theexpected.range of RQ, it has onlya secondary
effect on.carbon dioxide generation rates. -

. The carbon dioxide generation rate of an mdmdml is there-
fore equal to Vo, multiplied by RQ. Figure 1 shows oxygen’
consumption and carbon dioxide generation rates as a function,

pf physwal actiyity for an average-sized adult with a surface area
of 1.8 m? (19ft2)andRQ -0.83: :

(cfm)

Oxygen Consurption, Carbon Dioxide Production (L/s)

Physical Activity (met)l

i
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Fxgure 1 Carbon d1ox1de generanon and , pxygen
. . consumpnon as a functiop of phys‘zca] a(‘t1v1ty
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Basqd ,on Equation, 1, the carbon d10x4de generation rate
c.orresp,ondmg to an average-sized adult engaged in office work
(1.2 met) is about 0.0052,L/s (0.011 cfin). However, the gener-
ation rate depends strongly on activity level and can cover a
range from less than 0.0050 1./s:(0.011 cfim) at 1 met to as high
as 0.010 L/s (0.021 cfm) at,about 2 met'for the occupants ofan.
office byilding. The carbon dioxide generation rate .for a child,
with Ap = L.m?% (1! ft®) and 3 physical activity level-of };2:met
is equal-to 0.0029.L/s (0.0061 cfim). When.making calculatiens
that, use the carbon dioxide generatjon rate in,a|puilding;.one;
must consider the level of physical activity and the gize of the
building occupants. Chapter 8 of ASHRAE Fundamentals,
“Pl1y°1010g:cal Principles and Thermal Comfort” (ASHRAE
1993), contains typical met leve]s for a vanety of, activities,
Some of these values are rcproduced in Taule % S

- .Oxygen depletion is somgtimes citgd as; acau[se ofindoar air,
quality complaints in buildings. Based on the;oxygen consump:,
tion rates determined, with Equation, 1y, it qan be,shown that
oxygen depletion dug to:Jow ventilation rates is not typically ag,
issue of concern. Given an agtivity level corresponding to offieg,
work; about 1.2 met, the oxygen consymption rateiof anindi;!
vidual equals 0.006.L/s (0.013 cfm), At:anioutdoor ajr ventin,
lation rate of 7.5 L/s (16 cfm) per,person,. the.steadyrstaten
indoor, gxygen concentration, is, reduced, from ;its typical:
outdoor level, of2l% 10-20.9%.1A% 2.5.L(s, (8.3 ¢fm).and 0.5
L/s (1 cfm) per person, the indoor oxygen concentration ds
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Wals 'L i ot TABLE 1 ot T
‘1.1 Fypical Met Levels for Various Activities ® '

L fetivity ; Met
. Seaediquict - | . - 10 o
i ‘Reading and writing, seated?; AR A 1 et L
(DT ?Typir'l'g TRITNE ‘ [ : ‘ Jl.-l",-rn.‘l
Filing, seated ' o 12 ‘
Filing, standing 1.4
Walking at 0.9 m/s (2 mph) 2:0,
House cleaning 2.0-34
#qn Exercise 3.0-4?;:0

reduced to 20. 8% and 19.8%, respectively. Health éffects do
not generaliy oécur until oxygen levels decrease to less than
19.5% (NIQSH 1987), which corresponds to an outdoor air
ventilation fate of 0.4 L/s (0,8"(:§Im) per person.

CARBON ‘DIOXIDE AND INDOOR AIR QUALITY

Indoor carbon dioxide concentrations have 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 numbeér of relationships that could be implied in
discussing carbon dioxide and indoor air quality; these include
the health effects of elevhted carbon dioxide cdncentratidns, the
impact 'of carbon dioxide on occupant perceptions of the indoor
environment, the relationship between carbon dioxide concen-
trations and the concentrations of other indoor contamitfants, and
the relationship between carbon dioxide and outdoot airiventi~
lation rates. In addition, references are often made between
carbon dioxide concentrations of 1,800 mg/m? (1,000 ppm(v))
and ASHRAE Standard 62-1989. While some of these relatioh-
ships are relatively wéll-iihderstood; and in some cases well
founded, others have ot beetr docutnerited experimentally or
theoretically. Ih other'words, itidoor carbon dioxide concentra-
tions! can"'be hiset tb inllicate'specific and limtited aspects of
indoor air quality'but arelndt an overall’mdlcator' of t‘l‘le quality
ofﬁndoor @, ot "G Lo

Carbon droxnde is pot gen,erahy consndered to be a health
conceri' af the concentmtlons that typically occur indoors. The
trme-werghfed average plresholc{ limi rt value (based on an 8-hour
exposure and a 40-hour work week) for carbon dioxide is 9,000
mg/m> (5,000 ppm(v)),‘and the short-term exposure liniit’ (15-
mintite expostite) ‘is’ 54,000 mg/rﬁ"3 30,000 ppm(v)) (ACBIH
1995): A'huniber 6Psitidies at elevated concentrations, about 5%
darboff dioxide'th #ir o+ 90,000 mg/m3 (50,000' ppm(\/)), havé been
pérforméd and'th&loweést 1ével at which effetts hive been seen in
humkins' and*#nimals‘is ‘abouit 1%, {.e.. 18,000 mg/m> (16:000
ppiigv)y (EPA 1991} Thdoor carbén dioxide concentrations will
riot#éach theselevels exCeptwhenthe ventilation rate is extremely
16} about 1 478’ (22 ¢fim) per’ pétson for 9,000 mighn® (5,000

pp{(nC\/)) and less thas about 0.2 LA (0.4 cfrh) pér person for 54 '000_‘

mg/ind (OO0 ppriigy)). © it v foei i
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* Associations between carbon dioxide concentrations and
otcupant peréeptions of theiindoor environment in' terims of
¢dmfort and irritation are comiplex because they combine several
différent igsues; includirig the comfort impacts of the ¢arbon
diexide'itself “association§ betweeti' carbon dioxide levels and
the concenttations’ of othier: contaniinants, and the relatioriship
between carbon dioxide'ahd ventilation. A ‘number of peet-
reviewed studies' of occupant symptoms Kave shown nlo-signif-
icant rélationship between the' prevalence of symptoms and
catbon dioxide coneentrations (Hodgson et al. 1991; Jaakkola et
al. 1991;Skov'et ‘al. 1987, 1990). ‘However, some indoor air
quality investigators associate indoor carbon dioxide concentra-
tions from 1,100 mg/m> (600 ppm(v)) to 1,800 mg/m (1,000

ppm(v)) or higher with perceptions of stuffiness and other'indi-
cators. of discemfort-and irritation (Bright et al. 1992;;:Rajhans
1983; Bell and Khati 1983). These associations are often based
on-anecdotal observations ofithe investigator -or. en informal
occupant surveys; It, may be that the observed associations
between carbon dioxide and occupant comfort are due td.other
factors, such as thermal comfort or.the-concentrations of other
contaminants: in the space: Howeves, as discussed below, there
is a demonstrated correlation between indoor carbon. dioxide
concentrations and the level of acceptability of the'space in ternrs
of human,body odor. Y, P

The relationship between carbon dioxide'¢oncéentrations
and the concentrations of other mdoor contaminants depends on
the characteristics of the sources ofthese other contaminants. As
discussed earlier, the rate at which carbon dioxide is generated in
aspace depends on the'number of people in the space, their size,
and. their level of physical activity. If other contaminants are
generated at arate that also depends on the occupancy level in the
space, then carbon dioxide may be a good indicator of the
concentrations of these contaminants. However, only some
contaminants are generated at a-vaté that depends on occupancy,
and many contaminant sources are not a function of occupancy
at all. For example emlssmns from bu:ldm matenals ‘and
furmshmgs and lhe mtake of outdoor contammantsby the venti-
lation ;sjstem do’ not depend on the number of occupants ina
space. egardless ofthe'indoor carbon d10x1de level, the concen-
tration of contaminaits emitted by occupant-rndepenqent
sources may be high, low, or in between and the carbon dioxide
concentratlon will not provide any information on their concen-
tration. This fact can limit the usefulness of carbon dioxide-
based demand-controlled ventilation. . - ...

i The relationship between. carbon droxrde and outdoor air
ventilation rates is well understood and is based on the'¢onsid-
eration of carbon d10x1de as a tracer gas (Persily and Dols 1990).
Bakéd on the mass balanice df atracérgas in abuilding, measured
carbon dioxide concentrations can be related to information on
the'rate of carbon dioxide ger‘ierauon in the'spdce 16 deterimine
some ventilation characteristics of a building. Laték in this pa‘pcr
a mimber ‘of approaches to determining building ventildtion
pérformance are desciibed thiat are based on the use of odcupant-
génerated carbon dioxide as a tracer gas. Allelsé bémg equal, if
the ventilatioh rate i &' space decreases, then tife indoor carbon



dioxide concentration will increase. However, fo make a quan-
titative estimate of ventilation based on measured carbon diox-
ide concentrations, one must employ 2 spec1ﬁc tracer gas
technique that is. approprlate to the condrtrons that exist in the
building. :

Carbon Dioxide and' ASHRAE Standard 62-1989

A common misunderstanding exists that if indoor carbon
dioxide concentrations in & building are maintained below 1,800
mg/m?> (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 ventilation rate proce-
dure and the indoor air quality procedure. The ventilation rate
procedure requires that one determine the design ventilation rate
of a building based on Fhe space use in the building, the number
of occupants, and 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 outdoor.air and that no unusudl cantaminants 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 ;mg/m>
(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 guideline for
indoor carbon dioxide concentrations of 1,800 mg/m® (1,000
ppm(v)), but the 'standard also contains limits for four other:
contaminants of predominantly outdoor origin in Table 1 of the
standard and three other indoor contaminants in Tablé 3« In addi-
tion, one must keep all other-known contaminants .of concern
below specific levels, and a.subjective evaluation is required for
those contaminants for which no objective measures of accept-
ability are available. s s, Mo 80,

Carbon Diéxide Concentrations
and Body ©dor Acceptablllty '

Atthe sametime people are generating carbon dioxide, they
are also producing odor-causing bioeffluents. Similar to carbon
dioxide generation, the rate of biogffluent generation depends ory
the level of physical act1v1ty Bioeffluent generation also,
depends on dietand on personal hygrene (such as the frequency
of bathing). Beeause botlr earbon d10x1de and broefﬂuent gener-
ation rates depend on physwal actlvrty, the conceritrations 0
carbon dioxide and the odor interisity from human bioeffluents
in a space exhibit'a s1m11ar dependence on the’ ‘number of occd-
pants and the outdoor air ventildtion rate. '

.Experimental stydies have been canducted nwhambers and
1npcqupred spaces in which people evaluated theagceptabllrty of
the gjr.in. terms pf bedy oder. (,BermMunch et al. 1986; Cain et
al. 1983; Fanger. anq Berg-Munch 1983; Fanger 1988; Iwashlta\
et al, 1990; Rasmuyssen gt al. 1985). These experiments: studled
the relationship between qutdoor ajt ventilation rates and odor
agceptability and, are a major congsideration in developing,the
ventilation rate recommendatrons in yentilation standards. Some .
of the experiments also, studied the relationship.between ca_rbgn‘

dipxide epncentrations and the acceptabrllty of the air :iif the
space interms of odor. - .. . ¢ oy vt

' These' studies have conchided that'about 7 LL/s(15 cfth)’ lof !
outdoor air'ventilation per person will cofitrol human body odor '
such that roughly 80% of unadapted pérsons (visitors) wil find
the odor to be'at ‘an acceptable level: The'same ‘level of odor”
acceptability was found to'occur at carboit dioxide'concentra-
tions thiat arg‘about 1,250 mg/m (700ppm(v)) abovéthe otitdoor
coricéhttation, which 'at a“typical outddor level of 630 g/’
(350 ppm(v)) yields an indoor carbon dioxide concentration of
1,880 mg/m3 (1,050 ppm(v)). These considerations yield the
commonly discussed guideling value for carbon dioxide of 1,800
mg/m> (1,000, ppm(v)) [(ASHRAE 11989), The differential
between indoor and outdoor levels of 1,250 mg/m3 (700.ppm(v)) -
is a measure of acceptability with respect to body odor, isrespac-
tive of the outdoor carbon dioxide.concentration. Figurei2 shows
the-percent of unadapted persons «visitors). who are dissatisfizd
with the level of body odor in a space as a function of tlie.carbon .
dioxide concentration above that outdoors (CEC 1992). People

fram /m3)
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Frgurq 2 Percen: of v vrsr(ors d:ssa[:sﬁcd as a function of
carbon dioxide con(.emralmn (CEC 1 992) .

adaRtig;uiclgﬂy to bio,'f':fﬂue;lnlitsr F>0r a_daptle'd'per_‘,‘si)ns (occupants):,ﬂ,i
the ventilatign rate per person;to provide the same acceptange is
approximately one-third of the value for unadapted persons
(visitors) and the correspondlhg carbon d10x1de concentrations
ahave outdoors are three time§ higher (Berg Munch et al. 1986;
Cain et al. 1983).

The relationship between percent dissatisfied and caern[
dioxide concentrations for vigitors shown iri Figure 2 was seen
experimetitally (Berg-Munchiet al. 1986y Fanger and Berg-:
Munch 1983; Rasmussen et al: 1985), and the correlation was
not strongly dependent on the level of physical.agtivity. In addi<
tion, the relationship did not require that the indoor carbon diox-
ide concentration be at equilibrium. The relatiqnship described-
in Figure 2 can also be derived based on the experlmentally
determined,, relationship between ..percent dissatisfied, and
outdoor. air .ventilation rates in L/s (cfm) and the relationship .
between oytdoor air. ventilation;rates and gquilibrium garbon ,
dioxide concentrations thams described; later,in this papen. -
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"+ While carbon dioxide concentrations:can'be an appropriate
means of characterizing the acceptability of a space in‘terms of
body.odor, as stated earligr,they do not provide information on
the concentrations of cantaminants from othen pollutant sources
such as building materials, furnishings,jand oecupant activities..
And.while maintaining carbon dioxide.concentrations. within
1,250 mg/m3 (700 ppm(v)) of outdoor levels;should proyide.
acgeptable.perceived air quality ih terms of human body odor; it
does nqt necessarlly imply adequate.control of these.other ppllut-
ant sources. ¢

i1 PR i W% : SarvqiPa

EVALUATION OF BUILDING VENTILATION

. . Thete are a number ¢f different approachesin-which indoor
carbon-djoxide concentrations can be used:to evaluate building
ventilation. These approaches include the determination of the:
percent outdoor air intake at an air handler and the determination
of building air change rates using tracer gas decayiand equilib-
rium 1analysis. These three techniques are described ‘in the
following sections.” E ‘

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 balances 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, which
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 ohtained
by multiplying 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 handlet, Q,,,
divided by the airflow rate of suppIy air being delivered by the
air handler, Q,. These airflow rates, and the recirculation airflow
rate, Q, are shown schematically in Figure 3. Based on a mass
balance of air and carbon dioxide at the air handler, the percent'
outdoor-air iritake is given by the followmg equatlon LA

i o I M el 'h

(Cgn Cs) . ;
% OA 100 x 3)
1 (Cp—Coup il
where ‘ . ou e
%OA et percent qptqqgr air, mtake b ow e s
C,+ . = carbon dioxidg concentratjon in:the recirculation (, -
‘& . airstream of.the air-handler,;:, 28l Epntop
Gitit. = warbondioxide concentration in the supply alratream

Dol ad,

of the-air handler, and . - rm o !
C’[,]j}" e cérboh diomde conbentratlon in the ontdooi’ a1r
ALt Bl F e LRy i

P Whesn'using thls approach, C;/tén be measured in'théreturn
ductywhish is6fteri mére accessible thian the récirculation diict
Oy should be'medsured 4t the zir handlét; as'far downistreamn of
where the oiitdoor and'return @irstreams iix: Care must bé éxer-
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cised to ensure that the values of C, and C, are truly representa
tive of thelaverage concentrations inthese aitstreams. Multipoint
sampling.may be necessary.to verifiy: the.representativeness of
these concentrations. Typical variations in indoor CO, concen-'
trations with:time are generally not a.problém in the determina-
tion of %O A; however, C, and C, should:be measured over the
shertest time possible. Measurements of (C,. and C; 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 Equation 4:. - .

(ACT AC‘ZU‘) LG +ac)

A% = %OA ‘ = @
i (C (‘out) ..(C.r_ CS)L .
where .
A% =" precisioh of the per'cent outdoor air infake,
dq = prec:s:on of the measured carbon dloxlg!e .
“t "'concentration in ' tlié recirculation air, B
ACSL = ,prec:smn efthe metasured carbon dloxlde e
e concentranon in the supply air, -
AC,y 7 precision, of the mgg,spred carbon de}(,ldﬂ ¢

concentration in theloutgioor air, b e

Equatiof' 4 only accourits fOf;the"pfe'é'iéiéi'i ‘of thé" measured
cohcentratiois! diid ‘Tisplests any Bifs die to -calibratioh and:

operdtor errdts.’ The' magifitude 'of the differeice Between €
and” Cg, is thé main factor' affectmg the precisiol i in lJf'i»().‘\ >

with largeé values'of this difference mcreésmg the precmlon of
%OA. This differérice ‘¢an be maximized by makKing the Con-
centratioh measurements well into the occupied penod of the

day - ‘whett -the iiidéot" ‘catbon d10X1de”c0ncehtrat10n has"

T i

increased well above thedutdoor concentration:-



~, The use of carhon dioxide concentrations to determine the
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, return, and outdoor airstreams. The
so-called “temperature balance” method has been described in
many places, but it has two major “drawbacks. First, the value of
the percent outdoor air intake will be associated with a lange
measyrement. ungertainty whenT the refurn an,d outdoor air
temperatures are closé together (Persﬂy 1994) Dependmg onthe
value of the'percerit outdodt'air intake aid the uncertainty in the
air temperature measurement technique, an uncertainty in the
percent outdoor air intake ot 50% to 100% can exist when the
outdoor air temperature is within 10°C (18°F) of the return air
temperature. Another problem with the temperature balance
method is'the existence of imperfect mixing of the outdoor and
return airstreams and the ditficulty in determining the supply air
temperature upstream of the heating or cooling of the'supply
airstream. The carbon dioxide approach avoids the first problem
as long as the measurements are made after the indoor carbon
dioxidc concentration has increased sufficiently above the
outdoor level, i.e., after the building has been occupied for
several hours. The second problem is also less of a concern with
darbon *'dioxide because 'the ‘supply concentration can be
measured farthér downstream of where the return and outdoor
airstreams mix without any impact from the heating and cooling
coils.

Tracer Gas Decay Measurements
of Building Air Change Rates

Whole-building 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 measurement is conducted
after the occupants leave 'the building. ASTM Standard E741
(ASTM 1995) contains a test method for tracer gas decay
measurements,of air change rates in a smgle zone, which deter-
mines the total rate at which outdoor air enters a single-zone
space divided by the volume' of that space. This outdoor air
change rate includes both infiltration through leaks and other
-openings in the building envelope and intentional outdoor air
intake through mechanical ventilation systems. This test method
applies to single-zone spaces, defmed in the standard as a space
or sct of spaces wherein the tracer gas concentration can be main-
tained at a uniform [evcl and Wthh exchange air Dnly wnh the
outdoors -

i

ln the tracer gas dec'ny techmque a tracer £asis relcased mto

a, sp:ﬁce tpl el tam a uniform trapeg goncentration throughout the
$page. being t tested The decay i, tracer. gas concentration. is

momtored gver ume, gnd the air chalnge rate is, (Jie'ger_;nmed from

}he rate, fo concentratlon decay] Iﬁ the air change rateis constant

,then  the tracer gps qoncqntratl,on,, C(t) decays,[assummgl a zero
: conqer};ratlon outdoors according to . T

I, o bt ! 2 n L
CC( = Coe T

L J AMimpbeis it i Tneshoago dian

where
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;t T
C(yi: =
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tracer gas concentration at t=0;'and - ¢ 0
g, ¢ e ol s
air change rate, h e 1
l

< /
The au change xate Lis equal to the outdoor auﬂpw rate into
the spage (mtake and mﬁltratlon) dlwded by the volume of the
qpace V. Tracer, gas qoncen'rranons meas,ured jin decay tests
are usually analyzed by taking; the natural logarithm. of each

side qf Equa‘uon 5 ito yield . i

" e = InCy - It ¢ T g6

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. g o

The average air chiange rate can also be delermined over a
time period, from ¢, to &, using the following equation:

_ [InC(ty) - (InC(t;))]
(t—1ty) Loy T

(M

where C(t;) is the tracei‘gas conceéntration at the begiithing of
the’'time period ahd C(tz) is the: cbncentratlon at the end of the
petiod. B #he -

When using occupant-generated carbon'dioxide to conduct
atracer gas decay test, the requirements of ASTM E741 must be
followed. These requirements cover test equipment, sampling
duration and frequency, uniformity of tracer f#as ¢oncentration irl
the space being tested, and calculation thethods. However, using
the tracer gas decay technique with occupant-generated carbon
dioxide involves some considerations not explicitly covered in
ASTM E741..For example, the'decay 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 i$
unoccupied. In practice, an.occupancy density of one person:per
1,000.m? (10,000 %) or less should not impact the measurement
results.:In addition, the tracer gas decay. techniqueas described
in ASTM E741 assumes that the outdoor tracer'gas concentra-
tion isizero; which is not the case with carbon dioxide. Howeéver,
if 1the “outdoor concentration is constant' during; the idecay
measurement, then the tracer gas decay technique zan be used by
substituting the difference between the;indoor and the outdoor
concentrations - for, the . indogr: concentration iy the.analysis
contained in ASTM E741. Standard E741, also rgquirgs that the
congentration measurement precision,be better than +5% of. the
concentrations, during;the decay, When-using cagbon dioxide s
a tracer gas, this precision requirement must be applied to the
difference between. the .indoor. and,-outdogr ;carbon .dioxide
concentrations. i L

- Inmost buildings it takes some time far all of the occupants
to legye the building, and; during, his,fime the indoor carbon
dipxide concentration will decay. The indoor garben; djoxide
concentration when. the building; is finally. unoccypied depends
on: the concentration, in the building when, the;occupants start
lea\{,mg, the amoynt of time it takes for them to.leave, and,the

oytdaoy, air .Change rafe of the bpilding. Depending on the vajues
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of these parameters, the indoor carbon dioxide doncentration
may be too low once the building is unoceupied to perform a reli-
able tracer gas decay measurement.

ASTME741 also requlres that the 1ndoor tracer gas concen-
trations at’rhultlple points within the building differ by léss than
10% of'the average ‘concenttation in the building. ' When usmg
carbon dioxide, this‘ concentration uniformity reqmrement
should’be - applied 15-the diffetence between the indoor and
outdoor concentrations. It may be difficult'to meet tHis vnifor-
mity requirement in buildings with large spatial variations in
occupancy and/or outdoor air delivery rates.

Carbon dioxide can also be released 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 should refer.to ASTM E741 for
guidance on tracer gas injection. ‘ PP

Estimating Ventilation Rates '
Using Equilibrium Analysis

Under some circumstances indoor carbon dioxide congen-
trations can.be used to estimate outdoor air .ventilation rates
based on the constant injection tracer gas technique. The appli-
cation of the constant-injection technique using occupant-gener-
ated carbon dioxide-is sometimes referred to as equilibrium
carbon d10x1de analys1s ASTM E741 contains a test method for
constant-injection tracer gas degay measurements of air change
rates in a single zone. Equilibrium c@ﬂ’h on dtoxlde analysis is-a
special case of the constant-injection approach described in the
ASTM, standard

The constant-injection techmque in ASTM E741 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 concentratiofi uniformity criterion. The tracer gas concentra-
tion in the zone is then measured in real time. The :average
outdoor airflow rate into the zone during some time interval is
caleulated from the average concentration during that interval,
the tracer gds injection rate, the zone volume, the length.of the
time interval, and the tracer gas concentrations measured atthe
béginning and end of the interval. z

A corstant-injection tracer gas measurement performed in
acoordénce with ASTM E741 deterittines the total raté at which
outdoor 4ir enters a single-Zone'space. As with tracer gés decay
méasuremenits, the oltddor air entry inclides both:infiltration
through'leaks ind other opeflings’in the building envelope and
intentional Outdoor-air intake'through miechanical ventilation
systemis. Also; as with'tracet'gas decay; His'test me‘thod apphes
to smgle-zone spaces. ST d

"The' equnlibrfum catbon dioxide analySls approach is a
speclal casé"of thé€ohnstant-injection technique described in
ASTM E741 ih whiich the outdodr airflow rate i$-constant, the
Jutddor tracer gas 'cdhicelttration is nonzero and' cohstant, the
itidéor'carbion dioxide concentration is at equilibfiufn; there is'a
gonstant generatidh i'ate of carbon'diokide in'the space, and there
até'nd méchanisms oFCarbon dioxidé 105s otheé than ventilation.

4072

I this approach; the otitdoot airflow raté’is given by Equation
a1 o ! ¥ ) A SR

p"d ) L 3] Y b A

My el pt Gl ¢ R e
ks Qa.? m v-l R (8a)
where: ! ’ T Vit 10
@O = otltdoor an‘ﬂow rate lnto the space L/ o
& = ‘,carbon d10x1de generatl‘on ‘ratﬁ in, the spape ].,/s,
Cingg = equilibrium carbon dioxide congentrationin the
st space, mg/m>; and e o 308
Cou[ = outdoor carbon 'dioxide concentratlon mg/m

For mch -pound umts, with the flows in cfm and- the carbqn
dioxide concentrations in ppm(v) Equation &a takes the fol-
lowing form: . . ML o ,
_10°xG
'(Ctn, eq— Coud)

1.

Equations 8a and 8b can be written in terrzs of the outdoor
airflow rate per person by substltutng the. carbor, dioxide genet-
ation rate per person for G. In thls case, the outdoor alrﬂow rate
per person is given by Equation ga

Q, = (8b)

1.8x10°G )
e : a
Gl f':ln. eq Cau.‘"
where

Qp = outdoor airflow rate per person mto the zone, L/s per
person, and \ N
1% 5

G, = carbon dioxide generation rate in the zone per

person, L/s per person. 5, Phere ),

Agam 1f the ﬂows are in cfm and the carbon d10x1de concen-

tratlons are 1n ppm(v) then Equatlon 9a takes the form
g - ‘,f . w6 e b 3 &

! o 110 XG

SO o, QP =

' " 9b
o ¥ (Cjn"qq_",go.u,[)t i 5 ' “( )

hi

The vahdlty of Equanons 8 and 9 is based on several
reqmrcmems and assumptlons related to the single-zong tracer
gas mass balance on ‘which the' equanons are based. Flrst the
zone to whtch the procedure is being applied is assumed o act as

asinglé Zotie with respect to'¢arbon dioxidé eonCemranon i.e.,

the carboh dioxide conceftration thrbughout the zoné i§ uhiform.

ASTM E741 specifies that thé tracer’ gas con'centtatlon attépre-
sentative locations througho'bt the2ond'différ by’ 1esd than 10%
of the average céncentrat’lon for the 'zone."The" exrétettce’ bf
concéntration uniformity’ ‘can ‘bé” veritied By ineasuhrtg the
indoor carbon dioxide conc¢entration througtout the zotié béing
tested. The measurement points should be well distributed both

Horizontally and vertically in the zone being tested, including

points in the individual rooms comprising the zone and multlple
locations within the individual rooms.



Equations 8 and 9 also require that the zone being tested be
isolated from any other zones 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 carbon '

dioxide concentration (except the -outdoors). In practice, this
requirement means that these equations.cannot be:applied to an

individual room unless the concentratlon in the rest ofthe bulld- .

ing minus the outdoor concentration is, w1th1n 10% of the aver-
age carbon dioxide concentration difference in the zone being
tested For rooms that do pot meet this 10% criterion, one must
demonstrate that there is no significant airflow from such rooms
to the test zong. This lack of airflow can be demonstrated using
smoke at the airflow paths between rooms. «

The approach also requires that the carbon dioxide genqra-
tion rate be constant ang known. This requirement means that the
number, of occupants in the space and the rate al which (hey
generate carbon dioxide are constant for a sufficiently long

period while the concentration builds up to equilibrium. When
using Equation §, one needs to. know the number of occupants, |

and their, average carbon dioxide generation rate. When using
Equation 9, one;only needs the average carbon dioxide genera-
tion rate per person, Determination,of the average carbon diox-
1de generatlon rate requirgs consideration of the activity level
and size of the occupants as discussed earlier. ey

. The derivation of Equations 8 and 9 is also based on,a
constant oytdoor,carbon dioxide concentration. This require-
ment is generally not a problem, but the outdoor concentration
must be measured prior to and during the measurement of the
indoor equilibrium concentration, It is not sufficient to assume
that the outdoor concentration is at a typical value such as 630
mg/m?, (350 ppm(v)). Outdoor carbon dioxide concentrations
can range from about 550 to 900 mg/m (300 t0.500 ppm(v)),
depending on the time of day, season:of the year, weather
patterns, and. bulldlng locatlon7 s -

Equations 8 and 9 are based on the: addltlonal assumption
that the outdoor air ventilation rate is eonstant. Therefore, one

must understand and consider the factors affecting the ventila-.

tion rate of the space being tested. These factors include outdoor
weathergonditions and the operation and control of any mechanr
ical ventilation system,.If the space is mechanically: ventilated,

the contrpl gystem may modulate the rate of outdpor gir intake;
based on the weather. These contro] systems can also vary intake

rates based on time of dgy, interior, air temperatures, and other
factoxs Ifthe bulldmg is mechanically ventilated, the optdoorair.
1ntake controls must be understood, and the system operanon

status, and the mtake damper pasition must be determingd prior,.

to and durmg the ca,rbon dipxide concentration measurements to
venfy that they are not changmg -

] l,Thls approach also requires that the;indoor. carbon dlox,lde
congentration be at equilibriumn, meaning thatthe indoor carbon:

o] o L g,

dioxide¢: generation rate, the outdqor carbom dioxide concentra,

tion, and the outdoor, airflow rate are constant for a sufficiently
long period of time such that the indoor congentration stabilizes
to a constant value. Atthis point, the rate atwhich carbon dioxide

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 on‘thé -
outdoor air ventijation rate ofithe space divided by the yolume of:
that space, sometimes referred to as the outdoor ajr change rate
in units of air (‘hanges per hour (h™ ) This relationship can also
be described i terms of the time constant of the space, which is
equal to the inverse of the outdoor 4ii chdnge rate. Ifthe carbon
dioxide generation rate (occupancy level) outdoor concentra-
tion, and ventilation rate are 511 constant and the 1ndoon carbon
dioxide concentration starts at the outdoor concentratlon, then llt( :
takes three time constants for the difference between the indoor
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/m> (350
ppm(v)) and an occupant density typical of office space.
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Figure 4 Calculated carbon dioxide build up.

At an air change rate of 0.25 h™!, it takes 12 hours of
constant occupancy to reach 95% of the equlhbrlum carbon
dipxide concentration difference. Thls air change rate corre-
sponds to about 3 L/s (6 cfm) pér pefson and an occupant density ‘
of 7 people per 100 m %(1,000 %) of floor area and is not uncom-
mon in office buildings under minimum outdoor air intake (Peérs-
ily 1989). At 0.75 h! (corresponding to about 10 L/s [20 cfm]
per person and more typical of office bulldmg ventilation rates),
it takes four hours for the indoor concentration to reach 95% of
equilibrium. At high air change rates, well above 1 h~!, equilib-
rium is reached in three hours.or less, | .’

In a classroom with 30 people per 100 m (1 000 ftz) of floor
area and an outdoor air ventilation rate of 7.5 L/s (15 cfm) per
person, the air change rate is about 3.2 h™!. Under these coddi-
tions.it:-will take:only: about one hour to reach.95% of the equi- *
librium carbon dioxide concentration difference. If the outdoor
air ventilation rate is 2.5 L/s /(5 cfm) per person, then the air ,
change rate will be 1.08 h™! , and it will fake aboyt 2 2.8 hours to
reach 95% of equilibrium.

In practice, the equll:brlum reqmrement can be considered
to be met when the change in the indoor-outdoor concentration
difference over one houris less than the amount determined with;
Equation 10a;- -

ot W aeiieun® dee g i

Lo
Al it 4
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324x10°G: AG
ACy = B C (10a) o vl Q [(—GJ-’) —Zé—c———n} (12)
i & f ST S (Cm eq oul}
where o BV o R
‘ where , . T . '
AGpe= change in mdoor-outdoor coneentration dlfference - ' il el 3
, Hg/h’; ) N 5 W e AQ, = precision.ofithe outdoor alrﬂow rate per person L/s
L ! ! o .(efm) per person and . : =
G = carbon dloxrde generatlon rate in the zone L/s and _
AGp - = ‘precision of the carbt)n dioxide generatlon rate per
|4 = volume of the zone, L. : Eerson L/s (cfrh) per person '

When using inch-pound units, w1th the ﬂows 1n{ ofm, the vol-
ume in ft*, and the concentratlon dlfference in ppm(v)) Equa-
tlon 10a takes the form

- The precision of the measured carbén dioxide concentra-
tion, AC, cdn sometlmES be obtamed from the fanufactuter’s
literature, Alternatlvely, bne cAn detértine the teasurement

3x1 Oc'G precision based on laboratory and-field calibratioris. ASTM
AC, = — (10b)  Standard D3249 (ASTM 1990) contains a discussion of issues
related to measurement accuracy of afrtnalyzers.
The values of both G and V in Equations 10a and 10b need The precision of'thé: carbon dioxide generation rate per’
only be approximate. - person, AG,, depends on the uncertainty in the size and level 6f

In an office space with an average carbon dioxide generation  Pliysical activity of the building occupants. Equation 1 can‘be
rate of 0.0052 L/s (0 011 cfim) per person, an occupant dens1ty of used to estimate the précision‘of AGP based oif the uncertainties
7 people per 100 m? (1,000 fi2), and a ceiling height of 3 m (9.8 ft) in Ap and M using standard calculation procédures for the prop--
Equation 10 yields a rate of change in the indoor carbon dioxide ~ agation of error. For example, if Ap =138 m? (19 %) with an
concentration of 39 mg/m> (24 ppm(v)) overone hourtoverify the ~ uncertainty of 0.1 m ?(1 f*) and M= 1.2 met with an uricertainty -
existence of equilibrium. For a classroom with an average carbon of 0.1 mét, then the carbon dioxide géheratio rate will equal "
dioxide géneration rate of 0.0029 L/s (0.0061 cfim) per person,an ~ 0.0052L/s (0.011 cfm) with'an tincettairity 6f'0.0005L/s (0:001
occupant density of 30 people per 100 m? (1,000 ft%), and a ceiling cfm):. The precision in the carbon dioxidé generation rite, G, for
height of 2.5 m (8.2 ft), Equation 10 yields arate of change inthe 2 group of people in the space is based on the'uncertaiaties in the
indoor carbon dioxide concentration of 113 mg/m® (67 ppm(v))  average-carbon dioxide generatlon rate per person and the
over one hour to verify the existence of equilibrium. Continuous ~ number of people. o ’ e
monitoring of indoor carbon dioxide concentrations can be useful The use of the equilibrium analysis approach requires the
for determining if equilibrium conditions exist. However, one  consideration of sources of carbon dioxide in the space other
must still monitor building occupancy and ventilation system  than people as well as carbon dioxide removal mechanisms."
operation to ensure that these parameters are also not changing. ~ Other sources include combustion processes in or near the space;

When Equations 8 and 9 are used to estjmate outdoor air  cafbon dioxidé removal méchanisms include large numbers of *
ventilation rates, the precision of thepe ventilation rates should plants. The existence of other sources will'increase ¢arbon diox-
be estimated and reported These estimates of the precision are 1d6‘concentr'atlons, and these elevated concentrations could be
based on the premsmn of the carbon dioxide generallo rate and interpreted as lowet ventilatiod rates. fhe"éxistencd'df Temoval
oF tha caiboi dmxide concentraUOn measurements. The preci-  mechanisms will decrease carbon divxide cohcertrations and
smnloftha outdoor alrﬂow rate into the zone determmed with lead to the conclusion’that the ventilation rate is higher than its:'
Equatlon‘ g can be estlmated using Equatron i1; actuallvalue, There i$-nio'practical way to adjust for the existence’
of significant sources or remioval meehanisms; therefore, carbon

TR
" i

' AG INCE 055 ' = dioxide concentrations measured in these circumstances ¢éannot
AQ, = Qo{(f) +"ﬁ] b hed 2 (1) genetally be uséd to-estimate ventilation rates reliably. -~
T . B st (Cin, g~ FFour). : “Even if the indoor carblon didxide cohcentration hag'tiot yet
whe;e B e = o ) redched eqiilibrium, Ediations 8 and 9 can be used'to detertttine’
I o Bl " ' an'upperbound on the Veritilatiori'rate: Forexample; if flié differ-"
AQy: .= p;;;i)smn ofthe'outdoor airflow ratéinto the zoney L/ s - erict between the iridoor-dlid‘olitdoor cdrbon divxide conbénted:
B S s WL S st Y e vl

i ~ tiods af¢quitibritim isT}170 mg/m (65’0 pp'fn(v)’) dhd tHe‘carbbn
AG" = precrsron ‘of the carbon Hloxlde generatlon rate 1nthe “ dioxide generation rate in the space i50.5 LA (1.1 cfin)! Hen'
i zond, Lis (¢fin); and e o “55% Bquation 8 yields avventilation rafe of 770 L/s (1690 ¢fm).

e

A? i precision of the carbon droxrde concentratron ‘ However, if the intioor conce'ntratioﬁ Eéiﬁbt‘NY& atequrhbrlum,
AL m éa ’ urem ent m g /m (ppm(v)s * then‘Equatron 8 can!atlll be'ueed to determine that the Yentltatron
T i, b (2 B 0 ratg is no higher than 770 L/§ (1,690 cfin).:In ¢ther Words; these
The iprécision of the' outdoor arrﬂow rate’ per persony’ Qp, detet-i.  equations can be used-to confirm the inadetjuacy of ‘ventllatlon
mined with Equation 9 can be estimated using Equation 12:* but not tedessarily its adequacy. ' ’ : o
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Mass Balance Approachesta. .. ...
Calculating Ventilation Rates 1 .

Indoor carbon dioxide concentrations have’ also'been used
Lo calculate building véntilatiof fales based on an analy31s of the
carbon dioxide mass balance équation without the sitnplifying
assumptions. of..stcady statc ori.a .constant gencration rate
(Penman 1980; Penmah and Rashid..1982; Persily-and Dols
1990; Smith-1988; Tutiel and:Rudy 1980)..These ‘approaches
have eniployed eitherr ardifferential-or integral form’of the mass
balance equationt The use.of thése equations involyes a nonlin-
ear curve-fitting approach to analyzing the méasured data which
is generally ¢mployed only, in research:studies.

CONﬂNUOUSMONﬁomNGOF
INDOOR CARBON DIOXIDE

Continuous monitoring of indoor carbon. djoxide congcen-
uauuua ualug a u,ala-lugguls UUV IUG uau UC uapu,u lll 1uvpu15a-
t1ons of bulldlng .ventllauon and indoor air quality, Such
monltormg generally lqsts one or more days and can be useful in

tha Ay nl,ww n"- air hondlar vatiien A-mfn nn,l Arrtiniad cnanae
waU Gl H Sy G0G CCCUPISE Spaclt.

Continuous monitoring of indoor carbonl dioxide concen-
trations can be used to determine if equilibriurﬁ'conditions exist,
as discussed in conjunction with the ‘equilibrium analysis
approach. However, to verify the existence of equilibrium; one
must menitor building' bccupancy and ventilation systeiti oper-
atioh to ensure thiat these' parameters afe also constant. Contin-
uous monitoring ¢an also bé¢'used to determine the actual ‘peak
carbon dioxide- concentratlons ina bulldlng ora space within a
building. ' . :

Contingous monitor‘ing.ca’n alsabe used to determine build-
ing occupancy patternsyi.e.,iwhen the occupants of abuilding or
a zone within a building arrive and leave. If the building or zone
ventilation rate is relatively constant, variations in indoor carbon
dioxide concentrations can be ysed to indicate when the building
or space is occupled gnd to provide ,sprneﬂndlcatlon of the pccu-
pancylﬁvfﬂ S et gy o SIS i

" Contlnuous .monitoring of indoor carbon dloxlde concen-
trations can also be used to monitor HVAC system operatlon in
some SItuatlons If the occupancy ofa bu1ld1ng or zone 1s rela-
tlvely constant varlatlons in the carbon d10x1de concentratlon
can be used to mdlcaf,e modulatlons in outdoor air ventllatlon
1‘1’1[&55' Uué lo eCouOnl upe1 ation)’ of mudhlalluu of vauabLe ail-
voltmé' (VAV) systems \

[eIe N o el ST U A i !

CARBON- DIOXIDE MEASUREMENT ISSUES

20 Wil here is curl’ently no' standardized tesl rhethod for
measuring indoor carbofi dioxide tdncehtrations, somé’ guid-
ance s available on' measuring thede cofdentrations/Due to the
possibility of instrument drift overtime and'the impacts of travel
onvinstrumient petformarce, it is-important that the instriment
chlibration'bé checked intthe field' before.and after the carbon
dioxide concentration measurements. The field check ‘should
inglyde challenging the deyice with two calibration gases with
nominal ¢oncentrations of aboyt 550, and 1 ,800 mg/m |(300 and
1,000 ppm(v)). e T it 5w v we SO0A01])

’

Iy

Many'c'arbon dioxide concentration measurement in u-
ments require a “warm-up” period for their operation to stat 'iize!
The' manufacturer’s: instructions should:-be cohsulted:ifor the
appropriate-wagm-up. timei:Some carbon dioxide concent. ation
measurement instruments are affected by theitemperature:and
relative. humidity,. The: manufacturer’s instructions :should be
consulted for.the suggested operating-conditions. . | Cory

i+ .When: using. indoor carbon diexide. concentrations for.the
purposes described in this papen,/the ‘outdooet carbon dioxide
concentration must be measured. Due to.the existence of‘lacal
variations in the outdoor carbon. dioxiderconcentration and the
possibility of exhaust air.entrainment, the outdoor carbon diox-
ide concentration should be measured where the outdoor air s
brought into the ventilation system serving the space. If the spase
isinot mechauically ventilated, then'the outdoor concentration
should be measured near those vents, windows, and other open-
ings through which outdoor air would be expected to enter the
space. A | R g

The outdoor concentration should be measured sgveral
times before, during, and after the indoor carbon dioxide concen-
tration measurements to determine areliable value of the outdoor
concentration and to verify its stability, Hourly measurements of
the outdoor concentratign should be sufficient. If the instrument
measuring the carbop dioxide concentration is sensitive to
temperature, this effect must be.taken into account.when measur—
ing outdoor carbon dioxide concentrations. ,

Indoor carbon dioxide concentration sampling locations
should be selected to ensurg a representative concentration.value
that is not unduly biased by the carbon dioxide sources (pepple)
and ventilation air with a low concentration. Indoor sampling
locations should bg selected by, making measurements at multi-
ple locations in the space gnd identifying one or more locations
that yield a representative value. The carbon dioxide concentra-
tion in an occupied space will generally not be uniform due to the
h,lgh carbon dioxide concentratlnn in the air exhaled by people,
about 72, 000 mg/m? (40,000 ppm(v)). Therefore, the indoor
concentration should not be measured close to people. A
dlstance ofabout2 m (6 1) from occupants 1s probably sufficient
to pvmd these effects. !ndoor samplmg locatlons shquld also be
selected to avoid the low concentratlon air entering the space
throngh open, wmdows and supply air vents ,

" The, indogr qarl;non dioxide concentrahon can be: rqeafured
ata return or exhaust vent semng the space to obtam an approx-
imate average concentration for the space. If there arg multiple
remrn or. exhaust vents in the space, it may | be necessary to
sample at multiple vents to identify a vent that ylelds arepresen-
tative value. Concern has. been expressed aboqt this approach

epih
due to the pOSS\lblllty of supply air short cncmtmg tp the return,

RN R

CONCLUSIONS S "',‘ s e
: f OUMRE T AN A b g WL

. The measurement and interpretation:of indoor carbondiox-
ide.concentrations-can provide useful information.on huilding
indoor, dir quality and, ventilation,, Howewer; whensevaluating

indoor air quality and/or ventilation. using;carbon dioxide, the
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usgnmustunderstand the technique being employed and verify
its applicability to the,building and situatior at hand. -+ :: 1.
While:indoor carbon dioxide.‘concentrations have: been
shownto.be:a reliable indicator of theacceptability of a:space
in terms of human body edor, there is little evidenoe supporting
the use.of carbon dioxide:as a comprehensive indicator 'of
indoor air quality.Many building studies hiave shown no'sigtif-
icant: telationship between «carbon: dioxidé concentrations and
the prevalence of occupantsymptoms. Also; many contaminant
Sowrcés are not: associated. with. occupancy levels;land their
concentrations will not be associated Wwith carbon dioxide
levélss The analysis. of carbon:dioxide concentrations: ¢an be
used to obtain information on building:ventilation performance
based etva number of tracer gas techniques, but the assumptions
associated with thesertechniqizs must be understood and vali-
dated- by the user. - " R P T

o
8]
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