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ABSTRACT 

This paper proposes a new method to determine the 
dynamic zonal occupancy for ventilalion control based upon 
measured carbon dioxide (COz) C01JC'1ntrations in the supply 
and return air. The central thesis of this proposed transient 
method is that a fv:ed C02 threshold based upon occupancy 
alone is not possible under the current proposed BSRI 
ASHRAE Standard 62-1989R. Rather, the actual dynamic 
occupancy head count must be known since the ventilation 
requirements consist of two parts-the building component 
and the occupancy component. The result is that the C02 
threshold must constantly be changed in time with occupancy. 
This paper employs simulation results for well-mixed office 
and conference rooms as the basis for comparison of the prrr 
posed transient occupancy-based ventilation with two other 
accepted methods: the COrbased ventilation and the constant 
airj/aw ventilation. The simulation results show that calcu­
lated occupancy from the transient equation follows the actual 
occupancy precisely with a time lag equal to the measurement 
scan interval. With precise occupancy information, the 
mechanical system can provide the exact ventilation airflow 
required by standards. From a ventilation perspective, the 
transient occupancy-based ventilation scheme is better than 
the conventional C07 based ventilation-and without an 
energy penalty. Furthermore, this scheme is useful for real­
time on-line ventilation control and system optimization. 

INTRODUCTION 

Indoor air quality (IAQ) has attracted much attention in the 
beating, ventilating, and air-conditioning (HV AC) community 
for decades. One solution to indoor air pollution is dilution. To 
dilute indoor air pollutants and maintain IAQ, most engineers 
choose to design systems that supply the required uncontami­
nated ventilation air to occupied spaces. The widely accepted 
ventilation guidelines have been published as ASHRAE Stan-

dard 62. Since ASHRAE published its first ventilation standard, 
ASHRAE Standard 62-1973 (ASHRAE 1973), the ventilation 
requirement has been exactly proportional to occupancy. In the 
first standard, 7.5 Us (15 cfm) of outdoor air (OA) per person 
was recommended for office buildings. The acute energy supply 
concerns of the 1970s resulted in a revised ASHRAE Standard 
62-1981, which recommended a lower minimum ventilation rate 
of2.S Lis (5 cfm) per person for nonsmoking offices (ASHRAE 
1981). As a result, IAQ problems surfaced andASHRAE Stan­
dard 62-1989 responded by requiring an increase in the mini­
mum ventilation rate to l 0 L/s (20 cfin) per person for office 
spaces (ASHRAE 1989). More recently, concern over the fact 
that the building as well as the occupants contributes to potential 
IAQ problems has led to a rethinking of how ventilation air 
requirements should be specified. Using a ventilation strategy 
based on occupancy only leads to low ventilation rates when the 
occupancy is low and ignores nonhuman contaminants. To 
dilute sources from both the building and its occupants, 
ASHRAE Standard 62- I 989R proposed a new equation. The 
equation contains people and floor area comp°onents to calculate 
the design ventilation rate (DVR) as follows (ASHRAE 1996): 

DVR = Vp+ V0 

= Rp · PD · D+R0 ·A0 • 
(I) 

For office spaces, for instance, Rp is 3 Lis (6 cfm) per person 
and Rs is 0.35 (L/s)/m2 (0.07 cfin/ft2). With a design occu­
pancy density of 6 persons/100 m2 (1,000 ft2) and a diversity 
factor of D =I, the equivalent ventilation rate is 8.8 Lis (17.7 
cfin) per person. The revision shows the shift in ventilation 
philosophy from an occupant-only orientation to a combined 
occupant-and-building orientation. Nevertheless, the ventila­
tion requirements as well as contaminant concentrations still 
vary with occupancy for existing buildings because the build­
ing component is fixed . 
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In addition to D VR, pre-occupancy (lead) ventilation 
control is required in Standard 62Rfor spaces occupied inter­
mittently but regularly. The required lead time, tL> is 

(2) 

The pre-occupancy yentilation is mainly to purge contami­
nants emitte~ ,from building materials when the system is off 
before occupants enter the space. 

C02-BASED AND OCCUPANCY-BASED 
DEMAND-CONTROLLED VENTILATION 

Heating and humidifying or cooling and dehumidifying OA 
can consume considerable energy; therefore, overventilation 
should be avoided. One method to achieve this objective is 
demand-controlled ventila!ion JD~V). C<;mventional DCV is 
usually COrbased, where.the OA intake flow rate is adjusted 
(not necessarily measured). to maintain the return air C02 
concentration at a threshold s'etpoint level. This concept was first 
advanced by Kusuda (1976). Although C02 is not really an 
indoor contaminant, it has been used as the surrogate of human 
bioeffluents and an index-ofIAQ. With the ventilation require­
ments proportional to occupancy and the C02 generation rate per 
occupant assumed constan~ COrbasedJ~ DCV (DCf4i&) 
changes OA intake dynamically accordingto occupancy,;The~­
retically, there will be no unvitiated (U11used) OA left in its 
exhaust air. Literature shows _that the DCVco

2 
is a workable 

scheme and benefici.al; it saves energy compared with constant 
OA ventilation (Carpenter 1996; Emmerich et al. 1994; 
lj~~ighatand J?o~\1Ji 1992, I?,?J;. . .Knoesp~.t~ .al. 1991; M.e. ck7 
le('i~94; Warr~n and Harper 19..91 ; Wpods eta). 1982) ... _ .· 

._.. J I f I• ,., "-.• - ~ I • , - , ,· , ')1 . I • "" '~,_! [ ,_(,. 

In the VentJ}.~~ii)o . Rate , ItrC!r .~we :<?f~~E Standard 
6~:-1 ?89 (or old,~ versions), ;:tll. ve~~9l~tion rat~jlJe p~oppjtiol}al 
to occupancy only. This makes the C02 threshold concentration 
setpoint a constant when a fixed generation rate per person and 
constant OA C02 concentrations are assumed. Therefore, main­
taining the C02 concentration at the threshold setpoint limit is 
equivalent to controlling the ventilation rate in conventional 
DCVco

2
- In such a case, the conq-olled ventilation rates will 

follow the varying occupancy. That is, DCV co
2 

is an alternative 
ofa~upancy-~d DCV (DC Voce)• Nevertheless, it is not valid 
fq,r Stand!!,rd162R,s.mce,tbe: ventilatibnrequirement is no longer 
proportional to oecrupancy. Therefore, DGYca~ may over- or 
Ullderventilate spaces. As Standard 62R states in Appendix 
F:22, Standard 62Rdiffers from;Staridard 62 in two important 
ways: 

First, Standard 62-1989 ventilation rates are based 
~rimarily on a rate per' j:Jers~ri basis (Ta'ble 2) .... In other 

. . :~~rds:. ~utdo,or ~'.r i~~~ c~~ld ?e co~~olled ?irec\lY. by C9t .. ,, .. 

. :· .. c~hcentili.tfott\v'tthou havmg1 alsom~asu're th-e" actual "1i!e'r; ... ' .. 
' '.' o'f1 il.ir 1 bCii\~;Sitppllcd. 11-filsr iS'l10l•1ongcr possitit2 wi1.h'·if1'c· :. · ''' 

philosophy. of~ llii$ "ravi~CJ ''sCanifarll : since tt'ie ;m'lnirrn.inf. J , .• 'r 
cl' r !Outdridlr airquantieytrfow' has:boilra. pebpl~retated ilrtd> HuiJ~c 1 

,. ' ingr r~Jated; terrn,r .e02· .cannotrbe USe.d ·alonerto COFltrbi: .the ·: '; 
, ·.'f . Yt'lnti!p.tj\)q ~yste!Il.bec~usj!! th~C02)setppjrtt »:9u.ld ~.a fun~~-. . . 
·, }~on of,tl;le; pwnb,er; of p~op).e ~n, the !\IPa.ce, whicli;is µµlgjQWIB , i .. -· 
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at any given time. (If it were known, it would not be necessary 
to use C02 as a surrogate for the number of people.) 

Second, Standard 62-1989 assumed that outdoor air 
concentration of C02 stayed, relatively constant at 300 ppm 
(which gave rise to the 1000,ppm room C02 concentration 
guideline based on 15 \:fin/person outdoor air rate). In prac­
tice, howev_er, COi i:onceiltrations can be significantly 
higher partic~larly in urban are~ and near roads and free-

' ' ways because C02 is a product of combustion. Measuring 
differential C02 concentration ensures that acceptable dilu­
tion ofbioeffiuents will take place at the minimum outdoor 
... ~-~-+ .... Ir,... ~+- -..c---.l1 ...... - ... C•L .t'I ..._ '"" J:' ..J a.u 111UU\.~ ,!.-~"~ l~C,aJUJI;;~~ Ul uu;; 11UCuiat10ns 01 outuoor COz 
concentrations. -

To minimize the~~ergy operating costs associated with 
conditioning the OA, .. ~e ventilation requirements should 
change with occupancy. The-first paragraph above justifies the 
poh1t Lliat dyna...uic zonal occupwicy must be knoVvn to meet th.e 
new standard and keep OA at the minimum acceptable level. 
This point is also important for real-time on-line system optimi-
~t!.~!! fl\.1:?!.."'!m-=a o::1inrl J:l:nJ;n 1 0011 •It' .o o::a.nrl f\Jf11Y"r'\TYV~ 1 00'7'\ Tnt:'f''°'""A 

i· ,, "':""."~ ... --.. --................ _,_.~,..._--- .. - .......................... _ ... ...,_,.J• .............. ""'. .... _ 

°,f COunting'p~OJ?le directly, the.veiltilati~tl airflow irate ancrcd; 
concentration difference between OA and exhaust air could be 
used to co'mput~ tll~' acfo~I; ~u~b~r "of people. T~ achieve this 

· .,. ' I - · 1 
op~ration with existing C0 2 sensors and to c'cimply with tlie 
setond point, th:s paper devefops k'~ew applicabl~ scheme. 

• •"\ ;c 

· if. In addition to.!he no~flro~3J!fon~J,~ty problem, the conven­
tto1_1.~l DCV co

1
, as_ aeplie~ under ~tandard 62, is actually a 

ste'a:dy-state applicat~o~. ;iliis
1

fs not a problem;rf'the room a.t­
C?2 con7~~[-~tio~ .. ~as'·reach~d the setpo~~- .~e setpoin!}~{ 
DCV co, ts. µsually the saturation .C0 2 concentration at steady 
state of desi~H"oecupancy. ;For exahiple, if the o)...~co2 concen­
tration is 300 ppm and the ventilation airtlo:!v rat€ is l O Us (20 
cfin) per person for office workers at, l_,2. o:iri (O . .Q05 Lis [0.01 
cfin] per person of C02 generation 'fate), the sahrration C02 
copqentratiQn is.800 ppm; When the c02 'concentration is at the 
seq>ll!into:·the:DCVco)cantrollet wili:adjust·the:OA intake with 
varying occupancy correctly if the ventilatiom requirement is 
preportienal · to the occupancy;: as.11n the :past When the C02 
cQnce.ntr~tioh is far below the·setppint, such as the starting period 
of a day, the transient state plays a significant.role ·in proper 
ve~~jlation'. D,~g this,~riod, ¢.e DC V co~1i&JJ§Uall¥J!.t its· mini­
n_u.~m ,( u~'. '(-t:f u )Jluw rnlt: anlJ ~U9f!l CP2 .~m.:t:Illrit.Oun is bl!il,Y,ipg 
upo;rJi~ si~i:Qc~~,ofthe transi~n~~ffect onith.e ~tartH.!g P.tli;iod 
depe!14s; Ol'fl the~, vei:i,W!l~jpp. t~11 c<;mst(j.IJ.t, ,()r: tJ:ie lengfui pf t~e 
before the controller is activated by the C02 concentration. The 
ve~tilation time ~~nstant i~ the inv:erse ?f tpe air change f<ite. The 
smaller the time cbnstant, the sooner 'sfeady state is reached. 
Since the DCV co

1 
is '!t minimum airflow rate before i~ setpoint 

is re~ched,,ihe spa'ce1i's'seriously under\ie~iffared. Fort'&~ recom­
rnbnCled ·6l:cUp~n'c ~enslJY of~taddarcl'62R. with a 3:.~ .. (9.!ft) 
ceiling Mfght; ·tlf'e' 1 e6tilatlon ·tt.rne constant fo~ h·e· b~ldino 

"" component alone is more than two hours. This means there will 
be a long period before the DCV.c·· 0· ·· contro'net takes action and 

2 I • ' 

the space will be underventilated during that period. Some 
researchers have recognized the starting period problem and 



Q,, c . 
' • f : if' .... . . . . 

.. , . .. 

control 
~ 

IYOit[ne 
I 
I I..·~· 
I 
I 
I 
I 
I 
I 

'I ' I 
C, v, S:~.: · ,.,._ I 

. I ,, 
:. 

control 
voluroe 

1 •• 

----------, 

.. . ... 
C, v,S­
kad• As 

I 
I 
I 
I Qe 
I 

I ·,_:.I, 
I 

L - - - .:.::_ __._ - - - - ..J 
i r • · - .. ~ 

Fig~r~J,,_ Single-zone syste~; .(aj ~~ntrol volume .on the space only;'_(b) control volume inc/ude~·~ecirculation. ,:_. 

.,·.,: _., It·.' · J[[ 

• • , I(.• I· ·• I; •I II ! ~ ' tJJ1~;~ 

pjesepted sol~tions e·P]ployin~ me wel,!-mixed ll\cWel: Vacww 
and Plett (I 993) and' VaculiJs.(19~7 ·-define~ the occupancy 
pro·f.j~ .~a, ccimbin.ation of ~l~G't;i~ps al}~.PJPpos'ed an algQ,: 
tithm fof'C02 co~troUers . V0fn "?e occup~c~· is ver:r~ ranqp~_ 
or far from ~~c1.fied sche l!les? .. ~~~h algon~s lead to llif~7 
errors and are not very useful. · 

CT'. Because 'Of the nonpj~p~ft1~Wai~ _ofO~ to1

occupancy.\\nd 
~sient effeG~. it is not practic~f tci iise:l>cv co2 to. ~eet $'iiill-' 
~~d 62R. To 5_*1isfy the d~ic' ventjJ?n9n, .gci(~q,.~ould ~e 
iise_q. Many sc;heni~~ can acnjeve tJc,V occ; ihe siinl?i~st one is.to 
u~e Gb2 me¥~~~~nts. ~e .[~llo"."mg sectio~ ~~pj~in its prin~ 
c1ples and apphcap<?,ps. ' 

l • • 'hv ~ . --i. ·: ·.I r - . ·. 
: ..... .. 

~ : ~ r -.~. 

To uselhe room C02.coritentration ~ thEli conttol!~able, 
one must knoW'the relationship between:the C02 con~eittiati.0n 
and the room andisystam '.s. chalra.cteriSl!ics.The most1p0pulal.t ai1d 
the simplestm0debfqr describing,tllis relation is the~lf.'mixed; 
model. . The model -can be ·appiied to any contairtm'anr and iS 
stated asifollows: ... ,i~ i ri £: · .. ._ ,, .... ·;11 .-1 .. /. ~ )r1 

.... ~tinsid~·thei.ctii:itrol voilirfie·bf i(siri'gle-spaee arf delivery' 
system a.s sHownm Figilre -ta:. 'B'a§ed on the weJl.!ritixed coridi~ · · 
tion~atid'applyirig:a'riiass :l:lalance: orf the contaminaht~ 'fhe~differ­
enda.i eqtiatiOn tetating~fontaininant coli&!ntration arid'r'llrle is ·. 

:T J~t ~.; ••• , ':.i • : ~_. 1 i ·; lJ:t~'f:TiC' ~ i ~ :: 

w (-~ vdC ;J_;.;'b C: ' ~O C+ dl; :::.10 ;t!.!:k ~~ ~+ N. ;r "{3)1 
t }, (i~ ·;.- SJ'.}. ·· ~·:·> . ':>-;~ y··. "":'.t-;: a;., -efl ~~, .:· ~ p. ?. j J, ·• 

1:: · "~).r.:J·r.~L 
,..,: ~1~,.- (~~ .';·.j 'j"•'"' -'! · •l11i.1 ,_(],.:;~~J .:'i.L.(:1. I r/\ •:.·:l~~,·:· 11::_'., 

if".Fher~ :,W ns>· in.fi.lq-~~gn, ~Ql.= !Q)p. e~fil~~~% Ulef.~rP.J,"'9r 
ad~orpti,o~ (~f!fil=;, O)r~~e~-~~ %d1i<l:w ~.r}~ut ~-~~~itJlr ,~~I?J:l!Y. 
a~o'Y1~at~~~.(?~ ;}~-!), ai:i9 ~qua~o~'3. ~~ift\P.~j~e-~o il ;ii L ; ~,:.i 

• • . ......... C:..! 1. "'' dC . · ~. l\'/J. u L. ;(J . . .... ,, L' j ' ~ ~1·:::.tl~ ~1·.1ifl(i:J 

!.o. , ", ·., i) ·'! ,dt 1:" '7Qi~ - .q.s) f.IN . . • r1; •,rl ,1 ·' (4)~ 
/ J r· ·· .;f) •·. ~ .... •.J !i l' ··:.•'·1 ,,~!:"i : ~·~'· ~.H} ~j d J1 t~ :,.".~·;. > 
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tn!'!.i..:. Q ;Q ~ N 'de s - s·: '-'s+ 
'• '. ·di+ -;C - 'v' . :::. (5) 

~ ::- :: ;•er •'):·· , -,J 

EqµfltiOti 5 is' a Iin~ar ordinary differentiaf>equation; all vari­
able$; in~ it excepe v, · are usually ~ function~tof time. ' Its general 
solution is ';J: ., • , . • J 

(6) 

where c is an 'ilitegratio~to~~tant dete¢iin~d '·by- the iP,itial: 
contaminant cohcehtratio~. Unless cs; Q: arid N are sorri'ii 
special function ~E~atiohi>' if Hifficult%'mtegrate. If c;, Qs, 
anfl N!mi' also 'fbristant an~,1~; ;e: O;Equation ·6.~an be red~ce? 
to t1L ! ..,)•JI ·~ ..,I,. ·.', • J _ • 

.;~: , ;· t ~-::: :c: ·~: J j f ' ~ ..:.· · 

.u:; , ,~(t)::= Cs+NIQ5+(C;-Css)exp(,-S() .. ~?-,); 
-..... 

. . • ::!'· 
where 

S'g"b Iv ,. -s 
_... ., ~\ in . L: ···1·: ·;:a .. ~-:, . .1 

(8) 

is the air change rlit!e; 'Which is also the-inver-Se· ofth'e~ spaee 
ventilation -time ·constant. rC_w,is the steady..Jstate.odn·centration· 
when time appro_aclWs infinity, or dC/dt':;=!,ofNn Eqllation: 5.1•-nc, 

, tH ·'.:~:· i· , ;~ . ..I' _._ ; i..:':i. : ; .i i~Ul 1 1 

:r;:..,·, ., (·' c"~ ~> S.!f,7,co) = c,. .t:J'X(12,1· > : 1: <;~· ;· ;/ .: :~) 

If Qs = 0, Equation 6 becomes 
I !>r ... .·~;Jr.' , .1.r_, l("il' \~~\'. , . :~· , r ,.,; 'i.~ . ·i 

.... , _C(O; :"' ~Jsi=i ([Vt'. ':{~f. ::c< ~'; . r , ·. "i~ :;:i-·{10) 
r.'. J ·1' .· 4.;: . ..:t:~). ;·.:111ci_;f!r.,,~ :t:f::·.,·.1•.•)j_i:·(!"!v?: _, ,Ltv·:.· c~i:·'_ · .. ·,~ 

Equat.i}i~ iL~q)1~! PR:,~!~~&1¥.., ~~te .. , Thi_~;rffiyans , ~~t. JP! an 
unven_~la~~ . s_pap~1 ~e,!~~pt<µr\in~tr c9l)_~tra~i9!,kr is ,al:ways 
incre%i,ngJ.¢earl:y wi.~ll dw.G®~mam gim.en;,.tiQfH,ate;·:q 

Equatfon.s 3 ·through 6 qan bjtfapplied1tfiNmyJronei Equations 
7 through· 9me only \<alidltheortltiootly to,zOn.es with constant Cs, 
Qs, andN;<Aitho\!J.gh'Figure4aisl~single"zotwsystetn;-the1above 
deriva:trori!iifitei\ia\.id' forirltliVidua1 ~spaces in· a mtiltiiblle system, 

3 · 
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c . , • • • • • • [ ; i q i ~ • 
as shown m Figure 2. Note that the at>ove equations asswne no 
contaffiinant-removal device~, e.g., fiitei-s, ~ the s~stem . Equa­
tions for systems with conui:ihinarit~r~fuovai'devices can be 
found in the literatuie (Heinsofui '1991). ':>": : ·-' '" ' 

APPLICATIONS OF THEWELL-MIXED~OD.SLl: 

One way to determine µie curr~nt occupancy in a zone is to 
install pedestriay., c9un~c;:rs ~sensqrs) .at _each of the zone's 
P!¥'.~ageways•#O,W~M~r, this_)5.it)~, qfsensq,i; ,~s ,nQt well tested or 
widely used i'?day. Qn th~ q$er,h,1!-Qd, c;:Q2 ,sen~Qr;~ ar,~becoming 
more accurate, less ~~~P.-s.iye_,_an9,~id~Qi _1!$ed. Comb~ed \\'ith 
direct digita,lpoi.t.tr:ol(Dl).c:}~ystem.s, CQ2 sensors can_ be US.Cild to 
determin~ the cum~nt- . occup~cy, , The · application of C02• 

concentr:~tion m.e~ur~~ents, t9 CJl~i;;µ~t;e .occupancy• follows.. / . 
f.irst,, ~iting1Equati,0n:4 in. finite~differen9e fu.rm and' rear-

ranging yie)ps: . . -<->~ i :· , , ~: -1 • 

' ~ t:, • r 

.'I '> . N(t) = !"\~l'.'(1)--;fy-ti'i~ '_+,Q5(1)[C(1)-cs(t)] J<...,(H)· 
• ; ; 11.J-f' ... ,',, ; ·;, r) 

where -6./1 -is- the:J start· time interval between· measurements':! 
Aiiother i.rt'validrbut popular;:use'. ofEquatiOn 4 is to omit the 
transient tetfii' dCJidt, - With this· omissiori; Equation 11 
b¢ioffiE!$:. r'.i: S~ · : 1 i..J"Jl .;,; ~.;t r ~ 'J~ .. :;· , 

' : ·.;. ! .; -: (12) 
I:.:· · •) - ~ ~ : ·:r ~:)'~- ~ ._, '.::. J ~;~:.'.· :1 ·_.f~: r'.: 'J .... · 

':: 1: ~«::~ ~t[; ~<>ntflm~~t ~enc;~ation ,rate .Cfil1 , ge (lalc~lat~d. if 
the variables on the right-hand side ofEquatioo.,sJ l and.l'.4-we 
measured. Furthermore if the contaminant source strength 
(C02)- is propditionlil 't~ the 'o~ciipaicy with,h't-onstaht ·a, 'then 
the11occupancy is'' · · : · ·r~ :,, .. ··r;· :; 1 

:ii''· • .:;. •t• · :. ' 
• 1 1 ,,:_·, • 1 'I t 1' i' J'~1f! • .. i:.· ~ ... ~.';' ] . .10 /.1 / • t' ' ·"' 1 '· • 

,' .' "·:~ .-, :;. .' ;· ':.: 1_c.;r'?. .·:;:,~;·;..,._· _. ~! ' ··(~·-r '.;( .. ~::." r_~i:t '_i·• ~ :·~ !: ·-i . i·· ·: · 
4i~ : )~i;t~.as the ·~<;cppancy IS ~er~wi.1,~,ed1J;he IWC1,SY,Stnffi . Cal) , 

c~lcplat!fi. ~.1?~ ~e.P.tHat~?n requife~e.nt r,bYi a buj,l~-~. ; fo~/.llai 
acqqr4Jng!o, ;S~darq6~~, e'.g., ,::qµatiop. I, and ,comm~d t~e. : 
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QA damper to induce the proper OA. In case the room air 
"'~ing is not perfect, the resulting ventilation rate should be 
divided by the room's ventilation effectiveness to obtain the 
actual needed flow rate. 

This -scheme needs-the C02 concentration measurements 
entering and leaving the space i;\S well as th·esupply airflow rate 

_ and an assumed per-occupant C02 generation rate to compute 
· _occu£..~9.'· Both E~~~ti~p,~)l _Cll,!~.? use the C:~ib c9ncen~ti~W· 

aiff"erenµal between room and sµpply air, independent of the OA 
C02 -cortcentration. This means the-:variations-:iri' the OA C02 
concentration do not affect th'b°determination -Of occupancy or 
the required OA flow ratei Therefore, this scheme matches the 
tWo-different pomts ~f Standard -62 and 62R -~t.ited abov~. 

In addition,rorsihgle-ro6m systems, if Q~and/or Cs (supply 
air variables) are not measurable but Qa ;:incl r.a (OA v11ri<1bles) 
are available, Equations 4 through 15 still ·wo'rk._. when the 
subscript s is replaced with a. This point can be. justified by 
extending the control volwne in Figure la to include the recir­
culation path as shown in Figun: 1 b. Thal is, the above,scherpe 
ap!Jlies to single-zom~ systems :mn PnfirP m11lri7nnP '!'~S!~!!l~ 

with or without recirculation. · · 

COMPUTER SIMULATIONS 

To compare and understand the difference and consequence 
of COz-based and occupancy-based controlled ventilation, four 
ventilation controls were investigated in this research. Their 
descriptions follow. 
I. Constant-volume ventilation (CVV)-The controller 

induces a fixed DVR regardless of the occupant variation 
during occupied periods. 

2. COz-based DCV (DCV co)-An on-off controller modu­
lates_ the_ ventilation rates within the limitation band. When 
the concentration hi~ the upper limit, the D VR is induced; 
when the concentration decreases to the low limit, only .Pte 
building component V8 is induced. 

3. Quasi-steady-state DCVocc (DCVocc,ss)-Equations ' 12 
and 13 are used to calculate current .occupancy. Then the 
controller induces the ventil!ition rate accordingly. Bil.si-

·,cally, this algorithm is identical to that of Appendix F.2.2 
·of Standard 62R. In Standard 62R, this scheme is in the 
name of COz-based DCV, but the OA flow rate is m'ea­
sure'd and adjusted, not the C02 concentration. 

4. Transient DCVocc (DCVocc;tran}'---Equatrons 11. and 13 
are used to caJculate CU~%qt occupancy. Then, the control­
ler induces the ventilation'iate accordingly. 

Two _s~~Ic-r~m1.s>::~t~~~ .. ~~k~ ~b~'- ~~·~v.e algorithm. are 
illustrated. Their data are listed in Table 1. Further asswnptions 
are: unity~ air change effecti~eness; ,no in/exfilttation; OA C02 
conaentratio!l constant at JOO pf)iii; :an:occupant.activity'level of 
1.2 .met;1J~e., CO:rgeneration rate':of013 L/min (0~01,Cfin) per 
person; , and: varied;' but constant ;within' d 5-minute rirltervals, 
oc"cupaijl.cy schedules. (Figµr:e , 3)~According to ·the occupqn.cy 
schedule, apgl;y!ng Standard,S. 62-and 62R i:.esuJts in differ.ent 
v:~ptilation ~equirements, as sho-wi;i. in Figure 3.Jn FjgµreJ ; the 



TABLE 1 
··' Physical Data of Simulated Rooms 

" '. 
Item area, AB J:Y.olume 

,, units :•• m2 (ft2) J m3 (ft3) . ' . , <i: 
250c(Z500) 1'' 

, . 
office 750 (26500) .. : . .. ' 

'1.~ 1conferenc~; .IOP;(lQOO)rn ·· -· 300 (1Q60.0) >:> 
.. (_ , -•_.: Item r~~-JC ~ ,s '( ,..RB .... ~· , R-J,- .,_ ,; ,:~ 

units ·JJ.~iwz. .. ,,. Llsiperson .,, - , .•. -· -
.i ,office ~ - . ' O;~fi · (9;Q7) .. ' 3.0 (6) -~ . ( ri ~ 

'>i- · " 

conference:>k i 
t ,.... I, 

0.35 (0.07)' _.· .. t:- t2.5 (5) "" ... 1.'\ : J ·•" ;!' ' 1 

· I • li ' 

140 
... 

~ 120 ....l I "h )n 

•>" \ 100 .. 
·" 

c: 
0 ·.·~ 

.·!t 
~ 

IS ~ 

80 'E I :.;;: 
\ c: 60 

.!2 I 

~ 40 -: 
c: 
"' > 20 

·-·-Std62R 

--Occupancy 

;ff 0 ................................... ~ .................................. ~~ ................ ...._ ................. ..,....~ 

6:00 8:00 IO:OO 12:00 14:00 

Time ofDay 

(a) office 

16:00 18:00 

L ;·o/ j .~ 

:T .•: 

JO 

0 

., ' 
> .) 
· -' 

.. · 

~ ;Jr~O! ;..u ......... ~,...,...~ ........ ..--........ ......, ...................................... _~"""'+..,_fl 

. r .. :H };oo _ ,!!;~: _ moo ,, , ~7'.°°t,"'c)'l ,1:00 . . .. 16~L }&:op 

. . t~:;ni;r :1 .·.~F~fr°?~.L~f. .. -.rrr:, ~ ::1f1
• (.~~ 'Hr 

(b) conference room 

>: ·". ;j 
Q. 
::I 
8-· 
0 

~j ".' 
,.,__ 

· 
1 Figure 3,"- o&djxiNfy·'it~{lv~nitzation)e~utf.~lll~!Jts.; i .. 
:·i): 1·~:!CL t.~- ~:!'.LI l ; ~t.: 'L~ ·~··~'~; 11 -lG ;)1LD ·,~'J'· J L:.JI:r:~ . : 1.lJ,~; 

leacl ventil~t-i©n.:mfe (YL) \}l1il$&~cifredto:be equal t6~ VnJm.ie.;'1[ 
= 1:5 bouts from,Equatioti2: 'ilb.~ ~dy+statu;GOfcontentra~_) 
tions: of:the~Jast oolurrin~in Tabk:l areJthe~oi'ilts.ofl.00.f"co} 
with 'a-jbarubwidtrr of.;l00',ppm'.(t:1::·.so ,ppm~> In: ·addition/the1. 
~pl.ing;timerstep used.in the: one~day' simufati6ns was'thi'ee' 
rtrinut'es0 With'in· :ai tillre : step;: ;thlf c:t»z :conceritFation · 'Vari~s 
a:ceoidittg' to ·Equatitlni 7: AH" conttollets'iwerel'.assutned"fo 

Occup. density People,R'V. [C02] setpoint 

per./m2 (/tt2) 
-- , , ppm 

0.06 (0.006) 15 -- 866.0 

0.5 (0.05) 50 1862.5 

VB 
. Vp I DVR 

Lis (cfm) Lis (cfm) Lis ~cfm) 

87.5 (175) ' .. 45'(90)' - 132.5 (265) 

35.0 (70) (25 (250) 160.0 (320) 
I 

respond "perfectly," i.e., no control equipment induced:lag or 
over/undershoot. To eliminate the initial condition effects, the 
simulations were executed repeatedly-<llltil all four strategies 
were periodically steady, i.e., ;1'lte'ir: 'daily C02 concentrlttion 
profiles remained ,unch~~ed. n:e

1
results are plotted ~-f.~wzres 

4 through 6 and swnm~ed in Table 2. The nighttime data,from 
I?:Ob to 6:0d ~o~~1~t?,~Rt.,filf?~n in ~e.se fi~!1~ s~ce the 
values remain i.incnanged qr,er. f\ie time period. . . 

RESUJ.:JS ~C:J)ISCUSm~1 

.l; Figure 4 Sh{)WS the'' calculated ' "6'ccupancy. The 
DC Voce, tran occup'ancy tra<§es the actual occupancy well. It has 
a time lag of one1tirri'e step ai\d ~1 tiny devii!.ticffi' when the o~Cff. 
pancy is-changing. Thd:5C.V'oeti,ss1~e; on:the" otlier hand, has 
a big lagm time; it has 'l'arge tniiderestiihiitfoii' and overestimation 
when the "bccupailcy isilncre'aSirig 'ari&'deereasWig, Wspectively, 
iti'Figure 4a. N6fice tlfat- fu this'figare froffi' '8:00 tSt11 :30 (area 
A); -the DO Voci:t;©s undefeStifliated occupancy ili the '<ifffoe (with 
a peak oca:upancyof H)-bj' 12.9; peris11n~h()lirg1 Ft()!n· 12:00 to 
13:00 (area B), the DCVocc,ss overestimated the o'ccupi:mcy by• 
4.8 person-hours. From 13 :00 to 16:00 (~ea C), the DCVocc,ss 
t!nderestimated the occupancy by 6.1}'.-;pe~whours. Finally, 
after 16:00 (area D), the DCVocc,ss overestimated the occu­
p~cy l;ly_ ~.3 persq~':'l).otµ'S. In Figqre 4b. for1tl.w confer.ellee rQQm, 
DCVocp,ss has a -&imilllf trend ~,~f.@.lr~41!1!i>~ N11.i1Jil.aRm.allu 
lag. This is acc;Q.un!~<l Jor ~by ~'tsm11)Jer\' ve~~lati@;.it!ffi!e 
constant. Both the office and conference room have the S:a.Jll~ BJJ, 
but the conference room has a much higher occupant density that 
results in a higher ventilation iairll'ow rate ahd' a smaller time 
constant. The time constants for the office at DVR and V!J are 
1l_5:7 <ihd 2!381f0urs;respectiveJy,'ano'o.s2 Silitl!i'.3 ff hours' rdrthe 

_,,.. ~ ' -·.•r•··· t·•"·r, , ~ ., ,•1''!1 ' , ' 1 C\l~l"'··~~\~·~· 
coi'lferenemo.tn~t •L.,,,: ,,, .... 1

''. -: " - " ·::"~""' 
rm\ .· :, .. '.".:J,f.' , ,,. , . . ti' ,, )., • .-·~ ·; '• r .r.;:.rb.: - ,l;'J,: ':'.;jf;i 

, , .. ;;{i5w;~f 3,, i Ns!Wfp,~ thx1P~1!1°~·;r~!e {'?fo~~; Rf· ~ti J0Jif' 
ventilation control approaches. The D~V.qc<;,f~J.;:ariq, 
DC Voce, tran have OA intake profiles that follow the occupancy 
calculated from the steady-state·and mmsient equations, respec­
tively (Figurf?_ 4)._ln Figure 5a for the office space, the DCVc0 1 
c· fitr8lkr k~e~s1iJle-Ot\ltloWfat~~t v B =~81~.ffsb 75 'Cl:m~ tinfil" 
t 1r!+8·,ivJheri t&tw~:o2. c6h_centra:tli:lh 1s-1Mitfi !ifitiii~ citYiulJ~6ayrb) 
requlft!Hiore'OKdfliismea& lliewneis uiicr'erverfri fa~eCI' tlurirtg: 

5 



TABLE 2 
Outdoor Air Intake for Different Ventilatio_n Controls 

Controls Std-62R cvv ' .I DCVco2 DCVocc,ss DCVocc,tran ' 
total OA office 4851(171.3) 5243(185.2) 4165(147.1) 4768(168.4) 4851(171.3) 
m3/day 

conference 4820( 170.2) 5949(210.1) 4374(154.5) ~ ;:_ 4742(1~7.5) 4819( 170.2) i i 
(IoJ ft3/day) 

'• ... ·, 
OA ratio to office 1.000 1.081 0.859 ' ;. 0;983 . 1.000 

Std-62R conference 1.000 1.234 0.908 • '.l, o'.984 1.000· ... l 

office 821.8 806.2 918.5 835.4 821.7 
,!~ r•u 

peak [C02] - - - ~ I- -- , .. 
·-ppm conference 1851.3 1818.2 2008.5 '·· 1874.6. ir854.0 .. 

the three-hour C02 build-up period. From then,. the DCVco
2 

switches the ventilation rate.·between design low and high limits, 
87.5 and 132.5 Lis, respectively, to maintain exhaust C02 
concentration at 866 ± 50 ppm. In Figure 5b, the faster response 
ofC02 concentration activates the controller earlier at 8:51, a 
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·Figure 4 ·. ·calcul'ated dMlactdal bccupdril:Y: · ' "' · · · · · ·· 
·1~J ' 1. 1·:;1~. ··.:(1 1::, •. l: ~ ... Xi[\ .•. ~:··i ,j ':.) '.':; ;~~;e_:~;:t :Jh '., ll·._ J;,t. • 

'''·! '-'.· ,, ••. .A•,. 

• \.J-. 

one-hour underventilat.ion'. pnder DCV co
2 
the conference roo~\ ·' 

switches the ventilatipn fl~w ;rate more :(Tequently than the 
office. This can be expl!i~ed QY ,the Vs!Vp ra~io. · 'fhe ratios for 
the office and conference I"O()lQS are 1.94 an_d 0.28, respectively. 
The higher the ratio, the slower the rt:sponse foi:; ,cl).~ges in q:J2 
concentrations. ' :, ·. 
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Figure 6 displays the C02 concentration variation as a func­
tion of time for each of the different ventilatiorl :Controls. The 
C02 concentration curve, based on exactly meeting Standard 
62R is also presented for reference. The reference Standard 62R, 
C02 curve is based on assuming that the OA flow rate matches 
the occupancy exactly and in~tantaneously. The DCVocc,tran . 
curve follows the ideal curv.e.closely; they are difficult to distin­
g~i.S.~:_The DCV co

2 
curves ar&always above the Standard 62R 

curves; the CVV curves ary •:.~fways below the Standard 62R 
c~: The DCVocc,ss curves cross the Standard 62R curves 
se;veral times.for both the office and the conference room. Only 
the pCVco~~~ DCVocc,ss curves reach the saturation values 
(C02 setpoints in Table 2): Furthermore, Table 2 shows the 
DE'Vc02 peak C02 concentrations overshoot the upper limits of 
both spaces due to the intermittent measurements and control 
actions. If otlibt b'etler cdntrollers '(:e.g., PID ot fuzzy controllers) 
were used, the DCV co; curves might be flat after reaching the 
saturation cortcehtrations. ·Better controlleJ'S,; however, will not 
change the C02 concentration during the buildup periods. The 
DCV occ,ss curve bas the secou9 highest concentrations for most 
of the occupied hours. That is, during the hours of increasing 
occupancy, DCVocc,ss overshoots the ideal curve and then drops 
below it when the occupants are leaving. The CVV curves are the 
lowest since CVV overventilates the spaces most of the time. 

In the office example, the VB/VP ratio is 1.94. This larg~. 
ratio means the building component dominates; therefore, COi 
concentration variations among the four ventilation controls ar<!­
small,~ illustrated in Figure 6a (maximum 162 ppm). For higti: 
occupant density areas, such as the conference room, the VB1v; 
ratio is lower(0.28). Consequently, the variation in~Q2 concen~ 
trations is larger (maximum 892 ppm during the occupied 
period). As mentioned previously, the time constank. at the 
lowest ventil'ation rate hod at the design condition are f'.57 and 
2.38 hours, respectively, for this office. From a ventilation 
perspective, these large time ._. constants make the use of 
DCVocc,ss and DCV co

2 
poor choices. The sluggish response of 

the D¢ Pocq,s_s ~derventJ lites the system when the requirement 
is high and ov$:rv~htilates. ~hen the4r~$ir~ment is low. On the 
other hand, DCV co

2 
indup,es onh~ minimum (building comp<?­

nent) OA until the zone has bee.o occupied for mwe thah three 
hours. During this perioct: the system is underventilated. From an 
energy co.n$~rvation vieWEoif1h ,however, DCVco1 is the most 
economic ventilation control. It has the least total OA intake 
(Tabl~ ii) associated with tile highest C02 concentration (unde.;: 
ventilation). The CVV, of cb~e· is the worst. DC Voce, Iran an:cI 
DCVopc,ss~ with the same. tcit~l 9A intake evep~aJly (Table 2f 
are between DCV co

1 
and q:v.11! Although the tota,ls of DCVocc,ss 

and DCVocc,p-an .are almost, ~e s~e and ~'.qO?..l;to th!! ~otals in 
Standard·6:?:R, their distribut:ians·aFe ·different{.f:igure.$.)! :': 

' \ -.. \ . ~ '.) :: . 

CONCLUSIONS I _1.; '.)"!'·.: f 

This paper preselits ll'slinpl~ but applicable method to deter­
mine.·dynamic <'>CcQpanC)\~ It c;ils.o ipvc;:stig~te~ 1.f.o.ur v.entila~~O!! 
controls. The CVV overventilates the .sy$;tew.:mo.st of the time. 
The conventional DCV co

2 
will underventilate the system, espe-
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Figure 6 C02 responses ' under different ventilation 
·· ·controls,.·· 

cially during the buildup period. Besides, it must have a C02 
setpoint, whith is usually the saturated concentration at design 
conditions. This setpoint is the peak. value and is not valid for off­
design conditions if the ve~tilation requirement is not ehctly 
proportional to the occupancy. To reduce energy consumphori' 
and meet the ventilation standard, the qynqmic' occupancy musi.2 
be known. Theuse·,ofthe steady-state 

1

equation produces!-efior-.' 
mous errors. To obtain accurate occupancy, the traDsient.' 
response tenri 'in the C02 concentration equation m~st, be. 
includ~d. '"'In a)! the DCVocc,tran solves the problems of 
DCVco and DCVocc,ss and is the best ventilation control. 

.~-- -·--- ..__ .. .. . --~ -. :_____ - :_. 
:1_,: -.,: .. ! 
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NOMENCLATURE 

A 

c 

c 

cvv 
D 

DCV 

DCVco2 
T'\,-,Tf -.~~ 

L/\...YV'-''-' 

DCVocc,ss 

DCVocc,tran 

DDC 

DVR 

G 

IAQ 

kad 

N 
OA 
p 

Q 
RB 

Rp 

s 
t 

v 
At 

v 

Subscripts 

a 

B 

D 

e 

f 

L 

0 

p 

s 
s 

SS 

REFERENCES 

area 

concentration of contaminant; room ' 
co~taminant cC>iicentration if n~ subscript 

integration constant 

constant volume ventilation 

diversity factor 

demand-controlled ventilation 

conventional COrbased DCV 

occupancy-based DCV 
steady-state DCVocc 

transient DCVocc 

direct digital control 

design OA ventilation rate 

C02 generation rate per person 

indoor air quality 

contaminant adsorption constant of indoor 
sunact:: 

contaminant generation rate 

outdoor air 

number of people 

airflow rate 

minimum OA flow rate per unit floor area 

minimum OA flow rate per person 

air change rate per unit time 

time 

volumetric ventilation rate 

time step 

room volume 

outdoor air 

building (floor) 

design value 

exfiltration 

infiltration 

initial condition 

lead period 

leaving air 

people 

room surface 

supply air 

steady state 
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