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ABSTRACT

This paper proposes a new method to determine the
dynamic zonal occupancy for ventilation control based upon
measured carbon dioxide (CO,) concentrations in the supply
and return air. The central thesis of this proposed transient
method is that a fixed CO, threshold based upon accupancy
alone is nat possible under the current praposed BSR/
ASHRAE Standard 62-1989R. Rather, the actual dynamic
occupancy head count must be knawn since the ventilation
requirements consist of two parts—the building component
and the occupancy component. The result is that the CO,
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 pro-
posed transient occupancy-based ventilation with two other
accepted methods: the COy-based ventilation and the constant
airflow 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 COy-based ventilation—and without an
energy penalty. Furthermore, this scheme is useful for real-
time on-fine ventilation control and system optimization.

INTRODUCTION

Indoor air quality (IAQ) has attracted much attention in the
heating, ventilating, and air-conditioning (HVAC) 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-
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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 L/s (15 cfm) of outdoor air (OA) per person
was recommended for office buildings. The acute energy supply
concemns of the 1970s resulted in a revised ASHRAE Standard
62-1981, whichrecommended a lower minimum ventilation rate
of 2.5 L/s (5 cfm) per person for nonsmoking offices (ASHRAE
1981). As a result, IAQ problems surfaced and ASHRAE Stan-
dard 62-1989 responded by requiring an increase in the mini-
mum ventilation rate to 10 L/s (20 ¢fm) per person for office
spaces (ASHRAE 1989). More recently, concemn 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 Jeads 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 62-1989R proposed a new equation. The
equation contains people and floor area components to calculate
the design ventilation rate (DVR) as follows (ASHRAE 1996):

DVR = Vp+V, |

= Rp-Pp-D+Rp-Ap. M
For office spaces, for instance, Rp is 3 L/s (6 cfm) per person
and Ry is 0.35 (L/s)/m? (0.07 cfm/ft?). With a design occu-
pancy density of 6 persons/100 m? (1,000 %) and a diversity
factor of D = 1, the equivalent ventilation rate is 8.8 L/s (17.7
cfm) 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.

Yu-Pei Ke is a graduate assistant and Stanley A. Mumma is a professor in the Department of Architectural Engineering at the Pennsylvania

State University, University Park, Pa.

THIS PREPRINT IS FOR DISCUSSION PURPOSES ONLY, FOR INCLUSION IN ASHRAE TRANSACTIONS 1997, V. 103, Pt. 2. Not to be raprinted in whole or in
part without written permission of the American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc., 1781 Tullie Circle, NE, Atlanta, GA 30329,
Opinions, findings, conclusions, or recommendations expressed in this paper are those of the author(s) and do not necessarily reflect the views of ASHRAE. Written
questions and comments regarding this paper should be received at ASHRAE no later than July 18, 1997



In addition to DVR, pre-occupancy (lead) ventilation
control is required in Standard 62R..for spaces occupied inter-
mittently but regularly. The required lead time, ¢#;, is

f o= 15V,/V,. @)

The pre-occupancy ventilation is mainly to purge contami-
nants emitted from building materials when the system is off
before occupants enter the space.

CO,-BASED AND OCCUPANCY-BASED

DEMAND_-CONTROL1 ED VENTIL ATION
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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 ventilation (DCV). Conventional DCV is
usually CO,-based, where the OA. intake flow rate is adjusted
(not necessarily measured) to maintain the return air CO,
concentration at a threshold setpoint level. This concept was first
advanced by Kusuda (1976). Although CO, is not really an
indoor contaminant, it has been used as the surrogate of human
bioeffluents and an index-of IAQ With the ventilation require-
ments proportional to occupancy and the COZ generation rate per
occupant assumed constant; COp-based: DEV (DCHg,)
changes OA intake dynamically according to occupancy..Theo-
retically, there will be no unvitiated (unused) OA left in its
exhaust air. Literature shows that the DCV, is a workable
scheme and beneﬁcral it saves energy compared with constant
OA ventilation (Carpenter 1996; Emmerich et al. 1994;
Haghighat and Donnini 1992, 1993; Knoespel etal. 1991; Meck-
ler @94 Warren and Harper 1991; Woods et al. 1982). .

"~ Inthe Ventilation. Rate Rrocedure. of. AS!:lRAE Standard
62-1989 (or older versions), all vengnlatlon rateg are propq;tlonal
to occupancy only This makes the CO, threshold concentration
setpoint a constant when a fixed generation rate per person and
constant OA CO, concentrations are assumed. Therefore, main-
taining the CO, concentration at the threshold setpoint limit is
equivalent to controlling the ventilation rate in conventional
DCV ¢, In such a case, the controlled ventilation rates will
follow the varying occupancy. That is, DCV -, is an altemnative
of eecupancy-based DCV (DCV,,.;). Nevertheless, it is not valid
for Standard;62Rsince.the ventilation requirement is no longer
proportiona} to ocaupancy. Therefore, DEV 5, may over- or
underventilate spaces. As Standard 62R states in Appendix

F'2:2, Standard 62R differs from Staridard 62 in two important

ways:

i wth o S o J
First, Standard 62- 1989 ventrlatlon rates are based
*-* primarily on a rate per' person’ basi$ (Table 2). . . . In other

words, outdoor air intake could be controlled dm,ctly byCO, .

ti gohcentration without havmg 10 alsd'méastire the actual rate”

7 offair béing supplicd. ' This' i Hid longer possible with' the ="

philosophy - of- this revised “standard ' since the minimum !
<nic-ontdodr air quantity riow hasbiatha pebpleretated and bild-*
* ingrrelated; term.; GOy canmot ibe:used: aloneto:control: the = i

¢ ventilation system because theC02|setpo|nt wouldbé afung-- >

-.._tion of the. number of people in the space, which:is unknewn; i -

atany given time. (If it were known, it would not be necessary
to use CO, as a surrogate for the number of people.)

Second, Standard 62-1989 assumed that outdoor air
concentration of CO, stayed relatively constant at 300 ppm
(which gave rise to the 1000 ppm room CO, concentration
guideline based on 15 ¢fm/pérson outdoor air rate). In prac-
tice, however CO; concentrations can be significantly
higher partlcularly in urban areas and near roads and free-
ways becausé CO, is a product of combustion. Measuring
differential CO, concentration ensures that acceptable dilu-
tion of bioeffluents will take place at the minimum outdoor
air intake rate regardless of the fluctuations of outdoor CO,
concenh‘atlons -

To minimize the"\é’nergy operating costs associated with
conditioning the OA, .the ventilation requirements should
change with occupancy. The first paragraph above justifies the
yvu'it t.hﬂt u_vua.uu\. L\Jllal quuymlv_y AILUDL b\i l\.llUWll I.U lllccl l-he
new standard and keep OA at the minimum acceptable level.

This point is also important for real-time on-line system optimi-
—lahnn n\/fnmmo onrl nnl-n 100/1 Kea onr‘ AMummal 00’7\ Iﬂﬂ"nnr‘

of countmg peoRle directly, the ventrlatlon airflow rate and C02
concentration difference between OA and exhaust air could be
used to compute the' actual’ mlmher of people. To achieve thls
operation with existing CO, sensors and to comply with the
second point, this paper develops a new applicable scheme.

In addition to the nonproportmnahty problem, the conven-
ncmal DCV¢p, @ appheé under ‘Standard 62, is actually a
steady-state appllcatlon This i is not a problem 1f the room air
CO, concentration has teached the setpoint. The setpoint for
DCV¢p, is usnally the saturation CO, concentration at steady
state of desighi occupancy. For example, if the OA COz concen-
tration is 300 ppm and the ventilation airflow rate is 10 L/s (20
cfm) per person for office workers at 1.2.met (0.0 005 L/s [0.01
cfm] per person of CO, generation raté) the saturation Co,
congentration is 800 ppm. When the CO; concentration is at the
setpoint:the:DCV ¢;icontroller will-adjust the :OA intake with
varying oceupancy corractly:if. the weéntilatiom requirement is
proportional- to the occupancy; as:in the-past. When the COj
corncentration is far below the'setppint, such as the starting periad
of a day, the transient state plays a significant role in proper
ventilation. During this period, the DCV cpyis nsually gt its mini-
mugy (orzepo) fow rate and rovm CO, concentration is byilding
up. The significance of the transient effect onthe starting period
depends on the. ventilation timg constant, er. the lenOth of time
before the controller is activated by the CO, concentration. The
ventilation time constant is the inverse of the air change rate. The
smaller the time constant, the sooner steady state is reached.
Since the DC¥ g, is at minimum airflow rate before its setpoint
is reached, the spdce is'sériously undervéntilated. For the recom-
mended occupancy density of Standard 62R with a 3-m (9:ft)
ceiling height; the Ventilation time constant for- the building
component alone is more than two hours. This means there will
be 4 long period before the DCV -, controller takes action, and
the space will be underventilated during that period. Some
researchers have recognized the starting period problem and
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. Figure ] Single-zone system: (a) control volume on the space only,"“(b) control volume includes recirculation.
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presented solutions employm the well-mlxed modei Vacuh.[c
and Plett (1993) and Vacuhk (1987) deﬁned4 the occupancy
proﬁle asa combmatlon of ramp ﬁmqtlops and p;oposed an algo—
rithm for co; controllers. When the ¢ occupancy is very random
or far from specified schegules such algonthms lead to large
errors and are not very useful. -

*  Because of the nonpmpom%ﬂaljfy of OA to' occupancy and
transient effects, it is not practical to use’ DC Veo,to meet Stan-
da1rd 62R. To sgtlsfy the dynamic venulanon DCVocc should be
used Many schemes can achieve ISC Vocc the sunplest oneisto
use COz measurements The {ollowmg secuons expiam its prin-

ciples and appllcatxons s i o

| ERICE

WELL-MIXED MODEL ' ° ,

To usethe room C02 concenuat'lon as the controlvariable,
one must know the relationship betweenithe CO, ¢oncesitration
and the room andsystgm’s characteristics. The mestipepular afid
the simplest model for deseribing this relation is the welmixed:
model.. The model can be app'lled to any contamiinant’ and is
stated asifollows:..iing = v CLANE T I

. Considet- thé~c’0ntrol volhirfie- bf a“ sint”le -space aif delivery’
sySterh as sHown in Figure 1a. Based on the well-fiiixed condi-"
tion'arid: applymg a'mass balatice on the contaminant, the? dlffer-
ential equatnon rélafmg éontdmmant cohééntiatlon arr&‘ t’mi& is
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adsorptlon (kad = O)F then the alrﬂow raIe aut equa}s the.supply.

airflow gate (Q,, Qs), and Equatlon 3 1s,s;mphﬁed(; it
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Eqpatiofi 5 is'a Iméar ordinary differentiaf-equation; all vari-
ables; in. it except»'are usually. functlonsmf time. Its general
splutlon is 9 m o v 5 .

JC(:) = e);pg IQS dt)[ Iexp( J‘ s dt)Q ”C * NdH_ ] (60

where ¢ is an ﬂnegxatloxr (conthant detex'fnmed by the ipitial
contaminant concentranon Unless C st, and N are some
special functions; Equation'6 i§ dlfﬁcult't 'integrate. If C;, O,
and N hre also constant and Q #0, Equatlon 6 Ean be reduced'

to Ll i~
i i T TSECA
B C(f) 2 Gyt N/ 0 +(C Cs)exp(—St) roe@
where ... i "s’r' A\fms'r
SEY /v e T @

0 Gl S R
is the air change rate; \whlch is also the inversé- of t?(e $pace:
ventilation time constant.’Ci/:is the stéady-state-gdneeéntration
when time approaches mﬁmty, or dC/dt=: 0»1n Equanon S

Tt Q{I?w) =G +N( T (4‘; ‘ ‘ ,:L@)
If QS 0, Equatlon 6 becomes %
“l TSR iy A SR e
W= G (N/v()t ey

3 IRIRPTR G H AL (TSI (VR
Equatlgn ,10 ha; nd‘_lxsngdy §tate ’Ir'h,{s means Iqlat,J fpr an
unvenula(ed space, the, contaminantr concentrationis. always
increasing: Jinearly with the contamjnant generatiomrate;
Equations 3 through 6 ean bgappliedteany.zone; Equations
7 through 9are only. validitheoreticatly tozones with constant C.,
O, and V. Although Figured4 igasingle-zoffesystém; théabove
derivationstitevatid forinidividual spaces in a maltizone system,
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as shown in Figure 2. Note that the ab0ve equatlons assume no
contartiinant-removal dev1ces e.g., filters, in the system Equa-
tions for systems with cont:«nhmant—removal devices can. be
found in the literature (Heinsohin 1991). *™

APPLICATIONS OF THEWELL-MIXEDMODEL"

One way to determine the currgnt occupancy in a zone is to
install pedestrian counters (sensprs) at each of the zone’s
passageways. Howsyer, this kind of sensor.ismot well tested or
widely used today. On the other hand, CO, sensors arebecoming
more accurate, less expensive, and widely used. Combined with
direct digital control.(DDC) systems, CQ, sensors canbe used to
determine the current. occupancy.  The - application of CO,
concentration measurements, to. calgulate occupancy- follows. :

. Firstwriting,Equation-4 in finite-difference form and'rear-
ranging yields: . .- Ly 3 P
0] Att —ar £ Q0180 ~C.0)

e S b HEB)

diss N(1) = w= 1z (1F)
where AF is- the’s€an time ifiterval betweén’ measuréments:
Another invalid; but popular; use of Equation 4 is to omit the
transient terri dC‘/dt Wxth thls omlssion Equanon 1
becomes % mse s i

Pt

5 11/ N(t) —'0 (t)[C(f) C (f)] (12)

g8 g ST
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Next, the, contarnmant oeneratlon rate can, be calculated 1f
the vanables on the nOht-hand side of Equatlons 11 and.12-are
measured. Furthermore, if the contaminant source sn-ength
(COy)is propomonal to the' occupancy w;th a constant G then
the occupancy & i o
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As lcno as the occupancy 1s determmed the DDC system can
c;llculate the ventllanon requqement bx a bujlt-in, formula,
acco;d1n° to Standard 62R, e.g., Equation I, and command the

OA damper to induce the proper OA. In case the room air
mixing 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 CO, concentration measurements
entering and leaving the space as well as thé supply airflow rate

-and an assumed per-occupant COZ generation rate to computc

occupancy. Both Equations 11 and' 12 use the CQ, concentration

“c'hfferennal between room and supply air, mdependent of the OA

CO,-concentration. This méans the" variations in the OA CO,
concentration do not affect thé determination of occupancy or
the required OA flow rate: Thérefore, this scheme matches the
two different pomts of Standard 62 and 62R stated above.

In addition, for single-room systems, if O; and/or C (supply
air variables) are not measurable hut O, and (, (QA variables)
are available, Equations 4 through 15 still work when the
subscript s is replaced with a. This point can be justified by
extending the control volume in Figure 1a to include the recir-
culation path as shown in Figure 1b. Thal is, the above.scheme
applies to single-zone svstems and enfire multizane cvcteme
with or without recirculation. '

COMPUTER SIMULATIONS

To compare and understand the difference and consequence
of CO,-based and occupancy-based controlled ventilation, four
ventilation controls were investigated in this research. Their
descriptions follow.

1. Constant-volume ventilation (CVV)—The controller
induces a fixed DVR regardless of the occupant variation
during occupied periods.

2. COy-based DCV (DCV(p,)—An on-off controller modu-
lates the ventilation rates within the limitation band. When
the concentration hits the upper limit, the DVR is induced;
when the concentration decreases to the low limit, only the
building component Vy is induced.

3. Quasi-steady-state DCVocc (DCVocc, ss)—Equatlons 12
and 13 are used to calculate current occupancy. Then the
‘controller induces the ventildtion rate accordingly. Basi-

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 CO,-based DCV, but the OA flow rate is mea-
sureh and adjusted, not the CO, concentration.

4. Transient DCVocc (DCVocc,trany—Equations 11 and 13
are used to calculate current occupancy. Then, the control-
ler induces the ventilation rate accordm"ly

Two sm°1c-room systems s i g the above algorithm are
illustrated. Thelr data: are listed in Table 1. Further assumptions
are: unity-air change effectiveness; no in/exfiltration; OA CO,
congentration constant at 306 ppm; an:occupant activity level of
1.2 met;'ie,, €Oz generation rate-of 0:3 L/min (0.01.¢fm) per
person;; and varied;; but constant-:within' (1 5-minute ‘iritervals,
occupancy schedules, (Figure 3)::According to the occupancy.
schedule; applying Standards 62.and 62R results in different
ventilation requirements, as shown in Figure 3..In Figure 3, the

BN:Q7-1-1



: TABLE 1

sl i : “ Physical Data of Simulated Rooms
B Item area, Ag _volume Occup. density People,l,’p [CO,] setpoint
units b m? (%) ! m? (ft) per./m? (/%) . - ppm
office | 250(3500) |  750(26500) . 0.06 (0.006) 15 866.0
. conference;, 100,(1000) i 300 (10600) 0.5 (0.05) 50 1862.5
Lo Ttem F9C 3R SRy Ve Vp' DVR
units HL[S/'anZ = ’ L/s/person o L/s (cfm) L/s (cfm) L/s (cfm)
5 office . ... 0:35(0:07) i 3.0(6) v a4t 87.5 (175) =~ 45(90) ~ 132.5 (265)
conferencesl: 7 0.35(0.07) " ‘{7 % 125(5) 35.0 (70) {25 (250) 160.0 (320)
LA BT il aF T i A ;
T omp;’cy’m} 'V‘j - L —id respond “perfectly,” i.e., no control equipment induced lag or
140 &+ vehtilation 5 over/undershoot. To eliminate the initial condition effects, the
I ; V=150 | ' » simulations were executed repeatedly-until all four strategies
— | ¢! b ;e - ; : 4
g g were periodically steady, i.e., their ‘daily CO, concentration
i 100 £ | 15 § profiles remained unchanged. 'Ihe‘results are plotted in Figures
’E 'F 2, 4 through 6 a.nd smnmaqzed in Table 2. The nighttime data ﬁ'om
: ‘g 19:00 to 6:00 hours are npt srl?own in these figures since the
s 60+ 10 g'
8 . 3- values remain unchanged oyer the time penod
s L )
= 44| Y7 _v]
[~ r L
* i o * RESULTS ANDDISCUSBION; - 1 )
T Occupancy
Tod | ; . " ; o Uy Figure 4 shews thE" calculated ~occupancy. The
590 800 loo 1200 W0 600, 1800 oF DCVocc,tran océupancy traées the actual occupancy well. It has
e Tmizatheg a time lag of one'tinie step and 4 tiny devidtiorWhen the ocet“
1 ¢ b pancy is-changiiig. ’[he"DCVéeE,er"eﬁWé,’ oh'the other hand, has
(a) office Sem abig lagintime; it fiaé large inderdstirnétiori and overestimation
(r . whiei the Gcupancy is‘incrédSing ‘and'decreasifig, féspectively,
S 4 “a in Figure 4a. Notice that in this'figare fréit? 8:00 t6” 11:30 (area
S0 R 4 A),the DCVocss underéstihatéd occupariey ifY the office (with
: b A o a peak occupancy of 13) by 12.9 person-hours! From 12:00 to
400 + vfmm:,';imy: A 3 13:00 (area B), the DCVocc,ss overestimated the occupatity by:
ganplele® b ﬂ.__; o 4.8 person-hours. From 13:00 to 16:00 (area C), the DCVocc,ss

+5d 62

V@lilatiun Aifflow Rate, L/s™

400 4
e~ Occupancy 410
I R SR LT 1) SRR T SER S )

i 4 Pl 0

0T [[E T Shlek | > Vs M ¥

6:00 800. ~ 1000 12:00 14:00 1600, 18:00 g
S ke . B Ry e as WAt e o

Tlme ofDay L
S e A (aPie T

(b) conference room
1thure 3 Oécz#mﬁl‘jz arid‘ventﬂatmn requirements o

e, T 4 2 6 D WG T LJTEE
lead ventilation;rate (¥7) \Ma&&pemfmdto be oqual to: VBJ Be.; ,r,g;
= 1.5 hours fram-Equation 2: The steady:state: GOy contentrau
tions of the'last colunirin Table1 arethe setpoints ofiIDCF
with aibandewidtt of 100 ppm’.(£50 -ppm). i addition:; the!
sampling;time!step used.in thel one+day' simulations was:three
niinutést Within @ tifhe ‘step; thé CO% ‘coricéritiation: varies
according to ‘Equation: 7: AN controllers: wer& dssumed- o

BN-97-1:1

underestimated the: oceupancy by 6. 0—per§on-hours Finally,
after 16:00 (area D), the DCVocc,ss overestimated the occu-
pancy by 6.3 person-heurs. In Figure 4b forthe conference rgom,
DGCVocc,sshasa sumlar trend as.in FWG‘}% but with-asmaller
lag. ThlS is accqunted for:by the /smagler\ veptilation.itime
constant. Both the office and conference room have the same R,
but the conference room has a much higher occupant density that
results in a higher ventilation airflow rate and a smaller time
constant. The time constants for the office at DVR and Vjy are
1.57 ahd 2:38 hours; res‘pectlvely,“z?n‘do 52 ariti‘? 38 hours i’}9 the
conference room! Gl kG o e d

,f

L i POl ]
Lo “ 6 1oure 5 }]]ustm}:es tlhe, bA ﬂow {ate fo;,eaph of thq four,
ventllat:on comrol approaches The DC Vacc,s,s; yand,
DCVocc,tranhave OA intake profiles that follow thie occupancy
cal¢ulated from the steady-state-and transient equations, respec-
tively (Figure 4). In Figure 5a for the office space, the DC VCO
controller keepsthe OA floW ratéat ¥, =875 'L7s/(175 cfm) tnfil
11418, when the'CO, cohcéntratinis high énbigh (Figuré 635 to’
requiré'moré OA' This theans the zoné is undervennfmed'dmmef '



TABLE 2

Outdoor Air Intake for Different Ventilation Controls

.Controls Std-62R v DCVeo, DCVoce,ss DCVocc,tran
total OA office 4851(171.3) 5243(185.2) 4165(147.1) 4768(168.4) 4851(171.3)
(10'2 f?;{!y) conference 4820(170.2) 5949210.1) | 4374(1545) | 4742(167.5) 4819(170.2) 1
Ok piioio office 1.000 1.081 0859 0983 - 1.000
Std-62R conference 1.000 1.234 0.908 %0984 1.000
peak[CO,] |  office | 818 | 8062 918.5 835.4 L7 o]
ppm conference 1851.3 18182 b 2008.5 ™. 1874.6 18540 .

the three-hour CO, build-up period. From then, the DCV),
switches the ventilation rate:between design low and high limits,
87.5 and 132.5 L/s, respectively, to maintain exhaust CO,
concentration at 866 + 50 ppm. In Figure 5b, the faster response
of CO, concentration activates the controller earlier at 8:51, a

one-hour underventilation. Under DCV -, the conference roo\r'ig; :
switches the ventilation flow .rate more frequently than the
office. This can be explained by the V/Vp ratio. The ratios for
the office and conference roems are 1.94 and 0.28, respectively.
The higher the ratio, the slower the response £or pl}apges in €O,

concentrations.
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Figure 6 displays the CO, concentration variation as a func-
tion of time for each of the different ventilation ¢ontrols. The
CO, concentration curve, based on exactly meeting Standard
62R is also presented for reference. The reference Standard 62R,
CO, curve is based on assuming that the OA flow rate matches

the occupancy exactly and instantaneously. The DCVocc,tran.

curve follows the ideal curve closely; they are difficult to distin-
guish. The DCV o, curves arétalways above the Standard 62R
curves; the CVV curves arg .always below the Standard 62R
curves: The DCVocc,ss curves cross the Standard 62R curves
several times for both the office and the conference room. Only
the DCV¢p,and DCVocc,ss curves reach the saturation values
(C02 setpoints in Table 2). Furthermore, Table 2 shows the
DE Veo,peak CO, concentrations overshoot the upper limits of
both spaces due to the intermittent theastfements and control
actions. If othiér bet&F controllers (e. g., PID or fuzzy controllers)
were used, the DCV ;- curves might be flat after reaching the
satufation coréentrations. Better controllers; however, will not
change the CO, concentration during the buildup periods. The
DCVocc,ss curve has the second 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 CV'V overventilates the spaces most of the time.

In the office example, the V/Vp ratio is 1.94. This large
ratio means the building component dominates; therefore, CO5’
concentration variations among the four ventilation controls are
small, as illustrated in Figure 6a (maximum 162 ppm). For hlgh
occupant density areas, such as the conference room, the V/Vp
ratio is lower (0.28). Consequently, the variation in CO, concen-
trations is larger (maximum 892 ppm during the occupled
period). As mentioned previously, the time constants at the
lowest ventiltion rate nd at the design condition are 1.57 and
2.38 hours, respectively, for this office. From a ventilation
perspective, these large time. constants make the use of
DCVaocc,ss and DCV o, poor choices. The sluggish response of
the DCVocc,ss underventilates the system when the réquirement
is high and overventilates when the Tequirement is low. On the
other hand, DCV ¢, induces only minimum (building compo-
nent) OA until the zone has been occupied for more than three
hours. During this period, the system is underventilated. From an
energy conservation viewpoint, however, DCV ), is the most
economic ventilation control. It has the least total OA intake
(Table 2) associated with the highest CO, concentration (under-
ventilation). The CVV, of course, is the worst. DCVoce,tran and
DCVoce,ss, with the same total OA intake eventually (Table 2)
are between DCV ¢y, and CVV. Although the totals of DCVocc, ss
and DCVoce, tran are almost the same and equal to the totals in
Standard 62R, their dlstnbuhons are dlffcrent (Engure Su)

CONCLUSIONS

This paper preséiits #siinple but dpplicable method to deter-
mine-dynamic eccupancy. It also investigates four ventilation
controls. The CVV overventilates the system most of the time.
The conventional DCV o, will underventilate the system, espe-
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Figure 6 CO, responses under different ventilation
’ controls

cially during the bulldup period. Besidés, it must have a2 CO,
setpoint, which is usually the saturated concentration at design
conditions. This setpoint is the peak value and is not valid for off-,
design conditions if the ventilation requirement is not ekactly,
proportional to the occupancy. To reduce energy comumpnon
and meet the ventilation standard, the dynamic occupancy must
be known. The use-of the steady-state equation produces’ efior-:
mous errors. To obtain accurate occupancy, the transient.
response term in the CO, concentration equation must, be
included."In all, the DCVocc,tran solves the problems of
DCV¢p, and DC Vocc,ss and i is the best vennlauon control
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NOMENCLATURE

A
C

(4

cvv

D

DCV
DCV¢y,

NV
Ly uLe

DCVocc,ss
DCVocc,tran
DDC

DVR

G

IAQ

kaa'

N
OA

Subscripts
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area

concentration of contaminant; room "
contaminant cricentration if no subscrlpt

integration constant

constant volume ventilation
diversity factor
demand-controlled ventilation
conventional CO,-based DCV
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steady-state DCVocc

transient DCVocc

direct digital control

design OA ventilation rate

CO, generation rate per person

indoor air quality

contaminant adsorption constant of indoor
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contaminant generation rate
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number of people

airflow rate
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air change rate per unit time
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