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ABSTRACT

Many ventilation requirements and recommendations are
in the form of outdoor airflow rates per person. Ventilation
systems are therefore designed to provide a minimum level of
outdoor air based on the designed occupancy level multiplied
by the per-person ventilation requirement. Because the indoor
generation rate of carbon dioxide is dependent on the number
of occupants, it has been proposed to use indoor carbon diox-
ide conmcentrations as a means of controlling outdoor air
intake based on the actual number of occupants in the space
as opposed to the design occupancy. Such demand-controlled
ventilation offers the possibility of reducing the energy penalty
of overventilation during periods of low occupancy while still
ensuring adequate levels of outdoor air ventilation. This
paper reviews previous work on carbon-dioxide-based
demand-controlled ventilation, including field demonstration
projects, computer simulation studies, studies of sensor per-
Jformance and location, and discussions of the application of
the approach. The work is summarized and a number of
research needs are identified.

INTRODUCTION

A demand-controlled ventilation (DCV) system attempts to
achieve acceptable indoor air quality (IAQ) at reduced energy
cost by controlling an HVAC system’s outdoor airflow rate
based on a measured parameter. These parameters can include
measured values of indoor pollutant concentrations or measures
of building occupancy based on an occupancy sensor. In a
carbon dioxide (CO,)-based DCV system, CO, is used as an
indicator of occupancy, and sensors measuring CO, concentra-
tions are used to control the ventilation supplied to a space. The
potential advantages of CO,-based DCV are increased ventila-
tion when occupancy is high to ensure acceptable IAQ and
decreased ventilation when occupancy is low to save energy.
While the energy-saving potential of this approach has been
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highlighted in several studies, there are still some important
questions related to the implementation of CO,-based DCV. The
most critical issue is that low CO, levels alone do not guarantee
acceptable IAQ (Persily 1993). The concentrations of non-occu-
pant-generated pollutants may not be controlled by such a
system, or at least they can become elevated during periods of
low occupancy due to decreased ventilation. Also, nonuniformi-
ties in air distribution and in building occupancy can present
difficulties in locating sensors so that a representative CO,
concentration is measured.

In the last 10 years, interest in CO,-based DCV has ledto a
large body of literature published in journals, conference
proceedings, and other forums. An extensive literature review
(Raatschen 1990) covering all aspects of demand-controlled
ventilation, not just CO,-based systems, was published at the
conclusion of Annex 18, an International Energy Agency effort
to develop guidelines for DCV systems. A more limited review
was published during Annex 18 by Mansson (1989). The objec-
tive of this paper is to summarize the literature on CO,-based
DCV, making the information more accessible to researchers,
designers, and other interested engineers and to identify research
needs.

Reports on CO,-based DCV are categorized in this paper as
follows: case studies, field tests; case studies, simulations;
sensor performance and location; and applications. The first two
categories include studies of the performance of CO,-based
DCV systems in real buildings and using computer models. The
various case studies that have been conducted focus on a number
of different issues, including ventilation rates, energy consump-
tion, economic impacts, and the concentrations of other indoor
pollutants, although few studies address all of these issues. The
third category includes reports that address the performance of
CO, sensors and where they should be located in a space. The
fourth category discusses the application of CO,-based DCV,
from very general descriptions to detailed discussions of control
algorithms.
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CASE STUDIES S

Many of the ltterature reports on COz-based DCV are case
studies aimed at determtnmo the energy savmgs and/or 1AQ
tmpacts of these systems This scctlon dt;;cusscs thc casc study
reports cateoonzmo them further as fi eld tests. and sunulanons
Field Tests o

g

There. have been a number of;: clemonstratron progects in
which CO,-based DCV sysfems. werp,mstalled -, buildings and
certain aspects of performance were monitored.These studies
vary in many re:necte rnolndrno ’rhp dpl;all wtth W}““}‘ithP D(‘\/
systems are descrlped Somp reports, contain detailed descnp-
tions of the DCV control algorithms, while others do not.eyen
report the setpoint. The studies also;vary in the impacts that were
monitored, which have included fan operation, damper position,
indoor CQ,.concentrations, venttlanon rates, energy consump-

tion, the concentrations of ctherpollutants, and occupant percep-

tions of the indoor environment. Fmally, the studies have taken
place in 4 variely of butldmu types, lncludlng Qfﬁces schpols
anrhtnrmmc and refml cfnrp:

The ap,pltcapon of COz-based DCVis often discussed w1th .

reference to, ofﬁce burldmos and in many cases conference
rooms wttltm ofﬁce bulldmos One of the earliest studies of CO, .,
control in an office bulldmo took place in Helsinki (Sodergren
1982). The outdoor qlr control algorithm is not described, but the
CO, setpoint was 700 ppm(v) The CO, control system was
compared to constant outdoor air and timer-based control, and
24-hour plots of CO, eoncentratton are presented for each
system. Measured concentrations of other pollutants and inter-
views with occupants did not indicate any IAQ problems. ;

In addition to describing the principles of DCV, Davtdoe
(1991) presents a' demonstration project in a 30 ,000-m?
(320,000 ﬁz) office building. In this building, the system pever

controlled the ventilation rate because the outdoor tempe;atures .

in the winter were never low enough to go off ﬁ'ee-cooltnﬂ '
During the sumimier, damper leakage was more than enouch 10
coritrol CO,. Davidge also studied a boardroom, where sup, le~
mental ventilation'was controlled 4lternately bya lt,ht swrtch a
motion sensor, and ° 2 COj controller. In the casé of the CO;
controller, the fin dame on at' 800 ppri(v) and ‘shut off at 600

ppm(v). An occupant questiorinaire was ‘ddministéred; and it was '
found thét the occupants could not dtsnngmsh whether ornot the ,

du

fan wa‘s on.However, they rated the CO, system l-u;,h]y

A fatl*ly comprehensivé study of €O, contt6] took place on

two ﬂoors of an office building in Montreal (Donmﬁ etal. 1991;
Hacvhi:,hélt and Diorinini 1992). Oné floor was egutpped ‘with a

CO, DCV'system, while the other fidor served ad 4 gonftrol: The'"

CO; control algorithn was' as folloWs’ the damper closed at
coricéntrations’ below 600 p'pm(v), as CO inéteased above 600 ‘_
ppm(v) the dampers openéd, with thé"” maxtmum Opemncr atv
1,000'ppm(v). The $tudy lastéd dne'yéar, during which mdoor &
conceritrations of CO,, " formaldehydé;  volatile ~organic
compounds and particles, ventilation system performance, ther-
mal comfort, and occupant perception were measured once a
month. Energy demand was monitored for the whole year. The

nt

: nodlfferent 3 oM 8 i

outdoor air dampers were closed most of the year because there
weréTare ly enough’people toraise the indoor CO,, concentratton

The” indoor air quality measurements revealed no significant
contanfiinant concentration dtﬁ‘erences between the CO, andthe’

control ﬂoor Thermajl comfort was oenerally adequate on both
floors. Annual eriergy savings of 12% were measured for the
floor thh DCV. Occupants of the bCV floor complamed srgmf-
icantly more about the mdoor ethronment than occupants of the
conrrol ﬂoor for part ’of the year.

Fleury (1992) reported on. the performance of a COz-
control,led vent1lat10n system in-a conference room. In this
system, the fan motor speed.was adjusted according to the CO,
concentration, but no information was provided on the spgcific
control aloonthm or setpomts The measured CO, concentra-
trons 1n the space were between 350 ppm(v) and 850 ppm(v),
with'one  peak of 1, 100 ppm(v) Based on occupant question-
naires, the air qual1ty was rated from good 1o excellent. Another
study was undertaken'in a conference room set up to test [}CV
Sensors, mcluqu CO,, volatile organic compounds, and
humidity (Ruud'et al’ 1991) The C02 setpoints were not
reported, but ' the iidoor’ concentration never exceeded 900
ppm(v). Another demonstration in ‘a2 conference _room was

reported by Huze et ‘al (1994). The ventilation rate was Vaned :

proportionally to the CO, concerm‘atlon within a 500-ppm(l/):

band centered around 1,200 ppm(v). Limited results presented
include a sample of the CO, level and control signal for one day.

One of the most frequently cxted ‘demonstration projects
took place in a small bank in Pasco Washtnfrton (Gabel et al.
1986). This study involved the measurement of energy
consumption, contaminant levels including nitrogen dioxide,

forma]dehyde carbon monoxtde and pamculates and occupant .

response based ona questtonnatre 'The study destbn mcluded

momtormo over the winter, spring, and summer seasons, with
FinK

one"week of normal operatton followed by, one week of CO,

control ‘The system s economtzer cycle operated normally;
throughout the test penods They found that with the CO; control |

system setpomt at 1,000 ppm(v) to 1,200 ppm(v) atr leakaoe,_‘,

throu,h the closed damper provxded sufficient fresh a}r for typt- : ‘
atis, -

cal occupancy, ‘whiich 1 was only 10% to 15% qf desrgn
the ‘indoor CO, level never rose, to the] control setpomts All
measured contaminants’ were maintained below mdoor stan-
dards. Based on a curve fit of the measured eneruy consumpuon
to outdoor témperature for the two modes of outdoor air control
average energy savings of 7.8% for heating and cooling in six
climates typical of Ore'&o'rl' and Washington were caf¢ilated.

Based on the questionnaires, the occupants 'could not" détect
differences between background C02 levels of 300 ppm(v) and "~

1,000 ppm(v) The occupants reported feEIlng warmer durinv

.....

Another frequently crt' dy thk place ina anesota
high“school (Janssen et al 1982). The ventilation system used
CO; and temperature to control outdoor air and had separate
dampers for temperature and CO, control. Indoor contaminants,
energy, and subjective response of occupants were monitored.
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The measured energy savings were about 20%. The occupant
questionnaire showed that the subjects felt warmer with
increased CO, concentrations. Another study by the same group
of researchers took place in a portion of a high school that was
retrofittéd wrth a COy-controlled system (Woods et al. 1982).
During the early months of 1980, the system operated under
alternate penods with conventional temperature control qnd with
CO, control. System perfﬁrrnance was momtored and the
subjective responses of occupants were obtained. The system,
contained aset of outdoor air dampers that were controlled based
on the CO, concentration. These dampers modulated berween
fully closed and fully open damper positions, with the low
setpoint at 3,000 ppm(v) and the high setpoint at 5 ,000 ppm(v)
The results indicated the potential for significant energy savmgs
Otcupants' felt warmer when"CO, control operated desprte the
fact that there was nio measurable temperature dlﬁ”erence with
and without COZ control.

A study of t¥ two Finnish ‘public buildings, one that had COZ-
controlled ventifation, included measurements of radon, parti-
cles, and CO, (Kulmala et al. 1984). No descn_ptron ofthe CO,
contro] algorithm was reported. Daily energy savings were esti- |
mated at 13% to 20%. N

In several of the studies cited so fa:, the mdoor CO, concen-
tration was often not high enough for the CO,:control system to
operate. This” may be due in part to the relatively low .occupant .,
density jn office bu1ld1n<rs The-application of CO,-based DCV
is usually viewed as more appropnate in spaces where ogcy-
pancy is more variable and where the peaks are assoc1ated with
fairly high occupancy. Auditoriums are oood examples of such
spaces, and there have been several case studies in these types of
spaces. One such study took place inan auditorium with CO,and
timer control of ventilation at the Swiss Federal lnsutute of
Technolooy in Zunch (F ehlmann et al. 1993). The measure-

ments included system run time, energy use, climatic parame- '

ters, and CO, concentrattons under wmter and summer
conditions. In hddmon an occupam questronnatre was adrmms-

tered. The ventilation system had ’tn)o stages of atrflow capacrty, _

with the first staae coming on at 750 ppm(v) and the second stage
at 1,300 ppm(v). The second stage would turn off at 1,100
ppm(v), and the first stage at 600 ppm(v) With venttlauon ;

controlled by CO,, run time was 6‘7% of the run time with ttmer
control in simmer: and 75%in winter. Energy copsumpnon with
CO, cohtrol was 80% less in summer and 30% less in winter.
Questronnarre results rrrdtcated a hlnher percepuon of odors with
CO, control, especral] in the summer. It was noted that the
occupancy ‘was very | low compared to desrgn—only about 10%
to 20%.

Zambom et al (1991) reported an. field measurements in
auditoriums in Norway, and Swltzerland. In the Norwegian
bu lemg, the.CO, setpomt was | 000 ppm(v) and, the reported
results ;nclud; indogr; temperature CQ; concentration, and age
of air. In the Swrss hutldm there was,a two-stage controller
with the fi rst setpoint at 750 ppm(v) and the second at 1,300

pm(v) The researclrers monitored, energy consumptron and
mdoor clrmate and admmrstered occupa.nt questtonnatres Heat-
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ing energy was reduced by 15% during one week of testing in the
winter and by 75% in the summer. With CO, control, there was
less draft but more odor in summer.

Several demonstration projects have been conducted in so-
called public spaces, including retail stores and recreational
facilities, where occupancy is expected to be more variable and
less predrctable Potter and Booth (1994) repon on the perfor-
mance of COz-based [5CV systems in eraht public buildings.
The authors note that the results point to some potential problems
with CO, control, but many of the results are presented simply: .
in the form of plots of indoor CO, concentration vs. time. In an
office bililding anid a'swimrhing pool'facrlrty, the indoor concen-
tration never reached the COy setpaiht. Building setpoints were
variablé ant ulcluded 1,250 ppin(v), 2,200 ppm(v);’and 2,500
ppm¢v)."Based on the results, thé’ authors idéntify candidate
building: types-for CO, conttol as cmemas theatérs, bingo and
snooker éstablishments, educaiional le¢ture the%lters “teaching
labs, méeting roéms, and retail premises. They cofisidered the
issues of fnaintenance and reliabili'ty, noting that no controllers®’
in th& buildings were marked with calibration diie date or the date
of last service. - -

* Another studS/‘ of two public’ spaces took place in a social '
club‘and a cinem# (Ahon. 1986).The control aloorrthm was not
described, but the CO, setpoints were usually between 700

ppm(v)and 1,000 ppm(v). The measured fuel savings were 17%
in the cluband 11% at the cinema, Warren (1982) reports on fests
of energy savings with CO, control in a theater and a rétail store.
Energy and cost savings estimates are based on short-term tests
in the building, and the dependence of the savlnos on ventilation
system design parameters is discussed. The systems in the two
butldtnos are not déscribed in detarl

Strmdehao etal (1990) reported on a number of examples
of hoW outdoor 4ir intake can'be controlled by CO, in a confer-
ence room, three offices, and a school. The report contains
descrlptlons of the buildings and the CO, sensors, and it noteg
that the CO, setpomt was 600 _ppm(v). However, the control
aloonthms are not descnbed and no specific performance mdr-
cators are “discussed.

There has been lrmlted study of COa .contro] in residential
buildings. One study in a single- famtly resrdentral burldmb
examined the use of CO, and water vapor for,ventilation control
(Barthez and Soupau]t 1983) Little detail is provrdecl on the
COQ-based control approach, but the study concluded that CO,
was a more surtable ‘control parameter than water vapor. Moffat
(1991) reported on the study of fjve energy-efficient, houses,,
buildings with so-called “low toxicity” construction and a range,

’

of mechanical systems consistent with the Canadian resrdemral
ventllatron standard CSA | F326. These houses used DCV
systems based on COz, volatlle organic compounds absolute:.
humidity, aettvuy Sensors, and occupant control. Some of. the
conclusrons of ,the study were as, follows DCV offers benefifs ,
when occupant pollutants dommate burldm Pollutants GO, i i
an excellent rndlcator of occupancy and occupant-based venti-...
lation requtrements activity- re]ated pollutants are best.‘
controlled by local exhaust and relauve humrdrtv is a poor mdr-
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cator of occupancy. Kesselring (1996) reported on a field
demonstration of a residential ventilation system-controller that
used a combination of scheduled ventilation and CO, maximum
limit control. The CO, limit is not specified and few sample data
are.presented. . . P

=+ The studles cited here ;show that C02 control: has been
demonstrated in:a. wide; wariety of building types including
offices, schools, publie spaces, and'some residential buildings. It .
is apparent in examining these studies that the CO5 control algoar "
rithm-is often not described in sufficient dgtail to understand the
system; in fact, some of thestudies did not even report CO,
setpoints. In several.of the demonstration projects, the building
occupancy; wasrinsufficient tp rajse the indoor CQOy-¢concentra-
tion enough fo;activate:the COy control system. Several of the
studies iised occupant questionnaires.to-gvaluate performance, «
withrinconsistent results. In'some cases, the oceupants positively. -
perceived; the indéor environment with CO, control,.In other
cases, there-were more complaints, specifically with.regard to
odor during CQ, control. Several studies noted a feelingof..
increased. warmth with clevated €O, concentration despite the
fact that the measured indoor temperatures ‘were no higher.
Whenieensidering these reports of occupant response, it must be
kept in mind that the studies employed differemt questionnaires.

W ey FR T STV p
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Simulations

As discussed above for field tests, the reported simulation
case studies vary Widely in both the description of important
pararneters and'discussion of results. Most studies have focused
on the‘potent1al energy savings of the CO,-based DCV systems;
with C02 concentmtlons reported as a measure of IAQ perfor-
mance. A few studies have calculated concentrations of other
pollutants. As with the field tests, the majority of the studies have
involved office buildings, with others examining public spaces,
auditoriums, and residential buildings. Another important issue
in simulations is the treatment of infiltration and interzonal :

fi

airflows, with-most studies using assumed rates and one study -:

employing a multizone airflow model. + - 7ia 13

In an early réport of a simulation study- for an office;

Knoespel et al.-(1991) invéstigated the application: éf a

CO,-based DCV system to'd'two-zeone office space with both

constant-air-volume (CAV) anfl variable-air-volume (VAV)

HVAC systems. A multiple-Zone pollutart trandport niodel *

was used and a vetitilation airflow'controller model was devel-
oped as modules for 4 trarisient thermal syster*simulation
program‘¢Klein 1994). Other’éxisting-modules of thé program

were used to caltulate building-energy consumption:Infiltration -~

to the main zone was assumed constant at 0.2 h™', and an intet
zona] flow. 0f12 L/s (24 cfm) from the main office tothe confer-
ence' room- was. included: when the -HVAC system was on.
Knogspel compared the performance of six ventilation strates,
gies, including, constant.outdeer airflow at the ASHRAE, Stan-,
dard 62-1989 prescribed flow -of 10; /s (20 cfm).per. person,

constantoutdoor airflow:at a:typical’ rate of 0.7 h <!, minimum

outdoor: airflow. at: the : typical rate: with .a: temperature-based
economizer, DCV with.a step-flow ¢ontrol, a,lgorlthm DGV with:

A
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step-flow control and a temperature-based economizer, and

. DCV.with on-off control. In the step-flow control algorithm, the

fraction of outdoor air in the circulation flow was_changed in
20% steps depending on whether the measured CO, concentra-

. tionin elther zone was above or below the specified limit. On-off B

control employed an algorithm in which outdoor airflow is set at
100% if the high C02 setpoint is exceeded apd at 0% if the CO, -
concentration drops below the low setpoint, The setpoinfs ,used
were - 800 ppm(v) and 1,000 ppm(v) S1mulat1ons were '
performed for M1am1 Florida, .and Madisan, Wlsconsm In
Madison,. the DCV strategies prowded at.c,eptdble control of
CO, levels with coil engrgy savings from 9% ta.28% for.CAV
systems and from 43%to 46% for VAV systems compared to the
ASHRAE Standard -62- 1989 prescribed rate strategy.. The
savings for Miami were of similar absolute magmtude but .
smaller perqentaoes These results did not include, tan energy ‘
usc. Comparcd to the economizer, and constant outqloor airflow .,
strategies at typical rates, the DCV strafegies resulted i in 31m1lar.
energy use w;th better control of CO; concentrations for both
CAV and VAV systems,,

i ’

Emmeftich et al. (1994) applied ‘the ‘model developed by

: Knoespel et al. (1991) to; examine thé performance of DCV

systems under less favorable conditions and toistudy the impact. -
on non-occupant-generated pollutants. Emmerich used the same
building;;cthe,-Madison location, . ahd the HVAC systems
described above but varied the conditions simulated to include a
pollutant removal effectiveness as low as 0.5 and an occupant
density up to 50% greater than design. For all cases examined,
the DCV system reduced the annual cooling and heating loads
from 4% to 41% while maintaining acceptable CO, concentra-
tions. In addition to requiringsmore enérgy use, the constant.
outdoor airflow strategy resulted in CO, levels above 1,000
ppm(v) for.more than half of occupied hours for.cases with poor
pollutant removal effectiveness, Emmerich also .examined the'
impactof DCV on non-occupant-generated pollutants by model-: *
ing & constant source of a-nonreactive pollutant lovated in the
main office zerle. Four ventilation strategies were compared,
including: cpnstant'outdoor air at a prescribed rate based on
ASHRAE Standard 62-1989, DCV with: step centrol and
setpoints.6f 800 ppm(v) and 1,000 ppm(v), DCV with a’constant
minimum outdoor airflow rate*of 2.5 L/s (5:cfim). per person
calculated using the multiplc spacc method of ASHRAE Stn-
dard 62-1989, and DCV with,scheduled purges of 100% outdoor
air from 7:30 3.m. t0:8:30 am: and 12;30 p.m.gto 1:00 p.m: The
non-occupant-generated pollutant spurce strength was speeified,
such that the system with a constant outdoor airflow rate;just met. ;
a short-term limit of 2 ppm(yv) and,an eight<hour averagedimit of j;
1 ppm(y)s Emmerich found that both the straight DCV: and the.
DCV.:with minimum outdeor airflow,rate failed to.ineet the
pollutant: concentration limits, for both the CAV and the VAV -
systems, but the. DCV with scheduled purgé strategy; success-- -

. fullylimited, the pollutant;concentrations; The: purge strategy.i:,

increased; building heating and:cooling loads over the straight: ;-
DCYV strategy-but still reducedtheloads by 17%(GAWV) and 25% "
(VAV) cempared to: the: constant. outdear- airflow,.case. The :

AT L PG T, RS a0 e R O, a9yt
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success ofthe purge strategy was attributed partially to the abrllty
to schedule the:purges when most needed.

Ii'another study considering the effects of poor ventilation
air mixing, Haghighat etal. (1993) simulated the perfom’lance of "
a CO,-based DCV s¥stent in a large office building in Montreal
The baseline venulatnon system had a flow rate of 10 L/s (20
cfm) per person, and a miXing parameter of 0.7 was used in the
model. The'DCV system used 2 minimum ventilation rate of 2. 3
L/s (5 cfim) per persori and the ventilation rate was adjusted each
hourto mamtam 4 CO, concentration of 800 ppm(v) Infiltration
was 0.4h~" with the HVAC system off and 0.04 h™" with it 6.
Four* cases ‘of occupant density were examined. The DCV
system saved from 7%to 15% in énergy use; 2% t0 6% in enervy
cost, and 7% to 17% in peak demand cémpared to a fixed venti-"
lation rate strategy. In a follow-up ‘study using the same officé '
model with different infiltration; operating hours, and bther
assumption$, Zmeureanu and Haghighat (1995) found energy
consumption for the DCV system ranging from a 5% decrease to
a 2% increase. However, because of peak demand reductions,
annual energy cost savings ranging from 3% to 26% were found.

Sorensen (1996) also describes simulatiohs performed fora: .1

twaszone office with:a conference room.:A unique aspect:of this
study is its focus on examining thé short-terrn dynamics of the
system by simulating a 10-hour period with one-second time
steps and detailed modeling of the HVAC system. A VAV -
system: with dual-temperature and CO, control and a CAV
system without CO, control are simulated. Because a detailed
VAV system model is used, the control algorithm is more
complex than in most studies reviewed and involves both damp- -
ers and fans. When the CO5 concentration is above an upper limit:
0f 900 ppm(v), the dampet actuator position increases.by.1%. If'
the concentration remains above. the upperi limit, the:position
continues to-increase until it is fully open or until it drops below .
the limit. After the damper-is fully open, a concentration above;
the upper limit will inctease the fan speed by-5% until-the fan :
reaches maximum speed orthe concentration falls below the.
limit. The: algorithm also uses a:lower limit of. 700 ppm{v) to «
decrease fan speed and damper position. Detailed results are not
presented; -but transient CO, concentrations and temperatures,
are presented and it is stated that the VAV system used 3 1% less
energy than the CAV.system; TN

Other recent studies'of office applications (Catpenter 1996;
EE 1995) examined both the energy and IAQ impacts of CO5-
based DCV in-a mid-sized-coihmeércial building complying with
ASHRAE:Standard 90. 1 in four climatic zoties (Chicago, Nash-
ville) Phoenix, and Midmi). Simulations were performed using
a combination of an eriergy ‘analysis program (EE1990) and the':
multizoné -pollutant ‘transport program 'CONTAMS7 (Axley
1988). Three tHVAC! systéms (single-zone, -mhultizone;t:and
VAV):and five ventilation control ‘strategies (fixed-ventilation -
rate; DCV'with building returnt’ air:controlled to 1,000:and*800
pp(¥), DCV with floor return controlled to 1,000 ppmi(v), and

DCV'with each’zone controlled 1o 1000 pprii(v)) were analyzed. -

The DCV: control algorithiiiwas not-described in detail. For
single-zone systems, the DCV strategy reduced heating energy

4075

by about 30% for a setpoint of 1,000 ppm(v) and by 20% for a:
setpoint of 800 ppm(v). THe'DCV system with a setpoint of 800:
ppm(v) also reduced average CO, concentrations by 50 ppm(v)
to 90 ppm(v) compared to the fixed ventilation rate strategy. The"
DCYV strategies had little effect on cooling energy because the
DCV systém tended:to reduce ventilation dufing the cooler
morning and evening hours and:increase ventilation during the
warmer middie-ofthe day. For VAV systems, the energy savings
were sirilarto: those with ‘single-zone systems: For multizone
systems, the reduction in heating energy:was similar in absolute
terms but was smaller in percent (59%te 12%) betause of a larger
total heating load. DCV witha setpoint of 1,000 ppmi(v) restited
in average CO,.concentrations70 ppm(v) to: 150:ppmi(v):higher
than .the fixed ventilation strategy,. while a setpoint off 800
ppm(v) kept coneentrations lower than the fixed strategy and the

* maximum below 1,000 ppm(v) in‘all zones: Providing additienal

sensors in returh ducts of each floor had little impact:on enérgy

. use and IAQ. Instalting sensors in each zone ensured that.the

concentration in each: zone stayed below 1,000 ppria(v) but at a
slightly: higher . energy use.: The: performance -of DEV with
sensors set at 1,000:ppm(v) in each zone was similar to central
control with a setpoint of 800 ppm(v). Formaldehyde coricentra-
tions were also simulated to evaluate the impact of DCV strate-
gies on pollution from a nonoccupant source. None of the DCV
stratggies controlled the formaldehyde concentrations as well as
the fixed ventilation strategy. It was sug ggested that a moming
purge should be included ina DCV strategy when non-occupant-

generaled pollutants are a concern, but this option was not simu-, .
lated Different DCV control algorithms, mcludmgon -off, linear
proportional, propomona] integral- -derivative (PID) and the
Vaculik method (discussed later in this paper) were discussed
but not sunulated

Meckler (1994) also sunulated the application of CO,-
based DCV in an offiee building. The energy performance ofan
idealized DCVisystem with the ventilation rate: varied te main-i
tain 800 ppm(v) and 920 ppm(v) (i.€., no -control algorithm ;-
modelgd) was compared to a baseline system with a constant
ventilation rate of 10 L/s(20 cfm) per person. The office building

. has 10 floors,with two air-hangdling units (AHUs) for outdoor: air

for each floor, a central hydronic heating and cooling plant, and
an ecgnomizef; Both. energy and, economic impacts are
presented for five U.S. cities (Miami; Atlanta; Washington,
D.C.; New Y.ork; and Chicago). Reported energy savings ranged
from less than, 1% to.3% for electricity and from 16%:t022% for |
gas. Payback periods of 1.5 to 2.2 years were estimated for all
cities. _‘ ‘ TIEL P ¢ T

‘In a recerit study With a focus on humld climates, Shirey and -
Rengarajan (1996) simulated tHe itapact of-a'CO,-based DCV
system in a400=m?(4,000-ft%) officé1ocated in Miami, Orlando,’
and Jacksonville t6 examine the'impacts of ASHRAE'Statidard -

. 62-1989ventilation rates on indoor humidity: levels. ‘The base- *-

line system; a conventienal directéxpansion (DX) air-condition="'-'
ingsystem with aisensible heatratio (SHR) of'0.78; wastunable -

to Keep the'indoor humidity below theé'target ‘of 60% relative -
humidity (RH) when the ventilation rate was increased from 2.5



L/sto 10 L/s (5 cfm to 20 cfm) per person. System modifications
considered included a low-SHR DX air conditioner, a high-effi-
ciericy'low-SHR air conditioner, a conventional air conditioner
with' CO,-based DCV, a conventnonal air conditioner Wwith an
enthalpy recovery wheel;'a  heat-pip pe asmted air conditioner,

and a conventional’ élr conditioner witha separate 100% outdoor

air DX'Unit. The operatlon of the DCV system vilas srmulated by

matchm6 ‘Ventilation rates to occuparcy prof iles. Four alterna-
tive systéms (DEV, enthaIpy wheel, heat’ pipe, diid 100%

outdoor aif' DX 'unit) maihtained acceptable huridity levels for *

more than 97% of occupied hours. Of the systems with accept-

abie humidity performance, only the DCV and enthalpy wheel

options did so with less than 5% increases in annual’ HVAC
energy use compared to the conpventional system with a ventila-
tion rate of 2,5 L/s (5 cfm) per person. The DCV system also

significantly lowered the peak heating. dema.nd in Orlando and -

Jacksonville. An economic ,analysjs .showed that the DCV

system resulted in annuql HVAC operating cost increases of 7%~ :

or less, first cost increases of .about,14%, and life-cycle. cost
increases of about 12% compared to the system with 2.5 L/s (5
ctm) per person. A case With high internat loads was also gxams,
ined, with the DCV and enthalpy wheel systems again resulting
in the best performatice for the smallest: increases- -in cost

In a recent follow-up st'udy, Davanaoere et al. (1997)
applied the same methodology with many of the same :mump—
tions’ as Shlrey and Rengarajan (1996) to study HVAC system ‘
options including CO,-based DCV ina Florida school. As in the
previous study, the baseline for comparisons was a conventional
system ‘with ventilation as required by ASHRAE Standard 62-
1981. In addition to DCV, the options simulated included the
conventional system with ASHRAE Standard 62-1 989 venttla—_
tion rates and various combinations of pretreatlna outdoor air,
thermal energy storage, enthalpy recovery wheels, gas-ﬁred_
desiccant systems, and cold air distribution systems. Results
reported’ included energy use, humidity levels, first costs and
life-cycle costs. In general, the' DCV system resulted in the '
smallest or close to the smallest mcreases in energy costs and
installed first costs compared to the baseline system. The thermal
energy storage system options generally resulted in 'the shiallest
increases{or even decreases) in peak cooling demands-and life-
cycle costs. DCV was the only option that reduced peak heating
demands. Although the DCV system reduéed humidity {évels
compareéd to the baseline syst%m many of the other simuldted
optidns ¢ohtrolled hunvidity’ eVeéri-better - Nakahard (1996) aiso
disétisses a-simulation'of DCV in a school building with' an-
emphasis ol friultiple’zohes and'thé poténtial benefit of zoning’
the ventilation system based on the level of COz‘demand instead
of based-on rogm: position.-Howéver, little detail:is-provided on
the model,; and4he baseline for the resulting potential therrmal
load reduction of 46%4s'not clearly defined. .- 4

"Residenifial applrl:atmns have also’ been" sifriulated’ by

several researchers Hamlin and Cooper (1991) used an energy
analjxs;s proaram combined with CONT‘AMS? t0 éxamine the’

‘

o

simulations were performed for January to March weather data,
and the results were extrapolated to annual savings. Ventilation
strategies simulated included continuous exhaust only, continu-
ous ‘balanced flow with ‘heat recovery (HRV), DCV with the
setpoint equal to the heatma-season average C02 concentration
with continuous ventn]atton (matched-average strategy), and
DCV with the setpoint equal to peak CO, concentration with
continuous ventxlatton (‘matched-peak strategy) Stmulatrons
weré performed w1th both three and six occupants, natural infil-
tration constant at 0.1 h“ ,and baselme system “ventilation plus
infiltration rates of about 0.3 air.changes per hour (ACH). The
results considered impacts on both space heating energy.(assum-
ing gas heat) and fan'¢ energy. The DCV systems ‘resulted in total
energy savings from 4% to 7% for the matched-average strategy
and frorh '14% to 15% for thé matched-peak strategy compared
to the ¢ontinuoiis exhaust strategy. Cost savings per year ranged
froftrabout $20t6 $70. The 1IRV resulted in larger space-hcatmo
energy savings than the DCV systems but required more fan
energy. The net cost savings of the HRV and DCYV systems were
similar. The peak €O, concentrations for the DCV cascs raiged
from 655 ppm(v)to 823 ppm(v) for the cases with threée occu-
pants. The use dfia 1,000-ppm(v) setpoint was not examined but
could have resulted in Siibstantially larger energy savings.

Another sunulatlon study of DCV in a single-family resi-
dence was described by Yuill and Jeanson (1990) and Yuill et al.
(1991). The simulations were performed using a combination of
CONTAMS7 (Axley 1988) and a multizone airflow program

. (Walton 1989). The house modeled—based on a house in

WmmpeO—rs a single-story, three-bedroom house with a base-
ment and four occupants. All interior doors were modeled as
open, and all exterior doors and windows were modeled as
closed. Simulations were performed for weathgr data for a typi-
cal day. Yuill and Jeanson (1990) compared the IAQ perfor-
mance of four ventilation strategies including a heat recovery
ventilator (HRV) with continuous ventilation of 3 1L/s (62 cfm),

HRV with CO, DCV, a laminar airflow super window
(LAFSW) with continuous ventilation of 31 L/s (62 cfm) anda
LAFSW with DCV. The LAFSW draws air into the house at the
bottomn ‘of a window. The air flows between the.panes of glasg
and is dtscharged into the house at the top of the window.

Concentrattons of radon, formaldehyde and an arbm'ary pollut

ant oenerated from 5iX point oourccs were also calculated, The
DCV systems were modulated such that the CO-, concentration
in the exhaust flow was maintained at a constant 800, ppm(v). It
was concluded that the contmuous HRV S)stqm provxded the
best control of radon, the continuous control outperformed the,
DCV in comrollmo fon'naldehyde the DCV._ strategtes
performed sngmf' icantly” better at conrroumg human-cenerated'
pollutants, and the continuous LAFSW system performed best at

" minimizing occupant exposure to point source pollutants One

enerdy impacts of a CO,-baséd DCV system in & Single-family

house located in TOronto 'W"inntpeg. ‘and Vancouver Most

6

potenual shortcom ing of the srmulanon method is mdtcated by,
a figure showing that the C02 concentrauon at the end of the day
for the contmuous ventilation strateg:es was at or above | 000"
ppm(\f) whlle it started at around 700 ppm(v) ’I‘hts mdzcates that
the concehtrauon for the next day wrll be htoher than t'or the day. :
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presented. However, transient concentrations are not presented
for the other pollutants. Yuill et al. (1991) compared the perfor-
mance of four ventilation strategies including central continu-
ous, dnstrrbuted continuous, central DCV (setpoint of 632 ppm)
and dlsmbuted DCV (setpomt of 658 ppm(v)) for the same
houses, weather data, “and po]lutant sources described above.
The DCV strategies showed no  clear advantaoe over conunuous
ventrlatron with reduced exposure to 'some pol]utants and
increased exposure to others. In some cases, the relatwe perfor-
mance of DCV depended on whether the supply was central or
distributed. As discussed above, the concentrations at the end of
the day dtd not match the concentrations at the bec'mnmv

In a much earlier simulation study, Thelher and Grossm
(1981) examingd the apphcatloqpf DCV toa 100 -m (11 000- ﬁ'z)
apartment. They estimated an average reduction i in ventilation
flow of 60% compared to the French ventrlatron standard with
annual energy savings of 1,500 kWh

In addition to offices and resrdences publlc spaces have

also been the subject of DCV simulation studies. Warren and-
Harper (1991) evaluated the potential heating energy savings for

a CO,-based DCV system applied to an auditorium in London.

Energy simulations were performed using-a building energy:.

analysis program (Clarke and McLean 1986), with ventilation
rates calculated separately based on occupancy profiles
Assumptlons included CO, generation of 4.7 X 10~ S m¥/s (1 7
x 107* f¥/s)” per person, auditorium volume of 11,150 m’

(406,000°fC), ‘high CO, setpoint of 1,000 ppm(v) peak daily
occupancy of 629, and an infiltratidn rate of 0.4 h ™. Three venti-
lation scenarios were compared, including 100% outdoor
airflow atarate of 5,020 L/s (10,000 cfin), DCV with a minimum
outdoor airflow rate‘of 3,770 L/s (7,500'¢fm), and DCV with no
minimum. The DCV with a minimum outdoor airflow rate rarely
exceéled the minimum rate to maintdin CO, concentrations
below 1,000 ppm(v) and saved 26.4% in hedting €nergy use

compared to the 100% outdoor alrﬂow‘c’ase The DCV wrth"no _

minimum saved 5_7 3%. "

Ogasaward’ et al. (1979) evaluated the potentra( eneroy
savings for a DCV’ System in a 30,000-m? (320, 000-&2) depan-
ment store in’ Tokyo, Japan Three véntilation stratevres were
compared, including fixed outdoor air at desrgn rate, manual
control with maximum ventilation on Sundays (the busiest day)
and half ofthat on weekdays and DCV. The DCV afgornthm
used was propomonal coritrol wuh a closed damper at 800
ppm(v) and a ﬁ.rlly open damipér at 1,000 ppm(v). Infi Itrauon
assumptrbns were not specrﬂed EnErgy use was calculated for
four cooling months and four hétifig months. The DCV system
reduced energy use by 46% for {he cooling season and by 30%
for the heating season. Ani economrc analysrs showed an advan-
Laoe for the DCV system !

The srmu]auon case studres revrewed mdrcated enercry
savmos for DCV s stems o}" 4% to 53% compared to ASHRAE
Standard 6'7-1989J or other desron ventilation rates. The enercy
savings var ied wrdely dcpendm on the type of bu;ldmg,, control
algorithm, burldmu location, occupa'ncy and other assurnpnons
No parametric or sensitivity analysis has been performed to
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determme whlch variables have the most influence on potentlal
energy savings. Also enerzy savings are reported with respect to
different baseline cases for drfferent studies. A small number of
the studies examined peak demand economic unpacts humid-
ity, and concentratlons of other pollutants These studies verified
the concemn for . mcreased concentrations, of -non-occupant-

oenerated pollutants and one study exammed potentral solutions |

including scheduled purges. Shortcommos of most of the studies
mcluded madequate treatment of mﬁ]tratron and mtexzonal
airflows and control aloorrthms -

i e

SENSORS ; e

The performarice of a COz-based DCV‘system will clearly
depend on’ the measured CO, concentration as reported by the

' system sensors. The two key iséues related to thesé sensors are

" their performance, that is, their accuracy and refiability, arid their
- location ifi the building. This section discussts the research that
* has beern done on Sensor perforrﬂance and'lochtion. '

1

Performance N

In themost extensrve repon on sensor performance F ahlen
et al. (1991, 1992) describe an evaluation of the performance
charactensucs of two CO,, nine humidity, and five mixed-gas
sensors in both lab tests and long-term field tests. The lab tests
consisted of both performance and environmental tests, while
the field tests consisted of a repeat of the performance tests after
the sensors had been installed in the field for 11 months. The CO,
sensors displayed acceptable performance for control purposes
with a deviation of less than 30 ppm(v) at a level of 1,000
ppm(v) However, several problems were identified, including a
trme-consummo callbranon process, sensitivity to_humidity
below athreshold value, and cross- sensitivity to voltage, temper-

! ature, and tobacco smoke. Characteristic curves comparmg the

sensaor performance before and after the field mal are presented

At 1,000 ppm(v), the devranon from the onomal result was

between 0 ppm(v) and IOO ppm(v) .
Meier(1 993) reports onthe performance oftwo CO5and 17

mixed-gas sensors in five different facilities at a Swiss univer-

sity. Measurements of COZ, air quality units (AQU), and occu-

pancy are presgnted for one day in a restaurant. It is concluded

that both mixed-gas, and CO, sensors are sultable for registering, .

the occupancy leyel in the restaurant, and .can provide the refer— -

ence varjable for DCV, The results of the mrxed—oas SEnsors and

C02 sensors are compared but no, conclusmn is reached as to, -

which sensor type is more sultable
RecentlyxOkamoto et al. (1996) descmbed the developmem

and field testing of a COy senser.employing sélid=state electro- .

lyte technology. The sgnsor fs stated as:having an accuracy of
+20% and acceptable sensmvrty to temperafure, humrdrry, and
mlscellaneous gases. However the basis of the sta;ements (@ s

laboratory test results) is not ,presenred leued ﬁeld tests of the‘ _'

SENsors in a sdmul and two cuul’eleuue touis dre. desu rbed Iu\,

these tests, the sensors were used as ,momtors wrth Iow, medlum
and high setpoints of 700 ppm(v) 1,400 ppm(v), and 2,500



ppm(v) but were not used to control the ventllatlon system
dtrectly : S

iy e [N : L b i
Several other reports, contain morg, limited discussion of
CO, sensor performance The hterature review by Raatschen-
(1990) descrlbes the various types of sensors available, The CO,
scnsors dlscussed use rpfrared absorption and are avm]able as
two, types—photoacousnc and photometric. No actual perfor-
mance tests. were conducted but a-summary. of ‘manufagturers’
data is provpded HouOhton .(1995) also descrlbes available |
Sensor types; manufacturers specifications are presented for;
five sensors available in the 1S, Issues of accuracy, drift, and
temperature and pressure sensitivity are also addressed, although
no independent performance tests are reported. Helenelund
(1993) also 'discusses the various sensor options available for
DCV systems butdoes not report ¢ on their performanCe Based on
other published reports, interviews, and obtained test results, the
suitability of various sensors for different types of facilities is
presented f‘rom the point of v1ew of bqth technoloc’!cal and
economical ]:lCl”fL)!TTldHLC‘ In a field leut Sodergren (1982)
rPnnrh:-d that the cencor ralihration rIrl'FrPd from mn nnm{v) tn
150 ppm(V) clunnnr the study. In another field test, Ruud et al.
(1991) found that one CO, sensor had to be connected to the
supply voltage for several days before the output s:onal became
stable.

Location

In an expenmenl:al study aimed at determ ining the proper
]ocanon for DCV Sensors within a room, Srymne et al. (1990)
mvestwated the dlsperswn of CO, from simulated people in a
four-room test house. Factors were discussed that should be
considered when deswmnn aDCV system in a multiroom envi-,
ronment, jncluding the transfer of CO, from the sources o
dlﬁerent locations (referred to as transfer probab:frg)), the
expected equlhbnum concentration at a location (purom,, flow
rate), ‘the rate constant of approaching equrhbnum from a
nonequilibrium state, and concentration ﬂuctuanons The total
vent“latlon flow rate to the test house was varied between two
levels with the fraction to each room remaining constant. People
weére simulated by metallic bodles heated by a 100-W famp and
emitting 0.0069 L/s (0. 015 cfm) OfCO') mtxecl wnh prewarmed
air. Mcasurcmcnts were taken at 19 locanons “Traccr gas
measurements were also performed Ther measurements showed
that good mixing was aehleved in rooms with closed doors, and,
therefére the sensor location i§ not critical. However 'if aroom
is connected to other spaces by open doors large d:f’ferences and
msfabrht]es in the €O, concentration may occur. The distribu-
tion pattern of the tracer gas was similarly nonuniform, indicat-
ing that the cause of the distribution pattern is air movement
throuigh open dborways and ‘its’ mteracnon ‘with air movement
from the heated bodies, radiators, cold external Walls, and the Jet

from thie'inlet’ dnltt. Itis reéommended that the DCV sensor be

placed at mid-height in a room and away from doorways, radi-

ator$, wiridows, peopleé, aiid aif inlet devices if possible. It isalso

recormnended tHat'the DCV system have a laroe time constant so

el o ST Lo i RS S

that it will not react to the fluctuations in concentratlon due to
nommlfo:-m dlStrlbl.lthn patterns. :

Ina follow-up study, Stymne et al (1991) mvestxoated the
CQ, distribution pattern in an office room with a displacement
ventilation system. People‘were simulated by heated dummies’
cmitting .tracer, ;gas, Graphs of isoconcentration contours are
presented. for several cases. The lack of normal disturbances
such'as body movements, breathing, other heat seurces, lighting,
and solarheat gain is mentioned as a limitation of the:study, Itis
shown that pollutants emitted;from the “people” are transported
to the upper mixed zone in the room and that nollitants emitted
at a small heat.source ornear the wall accumulate below the
interface between the upper-and lower zones. ‘The interface is:
displaced about 0:2,m (0.66 i) upward around the heated bodies,
enspring the pccupantshetter air quality than the surrounding air,
even if they. are above the interface. A test with:a mixing venti-

Intinn aviatar chawuad o la nha thalhantad diisarnios
LAUIUAL D Yy Stviil snoweaa .)uun(u l.umu\- acove tng acatea aummies

but no stratification outside the plume. It is concluded that DCV
in a displacement ventilated room is a suitable means of control-
ling the level of the interface hetween the nncontaminated airin
the upper zone and the;polluted air in the lower zone. The sensors
should be located at the height of the occupants’ heads. Also, the ;
setpoint, should be lower than ysual, for example below 800
ppm(v), so that the DCV system will be activated. o

TN 7

A comimon altematlve io 1ocaun° DUy sensors in lIl(llVl(l-
ual rooms is to locate them itr'the ventilation system return duct-
work. Reardon and Shaw (1993) and Réardon et al. ( 1994)
compared CO, concenu'auon’s in the central return air shafts
individual floor return intakes, and occupied spacé in a 22- story
office building. Measuréments showed that the individual fldor
returh iritakes represented the spatial average concentrauons in
the occupied space, and that the measurements at the top of the
central return shafts represented the concentratlpns at thq ﬂoqr
return intakes. Therefore, it was concluded that the top of the
return shafts is an appropriate location. for the sensors:iof a DCV

systém. However, the. setpoint should be adjusted (lowered) to
account for variability in t;hooccupred zones to avoid high local
exposures. S g ;

'Be’arg"( 1994) also compares the Sr’nerits of single- and rnulti-
ple~pomt DCV systems. A system is descrlbed wuh mu]uple
amﬂpl!n" pornta and a Jmﬂlc detcctor installed in'a ﬁwhtoxy
bu:ldmo In addition to operating the DCV system, advantaﬂes
credited to the multipoint system include [dentifying both leak-
ages'in the system and eplsodes of increased outdoor contami-
nation such as veh lc]e exhaust ata Ioadmﬂ dock. Also the use of
a single detector ensures that dlﬁ'erences m measured concen-
trations for dlfferent sampling points are not due to cahbranon
dlﬂ'erences Such a system coulld also be autOmatlcaliy recall-
brated with a known COZ coneentrauon Houghton (1995)
discusses this multipoint system mcludlnc its accuracy and
automatic calibration advamawes However, the system is
c]almed to be more eostly than a system Wlth mulnple detectors
and a central compute{ Some data colleeted by the multrpomt
system are Presented

P B Ve
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Several other reports briefly discuss sensor locatlon issyes.
In a field test in a house, Barthez and Soupault (1983) found that
during the night the conceéntration in the bedroom is 100 ppm(v)
to 300 ppm(v) higher ti¥an that detected inthe ventilation shaft.
In anothér field test, Sodergren (1982)! presented graphs of the
CO, concentration'at multiple locations ir an office blit did not
make specific yegdminendations on sensor location. In 4 test in
a conference roornyRuiid et al. (1991) fouridithat concentrations
measured at the wall and in the exhaust aif‘weré nearly identical

with theé: wallemounted sensor having ‘a ‘two-minuté- delay -

compared. to the exhaust air. In a simulation study of'a DCV:
system applied to an office building with floors having different
occupantdensities, investigators (EE 1995) found that a systern
with sensors in the return duct of each floor had little impact o

IAQ and energy use compared'toa system with a sensor in-the
central return. Installing sensors in each zone ensuréd CO;*

concentrations below 1,000 ppm(v)'(the setpoint) in all zones
and increased energy use slightly butata higher instaliation cost
due to the additional sensors. Central contrel with a setpoint of

800.ppm(v) offered simrilar performance to individual zone -

control with a setpoint of 1,000 ppm(v) but at a much~lower
installation cost. higos
Although many DCV studies have touched on the subjects

of sensor performance and location, dnly a‘few have examined®

these issues in detail. In general, sensor performance character-
1stlcs have been found to be adequate for controlling a DCV
systqm, although congerns about calibration and sen51t1v1ty to
hum1d1ty and [temperature have been expressed Conﬂlctmo
opinions on sensor locatlon have been expressed w1th some
studxes advoqat;m7 a system with a single central measurement

multlple measurement pomts - S

APPLICATIQN e

In addition to the studiesof the performance of COZ-based
DGV systems; there have also.‘been-a number of reports: that
describe the application of these systems. These reports range
from general descriptions of CO,-based DCV to detailed
descriptions of control algorijthms. Thls section rewews a
number of these reports,,

One of the earliest dlscuss:ons of the p0551b1!1t1es of usrno
Cd—, to cnnrrol outdoor air |ntake as a means of saving energy
was presented by Kusuda (1 976) This paper presented some of

the theoretleal background of, how indoor CO, concentratlons '
f

vary as a ventl]anon system !5 modulated between on ‘and 'off;

Sampie ca]culauons of potentlal energy savings of 40% for an
office space were presented, Another early dlscusswn of the

»»»»»

energy-saying potentral of COv control was presented by Turlel i
et al, (1979). This paper discussed a number of DCV’ control,

opnons including water vapor and conc]uded thal CO; appeared
to be the most sausfacmrv controf approach .

A_general dzscussmn of the pnqc:p]es of DCV in off' ice
butldmas 1s presemed by Day 1dae (1991) and Houchton ( E995)
These papers discuss the circumstances under whlch DCV mlpht
be expected to be most effective, including the existence of
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unpredictable variations in occupancy, a building and climate
where heating or cooling is required for most ofthe year, and low
pollutant emissions from nonoccupant sources. Davidge p01nts
out that when such a system {¥ con51dered one must address
base ventilation rae that is not controlled by DCV in order to
control these nonocciipant pollutant sources. The impact of free
cooling'on DEV systems is also discussed, with refetericeimade
to the fact that16ng periods of free cooling will reduce the-poten-
tial enefgy savings. The potential for purge ventitation, both -
before and "after occupancy, to control nonocchpant sources 1s
also discussed. N

Detailed discuissions of the application of COzabased DCv
are presented by Houbhton (1995) and by Telaire (n.d.). These
contain background information on why CO; can be used to
control ventilation and describe the potential ‘energy savings
benefits. Strategies for the use of CO,-based DCV are also
described, including simple sétpoint control where the outdoor
air intake daffiper is cither opén or closed depeiiding on the
indoor CO, con(:entranon _proportional control in which the
intake damper or outdoor aif fan flow is propomonal to the CO,
concentration, and' ‘PID (proportional-integral-derivative)
control, which considers the rate of change in the CO, concen-
tration. Recommiéndations are made on the application of these
techniques based on the occupancy level.

Descriptions of specific control algorithms are presented by
Vaculik and Plett (1993), Federspiel (1996), and Bjorsell (1!'9‘9'6).
Telaire (n.d.) also describes the Vaculik control algorithm. In
their paper, Vaculik and Plett 'discuss the pnncrples of CO,-
based DCV including setpoint and propomonal control. They !
then describe the Vaculik method, which accounts for differ-
ences between CO; concentration at the méasurement location”
and the critical location in the building and in which the control
setpoint is adjistéd to account for differencés bétween 'the
measured cohcentration and the setpoint. .

Federsptel (lé%) reports onacontrol aloonthm referred to
as on-demand ventilation control (ODVC) and presents a
simple s:mulatlon to demonstrate it. The obpve strateoyl
attempts ZO set the ventilation rate proportlonal to the pccupant
den51ty (even, under transient condltlons) by usmg awell-mixed |
sm°!e-zone mode! to estimate the current C()z generation rate’
from measured concéntrations and airflows. A simple example
is presented to show how the ODVC strategy controls the CO, )
concentration below 1,000 ppm(v) by reacting qulckly to a step
changeé in occupancy, ‘while a strategy of PI control of measured
COZ concentration al lows CO, to overshoot the setpoint value '
Issues reaardmg the lmpact on ener_:,y use and the potenfial effegt

of  well- mmed smgle—zone mode] madequames are not
addnessed k '

lee FederspJeI B}orsell ( 1996) also for;uses on the descnp— .
tion and simulation.of a DCV control algorithm with the presen-
tation of a simple srmulat.:on example .The control algorithm |
descrlbed called linear quadratic, attempts to calculate the opti-
mal system ﬂow to minimize a cost functiop that depends on
concentratlon and ventilation flow. However the cost functionis_
not specified, and, although the control method may be optimal



with respect to a given cost function, it also depehds on all phys-
ical'data being known and may not be practldal to unplemem

The use of CO, control of outdoor air is dlscussed relative
to other approaches of outdoor air control in papcrs by Elovitz
(1995) and Janu et al. (1995). Elovitz discusses vanous options
for controlling minimum outdoor air intake rates in VAY:
systems; inchiding sequencing supply and refum fans, contral-
ling feturn or reltef fans based on building pressure measuring
outdoor air intake rates directly, fari tracking, Controlling the
pressure in the intake plenum, using an outdoor arr'injection fan,
and using CO, control. Advantages and disadvantages of each
approach ate discussed: Elov1tz’pomts out that GO, control does
not necessarily ensure satlsfactory indoor it uality, depending
on the existence and strength of contamiriant'sources that are flot
proportiorral to.the number of :cccupants: Janu et al!*(1995)
discuss some of the same methods dvfeutdoor airflow contrdl and
raise the same cautions regarding CO, control concemlno non-
occupant contaminant sources. L e

As mentioned earlier in the sections dii field and simulation
case shidies. a viriety of contral sefaints-havé heen nsed, and
many descriptions of the-application of C02 control tontain only
limited discussion of how to determine the appropriate setpoint.
Schultz and Krafthefer (1993) present @ method for detenmmno
a CO, setpoint based on the inddor air quality ‘procedure ir
ASIIRAE Standard 62-1989. This method employ a two-Zone
model of the ventilated space and considers the véntilation effi-
ciency of the space. Nomographs are presented for use-in deter-
mining the C02 setpomts

SUMMARY AND CONCLUSIONS ‘. A

This literature review has attempted t6 descrrbe the research
into the application of CO;,_-based demand control]cd vcntrla-
tion. It has covered case studles conducted in the field and
through computer srmuiatlon research on sensors and discus- )
sions of the application of CO2 control! This section simmarizes
a number of findings of the literature review and’ 1dent1ﬁes
research needs. A table summarizing the llterature reviewed in
terms of the type of report and  topics addressed is mcluded for
reference. e

There is fairly wide consensus on when to use CO-, contro]
Most ‘discussions of CO;-based DCV mention the followmo
building types as good candidates for such systems: public build-
ings such as cinemas, theaters, and auditoriums; educationa1 :
facilities such as classrooms and lecture halls; meeting rooms;
and retail establishments. However, it is interesting to note that

many of the case studies'have investigatéd office buildings. As" '

presented: by Davidge (1991), the following building teatures
correspond to situations where COz-based DCV are most likély

to be effective: ; e oS Pn AL : 2

»  the existenéé of unpredictable variations in oceupanicy,

+ atbuilding and clitate -where: heating’ or coolma is
requited for most of'the year, and

«  low pollutant emiissions from ronoccupant sources.

10

There have been a number of valuablé” demonstration
projects-iri real buildings, and many of these have shown signif-
icantenergy savings through the us¢iof CO, control. However,
several cases ekist where the indoor CO, concentratiofi was
rarely high cnough for the outdoor air intake dampers to open,
suggesting amimatch between building occupancy;, ventilation
rates,and control setpoints. A significant $hortcomihg of several
of the field tests;as well as of thé computer simulation studies,
was the inclusion of little ‘or no déscription ‘of the COZ cortrol

algorithm investigated in the study. These omissions, make it
hard" to evaluate Wthh approaches work and Wthh do not.

Whlle COz control can control occupant-oenerated contam-
inants effectively, it may not control contaminants with nonoc-
cupant sources, stich as. some building materials and outdoor
sources. The control of such nonoccupant sources is a difficult
issue because one*cannot engineer for these sources unless the
source strengths and indoor concentration limits are known.
However, both types of information are not readily available for
most, contaminants and most sources. A practicalsolution is to
maintam.a base ventilation rate at all times, which can be propor-
tional to floor area, that is adequate to.control nonoccupant
sources. A méming purge of thebuilding with:butdoor air may
also be a good idea, but it is probably equally applieable to non-
DCV systems An o'titdoor air purge cycle durino the day is

pant sources. L -

The research on sensors appears to indicate that currently
available technology, is adequate for use in these systems, though
some questions have been raised regarding calibration
frequepcy, dnﬁ and temperature effects (Fahlen et al. 1992; -
Houghton 1995) A key issue that has been identified is sensor
location, in partlcular whether to use a single sensor centrally
located . the system return or multiple sensors located in the
returns for whole floors or in particularly critical spaces, such as
conference rooms. Whenever a central location is suggested; the
issue of vanabrhty among spaces is almost always mentioned.
Using g a lower setpoint with a central sensor.is often suggested as
a means of dealing with the variability.issue. - '

A'humber of needs for more research‘ ‘and information were
identified in this literature review. For example more system-
specific ‘suidance on application of CO,-based DCV is needed
This guidance should be based on system type, 7onmg, ‘and ‘
expected’ variations in’ occupanty’ pattems amono the zones.’
Prior to the dévelopmient of this ouldance sensmvrty analysis
using sirhulation programs would be desrrable to detérmine the
factors that impact energy savings and other perfonnance issues.
In addition, there have been many apphcattons of CO, control in
buildings that havé not been documented Tt would be extremely‘
useful to ‘investigate these installations and document them in
terms of design and performance. Another issue meriting atten-
tion is the | use of CO,-based DCV ;ro mcrease ventrlatlon rates
and provide sufficient ventilation t to occupants as opposed to 1ts
use to reduce ventilation rates.
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