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The Use of Multipoint Monitoring as a Tool
for Commissioning Buildings for IAQ

David W. Bearg, P.E., C.I.H.
Member ASHRAE

ABSTRACT

One basic goal of the commissioning process is to make
sure that the HVAC system is functioning as intended. In partic-
ular, it is intended that the HVAC system not only provide
adequate ventilation for the building occupants but also
achieve adequate pressurization of the occupied spaces to
prevent the infiltration of unconditioned air. One technique for
evaluating the performance of the HVAC system in these areas
is to use continual, multipoint monitoring of carbon dioxide,
carbon monoxide, and dew point at selected locations in the
building and the HVAC system.

Specific performance evaluations provided by multipoint
continual monitoring of these parameters include a determi-
nation of the amount of outdoor air delivered to the occupants
for ventilation, an evaluation of the uniformity of the amount
of ventilation provided to the different locations served by a
given air-handling unit (AHU), an evaluation of the adequacy
of the system operation in completely purging the building
overnight of air contaminants from the previous day’s occu-
pancy, the identification of the infiltration of unconditioned air
into occupied spaces, the identification of the magnitude and
frequency of reentrainment of building exhaust, and the iden-
tification of the magnitude and frequency of the introduction
of vehicle exhaust from nearby traffic.

Specific examples of all of these performance evaluations
are presented and discussed in this paper. In addition, these
ongoing evaluations of system performance can not only iden-
tify the presence of problems but can also evaluate the effec-
tiveness of mitigation efforts to correct and eliminate these
problems. The use of continual, multipoint monitoring of these
parameters, therefore, can yield improved indoor air quality

(IAQ) in buildings from initial occupancy throughout their
useful life.

INTRODUCTION

One building practice with significantimpact on commis-
sioning, operation, maintenance, and indoor air quality (IAQ)
is the use of continual monitoring of IAQ parameters. This is
because this monitoring provides feedback on the perfor-
mance of the HVAC system in many areas. Information is
provided not only on ventilation performance but also on pres-
surization for infiltration control, humidity control, the occur-
rence of reentrainment, and the detection of air contaminants
from nearby motor vehicles.

Since building commissioning performed in new
construction and existing buildings helps to ensure that
systems are installed, functionally tested, and capable of being
operated and maintained to perform in conformity with the
design intent and owner’s needs (ASHRAE 1996), it is very
useful to have feedback on the performance of the HVAC
system.

MONITORING OF IAQ PARAMETERS

The monitoring of IAQ parameters in buildings provides
feedback on HVAC performance. The key parameters for IAQ
that can be measured include carbon dioxide (CO,), carbon
monoxide (CO), and dew point (absolute humidity). There are
several ways to collect measurements of these parameters.
Monitoring can vary from a few grab-samples to one monitor
at one location, several monitors at several locations, all the
way to a shared-sensor system with sampling lines from 24 or
48 locations. They all can contribute information on system
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performance. - The success; of:the  commissioning process is
directly- proportional .to the amount and quality of data
collected

]
N

Contmual monitoring has several advantages over.grab-
samphng. Oneg, difference is that with continual monitoring
there can be confidence that peak values wererecorded; grab-
samples may, or may net, retlect peak-yalues. The collection
of peak vaiues for CO, concenmrations are important for the
assessment of ventilation adequacy. Also, data from repeated
measurements throughout the day provide 'information on
whether equilibrium conditions were achieved. It is also valu-
able to have a dynamic picture of ventilation performance that
is created by sequential’ samplmg of thé multlplé samplmg
locatlons so as to achleve more 1ns1ght into understandmg the

.. The accuracy of-data from the momtors is also very
important. This is especially true for the data on CO, concen-
trations, both because these sensors are very;vulnerable to drift
and also because the quality of the evaluation assessment will
be a direct function of the accuracy of the-recorded.CO,
values. A potential problem exists with hand-held monitoring
devwes that can he influenc ed ’hy human hreath. which
contams approximately 38 000 ppm of CO,. If only 1% of the
investigator's breath is included in the air being measured, an
actual background concentration of 800 ppmwill be indicated
as 1,172 ppm. If distributed sengors are used for datg collec-
tion, this may introduce .a: source .of error, as..diffevent
responses among detectors may indicate differences where
none exist or may fail to indicate an actual difference thatdoes
exist. Similarly, the number and selection. of sampling, loca:
tions will also affect how representative the data collected are
and how deﬁmtely it.can assess the ventilation performance in
a building. TR DL N
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;. The ! various. approaches available for monitoring
programs, therefore, need to be given carétul consideration. If
just grab-samples are:collected, the instrumernt needs 0 be
checked'periodically for accuracy and the operator needs to be
trained to prevent his exhaled breath from affecting the CO,
readings. With a series of distributed monitors, the potential
for drift and the need for periodic recalibration can compound
the cost and cr)mnlemﬁv ot a momtr_\ﬂnc nrme(‘t However, all
of these problems can'be conveniently dealt with by using a
shared sensor system connected to an array*of many sampling
lines In addition, del'ivering air -$amples from multiple lo'ca-
tics of the detector= 'This will provide not only a simple
calibration check during off-hours, but it will revéal whether
or not the sensor has faiied or not. An example of a'sensdr that
failed in a shared sensor system is presented in Figure 1. Its
random and inconsistent responses can ‘be seen easily:s.In
contrast with the shared-sensor results shown in this figure, ah
individual wall-mounted remete sensor would -not provide
stich:blatant evidence of its failure. This increase in data integ-
rity is but one examplé .of the difference between using a
shared-sensor system and distributed individual momtors

In the momtormg system W1th Wthh the author is farml-
iar, the equipment permits up to either 24 or 48 point conﬁg-
urations. While this syst;emicould be used i ingay building, the
cost/benefit ratio is more attractive in buildings that are at least
100,000 ft*in area. The total cost of the system is composed
of tf'ee elements: the cost of the monitoring system itself, the
laborsand materials” fot installing the samplifig lines, and
management fees for the project. The project management
fees;inclpde such components-as the supervision: pf site prep-
aration, the ongoing data colleetion effort, and the intgrpreta-
tion of.data. While the specifies -of -each installation-have
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Figure 1 Example of failed sensor.
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varied, the total cost:for a:number ofvinstallations have cost
less than $50,000. These installations have been in both new
construction and retrofits: They have-also varied from perma-
nent installations;ta short-term (six-week) installations for
occasional investigations of ventilation system performance.
The three parameters currently available are-carbon dioxide,
carbon monoxide,;and dew point (absolute humidity). One
installation also-looked at VOCs as part of a special research
effort. While this parameter is not currently available as a stan-
dard option, it does point opt the flexibility of the system in
beipg able to incorporate other; sensors. {t shouldibe noted that
temperature cannot be included as;a sampling- parameter
because the air sample delivered tp the sensors first passes
thraygh a vacuum, pump, which would raise its temperature
beyond that of the space being monitored,; y

! In addition 0:the menitoring of CO, concentrations, the
other IAQ parameters help assess HVAC system performance.
Monitoring for CO can quantify the presence of this air
contaminant from incomplete combustion, both from the
perspective ‘of its local control .and possible infiltration.to
occupied areas-af the building: Mpnitoring for dew point can
assess the effectiveness of humidity centrol in the building, as
well as the presence of interior sources of moisture and the
mﬁltranon of unconditioned au‘ from oﬁtdoors

' i

COMMISSIONING OF BUILDINGS \ ’

Commlssmmng amvolves procedures and ‘mmethods for
documenting. and = verifying.::the - performance .-of HVAC
systems so that they operate’ in conformity thh ther desrgn
intent (ASHRAE 1996). © : E;

" While the:designiintent focuses onithe achievement of the
vennlatlon objectives; it is important also ‘for the HVAC
systems to function agintended. To achieve: this, the'operators
must be trained to be familiar and comfortable with the details
of the system that they will bg opei;atmg Continual monitor-
ing of IAQ parameters provndes fecdback information on
ventilation performance anci other - aspects of the HVAC
system that can facilitate the é’valuatloq of these parameters
for both IAQ management:and energy consumption.

ASHRAE Standard 621989 (ASHRAE 1Q89) -where oné
component of IAQ acceptabrllty ts the rate of outdoor air
delivery to the occupied Spaces. Thise reqmremcnt for the
delivery of adequate_ventilation‘caniiothe determined by just
knowing how muchloutdoor air is entering the AHU. While

there is some debate as to the best way to control minimum___

ventilation volumes in variablerair-volume (VAV), systems

(Kettler 1998), what is needed is an assessment of haw thc; ..

occupied spaces are being ventilated rather than just how
much air is entering the HVAC system. Continual, multipoint
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ings. Minimum quantities of: \zenplahonzu a?é listed*r'gw 8.

mositoring :of carbon “dioxide. (€O,) .concentritions can
provide the information needed to'mak¢ this determination::

It should be noted that CO, itself is not considered to be
capable of causing adverse impacts on people in the ¢oncen-
trations: that typically are experienced in office spaces. But,
just as the:CO, builds up, so cafi the other potentially irritating
chemical compounds ptesent in offices, and it istHese that can
cause symptoms of “sick building syndrome.””~The value of
CO, monitoring, therefore, comes from its status ‘as an indi-
cator of ventilatiofi‘performance. "

Unlike grab- samplmg where C02 samples are collected
at drfferent lopatlons in the building at dlfferent times, contin-
ual momtormg lat key locatlons makes spre that peak values
are recorded 1t1 is these peak values and their duration that are
needed for determining ventilation rates. In addition, since
sampling of the outdoor air is typically included among the
locations selected in a‘ continual, multipoint monitoring
§ystém, the différénce in CO, concentrations betweeh ‘the
indoors and outdoors'is automatica 1y provided. This indoor/
outdoor differential is an essential compotiént of the ventild-

tibirassessment. A feadmg Just “of the indoor CO, value falls
shottof the requifenient. An example of the data provided b}l
a shared-sensor, miltipoint monitoring system'is presented in
Figure 2:*A lot of inforihatior"on ventilation pérférmance is
provided in this figiire. Mo's’vndticeﬁble perhaps are the peaks
for Rooms 178 and’112, bisth training rooms, which exceed
2,600 ppm of CO,. In conjunttion with a reading of 350 ppm
of CO, for the outdoor air, this corresponds to a ventilation rate
of dpproximatély 6 cfm of outdoor air per pcrson. This calcu-
lation ‘fnay actually oVerstate theamount" of ‘Ventilation
provrdéd because it-is not clear whether equ1lrbr1um condi:
tions *hive been ‘achieved ‘in'“this Situation. The question
remains as to whether the CO, concentrations would have
been even higher in these locations if the occupancy persisted
even longer.
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Distribution Inefficiency

Also observablein-this figure is the fact that the rest of the
building is very generously ventilatéd. This‘conclusion can be
reached by exaftiination of the other locations displayed on
this figure. All ‘of the sampling locations presented in this
figure ate-for AHU 2. This data plot clearly indicates the pres-
ence of a distribution problem in getting adequate ventilation
to a portion of the space served by this AHU. A simiiar situ-
ation would result if the VAV system had its minimum set too
low.

It is important to note that the CO, value for the return air
to this AHU fails to provide an indication of the distribution
problem. The CO, value for thereturn air only reflects, at best,
an average of the values for the spaces from which it is draw-
ing: air. Therefore, the CO,.concentrations in the return air
should not be used for demand-controlled ventilation (DCV)
in situations where an AHU serves multiple spaces with differ-
ent occupancy densities. In such cases, it would fail to assess
whether adeqgualte.ventilation is being provided.in all of the
occupied spaces.

Ventilation Adequacy

The relationship between CO, concentrations and ventila-
tion rates depends on the mass of the people, their diet, and their
activity level. The example given here is for adults doing office
work. Another way of: considering the relationship between
peak CO, concentrations and ventilation rates is to determine
the indoor/outdoor differential that shoutd not be cxceeded if
adequate ventilation is pr ov1d§d"For instange, iffthis dﬁfqrence
were S00 ppm or less (i.e., 900 ppm indoors and 400 ppm
outdoors), it would correspond to a venfilation rate of at least
20 cfm of outdoor air per person. Therefore, as long as peak
values indoors are less.than 500 ppm more:than the outdoor

value, the ventilation goal of Table 2 in ASHRAE Standard 62
would be achieved.

» An issue related to the adequacy of the “ventilation'
provided is the functioning of the distribution-system of the
HVAC system: Conitinual monitoring of CO, concentrations
can also’ provide a dynamic’dssessment of the relationship
between how the system is balanced and the actual distribution
of people in the ¥pdces'$&AEd by a given AU, This is impor-
tant because the pumber of people and, their distribution
changes, continua]ly in huﬂdmgq Therefore CO:, concentra-
tions.will also vary by locatlon, by time of day, and by day in
bu1ld1ngs as afunction of both the ventilation performance and
the occupancy patterns.

Another criterion-for. ventilation performance is that the'
air. contaminants from . the previous day’s occupancy be
completely purged prior to the next morning. Again, continual
monitoring of CO, concentrations can also provide an assess-
ment of HVAC performance with respect to air contaminants
of human occupancy. With incomplete purging, a differential
between the indoor and outdoor CO, concentrations still
remains at'the time &f reoécupancy the next day. An example
of this condition is presented in Figure 3. For this building, the
outdoor air percentage was- maintained at 19% through the
day. ThlS fact was detepnmcd by a mass balance equation
1nv01vmg the C02 conctr'ptratlons in the outdoor air, return air,
and supply airstreams. One gan also note in thls figure that the
CO, value recorded f for the return airstream is lowcr than any
of the occupled spaces measured. Also observable in Figure 3
is the variability of thc; CO; concentrations, reflecting the
dynam)lc interaction betwcen . the amount ; of ventilation
provided and ghc numbpr of pcoplc in cach occupled space.

With a higher percentage of outdoor air or a longer ¢ura-
tion of operation, the indoor/outdeor differential can goto zero
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AT \ X -
in an overnight purge cycle. How quickly this indoor/outdoor
difference gaes to zero reflects how leaky the building is or
how generous the ventilation operationis. Figure 2 presents an
example of the rapid disappearance of this differential, reflect-

ing in.this new building a generous amount of ventilation.

OTHER ASPECTS OF HVAC PERFORMANCE

Other aspects of HVAC performance include the ability of
the system to maintain humidity control and to prevent the
reentrainment of building exhaust, the introduction of nearby
vehicleexhausts, and the infiltration of unconditioriéd dutdoor
air. Infiltration of unconditioned air into buildings, normally
prevented by maintaining perimeter areas :of buildings at a
positive pressure-to the outdoors, will be reflected in the data
from any. of the three IAQ parameters. For the CO, data,
however; the infiltration of outdoor air will yield the same low
values-as those due to low occupancies or generous HVAC
ventilation. ; NS

iy

«{

Monitoring of Carbon Monoxide Concentrations |

The measurement of CO contentrationsin occupied areas
can indicate whether the HVAC i$ contaiing, 1s01at1ng, and
removmg air contammants from vehicle exhausts in lbadmé
docks or parking areas at the base of the blnldmg An example
of successful control of CO is pr0v1ded in Figure 4. For this
building, the rapid decrease in CO concentrations reflects the
effective functlomng of the exhaust' systems in the loadmg
dock and underground parkmg garage. The absence of
elevated CO values in any 6f the measured occupied 16¢ations
reflects the effectiveness of the préssurization ‘of these areas,
thus providing control against infiltration.

Ariother building monitéring installation' that included
the measurement of CO detected the after-hours intrusion of

o

DEMED 6 oS

inadequately exhausted emissions (i.e.,.they failed to be
discharged above the rooflevel) from gas-fired- combustion
appliances in the building next :door. Having identified the.
problem, this monitoring system was then able to evaluate the
effectiveness of  various mitigation efforts implemenied.- to
correct this IAQ problem. :

Monitoring of. Humidity Values ;8 5,

The monitoring of absolute humidity values by measur-
ing dew-point temperatures both indoors aiid outdoors will
detect infiltration if it occurs during those times when there is
a difference between the outdoor value and most of the indoor
values. Figure 5 provides an example of such a situation. For
this building, it is the loading dock that is experiencing this-
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infiltration. As observed in Figure 5, this is determined by the
fact that absolute humidity for this dock is partway between
those for the outdoors and those for the rest of the building.
Also observable in this figure is the difference in absolute
humidity for the two outdoor locations. The humidity for the
ground level locanon ishigher-than for the rooftop location.

This difference ¢an be explained by the existence of moisture
emanating from the ground, and it aiso indicates the-benefit of
sharing one high-quality humidity sensor among all of these
locations. The monitoring of dew-point temperatures will also
provide teedback on the petformance-of humidity control in
the building. Again, rnomgQrmg of thls parameter using a
shared sensor approach pertiits the use'of an expensive, high-
quality sensor for all of the locations, makm g the achizvément
of quality data cpst-effective.

Another condition observable in Figure 5 is that the
measured value for RTU-1 supply ishigher than for thetest-of
the building. This condition indicates that there is a problem
with this AHTI, either internal leakage hypassing the cooling;
coil, or a refrigeration (dehumidification) problem with this
coil, or more latent moisture from the outdoor air, or an intér-
nal load. Again, this monitoring system can not only identify
when the HVAC system is not operating as intended but it can
determine when probiears fmave-beenctorrected. E—

The importance of this r‘xi(mitmffﬂ'g“'§ of humidity control
reflects both the high maintenanee aspect-of systems that add
humidity to the indoor air and the risk of mmubnulugleal
growth caused by the presence of excess n,}msture indoors.
Thus, monitoring systems that include the’ measuremeﬁ’t QT %
dew point can not only provide feedback.,for comm:sSm g
but can also detect the presence of mdoor sources of moisture.™

[ O
e

The indoor sources of moisture may be benign, such as the
choral group rehearsmg in Room 340 (see Figure 6), or it may
havc energy consequences duc to steam leaks, or have micro-
biological IAQ consequences due to otherwise unknown
water leaks.
Monitoring for Reentrainment
Reenurainmeni of exhausi air back iniv a building’s
outdopor air intake will alsp be reflected in continual CO,
monitoring. If reentramment is occurring, it will be reflected
ifvithe-plot of GO, conccntrations measured at the outdoor air
vm e. In the absence of reentralnment _the CO, values for
@wt" or air will be stable throughout the day at about 340 ppm
4o 4&) ppu). Ifreentrainment is occurring, this will be reflected
in this pldﬁ: for the outdoor air looking like a dampened mirror
image of the interior building values. An example of reentrain-
ment is provided in-Figure 7. The similarity of the outdoor air
values to the dther building values reflects the magnitude of
reentrainment. The frequency of this occurrence will be
reflected in the monitoring data. ..

Monitoring for the Entrainment of
Neal by \ffhlt.l(: Exhausts’

m——— ¥

The entrainment of nearby vehicle exhausts by a build-

ing’s outdoor air intake will also bereflected in the plot of CO,

. concentratlons As with reentramment this condition is
v reflected by elevations in"the CO, values recorded in the

- “outdoor airstream—in this- situation, the increases in the

q,&outdoor air CO, values occur at the time of the peak morning
arzd afternoon commuter traffic. An example of this condition
is sl;mwn in Figure'8, 4
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ONGOING COMMISSIONING:, .2
OPTIMAL OPERATION OF THE HVAC BYSTE
B

As the building and its. systems age ?illd the uses?bf the

E .E.-

building change, the potential exists for-thé amount of venti- ™

P yi:\ U"\ﬁ&
S ‘,can nﬂi’only detc‘ct defiiencies in ventilation performance but
*gan alm gmdc remediation strategies and projects and assess

the effectweness of cfforts to mitigate deficiencies. This
degree of feedback on system performance, therefore, not only
reduces uncertainty in systém operation but can also be used

lation to become inadequate. This can be'due to either achange “Wto“fine-tune HVAC system performance te optimize both

in the performance of the HVAC’ ‘system or a change in the'

number and distribution of peoplc within the building, or both
Figure 9 illustrates the wide fluctuatmns in outside air percent-

agcs that can occur for a givgn, AHU aycr the coursc of a day.
By monitoring fundamental IAQ parameters either periodi-
cally or continuously, feedback on ventilation performance
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cnergy conservation and IAQ.

CONCLUSIONS

The praclice of including continual, multipoint monitor-
ing of IAQ parameters provxdes valuable benefits in the
cominissioning, TAQ evaluation. ‘operation, and maintenance
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Figure 9 Federal office building 2, April 10, 1998, outdoor air percentages.

of a building by providing information on HVAC perfor-
mance. By providing such feedback where none had been
available before, this information on ventilation performance
reduces operational uncertainties and helps maximize the
health, comfort, and productivity of occupants.
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