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Abstract

The carbon dioxide concentration patterns in a large, high-rise, office building
in Ottawa were examined experimentally using an automated data acquisition
system. Daily CO, concentration profiles throughout the building and air
change rates, using SF; as a tracer gas, were measured at minimum outdoor air
supply rates during much of a heating season. Of particular interest was how
well mixed the indoor air was and how well the CO. concentrations that were
measured in the central ventilation system’s return air plenum represented the
average CO, concentration behaviour in the building as a whole. CO- concen-
tration profiles were also measured on individual floor spaces in the building
to determine the range of variability in the concentration behaviour. The mea-
surement results are presented and discussed in the context of demand-con-
trolled ventilation.
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Introduction

As the public awareness of indoor air quality issues has
grown, building managers have faced increasing pressures
to ensure that air quality in places of work is acceptable in
terms of both health and comfort. Recent changes to the
ASHRAE Standard 62-1989 ‘Ventilation for Acceptable
Indoor Air Quality’ [1], especially its increased require-
ments for outdoor air supply, have exacerbated concerns
that the energy costs associated with meeting these re-
quirements will be excessive, particularly in cold climates.
Demand-controlled ventilation systems, using occupant-
generated carbon dioxide (CO,) as the control index, have
been proposed as an energy-efficient approach to meet
ventilation requirements. The efféctiveness of this strate-
gy applied to whole-building ventilation will depend, to a
great extent, upon how well mixed the occupaiit-gener-
ated CO, is in the building.

CO; concentration patterns and air change rates in a
high-rise office building in Ottawa were examined experi-
mentally using an automated data acquisition system.
The objectives were (1) to examine the factors that may
affect the use of occupant-generated CO, concentrations
for controlling the ventilation system, and (2) to deter-
mine the feasibility of using the CO; concentration as an
index of the minimum ventilation rate. The principal fac-
tors that could have an impact on COj-based demand
control are how well mixed the building air is, where the
CO, sensor(s) should be located, and what concentration
set point is appropriate.

Experimental Approach

The test building selected was a 22-storey office building with a
total interior volume of approximately 113,700 m3. The 22nd floor
houses all the HYAC equipment. There are 7 all-air constant volume
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Fig. 1. Concentration data from a typical
tracer gas measurement of building air
change rate.

supply air handling systems and 2 return air handling systems. Four
core supply systems provide air to the east and west interior lower
zones (floors 2-11) and the east and west interior upper zones (floors
12-21). Three supply induction systems provide air to the south
perimeter, east and east half of the north perimeter, and west and
west half of the north perimeter zones which each include floors 2-
21. There are independent supply and exhaust systems for the Ist
floor which includes the entrance lobbies and a large cafeteria. Con-
stant volume exhaust systems continually exhaust air from the
washrooms.

The components of a CO;-based demand controller for the venti-
lation systems’ outdoor air supply rate are installed in the building.
The CO; sensors are located inside the tops of the two retumn air
shafts and connected to provide the average of their readings to the
central control system.

An automated data acquisition system, identical to that described
by Shaw et al. [2], was installed in the building to enable both tracer gas
measurements of whole-building air change rates and air distribution
patterns and continuous monitoring of CO, concentrations at various
locations throughout the building as well as outdoors as a reference.
Sulphur hexafluoride (SF¢) was used as the tracer gas. It was injected in
equal amounts into the four interior core supply systems’ airstreams
for air change rate measurements or into only one of the four core
supply systems to examine air distribution patterns. The decay meth-
od was used for all tracer gas tests. The CO, concentrations were mea-
sured using a Beckman Model 864 non-dispersive infrared analyser,

Elapsed Time, min

with a 0-to 2,500-ppm range, accurate to £ 1% f.s.d. (£ 25 ppm). The
SFs concentrations were measured using a Varian Model 3300 gas
chromatograph with an electron capture detector with a 0- to 200-ppb
range, accurate to = 1% f.s.d. (£ 2 ppb).

All the measurements reported in this paper were made with the
outdoor air supply dampers set to provide 20% outdoor air. This is
the minimum setting used in the building at any time of the year.
Higher percentage settings for outdoor air are used only during
weather conditions which permit ‘free cooling’.

Sampling locations for the automated data acquisition system
were selected in the return air shaft intakes and in the occupied zones
of floors 2, 5, 8, 11, 12, 15, 18 and 20. These floors were selected to
represent the range of floor plans (partitioned space and open office
concept) typical throughout the building. Measurements were made
during the period from October 1990 to September 1991.

Results

Tracer Gas Tests

A typical air change rate test at minimum outdoor air
damper settings is shown in figure 1. The concentrations
of SF¢ measured at various sampling locations throughout
the building have been plotted against time elapsed since
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Fig. 2. Concentration data from a typical
tracer gas measurement of air distribution in
the building.

the balanced injection of the tracer gas into the supply
airstreams of all four interior core supply air handlers.
These results show that after 20 min, the tracer gas was
well mixed throughout the building, and its concentration
decay follows a single curve. These results suggest that
CO, generated by occupants distributed throughout the
building will be well mixed in the indoor air very quickly,
with no more than a 30-min lag time between changes in
CO; generation or dilution locally appearing in the main
return airstream.

The average of the tracer gas measurements of building
air change rates at the minimum 20% outdoor air supply
rate was 0.58 air changes per hour (ac/h). The ASHRAE
Standard 62-1989 specifies a ventilation supply rate of 10
litres/second of outdoor air per person. With a total popu-
lation of 1,100 people in the test building and a total inter-
nal volume of approximately 113,700 m3, the air change
rate required by the ASHRAE standard is 0.348 ac/h.
Therefore, at its minimum outdoor air setting, the me-
chanical ventilation system exceeds by approximately
66% the minimum outdoor air supply requirement set by
ASHRAE.

Elopsed Time, min

The results of a typical air distribution test, where the
tracer gas was injected into only one of the four core sup-
ply systems (the west interior upper supply) are shown in
figure 2. These results indicate that even after an unbal-
anced injection the tracer gas is well mixed in the indoor
air by the time 60 min have elapsed, after which its decay
follows a single curve, These results also show the ex-
pected source zone and target zone concentration behav-
iours: pure decay in the source zone (here the upper
floors) and rise followed by decay in the target zone (the
lower floors).

These results collectively suggest that CO, generated
by occupants distributed throughout the building will be
well mixed in the indoor air very quickly. No more than a
30- to 60-min lag time should occur before local changes
in CO; generation or dilution appear in the main return
airstream for the whole building.

CO; Concentration Measurements

The measured CO, concentration profile for a typical
working day is shown in figure 3a and b. As expected, the
concentration profiles measured in the occupied floor
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Fig. 3. Typical CO; concentration profiles in occupied zones (a) and return intakes (b). F = On which floor; R =
corresponding plenum.
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Fig. 5. Daily average CO, concentrations measured at the return air shaft tops compared with the average of those
measured at return air intakes on individual test floors.

spaces (fig. 3a) displayed greater variability than those
measured in the return air intakes (fig. 3b), probably
because the measurements in the return air intakes can be
regarded as representing spatial averages of concentra-
tions in the occupied zones of the respective floors. To
confirm whether or not this was the case, an automatic
measurement system was used to monitor concentrations
at 8 locations on each of 2 typical floors (18th and 20th).
The measured results for the same typical day in figure 3
are shown in figure 4a and b. They indicate that the con-
centration profile measured at the return air intake well
represents the spatial average of the concentration pro-
files measured at 8 locations throughout the occupied
zone.

The daily average CO; concentrations measured at the
tops of the return air shafts are compared in figure 5, with
the average of the individual daily average concentrations
measured at each return air intake on the 8 test floors.
Daily averages were calculated from concentrations mea-
sured between 9 a.m. and 4 p.m. The regression analysis
(fig. 5) indicates that the shaft top daily average concen-

trations underestimate by less than 2% the averages of the
daily average concentrations at the return air intakes, The
daily maximum concentrations measured at the tops of
the return air shafts are compared in figure 6 with the
average of the daily maximum concentrations measured
at the individual return air intakes. The regression analy-
sis (fig. 6) indicates that the shaft top maxima also under-
estimate by less than 2% the average of the individual dai-
ly maxima at the return air intakes.

These results collectively indicate that measurements
of CO, concentrations at the tops of the return air shafts
well represent the concentration behaviour throughout
the building. This suggests that the top of the return air
shafts is an appropriate location for the CO; sensors of a
demand controller for the ventilation system. The concen-
tration set point, however, should be adjusted to account
for local variability in the occupied zones of the building,
in order to avoid local exposures which might exceed rec-
ommended guidelines.

The average daily maximum CO; concentration mea-
sured in the return air of the building at the minimum

—
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Fig. 6. Daily maximum CQO> concentrations measured at the return air shaft tops compared with the average of
those measured at return air intakes on individual test floors.

outdoor air supply was 650 ppm. This is well below the
1,000 ppm CO, concentration limit specified in the
ASHRAE Standard 62-1989.

Conclusions

(1) Air within the building is well mixed as indicated
by the SF; test results. With balanced injection into all
four interior core supply systems, mixing throughout the
building is complete within 20-30 min.

(2) The CO; concentrations measured at the tops of the
two return air shafts well represent the average of the CO,
concentrations measured at the return air intakes on all
the test floors in the building.

(3) The CO; concentrations measured at the return air
intakes well represent the average of concentrations
throughout the occupied floor space on the test floors
measured.

(4) The CO; concentrations measured at the tops of the
two return air shafts, therefore, well represent the average
of the concentrations throughout the occupied floor space
in the building.

(5) Demand control of the ventilation system using
CO; concentrations measured at the top of the return air
shafts as the control index does offer a feasible approach
to control the supply of outdoor air in to the building to
provide acceptable indoor air quality.
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