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rates. If this is not so, floor fans can b i
. 1 : e used to impro
the mixing or additional sampling locations should be ggdzg.

One way to check the adequa !
ventilation air is to ensure ggagyigg ;iggitgi:grschan e
rate meets the ventilation requirement recommended b g
prevailing standards, such as ASHRAE 62-81. The mini:um air
change rate of a building can be determined by conducting
four‘or five_tests under warm weather and calm wind
322:12;223 {;&2; ggt:oggxgi; temperature higher than 15C and
NAcLSpeac o n ;ositiog.r) with the outdoor air dampers

Task 5, Measurement of Air Distribution and Thermal Comfort

Task 5 is to collect information, in additi i
chagge rates, for assessing the perfo;mance oftﬁsgct:y:;;ms
It involves the measurement of air temperatures, relative '
humidity agd the degree of thermal comfort® in several
}ocations including problem areas, perimeter offices and
§ntgrnal rooms. The degree of thermal comfort gives an
1nd1cat§on of the level of the occupants’ satisfaction with
the environment with respect to air temperature, relative
humidity, air wvelocity, and the mean radiant temperature.

Also, tracer gas is used to determine w
the exhaust a@r reenters the building and toh322:§mg;en§§w
fast a con;amxnant (or the outdoor air) spreads from its
source (pglnt of entry) to other areas. The reentrainment of
exhaust air can be detected by injecting a small amount of
tracer gas‘into an exhaust system and measuring the
concentrations at the outdoor air intake of each HVAC system
and inside each entrance. If the tracer gas is detected, the
outlet of the test exhaust system may have to be modifiéd or

relocated. The test should be cond i
Ioionatace ucted under various wind

The contaminant dispersion rates can be det i

y 2 ermined b
injecting a small amount of tracer gas at one location ang
@egsur§ng the tracer gas concentrations with time at the
injection location and also at several other locations of
g;ggogégo:ﬁ :heffagter ;he concentrations of various areas

at of the injection location i
dispersion rate. Rt ihakaa

In general, for areas with known contaminant
(e.g., a designated smoking room), the dispersion igggcgiom
these areas to the surrounding rooms should be as low as
possible to prevent the contaminated air from exhausting to
the surroundlng rooms. On the other hand, for general
offices,_the dispersion rate should be as high as possible
to facilitate a uniform distribution of the outdoor air.

Furthermore, if the problem area is an internal
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conference room or office, special tests may have to be
conducted to determine the outdoor air supply rate to the
space. This is because the supply air rate to these rooms is
normally controlled by thermostats. Consequently, the supply
air rate may be sufficient to meet the heating or cooling
demand but may be inadequate to meet the ventilation
requirement. The gultiple tracer gas technique can be used
for this purpose.

Task 6, Identification and Measurement of Contaminants

The objective of this task is to identify the major
contaminants present in the building, their sources, and to
measure the concentrations. This can be achieved by :
analyzing the air (and water) samples collected from several
locations both inside and outside, and particularly, inside
various compartments of the HVAC systems. Some of these
measurements may have to be repeated in another season to
detect seasonal pollutants. The protocecls for conducting
these measurements will be published in another paper.

Task 7, Interim Review

Task 7 is to identify the contaminants whose
concentrations should be maintained below a certain level as
recommended by prevailing standards. It also enables the
project. team to determine if medical and other specialists
are needed to assist the investigation.

Task 8, Establishment Of Relationship Between Contaminant
Concentrations and Air Change Rates

The objective of this task is to establish the
relationships between concentrations and air change rates
for selected chemical and biological contaminants. These
relationships_and the established standards such as the
ASHRAE 62-81 ! can be used to determine the amount of
outdoor air required for controlling these contaminants
below prescribed limits, if source removal is not practical.
Also, it can be used to estimate the additional outdoor air
requirement for the puilding to cope with any anticipated
changes in certain contamination loads due to changes in the
number of the occupants or office equipment.

For most buildings, the contaminants considered are co,
C0p, TVOC or THC (total volatile organic compounds or total
hydrocarbons), particulates and formaldehyde. The
concentration-air change rate relationship for each
contaminant can be obtained by measuring continuously for
one week the concentration and the actual air change rate.
This is repeated for four different outdoor air supply rates
(the actual air change rate includes the outdoor air supply
rate and air infiltration rate). For this series of tests,
the normal operating schedule of the HVAC systems should not
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be changed except that Saturdays are treated as wee
determine the occupants’ effect on the contaminant ?gsgg'to
Also, a minimum of one week monitoring period for each air
change rate is suggested because the weekly variation of
some of the hard to control variables (e.g., floor cleaning

schedule and usage of copying machines
than the daily variationx.,y g st

Task 9, Final Review

The task is to review the results and i issi
I obtain an
information, if necessary. S

FIELD TESTING

The proposed plan is being applied to a fully air-
conditioned eight-storey library-office builging. The first
four floors are the office floors and the remaining four
floors house the library stacks. The floor area of the lower
three floors'is about 4 800 52 each and that of the upper
five floors is about 2 400 m¢ each. The building has a
cenFral core area housing two passenger elevators, two

'stalrwells, washrooms, services shafts and a small sitting
area. Except for the second and third floors, the floor
space is fairly open with very few individual offices.

~ This building has nine air-conditioning systems (s
Figure 1). Systems 1 and 2, each an all airgtwg-deck éyzgem
serve the fourth to the seventh floor; System 3, a 100% J
~outdoor air suley-only system, serves the centre core area
of the wpcle building. The outdoor air intake and exhaust
air openings for the three systems are located in the North
and South walls of the mechanical room directly above the
seventh floor. Systems 3, 4 and 8 serve the third floor, and
these three systems plus Systems 5, 6, 7 and 9 serve the
ground, first and second floors. Two of the six systems for
the lower four floors (Systems 6 and 9) are induction
systems and serve the perimeter wall area; the other four
(Systems 4,5,7 and 8) are all air two-deck systems and serve
the interior area between the centre core and the perimeter
wall, The outdoor air for the six systems come from the four
outdoor air intake shafts which are located outside the
building beside the North and South walls (see Figure 1).
These outdoor air intakes are about 5 m above the ground.

Method for measuring air change rates

The air change rates were measured using the trac

decay method. The tracer gas, SFg was igjected ingg g::ry
floor through the supply air ducts of Systems 1, 2, 6 and 9
After allowing about one hour for mixing, the samples were ’
taken consecutively for about one hour from each floor at
the two return ducts, using an automated sampling system.
These samples were pumped continuously, one after another,
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to an electron capture detector for analysis. To check how
well the tracer gas mixes with the indoor air in such a
building, additional samples were collected manually, at 10
minute intervals from each floor at two locations. Each of
these samples was stored in a Vacutainer, a 20 ml evacuated
blood collection tube used in medical laboratories, and
analyzed later in the laboratory.

The minimum air change rate was measured five times in
May on calm days with the outdoor air dampers of the HVAC
systems set at the minimum position. The average value of
the five tests was about 0.5 air changes per hour.

Figure 2 shows the measured SFg concentrations as a
function of time for various sampling locations. It
indicates that the air change rates (as indicated by the
slope of the concentration decay curve) measured from
various sampling locations were similar. The concentrations
at the floor space were also about the same; so were the
concentrations in the two return ducts. But the tracer gas
level was lower at the floor space than that in the return
duct for most floors. The results also indicated that the
air change rate based on either measurement (floor space Or
return duct) was almost identical. :

To reduce the quantity of data, an automated sampling
system (Figure 3) was used for subsequent measurements. As
shown, the samples from the return ducts were drawn
continuously through individual sampling tubes of equal
length and mixed in a small reservoir. The samples in the
reservoir were used to determine the air change rate.

Assessment of Air Distribution

For checking the air distribution, a small amount of SFg was
injected at a particular location to create a point source.
Immediately after the injection, the tracer gas samples were
taken, at 10 minute intervals, from each floor at the two
main return ducts using an automated sampling system. These
samples were pumped to the electron capture device for
analysis. In addition, every 10 minutes, eight samples each
were collected manually from the first and second floors and
four samples each were collected from the third, fourth,
£ifth and sixth flgoers. The tracer gas concentrations of
each sampling location were plotted against time in Figure
4. As shown, the tracer gas concentrations approach each
other in less than two hours after the injection, suggesting
that if a contaminant source exists at the test location, it
would spread to other areas in less than two hours. This
also suggests that the outdoor air will be distributed
throughout the floor space in much less time because it
enters every floor both through the exterior wall and the
supply air registers. The test was repeated four times. Each
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time a new location was ch i
osen as the contaminant
Similar results were obtained. source.

Measurements of Chemical Contaminants

CO and CO, were measured simultaneously a
from the return duct and the floor space, w{thttggchgiggion
of the ground floor where the measurement was taken at the
return duct only._This would free one sampling location on
the sixteen position sampling valve for sampling the outside
air. The.sa@p;es were drawn from the sampling locations
thgougp individual PVC sampling tubes and analyzed on-site
using infrared analyzers (Figure 5). The maximum distance
between a sampling location and the detector was about 150
m. To ensure that the sampling tube did not act as a sink or
source, a check was made by measuring a standard gas sample
:%tgbzggpgéthout t?e 150 m long sampling tube. No evidence

ion was found a i

Saniie T e Toy 1%.3 the difference between the two

Figure 5 shows the automated system used. It i
o consists
of 16 sampling pumps, a 16 port multiposition sampling

valve, a main samplin um, two d 3
a BAOLOCTRarEa g pump, etectors, a datalogger and

A similar sampling system with teflon samplin
was used for measuring THC but only three THC gampge:uzgie
collected from the building. The sampling locations were the
return ducts of Systems 2 and 8 where the concentrations
would be expected to represent the average values of the
upper and lower floors respectively, and the floor space of
the sixth floor where the maximum THC concentration had been
detected prgviously. It was found that absorption would take
place even in the teflon tube if it was longer than 60 m
The same method as outlined above for CO, was used to ’
determine the maximum tube length.

. Thg THC samples were analyzed on-site usin
ionization analyzer. The output of the analyzergw:sfi:mgpm-
CHy. The conversion factor from ppm-CHy to mg/m3 was
obtained by comparing the analyzer’s output with that
measured by the sorption tube-FID method using samples
obtained at the same location and time.

The concentrations of NOx were measured nti
:sing a gas-phase chem@luminescence detector 3§i§;n:g:sly
t:cated near the sampling location because the accuracy of
tugemiasgrement was found to decrease if the teflon sampling
= s longer ghan 4 m. Suspended particulate matters and
elected blo}oglcal contaminants were also measured Details
will be published in another paper. '

DISCUSSION
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The proposed plan has the following characteristics:

1. It includes a detailed assessment of the performance of
HVAC systems.

2. It recognizes that extensive measurements of some
contaminants are expensive and may not always lead to useful
results. Thus, it reinforces the need for the project team
to review periodically, what has been done and, more
important, to continually recheck original strategy in view
of interim results.

3. It also includes a procedure for establishing the
relationships between concentrations and air change rates
for selected contaminants. These relationships are useful in
determining the building’s outdoor air requirements.

The plan has been followed closely in assessing the air
quality of the test building. During the first 10 tracer gas
tests when the samples had to be taken manually at densely
occupied areas, these tests were conducted shortly after the
office hours to minimize the disturbance to the staff. Each
test lasted about 2 to 3 hours. By following such a schedule
we found that we could not only minimize the overtime
required to conduct the tests but also have a better control
on the usage of the entrance doors and the elevators; both
would have some effect on the accuracy of the measurements.
We have completed almost all the measurements with no major

problems.
SUMMARY

A plan has been developed for assessing the air quality of
non-industrial buildings. It consists of ten tasks. Tasks 1
and 2 are designed to obtain the background information on
the building itself, its surroundings and occupants. Task 3
provides an opportunity for the project team to review the
results and to determine if an in-depth study is necessary.
Tasks 4, 5 and 6 assess the performance of the building’s
HVAC systems and identify the contaminants present. Task 7
calls for another review to select the contaminants which
are to be monitored continuously and to decide if medical
and other specialists are required to assist in the
investigation. Task 8 specifies a series of tests to
establish the basis for remedial measures and to estimate
the additional ventilation air required to cope with
anticipated changes in the contamination loads. Task 9 is
intended to obtain additional information, and to check the
air change rates and contamination levels after the remedial
measures have been implemented. Task 10 is the preparation
of the final report.

The length of the. investigation is about a year. The
plan is being checked in an eight storey library-office
building. Thus far, no major problems have been experienced.
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APPENDIX A PROPOSED PLAN FOR ASSESSING INDOOR AIR QUALITY
IN NON-INDUSTRIAL BUILDINGS

Task 1, Gathering Information

a. Study architectural drawings to obtain information
about the floor layout, typical wall constructions, and
smoking rooms and other special purpose rooms.

b. Study mechanical drawings to gather information about
the type of HVAC systems, the operating and maintenance
schedules of such, the special purpose ventilation and
exhaust systems, and the location of outdoor air
intakes relative to the exhaust air outlets, the
parking lots and surrounding buildings with known
contamination sources.

c. Obtain information about the problem areas and details
of the occupant’s complaints.

d. Prepare simplified sketches showing all HVAC
systems, the overall outdoor air supply rate, the
supply and return air rates to each storey, the
location of the main return ducts on each storey,
special purpose ventilation and exhaust systems, and
air intake and exhaust openings.

Task 2, Walk-Through Inspection

a. Take photographs of the building, its surrounding
areas, and the identified or potential problem areas.

b. Identify and mark on a floor plan each HVAC system and
the area it serves, signs of problem HVAC systems
(e.g., unintentionally closed outdoor air dampers and
covered supply air registers), and the factors that may
affect air distribution (e.g., full-height internal
partitions and improperly located thermostats).

c¢. Identify and mark on a floor plan potential sources of
air contamination.

d. Obtain information about the chemicals used in the
building, the cleaning schedules, the type of carpets,
the type of plants inside and outside, and the spraying
schedules for plants.

e. Measure the air temperatures, relative humidity, CO and
CO, concentrations at several locations.

f. Check air flow patterns at several locations using a
smoke pencil.

g. Choose tentative sampling locations.

L.t
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3, Initial Review
Analyze the information.

Recommend remedial measures, if appropriate, or proceed
with the following tasks.

4, Measurement of Air Change Rates

Measure the air change rates using the tracer gas decay
technique as follows:

i. set the outdoor air supply dampers at the minimum
position,

ii, inject a small amount of a tracer gas into each
storey through the supply air ducts and measure the
tracer gas concentrations at the return duct of each
floor about one hour after the injection,

iii. repeat the concentration measurement at 10 minute
intervals for about one hour,

iv. measure the tracer gas concentration at several
locations in the floor sapce. If the data from the
return duct and those from the floor space do not give
similar air change rates, use floor fans to improve
mixing or increase the number of the sampling
locations,

v. plot the measured concentrations on a logarithmic
scale against time in hours on a linear scale and fit
the data to a straight line. The air change rate in air
changes per hour is equal to the absolute value of the
slope of the straight line,

vi. repeat (i) to (v) on warm days under calm wind
conditions (i.e., outdoor air temperature above 15C and
wind speed less than 20 Km/hr), if the previous tests
did not meet the above weather conditions,

vii. repeat (ii) to (iii) to obtain the air change
rates during the measurement of other contaminants.

5, Air Distribution Measurements

Measure air temperatures, relative humidity
continuously at several locations for a week and also
the degree of thermal comfort at the same locations
twice a day; repeat the measurements in other seasons,
if required.

Inject a small amount of tracer gas into a main exhaust
system and measure the tracer gas concentrations inside
each air intake opening and entrance. If the tracer gas
is detected, check and modify, if necessary, the outlet
of the test system. Repeat the test for other main or
special exhaust systems and under various wind
directions.

12
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Check air distribution patterns as follows:

i. inject a small amount of tracer gas into an location
of interest,

ii. measure immediately the concentrations of the
tracer gas with time at several locations of each
storey including the return ducts and the problem
areas,

iii. plot the concentrations against time for each
sampling location,

iv. repeat (i) to (iii) for several different tracer
gas injection locations,

v. proceed with (d), if the concentrations at various
sampling locations do not approach each other
approximately two hours after the tracer gas injection.

Measure the air supply rate of each HVAC system to
each storey and adjust it to the designed value, if
required.

Measure the outdoor air supply rate to an internal
conference room or office using the multiple tracer gas
technique, if required.

6, Environmental Measurements

Analyze the air (and water) samples from various
compartments of HVAC systems and at several locations
in the floor space to obtain the concentrations of the
total volatile compounds and the GC/MS (gas
chromatography/mass spectrometry) profiles.

Measure the total colony forming units in various
compartments of each HVAC system, as well as at several
locations inside and outside. Send selected samples to
appropriate laboratories to identify the types of
bacteria and fungi.

Characterize the particulate matter in terms of size,
distribution, concentration, type and composition at
the main outlet of each HVAC system and at selected
locations in the densely occupied areas.

Examine the dust samples collected at high and low
traffic areas to identify the principal components of
both biological and non-biological origin.

Examine the liquid samples collected from HVAC systems
(e.g., water reservoirs and drain pans) and floor
drains, and solid samples from areas of high moisture
and from plants to identify the principal microbial
contents.

Measure the concentrations of CO, COp, CH0, THC, and
NOx continuously at several locations for a week under

13
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the condition of minimum ventilation rate and repeat
the measurements in other seasons, if required.

7, Interim Review

. Analyze the results to identify contaminants for

further studies (e.g., THC and formaldehyde).

Determine if medical and other specialists are needed
to assist the investigation.

8, Determination of Relationship Between contamination
Levels and Air Change Rates

. Determine the relationships between the concentration

of selected contaminants and the air change rate as
follows:

i. set the outdoor air dampers at the maximum position
with the HVAC systems operating normally ( Saturdays
are treated as weekdays to determine the occupants’
effect on the contamination level) and measure the air
change rate once a day,

ii. measure the concentrations of CO, COp, THC and
other contaminants identified in Task 6 continuously
for a week,

iii, repeat (ii) for three more damper settings
including the minimum position,

iv. plot the weekly average concentration of the
working hours against the average air change rate for
each contaminant.

Estimate the outdoor air supply rate required to
control the contaminant below a prescribed limit
based on the concentration-air change rate curve and
prevailing ventilation standards.

9, Final Review

. Review the results of Tasks 6 and 8; repeat some of

the measurements or conduct additional measurements, if
necessary.

. Repeat some of the measurements under Tasks 4, 5 and 6

if adjustments have been made on the HVAC systems,
10, Report
NOTE TO EDITORS

Under the new federal copyright law,
publication rights to this paper are
retained by the author(s).
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FIGURE 1

TYPICAL FLOOR PLANS SHOWING THE HVAC SYSTEMS
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