


88-110.4 

INTRODtlC'l'ION 

Th7 in noi:-i.ndustrial buildings, such as office 
is of growing concern. As a result, the demand 

services assess air quality in such buildings has 
increased rapidly over the past few years. 

The task of assessing the air quality in office 
is very difficult because the symptoms reported by 

?ffice staff are usually diverse and non-specific. The 
JOb is further complicated because the established 
Evaluation Criteria for assessing exposures of industrial 
workers as the Permissible Exposure Limits (PELs) of 
the Occupat7oi:a1 Safety and Health Administrations, the 
Threshold Limit Values (TLVs) of the American Conference of 

Hygienists and the Recommended 
Exposure Limits (RELs) of the National Institute for 
Occupational and Health are not generally applicable 
t o office e nv i ronments . Although the ASHRAE Standard 62-
1981 , f or Acceptable Indoor Ai r Qu ity 1 and 

standards p.r ovide some guidelines f or out door 
air r equi rements and exposure limit s f or offi ce bu i ldings 
the info:ination i s far from complete. As a result, 
t o the indoo r a ir qual.ity probl ems us ing 
standard :i..ndustria l h2giene evaluation technique s may not 
always be s uc cessful . Ontil better exposure limits and 

techniques have been established, improving 
ventilation and removing contamination sources, if possible, 
may the best approach to use for solving indoor air 
qualitr In addition, as inadequate ventilation has 
been cited as the major contributing factor to indoor air 

in office buildings, a plan for conducting 
such investigations should include a detailed assessment of 
a building's HVAC systems. 

. This paper.presents such a plan which is now being 
t? an eight storey office complex with nine air­

conditioning systems. The methods used to measure air change 
rates, air distribution and some of the chemical 
contaminants are discussed. 

PROPOSED PLAN 

The propos7d plan, as presented in Appendix A, outlines the 
tasks required to assess the air quality of non-industrial 
buildings. The objective and details of each task are 
disrussed below. 

1, Gathering Information 

Task 1 is to understand the building itself, its 
sur7oundings and the concerns of the occupants about their 
environment. It calls for a thorough review of the 
occupants' concerns and a study of the building drawings 

2 

88-110.4 

with particular attention to the HVAC systems. Although an 
occupant survey is not required, developments in this area 
will improve the search for a solution . 

Task 2, Walk-Through Inspection 

This task is to obtain additional information about the 
building and its environment. During the walk-through 
inspection, efforts should be made to identify all potential 
sources of air contamination (e.g., combustion devices, 
copying machines, storage rooms and contents, and open 
drains) . The project team should also look for common signs 
of problem HVAC systems (e.g., unintentionally closed 
outdoor air supply dampers and covered supply air 
registers), and the factors that can adversely affect the 
performance of. such systems ( e.g., full-height partitions, 
and improperly located thermostats and outdoor air intakes) . 

During the visit, temperatures, relative humidity and 
the degree of thermal comfort are measured at several 
locations including the problem areas. The concentrations of 
C02, CO and other contaminants may be measured as well. In 
addition, smoke penc.ils may be used to trace the air flow 
patterns and detect possible short circuiting between supply 
and return air flows. It is suggested that smoke pencil 
tests be conducted after regular working hours since some 
people are sensitive to the smoke. 

Task 3, Initial Review 

The objective of this task is to analyze the 
information obtained in Tasks 1 and 2, and develop a 
sampling and measurement strategy for an in-depth study, if 
necessary. The following tasks are for an in-depth 
investigation . 

Task 4, Measurement of Air Change Rates 

Task 4 is to develop a suitable tracer gas sampling 
system to use with the tracer gas decay technique for 
measuring air change rates. This technique is chosen because 
it is not necessary to have expensive tracer gas detectors 
to conduct such tests. The tracer gas samples collected 
during such a test can be sent to a laboratory for analysis. 

The technique involves the injection of a small amount 
of a tracer gas, SF6, into the building and the measurement 
of the tracer gas concentrations with time. For buildings 
with a complex shape, the samples taken from one or two 
locations per floor not be sufficient to give a good average 
tracer gas concentration of the whole building because of 
inadequate mixing. Thus, in the first few tests, additional 
samples should be taken at the floor space to ensure that 
the data from all sampling locations give similar air change 
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rates: ~f this is.n~t so, floor fans can be used to improve 
the mixing or additional sampling locations should be added. 

One.way ~o 7heck the adequacy of a building's 
ventilation air is to ensure that its minimum air change 
rate 1!1e7ts the ventilation requi.rement recommended by 
prevailing standards, such as ASRRAE 62-81. The minimum air 
change rate of a building can be determined by conducting 
four or five tests under warm weather and calm wind 
c~nditions (i.e, outdoor air temperature higher than 15C and 
wind speed lower than 20Km/hr) with the outdoor air dampers 
set at the minimum position. 

Task 5, Kea•urement of Air Distribution and Thenial COlllfort 

Task 5 is to collect information, in addition to air 
cha?ge rates, for assessing the performance of HVAC systems. 
It ~n~olves the measurement of air temperatures, relative 
humidity and the degree of thermal comfort4 in several 
~ocations including problem areas, perimeter offices and 
internal rooms. The degree of thermal comfort gives an 
indication of the level of the occupants' satisfaction with 
the environment with respect to ai.r temperature relative 
humidity, air velocity, and the mean radiant te~peratlJre. 

Also, tracer gas is used to determine whether or not 
the exhaust air reenters the building and to determine how 
fast a con~aminant (or the outdoor air) spreads from its 
source (point of entry) to other areas. The reentrairunent of 
e~aust air. can be detected by i .n jecting a small amount of 
tracer gas.into an exhaust system and measuring the 
conc7nt7ations 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 modified or 
relocated. The test should be conducted und.er various wind 
directions. 

The contaminant dispersion rates can be determined by 
injecting a small amount of tracer gas at one location and 
measuring the tracer gas concentrations with time at the 
injection location and also at several other locations of 
each floor. The faster the concentrations cf various areas 
approach that cf the injection location, the higher is the 
dispersion rate. 

In general, fer areas with known contaminant sources 
(e.g., a designated smoking room), the dispersion rate from 
these areas to the surrounding rooms should be as low as 
possible to prevent the contaminated air from exhausting to 
the surrounding rooms. On the other hand, fer general 
offices, .the dispersion rate should be as high as possible 
to facilitate a uniform distribution cf 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 er cooling 
demand but may be inadequate to meet the ventilation 
requirement. The ~ultiple tracer gas technique can be used 
for this purpose. 

Task 6, Identification and Measurement of Contaminants 

The objective cf this task i~ to ide~tify the major 
contaminants present in the building, their sourc~s, and to 
measure the concentrations. This can be achieved by 
analyzing the air (and water) samples collected from ~ev7ral 
locations beth inside and outside, and particularly, i.nside 
various compartments of the HVAC systems. Some cf these 
measurements may nave to be repeated in another season to 
detect seasonal pollutants. The protocols 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 enable~ t~e 
project. team to determine if medical and ether specialists 
are needed to assist the investigation. 

Task 8, Establishment O~ Relationship Between Contaminant 
concentration• and Air Chan9• Rat•• 

The objective cf 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 l can be used to determine the amount of 
outdoor air required for controlling these ~cntaminants. 
below prescribed limits, i f source removal is not practic~l. 
Also it can be used to estimate the adoitional outdoor air 
requlrement fer the building to cope with any anticipa~ed 
changes in certain contamination leads due to changes in the 
number of the occupants or office equipment. 

Fer most buildings, the contaminants considered are CO, 
co

2
, TVOC or THC (total volatile organic compounds or total 

hydrocarbons), particulates and formalde~yde. 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 su~ply 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 net 
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be changed except that Saturdays are treated as weekdays to 
determine the occupants' effect on the contaminant level. 
Also, a minimum of one week monitoring period fo-r each air 
change rate is suggested because the weekly variation of 
some of the bard to control variables (e.g., floor cleaning 
schedule and usage of copying machines) would be much less 
than the daily variation. 

Ta1k 9, Final Review 

The task is to review the results and obtain any missing 
information, if necessary. 

l'IILD TESTING 

The proposed plan is being applied to a fully air-
condi tioned eight-storey library-office building. 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 ~2 each and that of the upper 
five floors is about 2 400 m each. The building has a 
central core area housing two passenger elevators, two 
stairwells, 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 (see 
Figure 1). Systems 1 and 2, each an all air two-deck system, 
serve the fourth to the seventh floor; System 3, a 100% 

,..-outdoor air supply-only system, serves the centre core area 
of the whole 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 ll . 
These outdoor air intakes are about 5 m above the ground. 

Method for meaaurin9 air chan9e rates 

The air change rates were measured using the tracer gas 
decay method. The tracer gas, SF6 was injected into every 
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 m~nually, 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 sam~ling tubes of e9Ual 
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 amoun~ 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 f~oor at the two 
main return ducts using an automated sampling s¥stem. 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, ~ourth, 
fifth and sixth fl9C1rs. The tracer gas 7oncen~rat7ons.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, sug~esting 
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 distribute~ 
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 chosen as the contaminant source. 
Similar results were obtained. 

Nea•urement• of Chemical Contaminants 

CO and C02 were measured simultaneously at each floor 
from the return duct and the floor space, with the exception 
of the ground floor where the measurement was taken at the 
retur~ duct onl¥ . . This would free one sampling location on 
the sixteen position sampling valve for sampling the outside 
air. The . s~p~es were drawn from the sampling locations 
th~oug~ 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 
with and w~thout the 150 m long sampling tube. No evidence 
of absorption was found as the difference between the two 
results was less than 1%. 

Figure.5 shows the automated system used. It consists 
of 16 sampl7ng pump~, a 16 port multiposition sampling 
valve, a main sampling pump, two detectors, a datalogger and 
a microcomputer. 

A similar sampling system with teflon sampling tubes 
was used for measurin~ TJ:iC but only three THC samples were 
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 respec~ively, and the floor space of 
the sixth floor where the maximum THC- concentration had been 
detected pr~viously. 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 co2 was used to 
determine the maximum tube length. 

. Th7 THC samples were ana~yzed on-site using a flame 
ionization analyzer. The output of the analyzer was in ppm­
CH4. The conversion factor from ppm-CH4 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 continuously 
using a gas-phase chemiluminescence detector which was 
located near the sampling location because the accuracy of 
the measurement was found to decrease if the tef lon sampling 
tube is loi:iger ~ban 4 m. Suspended particulate matters and 
selected biological 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. 

S~Y 

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 requ.ired 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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APPl:NDIX A PROPOSl:D PLAN l'O.R ASSJ:SSIBG INDOOR AI.R QtJALITY 
IR NOB-IRDUSTIUAL BUILDINGS 

Task 1, Gatherin9 In~ormation 

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 a.nd 
exhaust systems, and the location of outdoor air 
intakes relative to t .he 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-'rhrou9h Inspection 

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

b. Identify and mark on a floor plao each HVAC system and 
the area it serves, signs of problem HVAC systems 
(e.g., uninte.ntionally closed outdoor air dampers and 
covered supply air registers), and the fact~rs 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 
C02 concentrations at several locations. 

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

g. Choose tentative sampling locations. 
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Ta1k 3, Initial Review 

a. Analyze the information. 

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

THk 4, Measurement of Air Change Rates 

a. 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 !SC 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. 

Ta1k S, Air Distribution Measurements 

a. 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. 

b. 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. 
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c. 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. 

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

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

Task 6, Environmental Measurements 

a. 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. 

b. 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. 

c. 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. 

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

d. 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. 

e. Measure the concentrations of CO, COz, CHzO, THC, and 
NOx continuously at several locations for a week under 
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the condition of minimum ventilation rate and repeat 
the measurements in other seasons, if required. 

Task 7, Interim Review 

a. Analyze the results to identify contaminants for 
further studies (e.g., THC and formaldehyde). 

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

Task 8, Dete:cmination of Relationship Between contamination 
Levels and Air Change Rates 

a. 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, C02, 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. 

b. 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. 

Task 9, Final Review 

a. Review the results of Tasks 6 and 8; repeat some of 
the measurements or conduct additional measurements, if 
necessary. 

b. Repeat some of the measurements under Tasks 4, 5 and 6 
if adjustments have been made on the HVAC systems. 

Task 10, Report 

NOTE TO EDITORS 

Under the new fecle,.I copyrl1ht law, 

publl-=-tlon rl1ht1 to this paper are 

reulnecl by th• author(•). 
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