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Control of indoor air quality (IAQ) in office 
buildings can be achieved through effective 
application of ventilation engineering. This 
document is designed as a guide to be used by: 

• ventilation engineers as they implement 
indoor air quality control solutions, both at 
the time office building projects are imple
mented, and when the office buildings are 
occupied by tenants; 

• project managers and property managers as 
they oversee the provision of ventilation 
engineering services; and 

• building operators as they participate in the 
day-to-day operation of the facility. 

This document is the second of two on the 
subject of indoor air quality that have been 
jointly prepared by Public Works Canada and 
the National Research Council of Canada. The 
first, entitled "Managing Indoor Air Quality," 
was prepared to help prope1ty managers pro
actively identify IAQ problems. With this second 
document, such problems can effectively 
be corrected. 
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2. I Par•ieipa•.-f;s i.._ I ndoor 
Air Quali•y Con•rol 

Three distinct groups participate in the delivery 
of acceptable IAQ to tenants, either directly or 
indirectly. They are: 

Operators 

This group is made up of people with very 
diverse backgrounds, headed by a property 
manager (PM). The PM is the principal contact 
with the tenant(s), and is responsible for the 
day-to-day delivery and control of indoor air 
quality. When necessary, the PM calls on a 
ventilation engineer from an in-house or exter
nal technical service organization. Ventilation 
engineers are expected to off er the range of 
services described in this document. 

Implemeni;ors 

This group includes designers, contractors, and 
suppliers of building equipment and material. 
They are expected to provide a facility which 
can accommodate a reasonable range of venti
lation strategies ;  only seldom do they become 
involved with the selection and implementation 
of these strategies once the facility has been 
put into operation. 

Building Seiendsi;s 

This group is concerned with two separate 
issues: 

• the performance of the physical building 
elements; and 

• the psychological or physiological impact of 
these elements on the occupants . 

Individuals within this group work in very 
narrow and highly specialized areas, and 
only a few are involved with both issues. 
This may result in differences in perception 
and approach. 
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2.2 In•erae•io•• of •be 
Par•iei1•an•s 

Generally, the parties involved with IAQ-related 
issues tend to work in isolation from each other, 
with each group apparently adhering to a 
different set of rules for survival. Consequently, 
there are several different approaches to solving 
IAQ problems, each with its own specific jargon. 
This document, like the first one, "Managing 
Indoor Air Quality,"  provides a common basis 
for interaction among the participants. It 
proposes a common language that can be used 
and understood by all three participant groups 
and the end-users of IAQ, the tenants. 

2.3 Pro-ae•ive Con•rol of 
In«loor Air Quali•y 

In existing buildings, where off-gassing from 
freshly installed materials has effectively 
reached a steady state, ventilation engineering 
services are normally provided in a reactive 
way, i .e .  to correct problems as they arise. On 
the other hand, in newly constructed, newly 
renovated, or newly leased buildings, ventila
tion engineering services should be provided in 
a pro-active way. In Public Works Canada, the 
Project Delivery System (PDS) provides such 
a delivery framework. 

Appendix A provides project managers with 
a guide to obtaining pro-active ventilation engi
neering services in the most effective way. By 
following the PDS guide, project managers will 
avoid creating less-than-satisfactory IAQ condi
tions that in some cases result in a building 
being labelled with "sick building syndrome."  

At  the conclusion of the PDS cycle ,  the building 
enters into its service life cycle .  During this 
cycle, changes to the use of the building occur 
on a regular basis. Substantial changes are 
implemented according to the PDS, which 
includes the involvement of a project manager. 



In such cases, it is expected that ventilation 
engineering services will be properly provided. 
However, when smaller changes are instituted 
either by tenants or by the property manage
ment staff, the ventilation engineering services 
may be lacking, and complaints about IAQ may 
occur. In such cases, the ventilation engineering 
services can only be provided in a reactive way. 

2.4 havest;igatio.n 
St;rat;egies 

Often, complaints from tenants are the first 
indication that problems with indoor air quality 
may exist. To help property mangers distin
guish between minor local incidents and 
significant general complaints, PWC recom
mends a three-level approach to handling 
tenants' complaints. 

Level I 

Level I investigation should be carried out by 
property managers in consultation with building 
operators. It includes documenting and analyz
ing occupants' complaints, and a walk-through 
inspection of the building. If the causes cannot 
be identified, a Level II investigation will be ini
tiated. The first PWC/NRC manual, "Managing 
Indoor Air Quality," has been prepared to assist 
in Level I investigations. 

Level II 

Level II investigations should be conducted by 
ventilation engineering practitioners. This level 
involves the physical investigation of the 
work space in question. The steps outlined in 
Section 3 will help evaluate the physical aspects 
of the environment in the occupied space. 

If the results of Level II investigations are 
inconclusive, a Level III investigation may 
be initiated. 

.IO 
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l..evel II:. 

Level III investigations should be conducted by 
a team of building scientists, ventilation engi
neers, and/or medical experts . This approach 
involves both physical and psychological inves
tigations, and may use tools and measurement 
methods that are still under research and devel
opment. Part of this strategy can involve con
ducting an office environment survey. A 
nine-page PWC questionnaire is available for this 
purpose, which includes questions relating to: 

• the various symptoms occupants may be 
experiencing; 

• the frequency of these symptoms; 
• the perceived environmental conditions in 

the work space; 
• the nature of work done by the individual; 

and 
• the individual's level of satisfaction with the 

work in which he/she is engaged. 

Guidelines for conducting Level III investi
gations will be prepared when the required 
tools and methods have been reasonably well 
developed. 

2.5 Issues 'Underlying 
A.eee1•-table Indoor Air 
Qualit;y 

Certain words and phrases used in discussions 
of IAQ may convey different meanings to dif
ferent people. Before any meaningful dialogue 
can take place, agreement on these terms 
should be established. 

A fundamental question relating to IAQ is 
whether or not a correlation can be found 
between the quality of the physical environ
ment and human physiological and psycholo
gical responses .  The question is very complex, 
and building scientists, together with medical 
professionals, will need to devote substantial 
time and effort to finding the answer . 

" .., 



In "Managing Indoor Air Quality," a concept of 
a continuum of human perception of IAQ is 
introduced. (See Figure 1.) The concept dis
tinctly separates "healthy" and "unhealthy" con
ditions into two zones, separated by the health 
and safety standards of the Occupational 
Safety and Health Administration (OSHA) 
and American Conference of Governmental 
Industrial Hygienists (ACGIH). Within the 
"healthy" zone, as the concept clearly shows, is 
a smaller area which has been identified by as 
the comfort zone. The conditions in this zone 
are conducive to productivity, and are specified 
by ASHRAE Standard 62-1989. 

Some terminology relative to the quality of the 
physical environment is still insufficiently clear, 
as explained below. 

Ventilation Effect:ive11ess 

The relationship between the local ventilation 
process applied to control air contaminants in 
individual work stations, and the general venti
lation process applied to control air contami
nant sources distributed throughout the entire 
occupied space, is not yet well enough under
stood to fully document at this time. 

An objectively measurable definition of ventila
tion effectiveness is needed. This definition 
must include the degree of penetration of out
door air into individual work stations, and the 
effectiveness of the purging process at points 
where air is being inhaled, as some of the con
taminants are removed with the exhaust air. 
ASHRAE is in the process of developing a 
standard on ventilation effectiveness which is 
expected to address this question. 

Off-gassing 

Although off-gassing has long been recognized 
as a phenomenon that adversely affects IAQ, it 
has never been dealt with in a systematic way. 
Section 4 of this document provides a practical 
approach to the control of air contaminants 
generated by off-gassing, through an enhanced 
ventilation cycle. 

•• 

There is still a need for more complete docu
mentation of the off-gassing process, in order 
to clearly define the behaviour of both sources 
and sinks, or primary and seconda1y sources of 
contaminants , and how these affect the distri
bution of air contaminants over time. 

It is not reasonable to await full explanations 
of these areas of uncertainty before taking 
steps to provide satisfacto1y IAQ to office 
building tenants. The practice now most clearly 
understood should be followed, and if fuither 
insights suggest a change of practice, the 
procedure should be modified accordingly. 

2.6 Sources of 
A ir Cou•a.111in.an•s 

Air contaminants in an office building usually 
originate from any of three sources: 

•people; 
• processes (such as photocopying); 
• building materials and furniture . 

A brief discussion of each of these general 
categories follows. 

J•eople 

Our normal respirato1y process removes oxygen 
from the air and contributes carbon dioxide 
and water vapour. The rate at which this occurs 
varies with the level of physical activity of indi
viduals. Following are approximate average 
rates of C02 production attributed to several 
levels of physical activity. 

• people at rest 
• people doing 

desk work 
• people doing 

bench work 

0.0036 Lis (0.0075 cfm) 

0.0050 Lis (0.010 cfm) 

0.0072 Lis (0 .015  cfm) 

Generally, more vigorous activity levels result 
in higher rates of C02 production. 
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People also contribute other types of contami
nants, such as body odours, but since carbon 
dioxide is the most easily quantified of all the 
contaminants produced by people, its concen
tration is used to determine the adequacy of 
outdoor ventilation air. 

Processes 

Processes which can contribute to air contami
nation include copying machines, and any 
other office equipment that uses volatile 
organic chemicals (VOCs) . 

Some copying and printing machines generate 
VOCs, which, in higher concentrations, may 
have an adverse effect on IAQ . Recent research 
indicates that normal ventilation rates do not 
always control these voes effectively, so 
suitable local exhaust arrangements should 
be made. 

Cleaning solvents are another source of 
contaminants, and while they are normally 
administered during non-office hours, their 
effects could linger unless the ventilation 
system remains on during the time they are 
being used. 

Fossil-fuelled heating systems and automobiles 
are major sources of air contaminants, but if the 
utility room and parking garage are adequately 
ventilated and properly separated from the rest 
of the building, they should not contribute to 
the contaminants in the office space . 

Jluilding Materials and 

Furnit;ure 

New building materials often contribute signifi
cantly to local air contaminants. (This is dealt 
with at greater length in Section 4.) Even 
"mature" materials will off-gas to some degree, 
as evidenced by the odour sensed in a room 
that has been sealed for a period of time. Under 
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normal operating conditions, the contaminants 
produced by building materials and furniture 
will be adequately purged, if the ASHRAE stan
dard for ventilation rate is followed. 

It should be considered, however, that materials 
such as carpeting and furniture fabric can 
absorb air contaminants produced by other 
sources, then re-emit them later. Additional 
ventilation, either before or after normal work
ing hours, will help to remove contaminants 
from these secondary sources. 

2. 7 A1•proaebes -to Indoor 
Air Quali-ty Cou-trol 

Two general approaches to achieving acceptable 
indoor air quality are considered: 

Source Coni;rol 

Considerable progress has been made in 
controlling the air contaminant sources in the 
industrial environment. While the opportunity 
for source control is somewhat more limited in 
an office setting, it can still have an impact. For 
example, selecting a photocopier that emits 
few contaminants would be effective. 

When renovations to office space involve 
painting, it is preferable to use latex paints 
rather than oil-based products, since the latex 
paints emit lower amounts of volatile organic 
compounds. On a positive note, a major source 
of air contamination has been eliminated with 
the relatively recent ban on smoking in federal 
workplaces. 

Source control alone, however, cannot be 
expected to provide the desired air quality. 
Occupants need photocopiers, office renova
tions will continue, and people who occupy 
the space will themselves remain a major 
source of air contaminants. Consequently, 
ventilation must play some role in controlling 
indoor air quality. 



.... 

Ve1ti;ilation 

Ventilation is the other way of controlling IAQ . 
It is the process of bringing outdoor air into a 
building to displace exhausted air that contains 
contaminants . The most common form employed 
is general ventilation, in which ventilation is 
applied to the entire building. 

With general ventilation, part of the air in 
the space is replaced with outdoor air which 
contains lower or no concentrations of undesir
able components . Normally, by design, only a 
small portion of the air supplied to the space 
is "new."  Because this new air is mixed with 
return air, which is of acceptable quality since 
it came from a space with acceptable IAQ, 
the quality of the supply air is better than the 
threshold of acceptability by the exact differ
ence that is necessary for control of the air 
contaminant concentration in the space. 

14 

Another form of ventilation, local exhaust, is 
more effective in ridding the space of fumes, 
by direct venting to the outdoors. This tech
nique is used to exhaust air from washrooms, 
storage rooms, janitor closets, kitchens, etc. 
directly to the outdoors. The air making up for 
the exhausted air may enter by infiltration, or 
preferably, by a more active means such as a 
properly designed ventilation system. 

Conclusion 

In most cases, a combination of source control 
and ventilation appears to be the best method 
of achieving acceptable air quality in office 
buildings. Subsequent sections of this docu
ment further explain the process and effects of 
ventilation as a means of air quality control. 

.. .. 
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The normal ventilation strategies described in 
this section apply to buildings which have not 
been recently renovated or refitted, and which 
have not had new materials such as paint or 
carpets added. 

3.I Delivery Process 

This section suggests a general approach for 
assessing a building's ability to provide good 
air quality, and for implementing corrective 
measures where needed. Refer to Section 4 
for information on the enhanced ventilation 
strategy to be used in buildings with freshly 
installed new materials. 

At Level II ,  as defined in 2 .4 ,  the following 
steps for delive1y of ventilation engineering 
services are recommended: 

1 .  information gathering; 
2. walk-through inspection; 
3. initial review; 
4. detailed measurements of temperature, 

relative humidity and C02 concentration; 
5. measurement of air change rates and 

ventilation air flow distribution; 
6. identification and measurement of 

contaminants; 
7. interim review; 
8. establishment of the relationship between 

contaminant concentration and air change 
rates; 

9. design and implementation of ventilation 
solution; 

10. commissioning; 
1 1 . monitoring of compliance with ventilation 

requirement; 
12 .  final review and report. 

Note: Depending on the policies and reg11!atio11s 

related to investigation q/!AQ complaillfs, 

and on the availahili�v q/ instruments and 

experience, some q/the measurements must 

he performed by high�v :-ipecialized and/or 

authorized personnel. 
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These steps are described in detail in 
Appendix B .  In many cases, all 12 steps 
need not be taken to effectively implement a 
remedial action. For example, if a solution is 
identified after steps 2 and 3, steps 9 and 1 0  may 
follow. Then, if the identified, implemented, and 
commissioned solution is effective, steps 1 1  
and 1 2  should complete the delive1y cycle .  
Otherwise, another solution must be sought 
by returning to step 4, then 5, 6, and 7, then 
jumping once again to steps 9 and 10 .  This 
approach is considered to be the most effective . 

3.2 C:ouu11on Causes of 
IAQ Proble111s 

Problems with indoor air quality are most often 
linked to: 

a) inadequate temperature and humidity 
control; 

b) inadequate ventilation; 
c) chemical contamination; and 
d) microbiological contamination. 

Experience in testing office buildings has 
shown that chemical contaminants are normally 
present at concentrations far below the limits 
established for industrial workers , so detailed 
measurement of such contaminants rarely 
reveals a problem. Consequently, the process 
of identifying and solving potential problems as 
noted in Subsection 3 . 1  is recommended. 

3.3 Noruwal 
IA.Q Re•1uire111eut:s 

The criteria against which air quality or HVAC 
system performance are to be assessed include 
ASHRAE Standard 62-1989, "Ventilation for 
Acceptable Indoor Air Quality," ASHRAE 
Standard 55-198 1 ,  "Thermal Conditions for 
Human Comfort," and , where applicable, 
environmental conditions in the occupancy 
agreement that supplement or override 
these standards. 



These criteria ensure that the quality of the 
indoor environment is adequate from a comfort 
or productivity perspective, and this in turn 
automatically ensures that health and safety 
requirements will be met. 

Complying with the health requirements in 
office buildings is relatively easy. From the 
comfort or productivity perspective, on the 
other hand, compliance is more difficult. It is 
virtually impossible to satisfy 100 percent of the 
people 100 percent of the time. For this reason, 
ASHRAE provides a range of conditions aimed 
at satisfying 80 percent of building occupants. 

The ASHRAE standards specify conditions that 
should be maintained in occupied spaces as 
follows: 

• Minimum outdoor 
air supply rate: 

• Air temperature: 
• Relative humidity: 
• Maximum C02 

concentration: 

10 LI s per person 
20 - 27° c 
20 - 70 percent 

1000 ppm 

The criteria do not specifically address the 
issue of air flow distribution, other than to 
cite the minimum outdoor air supply rate per 
person and the maximum concentration of 
C02 in a work station. 

3.4 Tlae Crit;ieal Work 
St;at;ion Conee1•• 

In office buildings, air distribution systems that 
perform the function of general ventilation sys
tems are generally designed to meet thermal 
load requirements, both heating and cooling. 
They are therefore not linearly related to the 
distribution of personnel in the office space . 
ASHRAE Standard 62-1989 introduces a method 
of calculating the total outdoor air supply that 
compensates for discrepancies in the distribu
tion of heating and cooling loads, and the num
ber of people present. This method is based on 
a concept of the critical work station, and is 
explained in Appendix C.  

... 
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3.5 Co.1n1tliaHee wit;l1 
IA.q Il.e•1uiren1.ent;s 

ASHRAE Standard 62-1989 prescribes two pro
cedures for assuring compliance with IAQ 
requirements. A brief description of these 
procedures follows. 

Vent:ilat;ion Race Proeedure 

The ventilation rate procedure is based on 
solving equation (6-1) of ASHRAE Standard 
62-1989. Manipulation of this equation, which 
is described in detail in Appendix C, is time 
consuming. 

Note: A computer program called VENT has been 

written to speed up the use of equation (6-1) of 

ASHRAE Standard 62-1989 when applying this 

procedure. Tbe tutorial to this program explains 

how it is to be used to calculate total ventilation 

rate, concentration of C02, air changes per hour, 

and average work station rates per person. It 

also shows the user how to assess the impact 

of each variable. 

To effectively use the ventilation rate proce
dure, careful air flow rate measurements must 
be made at all main branches of the supply 
duct, at all supply air outlets, and at outdoor air 
intakes - a rather impractical task given the 
large number of locations. Without these mea
surements, however, one cannot be certain 
that the correct amount of outdoor air is being 
delivered. This uncertainty is increased in 
buildings with variable air volume systems. 

Consequently, the ventilation rate procedure is 
not only impractical, but also inaccurate. In 
fact, it provides only an indirect solution to 
indoor air quality control. 

For description of the measurement in 
support of the ventilation rate procedure see 
Appendix G. 



Indoor Air Qualit;y Proeedure 

ASHRAE Standard 62-1989 suggests a second 
procedure, which is based on the level of con
taminants found in the air. This more direct 
method involves measuring the contaminant 
concentrations, and ensuring that the flow of 
outdoor air is sufficient to keep these concen
trations at an acceptably low level. 

This method is based on the premise that 
keeping the major occupant-produced con
taminant at an acceptably low level (through 
purging and dilution with outdoor air) will 
result in all other contaminants being main
tained at acceptably low levels. Hence the use 
of the C02 method is established. 

This method therefore uses C02 as a surrogate 
indicator of indoor air quality. If the C02 con
centration is monitored and found to meet the 
standard in every work station, then it is de 
facto established that the required amount 
of outdoor air has been supplied to eve1y 
work station. 

According to the ASHRAE Ventilation Standard, 
occupants must not be exposed to more than 
1 .8 g per cubic metre or 1000 ppm of C02 ON 
AVERAGE over an eight-hour period. Clearly, 
this criterion is met if the C02 concentration 
does not exceed 1000 ppm at any time during 
the day, but if it does, a time weighted average 
exposure would need to be computed. 

It is relatively easy to ensure compliance with 
the ASHRAE Standard 62-1989 by measuring 
C02 concentration throughout the day. When 
measuring individual work stations, care must 
be taken however that the work station is not 
occupied by more than one person for an 
extended period of time as this would 
obviously affect the reading. 
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Application of this procedure for measurement 
purposes is described in Appendix D. An auto
matic control method based on this procedure 
is described in Section 5, Ventilation Demand 
Controller. 

Conelusion 

Of the two procedures prescribed by ASHRAE 
Standard 62-1989, the Indoor Air Quality proce
dure is the easier and the more direct way of 
verifying compliance with normal ventilation 
requirements in office buildings. 

3.6 Air Dis•ribu•ion 

The above procedures are intended to ensure 
adequate intake of outdoor air into the whole 
building. To achieve good ventilation and IAQ, 
it is also necessa1y to ensure adequate air distri
bution to and within each work station. 

Good air distribution to each work station is 
achieved by good air balancing. Air distribution 
within work stations affects ventilation effective
ness: the better the air distribution, the more 
effective the dilution process, and the better the 
IAQ control. 

Supply air outlets are expected to provide all 
the kinetic energy to the supply air that is 
necessa1y for good removal of contaminants. 
However, it is not always possible to achieve 
good air circulation by adjusting supply air 
velocity and direction only. The physical 
configuration of the work station also needs to 
be taken into account. In some cases, circula
tion can be improved by raising pa1titions off 
the floor. Where none of the above good venti
lation engineering practices result in an ade
quate circulation, an additional kinetic energy 
source, i .e .  desk or ceiling fan, may need to 
be considered. This may be especially true in 
buildings with variable air volume systems, where 
the supply outlet velocity varies, and therefore 
cannot be adjusted for only one velocity . 



Although there are sophisticated methods that 
can be used to measure other aspects of IAQ, 
there are but few rather primitive tools that the 
ventilation engineer must use to measure air 
distribution within a work station. These are 
the smoke pencil, tape and stop watch. These 
tools can be used to determine air motion at 
the desk level, which should be between 
5 to 15 cm/s . It should be noted that hot wire 
anemometers are not accurate within that 
low velocity range. 

There is still much to be learned about air dis
tribution with respect to ventilation effectiveness. 
ASHRAE is in the process of writing a standard 
on ventilation effectiveness that is expected 
to provide more professional guidance to 
ventilation engineers. 

3. 7 MaiHteuanee 
C0Hsit:leratio11s 

Many IAQ complaints have been found to be 
maintenance-related. Inadequate procedures 
or inadequate maintenance efforts can cause 
problems with bacteria, fungi, dust, etc . Proper 
maintenance of air filters, humidifiers, coil 
dripping pans, coupled with appropriate water 
treatment programs, can eliminate many of 
these problems. 

.., 
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. . . . . . 

Public Works Canada is using preventive 
maintenance procedures based on its own 
experience, as well as the best practice of the 
industry. These procedures are designed to 
control maintenance-related IAQ problems; 
however, there are still many questions that 
need to be answered. Research in this area is 
not progressing fast enough. The indust1y 
needs to develop effective, but not excessive, 
maintenance procedures that would result in 
effective and efficient control of IAQ. 

.., 
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The enhanced ventilation strategies described 
in this section apply to buildings which have 
been recently renovated or refitted, i .e .  to 
which new materials such as paint and carpets 
have been added. 

4. 1 Delivery I>rocess 

For buildings with freshly installed materials, 
the following process of ventilation engineering 
services delivery is recommended: 

1. identification; 
2. definition of ventilation requirements; 
3. design and implementation of ventilation 

solution; 
4. monitoring; 
5 .  change-over to normal ventilation strategy. 

These steps are described in detail in 
Appendix E .  

4.2 'IY1•es of 
C:ontaIDin ants IntrodHcec:I 
l•y Construction or 
Il.e.uovatio n  

The type o f  compounds that are off-gassed 
depends on what types of materials are brought 
into the building. A brief description of some 
common contaminants is listed below. 

Formaldehyde: 

Formaldehyde is a colourless gas. In high 
concentrations, it has a pungent, suffocating 
odour. This compound is used extensively as 
an ingredient in various building materials, par
ticularly in materials containing resins, such as 
phenolic resins. Consequently, it is present in 
higher quantities in areas that have been newly 
furnished, renovated, or constructed. Formalde
hyde is present either from direct off-gassing 
from new materials, or as a result of chemical 
release during the curing process of materials 

Table 4.I Formaldel•yc:le Einission s  f.-01n a Variety of 
Co1•struetion Materials� F11rnisbings anc:l Cons•111-..er 
Proc:luets 

Product 

Medium-density fibreboard 
Hardwood plywood panelling 
Particleboard 
Urea-formaldehyde foam insulation 
Softwood plywood 
Paper products 
Fibreglass products 
Clothing 
Resilient flooring 
Carpeting 
Upholstery fabric 

Range of Formaldehyde Emission Rates 
µg/m2/day 

17,600 - 55,000 
1,500 - 34,000 
2,000 - 25,000 
1,200 - 19,200 

240 - 720 
260 - 660 
400 - 470 

35 - 570 
<240 

none - 65 
none - 7 

Source: Godish, T., Indoor Air Pollution Control, Lewis Publishers, Chelsea, Michigan, 1989. 
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containing such resins. Table 4.1 gives an indi
cation of the relative impo1tance of some sources 
of indoor contamination by formaldehyde. 

Volatile O••ganic Co1npounds 

(VOCs): 

This designation encompasses a large number 
of compounds. Table 4 .2  lists the 24 (of over 
200 detected) nonaliphatic compounds (non
fatty hydrocarbons) most commonly found in 
office buildings. Several hundred aliphatic 
hydrocarbons are also to be found. The hydro
carbons found include such groups as: 

• aliphatics 
• aromatics 
• alkylbenzenes 

• ketones 
• polycyclic aromatics 
• chlorinated 

hydrocarbons 

In newly constructed buildings, some of these 
compounds may have initial concentrations as 
much as 600 times the concentrations usually 
found in buildings containing mature materials 
only. The initial concentration may or may not 
be in excess of acceptable long-term exposure 
levels. 

As with most contaminants, even if the initial 
concentration is above acceptable levels, short
term exposures are unlikely to pose a substan
tial health threat. They may, however, result in 
discomfort or even tempora1y irritation to indi
viduals exposed to them. 

The composition of the products listed in 
Table 4 .3 would determine the voes released, 
although the same type of product by a differ
ent manufacturer may result in different voes. 

4.3 Off-gassing P•·oeesses 

The physical/chemical processes which 
produce gaseous contaminants in the air after 
installation of new materials will depend 
ve1y directly on the material and the products 
they produce. It is generally accepted that the 
process is time dependent, and therefore the 
amount of off-gassed contaminants in time 
can be plotted in form of an exponential 
curve representing decay of concentration . 
(See Figure 2.) 

Table 4.2 'l've11ty-fou•• No11ali1•batie, O••ga11ie C0Htt•o1.nu:ls 
Mose Co1111Ho11 ly Found in Pu.bile Aeeess Huildhags 

Acetone 
Benzene 
Toluene 
Xylene 
Styrene 
Ethyl benzene 
Ethylmethylbenzenes 
Trimethylbenzenes 
Tetrachloroethylene 
Naphthalene 
Methylnaphthalenes 
Dimethylbenzenes 

1, 1 ,  I -Trichloroethane 
Trichloroethylene 
Propylmethylbenzene 
Dichlorobenzenes 
Nononal 
Diethylbenzenes 
Methylene chloride 
Chloroform 
Dec anal 
Acetic acid 
Propylbenzene 
Trichloroflouromethane 

Source: Godish. T .. J11doorAir Poffutio11 Co11trof. Lewis Publishers. Chelsea. Michigan. 1989. 
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T-.able 4.3 Volatile Organic Con•1•01u•ds in Huil•ling 
Materials 

Material Major VOCs Identified 

Latex caulk Methylethylketone, butyl propionate, 2-butoxyethanol, butanol, benzene, toluene 

Floor adhesive Nonane, decane, undecane, dimethyloctane, 2-methylnonane, dimethylbenzene 

Particleboard Formaldehyde, acetone, hexanal, propanol, butanone, benzaldehyde, benzene 

Floor wax Nonane, decane, undecane, dimethyloctane, trimethylcyclohexane, 
ethylmethylbenzene 

Wood stain Nonane, decane, undecane, methyloctane, dimethylnonane, trimethylbenzene 

Latex paint 2-Propanol, butanone, ethylbenzene, propylbenzene, 1, 1 '-oxybisbutane, 
butylpropionate, toluene 

Furniture polish Trimethylpentane, dimethylhexane, triethylhexane, trimethylheptane, ethylbenzene, 
limonene 

Polyurethane 
floor finish Nonane, decane, undecane, butanone, ethylbenzene, dimethylbenzene 

Source: Godish, T., Indoor Air Pollution Control, Lewis Publishers, Chelsea, Michigan, 1989. 
Tichenor, B.A.,"Organic Emission Measurements Via Small Chamber Testing," in Proceedings of the Fourth International 

Conference on Indoor Air Quatizy and Climate, pp. 8-15. 

4.4 Pur1•ose of Enl1anced 
Ventilation 

Measurements of volatile organic compounds 
taken after paints or sealers have been applied 
indicate a very high initial concentration of 
these compounds, followed by an exponential 
type of decay of their emission rate. Conse
quently, it would be beneficial to the comfort 
and well-being of the occupants if a suitable 
amount of additional outdoor air could be used 
to purge the premises following renovations. If 
the ventilation air is admitted at a higher rate 
than normal, the acceptable quality of the 
indoor air will be established more quickly. 
However, if the ventilation rate cannot be 
adjusted to run at a higher level, the only 
option is to run the ventilation system continu
ously, or for a longer period of time each day. 
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The enhanced rate of  air exchange could be 
beneficial in at least the following ways : 

a) If the space is to be occupied immediately 
after the new material has been applied, 
enhanced ventilation may be essential to 
provide acceptable air quality in the space, 
until the off-gassing reaches normal rates. 

b) If the space can be left vacant for a specified 
time after the application of the new material, 
enhanced ventilation would keep the con
centration of the undesirable species of 
chemicals at a lower level. This would 
reduce the degree of absorption by other 
materials in the space, for subsequent 
secondary off-gassing. 
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It is a good practice to ventilate as much as 
possible while the products that are being 
applied are still wet. This practice minimizes 
the creation of secondary sources that emit 
previously absorbed contaminants. 

4.5 Duration of Enhanced 
Ventilation 

Enhanced ventilation should be continued until 
the air quality is acceptable, at which time 
the ventilation rate is returned to the normal 
setting. Acceptable IAQ is achieved when the 
comfort level of contaminant concentration is 
maintained. If the comfort level concentration 
is not published, it is safe to assume that a frac
tion of the TLV (threshold limit value) concen
tration listed in health protection standards 
could be used, after consultation with a health 
authority. ASHRAE recommends the fraction to 
be between one-half and one-tenth of the TLV. 

Enhanced ventilation should not be continued 
indefinitely because it can be ve1y wasteful of 
energy. Energy is usually expended in condi
tioning the incoming air, except at times of the 
year when weather conditions are such that no 
humidification/dehumidification or heating/ 
cooling of the outdoor air is required. During 
these periods, the use of enhanced ventilation 
could be prolonged, since the only additional 
cost would be to move the increased air flow. 
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When outdoor air needs to be conditioned 
before being admitted, it would be in the best 
interests of responsible energy management to 
reduce the ventilation rate to the normal oper
ating level as soon as possible after addition 
of the new materials. To determine when this 
should be done, the quality of the air in the 
space in question should be tested regularly. 
Based on these tests, a simple mathematical 
extrapolation comprising the following steps 
will assist in projecting how much longer the 
enhanced rate would be required: 

1 .  Initialize time and concentration 
2. Evaluate decay constant 
3. Project to target concentration 
4. Re-initiate projection 

This procedure is outlined in Appendix F. 

Note: The VENT computer program is useful in 

calculating the duration of enhanced ventilation. 

4.6 Coneh.asiou 

Normal ventilation rates, specified by ASHRAE 
Standard 62-1989, are intended to control IAQ 
in buildings with no new materials recently 
installed or added. Where new materials are 
being installed or added, IAQ must be con
trolled by an enhanced ventilation strategy 
that must remain in effect until the off-gassing 
process decays to a point where the normal 
ventilation strategy can resume. 
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This section includes a discussion on the venti
lation demand controller (VDC), which is a tool 
that assures adequate ventilation in an office 
space. With a properly adjusted VDC, ventila
tion requirements can be met in an energy 
efficient manner. 

The VDC device adjusts the position of outdoor 
air dampers to match the rate of outdoor air 
per person with the known rate of carbon 
dioxide (C02) each person generates. This is 
done by a sensor placed in the return air 
stream that measures C02 concentration in the 
space, and by a controller that compares the 
measured information with the predicted con
centration, and sends a signal to the damper 
actuator when required. (See Figure 3.) 

As previously discussed, C02 concentrations 
can be used as an indicator of ventilation rates.  
C02 is produced by people through their respi
ratory process, and can therefore be used to 
gauge the number of people present. Since 
outdoor air has a relatively constant concentra
tion of C02, and since people working at a 
given task produce C02 at a relatively uniform 
rate, the relationship between the ventilation 
rate and the number of people may be devel
oped quite simply. The discussions that follow 
give details on several possible control strate
gies that may be used to ensure quantitative 
adherence to ventilation requirements. 

5. 1 S-tea11y State 
Con11itions 

In office buildings, the concentration of C02 
normally reaches steady state after a number of 
hours of operation. Steady state concentration, 
therefore, is not suitable as a control set-point 
for a ventilation demand controller. This would 
result in under-ventilation of the space, while 
the concentration build-up would be abnormally 
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accelerated until such time when steady state 
is reached. This strategy would not guarantee 
compliance with ventilation rate standards in 
the initial hours of operation. 

5.2 Tra11sient; Conditions 

More commonly, the concentration of C02 is 
not constant in time because it is low at the 
beginning of the day, then increases toward the 
steady state, perhaps without ever achieving it . 
(See Fig. 4) . A transient analysis is useful for 
this period of time. As noted above, the tran
sient condition is the most likely mode of 
operation. 

For control purposes, it is more convenient to 
think in terms of a maximum or steady state 
concentration (C55) ,  toward which the concen
tration in the space is tending, without having 
the number of people in the equation explicitly. 
For this steady state case , 

C55 - Csp = (C55 - C0a) exp(-Vr 't/Vol) (5-1) 

where: 

C - concentration of carbon dioxide, 
(in ppm) with various subscripts as 
follows: 

C0a - denotes the C02 in the outside 
air entering; 

Csp - denotes the concentration in 
the space; 

C55 - denotes the steady state 
concentration in the space of 
interest; 

't - denotes time; 
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Ventilation turned on when 
C02 concentration reaches 
set point - not recommended 
for control of IAQ 

33 

---7 Time 

Ventilation on when 
people enter building -
recommended strategy 
for Ventilation Demand 
Controller 



Vol - denotes the volume of the space 
under consideration; 

Vr - denotes the volumetric flow rate of 
ventilation air. (This rate applies to 
both the inlet and outlet, as a 
steady state is assumed with 
respect to the overall amount of air 
in the space.) 

By monitoring the concentration change of 
carbon dioxide in the space, and comparing 
the trends with the trend given by equation 
(5-1), it is possible to provide the necessary 
outdoor ventilation air. The following describes 
how this is accomplished by using this com
parison to set the position of dampers which 
control outdoor air intake. 

5.3 C:ont;rol Loop 

Equation (5-1) is converted into a control algo
rithm that, for a given building, calculates the 
transient concentrations of C02 to be used for 
the calculated set point. Based on this, the con
trol loop consists of a C02 sensor located in the 
common return air stream, which measures the 
actual concentration and the change of concen
tration over a set interval of time. The controller 
compares the measured and calculated values 
and sends a signal to the outdoor air damper 
operator, which is adjusted as necessary. 
(See Fig. 3.) 

If the measured concentration of C02 agrees 
with the calculated set point, the outdoor air 
damper setting is correct. If there is a discrep
ancy between these two values, the control 
algorithm determines the action to be taken. 
This involves moving the outdoor air damper 
until the desired agreement in readings is 
achieved. A control strategy for this arrange
ment is described in some detail by Vaculik 
(see References), who also shows that varia
tions from the simple case depicted by equa
tion (5-1) can be readily accommodated by 
this control strategy. 
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5.4 C:ont;rol St;rat;egy 

When contaminants are generated, they 
mix with the surrounding gases, so that even 
though there is a purging process going on, the 
concentrations of the contaminants will build 
until a steady state is achieved. This steady 
state concentration is related to the concentra
tion of the outdoor air being admitted, the 
generation rate of contaminants , and the rate of 
admission of outdoor air by the relation 

Css - Coa = Sr I Yr 

Where Sr denotes the source rate of carbon 
dioxide production. 

(5-2) 

Clearly, unless the rate of purging is infinite, or 
the rate of generation is zero, the steady state 
concentration will be higher than that in the 
outdoor air being admitted. 

The rate of increase of contaminant concen
tration in the space being purged, before it 
reaches steady state, may be derived from 
equation (5-3). 

Css - C = (C55 - C0a) exp(-Vr·'t/Vol) (5-3) 

where C is the concentration of the contami
nant in volume "Vol" at time "'t'' , and other 
terms are as defined following equation (5-1) .  
The form of this relationship is shown in Fig. 4. 

The Simplest; Model 

If all the people, who are the major sources of 
contaminants, entered the building at the same 
time, remained in the building for the same 
length of time, and left at the same time, it 
would be a simple matter to combine the 
two expressions, (5-1) and (5-2), to determine 
the ventilation rate required to avoid exceeding 
the maximum allowed concentration of con
taminant in the office building. Generally, 
however, this is not the case. 
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In an office complex in which the occupants 
are allowed flexible hours, the people do not 
all enter at the same time, nor do they leave 
at the same time. Consequently, the source 
term, Sr, changes with time, so that, unless 
the ventilation rate changes with it, we observe 
from equation (5-1) that the steady state 
concentration would change with time. This 
is a contradiction in terminology. Similarly, 
equation (5-2) is developed based on the 
assumption that C55 is a constant in time, which 
implies that the source rate is constant in time. 
In practice, the concept of a steady state con
centration being approached may be used, 
even though, in the strictest mathematical 
sense, the steady state as defined by equation 
(5-1) is not really steady because the number of 
sources changes throughout the day. 

In a practical application, the control system 
may be set up to respond in such a way that 
the concentrations will asymptotically approach 
a limit, which will be referred to as the quasi
steady state concentration. This limit can then 
be chosen somewhat independently of the 
steady state described above, as long as the 
air handling system is capable of ensuring 
that it not be exceeded. Air handling systems 
with a free cooling option have excess ventila
tion capacity, so the limit can generally be 
set to levels which are well within ASHI{AE 
Standard 62-1989. 

Deviadons f•·om che Simplest; 

Model 

The HVAC systems in an office building are 
generally turned on to provide for some degree 
of purging with outdoor air prior to occupancy 
hours, which may bring the C02 concentrations 
down to levels near those in the outdoor air, 
or at least well below the steady state value 
experienced during occupancy hours. 

Washroom exhaust fans must be in operation 
whenever the building is occupied. This air is 
replenished by outdoor air make-up, which 

... ... 
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forms part of the overall outdoor air introduc
tion for ventilation purposes. When the number 
of occupants in the building calls for more 
outdoor air than that exchanged by washroom 
fans, this washroom exhaust portion would 
simply form part of the overall outdoor air 
introduction without affecting the strategy in 
other ways. If people enter the building over a 
period of several hours, as is normally the case, 
washroom exhaust fans would be turned on at 
the time people begin to arrive . However, an 
energy efficient strategy for providing addi
tional ventilation air should take over the con
trol system when the number of occupants is 
greater than the number served by the outdoor 
air exchanged while washroom exhaust fans 
are operating. 

Considering all the variables, it is possible to con
ceive of a vety large number of concentration
time profiles, each of which is determined by a 
particular strategy to satisfy the ventilation 
requirement. Some possible strategies for 
control of ventilation are discussed in the 
section below. 

As indicated earlier, the simplest model is for 
the situation in which all occupants enter the 
building at the same time, stay for the entire 
day and leave at the same time. If people arrive 
at the office over an extended period of time, 
and if some leave at lunchtime and return later, 
and there is then another distribution of times 
during which people leave the building at the 
end of the working day, the concentration of 
C02 will be somewhat lower in the early hours 
of operation than the concentrations shown 
in Figure 4 .  

The concentration, however, should not be 
lower than that in a building without a VDC, 
where the minimum outdoor air damper posi
tion has been set to comply with the ventilation 
requirements. In such buildings, the shape of 
daily concentration of C02 resembles the back 
of a camel, as illustrated in Figure 5. 



5.5 Mai1a1;enanee of 
t;be V DC 

Carbon Dioxide SeHsors 

The main maintenance task with these sensors 
is to check that their calibration has not drifted 
significantly. This should be done at least every 
two or three months, by testing their sensitivity 
to a sample of carbon dioxide. If the calibration 
is noted to drift excessively, the sensor should 
be referred back to the supplier for possible 
replacement. 

Since the VDC is active during the mechanical 
cooling season only, one calibration before and 
one during the summer should suffice .  

Eleet:ronie Cont;roller 

At the time of installation, the controller will be 
set up to function appropriately. At this point, 
the algorithm used to compute the control logic 
should be verified by a step-through procedure 
of the control loop. This sequence should be 
repeated as a regular pa1t of the preventive 
maintenance program. 
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When the controller sends an instruction to the 
motor actuators to change a control setting, it 
produces an output signal that should also be 
checked for accuracy. If there appears to be a 
problem with this signal, the supplier should 
be consulted. 

Mot;or Aet;uat;ors and Dampers 

The motors used to move the damper positions 
should be maintained according to the manu
facturer's specifications. The dampers should 
be free from obstruction, and should be 
lubricated as recommended. 
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A. Projee• Delivery 
Sys•e1n 

The Project Delivery System is the basic frame
work within which PWC's real property proj
ects (and those executed by PWC for others) 
are developed, acquired or implemented, and 
put into use. The system helps ensure a quality 
end product, delivered on time and within bud
get. It can be used to promote and maintain 
good communications among project team 
members, including the ventilation engineer. 

The PDS has six phases, in which it is recom
mended that ventilation engineering services 
be provided as follows. 

I .  Planning 

The product of this phase is an investment plan 
in response to the tenant/user needs. The ven
tilation engineering input during this phase is 
concerned with establishing IAQ criteria, and 
with the external air pollution in the vicinity of 
the site that may cause IAQ problems. 

2. Definit:ion 

The product of this phase is the Project Brief or 
the Leasing Documentation Package. In either 
case, ventilation engineering ensures that air 
handling systems are capable of controlling 
off-gassing, and that they comply with normal 
ventilation requirements . 
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3. Implement:at:ion 

This phase has two products, a set of construc
tion drawings and specifications, and a built 
work. The built work is either a base building 
or a fit-up. In the case of a lease, the base 
building is usually already built. The ventilation 
engineering input is limited to the verification 
of the ventilation requirements defined in the 
Project Brief, through reviews of construction 
documentation. 

4. Commissioning 

The product of this phase is a functioning facil
ity. The most intensive ventilation engineering 
input is needed during this phase. Enhanced 
ventilation strategies must be established and 
implemented first-an especially demanding 
task on projects with phased occupancy. As the 
off-gassing process stabilizes, a normal ventila
tion strategy must be implemented. During 
this phase, the ventilation engineer must also 
ensure that the actual volume of outdoor air 
introduced into each ventilation system meets 
the ventilation requirements, and that the air 
distribution to individual work stations is well 
balanced. See Appendix C for procedures of 
delivery of enhanced ventilation. 

5. Operat:ing 

The product of this phase is a facility-in-service 
that meets the needs of the tenant/user. Ventila
tion engineering input can be divided into 
two distinct stages :  a relatively intensive stage 
that takes place during the first year of opera
tion and a second, more routine stage that 
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continues throughout the remaining service life 
of the facility. Ventilation engineering services 
are provided either to respond to IAQ com
plaints, or support to project managers when 
new fit-up or renovation projects are initiated 
in response to changing tenant needs. 

During the first year of operation, the ventila
tion engineering services basically include fine
tuning of ventilation rates, adjusting air circula
tion, and implementation of local ventilation 
systems. During the remainder of the service 
life, the ventilation engineering services also 
include implementation of enhanced ventilation 
regimes whenever new materials are imported 
into the building. 

,. 
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6. Evaluat;ion 

The aim of this phase is to determine how 
well the finished facility fulfils the design intent 
recorded in the Project Brief. The evaluation 
report helps owners and project leaders deter
mine which design features work and which 
do not. The ventilation engineering input at 
this stage consists of exchanging information 
about experiences and lessons learned. 

" 
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B. Delivery of Normal 
Ven"tila"tion 

I .  Informat;ion Gathering 

The ventilation engineer must be familiar with 
the building, its systems, its surroundings, and 
any concerns occupants may have about their 
environment. The most important aspect of 
the familiarization process is listening to the 
IAQ-related experiences of the PM and 
building operators . 

Guidelines given in the Level I Manual "Managing 
Indoor Air Quality" should be followed. 

2. Walk-t;hrough Anspeet;ion 

Based on the information gathered in the previ
ous step, a walk-through inspection must be 
conducted. This will provide additional infor
mation about the building and its environment. 
During this inspection, all potential sources of 
air contamination should be identified, such as: 

• combustion devices; 
• copying machines; 
• stored chemicals or cleaning supplies; 
• open drains; 
• HVAC equipment. 

During the walk-through inspection, tempera
tures, relative humidity, C02 concentration, and 
the degree of thermal comfort should be mea
sured at several locations, especially in the work 
station from which the complaint originated. 

3. Init;ial Review 

The purpose of this task is to review and 
analyze all information obtained to determine: 

a) whether any of the systems require cleaning; 
b) whether minor adjustments or repair/ 

replacement of faulty components may 
solve the problem; 

c) whether medical experts should be consulted; 
d) whether a more detailed assessment of the 

HVAC system is required. 
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In most cases, causes of IAQ-related complaints 
can be discovered at this point. If a more 
detailed assessment is required, further testing 
should be done as follows. 

4. Det;ailed M easurement;s 

of Te111perat;ure, 

Belat;ive l·l umidit;y and 

C02 Coneent;rat;ions 

While spot measurements of these quantities 
are recommended during the walk-through 
inspection, more comprehensive testing should 
be done during this phase. The following 
equipment and procedure are suggested: 

Equipment: 

• thermometer; 
• relative humidity meter (e.g. Vaisala HMI 31) ;  

and 
• portable C02 detector (e.g. Fuji ZFP 5 or 

Horiba APBA 2 10). 

Test Procedure: 

• select two or three densely occupied floors, 
including the floor(s) on which a problem 
has been reported; 

• select at least two locations on each floor, 
and measure the air temperature, relative 
humidity and C02 concentration continually 
or at hourly intervals throughout the day. 

Note: Ventilation engineering services described 

in Steps 5 through 8 are usually provided by 

highly specialized personnel. 

5. Measurement; of Air Change 

Rat;es, Air Dist;ribut;ion 

Pat;t;ern, and Cont;aminant; 

Dispersion Pat;t;ern 

In buildings with a functioning ventilation 
demand controller, the following measurements 
may not be needed, since the VDC calculates 
the air change rates automatically on a real 
time basis, providing the VDC is calibrated. 



Minimum Air Change Rate 

A building's minimum air change rate can be 
determined by conducting four or five tracer 
gas decay tests under warm weather and calm 
wind conditions (i .e .  outdoor air temperature 
above 15° C, and wind speed of less than 
20 km/hr) , with the outdoor air dampers set at 
their minimum positions. Appendix G contains 
a detailed description of the gas decay test. 

Air Distribution Pattern 

The air distribution pattern can be determined 
by injecting the tracer gas directly into the 
supply air flow, then measuring its distribution 
over time throughout the area served by that 
system. This method would be more easily 
quantifiable, in terms of flow distribution, than 
the first method suggested. This approach is 
outlined in Appendix H.  

Contaminant Dispersion Pattern 

The test procedure outlined in Appendix H can 
be used, except that the tracer gas is injected at 
one location within a zone (e.g. in one room) . 
Similarly, contaminant dispersion rates can be 
evaluated, approximately, by injecting a small 
amount of tracer gas at one location within a 
zone, and measuring the tracer gas concentra
tions at regular time intervals both at the injec
tion location and at several other locations on 
the floor. The faster the concentrations at all 
the various measurement points approach the 
same values, the higher the dispersion rate. 
This technique can be used to evaluate room
to-room dispersion rates. 

In general, for areas with known contaminant 
sources, such as a room with a blueprint 
machine, the air dispersion rate should be as 
low as possible to prevent the contaminated air 
from exhausting to surrounding rooms. For 
general office areas, on the other hand, the 
dispersion rate should be as high as possible 
to facilitate a uniform distribution of outdoor 
ventilation air'. 

... 
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Contaminant Re-Entry 

Tracer gas injection can also be used to 
determine whether exhaust air re-enters the 
building. A small amount of tracer gas is 
injected into an exhaust system, then concen
trations are measured at the outdoor air intake 
of each HVAC system. If tracer gas is detected, 
the exhaust system's inlet or outlet may have to 
be relocated. This test should be done under 
various wind conditions . 

6. •dentification and 

Measure1neni; of Cont;aminant;s 

The objective of this task is to identify the 
major contaminants in a building, their sources, 
and their levels of concentration. This can be 
achieved by analyzing air and water samples 
collected from several locations inside and out
side, particularly inside various compartments 
of the HVAC systems . Some of these measure
ments may need to be repeated in other 
seasons to detect seasonal pollutants. 

7. Jnt;erim Review 

The next step is to identify contaminants 
whose concentrations must be maintained 
below certain levels recommended by 
prevailing standards . 

8. Esi;ablish Beladonsltip 

Bei;ween Coni;aminani; 

Concent;rat;ions and Air 

Change ftat;es 

Once these contaminants have been identified, 
the next step is to either remove the source(s) 
or to determine how much outdoor air is 
required to keep contaminant levels below 
prescribed limits. 

To determine the relationship between concen
tration and air change rate for each contaminant, 
measure both the concentration and the actual 
air change rate continuously for one week, 
then repeat this procedure with four different 

.. ... 



outdoor air supply rates. For this series of tests, 
the normal operating schedule of the HVAC 
systems should not be changed, except that 
Saturday is treated as a weekday to determine 
the effect of occupants on the contaminant 
level. A minimum period of one week of moni
toring at each air change rate is suggested, 
since some sources (such as those associated 
with cleaning) may have a weekly cycle. This 
task is beyond the scope of this document. 

9. Design and Implement;at:ion 

of Vent:ilat:ion Solut:ion 

See Appendix A, Phase 3. 

I O. Commissioning 

See Appendix A, Phase 4 .  

I I .  Monit;oring of Complianee 

wit;h Vent:ilat;ion Requirement; 

See Appendix A, Phase 5 .  

4 5  

I 2. Final ll.eview and Report; 

The final task is to review all test results and 
obtain any missing information. Follow-up 
measurements of selected contaminants can 
also be carried out if adjustments have been 
made to the HVAC systems, or if potential 
contamination sources have been removed.  

A summa1y report should be prepared, with 
results interpreted and presented in a manner 
easily understood by non-technical persons. 
The report should include: 

• a brief description of the building; 
• the nature of the occupants' complaints; 
• the actions taken; 
• the measurements used; and 
• the basis for any recommended remedial 

measures. 

� 
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C. The Cri•ical Work 
S•a•io11 Conce1•• 

In office buildings, air distribution systems 
are generally designed to meet thermal load 
requirements, and are therefore not linearly 
related to the distribution of personnel in the 
office space. 

Consequently, the amount of outdoor air in the 
air distribution system must be high enough to 
ensure that the work station that receives the 
least amount of supply air in proportion to its 
occupancy levels (the critical work station) 
receives the prescribed minimum rate of 
outdoor air. 

All other work stations will then be "over
ventilated," according to the prescribed 
ventilation rate . The degree of over-ventilation 
depends on the diversity of heating and cooling 
loads in the ventilation zone, and the type and 
number of air handling units in use . 

When most work stations receive more than 
the prescribed amount of outdoor air, the total 
return air will have a lower concentration of 
contaminants than the return air from the criti
cal work station. Since the total return air has 
not been contaminated to the allowable limit, 
that portion of it which is mixed with the 
incoming outdoor air in the mixing chamber is 
still capable of removing air contaminants from 
the office space. This reduces the conditioning 
of the outdoor air, thereby reducing energy 
consumption. 

Equation (6-1) of the ASHRAE Standard 62-1989, 
shown below as equation (C-1) ,  is used to 
compute the required outdoor air flow rate for 
a ventilation zone. 

In each ventilation zone, which is a portion of 
a building serviced by one ventilation make
up air unit, there is at least one critical work 
station which receives relatively the lowest rate 
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of supply air per person. Such a work station 
is located in what is termed below as "critical 
space. "  

Yot I Yst = (Yon I Ystl/{ 1 . + Yon I Yst -
Yoe I Ysd (C-1)  

where : 
YotlYst 

Yon/Yst 

Yoe/Yse 

Yot 

Yst 

Yon 

Yoe 

Yse 

Corrected fraction of outdoor air 
in system supply 

Uncorrected fraction of outdoor 
air in system supply 

Fraction of outdoor air in critical 
space 

Corrected total outdoor air flow 
rate 

Total supply flow rate , i .e .  sum of 
supply flow rates for all branches 
on system 

Sum of outdoor air flow rates for 
all branches on system 

Outdoor air flow rate required in 
critical branch 

Supply flow rate in critical branch 

The procedure for using equation (C-1) is as 
follows: 

1 .  Compute the uncorrected outdoor air frac
tion by dividing the sum of all the branch 
outdoor air requirements by the sum of all 
the branch supply flow rates. 

2. Compute the critical zone outdoor air 
fraction by dividing the critical zone outdoor 
air requirement by the supply flow rate . 

3 .  Evaluate equation (C-1) to find the corrected 
fraction of outdoor air to be provided in the 
system supply. 

l'i• 
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D. I Hdoor Air Qualit;y 
Proeed Hre 

The indoor air quality procedure makes it 
much easier to verify compliance with the 
ASHRAE Ventilation Standard, or lack of it, than 
does the ventilation rate procedure described 
in Subsection 3.5.  Instruments are commercially 
available for this test which allow the necessary 
measurements to be taken while the operator is 
far enough away to avoid distorting the readings. 

With this method, a sensor is placed in a 
suitable location to detect the C02 concen
tration. The sensor should be placed in the 
office to be checked, at a location which will 
give a representative concentration of the C02 
level. It should be placed so that it does not 
directly pick up the gases exhaled by the office 
occupant, since this would not be represen
tative of the concentration in the space. If pos
sible, place the sensor in the return air intake, 
immediately in the flow path of the return air. 

Measured C02 data need to be converted into 
the ventilation rate, expressed in litres of out
door air per second per person. The following 
is a detailed description of this conversion. 

In ----11� Contaminant 
Source ---..out 

The above figure represents the volume to 
be ventilated. The space has air entering and 
leaving, and has a contaminant source within it. 
A number of possibilities exist for the space 
within the box, such as: 

1. It may be at a steady state concentration, so 
that carbon dioxide is being depleted (by 
the flow of outdoor air into the space) at the 
same rate it is being produced by the source. 

2. The C02 concentration may fluctuate. 
Concentrations will increase with time if 
the source produces more C02 than the 
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ventilation air removes, and decrease if the 
situation is reversed. In this case, it may be 
that there is a source of C02 with no ventila
tion air moving, or that the ventilation air is 
flowing and there is no source of C02. 

Having a control system within a ventilation 
system to produce steady state C02 at all times 
would be difficult and impractical. It should be 
noted, however, that the ventilation rate may 
be a steady flow so that the rate of incoming 
air equals the rate of air leaving. This would 
result in overall mass steadiness, even though 
the contaminant concentrations change with 
time. Therefore, the case with steady flow with 
a non-steady concentration is the most common. 

In the examples that follow, the reference to 
steady or non-steady will refer to the carbon 
dioxide concentrations only, since it is assumed 
that whenever the ventilation system is in oper
ation, the flow into the space will equal the 
flow out of it. 

Since the steady (concentration) case represents 
the cross-over between an increasing and a 
decreasing concentration when the ventilation 
is in operation at the same time as a source is 
present, it is of some interest to evaluate. It will 
be considered first ,  followed by the general 
cases with changing concentration. 

St;eady St;at;e Coneent;rat;ion 

Since it is assumed that the overall mass of "air" 
in the space is constant, the conservation of 
carbon dioxide relationship implicitly states that 
whatever is not carbon dioxide is "other air. " 

The rate of C02 entering Cin · Vr 

The rate of C02 leaving Cout · Vr 

The rate of production of C02 = Sr 

(Notation appears at the end of this Appendix.) 



Generally, then, if the concentration changes 
with time, the differential equation describing 
the conservation of carbon dioxide in the 
space is: 

d(C5p · Yol)/dt = (Cin · Yr) - (Cout · Yr) + Sr 
(D-1) 

For the case of steady state carbon dioxide 
concentration, the required ventilation rate is: 
(since d( )/dt = 0.) 

Yr = Sr /(Cout - Cin) (D-2) 

If the only sources of carbon dioxide in 
the space are the people, all of whom are 
functioning with the same respiration rate, then: 

Sr = N·RR-Crr (D-3) 

If people are operating at different respiration 
rates, or if other sources of carbon dioxide 
production exist, this last equation would be 
a summation over all the sources. 

Example: 

If Cout 

Cin 

RR 

Crr 

Then: 

800 ppm 

350 ppm 

8 litres/min/person (as for light 
office work) 

38,000 ppm C02 

Sr = 0 .304 (litres C02/min/person) 

0.005 (litres C02/sec/person) 

and the resulting ventilation rate to maintain 
steady state is: 

Yr = 1 1 .2 5  litres/sec/person 

Therefore, a ventilation flow rate of 11.25 litres/ 
sec/person would be required to maintain steady 
state at the conditions used in the example . 

... ... 
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'fi•ansient Condltions..,, WiC;h or 

'"iC;houC; GeneraC;io11 

As noted earlier, the transient condition is the 
most likely mode of operation. For this condi
tion, the rate at which concentration levels 
change is important. The differential equation 
must be solved for this case . Upon rewriting it, 
we note that Csp is the concentration in the 
space, which is also assumed to be the concen
tration of the air leaving the space, Cout· The 
ventilation rate will be assumed constant for 
solution of equation (D-1).  

d(Csp · Yol)/dt = (Cin · Yr) - (Cout · Yr) + Sr CD-1) 

Since Cin is assumed constant in time, and 
Cout = C5p, as noted above, equation (D-1) may 
be rewritten as: 

d(Csp - Cin)/dt = - (C5p - Cin)(Y/Yol) 
+ S/Yol (D-4) 

In this case, Yr is constant, but Sr may vary with 
time if the number of people in the space varies 
with time. The general solution to this differen
tial equation, for Yr constant, is of the form: 

Csp - Cin = expC-Yr · 't/Yol){f(S/Yol) · 

exp(Yr · 't/Yol)d't + Ci} (D-5) 

where Ci is a constant of integration to be 
evaluated at time 't = 0. If the number of sources 
changes with time, the general solution would 
depend on this function of time. If Sr is con
stant with time, the general solution may be 
written as: 

Csp - Cin = S/Yr + Ci ·  exp(-Yr · 't/Yol) (D-6) 

finally, if Csp = C0 when 't = 0 . ,  then the 
solution is: 

Csp - Cin = (S/Yr) · {1 - exp(-Yr · 't/Yol)} 

+ ( C0 - Cin) · expC-Yr · 't/Yol) (D-7) 

Some special cases of this expression will be 
considered next. 

.. 



Carbon Dioxide Souree wit;ll 

No Vendladon 

When the ventilation rate is set to zero, the 
source term on the right side of equation CD-7) 
becomes indeterminate, since both the numera
tor and denominator go to zero. L'Hopital's 
rule allows the limiting function to be obtained, 
which may be written as follows: 

Csp - Cin = Sr · ('t/Yol) + (Co - Cin) (D-8) 

or, since Cin is meaningless, when no flow is 
entering, 

Csp = Sr · C 'tNol) + C0 (D-9) 

This form of equation may be obtained more 
easily by setting up the original differential 
equation without any ventilation flow included. 
It clearly shows the expected increase of 
concentration of carbon dioxide with time. 

No Carbon Dioxide Souree" 

wit;b Vendladon 

This case may be readily obtained from 
equation (D-7) by setting the source term to 
zero, resulting in: 

Csp - Cin = (C0 - Cin) · exp(-Yr · 't/Yol) (D-10) 

This equation (D-10) applies to the decrease of 
C02 concentrations with time, when the venti
lation system is operating but no people are 
present to contribute to the C02 levels. This 
equation could then be used to interpret data 
taken after working hours, provided there are 
no people present. If a person is needed to 
take the data, strictly speaking, this equation 
will not apply. 

Equation (D-10) can be arranged to solve for 
the ventilation rate as follows: 

Y/Yol = (1/'t) · ln[(C0 - Cin)/(C5p- Cin)l (D-11) 

S I  

This equation can be used to compute the rate 
of air changes in the space, given the concen
tration change with time, and the concentration 
of the incoming fresh air. This can be used to 
compute the ventilation rate if the volume is 
specified and no sources are present. 

Some Carbon Dioxide Souree 

wit;h Vendladon 

Equation (D-11), as noted, applies only when 
no sources of carbon dioxide are present. Since 
most meters used to measure C02 must be read 
by a human observer, this means a source of 
carbon dioxide is present. It is, therefore, of 
interest to evaluate the effect that the presence 
of one or two people may have, to investigate 
the validity of the use of equation (D-11) in 
such a case . 

The general relation (equation D-11) which 
relates the concentrations to the generation and 
ventilation rates may be rearranged as follows: 

Yr = (Yol/'t) · {ln(C0 - Cin - S/Y1.) -
lnCCsp - Cin - S/Yr)l (D- 12) 

When the source, Sr, is zero, this equation reve1ts 
to being identical with equation (D-11). When 
Sr is non-zero, it permits the actual ventilation 
rate to be computed when a source, such as a 
person reading the meter, is present in the space. 
Although it is clear that equation (D-12) is not 
as directly solvable as equation (D-11) since Yr 
appears on both sides of the equation, it can 
be readily solved by an iterative technique .  

Applieadon o f  Theory t;o 

Obt;ain Vendladon I�at;e 

The theory developed in this section suggests 
several ways of determining the ventilation 
rate based on measured values of the carbon 
dioxide concentration. The simplest of these is 
the decay method, which is used when no car
bon dioxide sources are present and the venti
lation system is on at a steady rate during the 
measurement time period. Equations (D-10) 
and (D-11) are applicable to this case. 



To apply these, it is necessary to obtain mea
surements of C02 concentration for at least 
two consecutive times, separated by a time 
interval "-r". Applying equation (D-11) then allows 
the current ventilation rate to be evaluated. 

Example: 

At time 17 :00, the C02 concentration was 
650 ppm. 

At time 17 :25 ,  the C02 concentration was 
575 ppm. 

The outdoor air had a C02 concentration of 
350 ppm. 

Volume of the room under consideration: 
50 cu . metres 

Applying equation (D-1 1) gives the following 
result: 

Yr/Vol = (1/25 min) · ln{(650 - 350)/ 
(575 - 350)) 

= 0.01 1 5  min-1 = 0.69 hr-1 

For a volume of 50 m3, this corresponds to 
34. 5  m3/hr of outside ventilation air, or 9.6 Lis 
of outdoor air entering. 

More than one set of readings should be taken, 
since the reading accuracy is not always 
100 percent. By taking readings over a period 
of several hours (if everything is operating in 
steady state) and plotting the results, a best fit 
line through the points will, to some extent, 
overcome some of the inaccuracies in readings. 

If these measurements were taken with one 
or more persons in the space, then equation 
(D-1 2) should be used, with an appropriate 
estimate of the source term. An iterative solu
tion will be required in that case. 

... 
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Notation 

C - concentration of carbon dioxide, 
(in ppm) with various subscripts 
as follows: 

Cin - denotes the concentration of 
carbon dioxide in the air 
entering as outdoor air; 

Cout - denotes the concentration of 
carbon dioxide in the air leaving 
the space, which is assumed to 
be the same as the average con
centration within the space 
(equals C5p); 

Crr - denotes the concentration of 
carbon dioxide in the respiration 
air emitted by people in the 
space; 

Csp - denotes the concentration in 
the space; 

C55 - denotes the steady state concen
tration in the space of interest; 

N - denotes the number of people 
in the space who are contributing 
to the generation of carbon 
dioxide; 

RR - denotes the respiration rate of 
people occupying the space; 

Sr - denotes the source rate of 
carbon dioxide production; 

't - denotes time; 

Vol - denotes the volume of the space 
under consideration; 

Yr - denotes the volumetric flow rate 
of ventilation air. (This rate 
applies to both the inlet and 
outlet, as a steady state is 
assumed with respect to the 
overall amount of air in the 
space.) 

... .. 
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E. Delive•·y of E1d1ancet:I 
Ve.1:-a.-ti.la-tio11 

When new materials are scheduled for installa
tion, enhanced ventilation should be considered 
to avoid IAQ complaints .  Where enhanced ven
tilation is not implemented, experience shows 
that complaints escalate to a point that the 
building may be labelled a "sick building" -
a label which is ve1y difficult to eradicate. The 
following steps are recommended: 

I .  ldent:ifieadon of Source 

The manufacturer or supplier of the material to 
be installed may know what the predominant 
air contaminant is, to be used as an indicator of 
off-gassing process control. The off-gassing rate 
per unit of that material may also be known. If 
this information is not available, laboratory tests 
may be required. 

2. Definidon of Vendlat;ion 

llequiremencs 

Enhanced ventilation requirements are deter
mined, based on the information obtained in 
the previous step, on the estimate of the 
amount of material to be installed, and on the 
surface area from which it will off-gas. These 
will vary according to: 

• the availability of heating or cooling capacity 
for enhanced ventilation rates; 

• outdoor temperature; 
• the type of air handling system; 
• the energy management policy; 
• the time allowed for off-gassing; and 
• other factors that may affect the design of 

enhanced ventilation strategy. 

s a  

3 .  Design and hnplen1e1.t:acion 

of Vent:ilat:ion Soludon 

Where a satisfacto1y solution to off-gassing 
control cannot be achieved through modifica
tions to ventilation strategy, perhaps an interim 
solution could be used, such as exhausting 
the off-gassing space directly to the outdoors, 
either through a window or a dedicated shaft. 

4. Monii:oring 

The monitoring procedures are thoroughly 
described in Appendix F. 

5. Change-ovea• co Normal 

Vent:iladon St:rat:egy 

When the concentration of the predominant air 
contaminant reaches an acceptable level, the 
enhanced ventilation cycle is over and normal 
ventilation can resume. Methods of assuring 
compliance with ventilation requirements are 
presented in Section 3 of this document. 
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F. Deter1uining and 
Mo11ito••i11g Enl1.aneed 
Ventilation 

It is generally accepted that the rate of off
gassing may be represented by an exponential 
function. Measured quantities are needed to set 
the constants for the exponential, since the 
exponential decay depends on a variety of 
parameters which cannot easily be evaluated 
for a given case. Further research may prove 
that the actual decay may be most accurately 
represented by a compound exponential to 
represent the various mechanisms involved.  
However, for the purposes of ventilation engi
neering, let us suppose that it can be repre
sented by a simple function, to a first order 
approximation, such that the concentration of 
the contaminant in the space is given by: 

C = C0 exp(-a(t - 't0)) (F- 1) 

where C0 is the concentration at the first mea
surement time when 't = 't0; a is the decay con
stant. The procedure for using this to project 
the time required may be sequenced as follows: 

1 .  Initialize Time and Concentration 

Make an initial measurement of the concentra
tion of the contaminant that is to be reduced. 
Denote this concentration as C0. Note the time . 
Subsequent time will be relative to this time, 't0. 

2. Evaluate Decay Constant 

After a time interval , at 't = 'tl i  the concentra
tion is measured to be C1 . Using the values of 
the concentration measured at these two times 
now allows the decay constant "a" to be evalu
ated. That is: 

a = ln(C0/C1)/('t1 - 'to) (F-2) 
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3 .  Project to Target Concentration 

The information obtained to this point in the 
procedure may now be used to estimate the 
time at which the concentration is reduced to 
another, lower value. Suppose the lower con
centration desired is denoted as Cr. 111e projected 
time to achieve Cr is obtained when 't = 'tf, 
which is: 

'tr = 'to + ln(C0/Cr)/a (F-3) 

Since the actual decay will not be a simple 
exponential as used in these equations, it would 
be advisable to update the estimates from time 
to time. This would be done by returning to 
Step 1 ,  setting new values for C0 and 1:0, and 
following the procedure through Steps 2 and 3 .  
This sequence can b e  followed until the con
centration has been reduced to the desired 
level. This projection is useful because it gives 
at least an approximate indication of how long 
it will take . 

Ex�nnple 1•roble1n 

As an example of the type of calculation that 
might be done, consider a case in which the 
volatile organic compounds had a concentra
tion of 100 mg/m3 as measured at 1 2 :00 noon, 
on Monday, December 3. On Wednesday, 
December 5, also at 1 2 :00 noon, the concen
tration was measured to be 10 mg/m3, after 
ventilating the space continuously in the time 
between the measurements. If this same proce
dure was continued, when would it be expected 
that the concentration would be 0.5 mg/m3? 

1 .  Initialize Time and Concentration 

Since the measurements have been taken, 
Step 1 is a matter of identifying the variables .  
In this case they are: 

C0 = 100 mg/m3 
'to = 12 :00 on December 3 



2 .  Evaluation of Decay Constant 

Here again, the measurements have been taken 
and the variables are as follows: 

C1 = 10 mg/m3 
11 = 12 :00 on December 5 

The time interval ('t1 - 10) is 48 hours. The first 
stage of the decay constant is now evaluated 
to be: 

a1 = ln{ l 00./10 .)/48 hrs = 0.04797 hrs-1 

It should be noted that the units for the con
centrations cancel because they are the same 
units. If the measurements were taken in differ
ent units, it is essential to have the same units 
for C1 and C0 before evaluating the logarithmic 
term, in order that the result may be interpreted. 

3. Project to Target Concentration 

In this case, the target concentration for this 
time estimate is 0 . 5  mg/m3. While this may not 
necessarily be the final target concentration, 
it is at least an intermediate value that is of 
interest. We can then solve for the time 'tf, as: 

'tf - 10 = ln{ l00./0 .5 1/0.04797 hrs-1 

= 1 10 .45 hrs 

This suggests that after 1 10.45 hours from the 
initial measurement at 1 2 :00 on December 3, 
the reading may be expected to be 0.5 mg/m3. 
That is, just after 2 :00 a .m. ,  on Saturday, 
December 8, the reading may be as low as 
0 .5  mg/m3, if the rate of decline continues on 
the same exponential as is in effect during the 
first 48-hour period. Since this is unlikely, a 
reading is taken at 2 :00 p.m. on Friday, 
December 7, and the concentration is found to 
be 4 .5  mg/m3. Clearly the additional 12 hours 
will not bring the concentration down to the 
target of 0 .5  mg/m3, and a new estimate should 
be made. 

... ... 

56 

4.  Re-initiate Projection 

For this next estimate, take the value at the pre
vious 11 as being the new 10, and the reading 
taken at noon on Friday, December 7, as being 
the new reading at 1 1 .  Then, 

C0 = 10 mg!m3 
C1 = 4 . 5  mg/m3 
C 11 - 'to) = 50 hrs 

The second decay constant is now estimated, 
based on these numbers to be : 

a2 = ln(l0 ./4. 5)/50 hrs = 0.01 597 hrs-1 

Then, the projected time, from this initial 
condition to reduce the concentration to 
0 .5  mg/m3 is: 

'tf - 'to = ln(l0./0. 5)/0 .01 597 hrs-1 

= 187.58 hrs 

This second estimate is based on zero time 
being at 12 :00 on Wednesday, December 5 .  In 
that case, this estimate is that it will take until 
about 7:30 a.m. on Thursday, December 13 to 
reach the target concentration, if the decay fol
lows this second rate faithfully. It is unlikely 
to follow even this rate exactly, so it would 
be advisable to take another reading, perhaps 
about three or four days after the last one, 
and update the estimate. 

This type of declining rate is quite typical, and 
to be expected in any real situation, although 
the numbers will vary with the application. 

.,, ... 
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G. Tl•aeer Gas Me•l•od for 
De•ern1ini .. g Veu•ila•iou 
Ra•e 

Iufor1uat;iou Required 

The following information relating to the 
building should be gathered before testing 
begins : 

• age of the building 
• construction type 
• number of floors or storeys 
• perimeter dimension (m) 
• height dimension (m) 
• typical floor plan 
• building volume (m3) 
• number of occupants 

Equipment; Required 

Each member of the sampling team should 
have the following items: 

• a stopwatch; 
• a marking pen capable of writing on 

Vacutainers; 
• 60 Vacutainers (e .g. Fisher 02-683-54); 
• two 60 cc hypodermic syringes with Luer-Lok 

tips; 
• two 2 1 G  1 hypodermic needles. 

Test Conditions 

Whenever possible, tests should be conducted 
under the following conditions: 

• outdoor air temperature of at least 1 5° C; 
• calm wind speed; 
• outdoor air supply dampers at minimum 

opening position (in order to test for the 
minimum air change rate); 

• closed exterior windows and doors; 
• open interior doors; 
• HVAC systems in normal operating mode. 

5 7  

Team 

One person per two to three floors. 

Test; Du••at;iou 

Four to five hours per test. 

Preparat;iou fo•· Test; 

a) Calculate the internal volume of the test 
building, vb (m3) 

b) Calculate the volume of (SF6) tracer gas 
required to achieve a set concentration of 
SF6 in the building (50 ppb is recommended 
using the relation: 

Vg = Vb ·  Ct 

where: V g = volume of SF6 tracer gas at 
atmospheric pressure, 

vb = building volume, 

(G-1)  

Ct = concentration of tracer gas 
when uniform throughout the 
building, (50 ppb recommended) 

Example: A building of volume 80,000 m3 
and a concentration goal of Ct = 50 ppb, 
requires a volume of SF6 of: 

Vg = 80,000 (m3) · 50 (ppb) · 
1 03 (Lfm3) · 10-9 (ppb-1) 
4 L (at atmospheric pressure 
and ambient temperature) 

c) Prepare the required amount of pure SF6 
tracer gas and store in a suitable pressurized 
container. 

d) Determine locations within the building at 
which to perform the air sampling: 

• select 5 to 10 typical floors; 
• mark the sampling locations on the floor

plans, including the main return ducts and 
4 or 5 locations in the occupied space. 



e) Prepare Vacutainers for sampling by taping 
septums securely in place; (Note : each test 
will require approximately 400 Vacutainers.) 

D Assemble the items of equipment required 
by each member of the sampling team, as 
listed in Equipment Required above. 

'Jest; Procedure 

a) Record test date and start time . 

b) Measure and record: 

• outdoor air temperature °C; 
• wind speed km/h; 
• wind direction; 
• indoor air temperature 0C . 

Note: Weather information can be obtained 

from a local weather station; if the subject 

building is in the vicinity of other large 

buildings, it is quite likely that the wind 

conditions will be somewhat different from 

those given by the weather station .  

c) Have the sampling team gather a t  a pre
determined location within the building 
and zero all stopwatches . 

d) Start all stopwatches simultaneously, then 
disperse the sampling team to the selected 
sampling positions/floors . 

e) Release the tracer gas into the main supply 
duct of each HVAC system, noting the time 
when this is done. The amount of tracer gas 
released at a given location is computed 
based on the relative floor area served by 
that system. 

Note: Make sure the tracer gas container is 

tightly sealed, and do not bring it into the 

building until all is ready for its release. 

D Begin taking samples of air/gas 30 minutes 
after the tracer gas is released. 

., 
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g) Use the following procedure for taking gas 
samples: 

1 .  Just before the scheduled sampling time, 
purge the 60 ml syringe twice with room 
air, at the first sampling location; 

2. Draw a 60 ml sample of air/gas into the 
syringe, at the first location; 

3. Pause several seconds to permit the gas 
in the syringe to stabilize to atmospheric 
pressure, then push the plunger forward 
to the 50 ml mark; 

4. Insert the syringe needle through the 
septum of a Vacutainer; 

5 .  Without exerting any pressure on the 
plunger, observe the syringe plunger to 
be drawn forward to approximately the 
30-35 ml mark on the syringe (caused by 
the initial vacuum in the Vacutainer) . 

Note: -if the plunger fails to draw near the 

30-35 ml mark, discard the Vacutainer, 

and repeat steps 1 through 5. 

6. Push the plunger forward to the end of 
the syringe to inject the remaining sample 
into the sampling tube (Vacutainer). 

7. While holding the syringe plunger at its 
most forward position, remove the needle 
from the tube, and record the sampling 
time and location. 

8. Move to the next assigned sampling 
location and repeat steps 1 through 8, 
repeating this procedure at each location 
until samples have been gathered at each 
location. 

9. Repeat steps 1 through 8 at 1 5-minute 
intervals for two hours following release 
of the tracer gas . 

h) At the completion of the SF6 sampling, once 
again measure and record: 

• outdoor air temperature °C; 
• wind speed km/h; 
• wind direction; 
• indoor air temperature 0C . 

... ... 



Dat;a Analysis 

A gas chromatograph equipped with an electron 
capture detector should now be used to 
analyze the SF6 concentrations in the sampling 
tubes. The results should be treated as follows: 

a) For each sampling location, plot the logarithm 
of the SF6 concentrations against time (in 
hours). 

b) Fit the data with a straight line, for the period 
of time during which the concentration 
decreases with time, and obtain the air 
change rate by calculating the slope of the 
fitted line, as follows: 

Since the tracer gas was released once and 
there were no further releases of gas during 
the time of measurement, the change of 
concentration with time caused by the 
purging action of the ventilation air, after the 
tracer has been thoroughly mixed with the 
surrounding air, is given by the relation: 

dC/d"C = - pc 

where: C is the tracer gas concentration, 
C = C1 when "C = 1:1 
"C = time 

(G-2) 

p = the air change rate = V/Vol 
Yr = the volumetric flow rate of 

ventilation air 
Vol = the volume of the space under 

consideration 
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Equation (G-2) may be integrated to give the 
result 

Cr = C1 expC-PC"C - 1:1) = 
C1 expC-P · Ll · "C) (G-3) 

When the slope of the plot of logarithm of 
concentration vs . time is taken, the air 
change rate is obtained from: 

p = _l_ ln(C1/C · 1:) (G-4) 
Ll . "C 
lln(C1) - ln(C · "C)}/L'.l · 1: (G-5) 

For the case under consideration, for the 
method given, it would be expected that 
the concentration at the various points of 
measurement would first show an increase 
with time, while the tracer gas is mixing with 
the surrounding air, and then would show 
the decay suggested by this sequence of 
equations (G-2 to G-5). In this case, only the 
decaying portion of the variation should be 
plotted to obtain the air change rate. 

c) Calculate the air change rates for all sampling 
locations and calculate the average air change 
rate . If the outdoor air dampers were set at 
their minimum position for these tests, this 
would represent the minimum air change 
rate . 

d) Calculate the average outdoor air supply rate 
per person based on the average air change 
rate. 
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.A.I-Jl»E:r"llli .. � II 

H. 'II•aeer Gas Me•l:aocl for 
De•er1uiuing Air Flour 
Dis•ribu.•ion 

For this test, gather the same information relating 
to the building as in Appendix G above. 

Equipment Required 

Each member of the sampling team would be 
advised to have the following items: 

• a stopwatch; 
• a marking pen capable of writing on 

Vacutainers; 
• 50 Vacutainers (e.g .  Fisher 02-683-54); 
• two 60 cc hypodermic syringes with Luer-Lok 

tips; 
• two 21G 1 hypodermic needles. 

Test Condidons 

These tests should be conducted under the 
normal operation mode of the building's HVAC 
systems. 

Team 

One person per two to three floors . 

Test Duration 

Four to five hours per test. 

Preparation for 'l'est 

a) Calculate the internal volume of the test 
floor served by the HVAC system in question, 
Vr (m3) . 

b) Calculate the volume of (SF6) tracer gas 
required to achieve a set concentration of 
SF6 on the floor under investigation (50 ppb 
is recommended), using the relation: 

Vg = Vf · Ct (H-1) 

G I  

where: V g = volume of SF6 tracer gas at 
atmospheric pressure 

Vf = volume of the floor under 
investigation 

Cr = concentration of tracer gas 
when uniform throughout the 
floor under investigation 
(50 ppb recommended) . 

Example: A floor (zone) of volume 1 ,200 m3 
and a concentration goal of Ct  = 50 ppb, 
requires a volume of SF6 of: 

Vg = 1 ,200 (m3) · 50 (ppb) · 

1Q3 (Lfm3) . 10-9 (ppb-1) 
= 0.06 L (at atmospheric pressure 

and room temperature). 

c) Prepare the required amount of pure SF6 
tracer gas and store in a suitable pressurized 
container. 

d) Determine locations within the HVAC zone 
at which to perform the air sampling, and 
mark these locations on the floor plan 
including the main return ducts and 7 or 
8 locations in the occupied space. 

e) Prepare Vacutainers for sampling by taping 
septums securely in place . (Note: each test 
will require approximately 100 Vacutainers .) 

D Assemble the items of equipment required 
by each member of the sampling team, as 
listed in Equipment Required above. 

Test Proeedure 

Follow steps a) to e) of the test procedure for 
determining air change rates (see page 58), 
but only release the tracer gas into one HVAC 
system. Then: 

D Begin taking samples of air/gas 10 minutes 
after the tracer gas is released. 



Follow the same steps for taking gas samples 
as outlined in g) of the previous test procedure 
(see page 58). 

Dat;a Analysis 

Follow the same data analysis procedure as 
outlined in the previous test procedure (see 
page 59.) For this test, since only one HVAC 

zone was doped with a tracer gas, the resulting 
decay indicates the rate at which air changes 
are taking place in the zone under study. It 
does not, however, mean that this is the rate 
of outdoor air displacing the air in the space, 
since air from a common return which does 
not contain the tracer gas would have the same 
diluting effect as the outdoor air. 

" ... 
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