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were based on the assumption that 
outdoor air (then called "fresh air") was 
odor-free ... 

Conducted under controlled ex- 
perimental conditions, the Yaglou 
studies have served as the primary 
reference in codes and standards for the 
last forty years. However, because of the 
difficulty in estimating accurate oc- 
cupancy levels within spaces, and due to 
the lack of feedback control methods for 
ventilation, many current codes and 
standards specify ventilation require- 
ments as room-air changes per hour 
rather than volumetric exchange rate per 
person. Theoretically, these criteria 
should be synonomous, but in practice 
they are not. When ventilation rates are 
specified as room-air changes per hour, 
sensitivity to spatial dimensions is lost. 
For example, 5 air changes per hour in a 
theater with a 20 ft. ceiling and an oc- 
cupancy level of 100 ft.= floor space per 
person would result in 167 cfmlperson, 
whereas the same room-air exchange 
rate and occupancy level in a classroom 
with an 8 ft. ceiling would mean 67 
cfmlperson. However, at full-load oc- 
cupancies of 10 ftzlperson in the theater 
and 20 ft2lperson in the classroom, 5 air 
changes per hour would result in 17 
cfmlperson in the theater and 13 
cfmlperson in the classroom. Thus, at 
less than full-load occupancies, in this 
example, ventilation rates per person 
would exceed values recommended by 
Yaglou while at full loads ventilation 
would be insufficient to provide "odor- 
free" environments. 

Energy and cost implications of the 
preceding example are significant. At 
the part-load conditions cited, the 
ventilation rate in the theater would be 

10 times greater than required, and in the 
classroom 5 times greater. Assuming 
that these ventilation rates were con- 
stant and supplied as outdoor air with an 
average five month winter dbt of 40°F, 
the additional heating requirement to  
maintain the indoor temperature at 70°F 
would be 17.8 x 106 Btulperson in the 
theater and 6.4 X 106 Btulperson in the 
classroom. If the thermal efficiencies of 
heating systems were 65% and the 
average cost of energy were $4.001106 
Btu, the additional heating costs for 

,excess ventilation would be $1 lolperson 
in the theater and $30lperson in the 
classroom. These figures do not include 
costs for additional humidification. 

The inherent problems associated 
with specifying air changes per hour 
have been recognized in some standards 
for sevefal years. In 1946, the "American 
Stand,ards B.uilding Requirements for 
Light and Ventilation - A53.1" was 
published by the American Standards 
Association (ASA) with primary criteria 
as cfmlftz floor area. A revision and 
update of A53.1 was published in 1973 as 
ASHARE Standard 62-73: Standards for 
Natural and Mechanical Ventilation, with 
primary criteria as cfmlperson. This 
latter standard subsequently was 
adopted by the American National 
Standards Institute (ANSI, formerly ASA) 
in 1977 and has been designated ANSI 
Standard B194.1. For the first time in a 
ventilation standard, Standard 62-73 
provided a quantitative definition of 
"acceptable outdoor air" and specified 
conditions under which recirculated air 
could be utilized. Both minimum and 
recommended venti'lation rates were 
specified in the ASHRAE Standard to 
accommodate fuel economy (minimum 

.values) or comfort in odor-free en- 
vironments (recommended values). 
Estimated energy savings at design 
summer and winter conditions resulting 
f rom min imum venti lat ion rates 
specified in Standard 62-73 have been 
reported to range from 27 to 81% for 
various occupied spaces when com- 
pared to the previous Standard A53.1 .S 

In response to demands for energy 
efficient buildings, ASHRAE undertook 
an intensive effort and developed a new 
standard which was published 1975: 
ASHRAE Standard 90-75, "Energy 
Conservation in New Building Design." 
Though this Standard is expected to 
reduce energy requirements in new 
buildings from 15 to 60%,6 its 
promulgation, together with its codified 
counterpart,7 has resulted in a conflict 
with Standard 62-73. Standard 90-75 
states that the minimum column in 62-73 
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for each type of occupancy shall be used 
for design purposes. This statement 
effectively deletes the recommended 
column in 62-73, and is the cause of 
serious concern regarding the 
possibility of insufficient ventilation in 
new buildings. For example, a case has 
been cited in which smoking was 
allowed in a room ventilated at the 
minimum rate of 5 cfmlperson. The 
resultant carbon monoxide con- 
centrations approached the limits 
specified by the Federal ambient air 
quality standards and particulate con- 
centrations exceeded published limits 
by 30 to 60 times.6.8 

New codes and standards also 
require more stringent control of 
allowable infiltration rates in buildings. 
For instance, the 1977 revisions 
(Revision 5) to the 1973 HUD Minimum 
Property Standards result in infiltration 
rates in single-family residences of less 
than 0.7 air changes per hour. The 1976 
Supplement 1 to Swedish Building 
Code9 requires maximum air leakage 
rates of approximately 1.7 m3lm2hr (i.e., 
-0.6 air changes per hour). While 
contractors in the U.S. may have dif- 
ficulty meeting the HUD Standards, 
reports from Sweden indicate that air 
'leakage rates of less than 0.2 air changes 
per hour are common.10 These low in- 
filtration rates have resuled in serious 
problems including insufficient com- 
bustion air for furnaces, back-drafting of 
fireplaces, measurable concentrations 
of radon gas, mercury vapor, for- 
maldehyde and other potentially 
hazardous materials.ll.l3 

INDOOR AIR QUALITY 
As indicated previously, difficulty in 
measurement and direct control of in- 
door air quality is the basic reason that 
current ventilation requirements are 
prescribed as volumetric flow rate per 
person, volumetric flow rate per unit 
floor area or room air exchange rate per 
hour. The implication is that' i f  the 
prescribed requirements are met, then 
the 'indoor air quality will be acceptable. 
However, many factors can influence 
ind~or.air quality. If suf,ficient ventilation 
rates are not prescribed to meet 
foreseeable variabilities, the resultant 
indoor air could be deleterious. Con- 
versely, if sufficient ventilation rates are 
prescribed to meet all contingencies, the 
energy requirements for thermal control 
will be excessive. Therefore, to provide 
acceptable indoor air quality at ac- 
ceptable rates of energy consumption 
under various occupancy conditions will 
require control systems that can 
dynamically respond to changes in 
^occupancy load, to outdoor air quality, 
and to thermal conditions. Specifica- 
tions for these systems will require 
performance rather than prescriptive 
criteria. 

To a limited degree, performance 
criteria are now specified for industrial 
environments. Specifications for 
rmx imum allowable concentrations 

(MAC) and time-weighted average (TWA) 
have been developed to protect the 
worker from potential industrial health 
hazards. How these criteria are achieved 
is not prescribed. The responsibility to 
provide and maintain acceptable con- 
ditions resides with the designer, owner 
and operator of the systems. 

Objective Criteria-Four functions 
are generally recognized as the basic 
objectives to be achieved through 
ventilation control: 

Provision of sufficient O2 for 
normal respiration. 

Dilution of contaminants within 
occupied spaces. 

Pressurization of occupied 
spaces to control infiltration or ex- 
filtration. 

Removal of thermal loads 
generated within occupied spaces. 

To analyze each of these objectives, 
a mathematical model of the ventilation 
system can be used. Models have been 
developed that assume contaminants 
mix uniformly through occupied 
spaces,l4 while others have been 
developed also to account for non- 
uniform mixing.ls.16 

Unfortunately, control of the indoor 
air quality in occupied spaces is more 
complicated. For a more realistic 
problem, consider specifying the 
minimum ventilation necessary to 
provide acceptable indoor air quality in 
an occupied space .where smoking is 
permitted. Some of the ~uest ions  that 
m m t  be resolved include: 

Should the criteria be .specified 
for,the smoker or the non-smoker? 

Can recirculated air be used? 
e If recirculation is used, is 

filtration required? 
What interactive effects must be 

considered? 
0 What are the energy im- 

plications? 
A summary of the generation rates 

and allowable indoor concentrations of 
substances from cigarette smoking 
(objective criteria) is shown in Table 1. 
The largest generation rates are shown 
to be from CO, C02,and total suspended 
particulates (TSP). Brundrette" reported 
that the total generation rate in an oc- 
cupied space is the sum of the 
sidestream and the non-retained 
mainstream smoke. He reported that the 
percentage of mainstream smoke 

retained by the smoker varies from 20 to 
50%. This report is similar to that 
reported in a 1975 HEW report which 
stated that retention of mainstream 
substances by the smoker depends on 
the characteristics of the substance and 
thedepth of inhalation by the smoker.18 

Based on values shown in Table 1 
and the assumption that outdoor con- 
centrations meet acceptable values, 
calculated minimum ventilation rates for 
each cigarette smoked per hour, shown 
in Table 2, indicate that the minimum 
values of 5 cfml(cig1hr) may be in- 
sufficient to maintain an acceptable 
level of CO concentration. Moreover, it 
may be nearly impossible to maintain the 
indoor TSP level of 100 pglm3 recom- 
mended  by the  Wor ld  Hea l th  
Organization19 unless occupants are 
provided large spaces, the air is filtered 
in the ventilation system, or smoking is 
prohibited in occupied spaces. 

The minimum ventilation rates, 
shown in Table 2, are actually the 
exhaust air rates, and therefore 
equivalent to the sums of the outdoor air 
and infiltration rates. 

Acceptable indoor air quality also 
can be maintained by non-steady or 
transient methods. These methods are 
not as well known as the conventional 
steady-state ventilation, but one of the 
more feasible methods of non-steady 
control is known as intermittent ven- 
tilation. With intermittent ventilation the 
concentration in the occupied space is 
allowed to rise to a maximum allowable 
value before the 'ventilation system is 
energized. The system is then purged to 
a lower acceptable value before the 
system is de-energized. A basic 
assumption .for successful operation of 
this system is that the cycling will not 
cause thermal discomfort to the oc- 
cupants or cause pressure imbalances 
to occur within adjacent zones. 
Kusudals has indicated that 38 to 50% 
energy savings in the ventilation system 
might be realized by intermittent ven- 
tilation while maintaining CO2 con- 
centrations within acceptable limits. 
Kusuda's calculations assumed that 
.CO2 would be the most sensitive con. 
taminant in the occupied space, and this 
is often true in spaces where smoking is 
not permitted. However, if generation 
rates of tobacco smoke or other con- 
taminants were significant, the energy 



savings available from intermittent 
ventilation control would be decreased 
accordingly. , 

Subjective Criteria-In addition 
to considering acceptable indoor air 
quality.in terms of concentration levels 
(objective criteria), the subjective 
responses of the occupants to those 
concentration levels must also be 
considered. Subjectwe criteria for indoor 
air quality are usually considered in 
terms of: 

Perceived odor intensity 
* Odor acceptability 

Perceived odor intensities are often 
expressed in terms of odor threshold, or 
the concentration of the odorant 
necessary to produce a just-detectable 
odor, and in terms of perceived odor 
magnitudes for suprathreshold in- 
tensities. As shown in Table 3, the 
recognition threshold concentrations for 
several of the most malodorous com- 
pounds are much smaller than ac- 

ceptable time-weighted-averages 
(TWA's). Thus, to provide an acceptable 
indoor air quality, the concentration of 
various contaminants should be 
maintained at levels between thresholds 
and TWA's. 

The levels of acceptable supra- 
threshold intensities, or perceived odor 
magnitudes, depend on the degree of 
pleasantness or unpleasantness 
associated with the odors. To further 
complicate this problem, combinations 
of odors are not additive, and behavioral 
responses to combined odors are not 
well known.20 Moreover, responses to 
odors are also affected by the thermal 
conditions of the occupied space. For 
example, tobacco smoke has been found 
to result in lower odor intensities at 
increased values of relative humidity or 
dry bulb temperature when the other was 
held constant.2' 

Results of the Kerka and Hum- 
phreys study have been re-evaluated in 
terms of enthalpy and odor intensity, as 
shown in Figure 2. The transformed data 

odo; 'intensity (subjective critkria) from 
the Kerka and Hurnphreys tobacco 
smoke data 

52 5-VOTE 
4-VOTE (SLIGHTLY WARM) 

. I ICOMFORTABLE) \ 1 

12 - 
68 72 76 80 84 88 

SET' ( "F) 

Fig. 3 ASHRAE thermal comfort  
envelope shown ~n terms of room air 
enthalpy and Standard Effectwe 
Temperatures (SET'). 



indicate that the objective criteria of 
enthalpy may serve as an excellent 
correlate for the subjective response to  
smoke concentration. Thus, optimal 
control of the space could be obtained in 
terms of energy consumption, thermal 
comfort and indoor air quality. The 
ASHRAE thermal comfort envelope22 
has been replotted in  Fig. 3 with en- 
thalpy and the Standard Effective 
Temperature (SET') as primary coor- 
dinates. Also shown are lines of con- 
stant relative humidities and curves for 
constant dbt and for constant thermal 
sensations. A desired control sequence 
would then exist of the following: 

(1) Dilute the indoor smoke con- 
centration to  within acceptable con- 
centration for health {e.g., 1.00 rglm3). A 
mixture of outdoor air and filtered 
recirculated air may be used (see Fig. 3). 

(2) Within the ' l imi ts  of thermal 
acceptability (Fig. 31, readjust enthalpy 
of space air to  reduce energy con- 
sumption while not degrading the ac. 
ceptability of the odor intensity (Figs. 2 
and 3). 

REVISIONS 
To resolve .some of the conflicts 
discussed so far -(e.g., incompatible 
language with ASHRAE Standard 90) and 
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