
3560 

AIR-CLEANING STRATEGIES FOR 
EQUIVALENT INDOOR AIR QUALITY 
H.H.S. Yu, Ph.D. 
Member ASHRAE 

ABSTRACT 

\ ANSIIASHRAE 62-89, Ventilation for Acceptable 
Indoor Air Quality (ASHRAE 1989), provides guidelines 
for achieving acceptable indoor air quality in occupied 
spaces by either of two methods: a Ventilation Rate 
Procedure and an Indoor Air Quality procedure. Ihe 
Ventilation Rate Procedure prescribes ventilation rates (in 
Table 2 of the standard) that it is assumed will provide 
adequate indoor air quality when 100% outdoor air is 
used. This 100% outdoor air value is also the minimum 
supply airflow per person. Ihe amount of outdoor air in 
this minimum supply airflow may be reduced below 100% 
by recirculating adequately cleaned return air if the 
Indoor Air Quality Procedure is used. Ihe Indoor Air 
Quality Procedure does not set outdoor air ventilation 
rates but employs both qualitative and subjective air 
quality evaluation. By mathematical analysis, this paper 
helps implement the Indoor Air Quality Procedure by 
determining what filter efficiencies are needed (particulate 
and gas) to account for source capture efficiency, reduced 
outdoor airflow, and poor ventilation effectivenesses, all 
under VAV conditions.:.._) / 

INTRODUCTION 

The American Society of Heating, Refrigerating, and 
Air-Conditioning Engineers (ASHRAE) has revised 
Standard 62-1981, Ventilation for Acceptable Indoor Air 
Quality, and published ANSI/ASHRAE 62-1989, the 
recognized guideline document for indoor air quality. A 
major change is the elimination of 5 cfm/person outdoor 
air as an absolute minimum ventilation rate and substitu
tion of a suggested minimum of 15 cfm/person. This 
latter quantity is based on a maximum C02 level of 1,000 
ppm, a widely used surrogate indicator for good air 
quality. Another major change is the removal of the 
distinction between smoking-permitted and smoking
prohibited environments. 

As previously, in ANSI/ ASHRAE 62-1989 acceptable 
indoor air quality is addressed either by the Ventilation 
Rate Procedure or by the Indoor Air Quality Procedure. 
The Ventilation Rate Procedure is a prescriptive method 
that simply relies on the outdoor air dilution (set at a 
minimum in Table 2 of the standard) to achieve (indirect-
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ly) acceptable air quality. Because it is prescriptive, the 
Ventilation Rate Procedure cannot consider other aspects, 
such as ventilation effectiveness and benefits to be derived 
from filtration using reduced outdoor airflows. To do this, 
the Indoor Air Quality Procedure provides an alternative 
method that restricts the concentration of all known 
contaminants of concern to some specified acceptable 
level (in Table 3 of the standard), incorporating both 
qualitative and subjective evaluation (satisfaction by 20% 
of occupants). 

In implementing ANSI/ASHRAE 62-1989, some 
fundamental questions are raised about how to interpret 
the intent of the standard in practical and clearly under
standable terms for HV AC designers or building opera
tors. Since the treatment of outdoor air (heating and 
cooling) accounts for a significant energy cost, then~ is 
real economic advantage in using a minimum amount of 
outdoor air while conserving energy. ANSI/ ASHRAE 
allows for the reduction of outdoor airflow rates, if air 
cleaning is used to clean the recirculated air. However, 
the standard states "contaminants that are not appreciably 
reduced by the air cleaning system may be the controliing 
factor in design and prohibit the reduction of air below 
that set by the Ventilation Rate Procedure.'' 

According to the standard, the amount of outdoor 
ventilation air specified for the Ventilation Rate Procedure 
in Table 2 is also the minimum allowable supply airflow. 
Thus, the standard further states a portion of this 100 % 
outdoor air may be recirculated, if adequately cleaned, as 
long as the system is providing indoor air quality equi
valent to that obtained using 100 % outdoor air at the 
specified Table 2 rate. The standard does not provide 
guidance as to how the air-cleaning system's efficiency 
should be specified. Also, poor air distribution and 
unusual sources of contaminants within a space can 
adversely affect the air quality, even though the outdoor 
air supply rate is at or above the required minimum or the 
contaminants have been removed from the outdoor air 
supply. 

The standard says only that the outside air supply 
rates listed in Table 2 are needed ''for well-mixed con
ditions (ventilation effectiveness of 100 % ) " and that 
''where unusual indoor contaminants or sources are 
present or anticipated they shall be controlled at the 
source or [the Indoor Air Quality Procedure] shall be 
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followed.'' This is not specific enough for HV AC desig
ners or building operators to deal with the problem. Using 
the concept of filtration to achieve air quality equivalent 
to 100% outdoor air, first introduced in Standard 62-
1981, this paper explores contaminant mass balances in 
order to interpret the meaning of the Indoor Air Quality 
Procedure. The result is a comprehensive set of required 
air-cleaning system efficiencies for buildings with dif
ferent outdoor airflow rates, ventilation supply rates, 
ventilation effectivenesses, and local source capture 
(hood) efficiencies for all applications listed in Table 2 of 
the standard. 

For example, the analytical results suggest that (with 
no hood capture), a 75 % reduction in the indoor-gener
ated volatile organic compound (VOC) level can be 
realized in office buildings using the increased outdoor air 
dilution. However, from the application charts, the same 
cleanliness can be achieved with 17 % efficiency gas-phase 
filters at a reduced outdoor air rate of 5 cfm/person, 
ventilation supply rate of 100 cfm/person, and ventilation 
effectiveness of 0. 75. 

The application charts provided apply to both par
ticulate and gaseous contaminants. This paper expands 
earlier work (Yu and Raber 1990) to include hood capture 
efficiency. 

MATHEMATICAL MODELING 

Basic Equations 

For the purpose of analysis; Figure 1 shows a model 
of indoor air space. Both ventilation effectiveness and 
local source capture efficiency are included for con
sideration. 

To calculate the contaminant concentration in the 
space where contaminant is being generated, removed, or 
added by airflows (i.e., supply air, outdoor makeup air), 
it is necessary to consider the mass balance of space 
volumes (V, V') as shown in Figure 1. The rate of change 
in the total mass contaminant in the occupied breathing 
zone V (as shown by dash-dotted lines) is expressed by 

or 

de · · · 
V- = Nge~l'YIUJ + Nenured - N,_,,wJ 

dt 

vdc = N(l -EA)+ [C1(V, - Vo) 
dt 

+ C
0 

V
0
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0
)](l - E1) E,, - CV

1
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After rearrangement, Equation 1 becomes 

(1) 

V~~ + V1 E"C = N(l - E11 ) + [C1(V. - V0 ) ( 2) 

+co Vo(l - E1.a>1 (1 - E,> E,,. 

Integration of this first-order mass-balance differential 
equation results in a solution in basic exponential form. 

The variables involved are breathing zone concen
tration, volume si:re, and ventilation rate: 

')_ 

where 

C(t) - C, = e·•IT 

c,-c. 

• I N(l - EA)+ [C,(V, - V
0

) 

c = +Co Vo(l - Ef,a)](l - E,)E,, 
• 

(3) 

(4) 

In Equation 4, the contaminant concentration in the 
return air duct C/ is yet to be determined. This can be 
obtained from a similar consideration of the mass balance 
of the whole room volume V' (instead of the occupied 
zone) as follows: 

dC1 
• V' dt = N +Co Vo(l -Ef,o) (1 - El) (5) 

- C1[V
0 

+ E1(V, - V
0
)]. 

The steady-state solution of Equation 5 is a similar 
one, or 

c' = N +co Vo(l - E,,o> (1 - E,) 

• V
0 

+ E/V, - V) 

and 

exhaust 
~(1-R~ Qi' 

Figure 1 Indoor air modeling. 
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Substitution of C,' (Equation 6) in Equation 4 results 
in the following expression for the occupied breathing 
mne contamination concentration: 

where 

K= 

(1-E,-E,,)(1-E
1
)( V0

) 

v .. 
+[(1-E, -E,,)E1+E,,] 

E,, 

(8) 

(9) 

The numerator in Equation 8 represents the contribu
tion of contaminants generated within the space <KN> 
and added from outdoor air < C V (1 - E, )(1 - E 'l > 

• 0 0 J,O 'J' ' 
while the denominator represents the total effective 
dilution air of the system. 

The factor K in the numerator of Equation 8 is a 
contaminant generation amplification factor related to the 
non-ideal ventilation effectiveness and the effect of the 
local source capture by a hood. It provides a direct means 
to account for ventilation supply air that bypasses the 
breathing mne. 

When there is no hood (Eh = 0), K equals 1 if 
ventilation effectiveness is unity and I/Ev if fractional 
filter efficiency or (V0 /V

6
) is unity. It is this latter form 

that is presented in Appendix E of ANSI/ ASHRAE 62-
1989. 

To establish typical values for the factor K, Equation 
9 is plotted in Figure 2 for the case of (V/V

0
) = 10. 

Since in most applications (particularly office buildings) 
the ventilation effectiveness can be considered less than 1, 
even as low as .5, values for the factor K typically range 
between 1 and 2. For a system with a well-mixed airflow 
pattern without local source capture, K naturally becomes 
1. K becomes less than 1 only when there is a source 
capture or a plug flow situation. Since K is a contaminant 
amplification factor, the smaller the K, the better the 
resultant air quality. 

The ASHRAE standard states that contaminants from 
stationary local sources within the space shall be con
trolled by collection and removed as close to the source 
as possible. This can be achieved either by the installation 
of a hood for local source capture or by creating a plug 
flow situation to sweep the contaminant toward an exhaust 
without fully mixing with air in the occupied mne. 

With poor ventilation effectiveness, the contaminants 
from indoor sources cannot be effectively diluted or swept 
away by outdoor air. 

Since the contaminant concentration in the return duct 
(Cs' as expressed by Equation 6) is independent of ven
tilation effectiveness and hood capture efficiency, the 
occupied mne contaminant concentration (Equation 8) can 
be compared against C/ as 

3 

KN+ C
0 

V
0
(l - E1,0 ) (1 - E1) 

N + C
0 

V
0
(1-E1,

0
)(l -E1) 

(10) 

or 
= K, if C

0
V

0
(1-Ef,o)(l -E1)<N. (11) 

Thus, if the outdoor air contribution to the indoor 
space is small compared to what is generated within, the 
factor K is approximately equal to the ratio of contaminant 
concentrations in the occupied mne and return air duct. 

The steady-state concentration of Equation 8 is the 
fundamental relationship applying to all indoor air quality 
evaluations. It applies to each specie of gas and each 
particle size separately. 

It shows that for given situations of internally gener
ated contaminant, the only way to lower breathing mne 
concentrations is (perhaps obviously) to increase outdoor 
air V0 , increase the filtered recirculation rate EJVs - V

0
), 

or both. 

INCREASED OUTDOOR AIR BENEFITS 

If it is assumed that outdoor air is of adequate purity 
and free from gas-phase contaminants and that some 
outdoor air filtration is provided to limit dirt intake to the 
building, Equation 8 can be simplified to assess the 
benefits available by increasing outdoor air from, say, 5 
cfm (V

0
) to a larger value, V

0 62_89• The simplified form . . 
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c, 
(12) 

= 

The left-hand side of Equation 12 is a nondimensional 
concentration, which, for the base point and no filter 
(both particulate and gas) and some total ventilation rate, 
is unity. Equation 12 may be plotted to give values of 
concentration for increased outdoor air and/or filtered 
recirculation air. This is done in Figure 3 for a 5 cfm/per
son and 100 cfm/person supply air (95 cfm/person 
recirculated air) base point. 

As seen from the figure, buildings without filtration 
benefit directly in inverse proportion to increases in 
outside airflow. Thus a 75 % reduction in internally 
generated voe (volatile organic compounds) concentra
tions is obtained by raising the outdoor air from 5 cfm to 
20 cfm per person, the latter figure being the ANSI/ ASH
RAE 62-1989 Table 2 value for office buildings. 

Of equal significance is that the same reduction can 
be achieved while retaining the 5 cfm/person outside air 
if only a 17 % efficient gas-phase filter is applied to the 95 
cfm/person recirculation air. 

AIR CLEANING FOR EQUIVALENT AIR QUALITY 

The preceding section has shown there is sound 
physical reasoning behind using filtration to reduce 
internally generated contaminants and thereby improve 
indoor air quality. 

To use filtration, however, ANSI/ASHRAE 62-1989 
requires implementation of the Indoor Air Quality Proce
dure with the attendant difficulties of estimating con
taminant generation rates. One solution to this problem is 
the concept of filtration for equivalent air quality first 
introduced in Standard 62-81. 

If outdoor air is of acceptable purity and any obvious 
and unusual internally generated contaminants are cap
tured at their source, then the Ventilation Rate Procedure 
of ANSI/ASHRAE 62-1989 Table 2 may be assumed a 
priori to provide acceptable air quality without filtration 
(if ventilation effectiveness is unity.) 

The occupied space concentrations may thus be 
expressed using Equation 8 in a simplified form: 

c = N +co vo,62-19 c13) 
•,62-89 v 

o,62-89 

Since the air quality provided by a system with 
reduced outdoor air V

0
, a ventilation effectiveness less 

than unity, and a filtration efficiency E1 to provide 
properly cleaned air is given by Equation 8 without 
simplification, the two concentrations may be equated: 

KN+ C
0 
V

0
(1 - E1) 

Vo+ E,<V .. - Vo) 

N + co vo,cs2-s9 

vo,62-89 

(14) 
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Figure 3 Occupied zone contaminant concentration. 

By solving for E1 in Equation 14, one can obtain the 
minimum filter efficiency required for the system with 
reduced outdoor air and filtered recirculated air, or 

(K - Yo/ Vo 62-89) N 
El= . . 

co v .. + [(V. - Vo)fVo,62-89]N 

(15) 

If the C
0 
V

6 
term is negligible or ignored, Equation 16 

may be simplified and the calculated efficiency (EJ,co=~ 
will be conservative: 

(16) 

and 

Ef,c.·O >Er 

It is important to note that the filter efficiency 
required to meet ANSl/ASHRAE 62-1989, as expressed 
by Equation 16, does not contain the contaminant genera
tion rate (N') or outdoor contaminant concentration (C

0
). 

It does include ventilation effectiveness and hood capture 
efficiency in the factor K. 

If Equation 16 is compared with that presented in 
Standard 62-1981, it will be seen to be identical except 
for the factor K related to ventilation effectiveness and 
hood capture efficiency. 

For gas phase voe, the C
0 

term will be close to 
zero. For particulate or other cases where it may not 
always be, Equations lS and 16 can be compared to 
assess the effect of the C

0 
term on the required system 

filter efficiency. 

(17) 



Equation 17 has been plotted in Figure 4 for reduced 
outdoor air supplies of 5 and 10 cfm/person. As can be 
observed from the figure, the required filter efficiency as 
expressed by Equation 16 (which again does not require 
any knowledge of contaminant generation rate or outdoor 
contribution) is always on the conservative side. 

In most cases (such as in smoking-permitted office 
buildings), the indoor contaminant generation rate is far 
greater than the contaminant from outdoors; therefore, 

co vo,62-89 < N, 
then 

E1 = Ef.c.·O· 

For example, the respirable particles generated by 
smoking alone (NJ are estimated at 0.125 mg/min for 
every person based on 15 % of the occupants smoking two 
cigarettes per hour, releasing 25 mg/cigarette. On the 
other hand, the respirable fraction of particulate con
taminant from outdoor air at 20 cfm/person (C0 V0 ,62-s9) 

for offices is about 0.008 mg/min per person ( -15 ug/m3 

if outdoor air meets Table 1, . . . C
0 
V

0 
= (.015) 

(20)/(35.35) = .008). Therefore, the dimensionless 
parameter (in Figure 4) for this specific case is only 0.06, 
(C

0
V

0
/N =.008/.125 = .06) and no correction is re

quired. 

FILTER SELECTION CHARTS 

If the outdoor air contribution is neglected, Equation 
16 may be combined with Equation 9 to eliminate Kand 
the result is 

El= 
V

0
, 62_89 [Ev v .. + (1 - E 11 - Ev) V

0
] - Ev V .. V

0 
(18) 

( v .. - V
0

)[Ev V
1 

- ( 1 - E11 - Ev) V
0

, 62_89 ] 

This equation has been used to generate the nine 
application charts (Figures 5 through 13) that follow: 
outdoor air quantities of 5, 10, and 15 cfm per person at 
ventilation effectiveness of 0.5, 0. 75, and 1.0 for each 
flow. 

Because the outdoor contribution is considered 
negligible, the filter position may be considered to be 
either on recirculation air alone (position A, Figure 1) or 
on mixed outside and recirculated air (position B, Figure 
1). 

Equation 18 and the charts may be used with either 
of the following strategies: 

1. Acceptance of the outdoor air quantities of Table 2 of 
ANSl/ASHRAE 62-1989. In this case, the filter 
efficiencies necessary to account for ventilation effec
tiveness less than unity may be computed. For 
reference, a ventilation efficiency of 0.65 for typical 
offices is reported by Rask and Sun (1989). 
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2. Selection of some lower value of outdoor air. In this 
case, filter efficiencies required to treat recirculated 
air to achieve equivalent air quality at an assumed 
ventilation effectiveness and supply air ventilation 
rate may be computed. The efficiency so calculated 
applies to both particulate and gas-phase filtration. 
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DISCUSSION 

As stated earlier, the fundamental contaminant 
concentration (Equation 8) applies to each gas-phase 
specie and each particle size separately. Implicit in the use 
of ANSI/ASHRAE 62-1989 Table 2, however, is that the 
average occupied space generates contaminant in such 
fashion that the prescribed ventilation rate will a priori 
provide acceptable indoor air quality for well-mixed 
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conditions (ventilation effectiveness approaching 100%). 
The question then arises as to what particulate and 

gas-phase filter efficiency or efficiencies are appropriate 
to use with the filtration for equivalent indoor air quality 
method. We will thus offer suggested guidelines that may 
be used. 

For particulate, Owen et al. (1986) in their study of 
office building respirable particulate found the approxi
mate mass mean diameter to be 0.3 µm. Thus an ap-
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1000 

propriate filter efficiency to be used is the efficiency at 
0.3 µm. This is readily obtained via a white light optical 
particle counter using atmospheric dust. However, the 
typical media filter will increase its pressure drop and 
efficiency with dust load (and time in service). 

To achieve equivalent air quality, then, for the 
majority of the time, some representative average 0.3 µm 
efficiency (E) must be selected to be used at the mini
mum anticipated ventilation rate (Vs). An alternative is to 
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Figure 11 Required system filter efficiency. 

10C 

:,rJ 
4C 
JO 

20 

~c 

5 

3 
..., 
-

1 

ro 

!o ach:"v' ftSHRA[ 62·1989 sland<r! wilh 15 drn/p~·:'.·' cv!cQ:;r air 
fer E.,=0.5 and E.=C 

10 JO ~ 0 50 100 100 JOO mo 500 

Ventilation ra te , V5 , elm/person 

Figure 13 Required system filter efficiency. 

1000 

use the minimum (clean filter) efficiency at the minimum 
anticipated ventilation rate. This will ensure equivalent air 
quality all the time. 

For the gas phase, with the myriad of VOCs gener
ated indoors from carpets, furnishings, cleaning agents, 
etc., selection of a gas-phase filter has appeared to be a 
complex and intractable issue. This does not need to be 
the case. 

Carbon bed bench-scale testing and modeling (Liu 



1990) have shown that (1) most voe behave identically 
on initial efficiency-only the service life varies-and (2) 
adsorber carbon service life on a specific voe mixture 
can be represented with reasonable accuracy by a single 
compound whose boiling point is the same as the con
centration-weighted average boiling point of the voe 
mixture. 

Thus when the principal gas-phase compounds and 
concentrations for the typical office environment are 
determined, a single compound may be selected as 
representative of the office voe mixture. 

Toluene may be selected as such an appropriate 
representative compound. The basis for this is that (1) the 
concentration-averaged boiling point of the bioeffluent 
from occupants is 106°C, which is very close to toluene 
(110°C), and (2) the concentration-averaged boiling point 
of 35 selected volatile organic compounds (excluding 
formaldehyde) in indoor air is 107°C. This is based on 
data reported by Shah and Singh (1988). Their data are 
principally from residential and workplace environments 
and reflect such sources as building materials, carpets, 
and consumer products. 

Having selected one representative compound, it is 
important next to recognize that gas-phase filtration poses 
different operating characteristics compared to particulate 
filtration. In general, gas-phase filters do not change 
pressure drop as their life is spent; that is, pressure drop 
remains constant with time in service. 

Also, depending on the design, gas-phase filter 
efficiency can either begin to decrease immediately upon 
being placed in service or remain nearly constant for 
some considerable period of time and then decrease 
somewhat rapidly. For the general VOC generation levels 
found in office buildings, the rate of decrease in the 
former can be made acceptably slow. 

In practice, the typical carbon adsorber spends 
approximately two-thirds of its life above the arithmetic 
average efficiency, one-third below. Thus, if the toluene 
arithmetic average efficiency is used with the minimum 
anticipated supply flow, filter selection will again be 
biased in favor of providing equivalent air quality the 
majority of the time. 

Alternatively, use of the changeout (but not fully 
spent) efficiency at the minimum anticipated ventilation 
rate will ensure equivalent (VOC) air quality all the time. 

The previous discussion focuses primarily on the 
volatile organic compounds that are of principal concern 
in indoor air quality. Low boiling point ( < 50°C) polar 
compounds, carbon monoxide, ozone, and nitrogen oxides 
can also be present in indoor air. 

Activated carbon is very effective on ozone, much 
less so on nitrogen oxides and other acid gases (unless 
impregnated for chemisorption), not useful for carbon 
monoxide, and of limited use for low boiling point ( < 
50°C) polar compounds. A detailed discussion of ac
tivated carbon for gas-phase air quality control, including 
service life estimates, may be found in Liu (1991). 

In closing, it should be restated that the methodology 
presented here applies irrespective of the mechanism or 
means of contaminant removal, particulate, and gas. What 
is important is to recognize that the vehicle being used for 
air cleaning must have known efficiency for all items of 
air quality concern. 

NOMENCLATURE 

C(t) 

Ci 
co 
cs 

cs,~2-89 

C' s 

Ef 
Eh 
Ev 
K 
N 
R 
t 
T 
Vo 

vo,62-89 

vr 
vs 

v 
V' 

= 

= 

contaminant concentration in occupied 
(breathing) zone at time t 
contaminant concentration at time zero 
outdoor contaminant concentration 
steady-state contaminant concentration in 
occupied zone 
acceptable steady-state contaminant con
centration implied by ANSI/ ASHRAE 62-
1989, Equation 13 
steady-state contaminant concentration in 
return air duct 
filter efficiency of air-cleaning system 
hood capture efficiency 
ventilation effectiveness 
contaminant generation amplification factor 
contaminant generation rate per person 
fraction of return air that is recirculated 
time 
time constant 
outdoor air supply rate per person 
outdoor air supply rate per person, required 
by ANSI/ASHRAE 62-1989 (Table 2) 
return airflow rate per person 
supply (ventilation) airflow rate per person 
(Vs = V0 + RV,) 
control volume of occupied zone 
control volume of ventilation system 
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