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ABSTRACT
Air filters in air-conditioning systems play a major role in sustaining a healthy indoor environment.
The effectiveness of the filter in achieving acceptable indoor air quality depends on its contaminant
removal efficiency and the way it is placed within the air-conditioning system. The objective of this
paper is to study the impact of filter placement on transient and steady state contaminant
concentration. A theoretical single-zone indoor air quality model is utilized. Results indicate that filter
placement within the HVAC system relative to the source of contaminant and circulating air streams
can have an appreciable impact on indoor contaminant concentration behavior. In order to enhance
the overall effectiveness of the air filtration system, it is recommended that HVAC designers evaluate
the impact of filter placement on indoor contaminant concentration as part of the filtration system
design procedure. General guidelines for filter placement are given as part of the conclusions of this
research.
Keywords: filter placement, HVAC system, IAQ, indoor contaminant concentration

ﺍﻟـﻤﻠﺨﺹ
 ﻭﺘﻌﺘﻤﺩ ﻓﻌﺎﻟﻴﺔ، ﺘﻠﻌﺏ ﻤﻨﻘﻴﺎﺕ ﺍﻟﻬﻭﺍﺀ ﻓﻲ ﺃﺠﻬﺯﺓ ﺍﻟﺘﻜﻴﻴﻑ ﻭﺍﻟﺘﻬﻭﻴﺔ ﺩﻭﺭﺍ ﻤﻬﻤﺎ ﻓﻲ ﺍﻟﺤﻔﺎﻅ ﻋﻠﻰ ﺒﻴﺌﺔ ﺼﺤﻴﺔ ﺩﺍﺨل ﺍﻟﻤﺒﺎﻨﻲ
ﻨﻅﺎﻡ ﺘﻨﻘﻴﺔ ﺍﻟﻬﻭﺍﺀ ﻓﻲ ﺍﻟﺤﺼﻭل ﻋﻠﻰ ﺠﻭﺩﺓ ﻤﻘﺒﻭﻟﺔ ﻟﻠﻬﻭﺍﺀ ﺍﻟﺩﺍﺨﻠﻲ ﻋﻠﻰ ﻤﺩﻯ ﻗﺩﺭﺘﻪ ﻋﻠﻰ ﺍﻟﺘﺨﻠﺹ ﻤﻥ ﺍﻟﻌﻭﺍﻟﻕ ﺍﻟﻤﻠﻭﺜﺔ
 ﺘﻬﺩﻑ ﻫﺫﻩ ﺍﻟﻭﺭﻗﺔ ﺇﻟﻰ ﺩﺭﺍﺴﺔ ﺘﺄﺜﻴﺭ ﻭﻀﻊ.  ﻭﻜﺫﻟﻙ ﻋﻠﻰ ﺍﻟﻁﺭﻴﻘﺔ ﺍﻟﺘﻲ ﺘﻡ ﻭﻀﻌﻪ ﺒﻬﺎ ﻓﻲ ﻨﻅﺎﻡ ﺍﻟﺘﻜﻴﻴﻑ ﻭﺍﻟﺘﻬﻭﻴﺔ، ﻟﻠﻬﻭﺍﺀ
 ﻭﻗﺩ. ﻤﻨﻘﻴﺎﺕ ﺍﻟﻬﻭﺍﺀ ﺒﺎﻟﻨﺴﺒﺔ ﻟﺤﺭﻜﺔ ﺍﻟﻬﻭﺍﺀ ﻓﻲ ﻨﻅﺎﻡ ﺍﻟﺘﻜﻴﻴﻑ ﻭ ﺍﻟﺘﻬﻭﻴﺔ ﻋﻠﻰ ﻤﺴﺘﻭﻯ ﺘﺭﻜﻴﺯ ﺍﻟﻤﻠﻭﺜﺎﺕ ﻭﺘﻐﻴﻴﺭﻫﺎ ﻤﻊ ﺍﻟﻭﻗﺕ
.ﺃﻭﻀﺤﺕ ﺍﻟﻨﺘﺎﺌﺞ ﺃﻥ ﻭﻀﻊ ﻤﻨﻘﻴﺎﺕ ﺍﻟﻬﻭﺍﺀ ﻭﻤﻜﺎﻨﻬﺎ ﻓﻲ ﻨﻅﺎﻡ ﺍﻟﺘﻜﻴﻴﻑ ﻭﺍﻟﺘﻬﻭﻴﺔ ﻟﻪ ﺘﺄﺜﻴﺭ ﻜﺒﻴﺭ ﻋﻠﻰ ﺴﻠﻭﻙ ﺘﺭﻜﻴﺯ ﺍﻟﻤﻠﻭﺜﺎﺕ
ﻟﺫﻟﻙ ﻓﻴﺠﺏ ﻋﻠﻰ ﻤﺼﻤﻤﻲ ﺃﻨﻅﻤﺔ ﺍﻟﺘﻜﻴﻴﻑ ﻭﺍﻟﺘﻬﻭﻴﺔ ﺍﻹﻟﻤﺎﻡ ﺒﻤﺩﻯ ﻫﺫﺍ ﺍﻟﺘﺄﺜﻴﺭ ﻭﻤﻌﺭﻓﺔ ﺍﻟﻌﻼﻗﺔ ﺒﻴﻥ ﻓﻌﺎﻟﻴﺔ ﻤﻨﻘﻴﺎﺕ ﺍﻟﻬﻭﺍﺀ
 ﻴﺨﻠﺹ ﺍﻟﺒﺤﺙ ﺒﺈﻋﻁﺎﺀ.ﻭﻭﻀﻌﻬﺎ ﻓﻲ ﻨﻅﺎﻡ ﺍﻟﺘﻜﻴﻴﻑ ﻭﺍﻟﺘﻬﻭﻴﺔ ﻭﻤﺼﺩﺭ ﺍﻟﻤﻠﻭﺜﺎﺕ ﻟﻴﺘﺴﻨﻰ ﻟﻬﻡ ﺯﻴﺎﺩﺓ ﻓﻌﺎﻟﻴﺔ ﻨﻅﺎﻡ ﺘﻨﻘﻴﺔ ﺍﻟﻬﻭﺍﺀ
.ﺒﻌﺽ ﺍﻹﺭﺸﺎﺩﺍﺕ ﺍﻟﻌﺎﻤﺔ ﺍﻟﺘﻲ ﺘﻔﻴﺩ ﻓﻲ ﺘﺤﺩﻴﺩ ﺍﻟﻤﻭﻀﻊ ﺍﻷﻤﺜل ﻟﻤﻨﻘﻴﺎﺕ ﺍﻟﻬﻭﺍﺀ ﻓﻲ ﻨﻅﺎﻡ ﺍﻟﺘﻜﻴﻴﻑ ﻭﺍﻟﺘﻬﻭﻴﺔ
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1. INTRODUCTION
Maintaining an acceptable air quality in buildings requires the removal of particulate and
gaseous contaminants from both the ventilation and the re-circulated air. In buildings, media
filters and electronic air cleaners are commonly used devices for cleaning air from particulate
contaminants such as: dust, fibers, lint and plant pollen. Electronic air cleaners are highly
efficient in removing the smallest particles. The effectiveness of media filters, on the other
hand, varies according to filter type, the physical characteristics of the contaminant (i.e.,
particle size) and, to some extent, on the velocity of the air stream [McQuiston and Parker,
1988]. Additionally, filter performance depends to a great extent on the way it is installed. For
good performance, filters should be accessible for inspection and maintenance and should
cover the whole airflow path, allowing no air to bypass the filter media [Wilkinson, 2001].
Depending on the required degree of air cleanliness and the nature of the contaminant, the
filter system type is selected and the maintenance procedure is specified. The filter is then
sized to accommodate the required airflow rate and flow resistance. More than one filter can
be placed at different locations along air streams in the air-conditioning system. For example,
air filters can be placed to separately filter the make-up air and the return air before being
mixed, or a single filter can be placed after the mixing point. Filter placement is a crucial
design issue that affects the indoor air quality and contaminant concentration behavior.
However, the relationship between filter location and actual contaminant behavior is not well
understood by HVAC designers. The placement of filters is normally selected so that the air is
filtered before entering the air-conditioning equipment rather than afterward [McQuiston and
Parker, 1988]. Additional criteria for location selection include the source of the contaminant
and the practical considerations related to accessibility, safety and ease of maintenance
[ASHRAE, 1996].
The impact of filtration on indoor contaminant concentration and the importance of proper
filtration system design and methodologies for producing acceptable indoor air quality has
been emphasized in the literature [Muller and England, 1995; Giles, 1987; Schafer and Kotz,,
1987; Burroughs et al, 1999; Owen et al, 1993]. However, scant attention is given to the
effect of filter placement on the behavior of contaminant concentration within the space. Filter
placement in the air-conditioning system can significantly affect the transient and the steady
state concentration of the indoor contaminant and consequently the quality of indoor air. The
objective of this paper is to theoretically investigate the impact of filter placement on
contaminant concentration behavior. A single-zone enclosure indoor air quality model is used
to evaluate the transient and steady state contaminant concentration with different filter
placements. Results are expected to help HVAC designers better understand and appreciate
the issue and its impact on IAQ and hence aid judgment when deciding where to place filters
within the air-conditioning system.
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2. THE MODELING APPROACH
A single-zone transient indoor air quality model, which is based on the mass balance concept,
is utilized to predict contaminant concentration behavior within an enclosure with different
filter placements. In order to obtain a better understanding of the model’s results, the sources
of the contaminant are limited to the supply air and the indoor generation process, with the
return air as the only active sink as shown in Figure 1. The model assumes that perfect mixing
occurs in the space, and that filter efficiency variations with airflow rate and time (i.e., due
contaminant accumulation on filter material) are negligible.
By employing the mass balance concept, the following equation is obtained:
.

.

(1)

VdC i / dt = ∑ m c = Qs C s − (Qr + Qe )C i + N

Solving the above equation requires the knowledge of contaminant concentration in the
supply air Cs, which is dependent on the contaminant concentration of the indoor air as well as
the performance of the filtration system. Substituting for the supply air contaminant
concentration in terms of indoor and outdoor contaminant concentrations as well as the
filtration system efficiency, the above equation can be arranged to yield:

dC i / dt = ΑC i + Β

(2)

Expressions for contaminant concentration in the supply air required in Equation 1 and the
parameters B and A in Equation 2 are given in Table 1 for different filtration system schemes.
Solving Equation 2, the instantaneous contaminant concentration for all cases can be generally
expressed by:

(3)

C i (t ) = (C io + Β / Α) exp( Αt ) − Β / Α

N

Air, Qo

Conditioned Space

PFL, P3

Outdoor
PFL, P2 P

Supply
Air, Qs

Qs

Exhaust
Exhaust
Air,
Air,QQee

Indoor contaminant
generation

PFL, P1 P

Return Air, Qr
PFL

Possible Filter Location

Figure 1 A schematic of possible filter locations in the HVAC system
Top

Vol. 1.

148

Ismail M. Budaiwi

3. APPLICATION EXAMPLE
In order to investigate the impact of filter placement on contaminant concentration, the
transient and steady state concentration of a contaminant in a single-zone enclosure is
predicted utilizing the above model with the filter placement schemes given in Table 1. The
number of filters and/or filter location is changed in each scheme. The enclosure volume is
150 m3 and the supply air rate (Qs) is 0.05 m3 /s, which is assumed to be equal to the return air
rate (Qrn). The re-circulated air rate is taken as 80% of the supply air rate by volume (i.e., αr),
which means that an equivalent of 20% of the supply air volumetric flow rate is exhausted to
the outdoors. The outdoor contaminant concentration is assumed at 50 mg/m3, and the indoor
contaminant generation rate is 0.5 mg/s. The efficiency of the filters in all locations is
assumed constant at 70%.

4. RESULTS AND DISCUSSIONS
The concentration behavior of the indoor contaminant varies according to the way the
contaminant is introduced to the space as well as the efficiency and effectiveness of the
ventilation systems in removing it. In buildings most contaminants found in the indoor air are
either brought in from the outside through the make-up air or generated indoors. In either
case, contaminant concentration behavior is influenced by the ability of the filtration system
to remove the contaminant from the re-circulated air and ventilation air. Needless to say, the
ability of the filtration system to clean up air streams is dependent on the location of the filter
in the air-conditioning system relative to the source of the contaminant. In order to illustrate
this relationship, contaminant concentration behavior in the single zone enclosure described in
the application example is evaluated for the seven cases of filter locations indicated in
Table 1. For each case, the transient and steady state contaminant concentrations are predicted
when the outdoor air is the source of contaminant and when the contaminant is generated
indoors. Table 2 illustrates the time constant (in seconds) and the steady state contaminant
concentration for the seven cases and Figures 2 and 3 show the transient response of the
contaminant concentration when outdoor air contaminant concentration Co is 50 mg/m3 and
the rate of indoor contaminant generation Ν, is 0.5 mg/s.
From Table 2, it can be seen that the time constant is independent of the contaminant source,
but significantly varies with filter placement and arrangement. The time constant is an
important indicator of the transient behavior of contaminant concentration describing the
speed at which the final status (i.e. steady state) of the contaminant is attained. The least time
constants are obtained for case 5 and case 7. In both cases, two filters are placed along with
the closed loop of air circulation, one is placed after the mixing point and the other is placed
in the re-circulated air loop. It is evident that the outside air filter placed prior to the mixing
point does not have any impact on the time constant, but considerably affects contaminant
concentration behavior including steady state conditions. When the outdoor air is the source
of contaminant as shown in Figure 2, placing an outdoor air filter reduces steady state
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contaminant concentration by more than 60%. Obviously, when the contaminant is generated
indoors, the outdoor air filter plays no role in shaping contaminant concentration behavior as
can be seen for cases 5 and 7 in Figure 3.
Table 1 Parameters of concentration behavior equations for different filter arrangements
Case No.

Number
of Filters

Filter
Location

Parameters of Concentration Behavior Equation

Cs = (1 − ηr )α r Ci + (1 + α r )Co
1

1

P1

Α = [(1 − ηr )α r Qs − Qrn ] / V
Β = [(1 − α r )CoQs + N ] / V
Cs = (1 − ηo )(1 − α r )Co

2

1

P2

Α = [α r Qs − Qrn ] / V
Β = [(1 − ηo )(1 − α r )CoQs + N ] / V
Cs = (1 − ηm )[(1 − α r )Co + α r Ci ]

3

1

P3

Α = [(1 − ηm )α r Qs − Qrn ] / V

Β = [(1 − ηm )(1 − α r )CoQs + N ] / V
Cs = (1 − ηr )α r Ci + (1 −ηo )(1 − α r )Co
4

2

P1, P2

Α = [(1 − ηr )α r Qs − Qrn ] / V
Β = [(1 − ηo )(1 − α r )CoQs + N ] / V

Cs = (1 − ηo )(1 − ηr )α r Ci + (1 − ηo )(1 − α r )Co
5

2

P1, P3

Α = [(1 − ηo )(1 − ηr )α r Qs − Qrn ] / V
Β = [(1 − ηo )(1 − α r )CoQs + N ] / V
C s = (1 − ηm )α r Ci + (1 − ηo )(1 − ηm )(1 − α r )Co

6

2

P2, P3

Α = [(1 − ηm )α r Qs − Qrn ] / V
Β = [(1 − ηo )(1 − ηm )(1 − α r )CoQs + N ] / V
Cs = (1 − ηr )(1 − ηm )α r Ci + (1 − ηo )(1 − ηm )(1 − α r )Co

7

3

P1, P2, P3

Α = [(1 − ηr )(1 − ηm )α r Qs − Qrn ] / V
Β = [(1 − ηo )(1 − ηm )(1 − α r )CoQs + N ] / V
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Table 2 Parameters of contaminant behavior equation for the application example

Case
No.

Time
Constant

A

Outdoor Air is the

Contaminant is

Source of Contamination

Generated Indoors
Steady State

Steady State

(s)

B

Concentration
mg/m3

B

Concentration
mg/m3

1

-0.000253

3952

0.0030

13.04

0.0033

13.04

2

-0.000067

14925

0.0010

14.92

0.0033

49.30

3

-0.000253

3952

0.0010

3.95

0.0033

13.04

4

-0.000253

3952

0.0010

3.95

0.0033

13.04

5

-0.000310

3226

0.0010

3.20

0.0033

10.60

6

-0.000253

3952

0.0003

1.19

0.0033

13.04

7

-0.000310

3226

0.0003

0.97

0.0033

10.60

14

Contaminant concentration, mg/cubic meter
Case 1

12
Case 2

10
8
6
Cases 3,4

4

Case 5

2
0

Case 6
Case 7

0

5

10

15

20

Time, Seconds (Thousands)

Figure 2 Concentration behavior of indoor contaminant at different
filter arrangements when contaminant is generated indoors
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Contaminant concentration, mg/cubic meter

35
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30
25
20
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Cases 1,3,4,6
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Time, Seconds (Thousands)

Figure 3 Concentration behavior of indoor contaminant at different
filter arrangements when outdoor air is the source of contaminant

The least steady state contaminant concentration (i.e. 0.97 mg/m3) is obtained in case 7 when
filters are placed in three locations. However, when removing one filter from the re-circulated
air path (case 6) no major changes in steady state contaminant concentration and time constant
occur (Ci = 1.19 mg/m3 τc = 3952 seconds). This indicates that placing two filters in parallel
in the closed air circulation loop does not have a considerable impact on contaminant
concentration transient behavior and steady state condition when the outdoor air is the source
of the contaminant. However, the impact is more appreciable when the contaminant is
generated indoors.
A comparison between cases 3, 4 and 6 reveals that the time constant is determined by the
number of filters in the closed air circulation loop regardless of their location. On the other
hand, contaminant concentration is significantly affected by filter location when outdoor air is
the source of contaminant as can be seen when comparing cases 4 and 6. However, neither the
time constant nor the contaminant concentration behavior is affected by filter placement in the
closed air circulation loop when the contaminant is generated indoors, as can be seen from
Figure 3 by comparing cases 1 and 3. Placing a filter after the mixing point in addition to the
outside air filter performs better than replacing it in the re-circulated loop prior to the mixing
point. Furthermore, a comparison between cases 3 and 4 reveals that placing the filter after the
mixing point results in the same contaminant concentration behavior as placing two filters:
one at the outside air and the other at the re-circulated air loop prior to the mixing point. The
maximum time constant and concentration, when the outdoor air is the source of contaminant,
occurs in case 2 when placing the filter outside the circulating air loop prior to the mixing
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point as can be depicted from Table 2. In this case, a very long period is needed for the
process to reach steady state, which is reflective of the relatively large time constant. Not
much reduction in the steady state concentration occurs when placing the filter in the recirculating air stream (case 1), but a significant increase in the transient response is achieved
as can be seen from Figure 2. It is clear that the filter placed inside the circulating air loop
(case 1) accelerates the process of reaching the steady state conditions, but does not
significantly contribute to the reduction in contaminant concentration as compared to case 2 in
spite of the continuity of the contaminant removal process. This is due to the fact that when no
outside air filter is used, the outdoor contaminant is directly introduced to the space and
controls the contaminant mass built up and hence the level of concentration in the space.
The most improper placement of the filter is at the make up stream prior to the mixing point
(case 2) when the contaminant is generated indoors, resulting in a contaminant concentration
which is significantly higher compared to other cases, as illustrated in Figure 3. In this case,
the exhaust air is the only balancing contaminant sink, without which there will be an
unlimited increase in contaminant concentration.

5. CONCLUSION
Depending on the source of contaminant, filter placement in the air conditioning system plays
a major role in determining contaminant transient and steady state concentration behavior.
The optimal location of the filter is that which results in the least contaminant concentration at
steady rate conditions and the fastest transient response (the least time constant), indicating
quick contaminant removal action. When the outdoor air is the source of the contaminant and
a single filter is to be used, the best location for the filter is at the mixing point. When an
additional filter is to be placed in a different location, it should be placed in the outside makeup air prior to the mixing point. A third filter can be placed at the re-circulating air path.
When the contaminant is generated indoors, the filter (s) can be placed anywhere in the closed
air circulation loop. However, placing an outside air filter when the contaminant is generated
indoors attains no benefit. The optimal filter location when contaminant sources are available
indoors and outdoors is after the mixing point, if one filter is utilized. The second filter can be
placed at the point of the make-up air intake and the third can be placed in the re-circulating
air section. In general, if there are no practical and design constraints, placing additional filters
(or more efficient filters) at the location of the optimal single filter would be the right choice.
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NOMENCLATURE
indoor contaminant concentration, mg/m3
initial indoor contaminant concentration, mg/m3
contaminant concentration in supply air, mg/m3
contaminant concentration in outdoor air, mg/m3
supply air rate, m3/s
re-circulated air rate, m3/s
exhaust air rate, m3/s
outdoor or make up air rate, m3/s
Qr + Qe = return air rate, m3/s
rate of change of contaminant mass in indoor space, mg/s
contaminant generation rate, mg/s
space volume, m3
time, s
percentage (by volume) of return air (or supply air) re-circulated to the space

Ci
Cio
Cs
Co
Qs
Qr
Qe
Qo
Qrn
mc
N
V
t
αr

=
=
=
=
=
=
=
=
=
=
=
=
=
=

η

= filter efficiency, subscripts r, o, m denote the location of filter relative to the air
stream.
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