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Introduction

Background

Many factors are rather well known for their ability to create a good indoor climate, but when it
comes to airborne particles, there is not a great deal of documentation from an environmental
medicine standpoint for government agencies to consult and set requirements. Nor are there any
other specific guidelines. In 2006, the National Board of Health and Welfare (Socialstyrelsen) in
Sweden concluded in a report that it was important to minimize particle concentrations in both
indoor and outdoor air from a health perspective. This may be interpreted as advice to apply “the
principle of prudence”. Today this means, in most cases, that Class F7 filters are installed as the de
facto standard in Sweden, even if it is not actually known if filters of this efficiency are sufficient.

This report contains calculations of airborne particle concentrations in indoor air that have their
source in outdoor air. The investigation was focused on studying how different choices of supply air
filters are expected to impact the presence of particles indoors. The investigation covers residential
buildings, offices and classrooms. Gaseous airborne pollutants are not taken up in the report.

The accuracy of the calculations was verified by comparing them with measurements in a full-scale
test chamber.

Purpose

The purpose of the study described in this report was to use calculations to illustrate the extent to
which it is possible to reduce the concentration of airborne particles in indoor air by cleaning the
supply air with air filters. A theoretical model was used for making the calculations that takes into
account the ventilation airflow rate, air leakage through the building envelope, the deposition of
particles in the indoor environment, and the particle removal efficiency of filters. The investigation
was focused on studying particles that originated outdoors, such as particles generated by vehicle
traffic. The investigation covers residential buildings, offices and classrooms.

Since people spend a large part of their life indoors — often more than 85% of their time —a sharp
reduction in the indoor particle concentration could considerably reduce the population’s exposure
to particles related to vehicle exhaust, among other pollutants. Supply air is often filtered through
“fine filters”, of which Class F7 filters are commonly used today. However, it happens that filters of a
lower class, such as M5, are also used. The choice of filter class is also being made on a de facto basis.
The reported study illustrates how different filter choices affect the concentration of particles in
indoor air.

A brief description of the health effects of airborne particles

In recent years, a number of medical and environmental medicine studies have indicated that
“ultrafine” particles can be more harmful to human health than larger particles [1a, 1b]. Small
particles are formed during combustion, such as from combustion engines. Exhaust gases from
vehicle traffic are consequently a substantial source of particles in areas situated by streets and roads
with heavy vehicle traffic. Particles in outdoor air have a negative effect on the health of people -
this has been established in many epidemiological investigations [2, 3, 4, 5, 6]. Many reports indicate
that exhaust from vehicle traffic are especially dangerous to health. A significantly smaller number of
studies have been dedicated to the health effects of particles generated indoors. Some of the studies
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indicate that particles from indoor sources are less important [7], while others claim that there is not
enough scientific evidence to draw such a conclusion [8].

Airways are not the only part of the human body that is affected by airborne particles; research in
the field of environmental medicine has also shown a connection between exposure to ultrafine
particles and cardiovascular disease. The danger to health can be associated, of course, to the
substance that the particle consists of, or the substances carried by the particle. Another important
reason for the negative health impacts of particles seems to be related to the fact that they are so
small. It is usually stated that ultrafine particles are all particles less than 0.1 micrometers (um) in
size, which is the same as 100 nanometers (nm), or one ten-thousandth of a millimeter.

Guidelines for good air quality

In a report titled “Partiklar i inomhusmiljén — en litteraturgenomgdng” (”Particles in indoor
environments — a review of the literature”), published in 2006 by Socialstyrelsen [9], the National
Board of Health and Welfare in Sweden, it was generally concluded:

e that particles have a major negative impact on health;

e that documented knowledge was insufficient for being able to set a national limit for indoor
environments;

e that it was important to minimize indoor and outdoor particle concentrations from a health
perspective.

This can be interpreted to mean that there are strong reasons to apply the ”principle of prudence”
with regard to the health effects of airborne particles.

Specific national limits for good air quality actually do exist in Sweden but they are totally focused on
the quality of ambient air for the most part. This is the case, for example, with Sweden’s
environmental quality standards [10], which contain guideline limits for airborne particles measured
as PM2.5 and PM10. These measurements state the mass concentration of particles per unit volume
of air: the mass concentration of PM2.5 particles smaller than 2.5 um, and the mass concentration of
PM10 particles smaller than 10 um. These measurements are therefore the summarized mass
concentration of particles over a wide particle size range. Different particle size distributions can
therefore produce the same concentration value. Because large particles mainly have a significant
mass, PM2.5 and PM10 are poor measurements if you want to study small particles.

Unfortunately, neither the Swedish standard for testing and classifying general ventilation filters, SS
EN 779 [11], or SP’s P-labeling system for filters [12], take the smallest particles into account. Nor
does the new filter standard that is being developed — ISO/FDIS 16890 [13]. The latter standard
covers PM1, PM2.5 and PM10, but not measurements of their mass concentrations. Instead, it
concerns measurements of their concentration in numbers in several size intervals, from 0.3 um and
larger, and a theoretical calculation of the different mass concentration measurements.

According to regulation AFS 2009:2 [14] of the Swedish Work Environment Authority, “outdoor air,
for example, in environments that are more polluted, ... such as city centers, normally needs to be
filtered”. But the regulation does not state the filter class that might be required. On this subject, the
guidelines of the Society of Energy and Environmental Technology in Sweden (Energi & Miljotekniska
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Foreningen) [15] advises that air should be filtered in F7 filters as the lowest class (according to SS EN
779).

The building regulations [16] of Boverket, the National Board of Housing, Building and Planning in
Sweden, require that the concentration of contaminants in the supply air may not exceed the current
limit value for outdoor air. This requirement includes the general advice that clean outdoor air is
defined by the environmental quality standards of Sweden’s Air Quality Ordinance (2010:477).
Boverket’s building regulations also state that “the quality of the air supplied in a building should be
secured through a suitable placement and design of the outdoor air intake, intake chamber, air
cleaning or similar arrangement”. The standard SS-EN-13779 [17] provides additional guidance for
the design of the ventilation system and the selection of air filters.

Filter classes and filtration efficiencies

Figure 1 shows the measured and estimated filtration efficiency of five classes of glass-fiber filters,
from class M5 to class F9. The diagram was included in a doctoral dissertation written by Bingbing Shi
at the Chalmers University of Technology in Gothenburg, Sweden [18]. The data in the diagram
comes from several different sources that appear to be rather much in agreement. The simulated
curves agree rather well with the measurements. Table 1a lists the filtration efficiency on four
particle sizes for the five filter classes. The efficiencies in the table have been compiled from Figure 1.

The efficiencies in Figure 1 and Table 1a are examples for glass-fiber filters in classes M5 to F9.
However, the efficiency for a filter of a certain class can vary rather much between filter models. In
other words, there are filters that fulfill the criteria by a wide margin in a certain class, while there
are filters that barely meet the criteria. The data in Figure 1 and Table 1a may be considered as
typical initial efficiencies for glass-fiber filters.

Table 1a. Filtration efficiencies of glass-fiber filters in five different filter classes on four different
particle sizes. The data originate from Figure 1.

Filter class Particle size
according to 0.4 um MPPS” 50 nm 20 nm

SSEN 779
M5 4% 2% 17% 30%
M6 20% 14% 35% 63%
F7 58% 46% 62% 83%
F8 70% 55% 69% 90%
F9 81% 60% 77% 94%

*

MPPS = “Most Penetrating Particle Size” [27], the particle size that is most difficult to filter, or the particle size
with the greatest penetration ability. This size varies, depending on the structure and performance properties
of the filter, the air velocity through the filter material, and the type of particle.
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Table 1b. Approximate agreement between filter classes according to SS EN 779 and ISO/FDIS 16890.

Filter class
According to SS EN 779 [11] According to ISO/FDIS 16890 [13]
M5 ISO ePMqo 55%
M6 ISO ePM> 5 50%
F7 ISO ePM1 60%
F8 ISO ePM1 80%
F9 ISO ePM1 85%

== G4 simulation

F7 simulation

Hanley, ASHRAE 25-30% (G4)
Hanley, ASHRAE 80-85% (F7)
M6 measurement

F9 measurement

e 5 simulation

e [8 simulation
X Hanley, ASHRAE 40-45% (M5)
%X Hanley, ASHRAE 90-95% (F8)

e F7 measurement

== M6 simulation

e [9 simulation

X Hanley, ASHRAE 60-65% (M6)
e M5 measurement

A F8 measurement
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50% -

Filtration efficiency
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0,1
Particle diameter (um)
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Figure 1. Filtration efficiency of glass-fiber filters class G4 to F9. The diagram has been sourced from
Shi [18]. The efficiency for an M5 filter on 0.02 um (20 nm) particles is approximately 40%, according

to the measurement designated as “M5 measurement”, but only about 20% according to the
measurement made by Hanley [26]. The efficiency shown in Table 1a is the average filtration
efficiency for the two reported measurement results.
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Figures 2a and 2b show examples of efficiencies for a new electrostatically charged filter (a) and a
new glass-fiber filter, both class F8/9. The diagrams have been sourced from Shi [18]. As shown in the
diagrams, we find the MPPS for the electrostatically charged filter at much smaller particle
diameters, compared to the glass-fiber filter. Additional measurements reported in Shi’s dissertation
[18] confirm that this is normally the case. The electrostatically charged filter in Figure 2 has a lower
filtration efficiency than the glass-fiber filter on “ultrafine” particles, or particles with a diameter
smaller than 0.1 um. The electrostatically charged filter also seems to be more sensitive when the air
velocity is increased through the filter media.

100%
90%
80%
70%
60% -
50% -
40% : —4—0.16m/s
30% 0.22m/s
20%
10%

0%

=l=0.08 m/s

Filtration efficiency

10 100 1000
Particle diameter (nm)

(a)

100%
90%
80%
70%
60%
50%
40% 0.22m/s
30%
20%
10%
0% T .

10 100 1000

Particle diameter (nm)

==0.08 m/s
=@=0.16m/s

Filtration efficiency

(b)

Figure 2. Examples of filtration efficiency measured at different air velocities through the filter
material for a new electrostatically charged synthetic filter (a) and a new glass-fiber filter (b). Filter
class F8/9. Data from [18].
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Other factors having a significant impact on the concentration
of particles in indoor air

This section briefly describes the following factors:

e The ventilation airflow rate

e Effective ventilation

e Air leakage through the building envelope
e Deposition of particles indoors

Ventilation airflow rate
Residential buildings

In Sweden, Boverket, the National Board of Housing, Building and Planning, requires 0.35 I/s per m?
of flooring [16], corresponding to approximately 0.5 air changes per hour when the ceiling height is
2.4 m. Far from all dwellings in Sweden have ventilation meeting Boverket’s minimum requirement.
Other dwellings are much better ventilated, such as apartments specially designed for persons with
allergies. A reasonable interval for residential ventilation is 0.3 to 0.7 changes/hour.

Offices

The regulations of the Swedish Work Environment Authority, Arbetsmiljoverket, state that the supply
airflow (outdoor air) should be at least 0.35 |/s per m* of flooring plus 7 I/s per person [14]. Applied
to an office cell with 10 m? of floor area and a ceiling height of 2.7 m, this corresponds to 1.4 air
changes per hour. This air change rate can be assumed to be the lowest required airflow in office
buildings with a waterborne comfort cooling system. In buildings with airborne cooling, the
ventilation airflow rate will be dimensioned to meet the cooling requirement. In buildings like these,
it is not unusual that the ventilation airflow is around 3.0 changes per hour. A reasonable interval for
office ventilation is 2.0 to 3.0 changes per hour.

Schools

To exemplify a calculation, we can use a classroom for 30 students and one teacher. If the floor area
is 80 m?, the regulations of the Swedish Work Environment Authority [14] state that the ventilation
airflow has to be a minimum of 245 |I/s. If the ceiling height is 2.7 m, this corresponds to 4.1 air
changes per hour. To satisfy the authority’s recommended maximum acceptable concentration of
carbon dioxide in indoor air [14] approximately 10 |/s per person is usually set as the requirement. In
classrooms with a small floor area per person, this can correspond up to 6.0 air changes per hour. A
reasonable interval for classroom ventilation is 4.0 to 6.0 changes per hour.

Effective ventilation

The ventilation air should be distributed within the entire occupancy zone. For ventilation to function
well, it is essential to select the right type of supply air device and to locate the devices correctly. In
general, the temperature of the supply air in relation to the room air temperature is also of great
importance.. If this arrangement is inadequate, part of the clean supply air will be directly
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transported and removed along with the exhaust air. The extent to which the ventilation is “short-
circuited” can be studied and calculated with an index called the ”local ventilation index”, see
Nordtest’s method NT VVS 114 [19]. According to Boverket’s building regulations in Sweden, the
local ventilation index should not be less than 90%, signifying that at least 90% of the supply air is to
fill the occupancy zone, where it should be used to remove air contaminants.

Air leakage through the building envelope

Requirements for the tightness of buildings are normally stated in terms of the maximum permitted
leakage flow per m” of the building’s total enclosure area, at a pressure difference of 50 Pa over the
building envelope. An SP report by Sikander and Wahlgren [20] explains how air leakage can be
calculated at various pressure differences. In Sweden, the computer software BV2 is used to
calculate the heat balance in duration diagrams (BV2 — Byggnadens virmebalans i
varaktighetsdiagram, version 2012) [21]. The software can calculate air leakage at normal conditions,
taking into account the wind pressure and the thermal force that develops at different indoor and
outdoor temperatures.

Table 2. Recalculation of leakage measured during a pressure test for leakage during normal
operation. The calculation is based on the assumption that the temperature difference
indoors/outdoors is 10 degrees C and the wind pressure is 5 Pa. The calculation was made
with software used in Sweden to calculate the heat balance in duration diagrams (BV2 —
Byggnadens virmebalans i varaktighetsdiagram, version 2012) [21].

Air changes per hour during normal operation

Leakage at 50 Pa (h™)
(I/s per m?) Depending on wind Depending on wind and
pressure thermal effect
0.3 0.08 0.09
0.6 0.16 0.19
0.8 0.21 0.25
1.6 0.41 0.51

In Sweden, Boverket’s building regulations from 1994 state 0.8 I/s per m” for residential buildings and
1.6 I/s per m? for office premises. Today, building regulations contain only one alternative
requirement for residential buildings — a maximum airflow of 0.6 I/s per m”. Nowadays, the
requirement for low-energy buildings is usually 0.3 I/s per m? at 50 Pa.

In view of the above, it can be concluded and assumed that air leakage in tight buildings corresponds
to approximately 0.1 air changes per hour (h™). However, even lower figures are sometimes reported
[22]. Untight buildings can leak more than 0.3 air changes per hour.

Air leaking through the building envelope is basically unfiltered when it reaches the interior space.
However, Figure 3 contains an example showing that some of the air is filtered, especially with
regard to very small and very large particles. According to the figure, the penetration is 0.98 for all
particles between 10 nm and 3-4 um in diameter.

CIT Energy Management AB / CAMFIL 9 (47)
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0,001 0,01 0,1 1 10 100
Particle diameter (um)

Figure 3. Penetration through an untight building envelope (pi.) as a function of the particle
diameter. The diagram has been sourced from Liu and Nazaroff, 2001 [23]. The data are for a building
envelope with evenly distributed cracks that have a height of 0.05-2.0 mm and a length of 3 cm. The
pressure difference over the construction has been set at 4 Pa.

Deposition of particles indoors

Figure 4 gives an example of how the deposition of particles to indoor surfaces can vary with
different sizes of particles. The deposition rate is stated “per hour”, which is a unit equivalent to the
number of air changes per hour. The table below shows the deposition rates for a few given particle
diameters. The figures originate from Figure 4. Note that the stated figures are examples from
literature. Other references state higher figures. According to [28], the deposition rate can vary by
more than one order of magnitude for the same particle size. For example, there is information that
Kgep fOr 0.4 um particles could reach values exceeding 1 h.

Particle diameter Kgep.
0.4 um 0.08 h
0.1-0.2 (MPPS) 0.04h*
50 nm 0.08 h™
20 nm 0.25h™

CIT Energy Management AB / CAMFIL 10 (47)
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Figure 4. Deposition rate (ky) as a function of particle diameter. The diagram has been sourced from
Riley et al., 2002 [24].
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Calculation model

Figure 5 shows a sketch of a building with a mechanical supply air and exhaust air ventilation system.
The factors affecting the indoor particle concentration, as described in the preceding section, have
been highlighted in the figure. The model also takes into account that part of the exhaust air can be
recirculated in the room by being mixed with the outdoor airflow before passing through the supply
air filter. Indoor sources of particles have not been included in the model.

C, = indoor concentration [particles/m3]
Co = outdoor concentration [particles/m3]

T Cs = concentration in supply air [particles/m®]

Gr Ce I C: = concentration in exhaust air [particles/m’]

l € = local ventilation index [-]

gs = supply airflow [m?/h]

ge = exhaust airflow [m3/h]

l | T 0o = outdoor airflow [m?/h]

4 Gleak 3
(2 Ce gr = return airflow [m°/h]
gs Qe

gieak = leakage through the building envelope

. [m?/h]

Qleak Preak = particle penetration through the building

Pleak envelope [-]

ke E = filtration efficiency [-]
‘/ 1M = portion of airflow passing through the filter
media [-]

kqep = particle deposition indoors [h™]

V = room volume [m®]
Figure 5. Sketch of a ventilated building with a mechanical supply air and exhaust air ventilation
system in which part of the exhaust air can be recirculated and mixed with the outdoor airflow
before passing through the supply air filter.

If the conditions do not vary over time, and the particle concentration in the indoor air is constant,
the concentration is said to be at steady state. In this case, the number of particles introduced
through the ventilation system is as large as the number removed. A balance equation can be
prepared. After “simplification”, the following equation (1) is derived:

CIT Energy Management AB / CAMFIL 12 (47)



Importance of ventilation filters for particle concentrations in indoor air 2016-09-05

C = C (I_U‘E)g.qo—i_pleak'qwak
' €(q0+qR)+qleak+kdep‘V_(I_U'E)E'QR

(1)

The equation (1) can be used to calculate the concentration of particles in indoor air that has been
supplied from outdoors. The equation is valid when the concentration is at steady state. As shown in
Figure 5, the model is only applicable when the supply air is filtered in a single bank of filters.
Therefore, the mixture of outdoor and return air passes through the same filter bank. In a system in
which outdoor air is filtered in a filter bank and the exhaust air in another, the calculation result will
be the same, as long as both filter banks are equipped with filters of the same efficiency. In systems
without return air, the calculation is made by setting the return airflow rate to zero in the equation

(1).
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Results

Figure 6 shows the calculated results for particles 0.4 um in diameter. Particles 0.4 um in diameter
are being used here because the diameter can be considered as a reference size; filters are classified
for removing 0.4 um particles in accordance with SS EN 779 [11] and SP’s P-marking [12] are based
on criteria for this particle size, which is why the most data and experience are available for this
specific particle. Similar data for other particle diameters are shown in Appendix 1-3. All results
reported in this section refer to cases without return air, meaning that the supply airflow is made up
of 100% filtered or unfiltered outdoor air. The results for a few cases with return air are reported in
Appendix 5.

The diagram shows how the particle concentration in indoor air varies with the ventilation airflow
rate, which is expressed as the number of air changes per hour. The concentration is stated as the
number of particles for the volume of air, and the figures are valid when the outdoor concentration
has an arbitrary value of 100. This means that the figures in the diagram reflect how high the indoor
concentration will be as a percentage of the concentration in outdoor air.

0.4 um Outdoor concentration = 100 (no./volume)

= 100
(] =<
£ o0 . —= = =
3 90 L ‘ =>=No filter
S 80 - 0
? 70 == M5
£ 60 —=—M6
S 50 - F7
= ——
£ 0 )
e 30 - : —H—F8
[J)]
£ 20 : ® —0—F9
S 10
_§ 0
2 0 1 2 3 4 5 6

Air change rate (changes/hour)

Figure 6. The concentration of particles with a diameter of 0.4 um has been calculated on the
assumption that the outdoor concentration has a value of 100. Air leakage through the building
envelope has been set at 0.2 air changes per hour and 2% of the outdoor airflow is assumed to leak
and by-pass the filter without being cleaned. The efficiency is for glass-fiber filters whose
performance properties have been described in the preceding section.

For 0.4 um particles, Figure 6 shows a marginal difference between filtration with class M5 filters and
no filters at all. When the air is filtered in class M6 filters, the indoor particle concentration will be
75% to 80% of the outdoor concentration, depending on the number of air changes. When class F7
filters are used, the indoor concentration will be approximately 45% of the outdoor concentration in
cases when the air is changed at an approximate rate of more than two changes per hour. When
class F9 filters are used, the corresponding figure will be about 25%. When class F7-F9 filters are
used, the indoor concentration will increase sharply when the air change rate is reduced to less than
a few changes per hour.
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As shown in Figure 6, there is a fundamental difference between filter class M6 and lower on the one
hand, and filter class F7 and higher on the other. With filters of a low class, the concentration of
indoor particles rises when the number of air changes is increased. With filters of a high class, the
situation is the reverse: the indoor concentration decreases as the number of air changes is
increased. In both cases, the efficiency of the filter will become increasingly important as the filtered
airflow is increased more and more. If the filtered airflow is instead near zero, only the infiltration of
unfiltered air and the deposition of particles will affect the concentration of particles and their
number in the indoor air. If the filtered flow is zero, the indoor concentration will be a result of the
balance between the quantity of particles supplied through leakage through the building envelope
and the quantity removed through deposition. With the data in Figure 1 (kq= 0.08 htand Qiea/V = 0.2
h), the indoor concentration is 70% of the outdoor concentration, if the filtered airflow is reduced
to zero. If the filtered airflow increases, the indoor concentration will change towards a value
determined by the number of particles that pass through the filter, or 1 minus the efficiency (1-Eg). If
a filter of M6 class is used, for example, the value will be 80% because the filter’s efficiency is set at
20%. This means that the indoor concentration, with filter class M5, increases as the ventilation flow
increases, which is precisely what Figure 6 shows. If a class F7 filter is used instead, the concentration
will change to 42% because the efficiency has been set at 58%. In this case, the concentration
decreases, as shown in Figure 6.

An equivalent calculation for a very tight building, with infiltration corresponding to 0.03 h™,
indicates that the indoor concentration will be approximately 25% of the outdoor concentration
when the ventilation flow is reduced to zero. In this case, the indoor concentration will increase
when the airflow is increased, even for filter class F7 and F8, see Figure 7.

0.4 um Outdoor concentration = 100 (no./volume)
@ 100 j —— ﬁ
:Es 90 - -
E 30 - ==>é=No filter
o 70 == M5
[ o
= 60 —=—M6
2 50
S 40 - = 3 i
§ 30 - S )l( == F8
§ 20 - ® 5 —0—F9
§ 10
T 0
= 0 1 2 3 4 5 6

Air change rate (changes/hour)

Figure 7. The concentration of 0.4 um particles has been calculated on the assumption that the
outdoor concentration is 100. The calculation is for a very tight building. Air leakage through the
building envelope has been set at 0.03 air changes per hour and 2% of the outdoor flow is assumed
to leak and by-pass the filter, without being cleaned. The filtration efficiency is for glass-fiber filters
whose performance properties have been described in the preceding section.
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The above analysis indicates that a filter’s efficiency will become increasingly important as the
filtered ventilation flow rate becomes larger and larger, and as leakage of unfiltered air into the
building becomes lower and lower. The conclusion here is obvious: an efficient filter has better
possibilities to maintain a low particle concentration in the indoor air in tight buildings with a high
ventilation flow, compared to untight buildings with a low ventilation flow.

Different types of buildings

Figure 8 shows the result of calculations made for glass-fiber filters in residential buildings, offices
and schools for particles 0.4 um in diameter. The figure shows that the indoor concentration will be
between 88% and 98% of the outdoor concentration if the air is not filtered at all. The indoor
concentration is lower because particles deposit to surfaces indoors. The figure also shows that class
M5 filters reduce the concentration negligibly for 0.4 um particles. Filter class M6 will provide some
improvement while the concentration will not decrease appreciably until the filter class is changed to
F7 or higher. With class F7 filters, the concentration in residential buildings will be slightly higher
than 50% of the concentration in outdoor air. In offices and schools, the concentration will decrease
to approximately 45%. With filter class F9, the concentration will be just below 40% in residential
buildings and around 25% in offices and schools.

Corresponding diagrams for other particle sizes are shown in Appendix 1. These show, for example,
that the concentration of ultrafine particles with a diameter of 20 nm can be reduced to about 40%
of the outdoor concentration if class M6 glass-fiber filters are used (regardless of the three types of
buildings included in the study). With class F7 glass-fiber filters, the concentration of 20 nm particles
in residential buildings will be approximately 30% of the outdoor concentration. In offices and
schools, the corresponding result will be as low as 20%. Class F9 filters are estimated to bring down
the concentration (20 nm) to about 25% in residential buildings and 10-15% in offices and schools.
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Figure 8. The concentration of 0.4 um particles has been calculated on the assumption that the
outdoor concentration has a value of 100. Data are reported for residential buildings (0.5 air
changes/hour), offices (2.5 air changes/hour) and schools (5 air changes/hour). Air leakage through
the building envelope has been set at 0.2 air changes per hour for all three building types and 2% of
the outdoor airflow is assumed to leak and by-pass the filter, without being cleaned. The filtration
efficiency is for glass-fiber filters whose performance properties have been described in the
preceding section.

Calculations for buildings with different ventilation flows and tightness

Particle measurements in various buildings can yield rather varying results and it can be difficult to
make generalizations. There are two important reasons why the results will vary: various buildings
are ventilated to a different extent and their tightness can vary. To illustrate this, calculations have
been made for three building categories using various assumptions about the air change rate and
leakage through the building envelope. Figure 9a shows the results from calculations for 0.4 um
particles in residential buildings. Figure 9b and 9c show the corresponding results for offices and
schools. The filtration efficiencies of the filters are for glass-fiber filters whose performance
properties have been described in the preceding section.

The figures show that a significantly larger spread of the particle concentration can be expected in
residential buildings than in offices and schools. This is because the filtered airflow is rather low in
residential buildings and leakage through the building envelope will therefore be of greater
significance. Figure 9a shows that in residential buildings filtered with class F7-F9 glass-fiber filters,
the indoor particle concentration can change 10 to 20 percentage points when air leakage varies
between 0.1 and 0.3 changes per hour. In offices, the corresponding change in concentration will be
less than 10 percentage points, see Figure 9b, and in schools, 5 percentage points, see Figure 9c.

The corresponding results for other particle sizes are shown in Appendix 2.
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Figure 9a. Particle concentrations in residential buildings calculated for ventilation flows

corresponding to 0.3 to 0.7 air changes per hour and for different amounts of air leakage through the

building envelope (between 0.1 and 0.3 air changes per hour). The filtration efficiencies of the filters

are for glass-fiber filters whose performance properties have been described in the preceding

section.
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Figure 9b. Particle concentrations in offices calculated for ventilation flows corresponding to 2.0 to

3.0 air changes per hour and for different amounts of air leakage through the building envelope

(between 0.1 and 0.3 air changes per hour). The filtration efficiencies of the filters are for glass-fiber

filters whose performance properties have been described in the preceding section.
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Figure 9c. Particle concentrations in schools calculated for ventilation flows corresponding to 4.0 to
6.0 air changes per hour and for different amounts of air leakage through the building envelope
(between 0.1 and 0.3 air changes per hour). The filtration efficiencies of the filters are for glass-fiber
filters whose performance properties have been described in the preceding section.

Leakage by-passing the filter

Air can leak and by-pass the filter and part of the supply airflow will not be filtered as a consequence.
This is a small or negligible problem as long as the filter has been correctly installed with its gaskets
mounted in the right way. Standard SS-EN 1886:2007 [25] states that the maximum permissible air
leakage (by-pass leakage) as a percentage of the nominal (rated) airflow through the air handling
unit, see Table 3.

Table 3. Maximum permissible air leakage (by-pass leakage) at a test pressure of 400 Pa.

Filter class Gl1-M5 M6 F7 F8 F9
Maximum air 6% 4% 2% 1% 0.5%
leakage

Figure 10 shows the indoor concentration of 0.4 um particles calculated for various amounts of by-
pass leakage. The figure refers to residential buildings. Regression lines are shown for cases with
glass-fiber filters of class M6, F7 and F9. For each percentage point the leakage increases and by-
passes an M6 filter, the indoor concentration will increase approximately 0.15%. For filter class F9,
the indoor concentration will increase about 1% for every percentage point the leakage increases.
The corresponding calculation for schools and class F9 filters shows that the indoor concentration
increases approximately 3% for each percentage point that the leakage increases through the filter.
The results for other building types and various particle sizes are shown in Appendix 3.
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Figure 10. Concentration of 0.4 um particles in residential buildings, calculated as a function of air

leaking and by-passing the filter.
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Summary and conclusions

The results of the calculations are compiled in Table 4-6. It is evident that the particle concentration
will be higher in an untight building with a low ventilation flow, compared to a tight and well-
ventilated building. This is why the data reported in the tables are divided into these two building
categories. In summary, the reported calculations indicated the following about the ability of
ventilation filters to reduce the indoor concentration of particles originating from outdoors:

* The difference between the air cleaning effect of the various filter classes is less in residential
buildings than in offices and schools. This is because the infiltration of outdoor air and the
deposition of particles to surfaces will have an increasingly large impact as the filtered
ventilation flow decreases.

e The class M5 fiber-glass filters in the study reduced the indoor concentration of particles 0.4
pum in diameter and the MPPS negligibly, but can be expected to reduce the concentration of
20 nm particles 15 to 25% in residential buildings, and up to 30% in offices and schools,
compared to cases in which no filters are used.

e Class M6 glass-fiber filters reduce the indoor concentration of particles 0.4 um in diameter
and the MPPS to a small extent, but can be expected to reduce the concentration of 20 nm
particles approximately 30% in untight residential buildings with low ventilation airflows, and
up to 60% in tight and well ventilated schools, compared to cases in which no filters are used.

e (Class F7-F9 glass-fiber filters considerably reduce the indoor concentration of all studied
particle sizes, compared to filters of lower class.

® |n residential buildings, class F7 glass-fiber filters can reduce the concentration of ultrafine
particles 20 nm in size 40-70 %, compared to cases in which no filters are used. Values at the
lower end of this range pertain to untight buildings with low ventilation airflows. Changing
from filter class F7 to F8 or F9 reduces the concentration further but on a smaller magnitude,
compared to the case where M6 was changed to F7.

® |n offices and schools, class F7 glass-fiber filters can reduce the concentration of 20 nm
ultrafine particles 70-80%, compared to the case in which no filters were used. Changing
from filter class F7 to F9 would further reduce the concentration approximately by a factor of
two.

¢ |n offices and schools, class F9 glass-fiber filters can reduce the concentration of 20 nm
ultrafine particles 80-90%, compared to the case in which no filters were used.

Table 4. Summary of calculation results for 0.4 um particles. The percentages refer to the filter’s
reduction of the indoor particle concentration, compared to the case in which no filters were used.

Case M5 M6 F7 F8 F9
Untight with low 2% 9% 27% 33% 38%
. . ventilation airflow
Residential Tight and well
gnt 3% 17% 49% 59% 69%
ventilated
Untight with low 3% 17% 49% 59% 68%
. ventilation airflow
Offices Tight and well
gnt 4% 19% 55% 66% 77%
ventilated
Untight with low 4% 18% 53% 63% 73%
ventilation airflow
Schools Tight and well
snt 4% 19% 56% 67% 78%
ventilated
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Table 5. Summary of calculation results for MPPS (Most Penetrating Particle Size). The percentages
refer to the filter’s reduction of the indoor particle concentration, compared to the case in which no
filters were used.

Fall M5 M6 F7 F8 F9
Untight with low 1% 2% 22% 26% 28%
. . ventilation airflow
Residential Tight and well
gnt 2% 12% 39% 47% 51%
ventilated
Untight with low 2% 12% 39% 46% 51%
. ventilation airflow
Offices Tight and well
gnt 2% 13% 44% 52% 57%
ventilated
Untight with low 2% 13% 42% 50% 54%
ventilation airflow
Schools Tight and well
snt 2% 13% 44% 53% 58%
ventilated

Table 6. Summary of the calculation results for particles 20 nm in diameter. The percentages refer to
the filter’s reduction of the indoor concentration, compared to the case in which no filters were

used.
Case M5 M6 F7 F8 F9
Untight with low 14% 30% 39% 42% 44%
. . ventilation airflow
Residential Tight and well
g . 25% 53% 70% 76% 80%
ventilated
Untight with low 25% 53% 70% 76% 79%
. ventilation airflow
Offices Tight and well
g . 28% 60% 78% 85% 89%
ventilated
Untight with low 27% 57% 75% 82% 85%
ventilation airflow
Schools Tight and well
g . 29% 61% 80% 87% 90%
ventilated

Note that the results refer to filters with the efficiencies given in this report. The data has been
sourced from tests of glass-fiber filters. Similar results can be expected for other glass-fiber filters
that have passed testing according to SS EN 779 and long-term tests in connection with SP’s P-
labeling of filters.

The calculations are therefore not valid for other types of filters, such as electrostatically charged
synthetic filters. As illustrated in Figure 2, these filters have another type of “efficiency curve”, such
as the MPPS being found at smaller particle sizes within the ultrafine size range. If the filter loses its
electrostatic charge, there is a considerable risk that it cannot meet the requirements for SP’s P-
labeling for particles 0.4 um in diameter. It is highly unclear how such filters would function to
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remove ultrafine particles. Today, there are no current or upcoming standards to assure the quality
and selection of filters for these particles.

Appendix 4 reports the results of full-scale laboratory tests performed in a test chamber. While the
tests were carried out, the particle concentration was measured inside the test chamber and
compared with the outside concentration in relation to the ventilation flow rate, air leakage and
filter quality. The results are reported as the concentration in the test chamber as a percentage of
the outside concentration. The difference between the measured and estimated results was 7
percentage points at the most, indicating that the measurements and estimates were in good
agreement.

Experimental field tests are required to further study the problem in question in order to map how
filters of varying quality and classes can protect against exposure to airborne particles in different
types of buildings. The results in this report should provide a good basis for planning such tests.
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Appendix 1. Indoor particle concentration for different types of
buildings and glass-fiber filters of different classes
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Appendix 2. Indoor particle concentration for different types of
buildings, with different air change rates and leakage through the
building envelope
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Appendix 3. Effect of leakage by-passing the filter
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Appendix 4. Measurements in test chamber

This section reports the results of particle measurements in a test chamber. The tests were
conducted in January 2016. The purpose of the tests was to verify the results of calculations.

Method

The test chamber was located at Camfil AB in Trosa, Sweden. The interior surfaces of the chamber
were made of polished stainless steel and had the dimensions 2.49 x 3.35 x 2.36 m. The interior
volume was therefore 19.7 m>. An air handling unit (AHU) was used to ventilate the chamber that
supplied air from the laboratory hall where the chamber was placed. Measurements were made
without filters and with filters of different classes. The filters were bag filters with glass-fiber media
in quarter-sized modules. A small fan located inside the chamber carefully mixed the air in the

chamber.

In addition to the supply air, a small flow of unfiltered air was supplied from the laboratory hall to
simulate the leakage of outdoor air through untight parts of the building envelope. This air was
provided through a hose with an interior diameter of 38 mm. The supply airflow and exhaust airflow
were determined by measuring the pressure drop over the calibrated measurement flanges.

Particle concentrations were measured with two TSI particle counters, model AeroTrak. The counters
were calibrated simultaneously and the particle count measured on one instrument was
approximately 3% lower for particles 0.3 um to 0.5 um in diameter. The test results were adjusted for
this deviation. One of the particle counters was used to measure the particle concentration outside
the test chamber by the air intake for the AHU. The other particle counter was used to measure the
particle concentration in the supply air and inside the chamber.

Results

Table B4.1 summarizes the measurement results outside the chamber and in the supply air, without
filters and with filters of different quality mounted in the AHU. The test results were used to calculate
the penetration through the filters and the efficiency of the filters.

Table B4.1. Results of particle measurements before and after the supply air system. The results are
for particles 0.3 um to 0.5 um in diameter.

Penetration
Case Average Standard deviation Efficiency
value
Without filter 105% 4% -
Filter A 99% 7% 1%
Filter B 77% 3% 23%
Filter C 75% 4% 25%
Filter D 45% 3% 55%
Filter E 13% 1% 87%
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A series of measurements was made without filters, with a supply airflow corresponding to 1.0 air
changes per hour and without a flow of leaking air. The quotient between the indoor concentration
inside the chamber and outside (the I/O quotient) stabilized at 0.83. The particle concentration in the
chamber was therefore 83% of the outside concentration.

According to the theory described in the main section of this report, the particle concentration in the
chamber, based on the conditions described above, will be 92% of the outside concentration, or 9
percentage points higher than what the measurement showed. This figure is valid on the assumption
that the particle deposition rate in the chamber is kgep= 0.08 h™*. If we assume instead that the
deposition rate is kqe,=0.18 h™, the estimate will be completely in agreement with the measurement
result, meaning that the estimated particle concentration in the chamber will be 83% of the outside
concentration. As noted in the report under the subheading Deposition of particles indoors, the
deposition rate can vary considerably between different rooms and the obtained measurement
result is therefore completely reasonable. Measurements without filters indicated that the
deposition rate in the test chamber was 0.18 h™.

Table B4.2 shows the results of six more series of tests using different combinations of filters, air
change rates and leakage airflows. The “air leakage” created in the test chamber had a concentration
of particles 0.3 um to 0.5 um in diameter that was 89% of the particle concentration outside the test
chamber. As shown in Table B4.2, the difference between the measured and estimated results was 7
percentage points at the most.

Table B4.2. Results of particle measurements inside and outside the test chamber, together with the
estimated results. The calculations were based on a deposition rate set at kgep 0.18h™. The results are
for particles 0.3 um to 0.5 um in diameter.

Measured 1/0 quotient* Difference
Case Average value Standard deviation Estimated 1/0 between
quotient measurement and
estimate
Without filter 88% 3% 92%

4 percentage

Ventilation =2.5 h™ .
points

Leakage =0.2 h™

Filter B 67% 3% 73%
Ventilation =2.5 h™
Leakage =0.2 h™

6 percentage
points

Filter D 38% 2% 45%
Ventilation =2.5 h™
Leakage =0.2 h™

7 percentage
points

Filter E 20% 1% 18%
Ventilation =2.5 h™
Leakage =0.2 h™

2 percentage
points

Filter E
Ventilation = 1.0 h 12% 1% 12% 0 percentage
Leakage =0 h™ points
Filter E
Ventilation = 1.0 h™ 20% 2% 20% 0 percentage

points

Leakage =0.3 h™

E3
Concentration in test chamber in relation to the outside concentration, expressed as a percentage.
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Appendix 5. Calculation results for cases with return air

The following diagrams show the results of calculations with the equation (1) that were made on the
assumption that return air is used. In the calculation used for Figure B5.1, the deposition rate kgep
and the infiltration rate ..« have both been set at zero. This is therefore a theoretical case in which
no particles are deposited indoors and there is no air leakage through the building envelope. The
supply airflow (the sum of outdoor air and return air) is constant. Under these conditions, the
diagram will be valid for any supply air flow rate, as long as it is constant. The estimates are for a case
in which the return airflow and outdoor airflow are mixed and filtered in a single bank of filters, see
Figure 5. The result will be the same if the outdoor airflow and return airflow are filtered separately —
as long as both banks of filters contain filters of the same efficiency.

With 0% return air, there is no return airflow, in which case the supply airflow consists of 100%
filtered or unfiltered outdoor air. The indoor concentration of particles, in relation to the outdoor
concentration, will therefore have the same value as the filter’s efficiency. With 100% return air, the
entire supply airflow will consist of filtered or unfiltered indoor air. Since the outdoor airflow is zero
and the calculation model only has to take into account the particles supplied from outdoors, the
particle concentration will be zero, regardless of the filter’s efficiency.

With 50% return air, the return airflow will be as large as the outdoor airflow. The particle
concentration in the indoor air is determined by the balance between the number of particles
supplied from outdoors and the number of particles captured by the filter.

Outdoor concentration = 100
20 nm (no./volume)

g 100 Supply air = 0.5 h'!
% 90 Leakage = 0.0 h'!
i. 80 kdep = 00 h_l
o 70 9=
(= e
%— €0 — —><No filter
'g 50 =—M5
£ 40
== M6
S 30 | \‘\
§ 1 -B-F7
= Mll—
5 10 —4=F8
S g$
E 0 - 1 -‘- F9

0% 20% 40% 60% 80% 100%
Percentage of return air

Figure B5.1. The indoor particle concentration as a function of the percentage of return air. The
diagram is based on the assumption that the indoor particle deposition rate and air filtration rate
through the building envelope are zero (kqep = 0 and qieax = 0). The outdoor particle concentration has
been set at 100 particles per unit volume of air.
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In the following diagrams, the particle deposition rate has been set at kqe, = 0.25 h™. Calculations
have been made for two levels of air leakage through the building envelope. In the one case, the air
leakage corresponds to 0.1 air changes per hour, and in the other case, it is 0.3 air changes per hour
(Gieak/’V =0.1 h™ and 0.3 h'™).

Outdoor concentration = 100
20 nm
100 (no./volume)
90 Supply air = 0.5 h!
Leakage = 0.1 h!

80 kip = 0.25 b

70 e—

60 — —>=No filter
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50 T*-h\* ~~<_ ——M5

Indoor concentration (no./volume)

40
A= M6
30 ——— iy
20 ~B-F7
10 —¥=F8
0 . ~0-F9
0% 20% 40% 60% 80% 100%

Percentage of return air

Figure B5.2. The indoor particle concentration as a function of the percentage of return air with a
supply airflow corresponding to 0.5 air changes per hour. The particle deposition rate has been set at
0.25 h™ and air leakage corresponds to 0.1 air changes per hour.
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Figure B5.3. The indoor particle concentration as a function of the percentage of return air with a
supply airflow corresponding to 0.5 air changes per hour. The particle deposition rate has been set at
0.25 h™ and air leakage corresponds to 0.3 air changes per hour. The outdoor particle concentration
has been set at 100 particles per unit volume of air.
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Figure B5.4. The indoor particle concentration as a function of the percentage of return air with a
supply airflow corresponding to 2.5 air changes per hour. The particle deposition rate has been set at
0.25 h™ and air leakage corresponds to 0.1 air changes per hour. The outdoor particle concentration
has been set at 100 particles per unit volume of air.
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Figure B5.5. The indoor particle concentration as a function of the percentage of return air with a
supply airflow corresponding to 2.5 air changes per hour. The particle deposition rate has been set at
0.25 h™ and air leakage corresponds to 0.3 air changes per hour. The outdoor particle concentration
has been set at 100 particles per unit volume of air.
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Figure B5.6. The indoor particle concentration as a function of the percentage of return air with a
supply airflow corresponding to 5.0 air changes per hour. The particle deposition rate has been set at
0.25 h™ and air leakage corresponds to 0.1 air changes per hour. The outdoor particle concentration

has been set at 100 particles per unit volume of air.
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Figure B5.7. The indoor particle concentration as a function of the percentage of return air with a
supply airflow corresponding to 5.0 air changes per hour. The particle deposition rate has been set at
0.25 h™ and air leakage corresponds to 0.3 air changes per hour. The outdoor particle concentration

has been set at 100 particles per unit volume of air.
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Appendix 6. Diagrams with filter classifications according to
ISO/FDIS 16890 - cases without return air
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Figure B6.1 (Figure 6 in the main section of the report). The calculation of the concentration of 0.4 pm
particles in the indoor air was made on the assumption that the outdoor concentration has a value of 100. Air
leakage through the building envelope has been set at 0.2 air changes per hour and 2% of the outdoor airflow
is assumed to leak by the filter without being cleaned. The efficiencies of the filters are for the glass-fiber filters
listed in Table 1a.
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Figure B6.2 (Figure 7 in the main section of the report). The calculation of the concentration of 0.4 pm
particles in the indoor air was made on the assumption that the outdoor concentration has a value of 100. The
calculation is for a very tight building. Air leakage through the building envelope has been set at 0.03 air
changes per hour and 2% of the outdoor airflow is assumed to leak by the filter without being cleaned. The
efficiencies of the filters are for the glass-fiber filters listed in Table 1a.
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Figure B6.3 (Figure 8 in the main section of the report). The calculation of the concentration of 0.4 pm
particles in the indoor air was made on the assumption that the outdoor concentration has a value of 100. Data

are reported for residential buildings (0.5 changes/hour), offices (2.5 changes/hour) and schools (5.0

changes/hour). Air leakage through the building envelope has been set at 0.2 air changes per hour for all three

building types and 2% of the outdoor airflow is assumed to leak by the filter without being cleaned. The

efficiencies of the filters are for the glass-fiber filters listed in Table 1a.
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Figure B6.4 (Top figure in Appendix 1). The indoor concentration of MPPS is calculated for the

different types of buildings with glass-fiber filters of different classes. The conditions are the same as

those in Figure B6.3.
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Figure B6.5 (Bottom figure in Appendix 1). The indoor concentration of 20 nm particles is calculated
for the different types of buildings with glass-fiber filters of different classes. The conditions are the
same as those in Figure B6.3.
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Figure B6.6 (Figure 9a in the main section of the report). The particle concentrations in residential
buildings are calculated for ventilation airflows corresponding to 0.3 to 0.7 air changes per hour and for
different amounts of air leakage through the building envelope (between 0.1 and 0.3 air changes per hour). The
efficiencies of the filters are for the glass-fiber filters shown in Table 1a.
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Figure B6.7 (Figure 9b in the main section of the report). The particle concentrations in offices are
calculated for ventilation airflows corresponding to 2.0 to 3.0 air changes per hour and for different amounts of
air leakage through the building envelope (between 0.1 and 0.3 air changes per hour). The efficiencies of the
filters are for the glass-fiber filters listed in Table 1a.
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Figure B6.8 (Figure 9c in the main section of the report). The particle concentrations in schools are
calculated for ventilation airflows corresponding to 4.0 to 6.0 air changes per hour and for different amounts of
air leakage through the building envelope (between 0.1 and 0.3 air changes per hour). The efficiencies of the
filters are for the glass-fiber filters listed in Table 1a.
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Figure B6.9 (Figure 10 in the main section of the report). The concentration of 0.4 um particles in

residential buildings is calculated as a function of the leakage by-passing the filter.
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Figure B6.10 (Top figure in Appendix 3). The concentration of 0.4 um particles in offices is calculated

as a function of the leakage by-passing the filter.
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Figure B6.11 (Bottom figure in Appendix 3). The concentration of 0.4 um particles in schools is

calculated as a function of the leakage by-passing the filter.
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Appendix 7. Diagrams with filter classifications according to
ISO/FDIS 16890 - cases with return air
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Figure B7.1 (Figure B5.1 in Appendix 5). The indoor particle concentration as a function of the percentage
of return air. The diagram is based on the assumption that the indoor particle deposition rate and air filtration

rate through the building envelope are zero (kgep= 0 och qjeax = 0). The outdoor particle concentration has been

set at 100 particles per unit volume of air.
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Figure B7.2 (Figure B5.2 in Appendix 5). The indoor particle concentration as a function of the percentage
of return air with a supply airflow corresponding to 0.5 air changes per hour. Particle deposition has been set at

0.25 h™ and air leakage is 0.1 air changes per hour.
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Figure B7.3 (Figure B5.3 in Appendix 5). The indoor particle concentration as a function of the percentage
of return air with a supply airflow corresponding to 0.5 air changes per hour. Particle deposition has been set at
0.25 h™ and air leakage is 0.3 air changes per hour. The outdoor particle concentration has been set at 100
particles per unit volume of air.
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Figure B7.4 (Figure B5.4 in Appendix 5). The indoor particle concentration as a function of the percentage
of return air with a supply airflow corresponding to 2.5 air changes per hour. Particle deposition has been set at
0.25 h™ and air leakage is 0.1 air changes per hour. The outdoor particle concentration has been set at 100
particles per unit volume of air.
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Figure B7.5 (Figure B5.5 in Appendix 5). The indoor particle concentration as a function of the percentage
of return air with a supply airflow corresponding to 2.5 air changes per hour. Particle deposition has been set at

0.25 h™ and air leakage is 0.3 air changes per hour. The outdoor particle concentration has been set at 100

particles per unit volume of air.
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Figure B7.6 (Figure B5.6 in Appendix 5). The indoor particle concentration as a function of the percentage
of return air with a supply airflow corresponding to 5.0 air changes per hour. Particle deposition has been set at

0.25 h™ and air leakage is 0.1 air changes per hour. The outdoor particle concentration has been set at 100

particles per unit volume of air.
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Figure B7.7. (Figure B5.7 in Appendix 5). The indoor particle concentration as a function of the percentage
of return air with a supply airflow corresponding to 5.0 air changes per hour. Particle deposition has been set at

0.25 h™ and air leakage is 0.3 air changes per hour. The outdoor particle concentration has been set at 100

particles per unit volume of air.
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